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[1] In this article we present a review of recent studies of observations of localized energy
conversion regions (ECRs) observed by Cluster in the plasma sheet at altitudes of 15–20RE.
By examining variations in the power density, E · J, where E is the electric field and J
is the current density, we show that the plasma sheet exhibits a high level of fine structure.
Approximately three times as many concentrated load regions (CLRs) (E · J > 0) as
concentrated generator regions (CGRs) (E · J < 0) are identified, confirming the average
load character of the plasma sheet. Some ECRs are found to relate to auroral activity.
While ECRs are relevant for the energy conversion between the electromagnetic field and
the particles, bursty bulk flows (BBFs) play a central role for the energy transfer in the
plasma sheet. We show that ECRs and BBFs are likely to be related, although details of
this relationship are yet to be explored. The plasma sheet energy conversion increases
rather simultaneously with increasing geomagnetic activity in both CLRs and CGRs.
Consistent with large‐scale magnetotail simulations, most of the observed ECRs appear
to be rather stationary in space but varying in time. We estimate that the ECR lifetime
and scale size are a few minutes and a few RE, respectively. It is conceivable that ECRs rise
and vanish locally in significant regions of the plasma sheet, possibly oscillating
between load and generator character, while some energy is transmitted as Poynting flux to
the ionosphere.
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1. Introduction

[2] There are many unsolved problems related to the
energy budget of the Earth’s magnetosphere. Bright auroral
forms, which perhaps are the most spectacular phenomena
that regularly can be observed on the dark night sky, is
an apparent proof of the existence of a set of complicated
processes involving the energy conversion and transfer in
the magnetosphere, from the solar wind and to the auroral
ionosphere. Intriguing problems regarding the magneto-
spheric energy budget concern issues such as the energy input
into the magnetosphere [e.g., Koskinen and Tanskanen,
2002], the nature of tail reconnection [e.g., Sharma et al.,
2008], the location of the auroral generator [e.g., Rostoker,
1999], the role of the magnetosphere‐ionosphere (M‐I)

coupling [e.g., Mauk et al., 2002], as well as the high‐speed
flows and the energy transport in the M‐I system [e.g.,
Sergeev, 2004]. Large amounts of energy are released during
substorms, and auroral arcs in the ionosphere are connected
via magnetic field‐aligned currents to the nightside magne-
tosphere in the auroral current circuit. Even though auroral
processes have been investigated for a long time, our
understanding of the detailed mechanisms behind the gen-
eration and evolution of auroras is still rather fragmented and
uncertain. For example, where are the auroral generators
explicitly located and what are their properties?
[3] Within the magnetosphere, energy is mediated between

different forms. In load regions, magnetic pressure and ten-
sion accelerate the plasma, and electromagnetic energy is
converted into kinetic energy (plasma bulk and thermal). The
process is reversed in generator regions. The plasma sheet
is known to play a central role for the energy budget of the
Earth’s magnetosphere [e.g., Lyons, 2000; Koskinen and
Tanskanen, 2002; Pulkkinen et al., 2003]. During sub-
storms, the amount of energy dissipated in the plasma sheet
(in the form of plasmoid ejection and ion heating) is com-
parable to the ring current dissipation, auroral Joule heating
and charged particle precipitation into the ionosphere [Ieda
et al., 1998; Slavin et al., 1993]. Since the plasma sheet
maps to the nightside auroral ionosphere, various regions in
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the plasma sheet have been suggested to host auroral gen-
erators, for example, the low‐latitude boundary layer and the
plasma sheet boundary layer (PSBL). However, even though
the plasma sheet on the average behaves as a load due to the
dawn to dusk electric field and cross‐tail current, it is
a complicated plasma regime comprising both generators
and loads [e.g., Birn and Hesse, 2005;Marghitu et al., 2010;
Hamrin et al., 2009a].
[4] The processes in the plasma sheet of course only

constitute a few links in the long chain of processes con-
trolling the energy conversion and transfer in the Earth’s
magnetosphere. The primary energy source for the magne-
tospheric energy budget is solar wind kinetic energy, which
can be transferred into the magnetosphere by means of
magnetopause reconnection. Indeed, reconnection is one
key process at several stages of the magnetospheric energy
budget [e.g., Paschmann, 2008]. Not only does it regulate
the solar wind energy and momentum input at the magne-
topause [Paschmann et al., 1979], but it also controls the
substorm magnetic energy release in the Earth’s magnetotail
[e.g., Fujimoto et al., 2001].
[5] The primary magnetospheric convection is believed

to be controlled by the Dungey cycle with dayside magne-
topause reconnection in combination with a reconnection
X line in the distant magnetotail [Dungey, 1961]. The cor-
responding cross‐tail electric field and current systems are
the cause for the average load behavior of the plasma
sheet. During substorm expansion, another reconnection
site is expected to form as a near‐Earth neutral line (NENL)
20–30RE downtail in the plasma sheet [e.g., Nagai et al.,
2001]. According to recent investigations, the plasma sheet
energy conversion between magnetic energy on the one
hand, and bulk kinetic and thermal energy on the other, may
be associated with multiple, small‐scale, and intermittent
reconnection processes [e.g., Treumann et al., 2009] in a
turbulent plasma environment.
[6] The solar wind kinetic energy powers generators

located at the magnetopause. Generated electromagnetic
energy is partially stored in the tail magnetic field, partic-
ularly the lobes. Tail reconnection and perhaps also other
processes, e.g., resistivity, then convert the electromagnetic
energy into kinetic and thermal energy. A popular notion is
hence that the aurora is powered by the solar wind. Indeed,
an open magnetopause at a few RE tailward of the dawn‐
dusk meridian has been observed to act like a generator with
a significant component of the magnetic tension directed
against the solar wind flow, thus producing Poynting flux
pointing into the magnetotail [Rosenqvist et al., 2006].
According to Rosenqvist et al. [2006], estimates of the
global Joule heating in the Earth’s upper atmosphere and
ionosphere during an intense storm amounted to roughly
35% of the power extracted from the solar wind at the
magnetopause. However, under normal circumstances we
can expect that a considerable fraction of the electromag-
netic power dissipated in the ionosphere is not directly
generated at the magnetopause, since nightside auroral field
lines on the equatorward edge of the oval, and at least up
into the central part, map from the ionosphere rather into the
tail region (specifically the plasma sheet).
[7] The energy stored in the tail magnetic field is con-

verted into kinetic energy at rather localized acceleration
sites, and plasma is transported toward the Earth, or tailward

into the interplanetary plasma. These high‐speed flows
can be manifested as bursty bulk flows (BBFs) and other
sporadic and intermittent phenomena [e.g., Scholer et al.,
1984; Angelopoulos et al., 1992; Chen and Wolf, 1993;
Angelopoulos et al., 2002]. For example, the large substorm
current wedge is believed to be caused by the braking and
diversion of earthward directed flows closer to the inner
boundary of the plasma sheet, resulting in the generation
of electromagnetic power, which eventually can power the
aurora [Wygant et al., 2000] as well as cause ionospheric
Joule heating.
[8] Alongside the process of reconnection, high‐speed

flows in the plasma sheet is hence another important key
issue involved in the magnetospheric energy budget. Such
flows are observed in various regions of the magnetotail,
both in the central plasma sheet (CPS) and in the PSBL.
However, the characteristics of the high‐speed flows differ
generally between the regions. In the CPS, the high‐speed
flows are generally bulk flows which are (quasi‐) perpen-
dicular to the ambient magnetic field, with GSM Vx being the
dominant velocity component, and Vy occasionally substan-
tial [Angelopoulos et al., 1994]. In the PSBL, on the other
hand, the high‐speed flows can usually be characterized as
field‐aligned beams [Nakamura et al., 1992; Petrukovich
et al., 2001].
[9] The concept of BBFs was first introduced by

Angelopoulos et al. [1992] who investigated the occur-
rence of bursty bulk flows in the inner CPS, as characterized
by a large plasma b > 0.5. Typically, BBFs correspond to
bursty high‐speed flow events observed on a 10 min time
scale, and composed of individual high‐speed flow burst
(^400 km/s) on shorter time scales, of the order of tens of
seconds [Angelopoulos et al., 1992, 1994]. Subsequently,
field aligned burst have been observed also in lower b
plasmas outside the PSBL, i.e., where b < 0.5 [Raj et al.,
2002]. Therefore, it is practical to include also the field
aligned beams into the definition of BBFs [Snekvik et al.,
2007]. Observational investigations have shown that BBFs
often are associated with ion heating and local magnetic
field dipolarization (magnetic pileup) at the front or stopping
region, corresponding to a locally enhanced northward Bz

[e.g., Fairfield et al., 1999; Nakamura et al., 2005a; Sergeev
et al., 1996b]. The BBFs are likely to show a reduction in
the plasma pressure initially, but evolving toward values
comparable to, or sometimes even greater, than the sur-
rounding medium [Chen and Wolf, 1999].
[10] A possible theoretical explanation for BBFs comes

from the theory of plasma bubbles. As compared to the sur-
rounding plasma, bubbles are depleted flux tubes with
decreased entropy, and increased earthward propagation
velocity (possibly propelled by a magnetic buoyancy force,
related to the interchange instability) [Pontius and Wolf,
1990; Chen and Wolf, 1993, 1999]. Details of the propa-
gation of a plasma bubble have been investigated in a 3‐D
MHD simulation by Birn et al. [2004]. Bubbles are expected
to be created by reconnection processes and/or other pro-
cesses in the plasma sheet [e.g., Sergeev, 2004], and simu-
lations indicate that the tailward ejection of plasmoids from
a reconnection site also can be explained by bubble theory
[Sitnov et al., 2005].
[11] The plasma bubble cannot support as much diamag-

netic, curvature and drift current as the surrounding plasma.
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Current continuity is instead maintained by field‐aligned
currents at the sides of the flux tube. As shown by Birn et al.
[2004], flow vortices appear at the flanks of the bubble,
twisting the magnetic field, and causing a downward (upward)
field‐aligned current at the dawnside (duskside) flank, and
forming a local wedge like current system [e.g., Chen and
Wolf, 1993, 1999; Sergeev et al., 1996a; Birn and Hesse,
1996; Birn et al., 1999, 2004; Snekvik et al., 2007; Zhang
et al., 2009]. A return plasma flow may occur at the flanks
of the bubble, and the corresponding shear against the plasma
flow in the bubble main channel may also be involved in
the generation of the field‐aligned currents [e.g., Chen and
Wolf, 1999; Kauristie et al., 2000; Birn et al., 2004;
Keiling et al., 2009; Ohtani et al., 2009;Walsh et al., 2009;
Panov et al., 2010a, 2010b; Birn et al., 2011; Ge et al.,
2011; Pitkänen et al., 2011].
[12] High‐speed flows in the plasma sheet, such as BBFs

and bubbles, are central ingredients in magnetospheric
energy budget. (Note that we will use the denomination
BBF for high‐speed plasma flows throughout the rest of
the article, independently of the detailed character of the
flows.) BBFs are believed to play a major role for magnetic
flux, mass, and energy transport in the plasma sheet [e.g.,
Angelopoulos et al., 1992, 1994, 1999; Sergeev et al. 1996b;
Schödel et al., 2001], and it has been showed that BBFs
have the largest capability of transporting energy during the
substorm expansion phase, as compared to the growth and
recovery phases [YuDuan et al., 2010]. In the literature there
are many reports of the relation between BBFs and auroral
phenomena at the ionospheric end of the M‐I coupling
system, e.g., auroral expansions, localized brightenings, and
auroral streamers [e.g., Fairfield et al., 1999; Lyons et al.,
1999; Ieda et al., 2001; Sergeev et al., 2001; Nakamura
et al., 2001a, 2001b, 2005b; Miyashita et al., 2003; Forsyth
et al., 2008].
[13] The multispacecraft Cluster mission is favorable for

observational investigations of the energy conversion in the
plasma sheet. The reason is that a minimum of four simul-
taneous measurements of the magnetic field is needed for
estimating the full current density. Load and generator
regions can be identified by analyzing observations of the
power density E · J, where E is the electric field and J the
current density. Local conversion from kinetic to electro-
magnetic energy occurs in generator regions where E · J < 0,
and the process is reversed in load regions where E · J > 0.
Using plasma sheet Cluster data we present in this article
a review of recent observations of localized energy con-
version regions (ECRs), and we discuss the high level of
fine structure in the plasma sheet energy conversion. To our
knowledge, the first experimental evidences for plasma
sheet ECRs in the form of generator regions were obtained
from Cluster data byMarghitu et al. [2006] andHamrin et al.
[2006].
[14] There are reasons to expect that there is a relation-

ship between ECRs and the energy transfer in the form of
BBFs in the plasma sheet. In a statistical investigation,
Morioka et al. [2010] showed that the generation of field‐
aligned currents and accelerated auroral electrons in the
auroral current circuit is tightly coupled to flow burst in the
plasma sheet. Indeed, 65% of the flow bursts observed from
Geotail data appeared to correspond to the generation of
auroral kilometric radiation (AKR) in the auroral accelera-

tion region within the M‐I coupling region [Morioka et al.,
2010]. Moreover, recent investigations by Marghitu et al.
[2010] and O. Marghitu et al. (manuscript in preparation,
2011) suggest that ECRs are often associated with BBFs,
even though there are occasions where ECRs are observed
without any strong and distinct signatures in the ion velocity
data. This could for example indicate that other processes
dominate, or that the Cluster spacecraft miss the main
plasma flow. Detailed investigations of the relation between
BBFs and ECRs are needed to resolve this issue.
[15] In this article we do not intend to achieve a complete

review of all energy conversion and transfer processes rel-
evant for the plasma sheet and the M‐I coupling. Instead, the
main focus is on summarizing the observations of the ECRs
and hint to their possible relation to BBFs. However, it
should be noted that we have observed ECRs during varying
geomagnetic and/or substorm activities, while many inves-
tigations concerning BBFs are related to disturbed times,
even though there are exceptions [e.g., Pitkänen et al., 2011].
Figure 1 shows a schematic overview of some important
energy conversion processes relevant for the Earth’s plasma
sheet.

1.1. Theoretical Motivation

[16] The physical interpretation of the power density, E · J,
is that it corresponds to the amount of energy (per unit
volume and per unit time) converted between its electro-
magnetic and kinetic forms. This can be verified from the
Poynting theorem (i.e., equation of conservation of the
electromagnetic energy)

@WEM

@t
¼ �r � S� E � J; ð1Þ

where WEM is the electromagnetic energy density, and S is
the Poynting vector. When E · J < 0, energy is transferred
from the particles to the fields, and the electromagnetic
energy density increases. Similarly, the electromagnetic
energy density decreases when E · J > 0, and energy is
transferred from the fields to the particles.
[17] The relation of E · J as a mediator between the

electromagnetic and kinetic energy forms can also be veri-
fied from ideal magnetohydrodynamic (MHD) theory (note
that heat flux is neglected in MHD). Multiplying the one‐
fluid equation of motion

�
dv
dt

¼ J� B�rp ð2Þ

with the plasma bulk velocity, v, and using the continuity
equation

@�

@t
¼ �r � �v; ð3Þ

we obtain an equation for the energy conservation of the
bulk motion

@Wk

@t
¼ �r � Wkvð Þ � v � rpþ E � J; ð4Þ

where we have assumed a scalar pressure p. The time
variation of the bulk kinetic energy density, Wk = rv2/2, is
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expressed in the left hand side of the equation. The right
hand side corresponds to its source terms, i.e., the diver-
gence of the bulk kinetic energy flux (−r · (Wkv)), the
work done by the pressure forces on the plasma (−rp · v),
and the work done by the electromagnetic forces on the
plasma (E · J). When E · J > 0, the kinetic energy density
increases since work is done on the plasma by electro-
magnetic forces. On the other hand, when E · J < 0 the
particles are losing energy to the field, corresponding to
a decrease in kinetic energy density. Practically, what
determines the sign of the power density is the acceleration
or deceleration of the plasma element by magnetic pressure

and tension (the Lorenz force), i.e., J × B versus −rp in the
one‐fluid MHD equation of motion (equation (2)).
[18] In Figure 2 we present a sketch of a BBF in the

equatorial plane. The BBF is represented by the earthward
plasma flow (light green) together with flow braking and
diversion closer to the inner plasma sheet boundary. Possi-
ble BBF return flows are also indicated by the green dashed
arrows [Chen and Wolf, 1999; Kauristie et al., 2000; Birn
et al., 2004; Keiling et al., 2009; Ohtani et al., 2009; Walsh
et al., Panov et al., 2010a, 2010b]. The shear and twisting of
the magnetic field at the flanks of the BBF causes field‐
aligned currents (magenta) connecting to the auroral iono-

Figure 1. Schematic overview of some important energy conversion processes relevant for the Earth’s
plasma sheet. Tail reconnection causes high‐speed plasma flows, e.g., BBFs or plasma bubbles, toward
the Earth. These flows can power generators where kinetic energy is transformed into electromagnetic
energy. The process is reversed in load regions where energy is transferred back from the fields to the
particles. One might expect that at least some of the energy is locally converted back and forth between
the particles and the fields in localized load and generator regions in the plasma sheet. Some energy is also
transported to the ionosphere, where it powers auroral related processes.
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sphere [cf. Birn et al., 2004]. In this simplified picture,
plasma is accelerated by the magnetic pressure and tension
to the right side of Figure 2, and decelerated to the left (dark
green arrows).
[19] Assuming a simplified magnetic field direction as

shown in Figure 2, in the main BBF flow channel we see that
the electric field (black) is directed toward dusk (positive y),
and in the return flow it is directed toward dawn. However,
in a general case with a more turbulent plasma flow, and
more complicated magnetic field configurations, the electric
field direction can vary.
[20] Depending on the direction of the cross‐tail current

(in positive or negative y in Figure 2) in relation to the
electric field, load and generator regions appear. The typical
dawn to dusk cross‐tail current is indicated with the blue
arrow. Assuming field‐aligned currents toward the northern
ionosphere and current closure across the main region of the
BBF (magenta), the power density is negative toward the
front of the BBF, i.e., a CGR. In Figure 2 this would cor-
respond to the current wedge with its reduction and diver-
sion of the ambient cross‐tail current. Another scenario is
that CLRs and CGRs are associated with the central BBF
channel and the return flows, respectively. We also refer to
Birn et al. [1999] and Zhang et al. [2011] for examples of
various possible current systems in the magnetotail (not only
closing in the ionosphere but also within the magneto-
sphere). For example, as discussed by Juusola et al. [2009],
if the ionospheric conductivity is low (e.g., during low
geomagnetic activity), tail current systems may also close
more locally in the magnetosphere. To simplify the sketch,
note that we only highlight one CLR (red) and one CGR
(blue) in Figure 2. However, in a more general case one may
expect several conversions back and forth between electro-
magnetic and kinetic energy forms in the plasma sheet.

[21] Note that equation (2) only is valid for ideal MHD,
where E = −v × B, while additional work terms add on the
right hand side in nonideal cases. According to section 2, the
electric field can be estimated indirectly from particle
moments through v ×B, or it can be obtained from direct field
measurements. As shown by Hamrin et al. [2009a], there is a
clear correlation between EyJy as obtained from the particle
moments and from direct measurements. This implies that the
ideal MHD assumption is relevant for investigations of
Cluster plasma sheet ECRs.

1.2. Frame of Reference

[22] When investigating localized energy conversion by
using the power density, the choice of the reference frame
is utterly important. The current density is invariant under
nonrelativistic coordinate transformations, but the electric
field is not [Barger and Olsson, 1987]. Consequently, the
power density is not coordinate invariant, and it is possible
to obtain different values (or even different signs) of the
power density by changing the frame of reference.
[23] A suitable choice would be to use the same frame of

reference for all tightly interacting loads and generators
within a defined system. In the system of the auroral mag-
netosphere, a few basic load and generator regions can be
identified: (1) the reconnection X line load, (2) load and
generator regions within the highly structured plasma sheet
(possibly oscillating energy between its kinetic and elec-
tromagnetic forms), (3) the load in the auroral acceleration
region, and (4) the load corresponding to the ionospheric
Joule heating. When investigating local energy conversion
in the plasma sheet load and generator regions, it is appro-
priate to use the reference frame of the Joule dissipation,
approximately the frame of the neutral winds. This frame
moves with respect to GSE or GSM, however, the associ-

Figure 2. Schematic overview of the relation between ECRs and BBFs. See the text for details.
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ated motional electric field is negligible, less than 30 mV/m.
Hence a suitable choice when investigating plasma sheet
load and generator regions involves the GSE and the GSM
frames of reference [Marghitu et al., 2006].

1.3. Observational Investigations

[24] Observational investigations of the power density are
complicated due to experimental limitations. In many cases,
the expected power density in plasma sheet generator and
load regions is of the order of 1 to a few pW/m3 [Birn and
Hesse, 2005; Marghitu et al., 2006]. This implies electric
and magnetic field measurements often close to the detec-
tion limits of the available instruments.
[25] In the literature, there is a lack of in situ investiga-

tions of the plasma sheet energy conversion. The four
spacecraft Cluster mission offers for the first time suitable
conditions for detailed observational investigations of the
plasma sheet energy conversion, via the evaluation of the
power density. Especially, estimating the full current density
requires multispacecraft missions such as Cluster, with at
least four simultaneous measurements of the magnetic field.
[26] In this article we give a comprehensive overview of

Cluster observations of localized energy conversion in the
plasma sheet. The reviewed investigations are based on
Cluster data from the summer and fall half‐years of 2001,
2002, and 2004 when the spacecraft were probing the
plasma sheet at altitudes of 15–20RE. In section 2 we present
the method by which the ECRs have been identified from
the Cluster power density data. General properties of the
ECRs, such as occurrence frequency, location, power density
strength, lifetime, and scale size are addressed in section 3. In
section 2 we show that the plasma sheet energy conversion
increases with increasing geomagnetic activity, and in
section 5 we show that at least a fraction of the observed
ECRs at Cluster altitudes are related to lower‐altitude auroral
activity. In section 6, the overall results are summarized.

2. Instrumentation and Method

[27] The Cluster mission consists of four identical
spacecraft, which were launched in 2000 into a polar orbit
with orbital period of about 57 h, and with apogee and
perigee at about 18RE and 3RE, respectively. The spacecraft
fly in a tetrahedral formation, and spin with a period of
approximately 4 s around an axis almost parallel to the GSE
z direction. For a discussion of the Cluster mission and in-
struments [see Escoubet et al., 2001, and references therein].

[28] The primary data set used in this survey article is
plasma sheet power density data, E · J, obtained from
Cluster in 2001, 2002, and 2004. Data from 2003, as well as
2005 and later years, are not included in the present inves-
tigations due to unsatisfactory spacecraft configuration, and
for later years also due to instrumental degradings (cf.
Hamrin et al. [2010] for a discussion of the data quality over
the years). For 2005 and later years, the satellites were in a
multiscale mode which implies that the configuration was
not suitable for computing gradients, i.e., the current den-
sity. In 2003 the Cluster tetrahedron scale size was com-
parable to or smaller than the proton gyroradii. Kinetic
effects might hence be important for the interpretation of
the 2003 data, and this is outside the scope of the present
article.
[29] The full current density vector, J, is calculated from

r × B/m0 (neglecting the displacement current) by using the
curlometer method [Robert et al., 1998; Dunlop et al.,
2002]. The size and shape of the Cluster tetrahedron affect
the curlometer estimate, and current density structures smaller
than the characteristic size of the tetrahedron cannot gener-
ally be resolved with the curlometer. In 2001, 2002, and
2004, the shape of the Cluster tetrahedron was optimal
(approximately equilateral tetrahedron) for obtaining current
density estimates within the plasma sheet. The characteristic
size of the tetrahedron varied over the years between ∼1000 km
and ∼4000 km (see Table 1). With an average proton gyro-
radius of a few hundred km at Cluster altitudes, this corre-
sponds to tetrahedron scale sizes generally larger then the ion
scales.
[30] The electric field, E, is derived from ion measure-

ments obtained by the two Cluster CIS sensors, CODIF and
HIA, on the assumption that the E × B drift is dominant.
The resulting power density represents actually just the
normal contribution, E? · J?, while the field‐aligned con-
tribution, Ek · Jk, cannot be computed based on Cluster data.
However, considering the time scale of our measurements
of about 10 s (^4 s), this contribution is likely to be neg-
ligible most of the time. Since the maximum time resolution
of ion moments from CIS is 4 s, the maximum resolution of
the power density is also 4 s. Faster variations in the plasma
sheet energy conversion cannot be resolved in our investiga-
tions. Electric field measurements from the electric fields and
waves experiment (EFW) are used for cross‐checking our
results. The EDI (electron drift) instrument is also designed
to measure the electric field, but this instrument is rarely

Table 1. Overview of the Events Included in the Database for the Individual Years (2001, 2002, and 2004) and for All 3 Years Together
(Last Row)a

Year

PS Passages CLR CGR

CLR+CGR NL+G/DTPS

RAND‐LG Ratio NL/NG

Cluster Scale DSNPS DTPS NL DTL NG DTG NL NG ECR RAND

2001 85 660 h 110 12 h 24 1.5 h 0.20 h−1 577 464 4.6 1.2 1500 km
2002 68 1000 h 173 17 h 60 3.2 h 0.23 h−1 450 275 2.9 1.6 4000 km
2004 67 1070 h 145 11 h 43 1.9 h 0.18 h−1 440 258 3.4 1.7 1000 km
All years 220 2730 h 555 40 h 127 6.6 h 0.20 h−1 1467 997 3.4 1.5 1000–4000 km

aThe second and third columns contain the number of Cluster plasma sheet passages and the available hours of plasma sheet data. The fourth to seventh
columns contain the number of CLRs, the accumulated time extent of the CLRs, the number of CGRs, and the accumulated time extent of the CGRs,
respectively. The total number of ECRs (CLRs + CGRs) per available hour of Cluster plasma sheet data is presented in the eighth column. The ninth
and tenth columns contain the number of RAND‐Ls and RAND‐Gs, respectively. The ratio between the number of load and generators among the
ECRs and the RANDs (i.e., CLRs/CGRs and RAND‐Ls/RAND‐Gs) are shown in the eleventh and twelfth columns. In the last column, information
on the characteristic scale size of the Cluster tetrahedron can be found. Adapted after Hamrin et al. [2010].
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operational in the plasma sheet due to weak magnetic field
strengths.
[31] Since the current density can be interpreted as an

average value over the Cluster tetrahedron, unless otherwise
stated, in our investigations we also average the electric field
over the available instruments before computing the power
density. This average is only based on measurements from
Cluster spacecraft C1, C3, and C4, since the CIS instrument
on C2 was not operational during the investigated time
period (2001, 2002, and 2004). CODIF was operational on
C1, C3, and C4, and HIA on C1 and C3. However, CODIF
on C3 suffered from a higher noise level due to a degraded
particle detection efficiency. For statistical investigations
using Cluster data from later years (after 2001), CODIF on C3
is therefore not included in the electric field average. More-
over, CODIF on C1 was only operational until 25 October
2004, and is thereafter replaced by HIA on C1 in the com-
putation of the average electric field.
[32] In the investigations summarized in this article, we

analyze Cluster plasma sheet data and study regions that we
call energy conversion regions (ECRs), and we hint to their
possible relation to BBFs. To identify an ECR, the sign of
the power density is examined. Figure 3 shows a schematic
sketch of a typical load region as it could be observed in the
power density data. The load is highlighted in yellow, and it
manifests itself as a concentrated region with E · J > 0, with
both peak and average power density clearly above the
surrounding fluctuations, as shown in Figure 3 (top). The
total amount of energy or power converted by the load can
be estimated by accumulating the power density along the
spacecraft path, either by time integration or by a cumulative
sum. This results in a step value with physical units of either
J/m3 or W/m3, depending on the calculation method used
(integration or summing). For a load region, there is con-
sequently a clear positive step in the accumulated power

density as shown in Figure 3 (bottom). Such a region is
labeled a concentrated load region (CLR). A concentrated
generator region (CGR) is similar to this, but the power
density is instead negative, E · J < 0.
[33] Both single events studies, as well as statistical

investigations, are reviewed in this article. For the statistical
examinations, the event selection has been performed by an
automatic selection routine, which identifies clear concen-
trated regions with E · J > 0 and E · J < 0, respectively. To
be accepted by the automatic selection routine, every CLR
and CGR must fulfil a set of instrumental and physical
criteria to assure a reliable selection. The automatic selection
routine has been tuned to avoid too noisy events. Depending
on the actual method of computing of the power density,
especially as including or not including data from CODIF on
C3 (see above), this fine tuning has been adjusted. Note that
only the most distinct ECRs are selected by the automatic
routine. It is hence likely that the occurrence frequency of
localized ECRs in the plasma sheet is underestimated by
this procedure.
[34] When analyzing the ECR database, the results are

compared with a large database of randomly selected time
intervals, evenly spread within the available Cluster plasma
sheet data. The aim for using this RAND database is to
distinguish between the typical behavior of the ECRs and
the general behavior of the plasma sheet, as well as distin-
guishing the ECR signatures from any noise and variability
possibly present in the Cluster plasma sheet data. Depending
on the observed sign of the power density within the events
of the RAND database, they are sorted into two subsets,
i.e., random loads (RAND‐Ls) and random generators
(RAND‐Gs), respectively. Note that the notation CLR and
CGR is reserved only for the true ECRs, which are more
carefully selected by the automatic routines. A more detailed
discussion of the event selection, and the interpretation of
the RAND events, is discussed by Hamrin et al. [2009a,
2010].

3. ECR Properties

[35] In initial investigations of the plasma sheet energy
conversion, Cluster data only from 2001 were used, either
for single event studies [Hamrin et al., 2006;Marghitu et al.,
2006] or for statistical surveys [Hamrin et al., 2009a, 2009b;
Marghitu et al., 2010]. Later investigations include also
Cluster plasma sheet data from 2002 and 2004 [Hamrin et al.,
2010]. Detailed analysis of the observed ECR properties over
all years of interest is discussed by Hamrin et al. [2010].
Table 1 summarizes these data. Note that fewer hours of
plasma sheet data are identified from 2001 than from the other
years. This is caused by a reduced telemetry duty cycle until
the middle of 2002.

3.1. ECR Occurrence

[36] According to Table 1, in total 134 ECRs are observed
in 2001 (whereof there are 110 CLRs and 24 CGRs), 233 in
2002 (173 CLRs and 60 CGRs), and 188 in 2004 (145 CLRs
and 43 CGRs). Hence, this corresponds to a general occur-
rence frequency of about 0.2 ECRs observed by Cluster per
hour in the plasma sheet. Calculating the accumulated time
extent of the ECRs, we see that the CLRs cover approxi-
mately 40 h of the available plasma sheet data for all three

Figure 3. Schematic CLR highlighted in yellow. (top) The
power density and (bottom) its accumulated value (calcu-
lated as a cumulative sum) along the satellite path. The
quantities “peak” and “average” correspond to the maxi-
mum and average value of the time series of the power den-
sity and hence the maximum and average slope in the
integrated power density. A CGR behaves similarly but with
E · J < 0 [from Hamrin et al., 2010].
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years together, while CGRs cover only about 6.6 h. Com-
paring the accumulated time extent of ECRs with the
available Cluster plasma sheet data, we see that ECRs are
observed about 2% of the time. This can be compared with
earthward moving BBFs, which are dominantly observed for
xGSM ] −20RE [e.g., Baumjohann et al., 1990], and which
are reported to occur <15% of the time in the plasma sheet
at geocentrical distances of 16–22RE [Angelopoulos et al.,
1999]. According to Baumjohann et al. [1990] and Shiokawa
et al. [1997], the occurrence rate decreases toward the
Earth due to flow braking. However, it should be noted that
the ECR occurrence frequency of ∼2% most probably is an
underestimate, since we do not claim to select all ECRs
existing in the plasma sheet, but only the most distinct ones.
Moreover, ECRs and BBFs most likely have different spatial
and temporal features, which complicates a detailed com-
parison of the occurrence frequencies.
[37] For all years, from Table 1 we also see that the ratio

between the number of CLRs and the number of CGRs is
around three or larger. Since there are more CLRs than
CGRs in the database, the statistics for the CLRs is better.
Results concerning CLRs are hence likely to be more sta-
tistically significant than the results for CGRs.
[38] As discussed by Hamrin et al. [2009a, 2010], this

observed predomination of CLRs over CGRs (number of
events and accumulated time extent) is consistent with the
plasma sheet, on the average, behaving as a load. This overall
load behavior of the plasma sheet is caused by the cross tail
current and the dawn‐dusk electric field. On the other hand,
the plasma sheet also shows a high level of fine structure,
hosting generator regions as well as loads, even though
generators are less common. Note that the dominance of load
regions over generator regions in the plasma sheet is also
visible from the RAND data, where the ratio between the
number of RAND‐Ls and RAND‐Gs is larger than one, even
though it is smaller than the corresponding ratio for the ECRs.
Since the RAND data are expected to capture the general
behavior of the plasma sheet (as well as the background
noise and variability level), this is again consistent with the
average load behavior of the plasma sheet.
[39] The Cluster scale size, indicated in the last column of

Table 1, is typically smaller than the scale size of the ECRs

(see section 3.5 and Hamrin et al. [2009b]). This renders
Cluster as an appropriate platform for investigating ECRs.

3.2. ECR Location

[40] The ECR spatial location was investigated by Hamrin
et al. [2009a] who used Cluster plasma sheet data from
2001. In this overview article, we return to this issue
by using data from all three available years (2001 + 2002 +
2004). Figure 4 shows the location of CLRs (red) and CGRs
(blue) in the GSM xy, xz, and yz planes. The grey lines show
where Cluster has been probing the plasma sheet. We
observe that the ECRs are distributed over the plasma sheet
at geocentric distances of about 15–20RE. However, from
the rightmost plot we see that there is a tendency of CLRs
appearing closer to the central plasma sheet, while CGRs
prefer locations further out, possibly toward the PSBL. This
is consistent with previous investigation by Hamrin et al.
[2009a] and Marghitu et al. [2010]. Our results are also
supported by large‐scale MHD simulations of Birn and
Hesse [2005], which show that the plasma sheet is highly
structured on smaller scales, and with generator regions
generally existing closer to the PSBL. In the simulation by
Birn and Hesse [2005], generator regions are found off the
equatorial plane.
[41] Without complementary data (or detailed investiga-

tions of all individual events), from Figure 4 it is not pos-
sible to draw more precise conclusions about the ECR
location. The reason is the general plasma sheet motion,
thinning, and expansion during the substorm cycle. Further
information on the ECR location with respect to the central
plasma sheet and the PSBL can, however, be obtained by
including data of variations in the magnetic field (as was
done by Hamrin et al. [2009a]), or by using the plasma b,
i.e., the ratio between the plasma pressure and the magnetic
pressure. In this present article we use the plasma b to
further investigate the ECR location. Note that we assume
that the electron pressure makes just a minor contribution,
and therefore only use the ion pressure in the calculation of
b. For example, according to Baumjohann et al. [1989], it
has been shown that the ratio between the ion and electron
temperatures in the plasma sheet is 5.5 < Ti/Te < 11. The ion
pressure hence dominates b.

Figure 4. The location of CLRs (red) and CGRs (blue) in the GSM xy, xz, and yz planes. The grey lines
indicate where Cluster has been sampling during the summer and fall half‐years of 2001, 2002, and 2004,
when the spacecraft probed the plasma sheet at geocentric distances of about 15–20RE.
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[42] Figure 5 shows the ECR occurrence frequency versus
plasma b for the summer and fall half‐years of 2001, 2002,
and 2004. The events are binned into three intervals corre-
sponding to low b, medium b, and high b values, respec-
tively. The ratio between the number of load and generator
regions (both CLRs/CGRs and RAND‐Ls/RAND‐Gs) is
also presented in the diagram.
[43] According toBaumjohann et al. [1988, 1989], the ion b

approaches small values in the PSBL, of the order of b ] 0.1,
while the central plasma sheet corresponds to higher values,
b ^ 0.1. From Figure 5, we clearly see that the ratio between
the number of CLRs and the number of CGRs is consider-
ably larger in the rightmost bin (high b bin) as compared to
the leftmost bin (low b bin). ECR(C/L)=3.03 for the left-
most bin, and 5.67 for the rightmost bin, i.e., corresponding to
CLRs preferring locations toward the central plasma sheet,
as compared to CGRs, which appear closer to the PSBL in a
lower b plasma. The ratio is substantially larger for true
ECRs (CLRs/CGRs) than for the background RAND events
(RAND‐Ls/RAND‐Gs), and we therefore believe that the
result is significant for the ECRs observed in the plasma
sheet at Cluster altitudes.
[44] According to detailed analysis of the data (not shown)

we note that Cluster probes the low b plasma (b < 0.5) in the
plasma sheet approximately equally often as the medium
and high b plasma together (0.5 < b < 2 and b ≥ 2) during
the three years of interest. The histogram in Figure 5 has not
been normalized against this variation in the Cluster plasma
sheet coverage between the bins. However, this variation
in the coverage does not influence the ratio between the
number of loads and generators within each bin. Moreover,
Figure 5 has not been corrected for variations due to
instrumental degradings over the years, which cause a slight
decreasing trend of the observed b (not shown). Conse-
quently, using the same bin limits for all included years, as
in Figure 5, is not optimal. However, detailed analysis of the
data (not shown) indicates that the general conclusion is not
altered by changing the bin limits. We hence we note that

the main result is not dependent on the details of the bin-
ning, and we conclude that there is an increased probability
of observing CLRs during high b, i.e., toward the central
plasma sheet. Similarly, CGRs are more generally observed
during low b, i.e., toward the PSBL. This is consistent with
the GSM yz distribution presented in Figure 4.

3.3. ECR Strength

[45] In Figure 6, we show the power density strength of
the energy conversion regions by using data from 2001,
2002, and 2004. In previous investigations, only data from
2001 were used [Hamrin et al., 2009a]. The strength is
estimated by the step value (see Figure 3), which corre-
sponds to the total amount of energy converted by the
ECRs. Both effects from a higher average power density
within the event, as well as a longer lifetime of the event,
are included in the step value. From Figure 6, we see that
CLRs are stronger and converts more energy than CGRs.
This is again consistent with previous investigations [Hamrin
et al., 2009a], and with the notion of the plasma sheet, on
the average, behaving as a load. Note that the colored bars
(average value) generally are larger than the white bars
(median value). This implies the existence of strong ECRs,
which increase the average value as compared to the
median.
[46] There is considerably more energy converted within

CLRs and CGRs, than within the background plasma sheet,
as estimated from the data of RAND‐Ls and RAND‐Gs.
However, among the RAND data there is also a trend of
load regions being stronger than generator region, i.e.,
RAND‐Ls being stronger than RAND‐Gs.
[47] According to previous investigations [Hamrin et al.,

2006, 2009a], the GSM cross‐tail EyJy component gives
the dominant contribution to the total power density, E · J =
ExJx + EyJy + EzJz. The z direction occasionally contributes
significantly to the total power density, while the ExJx con-
tribution generally is the smallest one. This is true for both
CLRs and CGRs.

Figure 5. Number of ECR and RAND events for different plasma b values during 2001, 2002, and 2004.
From left to right, the three bins correspond to low b events (b < 0.5), medium b events (0.5 ≤ b < 2), and
strong b events (b ≥ 2). Generally, smaller b values correspond to the PSBL, and higher b values correspond
to the central plasma sheet [Baumjohann et al., 1988, 1989]. Red and blue colors are used to indicate CLRs
and CGRs, respectively, while light red and light blue are reserved for RAND‐Ls and RAND‐Gs. Note that
the number of RAND events is divided by five, to fit into the diagrams. For each b bin, the ratio between the
number of CLRs and CGRs, as well as between the number of RAND‐Ls and RAND‐Gs, is also indicated.
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[48] In a simple magnetic field configuration in the
equatorial plane (as in Figure 2), a major contribution from
the y direction to the ECR power density would be consis-
tent with plasma dominantly flowing toward or away from
the Earth. However, note that ECRs are observed both in
the CPS and in the PSBL, and more complicated magnetic
field configurations are generally expected. Therefore more
detailed investigations of the observed plasma flows are of
course needed to reveal the relation between BBFs and
ECRs. Previous investigations by Hamrin et al., [2009]
have shown that CLRs often have Ey > 0 and Jy > 0, while
for CGRs the situation is less clear, even though there is a
slight dominance of Ey < 0 and Jy > 0. In a simplified
magnetotail configuration, we would hence expect that CLRs
more often correlate with earthward flows, while for CGRs,
tailward plasma flows (e.g., BBF return flows) may as well
be important for the energy conversion.
[49] In summary, as shown by the higher CLR occurrence

frequency and the stronger CLR power density, the domi-
nance of CLRs over CGRs (see sections 3.1 and 3.3) is
consistent with an overall load behavior of the plasma sheet
energy conversion. At the same time, the plasma sheet also
shows a high level of fine structure both regarding the
plasma flow and the energy conversion, with the existence
of BBFs, CLRs, and CGRs of variable magnitude and in
various regions of the plasma sheet.

3.4. ECR Lifetime

[50] As discussed in relation to Figure 2, magnetic tension
and magnetic pressure accelerate and decelerate the plasma,
resulting in energy being transferred between its kinetic and
electromagnetic forms. It is reasonable to assume that at
least some of the energy oscillate back and forth between the
fields and particles locally in the plasma sheet, e.g., within
and in the neighborhood of BBFs, while some energy is
transported away from the local energy conversion regions,
e.g., to the ionosphere (see Figure 1). This is consistent with
the large‐scale MHD simulation by Birn and Hesse [2005]
who investigated energy release, conversion and transport
processes in the magnetotail and plasma sheet, and who
showed that the energy conversion (at least in the region of
the PSBL) is not time stationary. The power density varies

with time at localized regions in space. According to Birn
and Hesse [2005, Figure 9], the energy conversion oscil-
lates between generator and load character, with periods of
the order of 4 min, with generator character during slightly
more than half this time interval.
[51] Hamrin et al. [2009b] used a database of automati-

cally selected events from 2001 to investigate time and space
variations of ECRs in the Cluster plasma sheet data. To
separate temporal from spatial variations, they analyzed the
local power density observed by each spacecraft. By using
the electric field observed by the individual satellites (instead
of the electric field averaged over all available satellites, as
was used in the other investigations), together with the
more global curlometer current density, they obtained an
approximate estimate of the local power density.
[52] Using this approximation of the local power density,

and assuming that ECRs are some kind of coherent struc-
tures, Hamrin et al. [2009b] also investigated the propaga-
tion of ECRs. As discussed before, it is reasonable to expect
that ECRs and BBFs are related, and that ECRs corresponds
to regions where the plasma is accelerated or decelerated by
the magnetic pressure and tension. According to the sim-
plified picture in Figure 2, one possibility is that CGRs
(CLRs) move together with the front (rear) side of the BBF.
Another possibility (see Figure 2) is that CLRs and CGRs
are associated with the central and the return flow channels,
respectively. Further investigations are needed before we
know the details of the propagation of the ECRs in relation
to the plasma flow and the BBFs. However, Hamrin et al.
[2009b] showed that it is likely that most of the analyzed
plasma sheet ECRs are rather stationary in space. Only a
minority of the events were found to propagate across the
spacecraft, resulting in an observed time shift between the
local power density obtained by the individual satellites. In
general, the local power density increases almost simulta-
neously on all spacecraft (seeHamrin et al. [2009b, Figure 3]
for some examples of power density signatures observed by
the different spacecraft).
[53] Since the maximum time resolution of ion moments

from CODIF is 4 s, time shifts shorter than this are impossible
to resolve in the available data. By using the charac-
teristic scale size of the Cluster tetrahedron (see Table 1)

Figure 6. Strength of ECR and RAND events using the step size of the accumulated power density (time
integration along the spacecraft path, see Figure 3). This estimate corresponds to the total amount of
energy converted by the ECRs. Data from 2001, 2002, and 2004 are used. Red and light red correspond to
CLRs and RAND‐Ls, while blue and light blue correspond to CGRs and RAND‐Gs. Both median (white
bars) and mean (colored bars) values are presented.
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as a proxy for the spacecraft separation, this maximum time
resolution can be translated into a velocity threshold for
the observable ECR propagation velocity. In 2001, the size
of the tetrahedron was about 1500 km, implying that only
ECR propagation speeds ]400 km/s can be analyzed. For
the data from 2002, the corresponding requirement would be
]1000 km/s. If the ECRs are propagating with a higher
velocity, a corresponding time shift would not be possible to
resolve. From a manual inspection of all events included in
the database, as well as from a detailed analysis of the cross‐
correlation coefficient, Hamrin et al. [2009b] concluded that
a majority of the ECRs observed in the Cluster plasma sheet
data in 2001 is not associated with time shifts ^4 s. The
observed time extent of the ECRs in 2001 should therefore
be interpreted as an estimate of their lifetime, instead of an
indication of their propagation in space. Note that using data
from 2003 one could also investigate the possibility of ECRs
propagating with a higher velocity. However, this is outside
the scope of the present article.
[54] Using Cluster data from 2001, Hamrin et al. [2009b]

showed that the ECR lifetime is of the order of 1–10 min,
with CLRs having a slightly larger lifetime than CGRs. The
result is reproduced in Figure 7 by using a larger database
including plasma sheet ECRs from both 2001 and 2004
when the Cluster tetrahedron size was very similar (see
Table 1). According to above, this implies similar thresholds
for resolving the velocity of the ECRs. No extra manual
inspection has, however, been performed on the 2004 data.
The data are normalized so that the number of CLRs sums to
one over the bins, and similar for the CGRs. The cutoff at
100 s is caused by the automatic selection routine, which
does not accept shorter events since they may be highly
affected by noise. A short event, only containing a few 4 s
samples of the power density (see section 2), can easily be
misinterpreted as a true ECRs due to the probability of
observing a small number of consecutive (noisy or random)
power density values with the same sign. From Figure 7 we
see that the ECR occurrence frequency increases toward
smaller DT, with an average DT of about 1–10 min. Even
though we cannot analyze events shorter than 100 s, there is
a tendency of the histogram bars increasing toward and
below 100 s, i.e., indicating the existence of shorter events.

Since the CGR bars in Figure 7 increase faster toward small
DT, we also conclude that the lifetime of CGRs is shorter
than for the CLRs.
[55] An ECR lifetime of 1–10 min is of the same order as

the estimate obtained from the MHD simulation presented
by Birn and Hesse [2005]. Indeed, it is noteworthy that
similar results are obtained from the two investigations.
Hamrin et al. [2009b] studied an approximate cross section
of the plasma sheet at Cluster altitudes by using observa-
tional data from several Cluster passages. Birn and Hesse
[2005], on the other hand, used a large‐scale MHD simu-
lation for investigating power density variations at a specific
location in space (close to the PSBL), and within a confined
period of time (the first ∼20 min of the simulation).
[56] The possible relation between BBFs and ECRs in the

plasma sheet can be explored further by comparing their
respective time durations. By using Cluster data, Cao et al.
[2006] and Juusola et al. [2009] showed that the average
duration of BBFs in the plasma sheet is approximately
3–20 min. This is consistent with the 1–10 min lifetime
reported by Hamrin et al. [2009b].
[57] As discussed above, it is reasonable to assume that

energy is converted back and forth between its kinetic and
electromagnetic forms in plasma sheet CLRs and CGRs.
However, the observed difference in occurrence frequency
and strength between CLRs and CGRs (see sections 3.1
and 3.3) does not agree with simple (harmonic) oscillations
back and forth in the plasma sheet energy conversion
between E · J > 0 and E · J < 0. Comparing with results from
the simulation presented by Birn and Hesse [2005], the
power density does indeed oscillate, but not symmetrically.
In fact, load regions appear to be somewhat weaker and
shorter than generator regions. According to Birn and Hesse
[2005], generator regions extend over longer times (∼140 s)
than load regions (∼100 s). Though, as mentioned before,
the simulation by Birn and Hesse [2005] corresponds to
regions close to the PSBL, whereas the observational in-
vestigations instead concern a larger region of the plasma
sheet, including both the PSBL and regions closer to the
neutral sheet. An exact agreement between the two investiga-
tions is therefore not to be expected. Instead it should be
noted that the simulation confirms the observational con-

Figure 7. Lifetime of CLRs (red) and CGRs (blue). The data are normalized so that the CLR bars sum
up to one and similar for the CGR bars. The lower cutoff at 100 s is caused by the event selection cri-
terion, which accepts no events shorter than 100 s.
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clusions of energy oscillating back and forth, with the
appearance of CLRs and CGRs of nonequal power density
strength and lifetime.

3.5. ECR Scale Size

[58] Based on the assumption that the ECRs in general do
not propagate across the Cluster path, but instead grow and
decay in more localized regions in space, we can estimate
the scale size of the ECRs. If the power density is largest at
the center of an ECR, and decreasing toward its boundary, it
is possible to resolve each satellite’s closeness to the ECR
edge by analyzing the variation in power density between
the satellites. Hamrin et al. [2009b] used Cluster plasma
sheet data from 2001 to manually identify those events
where at least one spacecraft is outside the ECRs.
[59] Using the simple assumption that all ECRs are

cylindrically shaped and of equal size, from the statistical
distribution of the Cluster spacecraft C1, C3, and C4 (CIS is
not operational on C2) over the observed ECRs, the ECR
scale size can be estimated. Figure 8 shows the cross section
of a cylindrical ECR together with three different examples
of overlapping Cluster spacecraft. Note that the cross section
between the Cluster plane and the ECR cylinder generally is
an ellipse, if the plane is not normal to the cylinder axis.
According to Figure 8, the probability of observing all
spacecraft inside an ECR is

P ¼ DS � 2Lð Þ2
DS2

; ð5Þ

where L is the scale size of the Cluster tetrahedron, and DS
is the radius of the cross section of the cylindrical ECR.
Solving for DS from equation (3), Hamrin et al. [2009b]
used Cluster plasma sheet data from 2001 to obtain an
approximate scale size of the ECRs according to 3RE ]
DSCLR ] 8RE and 1RE ] DSCGR ] 3RE for CLRs and
CGRs, respectively. From Figure 4, we see that the cross‐
section dimension of the plasma sheet at Cluster altitudes is
of the order of 20–40RE. The observed ECRs hence occupy
a significant part of the plasma sheet.

[60] Comparing the ECR and BBF scale sizes, observa-
tional investigations have confirmed that BBFs are narrow
and elongated structures, whose cross‐tail scale size is of
the order of 1 or a few RE [e.g., Sergeev et al., 1996a;
Angelopoulos et al., 1997; Nakamura et al., 2004, 2005a;
Walsh et al., 2009]. Walsh et al. [2009] estimated that the
BBF size along the direction of the plasma flow is approxi-
mately ∼4RE. This is of the same order as the estimated ECR
scale size, strengthening the assumption that ECRs and
BBFs are intimately related. Nakamura et al. [2005a] sug-
gested that the width of the BBFs is smaller in the north–
south direction than in the dawn‐dusk direction. However,
according to above, we have only calculated a rough esti-
mate of the ECR scale size, assuming an elongated cylindrical
shape, but neglecting any variation between the north–south
and dawn‐dusk directions. Hence, a detailed comparison
between the ECR and BBF dimensions is not possible
at present. In the previous investigation by Hamrin et al.
[2009b], the orientation of the assumed cylinder axis was
not directly discussed. However, comparing the ECRs with
observations of BBFs, a probable orientation is approxi-
mately along GSM x. Depending on which plasma sheet
regime is under consideration (CPS or PSBL), the axis ori-
entation should vary between (quasi‐) perpendicular and
(quasi‐) parallel to the magnetic field. The BBFs are domi-
nantly (quasi‐) perpendicular to the magnetic field in the
CPS [Angelopoulos et al., 1994], and they are likely to
extend into field‐aligned beams in the PSBL [Nakamura et al.,
1992; Petrukovich et al., 2001].

4. Dependence on Magnetospheric Activity

[61] Using the Kp index as a proxy for the geomagnetic
activity, Hamrin et al. [2010] showed that the energy con-
version in the plasma sheet ECRs observed in 2001, 2002,
and 2004 increases with increasing geomagnetic activity.
The Kp index [Bartels et al., 1939] is a quasi‐logarithmic
index measuring the planetary activity level, and it ranges
between 0 and 9. Finer variations are indicated by minus and

Figure 8. Three examples of the Cluster spacecraft overlapping the cross section of an assumed cylin-
drical ECR. L is the characteristic size of the Cluster tetrahedron, andDS is the radius of the ECR cylinder
[from Hamrin et al., 2009b].
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plus signs, e.g., 0, and 0+ designating very quiet magne-
tospheric conditions, and 9−, 9, and 9+ very disturbed
conditions.
[62] Figure 9 shows the occurrence frequency of ECRs

and RAND events versus Kp. The data are divided into three
bins according to low Kp (0 ≤ Kp ≤ 2), medium Kp (2+ ≤
Kp ≤ 4), and medium to high Kp (4+ ≤ Kp ≤ 9+). Figure 9
(top) shows the number of events within each bin. The
normal Kp variation of the plasma sheet is presented in
Figure 9 (middle), which contains the total number of hours
of available b data within the bins during the second half‐
years of 2001, 2002, and 2004. Dividing the data in Figure 9
(top and middle), we obtain the number of events per hour,
as presented in Figure 9 (bottom).
[63] From Figure 9 (bottom), we see that the occurrence

frequency of both CLRs and CGRs increases with increas-
ingmagnetospheric activity as measured byKp.Hamrin et al.
[2010] also investigated the variation of the ECR power
density strength (as measured by the average power density,
see Figure 3), as well as the variation of the ECR lifetime, as a
function of Kp. The power density strength of both CLRs and
CGRs was found to increase with increasing Kp (not shown).
Considering the lifetime, on the other hand, only CLRs
appear to be significantly affected by the geomagnetic
activity as measured by the Kp index, with the CLR lifetime
increasing with increasing Kp.

[64] In addition to analyzing the Kp dependence, Hamrin
et al. [2010] also studied ECR variations with AE and Dst.
The AE index measures the auroral electrojet [Davis and
Sugiura, 1966], and the Dst index measures variations in
the ring current [Akasofu and Chapman, 1964].Hamrin et al.
[2010] observed that plasma sheet energy conversion is
influenced similarly by the geomagnetic activity as measured
by variations in Kp and AE. The occurrence frequency and
power density strength increase with increasing Kp and AE,
both for CLRs and CGRs, but an increase in lifetime was only
noted for the CLRs. As for the ECR variations with Dst, the
signatures were less clear, even though a measurable increase
in occurrence frequencywas observed also for increasingDst.
This is consistent with BBFs which are believed to have
an increased occurrence during times of higher geomagnetic
activity as measured by the AE index [e.g., Baumjohann
et al., 1990; Angelopoulos et al., 1994].
[65] Energy conversion hence increases rather simulta-

neously with increasing geomagnetic activity, both in CLRs
and CGRs. This indicates a relationship between energy
conversion in the Cluster plasma sheet in both directions
between the particles and the electromagnetic field, i.e.,
between the kinetic and electromagnetic energy forms.
Energy conversion in load regions appears not to operate
independently of the generators, and vice versa, even though
the picture of course is complicated by energy also being
transported away, e.g., to the ionosphere.

Figure 9. ECRs and RAND events versus Kp. The three bins correspond to 0 ≤ Kp ≤ 2, 2+ ≤ Kp ≤ 4,
and 4+ ≤ Kp ≤ 9+. (top) The number of CLRs (red), CGRs (blue), RAND‐Ls (light red), and RAND‐Gs
(light blue). (middle) The number of hours of available Kp data within each bin during the second half‐
years of 2001, 2002, and 2004. This corresponds to the normal Kp variation during the years of interest.
(bottom) The number of ECRs and RAND events per hour, and it is obtained by dividing the data in
Figure 9 (top) by the data in Figure 9 (bottom) [from Hamrin et al., 2010].
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[66] The stronger response in the plasma sheet energy
conversion toward variations in AE and Kp, than toward
variations in Dst, is consistent with the plasma sheet mag-
netically mapping to the auroral zone, and reflects a tighter
correlation between the plasma sheet and the auroral iono-
sphere, than to the ring current.

5. Explicit Relation to Auroral Activity

[67] Some aspects concerning the relation between ECRs
and auroral activity were already discussed in section 4
through the use of the AE index. To further investigate
the relation between the observed ECRs and auroral activity
at lower altitudes, Hamrin et al. [2006] and Marghitu et al.
[2006] used conjugate FAST and Cluster data for analyzing
four CGRs. The CGRs were manually selected from the
Cluster power density data from 19–20 September 2001.
[68] Figure 10 shows some overview Cluster and FAST

data for these CGRs, which are highlighted in yellow. The
conjugation times are indicated with the vertical magenta
lines. Figures 10a–10f contain Cluster data according to:
HIA proton energy, FGM magnetic field, current density,
CIS electric field, accumulated power density, and field‐
aligned Poynting flux. The accumulated power density is
obtained as a cumulative sum along the spacecraft path.
[69] To be comparable with the current density, which

inherently is an average through the computation of r × B,
the magnetic and electric fields in Figures 10b and 10d are
averaged over the Cluster spacecraft. The power density and
the Poynting flux in Figures 10e and 10f are consequently
also obtained as averages over the Cluster spacecraft. In
earlier investigations, the electric field average was per-
formed over available COD measurements on C1, C3, and
C4 [Hamrin et al., 2006; Marghitu et al., 2006, 2010;
Hamrin et al., 2009a, 2009b]. In recent investigations and in
Figure 10d, COD on C3 has been removed from the average
due to a degraded particle detection efficiency (see section 2),
and measurements from HIA on C1 and C3 have been
included [Hamrin et al., 2010]. The solid black lines in
Figures 10e and 10f correspond to the earlier average (only
COD included), and the green lines to the recent average
(both COD and HIA). Independently of the method of aver-
aging, we see that the CGR signature of E · J < 0 is still
present, even though the absolute value of the accumulated
power density varies (note the different scales of the black
and green axes in Figure 10e).
[70] A slowly sloping trend is observed in Figure 10e,

both in the COD (black) and the COD+HIA (green) esti-
mates of the accumulated power density, but the total falloff
during the entire observation time is larger for the COD

estimate. Even though this slowly sloping trend most likely
is artificial, in general we cannot entirely exclude the pos-
sible existence of more extended ECRs in the plasma sheet.
However, for the investigations reviewed in this article, we
have only focused on more concentrated ECRs.
[71] The black dashed line in Figure 10e is the EyJy

contribution using the EFW electric field in a satellite
coordinate system almost parallel to GSM y. Note that
the dashed line closely follows the variations of the solid
lines, indicating a consistency between the CIS and EFW
observations, as well as a dominance of the y contribution to
the total power density.
[72] As can be seen from the data presented by Hamrin

et al. [2006] and Marghitu et al. [2006], at least some of
CGRs discussed in this article are observed in relation to
rather high‐speed plasma flows of ^100 km/s. This again
strengthens the assumption that there is a relationship between
CGRs and BBFs.
[73] The CGRs observed on 19–20 September 2001, are

rather weak as compared to the power density of the events
included in the database of automatically identified ECRs
from 2001 [Hamrin et al., 2009a], as well as from 2002 and
2004 [Hamrin et al., 2010]. However, requiring conjunction
between Cluster and FAST at the time of the ECRs is a
practical limitation for the event selection.
[74] The Cluster‐FAST conjunctions discussed by Hamrin

et al. [2006] and Marghitu et al. [2006] are indicated by the
vertical magenta lines in Figure 10. The field line mapping
between Cluster and FAST is based on the Tsyganenko T96
model, which is complicated due to the fact that Cluster is
close to apogee at high altitudes. However, the geomagnetic
activity is low (Kp = 1), making the mapping more reliable.
Moreover, similar particle data signatures on FAST and
Cluster support the mapping. For the three conjunctions, the
ionospheric footprints of Cluster and FAST meet almost
head‐on, with FAST moving eastward at almost constant
latitudes, while the footprints of Cluster follow a declined
path equatorward toward local midnight.
[75] Corresponding FAST electron data are presented in

Figures 10g–10i. To reflect the almost head‐on encounter of
the mapped ionospheric footprints of Cluster and FAST,
note that the time axes have been reversed for the FAST
data. As can be seen from the electron energy and pitch
angle spectrograms in Figures 10g and 10h, there is evidence
for accelerated auroral electrons with loss cone distributions
approximately at 22:22:30–22:23:30, 00:24–00:28, and
00:36–00:38, i.e., around the conjunction times. Inspecting
Figure 10, we see that the first and third conjunctions occur
just after Cluster has observed a CGR, while the second

Figure 10. Conjugated Cluster (Figures 10a–10f) and FAST (Figures 10g–10i) data for the four CGRs observed on
19–20 September 2001. The CGRs are highlighted in yellow, and the conjugation times are indicated by the vertical magenta
lines. (a) HIA proton energy spectrograms from C1 and (b) GSE x, y, and z components of the FGM magnetic field averaged
over C1, C3, and C4. (c) GSE x, y, and z components of the current density. (d) GSE x, y, and z components of the electric
field averaged over available HIA and CIS measurement on C1, C3, and C4. (e) Accumulated power density obtained as a
cumulative sum along the spacecraft path. The solid lines correspond to averages over C1, C3, and C4 using COD data only
(black line) and both COD and HIA data (green line). The dashed black line is the EyJy contribution using the EFW electric
field in a satellite coordinate system almost parallel to GSM y. Note the different scales of the axes. (f) Field‐aligned Poynting
flux (using the electric field averaged over available HIA and CIS measurement on C1, C3, and C4). (g–i) FAST electron
energy spectrogram, pitch angle spectrograms, and electron energy flux observed around the conjugation times. Note that
the time axes have been reversed for the FAST data.
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conjunction occurs a while before the third CGR. However,
as mentioned above, the FAST and Cluster footprints meet
approximately head‐on. For the third CGR, this implies that
FAST has recently left an inverted‐V region, while Cluster
is approaching a CGR.

[76] Hence, even though the magnetic field line mapping
is somewhat uncertain due to the large distance between
FAST and Cluster, we believe that the data support the
interpretation that these CGRs observed by Cluster in the
plasma sheet on 19–20 September 2001, indeed are related

Figure 10
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to auroral activity at lower altitudes. The field‐aligned
Poynting flux in Figure 10f is dominantly directed toward
the Earth during three of the CGRs. Figure 10i shows the
electron energy flux observed by FAST. Mapping the
observed downward Poynting flux at Cluster altitudes [c.f.
Hamrin et al., 2006] to the FAST altitude, we obtain a value
of about 2 mW/m2 (or 2 erg/cm2 s−1), which is comparable
to the FAST energy flux observed within the inverted‐V
regions.
[77] To further investigate a possible relation to auroral

activity, Hamrin et al. [2010] used Cluster plasma sheet data
from 2001, 2002, and 2004 to study the influence on the
ECRs from variations in the AE (Auroral Electrojet) index.
Note that the AE index is designed to measure auroral
activity by capturing the behavior of the auroral electrojet
[Davis and Sugiura, 1966]. Hamrin et al. [2010] showed
that the occurrence frequency, as well as the power density
strength, of both CLRs and CGRs increase during times of
high AE [see Hamrin et al., 2010, Figures 3 and 6a].
Moreover, the lifetime of the CLRs increases with increas-
ing AE. Using the AE index as a proxy for auroral activity,
we can hence conclude that there indeed is some relation
between auroral activity and the energy conversion in the
plasma sheet, even at geocentric distances of 15–20RE.
This increased plasma sheet energy conversion apparently
involves both CLRs and CGRs, and it corresponds to a
higher level of energy conversion back and forth between
electromagnetic and kinetic energy forms.
[78] However, we do not claim that all ECRs observed in

the Cluster plasma sheet data are directly connected to
auroral activity at lower altitudes. For example, according to
the data presented by Hamrin et al. [2010], there are also
ECRs which are observed during periods of low AE, and
which cannot be expected to be directly related to auroras.
Moreover, preliminary investigations show that the plasma
sheet energy conversion at Cluster altitudes only responds
weakly to variations in the ionization (as estimated by the
F10.7 index) at the ionospheric end of the auroral current
circuit. Assuming that the ionospheric feedback mechanism
[Atkinson, 1970; Sato, 1978; Lysak, 1991] affects the M‐I
coupling, auroral acceleration should be more efficient when
the ionospheric conductivity is low. If there were a strong
correlation between auroral activity and the observed ECRs,
the plasma sheet energy conversion at Cluster altitudes would
also vary substantially with the ionospheric ionization.

6. Summary and Conclusions

[79] In this article we have reviewed a set of investigations
using Cluster data from the summer and fall half‐years of
2001, 2002, and 2004 for analyzing energy conversion in
the plasma sheet at altitudes of 15–20RE. Transfer from
electromagnetic energy to kinetic energy occurs in load
regions where the power density is positive, E · J > 0. The
process is reversed in generator regions where E · J < 0.
From the Cluster data, approximately three times as many
CLRs as CGRs are identified, and the CLRs appear to be
stronger than the CGRs. This predominance of CLRs over
CGRs is consistent with the plasma sheet, on the average,
behaving as a load due to the large‐scale cross‐tail current
and dawn‐dusk electric field. On smaller scales, on the other
hand, the plasma sheet power density shows a high level of

fine structure. The scale size and lifetime of the ECRs are
observed to be a few RE and a few minutes, respectively. At
least some of the ECRs appear to be related to auroral
activity.
[80] The plasma sheet energy conversion increases with

increasing geomagnetic activity in both CLRs and CGRs,
indicating a correlated rate of activity of the energy conver-
sion in both directions between electromagnetic and kinetic
energy forms. It is possible that ECRs rise and vanish locally
in significant regions of the plasma sheet, oscillating between
load and generator character, even though the picture is
complicated by the fact that some energy most likely is
transmitted as Poynting flux toward the ionospheres.
[81] As discussed in this article, there are reasons to

expect that there is a tight relationship between ECRs and
BBFs in the plasma sheet, even though more thorough
investigations are needed before we understand the detailed
relationship between ECRs and BBFs. While ECRs are
relevant for the energy conversion between the electro-
magnetic field and the particles, BBFs play a central role in
plasma and energy transfer in the plasma sheet. Indeed, in
this article we have shown that general properties of ECRs
and BBFs are similar. For example, both the scale size and
lifetime of ECRs and BBFs are comparable, and they show
a similar dependence on the geomagnetic activity.
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