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Abstract We present the first direct measurements of magnetic forces acting on bursty bulk flow plasma
in the magnetotail. The magnetic forces are determined using Cluster multispacecraft measurements. We
analyze 67 bursty bulk flow (BBF) events and show that the curvature part of the magnetic force is
consistently positive, acting to accelerate the plasma toward Earth between approximately 10 and 20 RE
geocentrical distances, while the magnetic field pressure gradient increasingly brakes the plasma as it moves
toward Earth. The net result is that the magnetic force accelerates the plasma at distances greater than
approximately 14 RE, while it acts to decelerate it within that distance. The magnetic force, together with the
thermal pressure gradient force, will determine the dynamics of the BBFs as they propagate toward the
near-Earth tail region. The determination of the former provides an important clue to the ultimate fate of
BBFs in the inner magnetosphere.

1. Introduction

During the last two decades, it has become clear that the transport of energy, mass, and magnetic flux in the
tail of Earth’s magnetosphere often is mediated by fast plasma flows within the plasma sheet, structured in
space and time [e.g., Baumjohann et al., 1990; Angelopoulos et al., 1992, 1994; Petrukovich et al., 2001].
These kinds of flows, with velocities upward of 400 km/s, have been termed bursty bulk flows (BBFs)
[Angelopoulos et al., 1992].

It is not well known how bursty bulk flows interact with the plasma andmagnetic fields on their course to and
in the inner magnetosphere. While the acceleration of BBFs has been addressed by considering them as flux
tubes of decreased entropy [e.g., Wolf et al., 2009, and references therein], an understanding of the actual
forces affecting the flux tube is important. It is clear that BBFs will be affected by both magnetic forces
and plasma pressure gradients, but their relative role is unclear. Shiokawa and Haerendel, [1997] report that
the occurrence frequency of BBFs decreases between 19 and 9 RE (most likely because of braking of the
flow below the threshold of definition) but is still finite at 9 RE, and similar results are given by
Angelopoulos et al. [1994] and Baumjohann et al. [1990]. (When we discuss acceleration and braking of the
BBF plasma in this paper, we refer to the increase or decrease of the bulk plasma flow velocity,
perpendicular to the magnetic field.) Palin et al. [2012] report on dipolarization fronts (presumably related
to BBFs) all the way in to 7 RE geocentric distance, while Fu et al. [2012] report on a rapid decrease of the
dipolarization front occurrence rate between 15 and 10 RE. Hamrin et al. [2014], based on energy
conversion arguments, show that there is evidence of flow braking between 20 and 15 RE. In addition, it
has been suggested that flows may divert azimuthally [e.g., Kauristie et al., 2003; Pitkänen et al., 2011] or
brake in an oscillatory manner [e.g., Chen and Wolf, 1999; Panov, 2010; Nakamura et al., 2013, 2014] at the
entry of the inner magnetosphere.

The magnetic force per unit volume acting on a plasma element can be written as

j�B ¼ �∇
B2

2μ0

� �
þ 1
μ0

B � ∇ð ÞB ¼ fgrad þ fcurv; (1)

where fgrad represents the gradient of a magnetic pressure and fcurv represents a magnetic field tension or
curvature force. While the curvature part of the magnetic force is associated with an acceleration of the
BBF plasma, some authors attribute the braking in the inner magnetosphere mainly to an increasing
magnetic field pressure gradient [Shiokawa and Haerendel, 1997; Nakamura et al., 2013]. Others consider
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the plasma pressure gradient to be
equally important [Ma et al., 2009;
Kim et al., 2010; Li et al., 2011; Palin
et al., 2012] or dominant [Birn et al.,
1999]. It is unclear whether the
magnetic field pressure gradient is
due to the increasing dipole field
closer to Earth or to a pileup of
magnetic flux in front of the BBF. This
pileup, known as a dipolarization
front, or magnetic flux pileup is
reported to either accelerate or
decelerate the BBF plasma, depending
on the circumstances [Hamrin et al.,
2014; Li et al., 2011].

The uncertainties in howBBFs penetrate
into the inner magnetosphere lead to
an uncertainty in their role in energy,
mass, and magnetic flux transport in
that region. The purpose of this paper
is to determine the average magnetic
forces acting on BBFs as they
propagate toward Earth. This is an
important part of determining the
force balance, which ultimately
determines the fate of BBFs in the
inner magnetosphere.

2. Method
2.1. Instrumentation

The four Cluster satellites were
launched in 2000 in a polar orbit with
a perigee of 4.0 RE geocentric
distance and an apogee of 19.8 RE.
We use data from the Cluster Ion
Spectrometry (CIS) High Energy
Analyzer (HIA) [Rème et al., 2001] for
the ion flow velocity (available on

spacecraft (S/C) 1 and 3) and the Fluxgate Magnetometer (FGM) [Balogh et al., 2001] for the DC magnetic
field. We use spin resolution (4 s) data for both data sets.

2.2. Event Identification

To identify BBF events, we scan Cluster HIA data from the time period of 1 July 2003 to 31 October 2003, using
data from S/C 3. During this time, the Cluster apogee is located in the magnetotail, and the spacecraft
separations are small, on the order of 100 km. Our criteria for classifying an enhanced magnetospheric
flow are similar to what has been used in earlier studies, e.g., by Angelopoulos et al. [1994] and Cao et al.
[2006], and are the following:

1. A BBF event is a time interval where the ion flow velocity in the xGSM direction (vix) is greater than 100 km/s
for all measurement points and where vix> 400 km/s during some time of that interval.

2. We only consider events where the ion flow velocity vix is either dominatingly in the direction perpendicular
to the magnetic field or where the perpendicular and parallel velocities are comparable. Events with a
mainly parallel ion velocity are neglected.

Figure 1. Bursty bulk flow event from 25 July 2003. The panels show from
top to bottom the three components of the magnetic field measured by
Cluster 1, the x component of the ion flow from the HIA instrument and the
x components of the j × B force density, magnetic pressure gradient force
density, and curvature force density. The GSM coordinate system is used for
all quantities. The red lines show the beginning and end of the BBF event
according to the definition of section 2.2.
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3. If the end of one BBF event is
within 30 s of the beginning of
another event, the two events
are merged and are considered
to belong to the same BBF.
This is somewhat more restrictive
than similar criteria used by other
authors [e.g., Angelopoulos et al.,
1994; Cao et al., 2006].

4. We further require that xGSM< 0 RE
and that

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2GSM þ y2GSM

p
> 10 RE.

The events are found by a preliminary
automatic scanning of the data and
are then manually inspected with
regards to criteria 2 and 3 and general
quality of the data. It turns out that
criterion 2 in practice means that
most events are located in the region
where |zGSM|< 4 RE, which means that
the selected events are typically
located within the central plasma
sheet. All events are located in the
interval �15.4< yGSM< 9.7, with a
majority of them within |yGSM|< 10 RE.

2.3. Calculation of the j × B
Force Density

In order to investigate the j×B force
density in a flux tube element
associated with a BBF, we calculate
the current density j from the static
limit of Ampère’s law

j ¼ 1
μ0

∇�B: (2)

The curl is estimated by the reciprocal vector method [Chanteur, 1998; Vogt et al., 2008] where the spatial
derivatives are approximated by linear interpolation between the vertices of the spacecraft tetrahedron.
This method is equivalent to the curlometer method [Vogt et al., 2008] and is valid for current systems
with scale sizes larger than the spacecraft separations [Robert et al., 1998; Dunlop et al., 2002].

While calculating j, we have inspected the data for offsets, both in B and in the calculated current densities,
and for a very few cases, we have manually corrected for these. Even in these cases, the final averages of the
forces did not change appreciably. We have also calculated the average of both |∇×B| and |∇ �B| over the BBF
intervals. A nonzero value of the divergence is an effect of several factors, including nonoptimal spacecraft
configuration, the ratio of magnetic field strength to measurement uncertainty, and truncation errors, and
indicates a general error level [e.g., Robert et al., 1998]. The calculation of the average divergence shows
that it has a rather constant value, less than 50% of the curl, which is considered satisfactory [e.g., Anekallu
et al., 2011], for all but one event. However, since it is not close to zero, the errors associated with it will
add somewhat to the spread in the data.

After calculating j, the j×B force density is calculated by taking the cross product with the magnetic field
vector, averaged over the four spacecraft. (The large-scale magnetic field does not vary much in absolute
magnitude between the spacecraft but only in the relatively small variations introduced by the currents
floating in the vicinity of the spacecraft.) From the reciprocal vector method, also fgrad and fcurv can be
readily estimated [Chanteur, 1998; Vogt et al., 2008].

Figure 2. Averages of the x component of j × B (in the GSM coordinate
system) for the 67 events of the study, as a function of xGSM. The top plot
shows the average over the BBF event, the bottom plot shows the average
over 15min before the BBF event. The correlation coefficients C and the slope
K of the resulting linear fit (and the standard error), which is also indicated by
the solid line, are shown.
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Figure 1 shows a typical result
from the analysis described above,
with a BBF event from 25 July
2003, which according to the
criteria above starts at 06:55:43 UT
and ends at 06:59:21 UT. The
Cluster flotilla position in GSM
coordinates was (�15.1, �11.9,
0.2) RE, at the time. As a sanity
check, we note that temporal
resolution of 4 s corresponds to
scale sizes of 4 s times a typical
plasma flow velocity of 200 km/s,
assuming that the current system
associated with the BBF moves
together with it, of 800 km. This is
appreciably larger than the
spacecraft separation, which is on
the order of 100 km. We note that
the resulting currents are on the
order of 10 nA/m2, which is
consistent with the results
reported by Forsyth et al. [2008].
The x component of the j×B
force density exhibits considerable
small-scale variation but shows a
consistent behavior; in that, the
curvature force is mainly positive

during the main part of the event, whereas the gradient force is generally negative (considering only the x
components). For this particular event, the curvature force generally dominates the gradient force, resulting
in a positive average j×B force in the x direction, accelerating the BBF plasma toward Earth.

In order to study statistically the mean force acting on BBF plasma regions, we calculate the mean value of
(j×B)x, fgrad,x, and fcurv,x over the whole BBF event. For the event in Figure 1, the resulting averages were
<(j×B)x>=4.4 � 10�18 Nm�3, <fgrad,x>=�3.9�10�18 Nm�3, and <fcurv,x>= 8.3 � 10�18 Nm�3, where the
brackets indicate averaging between the start and end times of the event. These orders of magnitudes are
consistent with the result of a case study by Li et al. [2011], based on a magnetic field fit to spacecraft
observations. In order to test the robustness of our results, we also calculate averages over parts of the
BBF event, e.g., the front half, defined as all data points measured before the maximum of vix, and the
back half, defined analogously. The results reported on below do not change qualitatively when we use
different methods of calculating the averages. For comparison, we also want to calculate the average
forces on the plasma for non-BBF times. We do this by averaging over a time of 15min before the start of
the BBF event, except when this time contains another BBF event. The resulting average will then typically
show the average magnetic forces on the plasma in front of the BBF.

3. Statistical Results

Our search resulted in 67 BBF events fulfilling the criteria of section 2.2. We will focus on the x direction, which
(on the average) is the dominant direction of earthward fast flows [Juusola et al., 2011], and the direction in
which the magnetic force is expected to be the most important one when considering the BBF dynamics.
However, we have studied the y component of the forces as well but have found no systematic
dependence on position, and we do not show these data here.

In Figure 2 (top), we plot the average <(j×B)x> for all events as a function of xGSM, and in Figure 2 (bottom),
we present the corresponding average in front of the BBF event. Figures 3 and 4 show results for <fgrad,x> and

Figure 3. Same as Figure 2 but for the magnetic pressure gradient force fgrad.
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<fcurv,x> in a similar format. For each
of the panels, a simple linear
regression is performed, and the
correlation coefficient is calculated.
The resulting correlation coefficients
are displayed in each plot, together
with their standard error, and the
result of the linear model is plotted.
(Except for Figure 4, where a very low
correlation coefficient is found. Here
is instead indicated the average value
of <fcurv,x> for each panel.)

4. Discussion

There is some spread in the data
presented in Figures 2–4, but a
consistent picture emerges. Figure 4
shows that the curvature force
density is generally positive for BBF
events, acting to accelerate the
plasma earthward. This is consistent
with magnetic field lines being
stretched during a substorm growth
phase or similar conditions and
subsequently being severed by an
onset of localized reconnection [e.g.,
Sergeev, 2005: Birn et al., 2011],
resulting in an acceleration of the
plasma as the field line relaxes toward
a more dipole-like configuration.

Before/in front of the BBF event, the curvature force is still positive and nonzero but appreciably smaller than for
the BBFs. We interpret this as themagnetic force applied bymagnetic field lines associatedwith themore gentle
Dungey cycle flow associated with non-BBF times [Dungey, 1961]. The fact that the curvature force density
associated with BBFs remains relatively constant with xGSM may be an indication that any decrease of the
curvature of the field lines associated with the BBF is compensated by an increasing magnetic field strength
closer to Earth. This increase may be due to an increasing pileup of frozen-in magnetic field lines in front of
and inside the BBF in the form of a dipolarization front [e.g., Nakamura et al., 2002; Li et al., 2011; Fu et al.,
2012; Hamrin et al., 2014]. Such a magnetic field pileup may act to increase the magnitudes of both fcurv and
fgrad, as evidenced by equation (1). An alternative interpretation is that this is a selection effect; in that, only
BBFs with a sufficient curvature force will be able to make it to the near-Earth tail where we observe them.

The magnetic pressure gradient force density (see Figure 3) is small at great distances from Earth and gradually
becomes more negative closer to Earth. This is again true for both BBF events and non-BBF times, but the force
density changes more rapidly for the BBF events. We can interpret this as a magnetic field pressure gradient
associated with the increasing magnitude of the dipole magnetic field as we move closer toward the Earth,
with an additional magnetic pressure gradient being present for the BBF events. This is again likely
associated with magnetic flux pileup regions, as discussed above. In this case, the increasing magnetic field
associated with these will tend to brake the flow [Birn et al., 2011; Fu et al., 2012; Hamrin et al., 2014].

The combined magnetic force of curvature and magnetic pressure gradient acting on the BBF plasma is seen
in Figure 2 to be typically positive for larger distances. At a certain distance from Earth, it changes sign. Taking
into consideration the uncertainties in the regression analysis, this happens at xGSM = 13.9 ± 0.6 RE, after
which it acts to brake the BBF plasma. We can therefore conclude that this distance represents the
minimum distance from Earth at which the BBF plasma will begin to decelerate.

Figure 4. Same as Figure 2 but for the curvature force fcurv. Instead of a linear
fit, indicated is the average over all data points, both as the value Avg and as
the dotted line.
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The other main force acting on that
plasma is the thermal plasma pressure
gradient. The balance between the
magnetic force and the thermal
pressure force determines how far in
toward Earth the BBF will travel, and the
additional force of the thermal pressure
gradient will move the position of zero
total force farther away from Earth.
Unfortunately, it is difficult or impossible
to determine the plasma pressure
gradient from Cluster data due to too
large uncertainties in the interspacecraft
calibrations [Hamrin et al., 2013].

We can, however, use statistical
measurements of the plasma pressure
as a function of distance to Earth to
estimate the typical values of the
plasma pressure gradient in order to
compare it with the magnetic force. We
use the results from the studies by
Spence et al. [1989] and Shiokawa and
Haerendel [1997], which provide
statistical plasma pressure profiles in
the equatorial plane. In Figure 5, we
again show the x component of the
j×B force density, together with the
fitted trend line. The estimated value of
the plasma thermal pressure gradient
(red line), obtained from Figure 8 by
Spence et al. [1989] (for K�p =3

�) in our

Figure 5 (top) and from Figure 2 by
Shiokawa and Haerendel [1997] in our
Figure 5 (bottom), is also shown.

Finally, the sum of the fitted total magnetic force and the plasma pressure gradient is indicated by the
blue line. It can be seen from both estimates that the point at which the plasma begins to decelerate is
located somewhat farther away from Earth than where the magnetic force changes sign, at
approximately xGSM =�16.1 ± 1.8 RE. The uncertainties arise from uncertainties in the regression analysis
and differences in the two plasma pressure models used. This result is, in general, consistent with earlier
results discussed in the Introduction. However, the flow braking taking place already within 20 RE
reported by Hamrin et al. [2014], for BBFs with their velocity peak behind the dipolarization front, may
indicate that the plasma pressure gradient obtained from statistical results is underestimated and that
localized plasma pressure enhancements in front of the BBFs will act to further brake the flow, as
reported by Liu et al. [2013].

When the total force profile is known, integration will tell us how far into the magnetosphere the BBF will
penetrate. As an example, using the force density profile resulting from the pressure profile of Spence et al.
[1989], elementary calculation shows that a plasma element of a proton plasma with a number density of
1 cm�3 and an initial velocity of 800 km/s at xGSM=�17 RE, km/s will brake to zero velocity at xGSM=�11.8 RE.
Using the Shiokawa and Haerendel’s [1997] results, the plasma would still have a velocity of close to 300 km/s
at that point and would penetrate further in toward Earth than xGSM=�10 RE. This simple example illustrates
that a better determination of the local plasma pressure gradient is needed to make a realistic determination
of the depth of the BBF penetration. The upcoming Magnetospheric Multiscale mission [Sharma and Curtis,
2005] may provide this opportunity.

Figure 5. The values for the average x component of j×B for the 67 events
(crosses), and the corresponding linear fit (black line), as well as the estimated
values of the plasma thermal pressure gradient, obtained from (top) Spence
et al. [1989] and from (bottom) Shiokawa and Haerendel [1997], as the red line,
as well as the sum of the magnetic force (using the fitted trend line) and the
plasma pressure gradient (blue line), as a function of xGSM.
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