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Abstract. In this article, and in a companion paper by Ham- Keywords. Magnetospheric physics (Auroral phenomena;
rin et al. (2009) [Occurrence and location of concentratedMagnetosphere-ionosphere interactions; Plasma sheet)
load and generator regions observed by Cluster in the plasma
sheet], we investigate localized energy conversion regions
(ECRS) in Earth’s plasma sheet. From more than 80 Clusteﬁl Introduction
plasma sheet crossings (660 h data) at the altitude of abou

15-20Rg in the summer and fall of 2001, we have identi- |, .
. . ’ It is well known that the plasma sheet, on the average, be-
fied 116 Concentrated Load Regions (CLRs) and 35 COI"Cenﬁaves as a load. Conversion from electromagnetical to me-

trated Generator Regions (CGRs). By examining variations ; ; :
. : ; S chanical energy occurs in load regions where the power den-
in the power densityE-J, whereE is the electric field and gy d P

7 is th ¢ density obtained by Clust h i sity E-J >0, whereE is the electric field and/ the current
IS the current density obtained by Luster, we have es I'density. The process is reversed in generator regions where
mated typical values of the scale size and life time of the

: . E-J <0. Birn and Hess€2005 investigated energy release,
CLRs and the CGRs. We find that a majority of the ObserVedconversion and transport processes in the magnetotail and

ECRs are rather stationary in space, but varying in time. As- lasma sheet in a large scale MHD simulation. The simula-

suming that the ECRs are cylindrically shaped and equal '_rﬁon confirms the overall load behaviour of the plasma sheet,

glze,<wAe Sconc<lléd; th_ar‘:]th; Ct:pr 'Cﬁl scale size of th_e E_f(_:RSt'%ut also indicates that the plasma sheet is highly structured
ESASECRSO Re. The S hence occupy a signiicant  , 5 smajier scale with energy conversion occurring in both

portion of the mid altitude plasma sheet. Moreover, the CLdeirections.

appear to be somewhat larger than the CGRs. The life time . .
; ; . In a companion paper, Hamrin et al. (2009) [Occurrence
of the ECRs are of the order of 1-10 min, consistent with the . .
and location of concentrated load and generator regions ob-

large scale magnetotail MHD simulations®ifn and Hesse .
(2305 The Iifegtime of the CGRs is somewhat shorter than served by Cluster in the plasma sheet], hereafter referred to
' as HO9A, in situ data are used for investigating energy con-

for the CLRs. On time scales of 1-10min, we believe that o : .
) T ) version in the plasma sheet. By evaluating the power density,
ECRs rise and vanish in significant regions of the plasma L )
: I E-J, the local energy conversion is analyzed. Using 660 h
sheet, possibly oscillating between load and generator char-

) of power density data derived from Cluster from the sum-
acte_:r. Itis probable that at Ieas_t some of the obseryed ECR%\er and fall of 2001, when the spacecraft probed the plasma
oscillate energy back and forth in the plasma sheet instead o . : . .
channeling it to the ionosphere sheet at an altitude of mainly £20Rg (cf. Fig. 5in HO9A),

9 P : 151 Energy Conversion Regions (ECRs) are identified and
their location and occurrence are investigated. Hence, there
are more load regions than generator regions. Out of the 151

Correspondence tdvl. Hamrin ECRs, 116 ECRs are found to be Concentrated Load Regions
BY

(hamrin@space.umu.se) (CLRs) while only 35 are Concentrated Generator Regions
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(CGRs). Moreover, the loads also appear to be stronger. T@ Instrumentation and method
our knowledge, these are the first in situ observations of the
general load behaviour of the plasma sheet. In this article and in the companion paper HO9A, we use data

However, as indicated in the large scale MHD simulationsfrom the Cluster ion spectrometer (CIS), the flux-gate mag-
by Birn and Hess€2005, on a smaller scale the plasma sheet netometer (FGM) and the electric fields and waves experi-
is highly structured, with energy conversion between the parment (EFW) on board the Cluster spacecraft. For a discus-
ticles and the fields going in both directions. In the simu- sion of the Cluster mission and instruments, &seoubet
lation, generator regions are found off the equatorial plane€t al.(200]) and references therein.

Similar to this, in HO9A we find that CGRs often prefer lo-  The evaluation of the power densif§y; J, is based on elec-
cations closer to the Plasma Sheet Boundary Layer (PSBL)tric field and current density data re-sampled every 4s (cf.
while CLRs are located closer to the central plasma sheet. HO9A). The electric field is derived from the two CIS instru-

The ECRs previously investigateMarghitu et al, 2006 ments CODIF (Composition and Distribution Function) and
2009 Hamrin et al, 2006, as well as the ECRs discussed HIA (Hot lon Analyzer) on the assumption that tiex B
here and in the companion paper HO9A, are labelled concendriftis dominant. The electric field from the EFW instrument
trated load or generator regions (CLRs and CGRs) to distinis used for cross-checking the results from CIS. The current
guish them from more extended energy conversion regionslensity is obtained from simultaneous magnetic field mea-
which may also exist in the plasma sheet. However, invessurements from the FGM instrument on board the four satel-
tigating such extended structures is out of the scope of thidites by using the curlometer method=V xB/uo (Robert
article. The time it takes for Cluster to cross the plasmaet al, 1998 Dunlop et al, 2002).
sheet (typically in the GSE z-direction) is of the order of sev-  Since the current density,J), can be interpreted as an
eral hours, while the ECRs are observed during much shorteaverage over the Cluster tetrahedron, in most cases we use
times (of the order of minutes). An event studyNtarghitu  the electric field(E), averaged over all available spacecraft
et al.(2006 suggests that a CGR might well be concentratedwhen computing the power density (CODIF is operational
in both time and space, and a lower limit of the CGR exten-on Cluster spacecraft C1, C3, and C4, and HIA on C1 and
sion along the field line was estimated to about 1000km. C3). However, if not stated otherwise, in the following we

Up till now, no experimental efforts have been made to try simplify the notation by omitting the brackets aroulicand
to characterize the scale size and life time of the CLRs and/.

CGRs observed. It is not known whether the ECRs are spa- To better analyze the scale size of the ECRs, we some-
tial entities moving around and crossing the spacecraft pathtimes need to resolve each satellite’s closeness to the edge
or if they are a consequence of time variations in the powerof the ECRs. In some cases, one or a few satellites might in
density with e.g. alternately oscillating load and generatorfact be localized outside the ECRs, hence reducing the ECR
characteristics. Th&irn and Hess¢2005 simulations in-  signature in the power density averaged over the spacecraft.
dicate that the processes of energy conversion in the plasm#o resolve the closeness of the satellites to the edge of the
sheet boundary region indeed are not stationary in time. A£CRs, we compute the power density by using the electric
shown in Fig. 9 ofBirn and Hess€2005), at a specific loca- field measured by a single spacecraft only. This procedure
tion in the plasma sheet, the power density varies with time.can be motivated by the fact that the current density, obtained
In their simulations they observed oscillations between genvia the curlometer method, is representative for all satellites.
erator and load character with periods of about 4 min whichThe electric field, on the other hand, can be measured on
corresponds to about 2 min for loads and generators, respe@ach satellite and hence has a higher spatial resolution. In
tively. this article, and in the companion paper HO9A, we clearly

In this paper we use the data base from HO9A to try to es-state whenever the electric fields from single spacecraft are
timate time and size scales of the ECRs. An automatic eventised instead of an average over all available satellites.
selection routine is used for identifying the ECR events from To identify ECRs in the Cluster power density data, we use
more than 80 Cluster plasma sheet crossings in the summem automatic selection routine which identifies regions with
and fall of 2001. This data base allows for an extended sur<lear and concentrated signatured®%f/ >0 andE- J <O for
vey of ECRs’ properties in the mid altitude plasma sheet, andCLRs and CGRs, respectively. In Fipwe show a schematic
it offers the possibility of obtaining typical time and scale CLR. The region is highlighted in yellow and it manifests
sizes of the CLRs and CGRs. itself as a concentrated region wiff J >0 above the sur-

In this article we will show that the scale sizes of the ECRsrounding fluctuations as shown in the top panel. The bottom
are about one order of magnitude larger than the Clustepanel contains the power density integrated over time along
tetrahedron and that their life time is one or a few minutesthe spacecraft path. The CLR corresponds to the region with
which is consistent witlBirn and Hess€2005. We also ar-  the clear step in the integrated power density. For a CGR the
gue that it is probable that the CLRs and CGRs observed impicture is similar, bui- J <0 and the step is negative.
the plasma sheet data from 2001 are the consequence of the To be accepted by the automatic selection routine, every
power density varying in time rather than in space. CLR and CGR must fulfill a set of instrumental and physical
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4 3 Observations and discussion
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, | In this article we use the same data base as in the compan-

ion paper HO9A. The data base contains 116 identified CLRs
ir 1 and 35 CGRs in the plasma sheet as observed by Cluster in
the summer and fall of 2001. Note that the automatic se-
CLR lection routine is constructed to select only the clearest and
o | most typical ECRs from the available power density data.
CLR Hence, there might well exist more ECRs in the plasma sheet
aof 1 but which have not been selected by the automatic routine.
In this article and in HO9A, we only aim at identifying and
208 i studying the most distinct ECRs and therefore neglect less
clear ECRs. For example, the occurrence frequency is hence
most likely an underestimate. A more thorough discussion
-20 ‘ * of the data base is presented in HO9A.

Time / satellite position

E-J (pW/m®)

o
T
I

3 E-J (pWimd)

3.1 Lifetime
Fig. 1. Schematic CLR showing typical quantities discussed in this )
article. Top panel: power density measured by the satellites. BotFigure 2 shows the time extentaT, of the ECRs as ob-
tom panel: power density integrated over time along the spacecrafserved by the Cluster spacecraft. Red corresponds to CLRs
path. The CLR corresponds to the region of lakgel > 0 and the  and blue to CGRs. The error bars indicate the uncertainty
clear step in the integrated power density. The behaviour of a CGRlue to the limited statistics. Measurement errors are not in-
is similar, but in this case the power density and step are negative. cluded in the error bars. The plots are normalized so that the
sum of all red bars is equal to one, and similarly for the blue

o . . o bars. Note, however, that our automatic selection routine re-
criteria to assure a reliable selection. The routine is base@{uires thatAT>100's for an ECR to be accepted, hence no
on three separate steps. In the first step (1. Selection) Wgents shorter than 100's are included in RigThis 100's
identify possible ECR events from the slope of the time in- o4 jirement is used for eliminating those events which may
tegral of the power density along the satellite path. Only re~, "y ample be too much contaminated with noise. We do
gions with large enough slopes are kept. However, many of,4t exclude the possibility of the existence of shorter events.
the identified regions from the first step are very short, andy,\vever to be on the safe side. due to noise in the data we
they can be located close to each other, perhaps with Somg, 1ot include them in the statistics. See Appendix A in the
small noisy regions in between. Therefore we need a secongdymnanion paper HO9A for a further discussion on the 100's
step (2. Merging) where CLRs are merged with neighboring e jirement (as well as additional demands which need to be
CLRs, and CGRs with neighbouring CGRs. In the final stepgijied for an event to be classified as a CLR or a CGR).
(3. Rejection), all ECRs which do not satisfy a set of physical As shown in Fig.2, CLRs and CGRs that are shorter in
and instrumental requirements are rejected. For example, tBme (AT) appear to be more common. Most ECRs are found
ensure that the protons behave collectively within the ECRS, '\ - oA T of the order of about 1—-10 r.nin Moreover. CGRS
the sg_lected regions must be large enough (a few proton gyélppear to be shorter than CLRs. Even though we cannot ob-
Eé?l\clj“)r'] Mlgreove:, me$surementshfronr;| CQDIF’ ':g‘ and serve ECRs shorter than 100 s, the tendency of the histogram

should correlate. To ensure that the signatures. in bars being higher for shortexT', Fig. 2 suggests that the

are statistically S|gn|.f|cant, we also require that all ECRs ar ypical AT might well be somewhat smaller than 100s, in
at least 100s long, i.e., they are composed of more than ZBarticuIar for CGRs

data points sampled every 4s. More details on the instru- The large scale MHD simulation presentedBin and
mentation and method can be found in HO9A as well as aH

discussion of the appropriate frame of reference for the cal- esse(2009 show that the generators in the boundary re-
. ppropriat gions of the plasma sheet are not stationary in time. In
culations of the power density.

Fig. 9 they present various characteristic quantities such as
the cross-tail current density, the dawn-dusk electric field and
the power density as a function of time. The power density
shows oscillations between load and generator character with
a period of about 4 min. This makes approximately 2 min for
loads and generators, respectively, which is approximately
consistent with our result from Fi@.

However, a careful examination of the details of Fig. 9 in
Birn and Hessg2005 indicates in fact that the generator
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I CLR
I CGR

Norm. # ECRs
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Fig. 2. Time extent of ECRs. Red and blue correspond to CLRs and CGRs, respectively. The error bars indicate the influence from the
limited statistics (no instrumental errors are included). The data are normalized so that all red bars sum up to one and the same for the blue
bars. We see that shorter CLRs and CGRs are more common. The cutAdfat00 s is caused by the selection criteria of the automatic
routine.

regions extend over times140 s which are somewhatlonger ~ The Cluster mission offers for the first time the possibil-
than the load regions<(100 s). This is not supported by our ity of distinguishing between time and space variations. In
detailed results. From Fi@ we instead note that CGRs, on this article we investigate the time and space variations of
the average, seem to be shorter than CLRs. Moreover, athe ECRs and try to estimate typical values of their life time
discussed in the companion paper HO9A, we observe morand scale size.
CLRsthan CGRsin the Cluster data of the plasma sheet from If the ECRs are spatial entities drifting over Cluster, a cer-
2001. An unequal amount of CLRs and CGRs does not agreeain time shift should be visible iE - J between the satellites.
with simple oscillations back and forth betweEnJ>0and  Out of all 151 selected ECRs from the plasma sheet of 2001,
E-J <0. Furthermore, our results in HO9A show that CLRs only one single CLR appears to be clearly propagating over
are stronger than CGRs, while panel three of Fig. 8im Cluster. We hence conclude that the ECRs in general are not
and Hessg2009 on the contrary indicates that generator re- propagating. The power density of this CLR is presented in
gions are stronger. It should be noted tBain and Hesse the bottom panel of Fig3. To obtain the power density for
(2009 is based on a MHD simulation which of course has each satellite, instead of using the average electric field, we
inherent limitations. In addition to this, their results apply have used the electric field from each separate spacecraft as
specifically to energy conversion regions close to the PSBLdiscussed in Sec?.
whereas we investigate energy conversion in a cross section As shown in the bottom panel of Fig, apparently Clus-
of the plasma sheet observed in the summer and fall of 2001ter satellite C3 first encounters the CLR, followed by C1 and
including both the PSBL and regions close to the neutralthen C4. The order is the same when exiting the CLR: first
sheet. Consequently, the plasma sheet as observed by Clug3, then C1 and finally C4. The time shift between the space-
ter shows a more complicated picture than the one Bam  craft is of the order of 10s. With a characteristic size of the
and Hess€2009. Cluster tetrahedron of about 1500 km, this corresponds to a
It is important to notice that more thorough investigations velocity of the CLR of about 150 km/s.
are needed to conclude if tReT" obtained by Cluster directly We could not find another example of clear time shifts
corresponds to the actual life time of the ECRs. Such investiin the data base. Since the resolution of our power density
gations will be presented in this article. If the ECRs are drift- data is 4 s, we cannot accurately resolve time shifts shorter
ing, crossing the spacecraft path7” will of course both be  than about 4 s, which corresponds to a drift velocity of about
influenced by the life time of the ECRs and the time it takes400 km/s (the characteristic size of the Cluster tetrahedron is
for them to cross the spacecraft. To obtain a probable estiapproximately 1500 km). Time shifts due to drifts larger than
mate of the ECR life time and scale size, we need to be abléhis are not possible to resolve. If the ECRs were propagating
to separate between space and time variations in our datavith a higher velocity, say for example the Afa velocity
Are the ECRs spatial entities, drifting over the satellites with (on the average the Alén velocity is ten times larger than
negligible time variation? Or rather temporal entities, whosethe plasma velocity for our events), this time shift would also
motion is negligible? Or something in between? We note atnot be possible to resolve. Note also that some of the more
this point that the ECRs described in this article are essenextended ECRs in the data base might well be composed of
tially related to the plasma motion, as given by the estimatemany overlapping smaller ECRs. Determining possible time
of the electric field ag=—V x B. We cannot observe ECRs shifts for such complex structures is impossible.
in the plasma frame, since our electric field proxy vanishes From a manual inspection of all 151 included events, we
in this reference system. note that for a majority of those (more than 60% of the
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e the electric field from each separate spacecraft as discussed
in Sect.2. To estimate the time shift between the signal
fx (¢) obtained by satellite X, and the signgt(¢) obtained

by satellite Y, we compute the cross-correlation coefficient

CXY(‘L')Z/ di[fy¥ = (follfy — ()]
JarJif8— (ro0 L8 = ()2

10:31 10:32 10:33 10:34 10:35 10:36 10:37 10:38
oo where f; = fx (t-+5) and f; = fx (t— ).

The resulting time shift is obtained from the maximum
value of the cross-correlation coefficient. Note that we can-
not in general compute the time shift by using standard tim-
ing analysis and minimum variance methods due to the com-
plicated geometry of the ECRs, and the highly varying power
density signatures.

u ] e u - u The result from the cross-correlation analysis is presented
1015 10:20 025 o 10:35 10:40 in Fig. 4. In preparing this figure, we have manually in-
spected all curves afyy (r) and removed those cases where
one or two spacecraft are outside the ECR, hence making
the cross-correlation unreliable. Moreover, for some ECRs,
there are ambiguities in determining the maximum of the
cross-correlation curve due to the existence of several sig-
nificant local maxima. In those cases we have selected the
one of the local maxima which is closest to a zero time shift.
: ‘ In Fig. 4 we see that the most typical time shift is of the or-
B o 13:10 der of 0's, but there are also indications of possible time shifts
24s. Note that there are cases when we, e.g., observe zero
time shifts from two spacecratft pairs, and a 4 s time shift from
Fig. 3. Three examples of ECRs observed by Cluster from the 2001another pair. This can be due to a complicated ECR structure
plasma sheet data. (For examples of the electric field and currentr it can be caused by numerical errors in combination with
density signatures within ECRs, we refer to Fig. 2 in HO9A.) Top noisy data. In these cases it is reasonable to assume that the
panel: Typical example of a CLR where all three spacecraft arerye time shift in fact is smaller than 4s. Large time shifts
embedded inside the CLR and see approximately the same powgp £ig 4 are, at least sometimes, likely to be artificial and

density signatures. Middle panel: Typical example of a CGR. Inthey are caused by highly variable and noisy signals. There-

this case C4 is outside the CGR and C1 is rather close to the edg%re there is often no clear maximum of th in these
Bottom panel: The only event with a clear time shift observed in the &y (1)

data base. The CLRs (CGRs) are highlighted in red (blue). Note thdaSes. The large time S'hlftS are indeed mostly visible 'r_‘ the
different scalings of the power density and time axes. Especially thd=13 and C34 panels, with C3 data known to be more noisy —
CLR in the bottom panel show large power densities around 13:050€ecause of poorer count statistics, caused by degraded parti-
making the nearby fluctuations seem insignificant even though thegle detection efficiency.
are well above the 0.4 pW/rthreshold of the automatic selection ~ We conclude that a majority of the CLRs and CGRs ob-
routine. served in the plasma sheet at an altitude of abowt2lR ¢

are not associated with a time shift of the orderzpds

caused by a drift. There are two possible reasons for this.
events) there are no clear time shifts at all. Even though wegither the ECRs drift much faster than the plasma bulk veloc-
do not visually observe any clear indications of time shifts jty (then we cannot resolve the drift), or the ECRs are rather
for the remaining ECRs, we cannot use this manual inspecstationary in space but varying in time, hence causing the ap-
tion to unambiguously exclude time shifts, e.g. due to highpearance and disappearance of ECRs in the Cluster power
velocity drifts for these events. Either the velocity was too density data. A detailed investigation of the ECR events is
high for us to be able to resolve any possible shifts, or theneeded to analyze this. Below we therefore use our data base
ECR structures were too complicated to be able to unamto further investigate time shifts.
biguously match signatures on the different spacecraft and Computing the power density by using the curlometer cur-
reveal any shifts. rent for the entire Cluster tetrahedron but the electric field

To investigate the time shifts further, we have numerically from each separate spacecraft (see S®¢ctwe can investi-

compared the power density signals from pairs of satellitesgate how often the satellites are close to the edge of an ECR.
To obtain the power density for each satellite, we have usedNote that only C1, C3, and C4 are available when using the

E-J [pW/m®]

@

E-J [pW/m%]

E-J [pW/m®]
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sof S more complex power density variations within the ECR than
) . a single peak in the center may complicate the analysis.
For the event in the middle panel, the magnitude of the

Time shift T [s]
o
[}
L]
D
]
t
s
t
]
H
o. °
3
s

5ol ‘ ‘ ‘ ) ‘ ‘ B ‘ T power density seems to grow and decrease simultaneously
0 20 40 60 80 o 120 140 160 on all spacecraft similar to the CLR in the top panel. More-
sof : T os over, if the ECR is drifting in space, we believe that it is

rather unlikely that a single spacecratft (in this case C4) could
be located outside the entire ECR while the other two are
. embedded inside it. Either the ECR is very small and does
0 20 40 60 80 100 120 140 160 not reach C4 during the drift (but it cannot be too small since
it is observed by two other spacecraft), or the ECR is rather

Time shift t [s]
o
T

s
t
s
.o
..'..
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¢
L
o..
i
.o
s
i
i
H
s
)
h

50
? Lo . L. o stationary in space but varying in time causing the similar
AL LA e variations in the power density observed by the satellites C1
£ ol ) ) . | and C3. We consider the latter option being more likely, i.e.,
0 2 20 50 o ﬁ‘o i 00 120 0 10 the CGR is probably rather stationary in space but varying in
umoer time.

Manual inspection of the ECRs in our data base show that
Fig. 4. The cross-correlation of power density signals from C1 the events displayed in the two top panels of Bigre rather
and C3 (top panel), C1 and C4 (middle panel), C3 and C4 (bot-typical. In more than half of the cases, we can manually ex-
tom panel) is computed for each ECR according to Eq. (1). Nu-clude possible time shifts due to drifts over the spacecraft.
merically estimated time shift obtained from the maximum of the Detailed investigations of the power density signatures from
cross-correlation is plotted versus the ECR sequence number. Wearious spacecraft indicate that such drifts are negligible. In
see the_tt the most typical time shift is of the order of 0s, but4s a”dthose events when a spacecraft is outside the ECR, we es-
above is also possible. pecially note that the spacecraft remains outside during the
entire event. As discussed in the paragraph above, it is hence
unlikely that such an ECR has a significant drift. Note, how-
electric field from CODIF. The top and middle panel of 3g.  ever, that both the direction of a possible drift as compared
show two rather typical ECRs from our data base. The ECRy the spacecraft positions, as well as the shape of the ECR
region is highlighted in red for the CLR and blue for the i, relation to the Cluster tetrahedron, can influence the size
CGR. Later on in this article (see Sect. 3.2), we will show g¢ possible time shifts.
that details in the power density observed on the three space- \\e therefore conclude that a majority of the ECRs ob-
craft can be used to estimate the scale size of the ECRS. Thgyyed in the plasma sheet data from 2001 are rather station-
black, green and blue curves correspond to estimates fronary in space but instead varying in time. This conclusion is
C1, C3, and C4, respectively. consistent with the simulation results presented in Fig. 9 of
For the CLR in the top panel of Fig, we see that all  Birn and Hess¢2005, where we indeed see a time variation
spacecraft appear to be inside the CLR. No apparent timén the power density with oscillations between load and gen-
shift is visible. Instead it seems that the CLR signature firsterator characteristics in the plasma sheet boundary region.
grows and then decreases on all three Spacecraft simultane- The preva|ence of time variations for our ECRs |mp||es
ously. The CGR in the second panel of Fijextends over  that the time extenA T presented in Fig2 provides a proxy
longer times AT) than the one discussed in the previous for the life time of the ECRs. Hence, the conclusion is that
paragraph. In contrast to the ECR in the top panel, this ECRhe ECRs investigated in this article have a life time of the

shows evidence of the Cluster spacecraft being located closejrder of 1-10 min. Moreover, the life time of CGRs are pos-
to the edge of the ECR. In fact we believe that C4 is outsidesibly somewhat shorter than for CLRs.

the ECR since it does not see any significant power density

exceeding the surrounding fluctuations. Assuming that the3.2 Scale size

ECRs investigated in this article correspond to regions with

maximum power density in the center and smoothly decreasA large data base offers advantageous possibilities of esti-
ing power densities towards the boundaries, the signaturemating the scale size\S, of the ECRs. The scale size es-
from the various satellites may offer an indication on their timate is based on information on the respective satellites’
closeness to the boundaries. Comparing the magnitude afloseness to the edge of the ECRs. Manually going through
the power density variations observed by C1 and C3 in theour data base, we have identified all those CLRs and CGRs
second panel of Figg, it is hence likely that C3 is deeper where one or more satellites are outside the ECRs. Moreover,
into the CGR while C1 is closer to the edge. This conclu- we have manually also sorted out those events where one or
sion is based on the smaller magnitude of the power densitynore satellites are clearly closer to the edge (as for C1 in the
observed by C1 as compared with C3. Note however, thaCGR presented in the middle panel of F3).

Ann. Geophys., 27, 4144455 2009 www.ann-geophys.net/27/4147/2009/
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ECR

“J *Cluster

Fig. 5. Sketch of the overlap between a cylindrical ECR and the Cluster spacecraft. A cross-section of the ECR, containing three examples
of overlapping spacecratt, is highlighted in grey. The radius of the ECR cylindes id. is the characteristic size of the Cluster tetrahedron.

A statistical investigation of overlaps between ECRs and Cluster are used for obtaining an estimate of the typical perpendicular scale size,
AS, of the ECRs cylindrical cross-section. The cylinder length along the axial directidn,probably much longer.

Out of our 151 ECRs, we find that 25 events have one orp _ (AS—2L)? @
more spacecraft located definitely outside the ECR. More- AS?
over, assuming that the ECRs correspond to regions with &olving for AS we obtain
peak in the power density close to the center and smoothly oL
sloping power densities towards the boundaries, we find thatdS = 1-pi2 )

there are in total 60 events with one or more satellites be- dth ical ECR le si h be obtained fr

ing close to the edge or outside the ECR. Only considerin r;] thetyplcg fscae s%le catr; ence be obtained from
CLRs, the corresponding numbers are 14 and 38, respec- Ich we estimate from our data ase. :
tively, and for CGRs 11 and 22. As discussed in HO9A, in As discussed above, there are in total 151 ECRs which

total there are 116 CLRs and 35 CGR in our data base. hg\ie 2(;191 z%r Egge hspace”craft inSid]fi . th% EERE (\évlgebeas
For our plasma sheet data from the summer and fall of?‘L i s have all spacecrat inside the - US”

2001, the Cluster tetrahedron is nearly equilateral with a plai"9 this we obtain a probabilityscr=126/151 and a typ-

narity and elongationRobert et al. 1998 around or below ical scale size of the ECR&\Sgcr~23L, wherelL is the

0.1. Therefore we can assume that the satellites are equal aracteristic size of the Cluster tetrahedron. Performing
spread over the surface of a spherical volume in space. How- e same calculation for CLRs and CGRs separately, we ob-

ever, since CODIF is only operational on C1, C3, and C4, int@in (PcLr=102/116 andPcer=24/35) typical scale sizes

reality we only use data from three spacecraft equally sprea(ﬁ)fﬁS%FRRSZL;mbd?SCGR:HL' o5 ith li
over the circumference of a circle. Assuming that the CLRsI S dlsTussle e.?jre,ht eErgsre deglgnts wit 'fsate |Ites
and CGRs are cylindrical, presumably aligned with the mag- ocated clearly outside the S, an events if we also

netic field, and of the same size, we can estimate the perperg'cmde satellites close to the edge. This information can
dicular scale size of the ECR4,S, from the observed over-

e used to obtain upper and lower limits on the scale size
lap between the ECR cylinders and the Cluster satellites. Thé*S-

Indirectly, the upper and lower limits may also indi-
estimate ofA S is hence obtained from analyzing the statisti- cate the dimensions of the ECR boundary regions on the as-
cal variation of the cross sections of the ECRs and Cluster.

sumption that the ECRs correspond to regions with a power
Figure 5 illustrates a few typical cases. In case (a) we density peak near the center, and decreasing power densi-
see that all spacecraft are precisely inside the ECR cylin

ties towards the edges. The estimateAo§ in the pre-
der whereas in (b) and (c) at least one spacecraft is outside'OUs paragraph is based on the assumption that there are
The radius of the ECR cylinder and the Cluster circlease

only 25 events where Cluster probes the boundaries and re-
and L, respectively. Strictly speaking, the projection of the

gions exterior to the ECRs. Hence, this estimate corre-
inter-spacecraft separation should be used for the distance sponds to the upper limit on the ECR scale size. On the
However, for practical purposes in the statistical analysis, WeOther hand, assuming th‘."‘t all 60 eveljts are reley a.nt for
approximate this distance with the characteristic scale size oproblng th? boundary regions, we obtain a I_oy\{er limit on
the Cluster tetrahedron. The probabili®yof observing all _AS' In this case , we estimate the probabilities accord-
spacecraft inside an ECR is dependent on the ratio betweel]9 © Fecr=

(151-60)/151=91/151, Pc r=78/116 and
the volume of the inner cylinder with radiusS—2L and the Fcer=13/35 for ECR in general and for CLRs and CGRs,
outer cylinder with radiug\ S,

respectively. The corresponding characteristic scale sizes are
ASECRYIL, AScLr~12L, andAScgr~5L.
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It is probable that the ECR scale size is somewhere inated with bursty bulk flows (BBFs) — although the reverse
between the above estimates of the upper and lower limdoes not hold (BBFs not showing energy conversion are of-
its. Hence, in general the typical scale size in general isen seen). Therefore it makes sense to compare the ECR
IL<SAScLrS23L, whereL is the characteristic size of the scale size obtained in this article with the typical dimensions
Cluster tetrahedron. In our data base of plasma sheet event§ BBFs. Based both on statistical investigations and event
from 2001,L~1500 km and henceRr SASecrRS5RE. studies, iMNakamura et a2009 it is shown that the typical

For CLRs the corresponding scale sizes aresize of the BBF flow channel in the direction is 2-3Rg,
12L<AScLlrS32L or 3RESAScLRS8Rg. For CGRs and somewhat smaller in the z-direction542Rg. This
we have B.<AScerS12L or 1RE SAScGRS3RE. is consistent with our results. Therefore the assumption of

Our estimate of the scale sizAS, relies on the assump- equal size for ECRs may still produce reasonable conclu-
tions that the ECRs are equally big and cylindrically shapedsions.
with the cylinder axis along the magnetic field. In this article At the altitude of about 1520R £ we can assume that the
we have obtained the scale size perpendicular to the magplasma sheet has dimensions of the order80R in the
netic field. Note that we do not focus on the geometry of they-direction and somewhat smaller in the z-direction. This is
ECRs, but only on the typical scale size. Other geometriesonsistent with Fig. 5 in our companion paper HO9A, where
may be possible and wave activity may complicate the inter-the size of the plasma sheet is mapped out in the GEM
pretation of the data, but it is out of the scope of this article toplane by using the available data from the plasma sheet cross-
work with more complicated structures. Moreover, obtainingings in the summer and fall of 2001. A typical scale size of
an estimate of the ECR dimension along the magnetic fielRRr SAS<5RE of the cross-section of the ECR cylinders
is an issue for future investigations. Furthermore, note thatorrespond to regions of the order of 10% of the plasma sheet
the scattering in the cross-correlation presented in Fig. 4 mayn the yz-plane, i.e., a significant part of the plasma sheet.
well be due to the departure from a simple cylindrical geom-  As discussed in this article, we believe that the ECRs are
etry or due to noisy SC3 data — as already commented inather stationary in space and with a life timg" of about
Sect. 3.1. The general orientation of the Cluster tetrahedron1—10 min. Similar to the simulation results presentedhm
with C3 being located furthest to the south, may contributeand Hess€2005, on time scales of the order of 1-10 min
as well to the different scattering in the C13 and C34 panelsye believe that it is likely that the ECRs alternately rise and
of Fig. 4, compared to C14. vanish in significant regions of the plasma sheet, perhaps me-

The estimates of the ECR length scale and life time arediated by Alfven waves. One might speculate that a signif-
based on the assumption that the satellites’ closeness to thieant part of the ECRs observed at about-2BRg in the
ECR edge can be probed by investigating the power densitplasma sheet are somewhat wavy in nature, locally oscillat-
obtained from the curlometer current (valid over the entireing energy back and forth instead of channeling it to the iono-
Cluster tetrahedron) and the electric field measured by thgphere. However, there are investigations which indicate that
individual spacecraft. However, as discussed in Sect. 4 othe picture is not that simple. As discussedgrghitu et al.
HO9A, from a visual inspection we note that there is no sta-(2006 andHamrin et al (2006, some CGRs in the mid alti-
tistical significant observation from our data base that varia-tude plasma sheet may well be connected to the auroral iono-
tions in either the current density or the electric field shouldsphere.
be more important than the other one for the resulting load
or generator signature in the power density. Hence, our esti-
mates of the length scale and life time apply, strictly speck-4 Conclusions
ing, only for the ECRs which are dominated by the variation
of the electric field, in the presence of a more slowly varying By examining the power density-J, in this article we
current density. We do not exclude, however, that they ardhave investigated the scale size and life time of CLRs and
valid for all ECRs. CGRs observed by Cluster in the plasma sheet at an altitude

Note that the cross-section between the satellite plane andf about 15-20Rg. In our investigations we have used the
the ECR cylinder generally is an ellipse, if the satellite planesame data base as in the companion paper HO9A. As dis-
is not normal to the cylinder axis. However, in this article we cussed in HO9A, more than 80 plasma sheet crossing from
make the simplified assumption of a circular cross-sectionthe summer and fall of 2001 are included in our data base
Note also that some of our ECRs in the data base mighof ECRs. An automatic event selection routine which imple-
well be composed of many smaller and overlapping ECRsments a set of instrumental and physical requirements is used
This naturally complicates the statistical analysis of the typ-for identifying the CLRs £-J>0) and CGRsE-J <0).
ical scale size. However, we believe that the obtainetl We find that a majority of the ECRs observed in the high
indicates the typical scale size of the ECRs. altitude plasma sheet are rather stationary in space. Within

The equal size of all CLRs and CGRs is of course a sim-our data base, no clear time shift caused by a drift over the
plified assumption. However, as discussediarghitu et al.  spacecraft below400 km/s is observed, except for one case
(2009, there are indications that ECRs are typically associ-(see the bottom panel of Fi§). We can therefore conclude
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