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Abstract. The nature of particle precipitations at dayside with time delays of 1-40 min between spacecraft. We recon-
mid-altitudes can be interpreted in terms of the evolutionstruct the motion of the electron boundary between observa-
of reconnected field lines. Due to the difference betweertions by different spacecraft to improve the accuracy of the
electron and ion parallel velocities, two distinct bound- estimation of the boundary layer size. In our study, the LLBL
ary layers should be observed at mid-altitudes between thelectron edge is distinctly observed in 87% of mid-altitude
boundary between open and closed field lines and the injeckLBL/cusp crossings with clear electron and ion equator-
tions in the cusp proper. At lowest latitudes, the electron-ward boundaries equivalent to 35% of all LLBL/cusp cross-
dominated boundary layer, named the “electron edge” ofings by Cluster. The size of this region varied betweer0

the Low-Latitude Boundary Layer (LLBL), contains soft- ILAT with a median value of 0.2ILAT. Generally, the size
magnetosheath electrons but only high-energy ions of plasmaf the LLBL electron edge depends on the combination of
sheet origin. A second layer, the LLBL proper, is a mix- many parameters. However, we find an anti-correlation be-
ture of both ions and electrons with characteristic magnetween the size of this region and the strength of the IMF, the
tosheath energies. The Cluster spacecraft frequently obsenadbsolute values of the IMBy - andBz-components and the
these two boundary layers. We present an illustrative examsolar wind dynamic pressure, as is expected from a simple
ple of a Cluster mid-altitude cusp crossing with an extendedreconnection model for the origin of this region.

electron edge of the LLBL. This electron edge contains 10—

200 eV, low-density, isotropic electrons, presumably origi- . :
nating from the solar wind halo population. These are occa_Keywords. Magnetospheric physics (Magnetopause, cusp,

sionally observed with bursts of parallel and/or anti—parallel-arld boundary layers; Solar wind-magnetosphere interac-

directed electron beams with higher fluxes, which are pos-tlons) — Space plasma physics (Magnetic reconnection)

sibly accelerated near the magnetopause X-line. We then
use 3 years of data from mid-altitude cusp crossings (327
events) to carry out a statistical study of the location and1 |ntroduction
size of the electron edge of the LLBL. We find that the equa-

torward boundary of the LLBL electron edge is observed atThe Earth’s cusps were first discussed®yapman and Fer-
10:00-17:00 magnetic local time (MLT) and is located typi- yaro (1931) as two magnetic null points, one in each hemi-
cally between 68and 80 invariant latitude (ILAT). The lo-  gphere. It was suggested that these nulls would be points of
cation of the electron edge shows a weak, but significantgolar wind plasma entry into the magnetosphere. Later, satel-
dependence on some of the external parameters (solar wingte observations revealed the existence of magnetosheath-
pressure, and IMIBz- component), in agreement with eX- type plasma inside the cusp regidneikkila and Winning-
pectations from previous studies of the cusp location. Thenam 1971). Reconnection between terrestrial magnetic field
latitudinal extent of the electron edge has been estimated U&i’nes and the interp'anetary magnetic f|e|d (|MF) is responsi_
ing new multi—spacecraft teChniqueS. The Cluster tetrahedrolﬂﬂe for the penetration Of So|ar W|nd p|asma into the magne_
crosses the electron and ion boundaries of the LLBL/cusqosphere (e.gDungey 1961 Dungey 1963. Under south-
ward IMF Bz, IMF field lines may reconnect near the sub-
Correspondence toY. V. Bogdanova solar point and will subsequently convect poleward and anti-
(jo@mssl.ucl.ac.uk) sunward, forming a broad cusp region. At mid-altitudes
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cogern At lower latitudes than the cusp proper, any low- or mid-

fonosenere fon oce) altitude satellite should cross two boundary layers with their
boundary electron boundary i - /

= ¢ ¢ own distinct plasma properties, but both resulting from day-

Poleward EQ side magnetic reconnectio&¢sling et al. 1990 Lockwood

1997. Figurel shows a simplified schematic view of the
evolution of magnetic field lines following reconnection, and
the corresponding plasma regions at mid-altitudes or in the
ionosphere. In this figure, all field lines have been straight-
ened so that the magnetopause is represented by the vertical
black line towards the left of the figure, and the ionosphere by
the horizontal black line towards the top. The most recently
reconnected field line (represented by the red line in Eig.
corresponds to the separatrix, or boundary between closed
terrestrial field lines and open, reconnected field lines which
map into the magnetosheath. This “Open-Closed Boundary”
(OCB) also maps back to the active neutral line (NL). Along
this field line (or OCB) electrons of magnetosheath origin
moving with very high velocity Gosling et al. 1990 will
arrive in the ionosphere almost immediately after the field
Eig. 1. Simplified schema_tic view of the evolution.of magnetic fie_ld lines become open. The arrival of these magnetosheath-like
lines following reconnection, and the corresponding plasma regionsyactrons is therefore a good marker of the OCB and the elec-

at mid-altitude§ or in the ionosphere. In this figure,‘ all field lines ron boundary of the Low-Latitude Boundary Layer (LLBL)
have been straightened so that the magnetopause is represented by K 41997 O d Lock 4997 H
the vertical black line towards the left of the figure, and the iono- 0CKWOO » Onsager ana Lockwog 7). However,

sphere by the horizontal black line towards the top. The blue staidu?.to the difference between_typ'cal 'Qn and eleCtron ye—
shows location of the reconnection at the magnetopause. The relPCities, even the most energetic ions will not arrive at mid-
line represents a newly reconnected field line with time history sincedltitudes without a significant delay from the electron arrival
reconnection=0. This line is the separatrix between closed and (estimated to be up to 12 min Byopliss et al. 2001). Due
open field lines and also represents the electron equatorward bounde the poleward convection of the foot-points of reconnected
ary of the LLBL/cusp. The green line represents an older recon-field lines, this time delay translates into a significant spatial
nected field line with time history since reconnectiesr; along  (latitudinal) separation of the location of the lowest-latitude
which the most energetic magnetosheath ions have arrived at miobart of the electron injections and the lowest-latitude ion in-
altitudes. The trajectory of these energetic ions is indicated by thgections. The part of the LLBL containing magnetosheath-
dashed green line. This line represent ion equatorward boundary - .

the LLBL/cusp. Due to the magnetic tension, this line will convect .ike e_Iectrons but o“nly the pre-eX|"st|ng magnetospheric-type
away from the reconnection site, as indicated by the green solid line!O"S 1S named the “electron edge” of the LLBLdeWO,Od
The blue line represents an even older field line, with time historylggz TOp“.SS. etal.200% S"’.‘ndhon et aJ'ZOOQ_' The arrival
since reconnection=r, along which the bulk plasma flow accel- ©Of energetic ions at low altitudes marks the ion boundary of
erated at the magnetopause up to the local magnetosheatmAlfv the LLBL proper {ockwood 1997). These are more ener-
velocity will arrive at mid-altitudes. The trajectory of the plasma getic and have lower fluxes than the ions observed at higher
bulk flow is indicated by the dashed blue line. This line marks the latitudes in the cusp propeNéwell and Meng1988. The
equatorward boundary of the cusp proper. The region between théatter region is formed at mid- and low-altitudes by the ar-
electron and ion boundaries of the LLBL/cusp is named the electroryjya| of the bulk plasma injected from the magnetosheath and
edge of the LLBL and contains only magnetosheath-like electronsyhich moves down the convecting field lines with speeds
but still magnetospheric ions. The region between the ion bounde‘_%omparable to the Alfen velocity.

of the LLBL/cusp and equatorward boundary of the cusp proper is . L. .

the LLBL propef, conta?ning both acceleratgd magneto[s)hpeatF;i-Iike V.Vh"e statistical plasmg propertigs of the.LLBL and cusp

electrons and ions. The region poleward of the equatorward bound €9'0NS have been extensively studied (&gjth and Lock-

ary of the cusp is the cusp proper. wood, 1996 Newell and Men91988 1992 Onsager et a|.
1995 Lockwood and Smith1994 Lockwood et al. 1998
Aparicio et al, 1991 Newell et al, 1991ab; Woch and
Lundin, 1992 1993 Zhou et al, 2000, the electron edge of

(5-7Rg), time-of-flight effects for particles injected by sub- the LLBL containing only magnetosheath-like electrons is a

solar reconnection define the typical signatures of the plasmaomparatively poorly studied region. Howevevjng et al.

in the cusp $mith and Lockwood1996. These include (1996 andWing et al. (2005 modelled the penetration of

the energy-latitude dispersions and the low-energy cut-offgshe magnetosheath electrons to low altitudes and compared

which are often identified in energy-time spectrograms of ionresults from these models with DMSP observations. It was

data recorded in the cusp. shown that a parallel electric field between the magnetopause

Convection and
magnetic tension

Magnetopause
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and low-altitudes must exist in order to adequately model thedesigned to measure the three dimensional velocity distribu-
observed populations. This electric field acts to prevent thetions of electrons in the range of 0.6 eV 4&®6 keV, with a
penetration of solar wind electrons along field lines ahead ofime resolution of 4 s. The spacecraft potential was measured
ions, and thus conserves the quasi-neutrality of the plasmaby the Electric Fields and Waves (EFW) instrumeati§tafs-
However, the suprathermal “halo” part of the solar wind dis- son et al.2007).
tribution will not be fully retarded by this parallel electric
field and may thus penetrate to low altitudes ahead of the in-
jected ions. These electrons should therefore be detected B Example of a mid-altitude cusp crossing with an elec-
low- and mid-altitude satellites on open field lines inside the  tron edge to the LLBL
LLBL, the mantle and the polar cap. To date there has been
only a single statistical study reporting observations of theln this section we present an example of observation of a
electron edge of the LLBL at the equatorward boundary of mid-altitude cusp crossing which exhibited an electron edge
the cusp and containing the halo part of the solar wind pop-near the equatorward boundary of the LLBL/cusp. This
ulation (Topliss et al. 2001). However, Topliss et al. found crossing occurred on 10 September 2002, between 13:45—
only 6 events with a clear electron edge out of a total of 20014:10 UT. In order to provide the context for this event, so-
cusp crossings made by the Polar spacecraft. The Clustdar wind parameters observed by ACE spacecraft during the
spacecraft cross the mid-altitude cusp region of the Northerrperiod around the Cluster LLBL/cusp crossing are shown
hemisphere from the dayside to nightside and, as we repoiit Fig. 2. The top three panels show the X-, Y-, and Z-
here, often detect such an electron edge of the LLBL. Thecomponents of the interplanetary magnetic field in the GSM
aim of the present study is therefore to perform a statisticalcoordinate system. The bottom three panels show the X-
investigation of this part of the LLBL and to examine how component of the solar wind velocity, the density and the
the size of this region might depend on different external pa-dynamic plasma pressure. The dashed box marks the time
rameters. of interest, which corresponds to the Cluster crossing of the
The manuscript is organised as follows: Sect. 2 gives ahorthern hemisphere LLBL/cusp. The calculated time lag
brief description of the Cluster instruments used in this study;is 59 min. During Cluster LLBL/cusp crossing, the IMF
Sect. 3 presents an illustrative example of Cluster observaBz-component was stable and strorigz ~—5.5nT. The
tions from a typical mid-altitude cusp crossing with a pro- IMF By-component was quite small and varied in the limit
nounced electron edge; Sect. 4 contains a description of the&e1.5nT. The IMFBx-component was negative;5.5nT.
assembled data set and the methodology of the statisticffuch IMF orientation is favourable for reconnection be-
study; Sect. 5 presents the results of this study while Sect. éween terrestrial and IMF field lines at the dayside magne-
contains a discussion of these results. Finally we present ouiopause. The velocity of the solar wind was quite stable,
conclusions in Sect. 7. Vx~405km sl There are no strong variations in the solar
wind density,N~5 cm2 and dynamic pressur@,~1.4 nPa.
We turn now to consider the Cluster data for this event,
2 Orbit and instrument description which are shown in Fig3. For simplicity, we show only data
from Cluster spacecraft 1 (SC1). The three top panels present
The Cluster orbit has a perigee o Rg and an apogee of data from the PEACE instrument: these contain energy-time
~19.7Rg, an inclination of~90°, and an orbital period of spectrograms for the differential energy flux of electrons in
~57h. Such an polar orbit is very favourable for studies of the anti-parallel (panel a), perpendicular (panel b) and par-
the cusp region, particular the mid-altitude cusp. The obserallel (panel c) directions. The black trace around 10-12 eV
vations reported here were acquired by the Plasma Electromdicates the level of the spacecraft potential, as measured by
and Current Experiment (PEACEJdhnstone et 311997, the EFW instrument on SC1. Observation of electrons with
and by the Hot lon Analyser (HIA) and Composition and energies lower than the spacecraft potential corresponds to
Distribution Function (CODIF) sensors, which are parts of the photoelectron population of spacecraft origin and should
the Cluster lon Spectrometry (CIS) experimeaRée et al. be disregarded. The next four panels show the CIS/CODIF
200)). These instruments are mounted on each of the Clusion data comprising: the energy-time spectrogram of pro-
ter satellites. The CODIF sensor combines a top-hat analtons H" (panel d), the energy-time spectrogram of oxygen
yser with an instantaneous 36fleld of view, with atime of O™ ions (panel e) and the pitch-angle4Q8C)-time spec-
flight section to measure the complete 3-D distribution func-trograms for low-energy (20E<800eV) and high-energy
tions of the major ion species,™H Het+, Het, O*. The  (0.8<E<38keV) protons (panels f and g, respectively). The
sensor covers the energy range between 0.02 and 38 keVdjfferential energy flux is represented by the colour bars on
with a time resolution of 4s. Each PEACE package consistghe right of each panel. The remaining five panels present
of two sensors, the HEEA (High Energy Electron Analyser) the plasma parameters recorded during the period, where the
and the LEAA (Low Energy Electron Analyser), mounted black traces in each panel correspond to electron data and
on diametrically opposite sides of the spacecraft. They arged traces (where appropriate) correspond to ion data. The

www.ann-geophys.net/24/2645/2006/ Ann. Geophys., 24, 28365-2006
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1 sents the plasma convection in the noon-midnight direction
| (positive towards Sun), and the Y-component of the perpen-
: ] dicular velocity shows plasma convection in the dusk-dawn
|
|

- ] direction (positive towards dusk). The plasma parameters
Iy »"\’VW»IW“ presented are moments of the HIA 3-D ion distribution data
‘ ‘ ‘ a0 ‘ and moments of the PEACE 3-D electron distribution data
41 I ! ! (the spacecraft was operating in burst mode during the time

n M :N W of interest, such that 3-D data was telemetered at a higher
than usual rate from the spacecraft). The electron moments
were averaged over 16 s in order to remove high-frequency
variability and emphasize the main trends. There is some
disagreement between the ion and electron moments: the
plasma density obtained from the PEACE data is systemat-
ically a little higher than that from the HIA data. However,
both density trends are in a good agreement and the velocity
moments of the ion and electron distributions agree very well
most of the time.

At the beginning of the time of interest, at 13:45 UT, SC1
was inside the dayside plasma sheet, characterised by the ob-
servation of a high energy, 1 keME <30 keV, electron pop-
ulation which has fluxes perpendicular to the magnetic field
rather higher than those parallel or anti-parallel, which is typ-
ical of trapped particles on closed field lines (Rgpanels a—
¢). On these field lines, there also exists a denser, low-energy
electron population exhibiting peak fluxes along the field di-
rection, which results in an electron parallel-to-perpendicular
temperature anisotropy-1.2—1.3 (panel i). High-energy
plasma sheet ions are also evident in the CIS data (panel d).
The density of the plasma is quite low in this region and
varies in the range 0.5-2 cri (panel h). The plasma convec-

300 |13:20 1840 1400 tion and the parallel velocity of the plasma (bottom 3 panels)

Bx, GSM, nT
(6]

By, GSM, nT
o
==
B

Bz, GSM, nT

Vx, km/s

N, cm

Pdyn, nPa

! 11:‘40 12:‘00 12:‘20 12‘:40
2002-09-10 - are also very low. At-13:51 UT (marked by the first dashed
line) a dramatic change is observed in the electron distribu-
tion; the high energy population disappears and low-energy
Fig. 2. Solar wind conditions for 10 September 2002. The top electrons, (2& E <500 eV, consistent with a magnetosheath

three panels show three components of the interplanetary magneti8

field (IMF) in the geocentric solar magnetospheric (GSM) coordi- S
nate system. The bottom three panels show the X-component of ththe LLBL/cusp. However, note that magnetosheath-like ions

solar wind velocity (GSM), density and dynamic pressure of the so-80 not arrive at SC1 until three minutes later, at 13:54_UT
lar wind. The dashed box marked the time of interest, when Cluste{Marked by the second dashed line), as can most easily be

was in the northern LLBL/cusp. The appropriate time lag is 59 min. S€€n in the pitch-angle spectrogram (panel g). This first ap-
pearance of magnetosheath-liké tons with ¢ pitch-angles

marks the ion boundary of the LLBL/cusp.

Between the electron and ion boundaries of the
five panels show the plasma density (panel h), the electrom.LBL/cusp (i.e. between 13:51 and 13:54 UT), SC1 was in-
anisotropy, defined &/ T |, (panel i), the parallel to mag- side the boundary layer which we identify as the electron
netic field plasma velocity (panel j) and X- and Y- compo- edge of the LLBL. The invariant latitudes of the observed
nents of the plasma velocity perpendicular to magnetic fieldelectron and ion boundaries are 7£.and 75.32, respec-
(panels k and I). The three components of the plasma veloctively. Hence, the latitudinal size of the LLBL electron edge
ity are plotted in the same scale for inter-comparison. Thefor this event, determined from the difference in the position
ephemeris data for SC1 is presented under the plot, indief electron and ion injections, is 0.55_AT. Note that this
cating X-, Y-, Z-components of position in the GSE coor- layer contains fairly isotropic electrons of magnetosheath-
dinate system, magnetic local time (MLT) and invariant lat- like energies. However, at low energie=10-35 eV, the
itude (ILAT) of the observations. In the north cusp region, anti-parallel differential flux exceeds the parallel flux, sug-
a positive parallel velocity corresponds to downgoing parti-gesting the existence of an upgoing population of iono-
cles, the X-component of the perpendicular velocity repre-spheric origin. The level of anisotropy remains close to unity

rigin) become evident. This marks the electron boundary of

Ann. Geophys., 24, 2642665 2006 www.ann-geophys.net/24/2645/2006/
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Fig. 3. PEACE and CIS data for the mid-altitude cusp crossing with the prominent electron edge of the LLBL on 10 September 2002, 13:45—

2649

14:10 UT. From top to the bottom: electron energy-time spectrograms in the antiparallel §papetpendicular (pandd) and parallel
(panelc) directions; the energy-time spectrogram of protons ¢#aneld); the energy-time spectrogram of oxygert @ns (panele);
the pitch-angle (8-180)-time spectrograms for low-energy (2@ <800 eV) and high-energy (0<8£ <38 keV) protons (panelsandg,
respectively); the electron (black trace) and the ion (red trace) density (partek electron anisotropy, defined &g/T, (paneli); the
parallel velocity of plasma (pangland X- and Y-components of the perpendicular plasma velocity (p&regidl). Black traces correspond

to electron data and red traces correspond to ion data, and plasma velocities are shown in the same scale for inter-comparison. The ephemel
data for SC1 are presented under the plot: X-, Y-, Z-components of position in the GSE coordinate system, magnetic local time (MLT) and
invariant latitude (ILAT) of observation.
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apart from a short time interval around 13:52 UT when athe ion pitch-angle spectrogram suggests the occurrence of a
dense low-energy (0E <40 eV) upgoing electron popula- new pulse of plasma injections, but this possibility is outside
tion was detected. The density of electrons in this region isthe scope of this paper.
3-5cm 3. Note also, however, that this boundary layer still
contains the high-energy, trapped protons of plasma sheet
origin whose characteristics are largely unaltered from thosel Statistical data set and methodology
observed prior to 13:51 UT. There is no significant plasma
convection inside this region, the X- and Y- components of4.1 Data set
perpendicular velocity were close to 0 kmis The electron
parallel velocity inside this region was slightly positive, sug- Electron edges of the LLBL, characteristics of which are sim-
gesting perhaps that the flux of downgoing electrons is a lit-ilar to those described in the previous section, are frequently
tle higher than that of the upgoing population. The averageobserved by the Cluster spacecraft near the equatorward
ion parallel velocity was~0kms™1. The energy range of boundary of the LLBL/cusp. A systematic statistical study
the observed electrons suggests that this boundary layer is g#f the position and size of this boundary layer, as observed
open field lines, which must have been recently reconnecte@t mid-altitudes, and their dependence on different exter-
somewhere on the dayside magnetopause. However, despit@l parameters, has been performed and results are reported
the appearance of the magnetosheath-like electrons, the cohere. In this statistical study, we have used 3 years of data
vection observed at mid-altitudes is rather small inside thisfrom Northern hemisphere mid-altitude cusp crossings, oc-
boundary layer. Consequently we conclude that these elegsurring in the months July—October of years 2001-2003. For
trons do not carry sufficient current, and therefore do not yeteach event the electron boundary of the LLBL/cusp is identi-
have sufficient dynamic influence to drive the poleward con-fied in energy-time spectrograms by the simultaneous disap-
vection of the footpoints of the reconnected field lines. pearance of the high-energy, trapped magnetospheric elec-
After 13:54 UT (the second dashed line at F&y, SC1  tron population and the arrival of low-energy, low-density
crossed a small LLBL proper (13:54:00-13:55:30 UT). In- magnetosheath-like electrons. We exclude events which
side this region, in addition to low-density magnetosheath-show a smooth transition between these two regions, for ex-
like electrons,E=10-300 eV, low-density accelerated mag- ample when there are still significant fluxes of high-energy
netosheath iongz=1-10keV, are also observed. This high- electrons in the cusp, or when the LLBL is obviously on
energy ion population smoothly evolves with time into the closed field lines. The ion boundary of the LLBL is then
cusp indicating the continuous time-of-flight effect. Inside identified in the pitch-angle spectrograms of the protons by
the LLBL proper, the plasma density is still rather small the arrival of magnetosheath-like ions with energies less than
but antisunward/poleward &€V, x <50kms1) convection ~ 4-6keV and with pitch-angles of0°. Again, we selected
is observed together with strong plasma injections (paral-events only with clear ion boundaries.
lel velocity, V|, increases up to 350 kmd). The electron To estimate the relevant solar wind and IMF conditions,
anisotropy is relatively high;-1.2, which is typical for the data from ACE, located near the L1 Lagrangian point, have
LLBL region (Woch and Lundin, 1993). In correlation with been used. The time lag associated with solar wind convec-
this electron anisotropy enhancement, the local heating ofion between our Cluster observations and the ACE obser-
both low energy,E=20-100 eV, ionospheric protons (with vations was calculated based on the X-component of the so-
90-100 pitch-angles in panel f) andOions (oxygen pitch-  lar wind velocity,Vxsy in GSE coordinate system (measured
angles are not shown) become evident. with a resolution of 64 s) and the position of the ACE along
At 13:55:30 UT SC1 enters the cusp proper, which is Sun-Earth line (GSE X-axis). The time lag was defined as
characterised by the observation of high fluxes of denseAt=X/Vxsw, WhereX is the distance from ACE to the cen-
magnetosheath-like plasma showing an energy-latitude distre of the Earth in the GSE X-direction. This method was
persion and a low-energy cut-off in the ion fluxes (e.g. Smithalso applied in the statistical study IBtubbs et al(2004).
and Lockwood, 1996). Inside this region, between 13:55:30-n the calculating the time to the centre of the Earth, we as-
14:00 UT, the plasma density increases to a maximum oflume that the time taken for the shocked solar wind plasma
~20-30cnT3, and the electron population becomes quite to travel from the bowshock to the sub-solar magnetopause
isotropic, Ty/T1~1, while the ion pitch-angle distributions through the magnetosheath is roughly equal to time needed
show dispersions consistent with the time-of-flight effect. In- for the normal solar wind to travel from the stand-off bow-
side the cusp, the convection velocity was very low. There isshock distance to the Earth (approximately 2—-3 min). The
still a net downgoing flow of plasma inside the cusp, but theappropriate solar wind velocity was calculated as follows: if
bulk flow velocity decreases with latitude. At14:00 UT, tp is a time when Cluster crosses the electron boundary of
SC1 enters the mantle region, which is characterized by th¢he LLBL/cusp, for a first attempt we estimated the average
domination of upgoing mirrored population of iong;0). solar wind velocity measured by ACE over period 40—70 min
Inside the mantle the density of the plasma slowly decreasebeforetg, calculatingVxswo. If the velocity of the solar wind
and the convection velocity is close to zero. At4:04 UT is quite stable during this averaged 30 min period, we use
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the calculated solar wind velocit¥/xsw=Vxswo, t0 derive ple, for stable southward IMF, magnetopause erosion is fre-
the time lag between Cluster and ACE. If solar wind veloc- quently observed (e.dgzarrugia et al. 2001, meaning that
ity was highly variable during this period, we estimate the the OCB and the electron boundary are constantly drifting
time lag based on average velocityto=X/Vxswo, and then  equatorward Yeoman et al.2002. The rapid equatorward
estimate the solar wind velocityxswi, in @ 10-min interval ~ motion of the cusp/cleft aurora observed during period of sta-
around timetg— Atg. We then used this solar wind velocity, ble southward IMF also confirms this (el§arlson et al,
Vxsw=Vxsw1, t0 estimate the final, more accurate, time lag 1996. The small statistical shift of the cusp position equa-
between Cluster and ACE. torward has also been detected for increddgeadomponents
Since we concentrate here on the boundary layer locatedf IMF, suggesting the occurence of dayside magnetopause
near the equatorward edge of the cusp, which is formecerosion during events with strong dawn-dusk components of
due to reconnection at the dayside magnetopause, eventse IMF (Wing et al, 2001). Moreover, variations in the IMF
with long-lasting northward IMF have also been excluded By-component could change the position in MLT of the cusp
from the study. For this IMF orientation reconnection on proper and that of the surrounding boundary lay&wmith
the lobe magnetopause, poleward of the cusp is more likelyand Lockwood 1996 Aparicio et al, 1991, Zhou et al,
(Dungey 1963 Crooker 1979 and thus a similar boundary 200Q Russel]200Q Merka et al, 2002 Karlson et al. 1996
layer should form near the poleward boundary of the cuspMoen et al, 1999. Changes in the IMBz-component may
For events with a highly variable IMBz-component, the also shift the latitudinal positiorMfoch and Lundin 1992
energy-time and pitch-angle spectrograms have been exanzhou et al, 2000 Russell 2000. In these situations, the
ined in closer detail. We include events under temporarilyone-spacecraft estimation of this boundary size may contain
northward IMF if there are combined observations of “nor- a significant error, as the ion and electron boundaries may
mal” energy-latitude dispersion, low-energy ion cut-offs and have moved between observations by one spacecraft at dif-
arrival of the protons with Opitch-angles at the equatorward ferent times. Note that the critical dependency is on the time
boundary of the cusp. Each of these observations are considetween the detection of the electron and ion boundaries: if
ered signatures of reconnection at the dayside magnetopau#eat time is small, the uncertainty of the estimation will be
(e.g.Smith and Lockwood1996). small. However, the accuracy of size estimation decreases
In total we have analysed 327 mid-altitude LLBL/cusp With increasing time difference between observations.
crossings by Cluster. Out of this total, we have identi-
fied 129 events+40% of all crossings) with clear electron 4.3 Multi-spacecraft method
and ion equatorward boundaries of the LLBL/cusp and with
cusp plasma signatures corresponding to the dayside magVith Cluster we have the advantage of using multi-spacecraft
netopause reconnection. For these 129 events we have es@ibservations to estimate the motion of the OCB and elec-
mated the size of the electron edge of the LLBL using thetron/ion boundaries with time. Figureillustrates this con-
“one-spacecraft” or “multi-spacecraft” methods discussed incept and our methodology for making a more accurate mea-

the following sections. surement of the width of the electron edge. This figure is a
plot of invariant latitude versus time, on which we plot the
4.2 “One-spacecraft’” method positions of the boundaries observed by each spacecraft. If

all four Cluster spacecraft enter the cusp and the surround-
The orbital dynamics of the Cluster spacecraft often lead tang boundary layers, we will have 4 measurements of both
significant temporal separations between passages of the inthe magnetic local time (MLT) and invariant latitude (ILAT)
dividual spacecraft through the mid-altitude cusp. For ex-of the observed electron boundary of the LLBL/cusp at four
ample, during seasons 2001 and 2002, SC3 trailed the othatifferent times. By way of an illustrative example, we mark 4
spacecraft by several tens of minutes, such that its observasuch points ade 2e, 3 and4ein Fig. 4. We also will have
tions of the cusp should be considered an observation by & measurements of the MLT and ILAT of the ion boundary
single spacecraft only. In such cases, the size of the eleosfthe LLBL/cusp (since CIS is unfortunately not working on
tron edge of the LLBL is defined simply as the difference be- SC2) at three different times. Such points are also marked as
tween invariant latitudes of the electron and ion boundariedli, 3i, and4i in Fig. 4. Based on 4 measurements of the in-
observed by the spacecraft, i.8ize=ILATions—ILATe. The  variant latitude of the electron boundary by different space-
time difference between observations of the electron and iorcraft we are able to reconstruct an estimation of the elec-
boundaries by one spacecraft in our dataset varied betweent@on boundary motion (ILAT versus time) using a linear least
and 5min. Such “one-spacecraft” estimations will be accu-squares fit (as illustrated by the red line on HY. Using
rate providing the boundaries do not move much between obthe reconstructed electron boundary, we are able to estimate
servations of these two boundaries by the spacecraft. Howthe invariant latitudes of this boundary at the times when the
ever, the boundaries in the LLBL/cusp can be highly dynamicCluster satellites detect the ion boundaries. These recon-
and respond quickly to any changes of the reconnection gestructed invariant latitudes are marked lasnew 3e.new
ometry and/or the IMF/solar wind conditions. For exam- and4enewin Fig. 4. Therefore, in the “multi-spacecraft’
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tion of the OCB can often realistically be applied over such
a long time interval. The time of crossings of the electron
boundary by the closely separated spacecraft varied between
20s and~10min, so the accuracy of the electron bound-

ILAT, deg

L ‘ : ary motion reconstruction could vary between events. How-
! BL size ever, we assume that the error of the ;ize estimation is not
| S higher than 0.1 ILAT. For the example discussed above (10

Se_new | ... TS : l September 2002) the SC crossedIlAT in 5min, corre-

BL size sponding to 30s for 0°1ILAT. The PEACE and CIS data
have a time resolution of 4s, while the orbits of the SC

4€_NeW |------ooo D ' are reconstructed from orbit files with a 5-min resolution.
Taking these points together with the linear fits to the ob-
El. Boundary served data, the error of 0.1LAT seems reasonable. How-
: ever, if the multi-spacecraft method returned an unrealisti-
Time cally large size estimation which was very different from the

one-spacecraft method applied to each spacecraft, we used
Fig. 4. lllustration of the multi-spacecraft method used in this pa- size estimated from the latter method in the statistical study

per, showing a plot of invariant latitude versus time. Points marked(re'evant to 10 events). In this study, we were able to perform

asle 2e 3eand4eindicate 4 measurements of invariant latitude of the multi-spacecraft estimation of“the electron ed;qe sjze fPV
the observed electron boundary of the LLBL/cusp at different times83 events, and we have used the “one-spacecraft” estimation

made by SC 1, 2, 3 and 4, correspondingly. Polits3i and 4i of the LLBL electron edge size for the rest of the events (46
indicate 3 measurements of invariant latitude of the observed iorevents). We determined then how the size of the LLBL elec-
boundary of the LLBL/cusp at different times made by SC1, 3 andtron edge depends on the IMF components and magnitude;
4 correspondingly. The red line represents the position of the elecon the solar wind dynamic pressure, velocity and density; on

tron boundary as a function of time reconstructed from the linearthe invariant latitude, magnetic local time and level of the
least squares fit to the four measuremdm® e 3e and4e Points geomagnetic aCtivity(p.

marked asle new 3e.newand4enewrepresent reconstructed in-
variant latitudes of the electron boundary the times when the Cluster4 4 Data set
satellites detect the ion boundariEs3i and4i. '

Figure 5 describes the breakdown of the overall data set

in the form of histograms, showing how many events were
method, the size of the electron edge of the LLBL is cal- observed under different conditions. The plots each show
culated as the difference between the invariant latitude of thehe total number of events in each bin (black lines) and the
observed ion boundary and the invariant latitude of the reconnumber of those events for which the multi-spacecraft tech-
structed electron boundary at the same tiige= ILAT;,,s nique for the estimation of the LLBL electron edge size
— ILAT,;_new. FoOr the example presented in F.it is ev- could be employed (red lines). The top row of plots in-
ident that the size of the electron edge estimated from thalicates where the electron boundary of the LLBL/cusp has
multi-spacecraft method will be larger than that estimatedbeen observed. The majority of events were observed at
from the one-spacecraft method. This will typically be the 73—-8C0 ILAT and 10:00-15:00 MLT. The next 2 rows in-
case for events during which magnetopause erosion is oddicate the range of IMF condition8¢, Bz, clock angle
curring.The multi-spacecraft method can be used with highand By) prevailing at the time of observation. THgy -
accuracy under two assumptions: (1) the OCB and electromomponent of the IMF mainly is in the range8 nT, with
boundary are aligned along invariant latitude; (2) the mo-most events witlBy ~+2-3 nT, and the IMB_-component
tion of the OCB and electron boundary between observamainly lies in the range:5 nT, with most events witBz ~—
tions by different spacecratft is linear. In the former case,3nT. The IMF clock angle®ca=tan~1(By/By) for the
we note that the spacecraft separation in MLT in the mid-observed events varies betweerl(®® and +18C, with
altitude cusp varied between 0.1 h—0.5 h MLT, so we assumenost events having a clock angle af(60°-11C). For
that differences in observations by different spacecraft dughe majority of events the IMBx-component lies in the
to MLT separation can be neglected. The multi-spacecrafrange +6 nT, with most events at-3nT. The fourth row
method was applied based on 4-point electron measurements plots shows the solar wind density and velocity prevail-
during the 2003 season and on 3-point measurements of theg at the time of the events. For the majority of the ob-
electron boundary for events from 2001 and 2002, as SC3ervations, the solar wind conditions were near average,
was very far away from the other three spacecraft (typicallywith density in the rang#ls,=0.5-10 cnm3 with a peak at
crossing the cusp after a time lag of 30—-40min, as noted\s,=2—3 cnt3; and velocity Vsy=300-750 km 5! with a
above). We do not believe that the assumption of linear mo-peak alVs,=400-500 km 5. The corresponding solar wind
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Fig. 5. Properties of the available data set in the form of histograms showing how many events were observed under different conditions: the
invariant latitude of observations (pargl the magnetic local time of observations (pabglthe IMF By -component andz-component

(panelsc andd, correspondingly), the IMF clock-angle (pamglthe IMF By -component (pand), the solar wind density (pang), the solar

wind velocity (paneh), the solar wind dynamic pressure (paijeland index of geomagnetic activigp (panelj). The GSM coordinate

system has been used. The plots each show the total number of events in each bin (black lines) and the number of those events for which th
multi-spacecraft technique for the estimation of the LLBL electron edge size could be employed (red lines).

dynamic pressure, shown in the bottom left paRg),=0.2—

ity, Kp=0-5 (bottom right panel).

4.5

of the LLBL as function of external parameters

boundary of the LLBL/cusp depends on INBz-component
(left panel) and solar wind dynamic pressure (right panel).

www.ann-geophys.net/24/2645/2006/

The horizontal red bars on the left panel show the median val-
4nPa with a peak aPsy=1-2nPa. Events were observed ues of the ILAT for every 2nT of IMBz-component. Me-
mainly during periods of low or medium geomagnetic activ- dian values, as well as the scatter plot, indicate that for IMF
Bz <0, when IMF is more southward, the electron bound-
ary of the LLBL/cusp moves equatorward. However, when

Invariant latitude of the equatorward electron boundaryIMF Bz>0, the invariant latitude of the LLBL/cusp equa-

torward electron boundary is fairly steady. On the right
panel of Fig.6, the horizontal red bars show the median
Figure6 shows how invariant latitude, ILAT, of the electron jnvariant latitudes every 1nPa of the solar wind dynamic
pressure. The trend in the median values suggests that the
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Fig. 6. Correlation of the invariant latitude ILAT of the electron boundary of the LLBL/cusp and external parametergzHtimponent
(left panel) and solar wind dynamic pressure (right panel). The horizontal red bars in the figures show the median values of the ILAT in each
bin.

O L L R the size (red line). Note that only 16 events (13% of all events
[ o— _— All events ] . . . .
_ R with clear electron and ion boundaries) do not show a dis-
Events with multi-SC ] . . .
i size estimation ] tinct electron edge, i.e. for these events the ion and electron
401 g boundaries were observed simultaneously. The size of the

electron edge of the LLBL varies betweeh &d 2 ILAT,

E 1 with a mean value of 0°3ILAT and a median value of 0°2

30F | g ILAT. The median value is more meaningful as it excludes

F the influence of a few extreme points. There are seven events
E ] where the electron edge size is greater thatLAT. How-

20 E ever, five of these relied on an estimation of size from the one
F= 1 spacecraft method. Hence, in these cases the accuracy could
be low, as discussed above. The majority of events have size
10 E 0.05-0.2 ILAT with monotonically decreasing number of

: 1 events with increasing size.

Number of events

O E | | | L ] H 1 -
0.0 05 1o 15 20 4.7 Depe;ndence of the electron edge size on different pa
Size, ILAT, deg rameters

Figure8 shows how the size of the electron edge of the LLBL
Fig. 7. Histograms showing the distribution of sizes of the electron d8P€Nds on the magnitude of the IMF (panel a), the BgF
edge of the LLBL, for all events (black line) and for events in which component (panel b, GSM coordinate system was used), the

we obtained a multi-spacecraft estimation of the size (red line).  invariant latitude of observations ILAT (panel c), the geo-
magnetic indexX,, (panel d), the dynamical pressure of the

solar wind (panel e), the Magnetic Local Time (MLT) of the
invariant latitude of the electron equatorward boundary ofobservation (panel f), the solar wind density (panel g), the
the LLBL/cusp shifts equatorward for increased solar wind By- andBz-components of IMF (panels h and i, GSM coor-
dynamic pressure. We would like to notice that despite ofdinate system was used) and the solar wind velocity (panel j).
median values show some dependency, there are a lot of scathe panels are listed in order of the level of dependency of

tering in the data points around these median values. the electron edge size on external parameters: i.e. panel (a)
shows the best dependency and panel (j) shows the worst de-
4.6 Size of the electron edge of the LLBL pendency. For these calculations, we have combined events

with the size estimated from either multi-spacecratt (if avail-
Figure 7 presents histograms showing the distribution of able) or one-spacecraft methods to increase statistics. In each
sizes of the electron edge, for all events (black line) and forpanel, the red points represent events where the size was es-
events in which we obtained a multi-spacecraft estimation oftimated from the multi-spacecraft method, while the black
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Fig. 8. Dependencies of the size of the electron edge of the LLBL on external parameters: the magnitude of the IM&),(Han&F
Bx-component (pandd), the invariant latitude of observations ILAT (parg) the geomagnetic indeik, (paneld), the dynamic pressure

of the solar wind (paned), the Magnetic Local Time (MLT) of the observation (pafiglthe solar wind density (pang), theBy- andBz-
components of IMF (panels andi) and the solar wind velocity (pangl The GSM coordinate system has been used. The panels are listed

in order of the strength of the dependency of the electron edge size on the external parameter: i.e. panel (a) shows the best dependency ar
panel (j) shows the worst dependency. In each panel, the red points represent events where the size was estimated from the multi-spacecre
method, while the black points represent events where the size was estimated from the one-spacecraft method. The green line shows a line:
least squares fit to these data, while the blue line shows the median value of the size in each bin, for cases where there are more than 3 point
in a bin.
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Table 1. Correlation coefficients and statistical significances be- b!e 1). This means tha’F 29% O_f variations in the_ electron.edge
tween the electron edge size and external parameters and indicaticHZe correspond to variations in the IMF magnitude. This re-

of the presence of a trend in the median values of the size. sult has high statistical significanc®3=98%. Similar anti-
correlation is also seen in the median values. Panel (b) of
Parameter cc SS  Median value trend Fig. 8 shows how the electron edge size depends on the IMF
Bx-component. Formally this is our second most significant
IMF mag(B) -0.20 98% Yes result, with the correlation coefficie@C=0.15 and a statis-
IMF Bx 015 91% No tical significance of the resu8S=91%. However, th&Sof
ILAT 0.14 89% Yes ; . o
K 014  89% Yes result is already lower than tradltlonal level of 95 %. Morg-
Paw 012 82% Yes over, we did not see an obvious dependency in the median
MLT 0.09 69% No in the bin values. Panels (c—e) of Fi§jshow examples of
Nsw _0.09 69% No noticeable trends in the median values between the size of
IMF By —0.05 43% No the electron edge and external parameters which could be
IMF Bz 0.05 43% No suggestive of some dependencies. However correlations be-
Vsw -0.01 9% No tween the electron edge size and the invariant latitude, the

Kp index and the solar wind dynamic pressure are smaller
(CC=-0.14; —0.14; 0.12, correspondingly) as well as sta-
tistical significance of the resultsS§=89%; 89%; 82%,
Table 2. Correlation coefficients, statistical significances and the correspondingly). These results in general should not thus
presence of obvious trends in the median values between electrobe considered as statistically significant. We still consider
edge size and MLT shift from the local noon, and between electrontrends in the median values as an important result, as (1) the

edge size and absolute values of the IMF components. Pearson correlation corresponds to the simplest situation of a
linear least squares fit and for our data we probably need to
Parameter cC SS  Median value trend use more sophisticated analysis (such as polynomial or ex-
MLT shift from local noon  0.04 35% Yes ponential fits, for example); (2) the size of the electron edge
IMF mag(B) —0.185 96.3% Yes depends on a combination of many parameters, so a very high
IMF mag(B) —-0.166 93.8% Yes

correlation coefficient between the electron edge size and any
one of the parameters is not likely.

Panel (f) of Fig.8 shows how the size of the electron edge
depends on the magnetic local time of observation. There is
no clear correlation or dependency between these two data
points represent events where the size was estimated froets. However, for MLT dependency, the linear least squares
the one-spacecraft method. The green line shows a lineait and Pearson correlation coefficient may not be the best
least squares fit to these data, while the blue line shows thgay to analyse the data, as we would expect some sym-
median value of the size in each bin, for cases where thergnetrical changes in the LLBL electron edge size from the
are more than 3 points in a bin. We have estimated the Peakoon sector in both the dusk and dawn directions, similar
son correlation coefficie€C (Edwards 1976 and statisti-  to the LLBL size itself Newell and Meng1992. We thus
cal significance of the resuS The statistical significance re-organized the MLT data as a departure from 12:00 MLT,
was calculated based on Student's t-t€&\ore 1999. Fol-  and re-plotted the electron edge size versus this re-organised
lowing other statistical studie$AcCall, 1990, we consider  data and performed a similar analysis. The results are shown
that correlation witf5S-95% is a statistically significant re- in Fig. 9, panel (a). There is a slight increase in the LLBL
sult. This means that the probability of two random sets ofelectron edge size with MLT time difference from the local
data of the same size as our dataset showing the same cafipon. It also seems possible that the number of events of
relation coefficient as we had in a statistical study is only S5smaller size, 0-0%ILAT, is higher near the 12:00 MLT sec-
percent. Tabld summarizes our results in support of Fy.  tor. However, the correlation coefficient between the LLBL
It shows the external parameter tested for correlation withelectron edge size and MLT time shift from the local noon is

the electron edge size, the Pearson correlation coefficient, theery low, CC=0.04 as is the statistical significance of result,
statistical significance of the correlation and whether we canss=35% (see Tabl@).

see clear trend in the median values or not. The results are Returning to panels (g—j) of Fig, we note these show
sorted according to the correlation coefficient. poor correlations and very low statistical significances of
Panel (a) of Fig8 shows the best dependency betweenresults: the correlation coefficient varied in the range
the size of the electron edge and an external parameter oi2C=0.01-0.09 (see Tabl¥) and the statistical significance
tained in our study. An anti-correlation between the electronwas SS=9-69%. Furthermore, we do not find any simple
edge size and the IMF magnitude is evident. The correla-dependency in the median values in the bins for these param-
tion coefficient between these values wa8=—-0.20 (Ta- eters, except for the IMBy-component (panel h). For the

IMF mag(B) —0.02 12% No
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Fig. 9. Dependencies of the LLBL electron edge size from: the MLT difference from the local noon @atied absolute value of the IMF

By -component (pandd) and the IMFBz-component (paned). The GSM coordinate system has been used. In each panel, the red points
represent events where the size was estimated from the multi-spacecraft method, while the black points represent events where the size we
estimated from the one-spacecraft method. The green line shows a linear least squares fit to these data, while the blue line shows the medias
value of the size in each bin, for cases where there are more than 3 points in a bin.

IMF By-component, there is an obvious trend in the median In summary, there are only two results wil$-95% (cor-

of the bin values, suggesting that size of the electron edgeelation between the electron edge size and magnitude of the
may be higher foBy~0. Given this, we have checked how IMF as well as absolute value of the IMBy-component)

the LLBL electron edge size depends on absolute values ofvhich can be considered as statistically significant. How-
the IMF components. Panels (b) and (c) of lghow how  ever, there are four distinct trends between median values
the LLBL electron edge size depends on the absolute valuesf the electron edge size and the invariant latitude, ILAT, of
of the IMF By-component andz-component, respectively. observation, the level of geomagnetic actividy, the solar
Similar to Fig.8, the red points represent events where thewind dynamic pressur®s,, and the absolute value of the
size was estimated from the multi-spacecraft method, whildlMF Bz-component. Such trends in the median values could
the black points represent events where the size was estsuggest a link between the LLBL electron edge size and these
mated from the one-spacecraft method. The green line showur external parameters (we note trends in the median val-
a linear least square fit to these data and the blue line showses have been used before in statistical cusp studies (e.g.,
the median value of the size in each bin, for cases wher&hou et al, 200Q Russell 2000. In addition, we believe
there are more than 3 points in the bin. Estimated correthat there is slight trend between the median values of the
lation coefficients and statistical significances of correlationLLBL electron edge size and how far from the local noon
between the LLBL electron edge size and absolute values obbservations were made: it seems that the size of the elec-
the IMF By-, Bz-, andByx-components are presented in the tron edge possibly increases with the distance from the local
Table2. There is an obvious trend between median valuesnoon. For other parameters we do not find significant cor-
of the size of the LLBL electron edge and absolute valuerelations or any possible dependencies in the median values.
of the By-component of IMF. The correlation coefficient be- A similar analysis has been performed on the database con-
tween these two values is relatively higbC=—0.185, and taining only the multi-spacecraft estimation of the boundary
this result is statistically significan§$-96.3%. A trend be- layer size and small distances between spacecraft (to increase
tween the LLBL electron edge size median values and theaccuracy). For these events (38 events) the correlation coef-
absolute value of the IMMBz-component is also evident ficients between the electron edge size and different external
(Fig. 9, panel c), however, the correlation coefficient was aparameters slightly increased, but the statistical significance
little lower, CC=-0.166 and this result had lower statisti- of results decreased due to the smaller data set.

cal significance55=93.98%. Finally, we find no trend be-

tween the LLBL electron edge size and the absolute value

of the IMF Bx-component (not shown) and correlation be-

tween these two parameters was very sn@l=—0.02 and

SS$12%.
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5 Discussion inside the electron edge is a wave-particle interaction pro-
cess. For example, it has been suggested that electrons could
5.1 Discussion of the plasma population inside the electrorbe trapped in the parallel electric fields associated with ki-
edge of the LLBL and comparison with previous obser- netic Alfvén waves and propagate with these wav@isas-
vations ton et al, 2005. A parallel electric field existing below the
spacecraft and accelerating electrons is also a possible expla-
In Sect. 3 we presented plasma data for the mid-altitudenation (e.g.,Paschmann et al2003. The investigation of
cusp crossing which exhibited a distinct electron edge neawhat physical parameters define the absence or existence of
the equatorward boundary of the LLBL/cusp. The pre-the electron beams inside the LLBL electron edge is a topic
sented solar wind and IMF data indicate external conditionsfor future study.
favourable for the dayside magnetopause reconnection. Us- Inside the electron edge, the ion population remains typ-
ing the low-energy cut-offs in the precipitating and mirrored ical of the dayside plasma sheet as ions need longer times
magnetosheath-like populations, it is possible to estimateo propagate along the open field lines. A13:52 UT the
the distance along the field line to the reconnection site atppearance of low energf=30-100eV, G ions was de-
the magnetopause (e @Qnsager et al.199]; Fuselier etal.  tected. Appearance of the low-energy ions correlates with the
200Q Trattner et al.2004. The distance to the reconnection enhancement of the electron anisotropy and the existence of
line X; is defined ag/Xm=2Ve/(Vm-Ve). Inthis relationXm  anti-parallel low-energy electron beams. Apart of this short
is the distance to the ionospheric mirror poiv,is the cut-  interval, no other ionospheric ion outflow was detected in-
off velocity of the precipitating ions, and,, is the cut-off ve-  side the LLBL electron edge. The local heating and outflow
locity of the mirrored distribution. We apply this method (for of both low-energy H and O ions were detected inside the
a fuller description se@rattner et al.2004 in order to esti-  LLBL proper, 13:54-13:55 UT, in correlation with a strong
mate the distance to the reconnection point during this cusgnhancement of electron anisotropy up-b.2. Absence of
crossing. Using the cut-offs observed at a number of distinclocal ion heating and outflow inside the LLBL electron edge
times, we obtain results for the distance to the reconnectioris in disagreement with previous studies of plasma proper-
site for this event which varied in the range 18R4 This ties inside this regionTppliss et al.2001, Bogdanova et .
is consistent with the expected position of the reconnectiorp004). Both these studies reported strong local ion heating
site on the dayside magnetopause. The time delay betweesmd outflow inside the LLBL electron edge. It was shown
observations of the electron boundary of the LLBL/cusp andthat local ion heating and the beginning of the outflow were
ion boundary, where 2 keV ions have been detected, is 220 szery well correlated with suprathermal electron beams and it
This time delay between the arrival of electrons and energetigvas suggestedBpgdanova et al2004) that injections of the
ions agrees very well with an estimated average field-alignealectron beams with anisotropy more than 1.2 define the lo-
distance of-20-21Re between Cluster and the reconnection cal ion heating and outflow of the ionospheric ions. The event
site. This supports our conclusion that LLBL electron edgediscussed in this paper is consistent with such a conclusion
is formed on the newly-reconnected field lines. as no ionospheric ion heating and outflow were observed in-
The electron edge of the LLBL contains a “background” side the fairly isotropic LLBL electron edge in the absence
of fairly isotropic electrons with low flux and density. The of suprathermal electron bursts.
density is around 10-20% of that observed later in the cusp It is interesting to note that despite the fact that we see
proper. We suppose therefore that this electron distributiomewly-reconnected field lines inside the LLBL electron edge,
corresponds to the suprathermal halo part of the solar windhe plasma convection was very low. Similarly low levels of
electrons, as suggested and modelledNigg et al.(1996 convection inside the electron edge were observed at iono-
andWing et al.(2005. Inside the electron edge, the elec- sphere level by EISCAT in previous studies (eMdoen et al,
tron anisotropy was quite low; /7 | <1.1, most ofthe time.  2004. Low convection inside the electron edge may be due
This event contrasts with a different type of the LLBL elec- to the finite velocity of the Alfén waves that are responsi-
tron edge event discussedBogdanova et a{2004). During ble for the transmission of the magnetic stress from the re-
their event, on 23 August 2001, 12:00-13:20 UT, the electronconnection site to the ionosphere (ellgen et al, 2004
edge of the LLBL was observed for 2min and, in addition to Farrugia et al.2004 Cerisier et al. 2005. Enhancement
the background low-density electrons, uni- or bi-directional of the anti-sunward plasma convection was observed from
electron beams (suprathermal electron bursts) were detected12:54 UT, inside the LLBL proper and cusp region. The si-
inside the LLBL electron edge (see Fig. 1 fr@megdanova multaneous observations of the convection enhancement and
et al, 2009 with electron anisotropy’ /T >1.2. In that the arrival of the LLBL ions are in agreement with the Lock-
case, the downgoing electron beams may originate near th&ood model on the interior Alfén wave Lockwood et al.
dayside X-line during active reconnection, as predicted by1996.
reconnection theory (e.@ibeck et al. 1999 and observed To summarise, the LLBL electron edge is characterised
near the magnetopause (e@psling et al.1990. The most by the low-density, fairly isotropic magnetosheath-like elec-
likely source of the upgoing short duration electron beamstrons with or without electron beams, by the plasma sheet
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ions with or without low-energy, locally heated and outflow- its sensitivity threshold). Thus they re-classified the void re-
ing ionospheric ions and by the low convection speed of thegion near noon (between CPS and LLBL) as being part of the
plasma. It was suggesteding et al, 1996, that a~250V dayside BPS.
potential retards core populations of the solar wind electrons The plasma properties inside the Newell and Meng “void”
equatorward of the cusp. With the multi-point measurementsand “BPS” regions and the Lockwood “BPS” region are sim-
from Cluster we have a unique opportunity to determine theilar to those observed by Cluster inside the electron edge
efficiency of the such parallel electric field, which may exist of the LLBL. We therefore suggest that at least part of the
between the magnetopause and low-altitudes, and which preroid or/and BPS regions seen in the Newell and Meng statis-
vents the core population of solar wind electrons penetratingics and the BPS region discussed by Lockwood corresponds
unimpeded along newly opened field lines to low-altitudes.to the electron edge of the LLBL seen in the Cluster data.
In the future we intend to study other events inside the mid-The magnetosheath-like electrons suggest that this bound-
altitude LLBL/cusp with significant altitude difference be- ary layer is on open field lines and places it poleward of the
tween two or more Cluster spacecraft. OCB. This conclusion is in agreement with the suggestion

that the LLBL electron edge will be near the CPS-BPS border
5.2 Comparison of statistical results with previous studies in the open magnetosphere model (elgpckwood 1997).

In this case, the term “electron edge of the LLBL" is per-
Our statistical study shows that the electron edge of thehaps a more topologically appropriate name than “Boundary
LLBL is often observed during mid-altitude cusp crossings Plasma Sheet” as it implies the connection to dayside pro-
by Cluster: it has been observed in 87% of cusp crossinggesses.
where clear electron and ion boundaries have been identified Topliss et al.(200]) studied a similar electron edge ob-
or in ~35% of cusp crossings available for this study (in- served in Polar data. Their statistical study shows the ex-
cluding events with unclear boundaries). It is interesting toistence of this boundary layer in only 6 events out of 200
compare our results with statistical results from Newell andmid-altitude cusp crossings. This result is very different from
co-workers Newell and Meng 1988 1992 Newell et al, our result where we observed an electron edge of the LLBL
1991ab) who performed a large statistical survey and cre-in 87% of the mid-altitude cusp crossings with clear bound-
ated the well-known map of the different magnetosphericaries or in 35% of all cusp crossings used in this study. A
regions as seen at low-altitudddgwell and Meng 1992). number of possible reasons could explain this discrepancy:
The electron edge of the LLBL described here was not in-(1) Topliss et al. did not describe the criteria used for the
cluded in their statistical study. However, they discusseddefinitions of the electron and ion boundaries. It is possible
a region named the Boundary Plasma Sheet (BPS), whiclthat they used different definitions for clear electron and ion
is a region with soft (magnetosheath-like) electrons in theboundaries, which might lead to a slightly different result;
dawn and dusk sectordNewell et al.(1991h and Newell (2) Topliss et al. did not mention how many events they have
and Meng(1992 described the BPS as any region of soft with clear ion and electron boundaries. In the Cluster data we
electron precipitation (except polar rain) which does nothave only~40% events out of all crossings in which bound-
fall into other categories (cusp, mantle and LLBL). It was aries could be clearly defined. It is possible that Topliss et al.
pointed out that usually this region resembles the nightsideanalysed many events with unclear ion and electron bound-
BPS, i.e. ion precipitation shows no clear sign of a mag-aries; (3) As discussed above, the sensitivity of instruments
netosheath origin, electron temperatures are a few hundreid essential in the accurate detection of the electron edge, so
eV and spatially and spectrally structured electron spectrat is possible that the Polar spacecraft has a different sensi-
are common. Newell and Meng(1992 regarded the day- tivity; (4) The time resolution of the Polar TIMAS particle
side BPS as an extension of nightside BPS, implying thatinstrument (with full energy range coverage) is 13k€lley
the ions are accelerated on newly closed field lines in theet al, 1995 compared to 4 s for Cluster, so it is possible that
tail. However,Lockwood (1997 noted that there are usually events with a time difference between two boundaries less
continuous energy-latitude dispersions in the ion populationthan 12 s were not recognisable in the Polar data; (5) Polar
inside the BPS/LLBL and cusp regions, and explained bothsampled mostly in the noon sector. Cluster observations also
the BPS and LLBL ions in the terms of the open magne-show that near noon there are many events with simultaneous
tosphere model. Another region withidewell and Meng electron and ion boundaries. Another possible explanation is
(1992 classification was termed “void” which was observed that during the Polar observations the parallel electric field
between the Central Plasma Sheet (CPS) and the LLBL an#vas stronger and the suprathermal part of the solar wind elec-
consists of low-flux plasma. Newell and Meng defined thetrons was also retarded, as suggestebbjpliss et al(2001).
void, or photoelectron region, by the sharp flux drop-off Topliss et al presented LLBL/cusp observations during the
above ~70eV. Lockwood (1997 and Onsager and Lock- minimum of the solar cycle 22, during years 1996-1998;
wood (1997 argued that this void region can occur when however Cluster observations were done during maximum
and where the flux falls below the instrument one-count level,of the following solar cycle 23, during years 2001-2003.
which depends on the instrument geometric factor (and thusVe suggest that probably we see solar cycle dependency in
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our results: it is possible that the suprathermal halo popula10:00-15:00 MLT sectors (Fid, panel b). The broad MLT
tion of the solar wind is more dense or more energetic durdocation of the region agrees with the previous cusp studies
ing the solar maximum and hence penetrate deeper into théZhou et al, 2000 Merka et al, 2002 Woch and Lundin
Earth’'s magnetosphere or/and flux of the halo population is1992 Kremser and Lundin1990. The maximum probabil-
higher than one-count level and hence could be easily deity of the LLBL/cusp electron boundary observations in our
tected by the electron spectrometer in comparison with lesstudy was at-12:00 MLT.
dense or less energetic halo population during the solar min- The dependency of the invariant latitude of the cusp on the
imum. Studies of the variability of the solar wind during the IMF Bz-component is very well knowrzhou et al, 200Q
solar cycle (e.g.Stamper et al.1999 Holzer, 2005 show  Russel] 2000 Newell and Meng1988 Merka et al, 2002:
that in general a higher speed and lower density solar wind ishe cusp will move equatorward with an increasing south-
observed during solar minimum in comparison with a lower ward IMF component due to the magnetopause ero$ian (
speed and higher density solar wind during solar maximumrugia et al, 200% Yeoman et al.2002 Karlson et al. 1996
We suggest that the halo part of the solar wind could inhibitand the cusp will be displaced poleward due to the high-
the similar dependencies. latitude lobe reconnectiorDungey 1963 Crooker 1979.

We propose that some combination of the six factors dis-It was shown Zhou et al, 2000 that there is almost lin-
cussed above could possibly explain that in Cluster data thear dependency between ILAT of the equatorward boundary
electron edge of the LLBL have been observed more fre-of the cusp and negative values of the INBgE-component.

guently than in the Polar data. In our statistical study, we see (Fi@, left panel) a simi-
lar dependency of the ILAT of the electron boundary of the
5.3 Position of the electron edge of the LLBL/cusp LLBL/cusp on IMFBz asZhou et al(2000: the median val-

ues of the ILAT was 715under the IMFBz; ~—8nT, and

In this section we discuss how the position of the observedncreased till 77 ILAT under the IMFBz ~—1nT. How-
LLBL/cusp electron boundary depends on different parame-ever there is significant scatter in the individual observa-
ters. The electron boundary can be used as a good approgons, especially for the smaller values of the southward IMF,
imation of the Open Closed Boundary as well as rough ap-—6nT<Bz<—0.5nT. In recent years it was shown that the
proximation of the equatorward boundary of the cusp itselfsize of the polar cap, the position of the OCB at the dayside
and so it is also informative to compare our results with pre-and hence the position of the cusp region depends on relative
vious studies of the cusp positioNgwell and Meng1988 reconnection rates of low-latitude dayside magnetopause and
Woch and Lundin1992 Aparicio et al, 1991 Merka etal,  nightside magnetotail reconnection processes (Egwley
2002 Zhou et al, 2000 Russel] 200Q Wing et al, 2001). and Lockwood 1992 Milan et al, 2005 Lockwood et al,
As in previous studies the equatorward boundary of the cus005. For exampleLockwood et al.(2005 presented a
was identified from the ion or magnetic field data, we could study of the continuous motion of the dayside open-closed
not directly compare our results with their results. However, field line boundary during two substorm cycles, based on
we showed (Sect. 4.6) that the median value of differencéonospheric data from the EISCAT VHF radar. In one event
between the invariant latitudes of the electron and ion equastudy, it was shown that the position of the OCB correlates
torward boundaries of the LLBL/cusp is 0.BLAT. So, hav-  with the auroral AL index and that OCB moves poleward
ing this difference in the mind, we can compare our resultsduring the expansion phase of a substorm, even for periods
with previous studies. Our observations were made under thef the stable southward IMF. We suggest that the relative
typical solar wind conditions and IMF orientation favourable importance of the dayside and nightside reconnection rates
for reconnection at the dayside magnetopause equatorwargbuld be the cause of the spread in the plot of IBFver-
of the cusps, as described in Sects. 4.4 and 5.1 GFig. sus latitude of the electron edge. Under northward IMF the

The electron boundary of the observed LLBL/cusp cross-cusp does not move much and varied betwee€r-76 ILAT
ings by Cluster at mid-altitudes varied in the range 0f-69 under positive IMFB, in agreement with previous studies
80° ILAT, with most events having electron boundaries at (e.g.,Zhou et al, 2000. However, recall that we consider
7477 ILAT (Fig. 5, panel a). This result partially agrees events only with reconnection at the dayside magnetopause,
with Polar observations that the equatorward boundary of theso this result simply indicates that the reconnection rate at the
polar cusp is located from 8%0 87 ILAT (Zhou et al, dayside magnetopause is very small under northward IMF.
2000. Note, in the present study we limited our database, The dependency between the invariant latitude of the
and included only events with southward IMF or variable LLBL/cusp electron boundary and solar wind dynamic pres-
IMF. Thus we do not include observations of the cusp posi-sure is presented in the right panel of Fég.There is a very
tion for the strong northward IMF when poleward displace- clear trend in the median values: the invariant latitude of the
ment of the cusp is likely. LLBL/cusp electron boundary decreases with increasing so-

The MLT of the electron boundary observed during the lar wind pressure. Similar trends have been seen in high-
Cluster LLBL/cusp crossings spread in the range 09:00-altitude cusp crossings by Hawkeyeastman et al.2000),
17:00 MLT, with the majority of events observed in the where it was shown that the cusp moves equatorward by
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0.2-0.3Re for each 1 nPa of pressure. However, this depen-electron edge will anti-correlate with the solar wind dynamic
dency has not been confirmed in other studigsstman etal.  pressure and thBz-component of the IMF. Observed in the
(2000 showed this dependency eliminating dipole tilt effect, northern hemisphere, the width of the electron edge should
splitting all events into two groups, with positive or nega- be larger for a negative IMBx-component, and, when ob-
tive dipole tilt angles. In this Cluster study, we did not split served in the dusk (dawn) sector, the electron boundary layer
all events into different groups according to dipole tilt angle. size should be larger for the dawnward (duskward) IMF.
However all events considered were in the northern hemi- It was shown that the ions populated cusp region under
sphere during late July—early October. Thus the tilt angle forsouthward IMF are accelerated at the dayside magnetopause
all events was in the same direction, positive (summer) orto the local Alfven velocity,Va=B//itopo , whereB is the
close to zero (fall). magnetic field strengthyg is the permeability of free space
In summary, we find that the position of the electron andpg is the mass density (e.§mith and Lockwood1996.
boundary of the LLBL/cusp generally agrees with the pre-Thus, the size of the region between the electron boundary
vious studies of cusp position, as do the dependencies of thef the LLBL and the arrival of the ions moving with lo-
ILAT position of this boundary on the different external pa- cal Alfvén velocity should anti-correlate with strength of the
rameters. magnetic field and correlate with the plasma density.
The source of the energetic LLBL ions is still an open
5.4 The LLBL electron edge statistical properties — expec-question. According td.ockwood et al.(1996 and Lock-
tations and results wood and Moer(1996, ions forming the LLBL region can
be generated on open field lines by reflection of the pre-
As discussed in Sect. 4.6, the size of the electron edge variesxisting magnetosphere population by an interior Aifv
between @ and 2 ILAT with a median value of 0.2ILAT. wave. This wave is launched from the reconnection site into
These values correspond very well to expectations from simthe inflow region, on the magnetospheric side of the bound-
ple calculations based on plasma convection and distance tary. It propagates faster away from the reconnection site than
the magnetopause. Thu$opliss et al.(2001) noted that the exterior Alf\en wave, due to the smaller plasma density
for Polar observations, assuming the distance to the magand the higher magnetic field inside the magnetosphere in
netopause reconnection site to beREOand poleward con-  comparison to the magnetosheath. Hence, the ions form-
vection speed inside the cusp to be 10-50KkM she time  ing the LLBL will be accelerated to the local interior Al
difference between encountering electron and ion boundarieselocity, which depends on magnetospheric magnetic field
should be 3—-10 min. In our data the time difference betweerstrength and plasma density. In this model, the cusp proper
observations of these two boundaries varied between 10 s and formed by ions accelerated on the exterior &livwave

5min. which stands in the magnetosheath and contains the major
With the Polar observations it was not possible to identify rotation of the magnetic field. Thus, the ions forming cusp
factors defining the size of the electron edgeqliss et al, region will be accelerated to the local exterior Afv ve-

2001). However, based on the larger Cluster data set, 327ocity, which depends on the strength of the magnetosheath
events in total, we have found some dependencies. Howevemagnetic field and plasma density. Howeveuselier et al.

we note that the size of this boundary layer most likely de-(1999 suggested an alternative explanation of the energetic
pends on the combination of many external parameters. InLLBL ions, based on the solar wind and magnetosheath ion
deed, even from simple considerations, the size of the elecdistribution functions. They showed that the distribution of
tron edge as observed at mid-altitudes depends on at leaite magnetosheath ions already ha®0% higher energy
(1) the relative position of the reconnection point and ob- (hotter) ions and suggest that the LLBL forms due to the ar-
servation point, (2) the velocity of the ions marking the ion rival of this high energy part of the magnetosheath distribu-
cusp/LLBL boundary and (3) convection speed of the recon-tion.

nected field lines. The relative position of the reconnection The convection of the reconnected field lines depends on
point and observation point depends on the location of thehe solar wind electric field (reconnection rat&n{ith and
magnetopause and the location of the X-line on the magnetockwood 1996 Lockwood and Smith1994 Lockwood
topause. In turn, the former depends on the solar wind dy-et al, 1998 Sibeck et al. 1999. In this case, the size of
namic pressureGhapman and Ferrard931) and IMF Bz- the electron edge will correlate with the velocity of the solar
component $hue et al.1997). The location of the site of wind and magnitude of the IMF. However, as discussed in
anti-parallel sub-solar reconnection could be shifted into theSect. 5.1, the information that a field line is reconnected and
Southern or Northern hemispheres according to sign of thaindergoes strong convection reaches the mid-altitude with
Bx-component of the IMF (e.gSibeck et al. 1999. The  some time delay corresponding to the time for &lfvwave
location of the anti-parallel merging site also will be shifted propagation from the reconnection point (é=grrugia et al.

into the dusk or dawn sectors according to the sign oBfhe  2004). Given this, the connection between the size of the
component of IMF (e.gSmith and Lockwood1996. Based electron edge and the reconnection rate is less clear.

on these assumptions, we would expect that the size of the
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Thus there are at least six external parameters whictihe influence of the IMBx component is too complicated
should influence the size of the LLBL electron edge, andto find any simple trend: while this component defines the
there may be many more (for example, the strength of theposition of the reconnection at the magnetopause, the mag-
potential drop above the spacecraft) which could also in-nitude of this component is still partially defines the mag-
fluence the size of this boundary layer. Note that there isnetosheath Alfén velocity. We also find no correlation be-
also a temporal factor in the electron edge size determinatween the LLBL electron edge size and the solar wind den-
tion. If a spacecraft crosses into the cusp/boundary layesity or velocity. In general, we conclude that while some
region, which has formed due to a reconnection pulse buparameters (IMF magnitude, absolute values of the B¢F
some time after a reconnection pulse has ceased, it is poshdBz-components, and solar wind dynamic presseyg)
sible that the spacecraft would not detect newly-reconnectedlearly influence the size of the electron edge as expected
field lines with only magnetosheath-like electrons, but would from the simple reconnection model (e$mith and Lock-
directly cross onto older reconnected field lines with bothwood, 1996, other anticipated correlations have not been
magnetosheath-like ions and electrons. At mid-altitudes, 4-confirmed in this study. We suggest that the combination
7Re, the Cluster satellite speed in sunward-antisunward di-of at least six different factors makes the determination of
rection, Vx~2-3km s, is less than expected plasma con- the role of different parameters within a such statistical study
vection speed inside the cusgy~10-50kms?t. Thus, in-  very complicated. For more fruitful analysis, we need to ob-
side the cusp region, it is more likely that plasma will con- tain enough events to be able to “fix” some of the external
vect over spacecraft. However, inside the electron edge oparameters and study how the electron edge size depends on
the LLBL, convection speeds are very small and Cluster maythe variation on free parameters. This study must remain for
cross the newly-reconnected field lines inside the LLBL elec-the future, as we need to extend our database to do it. How-
tron edge by virtue of the spacecraft motion. In both scenarever, we are able to conclude from the current work that the
ios, temporal variability of processes at the magnetopausenagnitudes of the total IMF, IMBy- and Bz-components
could also influence the results. and the solar wind dynamic pressure are the main factors in-

Our statistical study shows that the size of the electronfluencing the size of this boundary layer.
edge anti-correlates with the magnitude of the IMF as well as
with the absolute values of the IMBy - andBz-components.

One possible explanaFion of such_a depe_ndency could_b% Conclusions
based on the suggestion that the ions which mark the ion

boundary in our events propagate with an Aliwelocity de- We present results of a statistical study of the electron edge

pendent on the magnetosheath parameters. In our dataset, tBFthe LLBL observed by Cluster during mid-altitude cusp
LLBL proper, containing a mixture of both high-energy, low- crossings:

density electrons and ions, was sometimes missing or it was . . .
y 9 (1) The electron edge consists of low-density, fairly

hard to distinguish between the cusp proper and the LLBL.. . .
We therefore believe that the ion boundary in many case isotropic electrons presumably from the halo population of

%he solar wind. Sometimes uni- or bi-directional electron

corresponds to the arrival of ions in the cusp proper, which T T . .
. . beams with high fluxes are also observed inside this region.
have been accelerated by the exterior AHwvave with pa- ! . ; :
Inside this boundary layer there are ions of magnetospheric

rameters calculated based on magnetosheath values of magfigin sometimes accompanied by ionospheric low-energy

netic field and densitylfockwood et al. 1996 Lockwood . . - .
and Moen 1996. This could explain why size of the LLBL hgated population. The cc_)nve(_:tlon Of. plasma inside this re-
' ) gion as observed at the mid-altitudes is low.

electron edge depends on the magnitude as well as absolu i )
(2) This electron edge has been observed in 87% of the

values of the IMFBy - andBz-components. i i . .
In the trends of median values, we have found some ar]ti_rmd-alntude LLBL/cusp crossings with clear equatorward

correlation between solar wind dynamic pressure and the siz&'€ctron and ion boundaries by Cluster orin 35% of all events
of the electron edge, which might be expected on the basis 0§tud|ed, wh_lch is a major difference from the previous Polar
the discussion above. The slight dependency of the electrof€Sult (Topliss etal., 2001).

edge size on ILAT and the index of the geomagnetic activ- (3) The LLBL electron boundary was observed between
ity Kp seen in the median values trend appears to be a “sec®® and 80 invariant latitude (ILAT) and 10:00-17:00 MLT.
ondary effect”, as both of these parameters depend in turfpased on Cluster data, we show that the latitudinal location
on the solar wind and IMF conditions. Our study shows thatOf the electron edge is influenced by the I8f-component
size of the LLBL electron edge slightly increases with the lo- @nd the solar wind dynamic pressure.

cal time difference from 12:00 MLT. This result is in agree-  (4) With Cluster 4-point measurements we have intro-
ment withNewell and Mend1992) observation of the proper duced a multi-spacecraft technique of estimation of the size
LLBL, where it was shown that size if the LLBL increases Of this boundary layer to increase accuracy of this estimation.
towards the flanks. We did not find any obvious dependen- (5) The size of the electron edge varies betwerafd
cies in the electron edge size on INBx. We suggest that 2.0° ILAT with a median value of 0.2ILAT.

Ann. Geophys., 24, 2642665 2006 www.ann-geophys.net/24/2645/2006/



Y. V. Bogdanova et al.: Statistical study of the electron edge of the LLBL 2663

(6) The size of the electron edge depends on the combiEastman, T. E., Boardsen, S. A., Chen, S.-H., Fung, S. F,,
nation of many external parameters. We found statistically and Kessel, R. L.: Configuration of high-latitude and high-
significant anti-correlations between the electron edge size altitude boundary layers, J. Geophys. Res., 105, 23221-23238,

and (1) the magnitude of the IMF and (2) the absolute value d0i:10.1029/1999JA900269, 2000.

of the IMF By-component. Distinct trends between median

values of the electron edge size and the absolute value of the
IMF Bz-component, the solar wind dynamic pressure, the

invariant latitude, and the level of geomagnetic actity

Edwards, A. L.: The Correlation Coefficient, An Introduction to

Linear Regression and Correlation, W. H. Freeman, San Fran-

cisco, CA, 1976.

Farrugia, C., Lund, E., Sandholt, P., Wild, J., Cowley, S., Balogh,
A., Mouikis, C., Mdbius, E., Dunlop, M., Bosqued, J., Carlson,

have been also found. The size of the LLBL electron edge ¢ parks, G., Cerisier, J., Kelly, J., Sauvaud, J., a8th& H.:

slightly increases with increasing MLT from local noon. We

Pulsed flows at the high-altitude cusp poleward boundary, and as-

did not find any dependencies on other parameters, such as sociated ionospheric convection and particle signatures, during a

IMF Bx-component, and solar wind density or velocity.
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