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Abstract. Here, and in a companion paper by Hamrin et 1 Introduction

al. (2009) [Scale size and life time of energy conversion

regions observed by Cluster in the plasma sheet], we inEnergy conversion within the plasma sheet plays an impor-
vestigate localized energy conversion regions (ECRs) in thdantrole for the Earth’'s magnetosphere and its energy budget.
Earth’s plasma sheet. In total we have studied 151 ECR4-ocal energy conversion can be investigated from in situ data
within 660 h of plasma sheet data from the summer and fallby the evaluation of the power densiBtJ, whereE is the

of 2001 when Cluster was close to apogee at an altitude oglectric field and/ the current density.

about 15-2QRz. Cluster offers appropriate conditions for A theoretical motivation for the investigation of the quan-
the investigation of energy conversion by the evaluation oftity E-J can be found e.g. within standard magnetohydro-
the power densityE-J, whereE is the electric field angg ~ dynamic theory. Assuming a scalar pressprand using

the current density. From the sign of the power density, wethe equation of motion from one-fluid theory, we obtain an
have identified more than three times as many Concentratefiquation for the energy conservation of the bulk motion by
Load Regions (CLRs) as Concentrated Generator Regiong1ultiplying with the plasma bulk velocity,

(CGRs). We also note that the CLRs appear to be strongery

To our knowledge, these are the first in situ observations con—— = -V - (Wxv) —=Vp-v+E- J, (1)
firming the general notion of the plasma sheet, on the aver-

age, behaving as a load. At the same time the plasma she#thereW, is the bulk kinetic energy density. The right hand
appears to be highly structured, with energy conversion ocside of the equation corresponds to the source terms for the
curring in both directions between the fields and the parti-bulk kinetic energy density: the divergence of the bulk ki-
cles. From our data we also find that the CLRs appear to b&etic energy flux—V-(Wyv), the work done by the pressure
located closer to the neutral sheet, while CGRs prefer locaforces on the plasma; V p-v, and the work done by the elec-
tions towards the plasma sheet boundary layer (PSBL). Fofromagnetical forces on the plasm#é;J. WhenE-J (or

both CLRs and CGRsE and J in the GSMy (cross-tail) ~ —Vp-v) is positive, work is done on the plasma and the ki-
direction dominate the total power density, even though the netic energy increases. On the other hand, if is negative,
contribution occasionally can be significant. The prevalencethe particles are losing energy to the electromagnetic field, as
of the y-direction seems to be weaker for the CGRs, possiblyalso can be seen from the Poynting theorem (equation of en-
related to a higher fluctuation level near the PSBL. ergy conservation for the electromagnetic field)
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whereWg,, is the electromagnetic energy density s
the Poynting vector. The teri-J hence describes the en-
ergy transfer between the particles and the fields.
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regions whereE-J <0. The process is reversed in load re- ments detection limits.
gions whereE - J >0 and electromagnetic energy is converted Cluster allows for the first time a systematic examination
back into mechanical energy by reversible and/or irreversibleof energy conversion in the Earth’s magnetosphere from in
processes. Note that the term “generator” in the literature camsitu data. By investigating the power densi J, loads
be associated with the generation of electromagnetic energyE - J >0) and generatorsH-J <0) can be identified. To our
as well as field-aligned currents. In this investigations weknowledge, the first experimental investigations of genera-
focus on the generation of electromagnetic energy. tor regions in the plasma sheet were presentddanghitu

On the average, the plasma sheet behaves as a load duedbal. (200§; Hamrin et al.(2006§. During a very strong
the large scale dawn-dusk electric field and cross-tail cur-geomagnetic activity a clear generator was identified at the
rent, resulting in a power densitg-J>0 on the average. magnetopause flank of the taltgsenqvist et al2006. The
On the other hand, at the interface between a near-dipolagenerators were identified as concentrated regions with neg-
magnetic field and the near-Earth plasma sheet with moretive power densities as obtained by Cluster. These regions
stretched field lines, plasma convects on average againstaere labelled Concentrated Generator Regions (CGRs) and
pressure gradient providing a generator. This may play arthey were observed near the Plasma Sheet Boundary Layer
important role for the onset of substorms and auroral arcs afPSBL) at an altitude of about 18 Earth radii. The CGRs
the poleward edge of the auroral ovelaerendel2009. On were also shown to correlate with auroral electrons observed
a smaller scale, the plasma sheet is highly inhomogeneouly the FAST satellite. Based on a manual selection of En-
and energy is converted back and forth between the fieldergy Conversion Regions (ECR) events, a preliminary statis-
and particles. For example, the plasma sheet magneticallfical investigation of energy conversion in the plasma sheet
maps to the nightside auroral region. Generator regions in thevas presented iMarghitu et al.(2009. The energy con-
plasma sheet are hence expected to play an important role farersion was shown to be rather structured, and the traversal
the generation of auroras. The auroral generators have beasf the ECRs (typically in the GSE-z-direction) was fast,
suggested to be located in various regions in the middle oof the order of 10 min, which is much shorter than the time
outer magnetosphere, for example, the low-latitude boundneeded by Cluster to cross the plasma sheet (several hours).
ary layer, the plasma sheet and the plasma sheet boundaBepending on the sign of the power density, these regions
layer. Several studies have addressed the auroral generatare therefore called Concentrated Generator Regions (CGRS)
by using analytical (e.drostoker and Bostm, 1976, semi-  and Concentrated Load Regions (CLRs), and they are sup-
analytical (e.gLysak 1985 Vogt et al, 1999, and numerical  posed to be distinguished from any possible distributed ECRs
tools (e.gBirn and Hessgl996 Birn et al, 1996. Luetal.  which may perhaps extend over much larger regions in time
(2000 made attempts to determine the auroral generator loand/or space. The word concentrated refers specifically to
cation by magnetic field line mapping between the auroralthe GSE z-direction, but a case study analysiMarghitu
ionosphere and the outer magnetosphere. Various generat al. (200§ suggests that the CGRs might as well be con-
tor mechanisms and generator locations have also been disentrated in the other directions, and in tinvarghitu et al.
cussed irBorovsky(1993. (2009 estimated a lower limit of the CGR extension along

The energy release, transport and conversion in the magnehe field line to about 1000 km.
totail have recently been investigated in a large scale resistive In this article we continue the work initiated arghitu
MHD simulation byBirn and Hess€2005. The simulation et al.(2009 by presenting a comprehensive statistical inves-
shows evidence of the complicated nature of the plasma shedigation of CLRs and CGRs in the plasma sheet. The in-
and tail region, hosting both load and generator regions. Theestigation is based on more than 80 Cluster plasma sheet
picture is complicated even more by time variations. Thecrossings (or 660 h of data) in the summer and fall of 2001
simulations oBirn and Hess€2005 show that energy inthe when Cluster was close to apogee (at an altitude of about
plasma sheet boundary regions is converted back and forth5—20Rg). The present investigation is based on an auto-
between particles and fields. The oscillation period betweemmatic event selection from the Cluster power density data (as
loads and generators in this region is of the order 4 min whichopposed to the manual selectionMarghitu et al, 2009.
results in a life time of~2 min for loads and generators, re- Our present data base allows for extended investigations of
spectively. the occurrence and location of ECRs in the Earth’s plasma

However, there is in general a lack of in situ investigations sheet observed by Cluster in 2001. In a companion paper,
of the energy conversion regions in the plasma sheet. Dué&lamrin et al. (2009) [Scale size and life time of energy con-
to experimental limitations, investigating the power density version regions observed by Cluster in the plasma sheet], we
E-J from in situ data is difficult. At least four spacecraft are investigate the life time and scale size of the ECRs. Here-
needed to obtain the full current density vector from the curlafter, we will refer to the companion paper as HO9B. In HO9B
of the magnetic field. Moreover, the expected power den-we show that the ECRs indeed are concentrated in space as
sity of one or a few pW/rin many regions of the plasma well and time, and typical scale sizes of CLRs and CGRs are
sheet Birn and Hessg2005 Marghitu et al, 2006 implies obtained.
electric and magnetic field measurements close to the instru-
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2 Instrumentation and method magnetic field is too small. Moreover, CIS is not opera-
tional on all Cluster spacecraft. CODIF is not operational
The four Cluster Spacecraft were launched in 2000 intoon C2 and HIA on C2 and C4. EFW on the other hand is
a polar orbit (inclination 81) with apogee and perigee at operational on all spacecraft. However, since the magnetic
18Rr and 3Rg, respectively. The orbital period is 57 h field vector generally is too close to the satellite spin plane
and the satellites are spin stabilized with a rotation period(the DSI xy-plane) containing the EFW probes, we can only
of 4 s. Cluster is equipped with a complete set of plasma andbtain electric field components in that plane. Full electric
field instruments (se&scoubet et 81.2001, and references field vectors are hence not available from EFW. The DSI x-

therein). component of the EFW electric field can sometimes suffer
. o from an offset of the order of 1 mV/m. To reduce the amount
2.1 Current density and electric field of additional calibration of the EFW data, we only use the

DSI y-component of the EFW electric field. To obtain the
In this article we investigate energy conversion in the plasmgyower density, in this article we mainly use vector electric
sheet by evaluating the power densifi..J, whereE isthe  field data from CODIF and HIA computed d@=—V x B.
electric field andJ the current denSity. Clear Signatures of The DS|Ey electric field Component from EFW is used On|y
E-J >0 areidentified as Concentrated Load Regions (CLRS)qor cross-checking the results obtained by CIS.
and clear signatures di-J <0 as Concentrated Generator  Notice that the curlometer current density is based on si-
Regions (CGRs). multaneous measurements of the magnetic field on board the
As discussed iMarghitu et al.(2009, GSE and GSM are  four Cluster spacecraft. It can therefore be interpreted as an
the appropriate reference systems to use for calculating thgyerage value((J)) over the Cluster tetrahedron. The electric
power density. They differ only a few degrees from the DSl fie|d should hence be averaged over the tetrahedron volume
(Despun Satellite Inverted) system which is the most convetg obtain consistent estimates of the power density over the
nient choice for the EFW instrument. space spanned by the Cluster spacecraft. Therefore, when-
The full current density vector used in the calculation of ever appropriate, we use the CIS electric field averaged over
the power density can be derived from simultaneous magall available satellites for evaluating the power density. To
netic field measurements from the four FGM instrumentsobtain the best possible electric field average and to increase
(Balogh et al. 1997 on board the spacecraft by using the the accuracy, both CODIF and HIA are included in the com-
curlometer method)=V xB/jo (Robert et al. 1998 Dun-  putation of the average valug ). Also other quantities, e.g.
lop et al, 2009. The quality of the curlometer estimate is the magnetic field, are averaged over the Cluster tetrahedron.
rather sensitive to the size and shape of the Cluster tetrahg{owever, if not stated otherwise, in the following we sim-
dron. Current density structures smaller than the characterplify the notation by omitting the brackets arouig J, and
istic size of Cluster cannot generally be resolved with theg.
curlometer. In our data base of plasma sheet crossings in the |t should be noted that there are cases when the Cluster
summer and fall of 2001, the characteristic size of the ClUS'spacecraft appear to be located close to the edge of an ECR.
ter tetrahedron is about1500 km which covers a few ion  Then one or a few satellites might in fact be positioned out-
gyroradii (the average proton gyroradius is about 400 km).side the ECR. This reduces the ECR signature in the power
The planarity and elongation of the tetrahedrBolfertetal.  density averaged over the spacecraft. Assuming that small
1998 is generally around or below 0.1 for our events. This scale fluctuations in the current density do not dominate the
guarantees a tetrahedron close to equilateral which is optimadroperties of the power density, in such cases it would be
for the curlometer method. more appropriate to calculate the power density by using the
Three instruments on board Cluster can be used to obtaig|ectric field measured by a single spacecraft only. In this
the electric field,E, needed in the calculation of the power article, and in the companion paper HO9B, we clearly state
density. The Electric Fields and Waves experiment (EFW)whenever unaveraged electric fields are used.
(Gustafsson et 11997 2007 and the Electron Drift Instru-
ment (EDI) Paschmann et ak007) are designed to measure 2.2 Automatic selection
the electric field directly. In addition, the drift of low en-
ergy plasma ions as detected by the Cluster lon Spectrometélio identify CLRs and CGRs in the Cluster data we use an
(CIS) (Reme et al.2007) can be used to estimate the electric automatic selection routine which searches for clear concen-
field on the assumption that thex B drift is dominant. The  trated regions withE-J>0 and E-J <0, respectively. The
CIS experiment consists of a mass and energy ion spectrormevaluation of the power density is based on electric field and
eter CODIF (Composition and Distribution Function) and an current density data sampled every 4 s.
energy ion spectrometer HIA (Hot lon Analyzer). A schematic example of a CLR is presented in BigThe
The EDI instrument, which measures the drift of a weak top panel shows the power density measured within the Clus-
test electron beam and then estimates the electric field, doder tetrahedron along the spacecraft path. The CLR is high-
not operate in the plasma sheet since the magnitude of thikghted in yellow in the figure and it is identified as a legible
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The automatic ECR event selection algorithm used in this
article is based on three separate steps. In the first step
(1. Selection) we identify possible ECR events from the slope
of the integral of the power density. Only regions with
r average 7 large enough slopes are kept. However, many of the iden-
0 1 tified regions from the first step are very small, and they

CLR can be located very close to each other, perhaps with some

small regions with somewhat noisy data in between. There-
., ‘average fore we need a second step (2. Merging) where CLRs are

a0t ~ Z , merged with neighbouring CLRs, and CGRs with neighbour-
z step ing CGRs.
2r ‘ Z ' In the final step (3. Rejection) all ECRs which do not sat-

7 . . . .
O%M/ : | isfy a set of physical and instrumental requirements are re-
7

E-J (pW/im®)

60 y T

3 E-J (pWim®)

jected. For example, to ensure that the ions behave collec-
‘ ‘ tively within the selected ECRs, the approximate scale size of

Time / satellite position

the ECRs (simply estimated as'V,,;, whereAT is the time
extent of each ECR and,; is the average plasma flow within
Fig. 1. Schematic CLR (Concentrated Load Region) observed inthe ECR) should be larger than five proton gyroradii. More-
the power density data. The top panel shows the power density. Thever, the size and shape of the Cluster tetrahedron should be
bottom panel contains the time integral of the power density alongsatisfactory and measurements from CODIF, HIA, and EFW
the satellite path. The quantities peak and average correspond to thshould correlate. To ensure that the signaturds jh are sta-
maximum and average value of the time series of the power densityjstically significant, we also require that all ECRs are at least
and hence the maximum and average slope in the integrated powefgg s |ong, i.e., they are composed of at least 25 data points
density. The step size measures the increase in the integral. The,n1ed every 4's. To be on the safe side, we also reject all
CLR is highlighted in yellow and it is identified as a clear and con- o0 yv< \yhose power density appear to be very fluctuating and
centrated region oE-J >0 in the top panel and a positive step in - .
the integrated power density in the bottom panel. A CGR (Concen-WhICh could be caused _by too much noise. It should t_)e noted
trated Generator Region) behaves similarly, althoiighf <0 and  thatsmall scale fluctuations (smaller than the scale size of the
the integrated power density instead shows a decrease. Cluster tetrahedron) in the electric field and current density

cannot be correctly resolved in the J data. It is impossi-

ble to distinguish between fluctuations, e.g., due to random
increase in the power density, wift J >0 clearly above the  nppjse and due to small scale fields and currents. By reject-
surrounding fluctuations. The peak (maximum) and averaggng events with very fluctuating power densities we therefore
value of the power density within the event are indicated ingyoid both noisy data and data on sub-scales.
the figure. To reduce the influence of outliers in the data, the The individual steps in the automatic selection routine are
median value is used to represent the average. The SeCO'?,Q(pIained more thoroughly in Appendix A.
panel of Fig.1 shows the power density integrated along the  The aqutomatic routine has been run on power density data
satellite path. The CLR shows up as a distinct positive steR:omputed both from the electric field averaged over all avail-
in the integrated power density. The step size of the CLRap|e spacecraft, but also on the power density obtained from
is defined as the increase in the integrated power density aghe electric field from single spacecraft. By using non-
cording to the bottom panel in the figure. Note that the av-ayeraged electric fields we are able to identify ECRs which
erage and peak (maximum) values of the power density fronyay pe located close to the edge of the Cluster tetrahedron
first panel evidently correspond to the average and maximumcf. the discussion in Sec2.2). Data of all selected ECRs
slope of the integrated power density presented in the bottonhaye been manually inspected to ensure a successful per-
panel. In the following we will use the quantities peak, av- formance of the automatic selection routine. In this manual
erage, and step when discussing the strength of the ECRgxamination, a few ECRs have been rejected usually due to
The average is computed as the step divided by the 4 timeggjsy data. Also the start and stop time of a few ECRs have
the number of 4 s samples included in the ECR. Note that thgyeen adjusted slightly. However, overall we consider that the
CIS ground data, used to compute the vector electric fieldgutomatic selection routine functions satisfactory. FigRire
often have a time resolution of 8 or 12's (sometimes more) shows typical examples of ECRs automatically selected from
In such cases the data are re-sampled to 4 s. a few hours of data on 12 August 2001. Regions highlighted

For a CGR, the picture is similar. However, in this casein red correspond to CLRs and blue correspond to CGRs. In

E-J <0 and the integrated power density shows a distinct deFig. 2 we also see a few regions which to the eye look like
crease instead. Moreover, the peak value corresponds to tHelL.Rs (e.g. 16:05 and 17:35UT) or CGRs (e.g. 15:15 and
minimum power density (largest negative value), and henceé2:15 UT). However, these have not been accepted by the au-
the largest negative slope in the integral. tomatic routine. For example, possible events around 15:15,
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16:05 and 17:35UT are rejected due to the appearance dé merely used as a reference, for capturing the typical be-
magnetosheath-like signatures in the data (see Appendix Aavior of the plasma sheet.
for a discussion on how to automatically distinguish magne-
tosheath data from plasma sheet data). Possible events ob-
served between about 19:00 and 22:30 UT are also lost frond Observations
the statistics. In this case the data are too noisy for any events
to be kept. From 660 h of plasma sheet data in the summer and fall of
As discussed in Sect, the power densities obtained in the 2001, in total 151 ECRs have been identified. This cor-
plasma sheet imply electric and magnetic field measurementé&sponds to the occurrence of one ECR observed approxi-
close to the instruments detection limits. In the case of themately every four hours in the plasma sheet. However, this is
electric field, there are three separate instruments which cafrobably an underestimate since other relevant energy con-
be used for cross-checking the results. Figdighows av-  Version regions might well exist in the plasma sheet data, but
erage power densities (average S|0pe in the integrated powé\fe not included in our statistics since they are not identi-
density) for all selected ECRs. (Cf. Fig.for a definiton  fied by the automatic routine for one reason or another. It
of the average power density_) As in the rest of this artic|e,ShOU|d be noted that our ECRs are identified by an automatic
red corresponds to CLRs and blue to CGRs. To the left infoutine which only selects those events which satisfy a set of
Fig. 3 the average power density obtained by using the HIAPhysical and instrumental requirements. The data base hence
electric field is plotted versus the average power density obOnly contains the clearest ECRs with the most typical power
tained from CODIF. To the right the average power densitydensity signatures. Weaker or more atypical power density
from EFW is plotted versus CODIF. Note that only the BSI ~ Signatures are not included in our statistics.
contribution, £, J,, is considered when cross-checking with  In the hour-DOY (Day Of Year) plot in Figd, the grey
EFW. Since EFW data is not available for all selected ECRsines represent the coverage of the Cluster data used in this
the right plot contains fewer data points. Generally we sednvestigation. Note that only data from the plasma sheet, as
that the instruments agree rather well on the power densitwentified by the automatic selection routine, are included.
for the selected ECRs, indicating reliability of the results. This explains the somewhat scattered gray points in some
The correlation coefficients (using non-log data) are 0.92 forregions of the plot. In the same figure, all identified CLRs
the left plot and 0.86 for the right plot. and CGRs are also indicated by the red and blue lines, re-
To be able to analyze the selected CLRs and CGRs, ang@pectively. From Figd we conclude that the identified ECRs
to separate their characteristics from the general characterigriginate from several separate orbits. Even though it is out-
tics of the plasma sheet, we have compared our ECRs with &ide the scope of the present investigation to include infor-
data base of randomly selected time intervals evenly spreaghation of magnetospheric activity indices such as AE and
within the plasma sheet data of the summer and fall of 2001Kp into the data base, one might expect a positive correlation
The time extentAT of the random events are chosen from between those regions in Fgwhere the ECRs are observed
a square distribution between 100s and 1000s. The sam@nd intervals of higher magnetospheric activity. Magnetic
number of random events are selected from each Cluster o@ctivity and their relation to the ECRs will be the issue for
bit, but only events within the plasma sheet (as identified byfuture investigations.
the automatic routine, see Section A) are retained. The ran- From Fig.4 we also note that the time extentl" of the
dom events are not allowed to overlap each other. Note thadbserved ECRs in many cases are rather short. As we discuss
events are rejected afterwards if the CODIF and HIA data ddfurther in HO9B, we believe that an ECR life time of about
not correlate, but no further physical or instrumental require-1-10 min can be obtained from measurementa Bt
ments are used in the automatic routine. In the following we We find that 116 (35) out of the identified events are CLRs
will refer to this data base as a random data base. It contain@CGRs). Hence, almost 80% of the ECRs have been iden-
in total 918 time intervals. By examining the sign of the steptified as CLRs. In the Cluster plasma sheet data, one CLR
size in the integrated power density, we can identify 480 rands observed approximately every six hours while one CGR is
dom events with load signatures (positive stEpJ>0) and  observed only every 22 h. Thus the plasma sheet seems to
438 random events with generator signatures (negative stefpehave more often as a load. In this article we aim to reveal
E-J<0). In the following, these events will be called ran- the structure of this large scale plasma sheet load.
dom loads (RAND-L) and random generators (RAND-G), To estimate the strength of the plasma sheet load, we eval-
respectively. Note that these random events should not beate the typical power density of the automatically selected
confused with our ordinary data base of CLRs and CGRsECRs, as well as the typical power density of the random
which are carefully selected from the plasma sheet data andelected time intervals from the plasma sheet (cf. @e2for
which satisfy a set of requirements which guarantees their rea discussion of the random data base). The result is shown in
liability as ECRs. Since the random data base only consist§ig. 5. The three panels show the ECR strength measured by
of randomly selected time intervals, there is no guarantee thathe step, peak, and average power density as defined ith Fig.
they correspond to true ECRs. Instead the random data bageee also SecR.2). Typical strengths are both computed as
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Fig. 2. ECRs automatically selected from a few hours of CODIF and FGM Cluster data. Highlighted regions correspond to CLRs (red) and
CGRs (blue), respectively. The panels from top to bottom si{@WCODIF proton energy spectrogram for Gb) Proton density obtained

by C1, C3, and C4(c) Plasma flow in GSE, y, andz computed as an average over C1, C3, and(@/Average, parallel and perpendicular
proton temperature computed as an average over C1, C3, an@)J%e plasma beta obtained by C1, C3, and @¥#The magnetic field

in GSEx, y, andz computed as an average over C1, C3, and(G4The GSEx, y, andz components of the electric field average over C1,

C3, and C4(h) The GSEx, y, andz components of the current density average over C1, C3, an(i)Crhe power density- J along the
spacecraft orbit (the power density has been smoothed with a 5.5 min running average to increase the \gifitig/Yime integral of the

power density along the satellite path (no running average is used). Red, green and blue show contributions fronkthg G5F, and

E;J, components. Black lines correspond to the full prodiicf. To avoid any misinterpretations in the figure, note that we have kept the
brackets around the quantities averaged over the spacecraft tetrahedron.
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absolute value of the power density is plotted. Note that the same scalings of the axes are used. Correlation coefficients for the non-log date
are 0.92 for the left plot and 0.86 for the right plot. We see that the correlation between the instruments is generally good.
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Fig. 4. Hour-DOY (Day Of Year) plot of the coverage of the Cluster plasma sheet data used in this investigation (grey lines). The red and blue
dots indicate the CLRs and CGRs, respectively, observed by the mission. We note that the observed ECRs originate from several separat
satellite orbits. Moreover, the time extent of many ECRs are rather short, of the order of about 1-10 min (cf. HO9B).

mean values of available events (coloured bars) as well as For all three panels, and independently of averaging
median values (white bars). For the coloured bars, the colomethod (mean or median), we see that CLRs are stronger
coding is the same as for the rest of the article: Red and blu¢han CGRs, and RAND-Ls are stronger than RAND-Gs.
correspond to CLRs and CGRs, respectively, while light redHence, the plasma sheet behaves on average as a load, as
and light blue signify RAND-Ls and RAND-Gs, i.e., theran- expected from the large scale dawn-to-dusk orientation of
dom time intervals selected within the plasma sheet. the electric field and current. Nonetheless, at certain times
smaller scale regions may well have a generator character.
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Fig. 5. Strength of the load and generator regions in the plasma sheet data from the summer and fall of 2001. The three panels show the step
peak and average strengths (cf. Aijy. Red and light red correspond to CLRs and RAND-Ls while blue and light blue correspond to CGRs

and RAND-Gs. Note the different scalings of the x axes. On the average we see that the plasma she®&nbaha8es as a load although

it hosts both CLRs and CGRs.

The random data base should be used as a reference déf£Rs. The step value does not compensate for |arfje
set. It reflects the overall behaviour of the plasma sheet atesulting in larger steps for longer ECRs. Also the peak es-
an altitude of about 1Bz. There are no requirements on the timate can show a (weak) dependenceAdh, since there is
random events other than that CODIF and HIA data shoulda greater probability of a long time series to show large fluc-
correlate. Since the RAND events are randomly selecteduations. Moreover, the peak value is also more sensitive to
from all available data, this implies that some ECRs mightinstrumental errors and accidental outliers that may influence
well also be included in the random data base. Howeverthe result. For these reasons, step and peak are generally less
the ECRs referred to in this article correspond to concen-suitable for a detailed analysis of the strength of the ECRs.
trated regions of energy conversion, stronger and clearly visin this article we will therefore use the average whenever
ible to the eye (and to the automatic selection routine) fromthe ECR strength is considered. However, from Eigve
the surrounding data. This explains why the typical strengthsee that all three measures (step, peak or average) imply the
of RAND-Ls and RAND-Gs are considerably weaker than same thing: the loads are stronger than the generators and the
for CLRs and CGRs. plasma sheet behaves in general as a load. This is consistent

Our results show that there are slightly more RAND-Ls With results fromMarghitu et al.(2009.
than RAND-Gs (480 RAND-Ls and 438 RAND-Gs). More-  From Fig.5 we also note that the coloured bars (mean
over, the RAND-Ls are stronger than the RAND-Gs. This yalues) generally are larger than corresponding white bars
is again consistent with the plasma sheet behaving, on thgmedian values). Apparently there exist strong ECRs which
average, as a load. increase the mean value as compared to the median. The

As discussed before, there are various ways to charactespread of the ECR strength is also reflected by the stan-
ize the typical strength of the ECRs (see Hi.for example  dard deviations (not shown) which are largest for CLRs and
the step size of the integrated power density, the peak valuRAND-Ls, where outliers in the data are stronger. The
of the power density, and its average. As seen from kig. largest relative spread is observed in RAND-Ls, where the
estimating the typical ECR strength by using the step valueweight of the strong outliers is larger than for the (more con-
we obtain larger values than if we use the peak or averagestrained) CLRs. Comparing the ECR strength on a logarith-
This is due to a dependence on the time exigfit of the mic scale (not shown) we see that the ECRs are generally
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Fig. 6. The localization of CLRs (red) and CGRs (blue) in GSM; space. The grey lines indicates the Cluster sampling in the plasma sheet
during the summer and fall of 2001. The right plot shows that CLRs generally prefer locations deeper into the plasma sheet and closer to the
neutral sheet.

logarithmically distributed, resulting in higher mean values close to the plasma sheet boundary layer (PSBL). Comparing
as compared to the median values. the location of the CGRs with the outer bordering grey lines
Based on the random reference data base, we next conih the GSMyz plot we may conclude that the CGRs prefer
pute the mean value of the average energy conversion withimegions closer to the PSBL which would be consistent with
the plasma sheet (independently of the classification intdBirn and Hess€2005.
RAND-Ls and RAND-Gs). This results in a typical energy  The outermost grey lines in Fig, for exampley>0
conversion of about 0.2 pW/hof the plasma sheet in gen- andz>5Rg, correspond to the statistical boundary region
eral. Hence, again the plasma sheet behaves as a load. Notibetween the plasma sheet and the magnetosheath or the
that this estimate is based on the assumption that all randorfobes. Our automatic selection routine is able to identify
data are reliable and not affected too much by noise (since wéhese boundaries to a good extent (see Appendix A) and re-
require a sufficient correlation between results from CODIFjects all Cluster measurements which are outside the bound-
and HIA, this risk is of course reduced). Calculating the sim-aries. Hence, there are significantly less Cluster data avail-
ilar mean value, but only for the selected CLRs and CGRsable along those outermost grey lines (not visible from the
we obtain a energy conversion of about 2.3 p\&/niHow- figure). This is the reason why very few ECRs are identified
ever, this is probably an overestimate. The automatically sethere. The ECRs located in the boundary layers close to the
lected ECRs are supposed to be the most prominent ECRsagnetopause will be examined in a forthcoming paper.
within the plasma sheet. One might expect that less pro- The general motion and the thinning and expansion of the
nounced ECRs could also exist in the plasma sheet althoughlasma sheet with the substorm cycle prevents any definite
they cannot be identified by the present selection routine. Itonclusions about the ECRs location from the GSW:
is reasonable to expect that the average ECR strength in thglots. However, a visual inspection of all 35 identified CGRs
plasma sheet at an altitude of aboutrl8is somewhere be- used in this investigation confirms that a majority of these are
tween these two values above, i.e. between 0.2 pi\\ndl indeed located toward the PSBL.
2.3 pW/n?, i.e., of the order of-1 pW/n?, which is consis- Further information on the location of the ECRs with re-
tent with previous estimates Marghitu et al(2006. Rough  spect to the central plasma sheet can be obtained by ana-
calculations show that this average power density level (oflyzing the magnetic field. Previous investigatioMafghitu
~1 pW/nP) appears to be consistent with the solar wind in- et al, 2009 have not included a quantitative evaluation of
put the variation of the magnetic field. However, the present
To determine the ECR location with respect to the neutraldata base offers better statistics for such an investigation to
sheet, in Fig6 we plot the automatically selected CLRs (red) be possible. Hence, for each ECR in the data base we have
and CGRs (blue) in the GSMy, xz, andyz planes. The calculated the median value of tlBg magnetic field compo-
light grey lines show where in the plasma sheet the Clustenent. Note that the magnetic field is averaged over the Cluster
satellites have been probing during the summer and fall oftetrahedron. However, to simplify the notation, as usual we
2001. We note that the Cluster plasma sheet crossings admit the brackets ifB,) and denote the median value of the
2001 spans over altitudes of approximately-PRORg, say, averaged magnetic field simply &s.
about 18&g. From the right plot we see that CLRs generally  Near the neutral shee®, should be close to zero. The top
appear to exist closer to the central plasma sheet, while CGRganel of Fig.7 shows aB, histogram. Red corresponds to
prefer locations further out. According to the simulations CLRs and blue to CGRs. The error bars indicate the uncer-
of Birn and Hess€2009, generator regions generally exist tainty due to limited statistics. Measurement errors are not
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Fig. 7. The median value of the Earthward magnetic fidtd, within an ECR and the ratimB, |/max| B, | can be used for investigating the
closeness to the neutral sheet. As for the previous figures, red correspond to CLRs and blue to CGRs. The error bars indicate the uncertaint
due to limited statistics. The plots are normalized so that the sum of all red bars is equal to one, and similarly for the blue bars. The ratio

| Bx|/max By | is used for estimating the variation and smallness.pfvithin the ECR. Small values correspond to larger variations,in

with possible excursions towaw), close to zero. Larger values [@#, |/ max| B, |, on the other hand, indicate regions with smaller variations

and where the median value 8% is rather close to the maximum value. The top panel shows that there is a tendency for CLRs to prefer
smaller values oB,, with a peak around 15 nT, while the CGRs show a double peak, at al#5inT and 15 nT. Although the evidence is

not very strong, possibly because of limited statistics, the CLRs appear to be located closer to the neutral sheet than the CGRs. In the botton
panel the accumulation of CGRs toward larger value®ef/max| By | is slightly more pronounced, supporting the same conclusion.

included in the error bars. The plots are normalized so thanent (maxB,|) within each ECR. The result is shown as a
the sum of all red bars is equal to one, and similarly for thehistogram in the bottom panel of Fig.
blue bars. We see that CLRs generally prefer smaller val- In Fig. 7, large values of the rati®,/max By|, i.e. ra-
ues of B, than CGRs. This is consistent with a location of tios close to one, correspond to small variations in the
CLRs closer to the neutral sheet and CGRs away from thenagnetic field during the ECR crossings. Small values
neutral sheet, i.e., closer to the PSBL. Note that the ECR®f B,/max B,|, on the other hand, indicates larger vari-
are asymmetrically distributed aroum} =0, especially for  ation in the magnetic field, and a small value of the me-
CLRs which dominate around 15 nT. This asymmetry mightdian B, as compared to the maximum one. Small values of
be due to the asymmetric sampling of the plasma sheet a8, /max B, | would correspond to regions closer to the neu-
shown by the grey lines in Fig. tral sheet, and larger values to regions closer to the PSBL.
. _ From Fig.7 we note that there is a tendency in the location
Using B, as a proxy for the location of ECRs close to or of ECRs with CGRs preferring locations toward the PSBL,
away from the neutral sheet of course also suffers from probxnq cLRs toward the PSBL. Of course, noise and other fluc-
Iems with the var.iations of the plasma sheet, such as thing,ation may complicate the interpretation Bf/max| By |.
ning and expansion. A value d¥, of, say, 20nT, might  \joreover, the interpretation is also complicated by the fact
correspond to a location close to the lobe in one Cluster orynhat that the data in Fig, are averaged over a wide range of

bit and deep inside the plasma sheet in another. To avoifyca| times and GSM: positions (both close to and further
this problem, we compare the median value of the Earthwargqm, possible reconnection sites).

directed magnetic field componerB.{) with the maximum
value of the magnitude of the same magnetic field compo-
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Fig. 8. Histograms of the contribution from various direction to the total power dendity/,/E-J|, |EyJy/E-J|, and|E,J;/E-J|,
respectively. The DSI coordinate system has been used for the different electric field and current density components. Red and blue
correspond to CLRs and CGRs, respectively, while light red and light blue to RAND-Ls and RAND-Gs. We see that most events have
|EyJy/E-J|~1,i.e.,EyJ, dominates the power density both for CLRs and CGRs (and also for the RAND data).

It is well known that the plasma sheet on the average betotal power density, while thé&, J, contribution generally
haves as a load due to the large scale dawn-dusk electric field the smallest one, with many CLRs and CGRs showing
and cross-tail current, generally in the GSE y-direction. The|E,J,/E-J|~0.1. Note thatr is not necessarily magneti-
dominance of the y-direction can be verified from our datacally field-aligned as was the caseNarghitu et al.(2006
base. In Fig8 we present the contribution &, J,, E, Jy, andHamrin et al(2006. Aratio|E,,, Jy,;/E-J| larger than
andE. J, to the total power density. The error bars indicate one in Fig.8 implies that there exist contributions from other
the uncertainty due to limited statistics (measurement errorslirections which compensate.

are not included). The median value bf J., EyJ,, and From Fig.8 we also see that the RAND data are dominated
EZ{Z within each ECR has been computed and the .DSI COpy E, J,, and to some extent b, J,. This is not unexpected
ordinate system has been used for this purpose. This systegjce the randomly selected time intervals provide the refer-

is optimal for the EFW instrument, and cross-checking be-gnce data base which is supposed to give an overall picture
tween EFW and CIS has been made whenever possible, i.€yf the plasma sheet.

whenever EFW data have been available. Note that DSI only . L .
differs a few degrees from GSE and GSM. As usual, red and i |nve§t|gat|ng the details (ﬂ»"Jy’. we have com-
blue correspond to CLRs and CGRs, while light red and Iightputed the median value of the DSI electric field and current
blue correspond to RAND-Ls and RAND-Gs. The number of 9€nsity within each ECR. Figu@shows histograms of the

events are normalized so that the sum the CLR bars is equzi?su“' The colour coding is the same as before. From the top
to one, and similarly for CGRs, RAND-Ls and RAND-Gs. and bottom panels we see that #g-0 andJ, >0 generally
' ' dominates for the CLRs. This again confirms the importance

We clearly see that the DS} contribution dominates of the global dawn-dusk electric field and cross-tail current
for both CLRs and CGRs, i.e., indicating the importance for the average load behaviour of the plasma sheet. For CGRs
of the cross-tail direction for the plasma sheet energy conthe picture is more ambiguous and a few different combina-
version. This is also consistent with the event studies oftions of E and J components are possible. The prevalence
Marghitu et al.(2006 andHamrin et al.(2006§. Moreover,  of the y direction seems to be weaker for the CGRs, possi-
the z-direction occasionally contributes significantly to the bly related to a higher fluctuation level near the PSBL where
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Fig. 9. Histograms of the DS} electric field and current density. Fig. 10. Histograms of the DSt electric field and current density.

For loads (CLRs and RAND-Ls), we see the expected dominance

of Ey>0 andJ,>0, while the results for generators (CGRs and

RAND-Gs) are less clear. we have observed 151 concentrated ECRs, of which 116 are
identified as CLRs, and 35 as CGRs. The data have been
compared with a set of randomly selected time intervals from
the plasma sheet during the summer and fall of 2001. The
random data have been used as a reference data base portray-
ing the overall behaviour of the plasma sheet.

The data presented in this article support the overall notion
that the plasma sheet, on the average, behaves as a load. We
note that more than three times as many CLRs than CGRs
are identified in the plasma sheet, and that the CLRs also
appear to be considerably stronger than the CGRs (cf5Fig.
Moreover, we get similar results from the random reference
Yata base (there are slightly more RAND-Ls than RAND-Gs

many CGRs are found. For those CGRs wit}V, <0 we see
a significant dominance df, <0 andJ, >0, consistent with
Marghitu et al. (2006) and Hamrin et al. (2006). Only in
4 cases out of 35 identified CGRs we fifig>0 andJ, <O0.
The other CGRs witlE, >0 hence havd, >0, i.e.,E, J,>0.
Therefore, in those cases the total power denEity <0 is
caused by contributions from theand occasionally the x-
direction, consistent with a more complicated 3-D nature of
the CGRs.

Also in the random reference data base we see a domin
tion of E,>0 andJ,>0 for the RAND-Ls, confirming the }
expected) and overyall dependence of the global dawn—dusEnd the RAND-Ls are also stronger).

electric field and cross-tail current in the plasma sheet. For Characterizing the strength of an ECR is not totally un-
. . pa ' complicated. In this article we have mentioned three possi-
RAND-Gs, no direct conclusions are possible. However

. . . 'ble ways of estimating the ECR strength, the step, peak, and
noise and other fluctuations in the random data could per- verage values as shown in Flg. As discussed in HO9B,

haps make the signatures somewhat less clear than for CL LRs tend to extend over longer time intervals, hence in-

Zggscrﬁzz Il;lojte ?;ioct:rit l?ggtte“?ﬁg?:tse:r?é?agghne;fdtﬁsc'creasing the step size for CLRs. Therefore, the step value
fi r, both fyrZCIii? nd C(ER but also f rpth RAND dat becomes unsuitable for designating the ECR strength, espe-
gure both fo sa S, dut aiso for the aa. cially for comparison between CLRs and CGRs. The peak

th?g;ﬁglg i%r:t? :gjti:?yviriéﬂfggrggst:ggais g:)%ﬁwu;t;zrthe value is particularly sensitive to measurement errors since
<UL y it corresponds to the largest positive (for CLRS) or negative

%owgradnzr}sny(.) f';?rctrgscogzooné nt anS:Je aod]% Tg‘gg‘;e of (for CGRs) value of the power density within the ECR. Any
er>d0 not é;\/e an ex Ia;nation fcz)r<this as Zr?metr " outlier in the data hence has a big impact on the resulting
P y Y- measure. Moreover, the risk for large random fluctuations
and outliers are higher for ECRs which extends over larger
4 Discussion times. Hence, neither the peak value is good for comparing
ECR strengths between CLRs and CGRs.
By examining the power densitg-J, we have investigated We find that the average power density (corresponding to
the localized energy conversion in the plasma sheet as olthe average slope of the power density integrated along the
served by Cluster in the summer and fall of 2001, when thesatellite path) in many cases is suitable for characterizing
satellites probed altitudes of about®8. From 660 h of data the ECR strength. It is not directly dependent on the time

Ann. Geophys., 27, 4138146 2009 www.ann-geophys.net/27/4131/2009/



M. Hamrin et al.: Concentrated load and generator regions 4143

extent of the ECRs, and it is rather insensitive to measuretended regions in space. Such regions could be labelled dis-
ment errors and outliers in the data. Therefore, the averag#ibuted loads and distributed generator regions, respectively,
value should in general be used for estimating the strength oflepending on the sign of the power density. However, some-
ECRs. times the extended power density signals are rather weak.
Investigating the details of the random reference data bas&o be able to judge whether or not these signatures corre-
as presented in Fig, we notice that the median value (white spond to real distributed ECRs, or if they are just artefacts
bars) of the energy conversion is roughly equal for RAND- due to instrumental errors and random fluctuations, more ex-
Ls and RAND-Gs, independently of the measure of strengthtensive investigations are needed. Although not explicitly ad-
(step, peak, or average). Even though our general results comtressed, distributed energy conversion might be related to the
firm the overall load behaviour of the plasma sheet, it doesRAND data base. This relationship will be subject for future
not look trivial that a plasma domain known to behave as awork. In the present investigation we have only focused on
load, hosts both loads and generators of almost equal mediaihe clearest ECRs signatures in the power density data. Dis-
intensity. The median step and average values are almogtibuted ECRs are therefore not included in our statistics.
identical for RAND-Ls and RAND-Gs, while the median  To our knowledge, the full electric field (all three compo-
peak value is slightly larger for RAND-Ls than for RAND- nents) in the magnetotail has rarely been studied in the lit-
Gs (not visible from Fig5). The load character of the plasma erature. Rostoker and Bostm (1976 investigated a MHD
sheet appears to be related to both the prevalence of the CLRgenerator mechanism for driving the gross Birkeland current
over CGRs, and to the outliers in the ECR and RAND distri- system. Mapping the ionospheric electric field into the talil
butions, indicated by the differences between the mean andegion, they developed a projection of the magnetospheric
the median. On the other hand, the intensity of the energyelectric field in the yz-plane. Specifically away from the non-
conversion seems to be comparable for load and generatanidnight meridian in the tailRostoker and Boshm (1976
regions, as shown by the median values in%ig reported significant electric fields in thHez- or —z-direction.
Looking on the mean value (colored bars), however, weNote that the current system considered exists at large scales,
get the expected result of loads being clearly stronger thamossibly driven by a large scale MHD generator. In this arti-
generators, even in the reference data. Of course, as opposel, on the other hand, we focus on smaller scale structures.
to the median, the mean is more sensitive to occasional exoOnly concentrated load and generator regions, i.e. only CLRs
treme values and outliers. Hence, one might be enticed t@nd CGRs, clearly visible from the surrounding power den-
believe that the load signature of the plasma sheet, as olsity data, are included in the study. More distributed loads
served in the random reference data by computing the meaand generators, such as those discussed in the previous para-
strength, is merely due to measurement errors. Howevergraph, are not considered in the present article. As discussed
from the original data base of genuine CLRs and CGRs, weén Marghitu et al.(2006, observed CGRs appear to be dy-
clearly see that the load character is evident from both thenamic in nature and they prove to have a rather complicated
median and mean values. The load character of the plasmaD wavy structure. The finite life time of the ECRs is fur-
sheet should be visible in the random data as well as in theher discussed in HO9B. Consequently, we cannot make a di-
original data of selected ECRs, even though the signatures inect comparison between our rather dynamic ECRs and the
the random data most likely would be weaker. Since there idarge scale electric fields in the yz-plane as reporteRby-
a weak tendency of the peak value being larger for RAND-Lstoker and Bostim (1976. However, from Figs8 and10in
than for RAND-Gs, one might speculate that there in fact ex-the present article, we note that there exist considerable con-
ists a small tendency of the RAND-Ls indeed being strongertributions fromE, J, to the CGRs as well as to the CLRs.
than RAND-Gs when measured by the peak value. Moreover,Marghitu et al.(200§ and Hamrin et al.(2006
In this article we have shown that CLRs tend to prefer lo- showed evidence of a few CGRs being related to processes
cations closer to the neutral sheet, while CGRs appear to b a larger scale auroral system. The CGRs were observed to
located further out in the plasma sheet, possibly in or neabe correlated with auroral activity, and they suggested that at
the PSBL (cf. Figs6 and7), where fluctuations of the elec- least some of the electromagnetic energy generated is carried
tric field and current density are more significaktafghitu away by Alfven waves and dissipated in the ionosphere. It
et al, 2009. This is consistent with the results from large- is possible to argue that several CGRs, distributed in space,
scale resistive MHD simulations of energy conversion andcould provide a significant fraction of the energy required by
transport in the magnetotaBirn and Hessg2005 in partic-  the auroral activity near the polar cap boundary. However, we
ular Fig. 7a). cannot conclude that these CGRs constitute parts of a large
Further manual inspection of the available Cluster plasmascale and rather stationary Birkeland current system.
sheet data from the summer and fall of 2001 indicates that It is interesting to investigate whether it is variations in the
there exist more signatures of interest in the power densityelectric field or in the current density, or both, which gov-
data than the concentrated ECRs (CLRs and CGRs) disern the existence of an ECR. Does an ECR appear due to a
cussed in this article. There seems to exist structures whiclehange in the electric field or in the current density? By vi-
show the same sign of the power densities over more exsual inspection of all 151 included ECRs, in general we note
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that an ECR appears when there is a change both in the cur- The CLRs are observed closer to the neutral sheet, while
rent density and the electric field signatures. Note that theréghe CGRs prefer locations further out, possibly within or
also exist some cases when the change in the current densitjose to the PSBL, and the signatures in the magnetic field
is the quantity dominating over the electric field, and vice GSM B, component support this conclusion. This is consis-
versa. However, there is no statistical significant observatiortent with results from large scale MHD simulations of energy
that variations in one of the quantities (the electric field or conversion and transport in the magnetotBit and Hessge
the current density) should be more important than the othe2005.
one for the resulting power density signature. Furthermore, from our data we can confirm the importance
of the dawn-dusk electric field and cross-tail current for the
plasma sheet loads. A majority of the ECRs (both CLRs and
5 Summary and conclusions CGRs) haveE, J,/E-J~1, i.e., the GSME,J, contribu-
tion dominates the power density. The GS J, is the
In this article we have presented a comprehensive statisticalmallest one, but GSM, J. can occasionally be significant.
investigation of localized energy conversion in the plasmaags expected, electric fields and current densities in the posi-
sheet. As compared to previous statistical investigations otjye GSMm y-direction (dawn-to-dusk) are most important for
the plasma sheeMarghitu et al, 2009, the present study is c|Rs.
based on an automatic instead event of a manual event se- e set of automatically selected CLRs and CGRs makes
lection. This results in a more objective and consistent evenpogsiple a more detailed statistical investigations of the ECRs
selection, and data availability which allows more quantita-i,, the plasma sheet and their general characteristics. For ex-
tive investigations of signatures in the power density data’ample, in the companion paper HO9B we dwell on the issue
as well as in other available data such as the magnetic fielg ihe time and length scales of the ECRs. Furthermore, com-
data. Moreover, the present investigation is based on a larggfining the present data with additional information on plasma
amounts of data than the previous one. parameters (like density, bulk flow and temperature), in the

_ However, it should be noted that we do not expect to iden-fytyre we hope to be able to reveal more of the structure of
tify all possible CLRs and CGRs existing in the region of the plasma sheet.

the plasma sheet probed by Cluster in the summer and fall of

2001. To obtain a reliable data base of ECRs, the selection

criteria for the automatic routine are carefully chosen. OnlyAppendiX A

the clearest ECR signatures are hence included in the data

base. This naturally affects for example the estimate of thea ;1omatic event selection algorithm
occurrence frequency of events, making it an underestimate.

In total, we have examined 660 h of Cluster plasma sheefn this article we only consider energy conversion in the
data from the summer and fall of 2001 when Cluster wasp|asma sheet. In the plasma sheet the temperature is gen-
close to apogee at an altitude-e18R .. By analyzingthe lo-  erally larger than 1 keV and the density smaller than T&m
cal power densityE-J, we have investigated a set of ECRS. Hence, in order separate the plasma sheet events from those
We have identified 116 CLRs (Concentrated Load Regionsin the houndary layer near the magnetopause, we require that
E-J>0) and 35 as CGRs (Concentrated Generator Regionghe ratio between the proton temperature and density is larger
E-J <0). The automatically selected ECRs have been comthan 1000 ev/cm3. The choice of this plasma sheet thresh-
pared with the overall behaviour of the plasma sheet as dep|q value was verified by visual inspection.

scribed by a reference data base of randomly selected time in- The event selection is based on re-sampling all the data to

tervals from the entire Cluster plasma sheet data from 200145 as discussed in Se@, the automatic event selection
Our results support the notion that the plasma sheet, ofs hased on three separate steps: 1. Selection, 2. Merging,

the average, behaves as a load. We observe a larger amougiq 3. Rejection. In the first step, ECRs with large enough

of CLRs than CGRs, and the CLRs appear to be strongeg|opes in the time integral of the power densftyJ along

than the CGRs. Analyzing the random reference data we gehe spacecraft path are identified. In the next step neighbour-

similar results. ing CLRs are merged as well as neighbouring CGRs. In the
On the other hand, there are investigations which indicatinal steps, ECRs which do not fulfill a set of physical and

that the picture of the plasma sheet is not entirely that simplejnstrumental requirements are rejected. Each individual step
As discussed bMarghitu et al.(200§ and Hamrin et al.  js explained more throughly below:

(2006, some CGRs in the mid altitude plasma sheet may

well be connected to the auroral ionosphere. However, the 1. Selection:

Cluster apogee is probably too far out atR® to catch a

possible region at the inner near-Earth plasma sheet where (a) The minimum slope required in the integral of
the electromagnetic energy generation for substorm onsets the power density is 0.4 pW/A(—0.4 pW/n?) for
and the aurora generally might take place. CLRs (CGRs). Hence, weak ECRs are discarded.
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(b) The value of the step size in the integrated power EFW, respectively, should correlate. However, the
density should at least be 200 p3/(r-200 pJ/n3) EFW electric field is only available in the satel-
for CLRs (CGRs). This is based on the exami- lite spin plane, i.e., in the DSI xy-plane. We
nation of the ECR events in the database used by only check the correlation between the contribu-
Marghitu et al.(2009, showing that for a time res- tions from the DSly direction, E,, J,, obtained by
olution of 24 s, the step size of the smallest ECRs EFW and CODIF, respectively. The correlation co-
is about 10 pW/r. To compare with our threshold efficient should be more than 0.4.
this value should be multiplied with 24, resulting in (h) To ensure good statistics from the CIS instruments

a minimum step size of 240 pJfmi.e. just above
our threshold.

(c) We allow for somewhat noisy ECRs. For each ECR .
we therefore allow approximately 10% of the 4s 0
steps to fail the step size threshold. However, we
require that no ECR starts or ends with such penalty
steps.

and avoid data from the lobes, the average density
within the ECR must be at least 0.3 ¢tk

To remove all ECRs that might be afflicted too
much with noise, we compare the selected ECRs
with 5 equally long (in time) data sets just before
the ECRs and 5 equally long data sets just after, i.e.,
in total 10 reference data sets. The averag#oJ |

2. Merging: within the selected ECR should be at least twice as

o ) large as in five or more of the reference sets.
(a) If the gap in time between two selected and neigh-

boring ECRs of the same type (either two CLRs or The results from the automatic selection routine have been
two CGRs) is shorter than the shortest ECRs, theanalyzed manually with satisfactory results. However, a cou-
two are merged together. ple of ECRs, with rather undetermined power density signa-

(b) The merging is iterated twice so that several ECRstures, have been removed from the statistics.

can be merged into longer events.
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