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Abstract. On 26 February 2001, the Cluster spacecrafttosphere, and designated “polar cusps” (Heikkila and Win-
were outbound over the Northern Hemisphere, at approxifiingham, 1971; Frank, 1971). Such observations suggested
mately 12:00 MLT, approaching the magnetosheath througthat cusps were fundamentally important in the process of
the high-altitude (and exterior) cusp region. Due to macro-plasma transfer from the magnetosheath into the magneto-
scopic motions of the cusp, the spacecraft made multiplesphere (Paschmann et al., 1976; Hulqvist et al., 1999) and
entries into the exterior cusp region before exiting into thefavorable to observe the signatures of magnetic reconnec-
magnetosheath, presenting an excellent opportunity to utition between the interplanetary magnetic field and the mag-
lize the four spacecraft techniques available to the Clustenetosphere (Dungey, 1961). At altitudes~e8—10Rg, the
mission. We present and compare 2 methods of 4-spacecralfigh-altitude cusps have been investigated by relatively few
boundary analysis, one using PEACE data and one usingpacecraft: Hawkeye (e.g. Farrell and Van Allen, 1990; Fung
FGM data. The comparison shows reasonable agreement bet al., 1997; Eastman et al., 2000), HEGSand -2 (e.qg.
tween the techniques, as well as the expected “single spacéiedgecock and Thomas, 1975; Haerendel et al., 1978; Dun-
craft” plasma and magnetic signatures when associated witlop et al., 2000), Prognoz-7 (Lundin, 1985), Polar (Russell,
propagated IMF conditions. However, during periods of 2000) and Interball (Zelenyi et al., 1997; Sandahl et al.,
highly radial IMF (predominantly negativBy GSM), the  1997). In particular, HEOS, Prognoz-7, Hawkeye and In-
4-spacecraft boundary analysis reveals a dynamic and dderball have sampled regions around and beyond the magne-
formed cusp morphology. topause boundary, with great interest in the effect of external

: . driving forces on the position and geometry of the high- lat-
Ki ds. M tosph h M t , ) : . .
ey words. Magnetospheric physics (Magnetopause Cuslotude, high-altitude cusp region. Eastman et al. (2000) and

and boundary layers; solar wind-magnetosphere interactions, .
y y 2y m g P ! ! erka et al. (2000) have showed the magnetopause to be in-

Magnetospheric configuration and dynamics) dented in this region (contradicting the view of Zhou and
Russell, 1997), as suggested from models (e.g. Spreiter et
al., 1968; Boardsen et al., 2000). Using Interball-1 statis-
1 Introduction tics, Savin et al. (1998) found this indentation tob2 R,

) . on average, and Merka et al. (1999, 2000) reported the high-
The Earth's magnetospheric cusps represent topologicalsitude cusp to occupy a broader region (in latitude and lon-
boundaries, separating the dayside field lines from those &Xgitude) than expected from low-latitude observations, in ad-
tending into the lobes, along the magnetotail. Originally Pro- dition to the effect of a non-negligible IMBy component on
posed by Chapman and Ferraro (1931), these magnetic NUhe cysp location. These recent reports (Merka et al., 1999,
points were.observed as bands of magnetosheath like plasn“z'yboo; Eastman et al. 2000) conclude that the major param-
and determined to be permanent features of the polar magnegeg affecting the cusp (and associated boundary layers) at
high-latitude are the dipole tilt and the solar wind pressure,
with IMF effects as secondary. Eastman et al. (2000) found
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the invariant latitude of the cusp to be greatest with a largeevery 210s, the magnetic field instrument having a resolu-
positive dipole tilt (dipole located on the Sun — facing hemi- tion ~1.89s (Chen et al., 1997). The INTERBALL-TAIL
sphere) and the solar wind pressure to decrease the radi@LECTRON instrument improved on this, providing 2 min
location of the cusp by1200 km per nP. The cusp crossings resolution (Zelenyi et al., 1997) over a 10 ev to 22 keV range
from these satellites have provided a greater understandingith magnetic field vector measurements provided at a rate
of the dynamics and geometry of the region, as described irof 4 Hz (Federov et al., 2000). In comparison, on board Clus-
Haerendel et al. (1978); Farrell and Van Allen (1990); Kesselter, the plasma instruments provide much higher time and en-
et al. (1996); Chen et al. (1997); Dunlop et al. (2000) andergy resolution than their predecessors (PEAEH:6 ev to
Eastman et al. (2000). However, there are still remaining~26 keV and CIS: 5 ev/q to 38 keV/q, both with 4-sec resolu-
guestions related to the cusp: the persistence and stability dfon) which, along with the Fluxgate Magnetometer (FGM)
the cusp structure (e.g. Cowley et al., 1991); the geometrymagnetic field vector measurements at the rate of 12 Hz),
of the cusp (Fritz et al. 2002) and the reaction of the mag-enable the examination of much smaller-scale plasma and
netosheath flow to this geometry (Cargill, 1999; Taylor and magnetic field phenomena.

Cargill, 2002); the nature of the cusp/magnetosheath inter-

face (Lavraud et al., 2002; Savin et al., 2004). The questior2.1 PEACE

of spatial/temporal ambiguity is a common problem with sin- )

gle spacecraft data, and multi-spacecraft observations havEh® Plasma Electron and Current Experiment (PEACE) on
shown to be useful in examining and distinguishing betweenP02rd the Cluster spacecraft consists of two sensors, HEEA

spatial and temporal phenomenon (Trattner et al., 2003). Th&High Energy Electron Analyser) and LEEA (Low Energy
magnetosheath-cusp interface is still a region of difficulty Electron Analyser), mounted on diametrically opposite sides

with respect to definition (Lavraud et al., 2002; Savin et al., ©f the spacecraft. They are designed to measure the three-

2004), possibly due to ambiguity in similar signatures beingdimensional velocity distributions of electrons in the range

interpreted differently (Eastman, 2000; Dubinin et al., 2002).0-6 €v t0~26keV. In standard mode HEEA measures the
The Cluster mission has provided a unique opportunity to'2Nge 35ev to 26keV and LEEA 0.6ev to 1keV, although

investigate the local scale structure of the cusp and its sur?Ither can be set to cover any subset of the energy range.

rounding regions. First results from the initial high-altitude O_nboard moment calculations are m_au_:ie fOF e”e”@m.e"-

cusp phase of the mission (January—April 2001) have demon?ith t.he subsequent energy range divided mto 3 regions de-
strated some of the new science that is available, from multiP€nding on energy. Due to the sensor mounting geometry, the
point measurement techniques to state-of-the-art instrumertPP and hottom energy ranges hz_ave 4-s rgsolutlon (measured
capabilities (e.g. Cargill et al., 2001; Bosqued et al., 2001;only by HEEA and LEEA respectively) while the overlap en-
Krauklis et al., 2001; Lavraud et al., 2002; Owen et al., 20016/9Y r@nge (measured by both sensors) has 2-s resolution.
and Taylor et al., 2001). Also, with the addition of ground- For further instrument information, the reader is referred to

based instruments, the real multipoint, multi-instrument ca—‘JOhnStone etal. (1997) and Szita etal. (2001). Data presented

pability of the mission has been revealed (e.g. Lockwood ef-n this study uses the most up-to-date calibrations.
al., 2001a,b; Opgenoorth et al., 2001; Amm et al., 2003). FGM
The present study focuses on an event during this first cusp

phase, where we utilise the four-point measurement capabilrpe fluxgate magnetometer (FGM) experiment on Cluster
ities of Cluster to examine the dynamics of the high-altitude consists of two sensors on each spacecraft, together with their
cusp. Using a combination of electron, magnetic field, andpn poard data processing units (Balogh et al., 1997, 2001).
ion measurements from the Plasma Electron And Currenicyrrently, the primary sensor is the outboard sensor and dur-
Experiment (PEACE), fluxgate magnetometer (FGM), anding normal operation, the instruments are commanded to pro-
Cluster lon Spectrometer (CIS) instruments, we investigatg ide primary sensor data at 22.4 Hz in the spacecraft nor-
the morphology and dynamic nature of the cusp. We noteng| mode and 67 Hz in spacecraft burst mode. These data
that, as in the work by Fung et al. (1997), we encompass theye filtered and re-sampled on board from an internal digital
various terms related to the cusp region, such as “cleft”, “e“'sampling rate of 202 Hz. The magnetometers were operat-
try layer”, etc., and refer to a general “exterior cusp” as thejng in burst mode during the event presented below. Here,
region observed at high altitudes, unless otherwise stated. e have used both spin averages of the data (overview) and

sub-second data (12 Hz) where appropriate for the boundary

analysis. The data are believed to be inter calibrated to at
2 Instruments least 0.1 nT accuracy overall.

The previous missions investigating the high-altitude cusp2.3 CIS

described above had rather low-resolution plasma and

magnetic field detectors. The HEOS full energy spec-The Cluster lon Spectrometry (CIS) experiment consists of
trum (100 ev-40keV) was taken every 256s and a singlegwo different instruments: a COmposition and Dlstribu-

point magnetic field vector every 32-48s (Hedgecock andtion Function analyzer (CIS1/CODIF), giving the mass per
Thomas, 1975). Hawkeye’s full energy spectrum was takercharge composition with medium (22)mangular resolution,
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and a Hot lon Analyser (CIS2/HIA), which does not offer line is ~229Rg, although we note that this approximation
mass resolution but has a better angular resolutior?)5.6 is subject to some variation (i.e. Weimer et al., 2002). In-
The instruments measure the full, three-dimensional ion disdeed, when comparing ACE and Cluster magnetic field data
tribution (H+, He+, He++, and O+) each spin (4s), from during Cluster’s magnetosheath passage (after 06:15 UT) we
5ev/qg to about 38keV/q. The data shown here is transmitsee variations in the lag times 6f10 min. Panel 2 shows
ted at spin resolution from the HIA instrument, where all ions a comparison of the clock angle between ACE and Clus-
are measured. Pitch angle data are presented in the spacecrigt. lon measurements from the SWEPAM instrument on
frame. The CIS instruments on spacecraft 2 are unfortunatelfpoard ACE during this period are less reliable than usual
inoperable. Further information on the CIS instrument can bg(R. Skoug, private communication, 2002) due to somewhat

found in Reme et al. (2001). low flow speeds, so no accurate determination of the solar
wind pressure can be made. Panel 3 shows FGM magnetic
2.4 WHISPER field data in a similar format to panel 1. Panels 4, 5 and

6 show RAPID, PEACE electron and CIS ion energy time
The WHISPER (Waves of High frequency and Sounder for gnectrograms (averaged over all look directions, in units of

Probing Electron der_lsity by Relaxation) instrument on boarddif'ferential energy flux), respectively. Panel 7 shows CIS ion
Cluster has 2 functions: Eq1X the resonance sounder, ye|ocity in GSM coordinates. Panel 8 shows plasma den-
Whlch prqw_des absolute measurement _Of the_total _plasngity derived from the WHISPER instrument and partial elec-
density within the range 0.2-80 ciby actively stimulating o densities derived from PEACE from 2 different energy
and detecting the resonances of the ambient plasma. Eq“?anges: the TOP region-(L000 keV) and the OVERLAP

tion (2):_ pa}ssivg operation, which provides a survey of nat- region covering 35-1000 eV. These two ranges give a good
ural emissions in the 2-80 kHz range. WHISPER is part ofigication of the different ambient plasma populations: the

the Wave Experiment Consortium (WEC), which consists 0f top region covering typical magnetospheric electron ener-
five instruments designed to measure electric and magnetlaies ¢ keV) and the OVERLAP region covering the lower
field fluctuations and plasma density structure in the solarenergy cusp/magnetosheath electrores-hundreds ev).

wind and magnetosphere. WHISPER data is presented dje note that the PEACE partial moments have been slightly
spin resolution (4s). More information on WHISPER can re-scaled to fit onto the same scale.

be found in [ecieau et al. (1997) and (2001), and Pederson st the beginning of the interval, the spacecraft are located
etal. (1997) for WEC. in the northern lobes/plasma mantle and observe characteris-
tically low plasma densities (0.1 cn3) and a large and
negative B,. At around 04:02 UT (near boundary 1) the

In this study we utilise data from the Imaging Electron Spec_spacecraft observe spectral properties characteristic of an in-

trometer (IES) (part of the Research with Adaptive Particle/€ction of magnetosheath-like plasma, with electron (ion)
Imaging Detector (RAPID)). This instrument measures elec-€Nergies up t6~200(~1000) ev, along with an increase in
tron fluxes in 6 energy channels ranging from 42-453 kev,plasma density and increased magnetic fluctuations. These

and data is presented in this paper at spin resolution (4 S)t_)lasma conditions are consistent with observations of the
Further information can be found in Wilken et al. (1997) and CUSP region (Rae et al., 2001). We note that we have marked

2.5 RAPID

(2001). an additional boundary at 1a, as the initial boundary Ej. (
is complicated by spacecraft potential contamination, due
2.6 Observations to the active spacecraft potential control (ASPOC) (Torkar

et al., 2001) on Cluster 1 being inoperable. As a result of
Figure 1 shows data from the PEACE, FGM, CIS, RAPID this, the PEACE lower energy data from Cluster 1 is highly
and WHISPER instruments on board the Cluster spacecrafsusceptible to contamination by spacecraft electrons (Szita
for the period 03:50 to 06:20 UT on the 26 February 2001,et al., 2001), and is most predominant in the OVERLAP
along with corresponding ACE magnetic field data. Therange. The effect of this can be seen during the transition
dashed vertical lines represent the times of well-definedfrom lobe to cusp in the OVERLAP density plot in panel 8,
boundaries between different plasma populations observe#fig. 1, where betweern03:58 and 04:02 UT there is an in-
at Cluster. During this time the four Cluster spacecraft werecrease in OVERLAP density caused by enhanced spacecraft
outbound, as indicated by the GSM (Geocentric Solar Mag-potential. Boundary 1a is defined by a clear inflection in
netic) coordinates along the bottom axis in Fig. 1, with anthe electron moments. At around 04:41 UT the ion bulk
average separation 0£600km. MLT and invariant lati- velocity increases and several injections are detected until
tude values (11.6-12.4 and 82=2y&re consistent with the ~05:13 UT (boundary 2), with the arrival of a region of much
spacecraft being in the cusp region, as described by Fungigher energy electrons and ions (up to tens keV), associ-
et al. (1997). Panel 1 shows the IMF data from the ACE ated with a drop-out in the lower energy populations, as in-
MFE instrument (Smith et al., 1997) plotted with a lag time dicated by the partial densities in Panel 8. We note that dur-
of 85 min, calculated by using a simple convective approxi-ing the period 04:41-05:13 UT, the ions become more uni-
mation, where the average solar wind velocity-i893 km/s  directional, aligning with the field direction, i.&, is neg-
and the distance from ACE to Cluster along the Sun-Earthative. At this time the perpendicular ion flow magnitude is
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Fig. 1. We note that all Cluster data is presented in 4-s spin resolution, unless otherwise stated. Panel 1 shows ACE magnetic field data in
the GSM coordinate frame, X, y, z and magnitude. ACE is at positi(®#82, —40, —5) Rz GSM at this time. MFE values are Level 2 16-s
resolution with a 85-min lag applied. Panel 2 shows a comparison of ACE (black dots) and Cluster (red dots) magnetic field clock angles,
where clock angle is arctan {BB ). Panel 3 shows FGM magnetic field data from Cluster 1 in GSM coordinates. Panels 4—-6 show RAPID
IES electron, PEACE electron and CIS HIA ion data in the form of energy—time spectrograms. Flux units afsstieN) ergs/cfssreV

and keV/cnfssrkeV, respectively. Panel 7 shows CIS ion velocity in GSM coordinates. Finally, Panel 8 shows PEACE derived densities
(TOP in blue, scaled by 200 and OVERLAP in black) and WHISPER derived densities in red. The dashed, numbered vertical lines represent
the boundaries discussed in Table 1.
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comparable with the field-aligned flow (not shown), suggest- FGM and PEACE Boundaries, 1-2, 5-6, 7-8, 9-10
ing enhanced convection is occurring, possibly in association

with the southward IMF at this time. The region between !
boundary 2 and 3 has a significant perpendicular pitch angle 2 | - =
component (not shown), characteristic of a dayside trappec 3 7
plasma population, dayside plasma sheet (DPS), on close”™ of , , , /

field lines (Cowley and Lewis, 1990). After boundary 3 - 4
Cluster briefly re-enters a cusp/magnetosheath-like popula: % s 1 15 2z 25 3 a5 4 a5
tion, but then briefly re-enters the DPS (just before boundary
4). In panel 4, we see that this region has a higher energy 1
than the previous DPS encounter. This energy change coulc
be related to electron drift from the nightside plasma sheet, 2

with the higher energy particles under the influence of gra- 3 °f _
dient drift being found at larger radial distances, such that ™ 5/
Cluster is sampling a “deeper” (lower L shell) region be- —

tween 05:15-05:21 UT and a magnetospheric region muck %o 0s 15 2 &/
closer to the cusp boundary later on. After boundary 4, there e E
is a succession of cusp/magnetosheath-like plasma encoun- . L
ters, delimited by boundaries 5 and 6, 7 and 8 and 9 and 1 pg}szfropnzoéi?gogr;):si(rigu: ti;f;b';irgjic_tg r;/n?jf;_olu; O:Erégc,\)ﬂr'?gér_
with associated enhanced magnetic field fluctuations. Thesﬁinates. The thick red Iinés indi(’:ate t’he region of “CL,JSp" bounded
regions, (boundary pairs: 5-6, 7-8, and 9-10) are interruptedy the houndary pair. The red arrows are unit normals derived by
by boundary layer regions containing a mixture of high DPS-pTA and the blue arrows normals from DA.

like energy plasma and lower energy (lower flux) magne-

tosheath like plasma (e.g. between boundaries 6—7) and also

more defined DPS encounters, i.e. just prior to boundariedlirection V(t—ts) which is equal to the projection of the
7,9 and 11. Exit into the magnetosheath occurs after boundseparation distancg +rs ontor,

ary 11, where the magnetosheath appears highly turbulent, a A

on):a can see from thegcomparison orzezlock ar?glgs in panel 2.8“ —ran =V —1ig) @
The next section examines the dynamics of these boundarie$Ve introduce the vector

3 35 4 45

i

m= )
3 Boundary analysis such that Eq.X) may be written

Dm =T, 3)
3.1 PEACE timing analy5|s (PTA) and FGM discontinuity whereD is the 3«3 matrix (not a tensor) defined by

analyser (DA) techniques

D = (ry—r3,r2—1r3,7r4—1r3) (4)
The tetrahedron configuration of the four Cluster spacecraft,,y7 is the linear array
enables the three-dimensional study of small-scale structures
in space plasma for the first time. As has been pointed n—13
out by Dunlop and Woodward (2000) (and earlier papersT = | t2 — 13 (%)
referenced therein), the dynamics of well-defined magnetic t4 — 13

boundaries, for example, can be determined using combine
inter-spacecraft timing, position information and boundary
normal analysis (the discontinuity analyser, DA). With the
additional assumption (which may not be valid) that the p~!p=|=unit operator £ §;;)

boundary motion is approximately constant, we can also ex- ) ]

plicitly calculate the constant speed along the boundary norhencem is found, ¢ is Kronecker delta)

mal, and corresponding direction, from the timing and posi—m — p-1ir. (6)

tion information alone (Russell et al., 1983). Such techniques

have been utilised on initial Cluster PEACE plasma data, i.e Note that|D| 0 (i.e. D~ must exist, a condition which is
Owen et al. (2001) and Taylor et al. (2001), in particular us-satisfied if, and only if, the four spacecraft are not coplanar).
ing relative changes in the density moments. Following Har- In this paper we attempt to engage the problem of errors
vey (2000), if t, is the time that the boundary is observed in the calculation of the normal from this methodétfis the

by a spacecraft,1<a <4, located atg, then during the time  error in spacecraft position and is propagated into the cal-
t, —t3 the plane of the discontinuity moves along the normal culation of D as$ D, along withst as the time error from

ﬁlhis set of equations is solved by finding the inverse matrix
D~ such that
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can be tested using the Discontinuity Analyser (DA) tech-
nigue (Dunlop and Woodward, 2000), where single space-
craft methods (minimum variance of the magnetic field for
example) can determine the planarity of the boundary as it
passes each spacecraft (recently demonstrated in detail by
Dunlop et al., 2002) and for a reasonably planar boundary, an
attempt to examine the level of acceleration. For brevity we
refer the reader to Dunlop and Woodward (2000) and Dunlop
et al. (2002) for further information on the DA technique.

3.2 Application

Figure 2 and Table 1 summarises the PEACE timing analysis
(PTA) and DA results carried out on the period of data shown
in Fig. 1. In Fig. 2 we have projected the unit normals of the
“cusp” crossings pairs on the orbit path in the x-y and x-z

GSM plane. In all, we focus on four cusp crossings corre-
Fig. 3. Four spacecraft PEACE OVERLAP (35-1000eV) density sponding to the boundary pairs, 1a—2, 5-6, 7-8, 9—10 and the
data (spacecraft 1 in top panel through to 4 in bottom) used inexit into the magnetosheath at 11, where in Fig. 2 the thick
the PTA techpique._ The_ chos_en boundary_ posit_ion is indicated byte(d lines denotes the region of the cusp, bounded by each
the central th_|n vert|c_al line, W|_th a_correlatlon window 960 s boundary normal pair, along the spacecraft trajectory. The
marked by thicker pairs of vertical lines. red arrows show the PTA derived normals and blue arrows
denote DA derived normals. We note that we have used the
the measurements due to instrument resolution, then we caficundary pair 1a-2 to represent the first cusp crossing due to
write the fractional error imz in the A- direction as the contamination effects _dlscussed_ in _the observation sec-
tion above. Because of this contamination, we were unable
sm\ 2 sD™1 2 5t \2 to utilize the correlation technique to determine boundary 1
(;)A = ( pD-1 ) + (7)/\ () and instead used a more “by eye method”. For boundary 1a,
A which was slightly within the cusp, we were able to perform
From this we can then determine an error in the boundarythe PTA from then on. The remaining crossings represent
normalén. In this paper we have used=10 km andst=2 the un-paired boundaries as indicated in Fig. 1. In general,
or 4s, depending on whether we use overlap or top densitypoundary choice was determined by the identification of a
moments. boundary in either FGM or PEACE and searching with the
To quantify the identification of boundaries in the PEACE other instrument for a boundary signature as close as pos-
data we have used a cross correlation technigue in conjungsible to the other. The upper section of Table 1 shows the
tion with identifying a boundary by eye. Following Press PTA information, with the boundary observation time at each
et al. (1999), we calculate the cross correlation of two dataspacecraft followed by the derived normal for each boundary,
samples which gives a maximum correlation coefficient at aalong with the boundary velocity, error in the normal compo-
particular lag or time difference between the two samples. Tonents and correlation coefficient of the three spacecraft pairs
apply this technigue to the four spacecraft data from PEACE (with SC-3 as the reference spacecraft). The shaded columns
we start by roughly selecting the boundary at each spacein Table 1 represent the boundaries that we were unable to
craft we wish to perform the timing analysis on, an exam- determine using the DA technique. The lower section of Ta-
ple of which is given in Fig. 3, where we have indicated the ble 1 shows the results from the DA technique, indicating the
chosen boundary with a central, thin vertical line. We thenboundary number, average normal direction, DA calculated
take a window+T (whereT is ~60 s) around each selected velocity, relative time and relative velocithR.n/At(1,2,4))
boundary time (thicker blue lines on either side of centralacross the tetrahedron (with spacecraft 3 as the reference
blue line in Fig. 3) and correlate this windowed data segmentspacecraft). We note that the single spacecraft normals, cal-
from each spacecraft with the reference spacecraft, in thisulated using a minimum variance technique on the magnetic
case spacecraft 3. The correlation coefficigntquantifies  field data, show good agreement with respect to the planarity
the level of correlation between the spacecraft pairs, with theof the boundaries across the tetrahedron, confirming our pla-
lowestp found to be 0.74. In this paper we shall refer to the narity assumption for the timing technique described above
technigue as PEACE timing analysis or PTA. (PTA). However, the relative velocities in the table in some
We note that the dominant term in Ed) (is from the  cases indicate large accelerations between subsequent space-
instrument §t), which greatly effects the accuracy of the craft observations. This matter is discussed further below,
normal determination whe#~§t. However, we re-iterate  with respect to the PTA-DA comparison.
that this method of boundary normal determination assumes For the first crossing in Table 1 (boundaries 1a—2), the
a planar boundary at constant velocity. Such assumptionboundaries indicate a straightforward crossing of the cusp
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SUMMARY OF PEACE TIMING RESULTS

BOUNDARY 1 1a 2 3 4 5 6 7 8 9 10 11
Observation time at CLUSTER 1 (UT)| 04:02:05 04:07:49 05:13:47 05:21:19 5:23:42 05:30:32 05:39:57 05:55:20 06:01:25 06:05:13 06:07:37 06:09:59
Observation time at CLUSTER 2 (UT)| 04:02:24 | 04:07:49 | 05:13:49 | 05:21:41 5:23:36 05:30:24 | 05:39:52 | 05:55:25 | 06:01:23 | 06:05:34 | 06:07:19 | 06:10:22
Observation time at CLUSTER 3 (UT)| 04:01:58 04:07:13 05:13:45 05:21:46 5:23:34 05:30:15 05:39:48 05:55:29 06:01:17 06:05:42 06:07:26 06:10:09
Observation time at CLUSTER 4 (UT)| 04:03:40 04:08:17 05:13:48 05:21:25 5:23:46 05:30:23 05:39:56 05:55:27 06:01:28 06:05:42 06:07:15 06:10:29

Ny -0.44 -0.93 -0.36 0.71 -0.8 -0.53 -0.81 0.38 -0.97 0.25 0.12 -0.3
ny 0.88 -0.29 -0.93 -0.29 0.53 -0.47 -0.01 0.44 -0.1 0.32 0.16 -0.22
nz -0.12 0.22 -0.04 -0.65 0.28 0.7 0.58 -0.81 0.22 -0.91 0.98 -0.93
Vuax 238 7.5 98 16.9 38.5 26.7 53 53 53.7 16 271 18.1
% error in ny 7.2 19.8 151 15 43 18 20 31 51.2 28 59 21
% error in ny 3.5 13.6 109 9 56 11 59 20 286 9 19 15
% error in nz 5.8 32.8 266 20 34 22 45 36 41 14 20 14
Corr-coef for s/c pair 3-1 - 0.84 0.93 0.74 0.87 0.84 0.84 0.985 0.899 0.91 0.955 0.97
Corr-coef for s/c pair 3-2 - 0.87 0.96 0.88 0.88 0.91 0.94 0.995 0.955 0.96 0.955 0.975
Corr-coef for s/c pair 3-3 - 1 1 1 1 1 1 1 1 1 1 1
Corr-coef for s/c pair 3-4 - 0.88 0.85 0.85 0.89 0.77 0.89 0.84 0.97 0.97 0.95 0.975

SUMMARY OF FGM DISCONTINUITY ANALYSER RESULTS

nx -0.62 0.74 -0.56 0.73 0.24 0.36 20.18 0.25 0.45
n, ny 0.11 0.35 -0.68 017 0.45 0.59 0.85 0.26 0.07
ny 0.78 0.57 0.47 0.67 -0.86 0.73 -0.49 0.93 0.89
AR.n/At (Velocity, km/s) 78.0 120.0 27.0 47.0 17.0 26.0 19.0 21.0 25.6
At3-1 4.0 -6.1 15.9 19.1 -12.1 14.0 163 15.8 -18.0
A3-2 3.3 5.7 6.3 5.3 238 2.0 143 6.2 3.1
At3-4 4.0 2.0 10.8 137 24.8 8.6 6.2 134 19.8
ARW/A(1) (km/s) -119.4 73.1 287 26.1 36.7 14.4 156 28.1 9.1
AR/AY(2) (km/s) 513 64.3 487 3438 28.5 24.4 106 34 44.0
AR./At(4) (km/s) -63.3 2226 253 2538 1.0 47.2 372 16 237

Table 1. Results from PTA and DA. Columns indicate the boundary number from Fig. 1. Boundary la is described in the text. The upper

section of the table shows the times of the boundary observation at each spacecraft. Below this are the results of the PTA: the component:
of the normal and the speed of the boundary. Below this are the percentage errors in each normal component followed by the correlation
coefficients of the boundary at each spacecraft with spacecraft 3. The lower table shows the DA results. The first 3 rows show the “average”

normal direction, followed by the speed of this normal. Below this are 3 inter-spacecraft time differences of the boundgBx1.és the

time taken for the boundary to have traveled from spacecraft 1 to 3. Finally, the final three rows show the speed variations along the normal

direction, all with respect to spacecraft 3, iZeR.n/At Eq. (1) km/s is the boundary speed between Cluster 3 and 1. Note, DA times are not
shown but are as close to the PTA boundary times as the data allowed, again this is discussed in the text.

throat, with the initial boundary indicating entrance via the are no distinct lobe features in the plasma data, one must
duskward (and slightly poleward) edge of the cusp, with theassume Cluster is in some cusp boundary layer withythe
cusp boundary moving at7km/s. Indeed, the magnetic component suggesting entry on the dawnward edge and exit
field orientation at this time (positivB, in Fig. 1) also sug-  at the dusk/equatorward edge. In this case the PTA and DA
gests Cluster is on the duskward edge of the cusp at this timeanethods show good agreement, with strong tailward com-
For the boundary Eq2J corresponding to the cusp exit, we ponents and a similar reversal in the normal y component at
have results from both the DA and PTA technique, with bothentry and exit. The PTA errors are quite low for entry E5}, (
values broadly describing a similar exit normal direction, i.e. but increase at the exit boundary E6) (due to small inter-
boundary is moving tailward. However, we have a ratherspacecraft timings resulting in a much larger velocity), per-
large discrepancy in the z and (predominantly) y compo-haps reflected in the difference in the y direction between the
nents. In this case the PTA errors are quite larg& ast, two exit normals. For the third crossing (7-8), the PTA and
as discussed previously. In addition, the relative velocity cal-DA methods show reasonable agreement at entry (especially
culation from the DA is much larger between spacecraft 1in the X—Z plane). Looking at the relative velocities in the
and 3 than the two other spacecraft pairs, suggesting bounddA analysis in Table 1, we can see evidence of some de-
ary deceleration. With small relative times from the PEACE celeration at boundary 7 (cusp entry) from spacecraft pairs
observations, along with the acceleration, the PTA derivedl3 and 23 to 34. In Fig. 3 we show this deceleration as ob-
normal appears unreliable, although it still shows a tailwardserved in the PEACE density moments. Concentrating on the
component like the DA normal. In general, we can say thatboundaries at each spacecraft, indicated by the central verti-
this first entry-exit pair describes a complete crossing of thecal line, we see the sharp boundary gradients at spacecraft 1,
cusp, from the dusk/poleward to the equatorward edge. 2 and 3 in contrast to the much shallower gradient at space-
For the second cusp crossing (5-6), the orientation of thesgraft 4, possibly reflecting a change in speed of the passage of
normals suggest that the cusp boundary moves across Clu#e boundary over the spacecraft. In contrast the exit bound-
ter in the antisunward direction once again, although as ther@ry appears to accelerate (Table 1), with less agreement with
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Fig. 4. Top panel shows Cluster 1 data through to Cluster 4 data in the bottom panel. Data is in energy-time spectrogram format, detailing the
higher energy magnetospheric population, which is found predominantly in the perpendicular component of the pitch angle distribution. The
arrows indicate the transient cusp/cusp boundary layer population appearances discussed in the text, where minimal spectral flux enhance
ments occur at Cluster 3, suggesting that the structures have a scale size of the order of the spacecraft separation. The black over-plotted lin
is PEACE density from the OVERLAP region, to accentuate the plasma transients.

the two derived normals and larger errors in the PTA. The4 Discussion
high correlation coefficients in this case are misleading as

the signature of this exit boundary was not very clean. In-From the boundary analysis of the cusp crossings described
stead, it appears highly structured and quite diffuse (with aabove we can begin to build a picture of the global struc-
long shallow gradient), making boundary identification and ture and dynamics of the cusp. Up to boundary 3, and
hence boundary correlation at any scale quite difficult (notfrom boundary 7 through to 11, the single spacecraft view
shown). In view of this we concentrate on the DA exit nor- of the spacecraft cutting across the cusp, skimming the equa-
mal, where the entry-exit normal pair undergoes a significantorward edge of the cusp boundary layer and entering the
z rotation, suggesting that Cluster is near the equatorwargnagnetosheath is upheld. Indeed, during the transition be-
edge of the cusp, in close proximity to the boundary and thusween boundary 2 and 3, 4 spacecraft observations by the
making such a “skimming” entry—exit. For crossings 9-10, PEACE instrument further add to this picture of the tetrahe-
the spacecraft go back and forth through the boundary bedron skimming the equatorward edge of the cusp. In Fig. 4
tween the DPS and cusp/magnetosheath, apparently close {ge have plotted an energy-time spectrogram of the electrons
the region where the equatorward edge of the cusp turns tofrom the parallel component of the pitch angle distribution of
wards the sub-solar region, as indicated by the rotation of theach spacecraft, s/c 1 at the top down to s/c 4 at the bottom.
normalz-component from entry to exit. Finally, the space- The OVERLAP density has been over-plotted in black to ac-
craft cross into the magnetosheath, with good agreement beentuate the cusp/magnetosheath plasma signatures. Over-
tween the PTA and DA normals and velocities. all, we can see the general structure of the region, comprised
of high-energy DPS electrons (up to 10keV), interspersed
with transient lower energy, magnetosheath-like electrons
(<200ev). Lundin et al. (2003) have examined a section of
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2001-02-26 05:15:00 dering of the observations of the transients by the tetrahedron
g is consistent with the general orientation of boundaries 2-3
0.36 § Ei (Flg 1)

Figure 5 shows the orientation of the spacecraft config-
uration in GSM coordinates for this time period shown in
032 ~ , Fig. 4. By considering the position of the spacecraft in com-
bination with the boundary normal direction of the cusp exit
(boundary 2-05:13 UT), itis clear that s/c 1 and 4 are almost
2 aligned with, and closest to, the cusp boundary. Spacecraft
2 and 3 lie deeper into the dayside magnetosphere. Look-
ing at the evolution with respect to the GSKidirection we
see that s/c 4 is more tailward than 1, as well as lower in
022} GSM Z. From this we conclude that the signature indicated
by the first arrow is moving in the positivg direction, per-
haps with a slight negativg, such that the transient is appar-
oLl QL ently moving sunward, consistent with a cusp/cusp boundary

X (Re) layer encounter. For the transient indicated by the second
2001-02-26 05:15:00 arrow, around~05:16:13 UT, the PEACE data suggests that
8ok % c2 the population could be remnant of the original signature at

ca 05:15 UT. However, its observation by only s/c 1 and 4 allow
for some inference of the origin of the population, again in
solll this case the boundary arrives from the “rear” of the tetrahe-
dron. The third arrow at-05:17:30 UT, indicates a signa-
ture which has a slightly different ordering, but can still be
820 associated with motion from the rear of the tetrahedron, in
ool | , : - this case with a larger negativ& component, as suggested
from the first observation being at s/c 1. The signatures in
the final transient are most coherent in s/c 1 and s/c 4, with
876 a similar ordering to the previous transient, again suggesting
motion in the positiveX and negativeZ directions. How-
ever, the fourth arrow indicates a signature starting at about
872 05:18:55 UT in s/c 3 suggests a more complicated structure,

274 276 %% 26 25%( ’F‘zzzt 256 2.‘8802‘.9 252 with some motion in the X=y p|ane_

oo 79 What spoils this “single-spacecraft” picture of Cluster cut-
ting and skimming the dayside cusp boundary region, is the

Fig. 5. The Cluster tetrahedron configuration around the time of theOrientation of boundary 5 (and also boundary 4), which sug-

observations, with spacecraft positions in tagx—y plane andb) gests the cusp is again equatorward of the spacecraft and
x—z plane (GSM). moves tailward across the tetrahedron. Such an ordering of

boundary normals suggests a highly dynamic cusp or disfig-
this period using Cluster ion and (single spacecraft) magnetiaired cusp geometry, where both pairs of boundary normals
field measurements, describing transient plasma observatior{d—2 and 5-6) are ordered in a similar manner, such that the
in terms of injected plasma clouds, “plasma transfer events’cusp appears to have crossed Cluster in the same direction,
or PTE. In the current case we view the transients as brief.e. both cusps were entered on their poleward edge and were
encounters with the cusp boundary layer. In Fig. 4 we haveapparently convected tailward. Previous surveys of the high-
indicated these transients with black downward arrows aboveiltitude cusp region (e.g. Merka, 1999 and Eastman et al.,
the first panel, observed at s/c 1, 2 and 4, centered around000) reported that dynamic pressure and dipole tilt are pri-
~05:15, 05:16:13, 05:17:30 and just after 05:19 UT. The lackmary factors controlling the cusp position with IMF orienta-
of a signature in s/c 3 suggests spatial structure on a scale difon being secondary. As mentioned previously, there are no
less than the spacecraft separation, and this also means veecurate measurements of solar wind pressure, so an exam-
cannot use the timing analysis described in Sect. 4. Howdnation into the possible effects of dynamic pressure is not
ever, the use of the fourth spacecraft gives us a feel for thgossible, therefore, we may only discuss the implication of
evolution of the populations through the ordered sequence oflipole tilt and IMF orientation.
observations. The relative differences in flux, as well as the Merka et al. (1999) reported that radial field configurations
time of observation at each spacecraft, give us an idea of then combination with a “tailward” dipole tilt would result in
gradient and scale of these plasma intrusions and are consithe cusp location being found at higher latitudes. Indeed,
tent with small-scale traversals of the boundary between théMaynard et al. (2003) have shown that varying Ik al-
dayside magnetosphere/cusp boundary layer. Indeed, the oters the effective dipole tilt. Also, Opgenoorth et al. (2001)
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reported an unusual cusp encounter by Cluster, where, for Subsequent boundaries are consistent with a skimming tra-
moderate changes in the IMF conditions, the cusp positiorjectory of the very edge of the cusp/dayside magnetosphere,
moved from a pre-noon position to a late post-noon posi-with normal rotation predominantly in thedirection. After
tion, ~5h in MLT. In the current case, the dipole tilt angle the final boundary 11 in Fig. 1, we note the rather steady, pre-
is rather small, such that one would expect the cusp to belominantly radial IMF combining with very turbulent Clus-
found at higher latitudes and therefore less flared than wherer magnetic field observations to provide little correlation
observed for larger, more positive dipole tilt angles. Dur- with the clock angles, making identification of a magne-
ing the time period 05:20-06:15 UT, one can associate théopause rather difficult from a clock angle point of view.
changes observed at Cluster with the changes in BMfand

Bz, in particular the rough time periods of particular change. )

During the period of near radial IMF (betweerd5:23 and © Summary and conclusions

05:40 UT) Cluster observes a transition from a rather unidi-
rectional injected plasma population (aftef5:25 UT), to

a more isotropic stagnant one (05:30-05:40 UT). Following

this period the IMF turns southward for about 12 min until tions of the cusp, which were identified in data from the

05:52 UT'. before returning to its more radial state. The PEACE and FGM instruments on board the Cluster space-
corresponding Cluster observations show energy dispersed ! . L : .
. : . : craft. By implementing a combination of analysis techniques
ion signatures and a return to a more injected particle popu- : . T

. . ) . . on these crossings, namely the FGM Discontinuity Analyser
lation (05:40-05:45 UT), consistent with enhanced sub-solar, - :

. : -(DA) and the PEACE timing analysis (PTA), we were able to
reconnection (we note especially the enhanced flow veloci- . . . . .
. . . determine the orientation and velocity of these boundaries.
ties). However, this is followed by entry into a rather com-

i . The results of this analysis have generally shown good agree-
plicated boundary layer, with rather stagnant plasma flow . ) . ;
ment with previous studies, where the single spacecraft per-

gsxl:gtri]:y 2?'?]_ﬂﬁgﬁgv\llogng:(:h alrfslﬁq’anogsﬂlc;ggzl gni (I:c?\;v spective is upheld with the four spacecraft data. The excep-
9 hig gy p bop ' tion to this conclusion is the orientation of the cusp bound-

flux magnetosheath—lllfe population co—eX|st'|ng wlth a more?ries 5 and 6 in Fig. 1, which suggests that, for the two
plasma sheet population. Such a population is somewha

o B o h : consecutive boundary pairs 1-2 and 5-6, Cluster encoun-
similar to the “weakly mixed” PTE signatures discussed byters the cusb from the poleward edae and exits on the equa-
Lundin et al. (2003), describing a population where mag- P P g q

netosheath plasma was newly iniected into maanetos heriE:orward side, rather than observing a simple back and forth
P y 9 b otion of the equatorward edge of the cusp. The observa-

plasma. This mixing may suggest the region to be a closec?q

LLBL (e.g. Fuselier et al., 2002). Previous studies of similar t:’r?ncs)f;u;h u?;):tki)rlme_f:lljjzp (‘:é):v\\//?:tloe? ;aylgglqli%ﬁj/:/agog
LLBL properties have suggested that such mixed populations b 9 P y " '

are a result of “double” reconnection (e.g. Le et al., 1996;‘5‘nd Smith, 1992), where the two cusp signatures are the re-

; It of bursty reconnection resulting in flux t nvectin
Onsager et al., 2001), where, under the influence of a norths - © bursty reconnection resulting ux tubes co ecting
over the spacecraft. However, the extent of the cusp signa-

ward IMF, lobe reconnection in one hemisphere opens th% : .
o . . ures, along with the subsequent boundary motions, are more
magnetospheric field lines to the magnetosheath, which A% onsistent with the motion about the position of the space-

subsequently_closed by reconnection in_ the conjugat_e .hem"raft of a more permanent external cusp structure. Previous
sphere, trapping the hot magnetospheric and C(_)oler '.nleCteﬁigh-altitude cusp studies (Merka et al., 1999 and Eastman
magnetosheath plasma. In the current case we find this POPUL" | 2000) have shown the high-latitu'de cusp and associ-
ated boundary regions to be primarily affected by dipole tilt

and solar wind pressure, with IMF dependence secondary.

On 26 February 2001 Cluster encountered the high-altitude
cusp region of the Earth’s magnetosphere. Over a period
from ~04:00-06:20 UT Cluster made 4 separate observa-

lation during a southward directed IMF, albeit with a compa-
rable Bx component. One would expect this configuration
to re_sult in reconnection at high latitudes in the SOUthemMaynard et al. (2003) have shown that variations in the IMF
Hemisphere. Recent results by Maynard et al. (2003) hav . ; : S

i X . : . x alter the effective dipole tilt angle, which, in turn, effect
shown evidence of high-latitude reconnection during south-the osition of the cusp. In the bresent case it appears that
ward IMF, which is moved to higher latitudes with increased P P. P bp

the effect of a varying IMFBy has induced latitudinal mo-
IMF, although not poleward of the cusp. In the current case,,. . .
. . . ) . . . tion of the cusp region. We have also examined the planar,
if we take into consideration the previous highly radial IMF, . - L
. ; . . o . . constant velocity boundary assumption in the derivation of
in conjunction with the possibility of high-latitude/local re-

connection (i.e. Savin et al. 2004; Haerendel, 1978), the tran? boundary normal from multi-spacecraft observations, and

sition to the current state{05:45-05:51 UT) would involve found_ that in this case, although pl_ananty was upheld, al
. : crossing had some level of acceleration (as determined by the
some level of re-configuration. Onsager et al. (2001) hav

. ; . A). We have found that for some spacecraft separations in
shown there to be a certain pre-processing prior to reconnec:

. : : . connection with particular instrument resolutions and bound-
tion and in the current case, this boundary region may be an . . . :

) ; : ary orientations, the boundary normal may be ill defined.
example of an intermediary stage between dominant recon-
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