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A statistical investigation of Bursty Bulk Flow event
dynamics in the Earth magnetotail
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Abstract—A statistical investigation of the relationship between
Lorentz force and Bursty Bulk Flow event (BBF) spatial location
in the magnetotail is undertaken. Data is obtained in situ by the
ESA Cluster II mission during the period July to October 2004.
Firstly, a short introduction to BBFs and the Cluster mission
is presented. Secondly, the curlometer method for determining
Current densities in the Inner Central Plasma Sheet and its
approximations are discussed. The curlometer method uses mag-
netic field density data from the Fluxgate Magnetometer (FGM)
instrument and plasma velocities are obtained by the Hot Ion
Analyzer (HIA) instrument. The satellite separation at the time
of the measurement in the year 2004 was on the order of 1000
km. Results of the investigation are inconclusive. A few possible
sources of error and reference material are mentioned.
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I. INTRODUCTION

IN magnetospheric studies, the carthesian GSM coordinate
is widely used. The x-coordinate axis is defined to be in

the direction of earth to sun line of sight, while the z-axis is
defined to be in the direction of the magnetic moment of the
Earth projected onto a plane perpendicular to the x-axis. The
origin is taken to be the center of the Earth. The carthesian
GSM coordinate system differs from the carthesian GSE
coordinate system where the z-axis points toward ecliptic
north by a rotation about the x-axis. The Inner Central Plasma
Sheet (ICPS) of the Earth’s magnetotail is defined [1] to
be the region of space where the magnetic field component
perpendicular to the z-direction of the GSM coordinate system
is less than 15 nT OR where the ratio Bz/Bxy is larger than
0.5. Within the ICPS flows the duskward neutral sheet current
due to the dipole-like magnetic field of the Earth. Bursty Bulk
Flow events (BBF events) are defined [1] to be sudden flows
of plasma earthwards from the magnetotail with the defining
characteristics:

1) The magnitude of the ion velocity has to exceed 400
km/s for at least one data point during the BBF.

2) Two such data points within the timespan of 10 minutes
are considered to belong to the same BBF.

3) A BBF is defined to start when the plasma flow
velocity exceeds 100 km/s and is defined to end when
it drops below 100 km/s.

It has been established [2] that BBF events typically
have an cross-section of about 2 to 3 Re in the y-direction
and 1 to 2 Re in the z-direction in the GSM coordinate system.

Fig. 1. Illustration of neutral current sheet. Neutral current sheet in gray [4].

Fig. 2. Illustration of the inertially fixed orbit of Cluster II, not to scale. The
angle φ varies over a year.

The ESA Cluster II mission [3] consists of four identically
designed satellites, designated SC1 through SC4, each carrying
identically designed instrumentation arrays for magnetospheric
studies. The Cluster satellites orbit the earth in a polar elliptic
orbit, which is inertially fixed, that is, the orientation of the
major axis of the orbit changes over the course of an Earth
year relative to the GSM x-axis. This allows Cluster II to pass
different parts of the magnetosphere during an Earth year.
The satellites hold a tetrahedral formation in order to allow
for three-dimensional measurements in situ of magnetospheric
phenomena. This carries significant advantages over single
satellite measurements, such as general availability of the
curlometer method. During the months from July to October
2004 the Cluster satellites held a satellite separation on the
order of 1000 km, or approximately 0.2 Re.
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The Lorentz force acting on a plasma in the ICPS is the
cross product between the local current density and the Earth’s
magnetic field. It can be split up into two terms, which
represent the magnetic field pressure gradient and the magnetic
field curvature force.
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These two forces oppose each other, and the relative mag-
nitudes of these two components vary with spatial position.
Intuitively one would expect the magnetic pressure gradient
component to become more negative as one approaches Earth,
due to the 1/r3 dependence of the dipole field w.r.t. radial
distance [5]. In this study a statistical survey of the magnitude
and direction of the average Lorentz force in the x-direction
in the GSM coordinate system acting on BBF events is
performed. Specifically, a correlation between x-position and
the x-components of the two force terms in (1) is investigated.
The data set is obtained by Cluster during the period July to
October 2004.

II. METHOD

The Cluster satellites travel in an inertially fixed polar
elliptic orbit around the earth, with a apogee around 20 Re

in the negative x-direction in the GSM coordinate system.
The satellites orbit in a non-constant tetrahedral formation, in
order to facilitate approximation of the current density using
the curlometer method [6]. As the name implies, (and besides
the implicit assumption that the current density is constant
in the region separating the Cluster satellites), it involves an
estimation of the curl of the magnetic field. In doing so, we
make the assumption that the magnetic field varies linearly
in the satellite spacing, that is, that between satellites i and
j separated by vector rij the line integral of the B-field
integrated over a straight line between the satellites is given
by (2). ∫ j

i

B · dl = 1

2
rij · (Bi +Bj) (2)

This first-order approximation of magnetic field spatial vari-
ation can lead to inaccuracies in the subsequent calculation
of the current density. One possible method [6][7] to test
the quality of the current density obtained by the curlometer
method is to linearly estimate the divergence of the magnetic
field using the barycentric coordinates method. Informally
speaking, it is a interpolation technique which, when applied
to the Cluster satellites, involves assigning reciprocal vectors
to each satellite (vertex of the tetrahedron) which (inversely)
weigh how far that satellite is located from the plane formed by
the other three satellites. These reciprocal vectors can then be

Fig. 3. Illustration of three sample sectors, not to scale

used as a poor man’s differential operators in order to estimate
∇ ·B. Gauss’ magnetic law (3)

∇ ·B = 0 (3)

implies that in reality, the ratio Q = (∇ ·B) / (∇×B)
between the divergence and the curl should always be zero.
However, due to our linear estimation of the divergence of
the magnetic field we may get a non-zero ratio. If the linear
approximation is good, the ratio Q should still be close to
zero. We perform this quality check in the results section.

Among the Cluster nightside magnetosphere passages
in year 2004, three azimuthal ”sample sectors” of data were
chosen to represent dawn-side BBF, dusk-side BBF and
midnight BBF in order to create a representative ensemble of
BBF events. The entire dataset was created using selection
criteria from [1] and contained 163 data points. We limited
the study to BBF events which lie within 5 Re from the
plane z = 0 because beyond that range the magnetic field
lines are likely more parallel than perpendicular to the GSM
x-direction, which diminishes the Lorentz force experienced
greatly. The number of data points satisfying this extra
criterion is 118.

We have plotted the total x-component of the average force
during the BBF as well as the average force during the BBF of
its individual terms in Eq. (1) against the GSM x-coordinate.
C is the linear correlation coefficient. The subplots comprise
the following titles

1) Average:The average force over the entire BBF event
2) Front: The average force from the start of the BBF event

to the moment the ion velocity magnitude exceeds 400
km/s.

3) Front Half: The average force from the start of the BBF
event to the moment the ion velocity magnitude reaches
its maximum value.

4) Back Half: The average force from the moment the
ion velocity magnitude reaches its maximum value to
the end of the BBF event.
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Fig. 4. The position of BBFs in the azimuthal GSE x-y plane, unis of Re

Fig. 5. Cluster SC3 data of a BBF event with a ’sharp’ front. Data recorded
on 2004-07-27. Manual inspection and selection criteria [1] suggest BBF starts
at 08:30:31 and ends at 08:37:41

During implementation a version of the Institutet för
Rymdforskning Uppsala (IRFU) MATLAB suite was used.

Raw data was obtained from the Fluxgate Magnetometer
(FGM) and the Hot Ion Analyzer (HIA) instruments in situ
and downloaded from the Cluster Active Archive (CAA)
database[8]. The spatial position of any BBF event was
defined to coincide with the position of Cluster satellite SC3.

III. RESULTS

In Fig. 6 we see that the curvature force for the most part
points in the positive x-direction. The magnitude seems to be
constant over the values of x-coordinates. The other figures
do not show very clear patterns, especially the total force in
Fig. 7, which seems to show no correlation. One can with some
goodwill imagine a negative correlation between magnetic field
gradient component and x-direction in Fig. 8. The data seems
to be of acceptable quality based on our quality check.

IV. DISCUSSION

Inconclusive results can be attributed to several factors, a
couple of which here we discuss and/or estimate the impact of.

Private communication with T. Karlsson have indicated
that there is a negative correlation between the BBF GSM
x-coordinate and x-component of the total Lorentz force
density when the satellite separation distance is of the order
of 100 km. This begs the question whether the satellite
separation distance could have affected the results. It is
possible the currents driving the Lorentz force are of a
localized enough scale to be detected by a satellite spacing of
100 km but to avoid detection at a satellite spacing of 1000 km.

In order to estimate the error in the measurements due to
the velocity of Cluster during a BBF event, we make a few
simple estimates. Based on the data from CAA[8], The Cluster
satellites move in a elliptic orbit with semi-major axis of 13
Re (8.3× 107 m) and a semi-minor axis of 10 Re (6.4× 107

m). The orbit period is about 60 h (2.2×105 s). Using Kepler’s
second law of planetary motion applied to Cluster, which states
that a line joining Cluster with the elliptic focus (Earth) sweeps
out equal areas during equal times, we arrive at

r2dθ =
2π

P
abdt (4)

where a is the semi-major axis, b is the semi-minor axis,
r is the radius from Earth to Cluster, P is the orbit period,
θ is the angle swept by the radius and t is the time spent
sweeping out said angle. Given that the Cluster 2004 satellite
separation was on the order of 1000 km, we calculate that
the time to traverse such a distance at apogee was about 14
minutes. We find it unlikely that Cluster manages to traverse
one BBF cross-section (around 2 Re) during even the longest
BBF event duration in the dataset. It is conceivable, however,
that Cluster traversing the velocity profile of a BBF, assuming
a similarity in velocity profiles between BBFs and ideal
laminar fluid flow driven by a constant pressure drop given
no-slip condition at the flow boundary (known as Poiseuille
flow), contributes to slight skewing of the ion velocity data
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and hence the BBF temporal extent.

It is also possible that the spatial tetrahedral configuration
of the Cluster satellites at any given moment may [7] affect
the current density approximated by the curlometer method.

As regards the selection of BBFs, it is possible to select
BBF event start and stop time based on alternative criteria[10].
Raj et al. [2002] suggests that a BBF event is defined by the
plasma flow speed perpendicular to the magnetic field lines
exceeding 250 km/s AND the plasma beta perpendicular to
the z-direction βxy exceeding 2, with the start and end times
defined as in [1]. Using these criteria, one would of course
obtain a different data set of BBF events from the same data.

Future possible avenues of investigation could include re-
peating this study during other time periods, when the Cluster
satellite separation is of different magnitude. A study spanning
other years with comparable satellite separation is also not out
of question.

V. CONCLUSION

The statistical investigation show inconclusive relationship
between direction of the Lorentz force along the GSM x-
axis and the GSM x-coordinate of the BBF for the satellite
separations used in this study.
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Fig. 6. The x-component of the Lorentz force density in Nm−3 plotted against GSM x-coordinate in Re

Fig. 7. The x-component of the magnetic pressure gradient in Nm−3 plotted against GSM x-coordinate in Re
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Fig. 8. The x-component of the magnetic curvature force in Nm−3 plotted against GSM x-coordinate in Re

Fig. 9. The magnetic field divergence plotted against the absolute value of the magnetic field curl, scaled by 1/µ0


