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Abstract In the vicinity of magnetic reconnection, magnetic energy is transferred into kinetic energy.
A reconnection region hence corresponds to a load, and it should manifest itself as large and positive values
of the power density, E ⋅ J ≫ 0, where E is the electric field and J the current density. In this article we
analyze Cluster plasma sheet data from 2001–2004 to investigate the use of the power density for
identifying possible magnetic reconnection events from large sets of observed data. From theoretical
arguments we show that an event with E ⋅ J ≳20 pW/m3 in the Earth’s magnetotail observed by the Cluster
instruments (X < −10RE and |Y| ≲ 10RE) is likely to be associated with reconnection. The power density
can be used as a primary indicator of potential reconnection regions, but selected events must be
reviewed separately to confirm any possible reconnection signatures by looking for other signatures such
as Hall electric and magnetic fields and reconnection jets. The power density can be computed from
multispacecraft data, and we argue that the power density can be used as a tool for identifying possible
reconnection events from large sets of data, e.g., from the Cluster and the Magnetospheric Multiscale
missions.

1. Introduction

Magnetic reconnection is a process where magnetic energy is converted into particle energy and where the
magnetic field topology is changed. Reconnection is a fundamental process in many astrophysical plasmas.
For example, it is important for the formation of solar flares [Giovanelli, 1946]. Reconnection is also a key
process for the energy transfer into and within the Earth’s magnetosphere [Dungey, 1961] as well as at other
solar system objects since it controls both the transfer of energy across the magnetopause and the release of
stored energy in the magnetotail as fast plasma flows [Paschmann et al., 1979].

The Earth’s magnetosphere is an easily accessible natural laboratory for studying magnetic reconnection, and
data from several magnetospheric missions are available for investigations. However, it is often a complicated
and time-consuming task to find suitable reconnection events to analyze from the enormous amount of data
from missions such as Cluster and Magnetospheric Multiscale (MMS). The selection process often involves
visual inspection and analysis of large data sets. An automatic method, which can be used for selecting poten-
tially interesting reconnection events, would of course be very useful since it could reduce the amount of data
that need to be processed manually.

A few lists of known Cluster reconnection events are reported in the literature, e.g., Østgaard et al. [2009],
Eastwood et al. [2010], and Borg et al. [2012]. Eastwood et al. [2010] searched by visual inspection for reconnec-
tion signs in the Cluster C1 and C3 data from the first five tail seasons, 2001–2005. A total of 33 events were
selected, all showing significant and correlated Vx and Bz reversals as expected for reconnection encounters.
Østgaard et al. [2009] investigated 13 Cluster reconnection encounters from 2001–2004, most of which over-
lap partly or entirely with the events from Eastwood et al. [2010]. Six of the events from Østgaard et al. [2009]
had available auroral imaging data to compare with. Borg et al. [2012] studied the ion diffusion region of 21
Cluster reconnection encounters in the magnetotail from 2001–2006. The events were selected by manual
inspection. The list also includes events from Eastwood et al. [2010], and it is a continuation of the events
reported in Borg [2006]. Many of the events documented in Østgaard et al. [2009], Eastwood et al. [2010],
and Borg et al. [2012] have also been addressed in other investigations [e.g., Baker et al., 2002; Runov et al.,
2003; Eriksson et al., 2004; Borg et al., 2005; Cattell et al., 2005; Wygant et al., 2005; Wei et al., 2007; Chen et al.,
2008; Retino et al., 2008; Snekvik et al., 2012; Fu et al., 2013]. Besides the three mentioned Cluster magnetotail
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reconnection event lists above, there are only a few additional Cluster events reported in the literature. For
example, Nakamura et al. [2002] investigated a fast flow event from 12 August 2001, at∼18:40 UT. It was found
to be associated with a small auroral substorm, and it was suggested to be located near a reconnection region.
Eastwood et al. [2005] investigated two reconnection sites surrounding an Earthward moving flux rope at
2 October 2003, ∼00:47 UT.

In the present article, we will discuss the importance of the power density E ⋅ J, where E is the electric field
and J is the current density, for identifying possible reconnection events from large sets of data. The power
density measures the amount of energy (per unit time and volume) that is converted between electromag-
netic and kinetic energy. Energy is transferred from the particles to the fields, and the electromagnetic energy
density increases locally when E ⋅ J < 0 (if the Poynting flux can be neglected). This can be considered a
generator (dynamo) process. Energy is transferred in the opposite direction from the fields to the particles
when E ⋅ J> 0 (load process), and the electromagnetic energy density decreases. Multispacecraft missions
such as Cluster [Escoubet et al., 1997] are favorable for observational investigations of energy conversion using
E ⋅ J. The reason is that at least four simultaneous magnetic field measurements are needed for estimating
J with the curlometer method (J ≈ ∇ × B∕𝜇0).

The power density has proven to be very useful when analyzing how energy is transferred between the fields
and the particles. Hamrin et al. [2006] used Cluster observations of E ⋅ J to identify generator regions in the
magnetotail and to relate them to auroral acceleration observed at lower altitudes by conjugated FAST data.
Subsequently, the power density has been valuable for identifying both generator and load regions from
Cluster observations in the plasma sheet [e.g., Hamrin et al., 2011], and it has also been utilized to investigate
the evolution of flux pileup regions in the plasma sheet and the possible braking of Earthward propagating
flow bursts from observed Cluster data [Hamrin et al., 2013, 2014]. The power density has also proven to be
useful for investigating energy conversion in other regions of the magnetosphere, such as at the magne-
topause. For example, Rosenqvist et al. [2006, 2008a] and Anekallu et al. [2011] integrated (J × B) ⋅ v (= E ⋅ J in
ideal MHD) over magnetopause crossings using Cluster data and they estimated the local energy conversion.

In the process of magnetic reconnection, magnetic energy is transformed into particle energy in the form
of bulk acceleration and heating in the vicinity of an X line [see, e.g., Lapenta et al., 2014]. Reconnection can
hence be considered as a load, and it should manifest itself as a region with E ⋅ J> 0. The load nature of the X
line region has been investigated numerically previously. For example, Sitnov and Swisdak [2011] used a full
particle code to study the onset of reconnection in 2-D current sheets. In their Figure 4 they show that the ion
energization, E ⋅ Ji > 0, is localized in the vicinity of the X line within a region with a cross-tail width of a few
ion inertial lengths c∕𝜔i and stretching several tens of c∕𝜔i along the magnetotail. The electron energization,
E ⋅ Je > 0, on the other hand, is more localized in space and covers a smaller spatial region. A similar result was
also obtained by Lapenta et al. [2014], who used a 3-D kinetic simulation to investigate the energy conversion
downstream of a reconnection site. Their Figure 6 shows that the reconnection load can be observed quite
far away from the tail but that the cross-tail dimension is rather narrow and of the order of a few c∕𝜔i. Birn and
Hesse [2005] used a large-scale resistive MHD simulation to study the conversion and release of energy due to
magnetotail reconnection. From their Figure 5a we see that clear regions of E ⋅ J> 0 appear in separatrix-like
regions, covering down-tail regions of several tens of RE . It is worthwhile to note that the reconnection load
region clearly appears within such an MHD simulation like the one discussed in Birn and Hesse [2005], even
though the simulation does not include kinetic effects. This suggests that the multispacecraft Cluster instru-
ments also should be able to detect and at least partly resolve the reconnection load region, even though the
interspacecraft distances are of the order of ion scales.

In this article we will show that Cluster E ⋅ J data indeed can be used for investigating the reconnection load
region. We will argue that the ion acceleration process near a reconnection region, and the corresponding
energy conversion, can be analyzed through the power density observed by Cluster. We will use E ⋅ J
basically as a qualitative (not quantitative) estimate of the energy conversion at ion scales as measured
by the Cluster instruments. However, we do not claim that we can measure the exact magnitude of E ⋅ J
very exactly since it depends on, e.g., the scale size of the measurements and higher-resolution data
generally resolve smaller-scale signature. Instead, we claim that a large and positive value of E ⋅ J is likely to be
associated with reconnection. For the Cluster instrumentation, we will show that a threshold of E ⋅ J of
∼20 pW/m3 is suitable for the Cluster instrumentation for indicating possible reconnection events in the
magnetotail. The new Magnetospheric Multiscale (MMS) mission is designed to study the microphysics of,
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e.g., reconnection at spacecraft distances smaller than for Cluster. It is likely that E ⋅ J obtained from MMS also
will prove to be very useful for analyzing the smaller-scale physics and that it can be used as a “reconnection
parameter” to quickly select potentially interesting reconnection events from the steadily increasing amount
of data.

The article is organized as follows. In section 2 we give a simple theoretical motivation for the use of the
power density for probing the reconnection load region, and we estimate a threshold value of E ⋅ J to be used
when searching for potential reconnection events. In section 3 we briefly discuss the data used. In the next
two sections we present the observations, starting out with two sample events in section 4 and a statistical
investigation in section 5. Our results are discussed and summarized in section 6.

2. Theoretical Motivation

In this section we derive an approximate reconnection threshold value for E ⋅ J by using a simple model of
reconnection. The frozen-in condition is fulfilled outside the reconnection diffusion region. The plasma and
the magnetic field lines convect toward the region with the E × B velocity which typically is∼ 0.1VA, where VA

is the upstream Alfvén velocity. After acceleration in the potential well, ions exit the reconnection region as
high-speed jets with velocities∼ 1VA [Petschek, 1964; Yamada et al., 2010]. A typical value of the corresponding
E ⋅ J of this reconnection load can be obtained in this simple picture.

The tangential reconnection electric field can be estimated in the inflow region as E = | − V × B| ∼ 0.1VABL,
where BL ∼20 nT is the typical lobe magnetic field. Assuming a proton plasma with density 0.3 cm−3, the
Alfvén velocity is VA = BL∕

√
(𝜇0nmp) ∼ 800 km/s and E ∼ 0.1VaBL ∼2 mV/m. As can be seen from Figure 14

in Wygant et al. [2005], the tangential electric field corresponds to nearly vertical equipotential contours in
the inflow region far from the current sheets (separatrices). However, closer to the bifurcated current sheet,
the equipotentials are horizontally deflected consistent with the normal electric field responsible for the ion
acceleration.

Similar potential structures have been measured in laboratory experiments by Egedal et al. [2011], who
showed that a current system is set up in the reconnection region, where ion polarization currents perpendic-
ular to B are closed by parallel currents carried by electrons close to the X line. Investigating the physics behind
these potentials, Egedal et al. [2008] showed that a combination of magnetic and electric trapping of elec-
trons can explain the formation of the potential structures and that these are responsible for the anisotropic
electron pressure that has been observed in reconnection regions both in the magnetotail and in laboratory
experiments.

The current density of the bifurcated current sheet can be estimated from Ampères law according to
J ≈ |∇ × B|∕𝜇0 ∼ BL∕(𝜇0L) where L is the typical thickness of the reconnection region. L depends on the
distance from the X line. From numerical simulations it can be seen that L is of the order 1 or a few hydrogen
ion inertial lengths [e.g., Daughton et al., 2006, 2009; Sitnov and Swisdak, 2011; Lapenta et al., 2014]. Assuming
a scale length of about three ion inertial lengths, we obtain L ∼ 3c∕𝜔H+ ∼1200 km for a plasma with density
0.3 cm−3 and therefore J ∼BL∕(𝜇0L) ∼10 nA/m2.

Using these approximate values of E ∼2 mV/m and J ∼10 nA/m2, we find that the reconnection load
corresponds to E ⋅ J ∼20 pW/m3. This is clearly larger than the typical (median or mean) load peak value of
the power density observed by Cluster within the plasma sheet [see Hamrin et al., 2009, Figure 5, panel 2].
In this article, we will use 20 pW/m3 as a threshold that indicates that an event is likely to be associated with
reconnection in Earth’s magnetotail.

3. Instrumentation and Data

In this article we use plasma sheet data from 2001–2004 from the Electric Field and Wave (EFW) experi-
ment, the Cluster Ion Spectroscopy (CIS) experiment, and the Fluxgate Magnetometer (FGM) instrument on
board the four-spacecraft Cluster mission [see Escoubet et al., 2001, and references therein]. All data have been
downloaded from the Cluster Science Archive (CSA) (http://www.cosmos.esa.int/web/csa).

We will utilize multispacecraft methods to compute E ⋅ J: The curlometer will be used for estimating the
current density, and the electric field will be averaged over available instruments. However, we will compare
the multispacecraft curlometer current with a single-satellite estimate, and the electric field observations from
different instruments will be compared to verify the reliability of our E ⋅ J estimate.
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Table 1. Cluster Tetrahedral Configuration in the Plasma Sheet

Year Approximate Scale Size (km)

2001 1500

2002 3000

2003 200

2004 1000

2005 and onward Multiscale mode

The full current density can be obtained by the multispacecraft curlometer method, J ≈ ∇ × B∕𝜇0, by using
magnetic field data from the FGM instrument on board all four spacecraft [Paschmann and Schwartz, 2000;
Dunlop et al., 2002]. The quantity |∇ ⋅B|∕|∇×B| can be used as a qualitative error estimate for the curlometer
current [Paschmann and Schwartz, 2000], but a one-to-one correspondence to the true error is not expected.
In theory, |∇ ⋅ B|∕|∇ × B| = 0 but in practice the estimate of it can vary substantially, for example, due to
neglected nonlinear spatial gradients. An often used upper limit of |𝛁 ⋅ B∕𝛁 × B| is ∼50% [Paschmann and
Schwartz, 2000; Dunlop et al., 2002]. The curlometer estimate depends on the size and shape of the Cluster
tetrahedron. Current density structures much smaller than the tetrahedron cannot generally be resolved, and
the estimate is usually better if the tetrahedron is approximately equilateral in shape, i.e., the elongation and
the planarity of the tetrahedron is small. The characteristic size of the tetrahedron evolved over the years
(see Table 1). This implies that the current density will be resolved on different scales for different years. The
highest spatial resolution of the curlometer current is obtained in 2003 when the Cluster scale size was of the
order of an ion inertial length c∕𝜔H+ (c∕𝜔H+ ∼ 400 km using typical values of 0.3 cm−3 and 20 nT). In 2005
and later years, the satellites were in a multiscale mode, implying that the configuration was not suitable for
computing the current density.

The curlometer method is generally believed to produce best results when compared to the single-satellite
method, and it realistically determines the current density even for cases where the scale size of the Cluster
tetrahedron is of the order of the current layer thickness [Dunlop and Eastwood, 2008]. Rosenqvist et al. [2008b]
and Anekallu et al. [2011] found that the single-spacecraft current sometimes yields a different sign for the
energy conversion than when using the curlometer current. They argued that this discrepancy can be caused
by large normal current contributions and/or a time offset between the E and J data used for the power den-
sity. In this article we avoid time offsets by using the electric field averaged over the spacecraft together with
the curlometer current, which can be interpreted as an average value over the Cluster tetrahedron. Moreover,
we only use data from the Cluster tail seasons where the spacecraft are approximately homogeneously dis-
tributed in space, i.e., the Cluster tetrahedron is nearly equilateral, and the elongation and the planarity are
small. Rosenqvist et al. [2008b] and Anekallu et al. [2011], on the other hand, used data from dayside and flank
magnetopause crossings where the Cluster tetrahedron is less uniform.

The electric field can be measured directly by the EFW instrument by using probes on wire booms in the satel-
lite’s spin plane. The full electric field vector is estimated from the assumption E ⋅ B = 0. Any possible effects
from parallel electric fields are hence neglected in our study. Even though EFW is operational on all space-
craft, the full electric field vector is not always available. This is often due to a close alignment of the B vector
with the spacecraft’s spin plane (the assumption E ⋅ B = 0), and it is a common cause for EFW data gaps in
the plasma sheet. Assuming that the magnetic field is approximately frozen in the plasma, the (perpendicu-
lar) electric field can also be estimated from ion velocity moments from the CIS Composition and Distribution
Function (CODIF) analyser and the CIS Hot Ion Analyzer (HIA) according to E ∼ −V × B. From CODIF we use
the moments for H+ ions; however, HIA does not have mass separation. HIA is operational on spacecraft C1
and C3, while CODIF is operational on C1, C3, and C4 but suffers from a higher noise level on C3, especially
during later years. Neither EFW nor CIS can measure electric fields parallel to the magnetic field, and effects
from parallel fields on E ⋅ J are neglected in our investigation. Egedal et al. [2009] used kinetic simulations
of guide-field reconnection to show that the parallel electric field is localized in space and that its structure
does not significantly energize the electrons even though it is important for the trapping of electrons and it
influences reconnection rates [Egedal et al., 2013]. Parallel electric fields should be a topic for future research
when multipoint three-dimensional electric field data from the MMS spacecraft become available [Burch
et al., 2015].
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In this article we show that direct electric field measurements from EFW, as well as electric field estimates
from the CIS ion moments, can be used for obtaining an approximate value of E ⋅ J, even though the frozen-in
condition is not formally valid close to reconnection and CIS usually underestimates the electric field. For the
average electric field used together with the curlometer current in E ⋅ J we compute one CIS estimate and one
EFW estimate by averaging over all operating CIS (CODIF and HIA) or EFW instruments on board the satellites.
The spatial resolution of E ⋅ J consequently varies over the years according the Cluster tetrahedron scale size
as presented in Table 1. It resolves the smallest structures in 2003 and largest structures in 2002.

Unless otherwise stated, we use the GSM coordinate system. However, the DSI system (Despun System
Inverted) is particularly useful when comparing the electric field Ex and Ey obtained from the EFW and CIS
instruments. This is because DSI is the inherent spacecraft system with the EFW probes in the DSIxy plane. DSI
is closely aligned with GSE (it differs only with a few degrees) but differs from GSM with some tens of degrees
in the plasma sheet probed by Cluster.

We compute E ⋅ J in a frame stationary with respect to the Earth (e.g., GSM or DSI). However, one could also
argue that it should be computed in the frame of the X line which is possibly moving. This may influence
the result since the electric field is not invariant under nonrelativistic coordinate transformations. Wygant
et al. [2005] discussed the effect of observing the electric field in a frame moving relative to the X line. They
conducted a statistical analysis of about 30 individual and nearby current sheet crossings in the vicinity of a
reconnection region, and they observed a small DC offset in the average electric field (in the normal direction).
Wygant et al. [2005] argued that one possible cause for this small DC offset could be a convective electric field
due to the motion of the frame of reference relative to the X line.

To further analyze the effect of a relative motion of the chosen frame of reference, and a possible DC off-
set in the electric field observations, we have reviewed documented reconnection events in Eastwood et al.
[2010]. By investigating how the magnetic field signatures pass over the Cluster satellites, we find that the
typical speed of an X line is 50–100 km/s (Earthward or tailward) during these events. This velocity estimate is
consistent with what was obtained by Baker et al. [2002], who discussed an observation from 27 August 2001
and who found that the X line moved tailward with ∼100 km/s. Assuming V ≲100 km/s and |B| ≲10 nT
(documented reconnection regions in, e.g., Eastwood et al. [2010] are often identified using observations quite
close to the neutral sheet, i.e., |B| is quite small), we find that a transfer of coordinates to a frame which is at
rest with respect to the X line corresponds to a correction in the electric field corresponding to |ΔE| ≲1 mV/m.
This is in most cases significantly smaller than the observed electric field in the vicinity of reconnection
(also as observed by CIS), and it will therefore be neglected in our investigation.

4. Observations
4.1. The 1 October 2001 Event
To demonstrate the use of the power density for localizing possible reconnection events, we first start by
discussing Cluster data from 1 October 2001, when the spacecraft showed multiple encounters with a recon-
nection region. The data have previously also been investigated in detail by Runov et al. [2003] and by Wygant
et al. [2005].

Runov et al. [2003] investigated the time interval 09:47–09:51 UT when Cluster crossed the magnetotail
neutral sheet four times. They studied the high-speed proton flow reversals and magnetic field variations and
concluded that a tailward moving X line passed over the spacecraft. Quadrupolar magnetic Hall field signa-
tures were used to confirm that an X line was detected. Figure 4 of Runov et al. [2003] schematically shows
how Cluster probes different regions near the X line due to magnetotail flappings.

Wygant et al. [2005] conducted a detailed investigation of one single current sheet crossing at ∼09:46:50 UT,
as well as a statistical investigation of about 30 nearby current sheet crossings during the interval 09:40–09:55
UT. The ion acceleration was discussed in detail by Wygant et al. [2005]. They showed that individual ions are
ballistically accelerated by a potential drop across a bifurcated current sheet. Protons are accelerated within a
region of 60–100 km by a 4–6 kV potential structure caused by electric fields normal to the current sheet. O+

ions, on the other hand, are accelerated by a potential drop of 10–30 kV within a larger-scale-size potential
structure (1000–3000 km) associated with a larger-scale current sheet.

In the upstream region, Wygant et al. [2005] showed that protons E × B drift through the larger-scale structure
until they reach the smaller-scale potential structure closer to the X line. In such small-scale regions of the
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order of the proton gyroradius, the protons become unmagnetized. In the single-particle picture the proton
ions are accelerated ballistically by the potential drop. O+ ions with their 16 times larger gyroradius become
unmagnetized already within the larger-scale potential structure. Electrons, on the other hand, E × B drift
through both structures, hereby possibly contributing substantially to the electric current density within the
bifurcated current sheet structure [Wygant et al., 2005].

The accelerated ions form two counterstreaming beams inside the potential well [see Wygant et al., 2005,
Figure 5]. After the ballistic acceleration of the ions, the counterstreaming ion motion must be converted into
reconnection exhaust jets in the outflow directions. There are many possible mechanisms. Wygant et al. [2005],
for example, discuss the specular ion reflection off the electrostatic walls within the diverging geometry of
the bifurcated current sheet. However, other scenarios are also mentioned, e.g., acceleration by an electric
field component along the exhaust direction and the Speiser mechanism [Speiser, 1965]. In the fluid picture,
the incident E × B ion flow appears to be converted into a high-speed bulk flow or jet [Petschek, 1964].

Using magnetic minimum variance analysis on the current sheet crossings, Wygant et al. [2005] computed
the normal vector of the current sheets and they found that it could vary substantially between the events.
Some crossings had a normal approximately aligned with GSEz, while others could have normals with signifi-
cant GSEy components. The current sheet at ∼09:46:50 was strongly tilted from the equatorial plane, and the
normal (−0.05, 0.80, −0.59) had a substantial GSEy component possible due to kink mode waves propagating
duskward in the magnetotail. Such kink-like waves are suggested to be the cause for magnetotail north-south
flappings, and they give rise to a vertical motion with velocities of 50–100 km/s [e.g., Sergeev et al., 2006;
Volwerk et al., 2013; Kubyshkina et al., 2014].

The tilt of the current sheet at ∼09:46:50 implies that the normal component of the electric field mainly is in
GSEy, i.e., Enorm ∼ Ey for this current sheet crossing. Enorm is the electric field component responsible for the
ion acceleration across the separatrix regions [see Wygant et al., 2005, Figure 5], and it should point toward
the current sheet. Similarly, the reconnection electric field which causes the E × B drift of the plasma into the
reconnection region should be along GSEz for this event, i.e., Etan ∼ Ez .

An overview of the multiple current sheet crossings on 1 October 2001 can be found in Figure 1. The time inter-
val containing the∼09:46:50 current sheet crossing is highlighted in yellow. Figures 1a–1f show the magnetic
field and plasma flow velocity components in the GSE system. The multiple crossings can be observed as the
rapid changes in the sign of Bx as seen from Figure 1a. Figure 1g shows the power density E ⋅ J obtained by
multiplying the curlometer current density with the average electric field from EFW (red) and CIS (black). The
dashed horizontal lines indicate the levels 20 pW/m3 and 30 pW/m3, respectively. As discussed in section 2,
we expect that E ⋅ J ≳20 pW/m3 near an X line. From Figure 1 we indeed see that the CIS estimate of E ⋅ J many
times exceeds both the 20 pW/m3 and 30 pW/m3 levels. The same is true for the EFW estimate whenever data
are available.

The fact that the power density is positive indicates that this is a region dominated by load processes, possibly
a consequence of the ion acceleration near the X line. Wygant et al. [2005] discussed in detail the acceleration
of ions by Enorm for the event at ∼09:46:50. From Figure 1 we see that the ion acceleration region discussed
by Wygant et al. [2005] coincides with a region with E ⋅ J ≫ 0. It is hence likely that E ⋅ J captures the energy
conversion corresponding to this ion acceleration.

Spacecraft C4 was found to cross the reconnection region within one H+ inertia length c∕𝜔H+ of the X line dur-
ing the event presented in Wygant et al. [2005]. Spacecraft C1, on the other hand, crossed further downstream
at about 3c∕𝜔H+. Even though the main focus was on physical processes at the subion inertial length scale in
the neighborhood of the current sheet crossing at 09:46:47, it is worthwhile to note that Wygant et al. [2005]
still observed clear signatures of ion acceleration, even when using lower resolution 4 s velocity moment data
from the ion instruments.

Figure 2 presents current density data obtained with two different methods: the curlometer method and
the single-satellite method, J ≈ ΔBx∕(𝜇0VΔt), where V describes the relative velocity of the spacecraft as
they cross the current sheet along the current sheet normal. Only data from the main current sheet cross-
ing (09:46:45–09:47:45 UT) are presented. High-resolution (five vectors per second) magnetic field data
are used for the single-satellite current estimates. For the curlometer current, however, we have only used
low-resolution (4 s) magnetic field data since the current density will subsequently be multiplied with 4 s
resolution electric field data to obtain E ⋅ J. Using Bx timing analysis between the spacecraft, we find that the
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Figure 1. Overview of the event from Wygant et al. [2005] (highlighted in yellow). (a–c) FGM magnetic field observed by
the four Cluster spacecraft. (d–f ) Plasma flow velocity obtained by CIS-HIA on C1 and C3 and obtained by CIS-CODIF on
C4. (g) Power density computed from the curlometer current and the average electric field from the CIS (black) and EFW
instruments (red), respectively. The horizontal lines indicate the levels 20 pW/m3 and 30 pW/m3. The data are presented
in the GSE system.

velocity of the current sheet relative to the spacecraft is V = (−0.10, 85,−36) km/s. This is consistent with the
result of Wygant et al. [2005], who found that the current sheet velocity was 60–100 km/s. It is also consistent
with the current sheet normal as can be shown from minimum variance analysis applied on the magnetic
Bx component [Wygant et al., 2005]. The current sheet will hence mainly be oriented in the GSEyz plane.

Figure 2a shows the components of the curlometer current in the GSE system. The single-satellite estimate
of the cross-tail current obtained from all four spacecraft are presented in Figure 2b. As can be seen from
Figure 1a, there are higher frequency disturbances in the main Bx signature of the current sheet crossing.
These disturbances can be caused by, e.g., wave motions and deviations from V ≈ constant. Since we want to
estimate the current density of the primary current sheet, Jcs, we have smoothed the current density with an
8 s running average. However, some fluctuations are still present in the resulting Jcs in Figure 2b, even causing
a few samples with Jcs < 0 (which implies that there has been a negative slope in the Bx curve).

Figure 2c shows the single-satellite current averaged over the Cluster spacecraft (black) and the magnitude
of the curlometer current (red), which also could be considered as an average over the Cluster tetrahedron.
We see that there is a good agreement between the single-satellite and the curlometer current. In Figure 2d
we show |∇ ⋅ B|∕|∇ × B|, which can be used as an indication of the quality of the curlometer estimate. We
see that |∇ ⋅ B|∕|∇ × B| is clearly smaller than 50% during the current sheet crossing, and the curlometer
is expected to work satisfactory. Moreover, the Cluster tetrahedron is approximately equilateral (elongation
≈ 0.09 and planarity ≈ 0.08), which is optimal for the curlometer method. Note also that Runov et al. [2003]
conducted investigations of the applicability of the multispacecraft method for estimating the current density.
They found that the correlation between the magnetic field measurements from the four spacecraft was high.
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Figure 2. Current density for the main current sheet crossing of the Wygant et al. [2005] event. (a) Curlometer current
density components in GSE. (b) Cross-tail current sheet density obtained with the single-satellite method from Bx data
measured on all four Cluster spacecraft. (c) Single-satellite current averaged over the four spacecraft (black) and
magnitude of the curlometer current (red). (d) A quality estimate, |∇ ⋅ B|∕|∇ × B|, of the curlometer current.

The spacecraft therefore probed the same physical region, and a technique such as the curlometer should
be appropriate to use for estimating the current density. We hence conclude that the curlometer should be
reliable during this event.

In Figure 3 we present the electric field observed by the Cluster spacecraft C1, C3, and C4. The field is expressed
in the DSI coordinate system with DSIx and DSIy oriented in the satellites’ spin plane, i.e., in the plane contain-
ing the EFW probes. The gray curves show the full-resolution EFW electric field, while the red lines correspond
to the spin-averaged field downloaded from CSA. The blue and cyan lines show the electric field derived
from the CODIF and HIA ion moments according to −V × B. From Figure 3 we see that the spin-averaged
EFW estimate (red) naturally smooths the full-resolution (gray) electric field. The CIS estimates (blue and cyan)
underestimate the electric field even more (except for C1), but it still captures the general variation. The CIS
estimate is based on the assumption that the ions are frozen into the magnetic field. This assumption is
not formally valid in the reconnection diffusion region. However, it is remarkable that the CIS estimate
(in particular CODIF) resolves the electric field variations so well, although it underestimates the magnitude of
the electric field. Even though the magnitude of E ⋅ J will be underestimated, we find that the resulting value
will not change sign when using CIS data instead of EFW data for the electric field. Qualitatively, E ⋅ J will still
be large and positive (≳ 20 pW/m3), and we therefore argue that it can be estimated by using only the CIS
electric field for this event.

Computing the correlation coefficient between the spin-averaged EFW electric field and the CIS estimate, we
obtain moderate to strong correlation for the Ey component (the dominant component in the spin plane):
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Figure 3. Electric field Ex and Ey components in the DSI system (in the satellite spin plane) for the Wygant et al. [2005]
event. Data from C1, C3, and C4 are shown. The gray curves show the full-resolution EFW electric field, while the red
curves correspond to the spin-averaged field downloaded from CSA. The blue and cyan curves show the CODIF and
HIA estimates.

0.77, 0.79, and 0.74 for EFW-CODIF on C1, C3, and C4, and 0.44 and 0.59 for EFW-HIA on C1 and C3. The
correlation coefficient is weaker for HIA, possibly caused by a high O+ density during the event (not shown).
The correlation coefficient for the Ex component is generally somewhat weaker. However, this is not unex-
pected since |Ex| is considerably smaller than |Ey|. Moreover, Ex will not contribute significantly to E ⋅ J since
the dominant current density components are Jy and Jz .

We have also computed the ratio between the DSI Ey components obtained from the spin-averaged EFW data
and from the CIS ion moments, i.e., ECIS

y ∕EEFW
y . The ratio has only been computed in regions of strong electric

fields, defined as EEFW
y larger than one third of the peak value (the peak is defined as the 99.7 percentile).

We find that the ratios are 1.53, 0.40, and 0.48 for CODIF-C1, C3, and C4, and 0.72 and 0.11 for HIA-C1 and C3.
Hence, CIS typically underestimates the electric field (except for CODIF on C1) for this event.

4.2. The 22 August 2001 Event
Eastwood et al. [2007] investigated the Hall electric and magnetic field structure for a reconnection event
observed by Cluster on 22 August 2001. In particular, they focused on the interval 09:40:00–09:52:00 UT, when
the spacecraft observed a jet reversal associated with an earthward moving X line. An overview of the data
are shown in Figure 4, where the Eastwood et al. [2007] event is highlighted in yellow. The event was favorable
since measurements were available simultaneously on both sides of the current sheet. As can be seen from
Bx in Figure 4a, C3 crossed the current sheet first and remained south of it before the other spacecraft crossed
at later times. Eastwood et al. [2007] observed a quadrupole magnetic Hall field signature in the diffusion
region. From the high-resolution EFW data they also observed strong (∼40 mV/m) and symmetric Hall electric
fields pointing toward the current sheet.
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Figure 4. Overview of the Eastwood et al. [2007] event (highlighted in yellow). Same panels as in Figure 1, but the GSM
system has been used.

From Figure 4g we see that the power density reaches high values during the Eastwood et al. [2007]
event. E ⋅ J largely exceeds 30 mV/m for several samples (both when using EFW and CIS data for the
electric field). Moreover, E ⋅ J also remains large for a while after the Eastwood et al. [2007] event:
Between 09:52 and 09:58 we see high values of E ⋅ J together with another set of repeated jet reversals
(tailward-earthward-tailward-earthward) and tail flappings. Preliminary investigations (not shown) indicate
that the period 09:52–09:58 also is associated with reconnection.

Eastwood et al. [2007] argue that the curlometer is not optimal for estimating the structure of interest since
the size of the current sheet is of the order of the size of the Cluster tetrahedron. Instead, they claim that
the single-satellite method should be used. In Figure 5 we present the curlometer and single-satellite current
density. Only data from the main current sheet crossing are shown, 09:40–09:49, i.e., the part of the Eastwood
et al. [2007] event with largest power densities. Similar to the previous event, there are fluctuations in the Bx

data, and the single-satellite current has therefore been smoothed by a 60 s running average. Using timing
between the satellites, we find that the current sheet velocity is (2.6,−3.2, 9.4) km/s which is consistent with
the current sheet normal obtained from minimum variance analysis applied on BxEastwood et al. [2007]. From
Figure 5c we see that the single-satellite method and the curlometer agree well (in both magnitude and
signature). Moreover, |∇ ⋅ B|∕|∇ × B| is generally significantly smaller than 50%, and we conclude that the
curlometer also works satisfactorily for this event.

In Figure 6 we show the electric field obtained from EFW and CIS on board C1, C3, and C4. Again, we see
that the CIS estimate (both CODIF and HIA) captures the general trend of the electric field, even though
CIS underestimates the magnitude, especially in the regions of the strongest fields (in the region 09:40–09:45).
(Note that the regularly spaced pulses seen in the electric field are anomalies caused by the WHISPER
instrument.)
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Figure 5. Current density for the main current sheet crossing of the Eastwood et al. [2007] event. Same panels
as in Figure 2, but the GSM system has been used.

Correlation coefficients between the spin-averaged EFW Ey CIS estimate are 0.74, 0.81, and 0.77 for EFW-CODIF
on C1, C3, and C4, and 0.76 and 0.52 for EFW-HIA on C1 and C3. We hence find that the correlation is strong
during the event. Similar to the previous event, the correlation coefficient for the Ex component is weaker.
However, the Ex is weak compared to Ey and does not contribute much to E ⋅ J since Jy is the dominant current
density component.

Computing the ratio of Ey obtained from spin-averaged EFW and CIS ion moments (during strong fields), we
find ECIS

y ∕EEFW
y to be 0.40, 0.68, and 0.56 for CODIF-C1, C3, and C4, and 0.25 and 0.33 for HIA-C1 and C3. Hence,

for this event CIS underestimates the electric field on the average ∼0.4 (averaged over CODIF and HIA on
C1, C3, and C4) when compared to the spin-averaged EFW Ey .

5. Statistical Investigations
5.1. Documented Reconnection Encounters
For a statistical investigation we have studied a set of Cluster reconnection encounters which are already
documented in the literature. In particular, we have focused on the events discussed in Østgaard et al. [2009],
Eastwood et al. [2010], and Borg et al. [2012]. However, we only include events from 2001–2004 when the
Cluster configuration was optimal, even though a few events from 2005 also are discussed in the above
references. Many of the events are included in all of these previous investigations, but the time extent of each
event may vary between investigations. In Table 2 we have listed all the events, their start and stop times, their
position in GSM coordinates, elongation, planarity, and which of the above investigations have previously
discussed the events (E = Eastwood et al. [2010], B = Borg et al. [2012], and O = Østgaard et al. [2009]). In the case
that an event has been included in more than one previous investigation, we have chosen to use the smallest
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Figure 6. Electric field for the Eastwood et al. [2007] event in the DSI system. Same panels as in Figure 3.

T1 and the largest T2 for our investigation. For some of the events, note that we also may have changed the
start and stop times somewhat, for example, to better include reconnection jet reversals.

From Table 2 we see that all events are observed for −19 ≤ X ≤ −15 RE and |Z| < 3.5 RE . Except for event
numbers 11 and 18, all events are also observed within |Y| < 10 RE .

The time extent of these events range from 4 min to ∼1.5 h, with an average of 28 min. Note, however, that
the time extent of the individual events may have been defined slightly differently in Østgaard et al. [2009],
Eastwood et al. [2010], and Borg et al. [2012], but generally the events include dominant observed signa-
tures of reconnection such as jet reversals, Hall fields, and diffusion regions. The Cluster spacecraft are in an
approximately polar orbit, and near apogee the spacecraft move with a velocity of ∼1 km/s. Even though the
magnetotail often is flapping back and forth over the spacecraft (causing recurrent Cluster encounters with
the same reconnection region), it is likely to expect that the average time extent of 28 min would roughly cor-
respond to the time for Cluster to move through the main reconnection region along the orbit. Assuming that
the cross-tail size of the main reconnection region is of the order of 5 ion inertial lengths of c∕𝜔H+ ≈ 400 km
for a 0.3 cm−3 plasma [e.g., Daughton et al., 2006, 2009; Sitnov and Swisdak, 2011; Lapenta et al., 2014], we
note that the typical time extent of a Cluster reconnection encounter would be of the order ∼30 min, which
is consistent with the average time extent obtained from Table 2.

In Table 3 we present some relevant quantities for the 28 events listed in Table 2. Columns 2 and 3 contain
the maximum value of E ⋅ J and the number of samples with E ⋅ J larger than the threshold of 20 pW/m3

(see also section 2). The power density is computed using both the electric field derived from the CIS ion
moments (averaged over CODIF and HIA on all spacecraft) and the electric field from spin-averaged EFW data.
The electric field estimates are averaged over the spacecraft. We see that E ⋅ J is very large for most of the
events, generally exceeding the threshold. In general, E ⋅ J from spin-averaged EFW data is the larger quantity.
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Table 2. List of Documented Cluster Reconnection Encounters

Eventa Dateb T1
b T2

b X (RE )c Y (RE )c Z (RE )c E∕Pd Referencese

1 2001-08-13 02:55:00 03:00:00 −17 −5.4 −2.7 0.12/0.11 E

2 2001-08-17 16:25:00 16:50:50 −18 −4.9 0.3 0.04/0.05 Ø

3 2001-08-22 09:40:00 10:16:00 −19 −3.4 1.0 0.06/0.07 EBØ

4 2001-08-27 04:03:00 04:07:00 −19 −2.1 −0.2 0.06/0.08 E

5 2001-09-10 07:48:00 08:04:00 −19 2.1 −0.4 0.08/0.11 EBØ

6 2001-09-12 13:05:00 13:24:00 −19 3.0 1.5 0.05/0.07 EB

7 2001-09-15 00:14:00 00:43:00 −19 3.4 0.8 0.08/0.10 E

8 2001-09-15 04:52:30 05:16:00 −19 3.4 −2.7 0.05/0.07 EBØ

9 2001-10-01 09:27:30 10:01:00 −16 7.9 0.9 0.09/0.09 EBØ

10 2001-10-08 12:32:00 13:45:00 −15 9.5 0.2 0.08/0.08 EBØ

11 2001-10-11 03:24:00 03:44:00 −16 10.8 −1.6 0.06/0.10 EBØ

12 2002-08-18 17:00:00 17:36:00 −17 −5.1 3.3 0.01/0.02 EBØ

13 2002-08-21 07:53:50 08:40:00 −18 −4.3 0.0 0.34/0.33 EBØ

14 2002-08-28 10:00:00 10:11:00 −19 −2.3 0.0 0.27/0.22 EB

15 2002-09-13 18:07:00 18:26:00 −17 2.2 2.7 0.08/0.20 BØ

16 2002-09-18 12:57:00 13:53:00 −18 3.8 0.7 0.07/0.16 EB

17 2002-10-02 21:15:00 21:38:00 −17 7.8 −0.1 0.03/0.07 EBØ

18 2002-10-26 09:14:00 09:30:00 −11 11.4 −0.3 0.09/0.32 E

19 2003-08-17 16:20:00 17:20:00 −17 −5.6 3.3 0.22/0.25 B

20 2003-08-24 18:30:00 19:14:00 −17 −3.8 3.1 0.22/0.22 B

21 2003-09-01 04:31:00 04:38:00 −19 −1.6 −1.5 0.20/0.27 E

22 2003-09-19 23:25:00 23:35:00 −17 3.7 0.5 0.21/0.27 EBØ

23 2003-10-02 00:25:00 02:00:00 −17 7.7 −3.5 0.21/0.29 E

24 2003-10-04 06:18:00 06:35:00 −16 7.3 −2.9 0.22/0.28 EB

25 2003-10-09 02:18:00 02:31:00 −16 9.3 −3.1 0.23/0.30 EB

26 2004-09-14 23:00:00 23:08:00 −18 2.1 −0.7 0.15/0.36 EBØ

27 2004-10-03 17:50:00 18:25:00 −15 6.3 1.0 0.08/0.29 E

28 2004-10-11 00:33:00 00:50:00 −15 9.0 −1.1 0.12/0.37 E
aSequential event number.
bDate (formatted as year-month-day) and start and stop times of each event.
cLocation of C1 during the event in GSM coordinates.
dElongation and planarity for the Cluster tetrahedron.
eThe previous investigations that have discussed the events: E = Eastwood et al. [2010], B = Borg et al. [2012], and

Ø = Østgaard et al. [2009].

This is clearly larger than the typical load power density observed by Cluster within the plasma sheet [see
Hamrin et al., 2009, Figure 5, panel 2]. We find that the average of E ⋅ J is 78 pW/m3 and 120 pW/m3 for the
CIS and EFW estimates, respectively. Using different instruments (CIS and EFW) to estimate the electric field in
E ⋅ J, we do not expect that they should give identical results. However, for all events in Table 3 we qualitatively
obtain the same result: E ⋅ J is usually large and positive, and it is generally above the selected threshold of
∼20 pW/m3.

Column 4 of Table 3 contains the ratio (in percent) between the DSI |EyJy| contribution and the total |E ⋅ J|
using the CIS electric field only. We see that EyJy quite often contributes significantly to the power density.
However, there are cases when the EyJy is rather small and EzJz is instead large (not shown). The ExJx

contribution (not shown) is always small.

From simulations it is known that the dominant contribution to E ⋅ J should come from the cross-tail
current and reconnection electric field [e.g., Birn and Hesse, 2005; Sitnov and Swisdak, 2011; Lapenta et al.,
2014]. However, it is also known that the magnetotail often flaps, causing a tilt of the cross-tail current sheet.
This implies that the dominant direction of the normal of the current sheet could vary substantially in the
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Table 3. Properties of the Cluster Reconnection Encounters From Table 2

Max E ⋅ J Samples |Ey Jy|∕ Peak Peak |∇ ⋅ B|∕ Corr (Ey) ECIS
y ∕EEFW

y

(pW/m3) E ⋅ J> 20 |E ⋅ J|d −Vx
e +Vx

e |∇ × B|f EFW-COD/HIAg COD/HIAh

Eventa CIS/EFWb CIS/EFWc (%) (km/s) (km/s) (%) (% EFW) (%)

1 20/27 1/3 12 510 (C3) 1020 (C1) 30 0.74/0.67 (100) 120/62

2 157/459 157/117 28 1110 (C4) 580 (C1) 17 0.71/0.52 (96) 54/11

3 68/168 60/55 33 420 (C4) 970 (C4) 20 0.75/0.71 (97) 40/22

4 20/21 1/1 32 570 (C1) 280 (C4) 34 0.85/0.90 (97) 130/120

5 17/41 0/4 73 330 (C3) 340 (C1) 10 0.73/0.75 (98) 59/61

6 44/61 28/38 125 250 (C3) 880 (C3) 18 0.96/0.93 (90) 99/78

7 102/202 31/21 95 450 (C3) 1160 (C1) 19 0.77/0.70 (86) 89/35

8 105/154 96/51 87 900 (C4) 910 (C1) 14 0.81/0.79 (94) 68/48

9 86/180 87/85 95 500 (C1) 910 (C4) 14 0.78/0.53 (98) 95/39

10 59/99 32/31 81 480 (C1) 520 (C3) 17 0.91/0.89 (99) 100/89

11 35/43 12/18 13 710 (C3) 700 (C1) 13 0.80/0.76 (99) 49/26

12 14/20 0/2 33 460 (C4) 670 (C1) 9 0.47/0.51 (100) 52/45

13 135/185 169/149 90 1250 (C1) 1140 (C1) 22 0.77/0.74 (100) 75/41

14 11/26 0/2 30 430 (C4) 820 (C3) 28 0.74/0.81 (100) 75/69

15 21/45 1/8 79 910 (C3) 730 (C3) 19 0.91/0.91 (100) 71/59

16 38/52 17/38 67 310 (C3) 870 (C1) 16 0.84/0.78 (98) 72/35

17 20/41 0/3 91 350 (C3) 1110 (C1) 19 0.82/0.60 (100) 87/27

18 41/58 17/9 49 460 (C3) 570 (C3) 19 0.90/0.84 (93) 77/52

19 513/689 164/63 33 680 (C4) 750 (C4) 20 NaN/ NaN (98) NaN/NaNi

20 151/166 79/35 76 990 (C4) 620 (C4) 18 NaN/ NaN (92) NaN/NaN

21 85/7 45/0 91 610 (C3) 250 (C1) 11 0.79/0.85 (100) 190/180

22 61/80 19/7 84 580 (C1) 660 (C1) 11 0.61/0.79 (97) 42/36

23 46/70 26/8 25 110 (C3) 650 (C1) 22 0.81/0.83 (97) 92/82

24 102/86 28/18 17 290 (C1) 1310 (C1) 40 0.83/0.86 (98) 50/30

25 79/96 15/16 45 610 (C1) 150 (C1) 29 0.50/0.71 (98) 46/37

26 68/92 12/13 82 820 (C4) 560 (C1) 16 0.68/0.62 (93) 14/15

27 52/128 39/13 100 390 (C4) 420 (C4) 21 0.76/0.79,(93) 80/84

28 46/ 32 25/4 18 410 (C3) 290 (C1) 15 0.81/0.88 (93) 160/120
aEvent number.
bMaximum value of E ⋅ J using the electric field obtained from CIS and EFW, respectively.
cNumber of samples with E ⋅ J> 20 pW/m3 for the CIS and EFW estimates.
dMedian ratio between the DSI Ey Jy contribution and |E ⋅ J| using the CIS electric field.
eTailward (−Vx ) and earthward (+Vx ) velocity components in GSM. The peaks are calculated as the 2.5 and 97.5

percentiles, respectively. Only data from the spacecraft which observe the largest peaks are shown.
fQuality estimate |∇ ⋅ B|∕|∇ × B| (median value) for the curlometer current.
gCorrelation coefficient between DSI Ey obtained from EFW and from CODIF or HIA on spacecraft C1. The numbers

within brackets indicate how many percent of the event has available EFW Ey data on C1.
hMedian ratio between DSI Ey obtained from EFW and from CODIF or HIA on spacecraft C1.
iMissing data have been indicated with NaN (Not a Number).

GSM yz plane. In the series of current sheet crossings from 1 October 2001, discussed in Wygant et al. [2005],
the tilt of the normal was observed to vary between the events. For example, near 09:46:50, the normal had
significant contributions in both y and z. Investigating this event in detail, we find (not shown) that both EyJy

and EzJz contribute significantly to E ⋅ J. Borg et al. [2005], on the other hand, investigated one reconnection
event at ∼23:30 UT from 19 September 2003, when the normal to the current sheet was found to be closely
aligned with GSM z. A detailed analysis of the power density (not shown) shows that the dominant contribu-
tion to E ⋅ J comes from GSM y. It is hence reasonable to expect that the relative contribution of EyJy and EzJz

(see column 4 in Table 3) to the total E ⋅ J may indicate the tilt of the cross-tail current sheet. However, in many
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cases the analysis is complicated, e.g., due to difficulties in estimating the current sheet normal in a rapidly
flapping tail. It is outside the scope of the present article to investigate this further.

In columns 5 and 6 of Table 3, the spacecraft that observe the peak earthward (+Vx) and tailward (−Vx) plasma
flows are presented together with the peak values in km/s. The peaks are computed as the 2.5 and 97.5
percentiles for the earthward and tailward flows, respectively. We clearly see that all documented Cluster
reconnection encounters correlate with observations of fast earthward and/or tailward plasma flows, which
is expected for reconnection regions.

In column 7 the median for each event of the quality estimate |∇ ⋅ B|∕|∇ × B| of the curlometer current
is displayed. For most events this value is smaller than 30%, and we expect that the curlometer would
be reliable [Paschmann and Schwartz, 2000]. Moreover, the elongation and the planarity are small (see
Table 2). This guarantees an approximately equilateral Cluster tetrahedral configuration, which is optimal for
the curlometer.

As can be seen from the detailed investigation of the two sample events in Figures 3 and 6, the spin-averaged
EFW electric field strongly underestimates the full-resolution electric field measured by EFW, but it still resolves
signatures of the normal and perpendicular reconnection electric fields. Moreover, the electric field estimated
from the CIS ion moments according to the frozen-in assumption, −V × B, often underestimates the magni-
tude of the spin-averaged EFW electric field. However, the signature of the CIS field correlates well with the
spin-averaged EFW field. For the two sample events we hence concluded that the CIS electric field can be used
for studying the power density of the reconnection load. Even though the magnitude of the power density
is underestimated and the frozen-in condition is not formally valid near the X line, CIS qualitatively gives the
same result that E ⋅ J is large and positive.

Correlation coefficients for all 28 documented Cluster reconnection encounters are shown in column 8
of Table 3. The coefficients are computed on spacecraft C1 for the DSI Ey component obtained from
spin-averaged EFW data and from the CODIF and HIA ion moments, respectively. The numbers within brackets
indicate how many percent of each event has available EFW Ey data on C1 (few EFW samples would indicate
a less accurate correlation coefficient). Note that both CODIF and HIA are not operational on C1 for the events
19 and 20 and that there are therefore corresponding NaNs in columns 8 and 9. Averaging over all the 28
events, the Ey correlation coefficients for EFW-CODIF and EFW-HIA are 0.77 and 0.76, respectively, and we
conclude that the measurements in general are highly correlated. The correlation coefficient is never smaller
than ∼0.5, which suggests at least a moderate correlation.

The last column of Table 3 contains the ratio between DSI Ey obtained from CIS (CODIF or HIA) and from
spin-averaged EFW (computed in the same way as for the sample events in sections 4.1 and 4.2). For most
events, CIS underestimates Ey . On the average, CODIF and HIA observe 80% and 60% of the spin-averaged
EFW electric field.

From the above reasonings we conclude that the full-resolution EFW electric field is most optimal for resolv-
ing the power density E ⋅ J of the reconnection load. However, the spin-averaged EFW electric field can also
be used even though it underestimates the magnitude of the power density. Moreover, if direct electric field
measurements are not available, the electric field estimated from the ion moments is also sufficient, even
though it underestimates the magnitude of the power density even more. Note that it is especially remarkable
that the CIS estimate (in particular CODIF) resolves the electric field variation so well, even though it underes-
timates the magnitude. We therefore argue that E ⋅ J in general can be estimated by using only the CIS electric
field, even though the frozen-in condition is not formally satisfied in the vicinity of a reconnection region.

It is worthwhile to note that the events presented in Table 3 are observed by Cluster during four different
years, 2001–2004. During these years, the Cluster tetrahedron was approximately equilateral in the magne-
totail plasma sheet. However, the scale size varied over the years according to Table 1. The scale size was
smallest in 2003 and largest in 2002. Since both E and J in E ⋅ J are averaged over the Cluster tetrahedron, one
would expect that smaller-scale features of E ⋅ J should be observed in 2003 as compared to 2002 and that
the magnitude |E ⋅ J| would typically be larger in 2003. This can be verified from columns 2 and 3 in Table 3.
The average E ⋅ J using the CIS electric field is 65 pW/m3 in 2001, 40 pW/m3 in 2002, 150 pW/m3 in 2003, and
55 pW/m3 in 2004. Using the EFW electric field, we similarly find 130 pW/m3, 61 pW/m3, 179 pW/m3, and
84 pW/m3. Even though the statistics are rather small, we can verify that the power density is on the average
approximately 3–4 times larger in 2003 than in 2002. There are also considerably more samples exceeding the
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Table 4. Properties of a Set of Additional Events With Large Power Densities

Max E ⋅ Jd Samples

X/Y/Zc (pW/m3) E ⋅ J> 20e

Eventa Dateb T1
b T2

b (RE ) CIS/EFW CIS/EFW Reconnection?f Comment

1 2001-08-03 10:40 11:15 −17/−8.5/2.2 48/48 38/21 Yes

2 2001-08-05 13:00 14:10 −17/−7.8/5.7 35/27 6/4 Can be Several subevents

3 2001-08-07 23:40 00:05 −17/−8.4/2.1 28/38 6/7 Yes

4 2001-08-12 17:00 18:50 −18/−6.7/3.1 54/47 47/27 Yes Several subevents

5 2001-08-17 13:00 15:00 −18/−4.7/2.6 114/71 55/77 Can be Several subevents

6 2001-08-31 17:10 17:20 −19/−0.8/2.5 51/79 9/10 Yes

7 2001-09-02 23:45 00:35 −19/−0.7/3.5 30/26 2/3 Yes Several subevents

8 2001-09-07 21:30 22:00 −19/1.2/1.1 21/27 2/4 Yes

9 2001-09-12 15:10 15:16 −19/2.8/0.5 36/27 3/3 Yes

10 2001-09-15 03:49 04:35 −19/3.5/−2.0 56/47 44/10 Yes Several subevents

11 2001-09-24 00:10 00:20 −14/3.4/ 7.2 30/NaN 5/– Can be

12 2001-09-26 22:20 23:10 −18/7.1/−0.4 25/59 2/7 No

13 2001-10-01 11:40 11:50 −17/8.0/−0.4 26/49 17/24 Can be

14 2001-10-08 14:40 14:50 −16/9.7/−0.3 28/24 2/2 Can be
aEvent number.
bThe date (formatted as year-month-day) and start and stop times.
cThe event location in GSM coordinates.
dThe maximum value of E ⋅ J using the electric field obtained from CIS and EFW, respectively.
eThe number of samples with E ⋅ J> 20 pW/m3 for the CIS and EFW estimates.
fWhether or not signatures of reconnection are seen.

∼20 pW/m3 threshold (both for CIS and EFW) in 2003 than in 2002. However, when comparing results from
different years, it should also be remembered that the instruments may deteriorate with age and that this can
cause additional errors.

5.2. Additional Reconnection Events From 2001
As a complement to the statistics discussed above, we have also automatically scanned through the plasma
sheet data from 2001 within the region X < −10RE and |Y|<10RE to identify events with E ⋅ J> 20 pW/m3

using the CIS electric field. For the event selection we have also required that all spacecraft observe densities
larger than 0.01 cm−3 (e.g., it is likely that no spacecraft is in the lobe) and that both the elongation and the
planarity are smaller than 0.4. All selected events have been inspected visually to define their start and stop
times to include the strong E ⋅ J signatures as well as any significant flows or flow reversals. All identified events
(except the ones that are already presented in Tables 2 and 3) are listed in Table 4. In total, there are 14 such
additional events from 2001 that satisfy the selection criteria. However, note that some of these events may
include several subevent fulfilling the criteria.

The events in Table 4 have been analyzed manually to conclude whether or not they are likely to be associated
with reconnection (see column 8 in Table 4). To associate an event with reconnection, as a general rule we
have used a requirement that there is at least 400 km/s jets within a time interval of 2 min surrounding the
event. This is reasonable, since reconnection jets with speeds comparable to the Alfvén speed (∼800 km/s
for a magnetic field of ∼20 nT and a plasma density of ∼0.3 cm−3) would be expected in the case of ongoing
reconnection, unless the spacecraft are located close to the diffusion region or in the jet braking region. Jet
speeds can be lower when a spacecraft is very close to the diffusion region or in the jet braking region. In
the case of lobe reconnection, on the other hand, Alfvén speed can be even higher due to the low plasma
density in lobes. As an additional test for an event to be associated with reconnection, we have checked for
the presence of Hall magnetic field signatures. As a general trend we expect that all three components Bx ,
By , and Vx are either positive or any two of them are negative if a spacecraft is on the outer edges of the tail
current sheet.
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From Table 4 we see that only one of the 14 events is clearly not related to reconnection. Most of the other
events show signatures of reconnection, but a few events are difficult to classify.

In Table 4 we have only included events from 2001 which fulfill our selection criteria (but which are not already
listed in Tables 2 and 3). A similar selection method based on E ⋅ J> 20 pW/m3 can be used for selecting events
also from 2002–2004. However, during later years, the instruments deteriorated, and more care is needed to
separate signals from the background variations. It is outside the scope of the present article to include a full
list of events also from 2002–2004.

6. Summary and Discussion

We have studied the capability of using Cluster data for analyzing energy conversion at ion scales in the vicin-
ity of magnetotail reconnection by computing the power density, E ⋅ J. In particular, we have investigated
the use of E ⋅ J for identifying possible reconnection events from large sets of observed data. E is the electric
field averaged over the spacecraft, and J is the current density estimated with the curlometer method from
multispacecraft measurements of the magnetic field. For our analysis, we have used direct electric field mea-
surements from the EFW instrument as well as estimates from the CIS ion moments through the frozen-in
condition (−V × B).

The power density probes the energy transfer between the particles and the field. For example, when E ⋅ J> 0
energy is transferred from the magnetic field to the plasma (in the form of bulk motion and heating) if the
Poynting flux can be neglected. Such a load process is expected in the vicinity of a reconnection site, where
magnetic energy is used for accelerating plasma jets. In practice we have used E ⋅ J only as a qualitative mea-
surement of the energy conversion, and we have argued that a large and positive value of E ⋅ J indicates that an
event is likely to be associated with reconnection. Using some simple theoretical arguments, we have shown
that a suitable E ⋅ J threshold for magnetotail reconnection is ∼ 20 pW/m3 (X <−10RE and |Y| ≲10RE). The
exact magnitude of the power density depends on the scale size of the measurements (higher-resolution
data resolve smaller-scale signatures). The E ⋅ J threshold must hence be adjusted to the resolution of the
measurements.

The power density should consequently only be used as a primary indicator of potential reconnection
regions, and the threshold for identifying the events must be adjusted to the resolution of the measurements.
Moreover, the selected events must be reviewed separately to confirm any possible reconnection signatures
by looking for other signatures in the data such as reconnection jets, Hall electric and magnetic fields, and
guide fields [e.g., Eastwood et al., 2010].

By using Cluster data from 2001–2004, we have analyzed two sample events in detail and conducted two
statistical investigations, and we have shown that E ⋅ J ≳20 pW/m3 indeed is a very good indication of likely
magnetotail reconnection, even though there is no absolute one-to-one correlation between the magnitude
of E ⋅ J and reconnection signatures.

It is well known that the power density can be large and positive not only in the vicinity of reconnection
but also in other regions of space, e.g., at dipolarization fronts [Hamrin et al., 2014; Huang et al., 2015]. Huang
et al. [2015] conducted investigations of energy conversion at dipolarization fronts as observed by Cluster
in 2003. They used high-resolution FGM magnetic field data (23 Hz) and EFW electric field data (25 Hz) to
compute E ⋅ J, and they found that the power density at dipolarization fronts at times can be as high as several
hundred pW/m3. However, how large power density we actually can observe with our spacecraft instruments
depends on the amount of energy converted between the particles and the fields and also on the scale size
of the regions of interest (as compared to the scale size of the measurements). In this article we have focused
on studying energy conversion at ion scales, and we have used measurements averaged over the Cluster
tetrahedron (multispacecraft data) and 4 s resolution data. Using single-spacecraft and high time resolution
data will of course better resolve small-scale features in the power density than when using spatially averaged
and low-resolution data.

One limiting factor when computing E ⋅ J is the method for estimating the current density, J. Using a
single-satellite method, small-scale signatures can be resolved, but it requires additional information (e.g.,
the existence of clear current sheets and the knowledge of their orientation and motion) which sometimes
is difficult to obtain. The multispacecraft curlometer method, on the other hand, is more general and is
simple to implement, but it tends to smooth the resulting current density (and it is only applicable when the
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Cluster tetrahedron is approximately equilateral). We argue that the curlometer method is most useful when
automatically scanning large data sets with the aim of finding potential reconnection regions. However, when
investigating the energy conversion at single reconnection events, a single-satellite method for the current
density might be more useful.

We have computed E ⋅ J using E both from direct electric field measurements (from EFW) and from derived
quantities E = −V × B (from CIS). We have shown that both methods qualitatively give the same result with
large and positive values of the power density in the vicinity of reconnection, even though CIS generally
underestimates the magnitude (since the frozen-in assumption is not formally valid in the diffusion region
near an X line). If possible, electric fields obtained from direct measurements should therefore be used when
computing E ⋅ J near a reconnection site. However, we have shown that approximate fields obtained from
ion moments can be used whenever direct electric field measurements are not available. Being able to use
ion moments instead of direct electric field measurements of course facilitates any investigation where one
cannot obtain the full electric field by direct measurements. This is often the case for Cluster in the magne-
totail, since the EFW instrument only measures the field in the satellites’ spin planes and computes the third
component by assuming E ⋅ B = 0.

In this article we have shown that the power density can be computed from multispacecraft data, and it is
rather straightforward to construct an automatized routine, which searches the magnetotail data for events
with large and positive power densities. Such events have a high probability to be associated with magnetic
reconnection. These events can subsequently be analyzed manually for verification. We hence argue that the
power density can be used as a primary indicator for identifying possible reconnection events from large sets
of data, e.g., from the Cluster and the MMS missions.
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