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Abstract. The problem of identification of the interface re- rectly identify and separate the PSBL and the adjacent PS or
gion between the lobe and the Plasma Sheet (PS) — ththe outer PS regions.

Plasma Sheet Boundary Layer (PSBL) — using ion momentskeywords_ Magnetospheric physics (Magnetotail)

and magnetic field data often arises in works devoted to sta-

tistical studies of various PSBL phenomena. Our experience
in the identification of this region based on the analysis of
ion velocity distribution functions demonstrated that plasmal Introduction

parameters, such as the ion density and bulk velocity, the

plasma beta or the dynamic pressure vary widely depend]he plasma sheet boundary layer (PSBL) is the layer at the
ing on the state of magnetotail activity. For example, while lobe-plasma sheet (PS) interface. Yet there is no unanimous
field-aligned beams of accelerated ions are often observefefinition of the PSBL. Itis widely accepted that the mostim-
propagating along the lobeward edge of the PSBL there ar@ortant feature of the PSBL is the observation of field-aligned
times when no signatures of these beams could be observeB&ams of accelerated ions reported by numerous researches
In the last case, a spacecraft moving from the lobe regior(€-9., DeCoster and Frank, 1979; Forbes et al., 1981; East-
to the PS registers almost isotropic PS-like ion velocity dis-man et al., 1984; Takahashi and Hones, 1988; Parks et al.,
tribution. Such events may be classified as observations 0998). The PSBL spatial structure, described by Takahashi
the outer PS region. In this paper, we attempt to identify ion@nd Hones (1988), gives the classical view of this region.
parameter ranges or their combinations that result in a cleafVhen a satellite moves from the lobe to the PS, crossing the
distinction between the lobe, the PSBL and the adjacent pdpbe/PS separatrix, one first encounters a hot electron bound-
or the outer PS regions. For this we used 100 crossings of th@ry, then high energy field aligned earthward ion beams, then
lobe-PSBL-PS regions by Cluster spacecraft (s/c) made jfpounterstreaming ion beams and after that the more or less
different periods of magnetotail activity. By eye inspection iSOtropic PS ions are observed. _

of the ion distribution functions we first identify and sep-  |f we consider the PSBL as the separatrix layer between
arate the lobe, the PSBL and the adjacent PS or outer pthe open lobe field lines and the closed field lines of the
regions and then perform a statistical study of plasma andPlasma sheet, at least three states of the lobe-PS interface
magnetic field parameters in these regions. We found that theould be identified. Grigorenko et al. (2009) reported two
best results in the identification of the lobe-PSBL boundary €xtreme” states of the PSBL observed during different peri-
are reached when one uses plasma moments, namely the i§§lS of geomagnetic activity.

bulk velocity and density calculated not for the entire energy  The first one, typically observed during quiet periods, is
range, but for the energies higher than 2 keV. In addition, wecharacterised by observations of long-lasting energy colli-

demonstrate that in many cases the plasma beta fails to cofrated field-aligned ion beams with energies below 40keV.
These beams (the so called Type-1 beams) are accompanied

by electrons having almost isotropic velocity distribution
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function, which are observed even at the lobe side of themeasured in the magnetotail along a spacecraft orbit with-
ion beams, indicating that ion acceleration occurs in the dis-out visual inspection of ion velocity distribution functions.
tant Current Sheet (CS) at closed magnetic field lines. Dur-A widely used criterion is the X-component of ion velocity,
ing these periods no clear magnetic separatrix between yathich in the lobe-PSBL interface is roughly parallel to the
open and already closed magnetic field lines is observed imagnetic field while in the Central Plasma Sheet (CPS) it is
the electron velocity distribution function. Strictly speaking, roughly perpendicular to the local magnetic field. Indeed, if
for such events one may identify only the “ion PSBL” bound- a spacecraft is located in the PSBL, an enhancemehiof
ary, i.e., the boundary between the region where ions with(GSE) component up to several hundreds of kihis due
energies higher than 2keV are absent and the region wher® field-aligned ion beam propagation. However, it could be
they are observed. due to convective flow propagation, for example, a BBF, if
The second PSBL state is characterised by the occurthe spacecraft is located in the CPS (e.g., Nakamura et al.,
rence of more energetic, up 0200 keV ion beams (the so 1991; Angelopoulos et al., 1992, 1994; Petrukovich et al.,
called Type-Il ion beams), with broader distribution in paral- 2001). Therefore, by using only this parameter it is impossi-
lel velocities. These ion beams are accompanied by electronle to define in which region a spacecratft is located.
with anisotropic along the magnetic field velocity distribu- Some advantage in solving this problem could be reached
tion functions, comprised of cold electron beamsl(keV) if one uses the values of the X-component of the ion field-
moving towards an acceleration source (usually tailward ofaligned velocityV x to identify the PSBL region and the X-
Cluster s/c location) and by hot electrons1 keV) stream-  component of the perpendicular velocity to identify the CPS
ing from the acceleration source (i.e., earthward of Clusterregion with convective flows (e.g., Angelopoulos et al., 1994;
s/c location). This feature indicates crossing of the magnetidNagai and Machida, 1998). However, another problem arises
separatrix between still open and already reconnected fielthere: what is the threshold féfx values, which, as we will
lines and implies that the ion beams are accelerated near thghow below, may vary in the PSBL in a rather wide range.
magnetic reconnection region. Moreover, parallel ion flows or beams are often registered
Finally, there is a third state of the lobe-PS interface whichnot only in the PSBL, but also in the PS (e.g., Raj et al.,
is characterised by the absence of field-aligned ion beam<2002) region.
During such intervals a spacecraft, moving from the lobe re- Because of these difficulties many researchers have used
gion (or the region empty of keV ions), starts to register atthe value of plasma betg), which represents the ratio of
once almost isotropic PS-like velocity distribution function the thermal plasma pressure to the magnetic pressure. As it
of keV ions without any signature of ion beam. Many authorswas reported in previous statistical studies, the typical values
consider this an absence of a PSBL, which could be due tof plasma beta in the PSBL region are usually below 0.1 and
the absence of ion acceleration in the CS during such periin the PS and the CPS it is usualy1.0 (e.g., Baumjohann
ods. Angelopoulos et al. (1993) called this state “quasi-staticet al., 1988, 1989). In the paper by Baumjohann et al. (1988)
plasma sheet boundary” and they assumed the layer at thihe authors tried to identify the intervals of the PSBL cross-
PS boundary to be an outer plasma sheet. On the contraryngs using plasm@, magnetic field value, its deviation from
Baumjohann et al. (1988) pointed out that though no ionthe Sun-Earth line and the value of the photoelectron flux.
beams exist, a well-defined layer — a PSBL, with stable char-They reported significant overlapping of these parameters
acteristics, different from those of the PS, always exists at thaneasured in the PSBL and in the adjacent PS region, espe-
lobe-PS interface. Multipoint observations shed a new lightcially for the plasmas. Angelopoulos et al. (1994), on the
on this problem. Grigorenko et al. (2007), Grigorenko andcontrary, made an attempt to identify the CPS region with fast
Koleva (2009), analysing several cases of PSBL crossings bgonvective flows and to exclude from consideration the PSBL
the Cluster quartet, showed that the lobe-PS interface someaegion. For the identification of CPS the authors used the
times is not uniform in the dawn-dusk direction according to following criterion to search the CPS region with fast con-
the features of ion velocity distribution functions: in this re- vective flows:| Vx| > 400kms* andg > 0.5. However, the
gion flux tubes of finite cross-sections, containing either ac-statistical study performed by Raj et al. (2002) demonstrated
celerated field-aligned ion beams or almost isotropic PS-likethat the separation of the PSBL region with field-aligned ion
plasma simultaneously exist. Due to the large-scale fluctuabeams and the PS with bulk flows using only moment-based
tions propagating earthward these tubes successively cross@drameters or thresholds leads to significant errors. Never-
Cluster s/c. A possible explanation of the absence of iontheless, they suggested as optimal criteria for the selection of
beam observation, proposed by Grigorenko et al. (2012), idulk flow events:V, > 250kms?! and plasmayy (based
related to the spatial localisation of the acceleration source(spn the X- and Y-components of the magnetic field?.
in the dawn-dusk direction. In this work, we concentrate on the problem of identifi-
Statistical studies of various PSBL phenomena often re-<cation of the PSBL-lobe and the PSBL-PS boundaries using
quire an analysis of a huge volume of data. Therefore, manyCluster data. The structure of our paper is the following. In
researchers try to find some algorithm for an automaticthe second section we describe the data and method used in
search of this region using plasma and magnetic field datdhis study. In the third section we present a couple of case
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studies, typical for different periods of magnetotail activity. et al., 2001) onboard Cluster-1 and obtained from the Clus-
This is done in order to demonstrate how much ion momentder Active Archive (CAA). The magnetic field data were ob-
measured in the lobe-PSBL-PS regions may vary in time, andained with a 4-s resolution by the FluxGate Magnetometer
how the observation pattern deduced from plasma momenté~GM, Balogh et al., 2001). Geomagnetic indices (AL) were
may differ from the one obtained by an analysis of ion veloc- retrieved from the World Data Center for Geomagnetism,
ity distribution functions. In the fourth section we present a Kyoto (http://wdc.kugi.kyoto-u.ac.jp
statistical study of different plasma parameters measured in First we identified and separated the intervals of crossings
the lobe, the PSBL and the adjacent PS or outer PS regiongf the lobe, the PSBL and the adjacent PS or the outer PS
which were predetermined by an eye inspection of ion velocregions by careful eye inspection of ion velocity distribu-
ity distribution functions. We show the typical ranges of ion tion functions and then performed a statistical study of the
density, bulk velocity, plasm@ and ion dynamic pressure plasma and the magnetic field parameters in these regions.
measured in these three regions and the extent of their ovele define the lobe region as the region where ions with en-
lapping. Then we compare the values of these parametersrgies higher than 2keV are absent (the number density of
calculated for the entire ion energy range and for its high-these ions is less than 0.01c#). However, this definition
energy part £ 2keV). We demonstrate that the use of theseis correct only for periods of Type-Il ion beam propagation
moments decreases the error in the PSBL-lobe and PSBLin the PSBL. Only during such periods the boundary of “ion
PS separations. Finally in the last section, we discuss th&SBL” coincides (accurate within time resolution) with the
obtained results and the errors, which one should take intanagnetic separatrix between open and closed magnetic field
acount while trying to distinguish the lobe-PSBL-PS inter- lines. During the periods of Type-I ion beam propagation or
face regions by using moment-based selection criteria only. the periods of quasi-static PS boundary observation it is par-
ticularly difficult to identify exactly the lobeward edge of the
PSBL or outer PS, taking in mind the definition of the lobe,
2 Data analysis as the region with open magnetic field lines. The region lo-
cated just lobeward of the Type-l ion beam (or quasi-static
The premise of this study is the ion data observed by all ionPS boundary) is still the region of closed magnetic topology
instruments in the energy range from 20 eV to 40 keV. In thissince isotropic electron velocity distribution functions are
paper we repeat essentially the analysis performed by Raj eegistered there. Thus, an identification of the actual bound-
al. (2002) as we also combine a statistical study based on awary between open and closed field lines is impossible by us-
tomatic search for the PSBL region using different plasmaing only ion moments without careful inspection of electron
parameters with careful eye inspection of ion velocity distri- velocity distribution functions.
bution functions observed in each of the analysed intervals Grigorenko et al. (2009) used the skewness parameter to
of the lobe-PSBL-PS crossings by Cluster s/c. We pay speanalyse the asymmetry of 1-D cuts of the electron veloc-
cial attention to the identification of PSBL-lobe and PSBL- ity distributions along the magnetic field in order to check
PS boundaries. the presence of the magnetic separatrix. However, the de-
Unlike Raj et al. (2002), in our analysis we also used ionvelopment of an automatic search based on such algorithm
moments calculated for the high energy part of the spectrunis beyond the scope of the present paper. In this work, un-
(for energies higher than 2 keV). We used this energy threshder “lobeward edge of PSBL” we mean only the lobeward
old in order to exclude the influence of ionospheric ions, es-boundary of “ion PSBL" and not the actual PSBL boundary.
pecially O". As was reported by, for example, Sauvaud et A region that we classify as the PSBL should satisfy the
al. (2004) the energy of initially cold ionospheric ions mov- following criteria:
ing tailward near the lobeward edge of the PSBL may in- ) i ) ]
crease up to 1-2 keV due to the increase of their drift veloc- 1+ fOr ion energies higher than 2 keV, the maximum of ve-
ity. Such an increase could be caused either by the increase  0City distribution function should be observed in the
of the dawn-dusk electric field (e.g., Mukai et al., 1994) or angular sector corresponding to the field-aligned direc-
by large scale electromagnetic fluctuations propagating along 10N
the PSBL magnetic flux tubes (e.g., Grigorenko et al., 2010). »
For our study we used measurements of three-dimensional
ion velocity distribution functions and moments collected ev-
ery 12 s (two-dimensional (2-D) distribution is collected for
62.5ms) by the Hot lon Analysers (HIA) onboard Cluster-1
and -3 (Rme et al., 2001). For case studies we also used pro-
ton data measured by the time-of-flight ion Composition and The PS region adjacent to the PSBL, or the region adja-
Distribution Function analyser (CODIF) onboard Cluster-4 cent to the quasi-static PS boundary at which no accelerated
(Reme et al., 2001) and electron measurements provided bfield-aligned beams are observed, could be considered as the
the Plasma Electron and Current Experiment (PEACE, Owerouter PS. This region is classified as the region which does

the ratio of the phase density in the sectors, correspond-
ing to the direction perpendicular to the local magnetic
field, to the phase density in the field-aligned sector
(which corresponds to the maximum of velocity distri-
bution function) should be less than 0.3.
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P By — of magnetotail activity. The first event is shown in Fig. 1.
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i Re (GSE) and moved from the PS towards the lobe region
\vd crossing the PSBL. lon and electron data presented in Fig. 1
i were obtained by Cluster-1. The ion and electron observa-
oAl - tions provided by Cluster-3 and Cluster-4 are similar to the
ones presented in Fig. 1 and not shown here. During this in-
terval geomagnetic activity was very low: the absolute value
of the AL index was below 100 nT.
As the spacecraft exits from the PS (in Fig. 1 the inter-
; val corresponding to the observation of PS-like ion veloc-
E R A ity distribution functions is shaded by grey) to the PSBL, a
BB e field-aligned beam of accelerated ions started to be observed.
0.9E b/ As it is seen from the 2-D cuts of the ion velocity distribu-
0.8F 1 tion functions plotted in(V,, ;) plane and shown above
B 08 2) E . .
“MWW ; the upper panel of Fig. 1, beam ions moved earthward and
n, 09 i had parallel velocity of about 1500 km s, An analysis of

°m'b,o4:§Mh’ Z ion velocity distribution functions revealed that this ion beam
0.05 E was observed during 16.5 min (the corresponding interval
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'f,,a ‘;‘;W\\M U ] is shaded in pink) and was accompanied by electrons hav-
wornlB ] ing velocity distribution functions almost isotropic not only
Mo VN inside the PSBL, but also on the lobe side of the ion beam
0E \_,W : (not shown in the figure). This ion beam can be classified as
13:00 1305 1310 1315 1320 1325 Type-l ion beam, which was accelerated in the distant Cur-

Time (UT) rent Sheet (CS) source located at closed magnetic field lines

: ) Grigorenko et al., 2009).
Fig. 1.PS-PSBL-lobe crossing by Cluster s/c on 15 August 2001 be-( D?Jrin the entire interzlal the ratio 6B |/|B| was close to
tween 13:00-13:25 UT. lon data were measured by the HIA instru- 9 X

ment onboard Cluster-1. Electron data were detected by the PEACI;:L'O (see Fig. 1f) even Whe_n the Clus_ter s/c was in the PS. We
experiment onboard Cluster-2. In the upper part of the Fig. ogshould note here that the interval of interest does not contain

cuts of ion velocity distribution functions plotted in tifg/; , V) ~ the crossing of CPS whel@x|/|B] is significantly smaller
plane are shown. Below, from top to bottoga;, b) Energy-Time  than 1.0, since our task is to separate the PSBL from the lobe
(E-T) spectrograms of earthward and tailward moving ions corre-and the outer PS region. It is worthy to note that for this event
spondingly;(c) E-T spectrogram of omni-directional electroi(d; the value of| Bx|/|B] is inadequate for such separation.
e) ion densityN and three GSE components of velocity calculated  The ion density shown in panel d of Fig. 1 was calculated
for the entire energy rangéf) time profile of the valugBx|/|B|; for the entire energy range~(5 eV-32 keV) of HIA instru-
(g%.pr!asmaﬁ? (h—j) fon density N"'9", parallel dyg‘.a;“ic Pressure ment onboard Cluster-1. It is seen that the ion density does
P"%" and X-component of the parallel velocity|," calculated  not decrease significantly, but fluctuates at the lobeward edge
for the high-energy part of the spectrum 2 keV). of the ion PSBL which was identified as the last observation
of statistically valid field-aligned velocity distributions of ac-
celerated ions. Such behaviour of density value could be due

not satisfy, at least, the second PSBL criterion. It is worthy - . ;
’ ’ . ) to the presence of low-energy ion population in the adjacent
to note that the boundary of the quasi-static PS (where nQ, b 9y Pop )

lerated ion b b d i be distinauish (i]gh-latitude region.
accelerated ion beams are observed) cannot be distinguishe The plasma3 also did not experience a significant varia-

f“’”.‘ the PS region adjacent to the PSBL. Thus, n order tion at the lobe side of the ion beam: its value was about 0.05

avoid confusmn, throughout the paper we will consider bOthinside the PSBL (Fig. 1g). The X-component of ion velocity,

these regions as the outer PS region. calculated for the entire energy range, varies within the PSBL
from almost zero values (at times when counterstreaming ion
beams are observed or at times when the s/c approaches the
lobe, probably because of tail flapping)al000 km s 1 and
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Fig. 2. PS-lobe interface crossing and PSBL encounter observed on 22 September 2001 by Cluster s/c. lon data presented in the figure wher
measured by the HIA instrument onboard Cluster-1. Electron data were detected by the PEACE experiment also onboard Cluster-1. In the
upper part of the Fig. 2d cuts of the ion velocity distribution functions plotted ir(¥he V}|) plane are shown. Below, from top to bottom:

E-T spectrograms of earthward and tailward moving ions and ion deNsialculated from the entire energy; bottom panel sh&wg
spectrogram of omni-directional electrons.

it gradually decreases to zero value as the Cluster s/c exitef ion Vlrl‘,i?h: for example, in this event it ranges from 500 to

from the ion PSBL to the high-latitude region (Fig. 1€). Thus, 1200km ™. In the part of the PSBL closest to the PS and
among the listed parametelr’g is more useful for the identi-  \where a significant flux of counterstreaming field-aligned

fication of the lobeward boundary of ion PSBL if it contains jons (directed tailward in this event) is registered, the value
an ion beam. y/high

i _ ) |x decreased to negative values. We consider that this
The three bottom panels of Fig. 1 show the ion density ), of pSBL and especially its boundary with the PS are

N"9", the X-component of ion parallel veloc_ityle)'?h, and  aimost impossible to identify from ion moments. Only a vi-
the ion dynamic pressurelT'gh — mpNhigh(VlTlgh)z, calcu- _sual z_malysis of ion velocity distribution functions allows this
lated for the high energy part of the ion spectrum (for en- |dent|f|cat|0_n. _

ergies higher than 2 keV)./‘h'gh and Plflugh were put to zero Another interval of interest — 22 September 2001 between

|X . . ] -
. . . . 07:30-08:15UT|AL| ~200nT) — is shown in Fig. 2. Clus-
if the density of the high energy ions was below 0.01ém tef was located in the Southern Hemisphere-at7.9, 6.3,

Thus, these parameters have zero values at the region locate L s
at higher latitudes than the ion PSBL, and in the lobe re-, 9] Re (GSE) and at the beginning of this interval, be-

gion, thatimmediately allows their separation from the PSBLtween 07:30-07:45 UT, it exited the PS and entered the high-

. . igh high latitude region empty of high energy ions without observa-
and PS regions. Itis seen that the valueyﬂf andp) tion of field-aligned ion beam. Again, ion and electron data
experlenc?](ijr{umps at the lobeward edge of '?]in hPSBL: thepresented in the figure were obtained by Cluster-1. The time
value of V" increases up to 800km$ and P,""" — up  of crossing the lobeward edge of the outer PS is marked “I" in
to ~ 7 pPa in comparison with their zero values in the adja-Fjg. 2. \We identified the region observed before the time “I”
cent high-latitude region. The PSBL region, namely its partas the outer PS, because of the almost isotropic ion velocity

where only field-aligned ion beam streaming in one direc-gistribution functions whose characteristics satisfied our PS
tion is observed, could be identified according to the value
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Fig. 3. Zoom of plasma and magnetic field parameters observed by Cluster-1 during inter(@/*&-lobe andb) PSBL crossings on

22 September 2001. From top to bottom: three components of ion velocity (in GSE) calculated for the entire energy range; time profile of
|Bx|/|B|, plasmag, parallel dynamic pressu Mign and X-component of the ion parallel velocity, calculated for the high energy part of the
spectrum ¢ 2 keV). Additionally in(b) the plasma beta calculated from proton data measured by the CODIF instrument onboard Cluster-4
is shown. The times of crossings of the lobeward boundaries of the PS and the PSBL are shown by the dot-and-dashed lines.

criterion. As well as in the previous event, we did not discussare anisotropic and consist of accelerated electron flux mov-
here the interval of the CPS crossing. ing in the same direction as the ion beam (i.e., earthward)
The zoom of the interval between 07:30-07:45UT is and electrons with lower energies moving towards the accel-
shown in Fig. 3a. It is seen that both in the outer PS and ireration source (tailward) (not shown in the figure). Similar
the adjacent high-latitude region the value| B%|/|B| ratio features in the electron velocity distribution functions mea-
was close to 1.0 and almost did not change when the spacesured at the lobeward edge of the PSBL were reported earlier
craft had exited the outer PS and entered the high-latitude reby Nagai et al. (2001), Fujimoto et al. (2001), Nakamura et
gion. Due to the absence of accelerated ion beams or parallell. (2004) and were associated with the spacecraft crossing
plasma flows, no increasesqf])'?h andP‘T'gh were observed. Of the magnetic separatrix between the yet open and already
The only parameter, which experiences a significant increaséeconnected magnetic field lines. Thus, the simultaneously
in the PS region, was the plasrga While in the adjacent observed field-aligned ion beam (the so-called Type-II ion
high-latitude region it was almost zero, at the high-latitude beéam) was most likely accelerated near the magnetic recon-
boundary of the outer PS it increases up-t6.04 and keeps  hection region, located tailward from the Cluster s/c.
increasing deeper in the PS. However, as we show below in The zoom of this interval is shown in Fig. 3b. It is seen
the statistical analysis of different periods of magnetotail ac-that during this PSBL crossing tHé component of the ion
tivity, larger 8 values were observed in the PSBL, especially velocity, calculated from the entire energy range, increased at
during periods of powerful ion acceleration in the magneto-the lobeward edge of the PSBL only up to 400 km,awhile

tail. the X-component of the ion parallel velociwlr)i?h, increased

To confirm this let us consider another part of the inter- yp to 900 km s and ranged from 900 to 1800 kminside
val sh_own in Fig. 2, between 08:00—08515 UT..Th.IS interval i pspBL. Correspondingly, the dynamic pressq?@h also
contains a short encounter (betweei®8:08-08:10:50UT) gy perienced significant enhancement during this crossing —
with the PSBL, which was registered by all Cluster satelhtes.up to~ 135 pPa. It is worth to note that the plasphaas also
Actually, this encounter is the first from a series which took large in the PSBL: it was approximately 0.3 near its lobeward
place during the next two hours due to transient PS eXpang, ndary, which is already larger than it was observed during
sions. During this short PS_BL encounter, indicated in Fig. Zthe previous PS crossing. Deeper in the PSBL the plasma
by the label “II", two crossings of the lobeward edge of the g pocame |arger and reached 2.2 according to the Cluster-1
PSBL took place along with the observation of strong earth-y5ia ang~ 2.5 according to the proton data obtained by the

ward moving field-aligned ion beam. In this ev?nt the paral- cop)F instrument onboard Cluster-4, the value more typical
lel velocity of the ion beam reache€2500kms™ (see the ¢, iha CPS (e.g., Baumjohann et al., 1989).

iqn velocity distribution functions shc_>wr_1 in t_he upper part of Thus, one can observe a significant overlapping of plasma
Fig. 2). Electrons observed during this time in the PSBL haveparameters measured in the outer PS and in the PSBL just
temperature higher than 1 keV and their velocity distribution, iinin 1 h. In the next section. we confirm this by statisti-

functions registered near the lobeward edges of the PSBI, analysis of the plasma parameters, observed in the lobe,
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Fig. 4. Histograms of the distribution of the observation probability ¢ plasmag in the lobe, PSBL and the outer PS regions calcu-
of | Bx|/|B| values in the lobe, the PSBL and the outer PS regions. lated for the most frequentyly observgdange.

the PSBL and the outer PS region during different periods

of magnetotail activity. We try to select among the analysedthe ion velocity distribution functions are already isotropic

parameters those that provide smaller error in the separatiothe value of Bx|/|B| exceeds 0.8 in almost 80 % of the anal-

between these three regions. ysed cases. Thus the use|8f|/|B| parameter fails to dis-
tinguish the PSBL from the adjacent lobe and the outer PS
regions.

4 Statistical study of plasma parameters observed in the Histograms of the distributions of the observation proba-
lobe, the PSBL and the PS regions during different bility of the plasmag in the lobe, the PSBL and the outer PS
periods of magnetotail dynamics regions are shown in Fig. 5. The rangefo¥alues displayed

in the figure corresponds to the most frequently obsepred

For the statistical study of the typical plasma parameters obvalues & 0.5). It is seen that the distributions for the PSBL

served in the lobe, the PSBL and the outer PS regions wand the outer PS regions have long “tails” (fdr= 0.1). In

used intervals of crossings of these regions by Cluster s/order to show the entire range gfvalues observed in the
during its magnetotail sessions in August—October of 2001 PSBL and the outer PS regions in Fig. 6 we present a scat-

Only intervals when Cluster s/c had crossed magnetotail aterplot of 8 values versus the values of the ion density, cal-

X < —15Rg were considered. Our analysis includes 12 446culated for the entire energy range and observed in the PSBL

12-s bins of ion measurements and 37 338 bins of 4-s magtblue dots) and in the outer PS region (red dots). It is worth

netic field measurements. Among them, visual inspection oto note that although the scatterplot presented in Fig. 6 dis-

the ion velocity distribution functions allowed the classifica- plays many PSBL samples wiih > 0.5 the probability to
tion of 3353 bins (10059 magnetic field bins) as belongingobserve thesg values in the PSBL region does not exceed
to the lobe region, 5071 bins (15213 magnetic field bins) asew percents.

belonging to the PSBL region and 4022 bins (12066 mag- From Figs. 5 and 6 one can see the overlap imalues

netic field bins) belonging to the outer PS region. In the measured in different regions: igh< 0.01, which is typi-

present study we do not include intervals of CPS crossingscal for the lobe region (65 % of the cases), was registered

Samples characterised by isotropic ion velocity distributionin ~ 3.5 % of the PSBL and in 1% of the outer PS samples.

functions and byBx| < 10 nT are identified as CPS samples The maximum of3 distribution measured in the PSBL corre-

and are excluded. Samples characterised by almost isotrop&ponds t@8 range from 0.01 to 0.02. Approximately in 17 %
ion velocity distribution functions (the second criterion of of the lobe samples the measured jpralso has values of
the PSBL definition is not fulfilled) and byx| > 10nT are  0.01-0.02.

considered to be outer PS samples. The separation between the PSBL and the outer PS region

Figure 4 shows histograms of the distribution of the ob- according to the plasm@ value is more difficult. It is seen
servation probability of Bx|/|B| values in the three analysed thatp values within the range of 0.05-0.2 are observed both
regions: the lobe, the PSBL and the outer PS. It is seen fronin the PSBL and in the outer PS with approximately equal
the figure that there is a large overlapping of this parameteprobability. Although as a whole the outer PS samples are
in the three regions: the most frequently observed values otharacterised by highgrvalues than the PSBL samples, sta-
|Bx|/|B| range from 0.8 to 1.0. In the outer PS region wheretistically the PSBL samples and the samples belonging to the
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Fig. 6. Scatterplot of the plasmaversus the ion density calculated Fig. 7. Histograms of the distributionh_ofhthe observation probability
.. _ . o .

for the entire energy range. The samples measured within the PSBP! the ion par;all:l dynamic prelfsuﬂﬁ K calculateddfor: the high-

are shown by blue dots, and those measured in the outer PS regidf'€"9Y Part of the spectrum @ keV) in the PSBL and the outer PS

are displayed by red dots. region.

ing earthward or tailward does not increase significantly the
intervals of the cold outer PS crossings are hard to be separalue of Vjx. Thus, there is a significant overlap ofx,
rated using only th@ parameter. . measured in the PSBL and in the outer PS: approximately
We also try to use the ion dynamic pressm?:'gh, cal- 98 % of the outer PS samples and’0 % of the PSBL sam-
culated for the high energy part of the spectrus2(keV). ples are characterised by <400 km g,

Figure 7 presents histograms of the distribution of the ob- To separate the PSBL and the outer PS region we try to

servation probability ofp‘*l“gh in the PSBL and the outer PS use the absolute value of the X-component of the parallel
region. Again one can see a significant overlapping of thevelocity calculated for the high energy part of the ion spec-
values observed in both regions: in approximately 46 % oftrum (> 2 keV), V‘T)'?h (see Fig. 8b). In the lobe region this
PSBL samples and in 81 % of outer PS samples the observegarameter has zero value, since there are no ions with en-

values ofPlTigh are below 5 pPa. ergies higher than 2keV. The maximum tzilf;?h distribu-

Figure 8 presents histograms of the distribution of they measured in the PSBL corresponds‘ﬁ'ﬁ)i?h:mo-
observation probability of the absolute value of the X- __ 1 ' .
600kms*, while in the outer PS region it corresponds

component of the ion parallel velocity) x, calculated for high 1 . ) _
the entire energy range (a) in the lobe, the PSBL and thd® Vx =100kms=. The majority of samples in which
outer PS regions and (b) for the high energy part of the specvltl‘)'(gh < 400kms! belongs to the outer PS region (92 %),

trum (> 2keV) for the PSBL and the outer PS regions. It while samples WitthT)i?h > 400km st most probably be-

Is immediately seen from Fig‘ 8a that the uselgk is not ._long to the PSBL (70 %). Thus, an error in identification of
good enough for the separation between these three reglona% high

: S e PSBL region by using the criteri > 400kms?t

the maxwlnum of all d|str_|but|ons c_orr_espgnd_s; Wix = is 0.3 and the error in identification g?‘tﬁe outer PS region
100kms . In the lobe region such distribution is produced by using the criterior"9" < 400km s is only 0.08. The
by ions of ionospheric origin, which move tailward along the . high Ix
magnetic field lines with velocities o& 100kms?® (e.g.,  use of highe, ;" values decreases the error of the outer PS
Sharp et al., 1981; Seki et al., 1998; Sauvaud et al., 2004)identification and correspondingly increases the error for the
The distribution ofVj;x, measured in the PSBL, also has a PSBL separation.
maximum corresponding to velocities below 100 kr and Figure 9 shows a scatterplot of the ion densityand the
a long tail to higher values of|x. This tail is provided absolute value of the X-component of the parallel velocity,
by samples observed in the lobe side of the PSBL where|x, calculated for the total energy range (a) and only for
ion beams move only in one direction (e.g., Takahashi andts high energy partt 2keV, b). The PSBL samples are pre-
Hones, 1988). Deeper in the PSBL the presence of countesented by blue dots and the outer PS samples — by red dots.
streaming ion beams immediately decreases the ion bulk veWe use a low density threshold for the moment calculation:
locity up to zero values. And finally the presence of cold ion if the density of the ions with energy > 2keV is less than
population in the PSBL additionally decreases the values of-01 cnT> we put, for such samples, zero valuesw¥e" and
Viix- V”,'(g . Since in the lobe region ions with energies over 2 keV

The same situation is observed in the outer PS re-are absent, the corresponding samples are not shown in the
gion. Since the ion velocity distribution function is almost scatterplot.
isotropic there, even the presence of parallel ion flows mov-
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Fig. 8. A histogram of the distribution of the observation probability of the absolute value of the X-component of the ion parallel velocity
calculated for the entire energy rand& in the lobe, the PSBL and the outer PS redia)) and a histogram of the probability distribution
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Fig. 9. (a) Scatterplot of the ion densit¥ versus the X-component of the parallel velocityy, calculated for the entire energy range;
(b) the same moments, but calculated for the high-energy part of the specirikel/). Data obtained in the PSBL are shown by blue dots
and data measured in the outer PS region are displayed by red dots. Samples with very low derﬁsmilasr(‘r3) are not included.

The value of the ion density, calculated for the high energymagnetotail activity. The selection of the events was random.
part of the spectrumy "9" is appropriate for the selection be- Our study was based on Cluster observations in the magne-
tween the lobe region and the ion PSBL region, including thetotail at X < —15Rg during the period August—October of
periods when there were no accelerated ion beams observ&tD01. By visual inspection of the ion velocity distribution
in the lobe-PS interface, sinde"9" is zero in the lobe. But  functions observed in these crossings we classified 32 events
for separation between the PSBL and the outer PS regioms intervals of the lobe-quasi-static PS crossings since in such
neitherN"9" nor N moments are appropriate. It is seen from events no field-aligned ion beams were observed. In 34 inter-
Fig. 9 that there is a significant overlap in the values of thevals of the lobe-PSBL-PS crossings Type-l ion beams were
ion densityN and NN8h measured in both regions. Thus, registered in the PSBL, and in the same number of events
only V‘T}'(gh provides the best results in separation betweenType-Il ion beams were detected in the PSBL.
the PSBL and the outer PS regions. The statistical analysis of the plasma parameters observed
in these events was aimed to demonstrate that one should be
very careful while performing PSBL identification by using
5 Discussion ion moments without visual inspection of the velocity dis-

tribution functions. We have checked different ion moments:
In this paper, we analysed 100 crossings of the lobe-PSBLthe density and the parallel velocity, calculated both for the
PS regions by Cluster spacecraft made in different periods of
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Table 1. A percentage of the lobe, PSBL and outer PS samples for PSBL intervals with field-aligned ion beams could be se-

particular ranges of plasnfavalues. lected from the adjacent lobe and the outer PS regions by us-
ing the values of the X-component of the ion parallel veloc-
Lobe  PSBL  Outer PS ity VlT)'(gh, calculated for the high-energy part of the spectrum
B <001 91% 7% 2% (> 2keV). The conditioniv"lg'(gh > 400 km st allows identi-
0.01<pg <01 20% 54% 26% s igh
01<B<02 3% 56%  41% f|cat|on of 70%_01‘ the.PSB.L. sa_mples. The usag_e\/@jfJ
02<pB <05 1% 38%  61% is more helpful in .the identification of_the Iobe. side of .the
05<p <10 1% 37%  62% PSBL, where the ion beams are moving only in one direc-
10<B<50 0% 17%  83% tion. Figure 10a presents a scatterplofg¥o versusVlT)'(gh,
50<p <100 0% 0% 100% measured in the lobe side of the PSBL (blue dots) and in the

outer PS region (red dots). It is seen that in the high-latitude
part of the PSBL, where only one-direction ion beams are ob-
total energy range and for the high energy part of the specserved, the values dﬁ?}?h are statistically higher than in the
trum, and their combinations like the plasifiand the par-  other part of the PSBL and especially in the outer PS. Thus,
allel dynamic pressure. We revealed that the use of a combithe overlap with the outer PS samples is significantly smaller.
nation of moments including the ion density and velocity (or For example, approximately 94 % of the high-latitude sam-
temperature) provides the worst results in PSBL separatiomyjes haveV‘T)'?h > 600 km s values and- 98 % of the outer
especially from the outer PS region. The problem is that dur- igh 1
ing different periods of magnetotail activity the ion density, PS samples h"?“’e valueg FX < 600kms .
the temperature and the flow velocity in the PSBL and in the The separqﬂon of the inner part of the PSBL, where coun-
outer PS may vary in wide range of values. te_rstrgamlng ion bgams are observed,. from the outer PS re-
In Table 1 we demonstrate how values of the plagina gion is the most difficult ta_sk. And this problem does not
from a particularg range are distributed among the lobe, the d_epend on the type of the ion bea.mh observeciiérg the PSBL.
PSBL and the outer PS samples. For this purpose, we calfigure 10b shows a scatterplot i versusV, x~, mea-
culate the probability to obseryg values from a particular  sured in these two regions. The valued " decrease sta-
B range in these three regions @%pjiobe = Nigjiobe/ Nig1;  tistically in the inner PSBL due to the presence of counter-
PigipsBL= NigipsBU/Nig1 and Pgips= Nigpsd/Nig). Here, Streaming ion beams. Thus, 80% of the outer PS samples
Nigiobe, NigipseL and Nigjps represent the number of sam- have v,"9" < 300km s and only 74 % of the inner PSBL
ples belonging to the lobe, the PSBL and the outer PS re- X high 1
gions, respectively, which are characterise@hyalues from fsamples.(;lagll%xh > 300km S Sho t.hat an errofr of- 0'3f
the giveng range.Ng is the total number of samples which Itzgr;i\t/g: F?S fewioin separating the inner part of PSBL from
are characterised bfy values from the givey range. Finally, we mgz];\ cbnclude that for the identification of the
The data presented in Table 1 and in Fig. 5 demonstratePSBL oy’the oute); PS intervals the use of the plagratone
that the lobe region could be distinguished rather well usingI ds 1o | F le. th pf th iteri
B values. Indeed, if the conditioft < 0.01 is used, 91 % of cads 10 large errors. or exampie, the use of the criterion

1 0, -
the searched samples will belong to the lobe region (see Ta: <_0.1_for the search of PSBL samples r(')esults n 2.6 A) con
ble 1). However, one should be aware of a possibR5 % amination by outer PS samples and 20 % contamination by

loss of the lobe samples which are characterised by highelroftiﬁ sirgglﬁs (seeITabIe 1).hMoretov_e r,In Ou(r)(iat_?h téo
B values, since the observation probability @t 0.01 in orthe samples are characterisediby 0.1. Thus, the

the lobe region is only~ 0.65 (see Fig. 5). The condition of use of theﬂ.< 0.1 criterion leads to .the loss of these sam-
absence of high-energy-(2 keV) ions: N9h < 0,01 cnr2 ples. Baumjohann et al. (1988) additionally used a criterion

- : : ased on the value of the photoelectron flux, which may sig-
provides the best result when separating the lobe region froth‘I)ificantl improve the resuFI)ts of PSBL identification Un)f/or-g
the PSBL or the outer PS region. In our database it allows u%]unatelyywepcannot repeat their study with Cluster data

i i % of the | les. ' A '
0 Isdee;;gt%gn ggn/;ezno?heesgggl_es;nd the outer PS regionB The use of the plasma for the distinction between the
: . SBL and the outer PS intervals provides worse results. For
according to thes parameter is vague. For example, only example. the conditiofi < 0.5 Whi(?h was suagested by An-
54 % of the PSBL samples correspond to theange 0.01— Pie, Y 99 y

0.1 and the other ones have smaller or largamlues (see gelopoulos et al. (1994) for the outer PS, actually corre-
Table 1). So if one uses this range ®then approximately sponds to~ 82 % of the outer PS samples from our database.

I 0,
half of the PSBL data will be missed. Moreover, 46 % of the However, approximately 94 % of the PSBL samples from our

samples having values from this range belong to the lobe database are charactensc.ed.ﬁt))«. 0.5 as well. Thus, if one
and the outer PS regions. uses the plasma for the distinction between the PSBL and

the outer PS regions, at least the additional criterion based on
the value of the ion bulk velocity should be used.
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Fig. 10. (a)A scatterplot of the ion densit&a’high versus the X-component of the parallel velociq?/'gh, calculated for the high-energy part

of the spectrum in the lobe side of the PSBL (blue dots) and in the outer PS (red(dpts)catterplot of the same moments, measured in

the inner part of the PSBL, where counterstreaming ion beams are observed (blue dots) and in the outer PS (red dots). Samples with very
low densities &£ 0.01 cm3) are excluded.

6 Conclusions NNigh < 0.01 cnT (in our database 99 % of the samples with
such values ofV"9" belong to the lobe region) or, but with

In this paper we attempt to identify ion moments, which can@ larger error - < 0.01 (in our database 66 % of the lobe
be used for automatic moment based search of the PSBL resamples are characterised by thésealues). _
gion while doing statistical analysis of large volume of data. _ The lobe side of the ion PSBL region during periods of
We demonstrate that the most difficult problem is related toTyPe-I or Type-Il ion beam propagation could be separated
the separation between the PSBL and the outer PS regiodfom the inner PSBL and the outer PS regions by using the
and we show the disadvantages of the use of ion moment¥alué of the X-component of the ion parallel velocity cal-
and especially of their combination like the plasfhtor this cuhl_a;[]ed for the high-energy part of the spectrusmkeV),
task. The problem is that no clear boundary exists betweerV”,'ég > 600kms. Almost 94 % of the samples belonging
the PSBL and the outer PS. lon velocity distribution func- to the high-latitude part of the PSBL satisfy this criterion.
tion gradually transforms from counterstreaming one inside The most difficult task is to separate the PSBL, espe-
the PSBL to a more isotropic distribution in which similar cially its inner part, from the outer PS region. The condi-
values of phase density are detected both in the field-alignetdon V‘T)'?h > 400 km s1 allows identification of 70 % of the
angular sectors and in the sectors corresponding to the pePSBL samples. The use of the plasgharovides worse re-
pendicular directions. Thus, during periods when no parallelsults. For examples values within the range 0.1-0.2 are ob-
flows moving in one particular direction are observed in theserved both in the PSBL and in the outer PS with approx-
PSBL and the outer PS, the value of the ion bulk velocity inimately equal probability. The criterion@ < 8 < 0.1 al-
both regions is rather small. lows identification of only 54 % of PSBL samples. The other
The lobe-PS interface could be roughly classified in threesearched samples belong either to the lobe or to the outer PS
states: (i) Type-l (energy-collimated) ion beams are prop-regions.
agating along magnetic field lines; (ii) Type-Il ion beams, Thus, reasonable results could provide only moment-
which are more energetic and are characterised by larger pabased search for PSBL regions containing field-aligned ion
allel temperature, are observed at the lobeward edge of theeams streaming in one direction. For their identification the

PSBL (Grigorenko et al., 2009) and (iii), the so-called quasi- absolute value o¥"%" can be used together with the con-

. . . . X

static PS boundary, when no field-aligned ion beams are Obaition Nhigh . 0.01|(|:m‘3 in order to exclude the lobe region

served in the lobe-PS interface (Angelopoulos et al., 1993)and to be sure in the reliability of the ion moment calculation.
In order to separate the PSBL from the outer PS region, only

In the last case this region is similar to the outer PS, which
is adjacent to the PSBL. From our point of view, itis Impos- , ;g 5| analysis of the ion velocity distribution functions al-

sible to separate them. We use the common term “outer PSi’OWS avoiding significant errors.
for both regions.
Regardless of the presence of field-aligned ion beams
in the lobe-PS interface, the lobe region could be sepa-
rated from the lobe side of the ion PSBL or from the outer
PS by the use of the following criteria: ion density calcu-
lated for the high-energy part of the spectrum JkeV)
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