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PREFACE

The cusps have traditionally been described as narrow funnel-shaped regions
that provide a focus of the Chapman—Ferraro currents that flow on the
magnetopause, a boundary between the cavity dominated by the geomagnetic
field (i.e., the magnetosphere) and the external region of the interplanetary
medium. From low-altitude satellite and ground-based measurements the
cusps appear to behave in much the manner predicted for the responses of the
narrow funnel-shaped structures to changes in the upstream interplanetary
medium. Measurements at higher altitudes have been reported by past and
recent missions such as the Russian Interball satellites, the US/NASA
Hawkeye, Polar, and IMAGE satellites, and the joint European Space
Agency/NASA Cluster suite of four satellites, all in mid- to high-altitude
polar orbits. From these measurements, it has become clear that the cusps are
no longer confined to narrow regions near local noon but appear to
encompass a large portion of the dayside high-latitude magnetosphere. An
unexpected result is that the cusps appear to be a major source region of
energetic charged particles for the magnetosphere.

We try in this collection of papers to address the question “What is the
Cusp?” We consider what is its role in coupling the solar wind to the mag-
netosphere as well as its role in charged particle transport and energization
within the magnetosphere. In the literature we have had the cusp known by
many names. These names appear again in papers of this Special Issue.

Boundary Cusp [BL]

Cusp Throat [CT]

Exterior Cusp [ET]

Stagnant Exterior Cusp [SEC]
Turbulent Boundary Layer [TBL]
Cusp Proper [CP]

Double Cusp

Sash

True Cusp [TC]

The cusp has been reported as a single region but also as a double region each
with unique properties. Multiple simultaneous cusps are discussed as well.
Within the cusp there are features that have been called the following:

Cusp Diamagnetic Cavity [CDC]

Diamagnetic Bubble [DB]
Outer Throat [OT]/Inner Throat [IT]
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Temporal and/or Spatial Energy Steps
Cusp Energetic Particle events [CEP]
Outer Cusp [OC]/Inner Cusp [IC]
Plasma Ball [PB]

The Turbulent Boundary Layer [TBL] has been further divided into an outer
TBL zone [OZ], middle TBL zone [MZ], and inner TBL zone [IZ].

Do these many names mean that we understand the cusp and its under-
lying physical principles or do they indicate a lack of understanding? In this
collection of papers arguments are advanced, based on observations and
theory, that cusp features are entirely produced and driven by the incoming
solar wind and interplanetary magnetic field structure while other papers
argue that much of the turbulence, structure, and resulting particle acceler-
ation are produced locally within the cusp. In one of the papers the cusp is
depicted as a very narrow region connected to the subsolar merging site and
associated with the last closed field line, whereas a couple of statistical studies
reported here present evidence demonstrating that the cusp is a vast dayside
region of shocked solar wind plasma existing inside the magnetopause. The
reader will encounter a paper that argues that most or all of the features of
the low altitude particle signatures associated with the cusp are produced by
temporal changes while the authors of another paper argue that these same
features are spatial and frozen in time. To assist the readers of these papers
the editors have encouraged each author to define early in their paper what
distinguishes their cusp from other surrounding regions of the dayside high-
latitude magnetosphere. The title of this special issue is “The Magnetospheric
Cusps: Structure and Dynamics”. The guest editors for this Special Issue of
Surveys in Geophysics are Professor Theodore A. Fritz of Boston University,
Boston, MA, USA and Dr. Shing F. Fung of the NASA Goddard Space
Flight Center, Greenbelt, MD, USA. As editors of this special issue our main
goal has been to provide a comprehensive set of overview papers that focus
on the properties of the cusp as a function of altitude and the effects of the
adjoining magnetopause boundary layer. A number of topical papers of high
interest have also been included in this volume. The core papers for this issue
have been drawn from a special session held at the spring meeting of the
American Geophysical Union in May 2002. The session was entitled “Tur-
bulence and Dynamics at the High Altitude Cusp and Dayside Magneto-
pause Boundary Layer” and the convenors were Dr. Jiasheng Chen and
Professor Theodore A. Fritz. The editors would like to acknowledge and
express their appreciation to the following individuals who devoted their time
and effort to reviewing the papers in this collection: James L. Burch, Jiasheng
Chen, Nancy U. Crooker, Timothy E. Eastman, Joseph F. Fennell, Richard
C. Elphic, Charles C. Goodrich, Patrick T. Newell, Nelson C. Maynard,
Richard W. McEntire, Douglas Menietti, Barbara Popiclawska, Patricia H.



PREFACE 3
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Abstract. This paper reviews Cluster observations of the high altitude and exterior (outer)
cusp, and adjacent regions in terms of new multi-spacecraft analysis and the geometry of the
surrounding boundary layers. Several crossings are described in terms of the regions sampled,
the boundary dynamics and the electric current signatures observed. A companion paper in
this issue focuses on the detailed plasma distributions of the boundary layers. The polar
Cluster orbits take the four spacecraft in a changing formation out of the magnetosphere, on
the northern leg, and into the magnetosphere, on the southern leg, of the orbits. During
February to April the orbits are centred on a few hours of local noon and, on the northern leg,
generally pass consecutively through the northern lobe and the cusp at mid- to high-altitudes.
Depending upon conditions, the spacecraft often sample the outer cusp region, near the
magnetopause, and the dayside and tail boundary layer regions adjacent to the central cusp.
On the southern, inbound leg the sequence is reversed. Cluster has therefore sampled the
boundaries around the high altitude cusp and nearby magnetopause under a variety of con-
ditions. The instruments onboard provide unprecedented resolution of the plasma and field
properties of the region, and the simultaneous, four-spacecraft coverage achieved by Cluster is
unique. The spacecraft array forms a nearly regular tetrahedral configuration in the cusp and
already the mission has covered this region on multiple spatial scales (100-2000 km). This
multi-spacecraft coverage allows spatial and temporal features to be distinguished to a large
degree and, in particular, enables the macroscopic properties of the boundary layers to be
identified: the orientation, motion and thickness, and the associated current layers. We review
the results of this analysis for a number of selected crossings from both the North and South
cusp regions. Several key results have been found or have confirmed earlier work: (1) evidence
for magnetically defined boundaries at both the outer cusp/magnetosheath interface and
the inner cusp/lobe or cusp/dayside magnetosphere interface, as would support the existence
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of a distinct exterior cusp region; (2) evidence for an associated indentation region on the
magnetopause across the outer cusp; (3) well defined plasma boundaries at the edges of the
mid- to high-altitude cusp ““throat™, and well defined magnetic boundaries in the high-altitude
“throat”, consistent with a funnel geometry; (4) direct control of the cusp position, and its
extent, by the IMF, both in the dawn/dusk and North/South directions. The exterior cusp, in
particular, is highly dependent on the external conditions prevailing. The magnetic field
geometry is sometimes complex, but often the current layer has a well defined thickness
ranging from a few hundred (for the inner cusp boundaries) to 1000 km. Motion of the inner
cusp boundaries can occur at speeds up to 60 km/s, but typically 10-20 km/s. These speeds
appear to represent global motion of the cusp in some cases, but also could arise from
expansion or narrowing in others. The mid- to high-altitude cusp usually contains enhanced
ULF wave activity, and the exterior cusp usually is associated with a substantial reduction in
field magnitude.

Keywords: boundary dynamics, clustermagnetospheric cusps

Abbreviations: ACE — advanced composition explorer; GSE — geocentric solar ecliptic; GSM —
geocentric solar magnetic; IMF — interplanetary magnetic field; LT — local time; MVA —
minimum variation analysis; Rg — earth’s radius; ULF — ultra-low frequency; UT — universal
time

1. Introduction

The region associated with the Earth’s magnetospheric cusps is one of the
most complex in the magnetosphere, in terms of both its morphology and the
processes operating. The cusps are believed to be the main places of transport
of plasma into the magnetosphere and therefore contain (modified) mag-
netosheath plasma (e.g. Frank, 1971; Newell and Meng, 1988). Their extent
and location are known to respond to the IMF and solar wind pressure
(Newell et al., 1989; Woch and Lundin, 1992; Newell and Meng, 1994;
Yamauchi and Lundin, 1994; Yamauchi et al., 1996; Savin et al., 1998;
Fedorov et al., 2000; Dubinin et al., 2002). The cusps, however, have an often
complex magnetic topology, whose direct relation to processes occurring
elsewhere on the magnetopause and in the adjacent magnetosheath is not
fully understood. There is often a combination of processes operating, having
both local and remote effects. Adding to this complexity are the facts that the
region is of large (many Rg) spatial extent, containing a variety of distinct
structures having both plasma and field specific characteristics, but is highly
dynamic and often with changes in magnetic topology. This makes mea-
surements of the region extremely difficult to interpret. The magnetic and
plasma structures surrounding the cusps often depend on prevailing condi-
tions. The boundaries surrounding the region have therefore not been well
characterised. In particular, the relation between a possible, distinct exterior
cusp, as part of the high altitude cusp region, and an indentation on the
magnetopause (Spreiter et al., 1968; Haerendel et al., 1978; Vasyliunas et al.,
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1979) is not well formulated. A more comprehensive review of these earlier
studies can be found in a companion paper in this issue (Lavraud et al., 2003).

The four-spacecraft Cluster mission is currently returning co-ordinated,
multi-point information on the region of the cusps at unprecedented detail. It
has the potential to resolve cusp structure, first investigated during the early
Hawkeye and HEOS missions (e.g., see Paschmann et al., 1976; Haerendel
et al., 1978; Farrell and Van Allen, 1990; Kessel et al., 1996; Dunlop et al.,
2000; Eastman et al., 2000) over 30 years ago, and more recently re-explored
with the Polar mission (e.g. Grande et al., 1997; Russell, 2000; Scudder et al.,
2002, Fritz et al., 2003) as well as the Interball mission (Savin et al., 1998;
Fedorov et al., 2000; Dubinin et al., 2002). The orbital dynamics is designed
so as to place the spacecraft array into a nearly regular tetrahedral config-
uration in the location of the cusps. Both the high capabilities of the onboard
instruments and the tetrahedral spacecraft configuration permit very accurate
and precise determination of the physical particle and wave phenomena and
small-scale dynamical analysis. Many cusp crossings have been recorded by
Cluster, during 2001 and 2002, covering a variety of ambient conditions, and
these have sampled the cusp region with a range of spatial scales (100—
2000 km). Nevertheless, the analysis of Cluster data requires particular
interpretation, currently at a phenomenological level. A number of four-
spacecraft techniques have been devised to combine the multi-point dataset
(see Paschmann and Daly, 1988). These techniques can determine such
properties as thin boundary layers, their orientation and motion, and the
nature of associated current layers, and are in development to explore further
applications. Two techniques in particular are described below, the Curlo-
meter (Dunlop and Balogh, 1993; Robert and Roux, 1993; Robert et al.,
1998) and Discontinuity Analyser (DA) (Dunlop et al., 1997; Dunlop and
Woodward, 1998, 1999). The application of these techniques is defined by the
comparative spatial and temporal scales.

During the mission, the spacecraft are maintained in a closely separated
array formation (at mean distances which, over the mission, have ranged
between 100 and 6000 km), having a repeating evolution every orbit.
Manoeuvres are performed at six-monthly to yearly intervals. The orbit is
shown, for example, in Figure 2 (described in Section 3), for a typical dayside
orientation of the line of apsides, in comparison with the T89 (Tsyganenko,
1989) model field, shown for guidance. Different dipole orientations occur
with respect to the orbit for other passes. The orbits are inertial, having
identical periods for all spacecraft and a polar orientation, with a rising
argument of perigee. Perigee and apogee are at 4 and 19.6 Rg, respectively.
Cluster therefore samples the cusp at both high and mid altitudes during
different phases of the orbit. In the plot, the configuration formed by the
relative locations of each spacecraft, at different times around the orbit, is
shown scaled up by a factor of 20. Not only does this spacecraft configura-
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tion distort dramatically around the orbit, but its scale size varies also.
Therefore, the array of four spacecraft samples the magnetic field in very
different ways at different positions. This has the consequence that some
combinations of the four-point measurements are more fruitful than others,
depending upon the structures present. It is critical to know, for instance,
what are the comparative inter-spacecraft separations with respect to the
characteristic scale size of the structures present. Usually the analysis will
involve crude estimates of scale (degree of stationarity or relative size, large
or small-scale structures), inferred from the measured, time series variations.
Fortunately, different magnetospheric phenomena often produce anisotropic
structures that can be described in terms of similar global frames of reference,
for example, corresponding to a flow, field, or boundary aligned co-ordinate
system (Dunlop et al., 1993). The multi-spacecraft methods generally give
better results than single spacecraft methods, and they give much better
defined local systems of reference.

This paper reviews the analysis of a few comparative events taken from the
data set, concentrating primarily on the dynamics and magnetic structure of
the boundaries. A companion paper (Lavraud et al., 2003) deals with the
plasma characteristics observed within key regions of the cusp, partly in the
context of the magnetic boundaries. Section 2, below, summarises the four
spacecraft techniques used to order the data; Section 3 then introduces each
event, describing their basic properties and the solar wind/magnetosheath
context, and Section 4 discusses their characteristics, interpreted from the
four-spacecraft locations. Section 3 concentrates on the sampling context to
characterise each event, using multi-spacecraft crossings where appropriate,
whereas Section 4 discusses how well this character may be quantified by the
four-spacecraft analysis, and understood in terms of the response of the region
to the external conditions. In Section 5, this interpretation is summarised.

2. Measurements and techniques
2.1. CLUSTER INSTRUMENTATION

The data used in this paper have been taken by the magnetometer and plasma
instruments residing onboard the Cluster spacecraft. Although the analysis
presented here depends primarily on the magnetic field measurements, the
plasma data are shown for context. The fluxgate magnetometer (FGM)
experiment is providing high time resolution magnetic field measurements from
the primary sensors on all four spacecraft (Balogh et al., 2001). The experiment
consists of two sensors on each spacecraft, mounted near the middle and end of
arigid 5-m boom, together with their onboard data processing units. Currently,
the primary sensor is the outboard sensor, providing magnetic field measure-
ments at 22.4 Hz (normal mode) or 67 Hz (burst mode). The instruments are
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operating continuously and the data have been filtered and re-sampled
onboard from an internal sampling rate of 202 Hz. The data are believed to be
inter-calibrated to at least 0.1 nT accuracy overall. Here, we employ both spin
resolution and high time resolution data where appropriate, which have been
re-calibrated to higher accuracy where necessary.

The Cluster Ton Spectrometer (CIS) is fully described by Réme et al.
(2001) and is capable of obtaining full three-dimensional ion distribution
functions down to a time resolution of 4 s. The CIS experiment is composed
of two complementary sensors: the COmposition and DIstribution Function
analyser sensor (CODIF), which utilises a Time of Flight system in order to
resolve ion masses, and the Hot Ton Analyser (HIA) that does not separate
ion species but has a better angular resolution. The CIS experiment is cur-
rently providing data from both sensors on two spacecraft (1 and 3) and from
CODIF only on spacecraft 4. We present data from both instruments in the
present paper. The Plasma Electron And Current Experiment (PEACE,
Johnstone et al., 1997) is providing low- and mid-energy electron data from
all four spacecraft. It consists of two sensors, the High Energy Electron
Analyser (HEEA) and the Low Energy Electron Analyser (LEEA), mounted
on diametrically opposite sides of the spacecraft. They are designed to
measure, in combination, the three dimensional velocity distributions of
electrons in the range 0.6 ¢V to 26 keV. The HEEA normally measures the
range 35 eV to 26 keV and the LEEA the range 0.6 eV to 1 keV, although
either can be set to cover any subset of the energy range. Thus, the overlap
energy range (measured by both sensors) effectively has 2-s resolution or can
be used to cross calibrate the sensors. Data presented in this paper are
derived using preliminary calibrations.

2.2. THE DISCONTINUITY ANALYSER (DA)

This technique characterises the macroscopic properties of boundaries or
discontinuities, and determines parameters that describe the motion, geom-
etry and orientation of these structures. The first application of this technique
to Cluster data has been reported by Dunlop et al. (2002a) and here we use it
only in the case of stationary, planar boundaries. The basic algorithm uses
single spacecraft methods, such as Minimum Variance Analysis (Sonnerup
and Cabhill, 1967) or co-planarity, to determine the normals to the boundary
at each spacecraft crossing point, independently. The boundary orientation
and motion can then be calculated by combining the boundary crossing
times, at each spacecraft, with spacecraft separation vectors and the
boundary normals as determined above. Figure 1a shows the idealised case
of a planar discontinuity. Boundary normals are envisaged as having been
determined to be nearly parallel at each of the four spacecraft (s/c 1, 2, 3, 4).
Because the normals are determined independently, parallel normals directly
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imply a planar geometry over the spacecraft array and allow the boundary
motion (velocity v,, and acceleration a,), to be determined from

rn:vgt—l—%antz (1)
where r, = Arjjen, etc., and 1=t

If the motion is constant over the spacecraft array (a, is found to be
small), equation 1 can be used to compute n/v’ (Russell et al., 1983). This
computation of n and »’, under an assumption of constant velocity, is
referred to below as a timing analysis, since the results only depend on the
timing of the crossings at each spacecraft. When the results of the DA suggest

(a) RA

Mi=ritis

Figure 1. (a) The application of the DA to a planar discontinuity (after Dunlop et al. (2002a)),
and (b) The curlometer concept (after Dunlop et al. (2002b)).
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that the motion is indeed almost constant, these values can provide a con-
sistency check for the planar-DA, either of the normals, or of the estimates of
the motion. If the acceleration of the boundary is changing rapidly, a, may
not well represent the boundary reversals.

Even with this simple form of the technique, Equation (1) rests on the
determination of the inter-spacecraft time differences between the bound-
ary crossings at each of the spacecraft, together with the assumption that
the structure does not evolve over the time intervals. In practice, this
requires that identifiable features in the time series data are stationary (can
be interpreted as convected stable structures). These, often sharp (short
duration), features are usually best viewed by the change in the maximum
variance component of the magnetic field, following transformation to
MVA co-ordinates (or in the field intensity where there is low field
rotation). Typically, for magnetic discontinuities and other plasma
boundaries, stationarity is only valid near these sharp boundaries. Par-
ticularly for the case of well-defined current sheets, the maximum variance
component will suggest a magnetic field rotation over some finite time
interval. These intervals correspond to the traversal times through the
current sheet (time intervals to cross the current sheet, as represented by
the shear in the magnetic field).

In the results analysed below we quote the mean normals, obtained from
the individual spacecraft normals, where only planar crossings have been
analysed. The mean normals, of course, will give better estimates of the
boundary orientation than the spacecraft normals. We also quote the com-
puted velocity between each independent spacecraft pair in order to identify
the relative motion of the boundary, as determined from the DA. Once any
change of this velocity over the spacecraft array has been found, this motion
can be used to scale each traversal time through the current layer (at each
spacecraft) to a boundary thickness. These estimates of boundary thickness
are also quoted.

2.3. THE CURLOMETER

The description of the curlometer and its development has been referenced in
the Introduction, and first application of the technique has been reported
recently by Dunlop et al. (2002b). The technique directly combines simul-
taneous data across the different spacecraft with the position information of
the spacecraft to calculate the curl of the magnetic field from Ampére’s law as
an estimate of the average current density through the spacecraft configu-
ration, using the difference approximation

tod ® (Ar; x Arj) = AB; e Arj — AB; e Ar;
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representing: / Jeods= %B odl

with Ar; = r; — 1, and similarly AB; = B; — B, (see Dunlop et al., 2002b). This
effectively estimates the average current normal to the face (/, i, j) of the
tetrahedron (see Figure 1b). Since the vector defining the face is known by
Ar; x Arj, the currents normal to three faces can easily be re-projected into a
Cartesian co-ordinate system. Generally, this approximation requires that
the spacecraft separation is much less than the scale lengths on which the
current density varies. If this assumption does not hold, the estimate of J
becomes inaccurate (but may still reflect real effects). Some check on the
linearity of the spatial magnetic field gradients is therefore desirable, and it is
also possible to calculate an estimate for div(B) from

diV(B)|Al‘i or; X Al‘k‘ = \Z ABl ° Al‘j X Al‘k|

cyclic

The calculation of div(B) produces non-zero values as a consequence of
non-linear spatial gradients neglected in its estimate (as well as containing
the effect of timing and measurement errors). It therefore usefully measures
the combined effect of the linear approximation for those diagonal terms in
the dyadic AB, and both quantities are monitored routinely. The information
from div(B), however, only indirectly refers to the estimate of the error in J.
In particular, the use of div(B) as an indicator is less valid at extreme dis-
tortions of the spacecraft tetrahedron and these configurations are avoided.
The ratio |div(B)|/|curl(B)| is actually used to monitor a dimensionless
quantity, expressed as a percentage deviation from zero. The effect of
measurement errors (uncertainties) in the determination of r and B (and
time) is very critical for the calculation of J, since it involves differences in
the quantities. Their contribution to the error in J is also highly sensitive to
both the spacecraft configuration and the magnetic structure. In the analysis
below we comment on the curlometer calculation only briefly, but have
checked that these qualifications on the estimate give consistent results for
the analysis performed.

3. Events

We summarise here the description of particular cusp traversals, which have
been covered by Cluster at mean spatial separations of 600 km (from the
dayside pass in 2001) and 100 km (from the dayside pass in 2002). In the first
case, the spacecraft configurations are scaled up by a factor of x 20 and, in
the second, by a factor of x100. Three primary events are described in some
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detail, with the small separation events being presented for comparison,
together with a quiet time event to show the underlying gross features of each
region of the cusp. The events have been chosen to show both the extreme
changes in character of the regions surrounding the cusp which have been
observed and some of the different sampling configurations which have been
covered by the Cluster spacecraft. We describe the properties of the events
fully below, including their four-spacecraft context. The significance of the
multi-point analysis is then discussed further in Section 4.

3.1. EveNnT OF 17 MARCH 2001

Figure 2 shows a northern cusp crossing, which occurred during quiet
external conditions, and during essentially northward IMF-B_. The crossing
occurred during the exit of the spacecraft from the magnetosphere on the
outbound, northern leg of the Cluster orbits. In Figure 2, the spacecraft orbit
and the configuration at intervals along the orbit are shown projected into
the X,Zgsm plane (with the inset being the corresponding X,Y gsm projec-
tion). The dots on the orbit are hours of the day from zero UT at the perigee
end of the segment shown. The plane of the orbit lies almost at magnetic
noon, just on the dawn-side for the whole pass until the final magnetopause
exit at 09:20 UT (confirmed by the magnetic field and ion data shown in
Figures 3 and 4).

Figure 3 shows the magnetic field data compared with the Tsyganenko
model field (T89, for Kp=1). The underlying trends in B and By follow the
model closely until the spacecraft are near the magnetopause. The magnetic
field is directed down (South) and slightly duskward, as required for this
location, and defines the ““throat” of the cusp as field aligned. [Note that for
convenience of description, we will refer to the mid- to high-altitude region
(say between 5 and 10 Rg radial distance, if the sub-solar magnetopause is
placed at 11 Rg) as the cusp throat and the outer, high-latitude region (the
“mouth™ of the cusp) as the exterior cusp. We recognise here that other
authors, referred to above, have introduced a variety of definitions, and we
will try to build a consistent plasma and field description around these
geometrical terms as we proceed]. After about 08:00 UT, the field turns from
southward to northward, corresponding to the passage through dayside field
lines. During this period, the model deviates significantly from the By
component, the component expected to be most sensitive to the precise
conditions near the magnetopause boundary. The observed deviation simply
means that near the external cusp region the field points less northward than
predicted by this model. This is plausibly explained as an effect of the high-
altitude cusp structure on surrounding magnetic field lines (in both the lobe
and closed dayside regions), which is not included in the earlier T89 model
and which has been addressed by Tsyganenko and Russell (1999).
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Figure 2. The event of 17 March 2001, which corresponds to a northern cusp crossing during
the outbound leg of the orbits. This dayside orientation of the Cluster orbits is projected into
the Z, Xgswm plane on the main axes. The spatial configurations of the spacecraft are shown at
a sequence of times around the orbit and scaled (enlarged) by a factor of 20. The inset shows
the corresponding X, Ygsm projection of the configuration between the labelled times. The
spacecraft are colour coded as follows: s/cl (black), s/c2 (red), s/c3 (green), s/c4 (magenta);
with spacecraft 1 corresponding to the orbit shown. Blue dots around the orbit correspond to
hourly intervals starting from 00:00 UT. Also shown are model field lines, taken from the
Tsyganenko model (Tsyganenko, 1989). The magnetopause position (Sibeck et al., 1991) for
the conditions observed by ACE is also shown, so that the spacecraft are expected to exit into
the magnetosheath at around 09:30 UT (as predicted on the plot).

In addition to the DC trend seen in Figure 3, there are a number of
features. Entry into the cusp throat at 05:05 UT (5 Rg) is seen as an increase
in ULF fluctuations on all spacecraft traces. The character of these fluctu-
ations in fact changes as the passage proceeds through the region (Cargill
et al; private communication), particularly after about 06:25 UT. The
spacecraft configurations in Figure 2 show that they are arranged with
spacecraft 1 and 3 outermost along the throat and spacecraft 2 and 4
innermost. Close inspection of the individual traces in |B| (best seen on the
plot in By), for example, reveals that spacecraft 1 sees the weakest field,
spacecraft 3 a stronger field, spacecraft 2 the next strongest, and spacecraft 4
the strongest. This trend is followed though the throat into the dayside
region, as expected from the model field and these spacecraft locations.

Figure 4 shows the ion spectrograms and the density and velocity
moments, measured by the CIS-HIA instrument, together with the FGM
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Figure 3. The corresponding multi-spacecraft, vector magnetic field plot for the event in
Figure 2 is plotted with the four spacecraft traces overlain. The colours for each superimposed
trace correspond to the spacecraft colours defined in Figure 2. At high field the traces separate
in the order described in the text and the vertical dashed blue lines refer to the boundaries
described in the text, separating the regions indicated. The dashed blue lines are the T89 model
field values along the orbits (only s/c 1 is shown) and have been calculated for low magnetic
activity.

magnetic field, from spacecraft 1. Also shown is the ACE-IMF, suitably
lagged for solar wind convection (Lepping et al., 1995), as taken from the
observed bulk velocity (not shown). The lag times are all given in the figure
captions. The plasma data mainly show an entry into and through the cusp
throat and then dayside plasma sheet (closed magnetosphere) and out into
the magnetosheath, confirming the interpretation from the magnetic field
data. After about 05:05 UT and before 06:25 UT, the ions show a broadband
signature at magnetosheath energies (top panel). We interpret this as corre-
sponding to passage through the cusp throat. The band fades through a
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Figure 4. Multi-panel plot of the plasma and field information from Cluster and ACE, with
vertical dashed lines indicating the corresponding features to those in Figure 3. From top to
bottom these are: the ion energy spectrogram, density, velocity and magnetic field from
Cluster, and the lagged ACE magnetic field representing the IMF. The lag time is computed as
a simple convection time, using the ACE solar wind velocity, and is 82 min in this case.

boundary region, starting from about 06 UT, where the density begins to fall
from 10 cm™ to the low densities expected for the dayside plasma sheet
(0.2-0.3 cm™). During this transition, there is an onset of a high-energy band
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of ions (between 5 and 10 keV). The spacecraft therefore appear to traverse
the dayside region after about 06:25 UT, which is filled with trapped plasma
sheet ions on closed field lines (not shown, see the companion paper by
Lavraud et al., 2003). After 07 UT and until the magnetopause exit at 09:20
UT the ion density remains low with no significant bulk flow (during this
period the GSM magnetic field turns from southward to northward). These
gross features are characteristic of the regions traversed in all the events
shown in this paper.

Within the interval through the throat (between 05:15 and 06:15 UT) there
are a number of additional transient signatures. Some of these relate to dis-
persive signatures in the plasma data (Vontrat-Reberac et al., 2003) and some
to transient, impulsive signatures, which can be correlated with plasma flows
in the ionosphere (Marchaudon et al., 2003). The latter are associated with
brief, southward (and dawnward) turnings of the IMF during the pass. On one
occasion (06:40 UT) the spacecraft appear to be taken back into the throat
region from the dayside (plasma sheet). Such an occurrence would be expected
for a southward (or sunward) motion of the equatorward edge of the cusp,
perhaps due to erosion of the dayside magnetopause. Such transient motions
also appear more dramatically in the other events discussed below. The event
here, however, has few clear boundary crossings within the cusp structure to
confirm such motions or to confirm spatial as opposed to temporal effects.
Nevertheless, the spacecraft sequence through a number of features in the time
series data gives timing information, which confirms the expected order in
passing from one region into another. For example, spacecraft 3 (green) exits
first from the cusp throat, followed by 2, then 1 and 4 together, as implied by
the orientation of the spacecraft configuration with respect to the cusp throat.
Again, observation of these trends is useful in developing the interpretations
below.

This event therefore corresponds to a traversal across the mid- to high-
altitude throat region, followed by a passage through magnetospheric field
lines near the dayside boundary, before a final exit into the magnetosheath.
The event is chosen, and described first, because these quiet, external con-
ditions produce a classic pass through the region, where the cusp location
appears to be close to that predicted by the Tsyganenko model and the slow
change in magnetic field topology can clearly be seen. The spacecraft pass out
into the magnetosheath almost as indicated in Figure 2, drawn relative to the
model field lines, which apparently change orientation from the southward/
tailward throat alignment to the northward, dayside alignment, along the
orbit. The event thus serves as a good template for the other events, some of
which occurred during more dynamic conditions, often with repeated large-
scale cusp motion, which adds to the observed signature. The pass is similar
to that described in Section 3.3 below, in particular, but appears to be deeper
within the dayside region.
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3.2. EVENTS OF 13 AND 20 FEBRUARY 2001 AND 4 APRIL 2001

Figure 5 shows the orbit and spacecraft configurations for two inbound
traversals through the southern cusp regions for different IMF conditions.
The first of these events has been briefly studied by Cargill et al. (2001), from
the point of view of the magnetic field measurements, and both have been
comparatively studied by Cargill et al. (2003) in combination with PEACE
and CIS data. The crossings occurred during the entry of the spacecraft into
the magnetosphere on the inbound, southern leg of the Cluster orbits. During
the period of entry into the magnetosphere, the IMF was varying in some
components. In the first case the field was more variable, but predominantly
southward. In the second case it was dawnward and had turned southwards
before entry into the cusp region and magnetosphere (at 23:00 UT, see
Figure 7). The magnetic field magnitude (as measured by the FGM instru-
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Figure 5. (a) The event of 13 February 2001, which corresponds to a southern cusp crossing,
during an inbound leg of the orbit, ending at 24:00 UT. The orbit and spacecraft configura-
tions (top panel) are drawn in the same format as for Figure 2, together with insets showing
the X,Y gsm projection of the configuration at cusp entry. Projected magnetic field vectors, as
measured by FGM, are also shown around the orbit. The bottom panel shows the corre-
sponding measured magnetic field magnitude for all spacecraft traces overlain with the same
colour coding. The presumed, exterior cusp entry is indicated on the orbit track. (b) The event
of 20 February 2001, which corresponds to a southern cusp crossing during an inbound leg of
the orbit in the same format as for (a).
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ment) for a 1-h interval around the cusp traversals is shown in the bottom
panels of Figure 5 and the projected field direction is added along the orbit
tracks in the top panels. In each case, entry into what we define as an
“exterior” cusp region appears to be directly from the magnetosheath and is
identified here by both a depression in the magnetic field magnitude and an
increase in the magnetic field fluctuations. These features are clearly visible in
both events. The approximate position of the initial cusp entry in each case is
indicated on the orbit.

Figure 5a, for example, shows that on 13 February the spacecraft
entered the cusp from the magnetosheath (or boundary layer) at about
20:00:30 UT. Figure 5b shows that on 20 February the spacecraft entered
the cusp from the magnetosheath (or boundary layer) at about 23:20:30
UT (these times refer to the end of the transition, seen as a decrease in
IB]). One of the projected spacecraft configurations is drawn for these
times in the top panels of each Figure. The main exits from the low field
region (into the magnetosphere) occurred at 20:07 UT for 13 February
2001 and at 23:33 UT for 20 February 2001. These are both interpreted as
an exit from the rear of the cusp-throat region into the plasma mantle,
and subsequently into the tail lobe. These exits appear to be directly from
a low field (diamagnetic) region. The insets in the figures show the pro-
jected spacecraft configurations into the X,Ygsm plane for both events.
From these and the main projections in Figure 5, it is apparent that both
events have very similar nominal locations with respect to the magneto-
sphere: in fact, both lie slightly duskwards of noon. The four spacecraft,
vector magnetic field data from both events (on an expanded scale
focussing on the cusp entry and exit) are shown in Figure 6 (showing
entry and exits by the dashed vertical lines).

As mentioned, the crossings through the exterior cusp region are char-
acterised by a reduced field magnitude, but it is also apparent from Figure 6
that large magnetic shears (changes in the field direction: second and third
panels from the bottom) are also present, particularly for 20 February 2001.
In the case of 20 February 2001, the traversal is complicated by a brief exit
back into the magnetosheath or an adjacent boundary region at 23:25 UT,
but with a cusp re-entry at 23:26:30 UT. In both cases, just prior to the initial
cusp entry, the magnetosheath field is dawnward, but is consistently south-
wards (in line with the IMF) only in the case of 13 February 2001 (see
Figure 7). For 20 February 2001, the orientation turns southwards before the
first entry, but remains predominantly dawnward at the re-entry (just before
23:26:30 UT). Thus, differences between the observed IMF and local mag-
netosheath conditions at these latitudes can be significant. In both events, the
final exit appears to be into the tailward magnetosphere (mantle region),
showing a duskward as well as a southward field, implying an exit into the
duskside mantle region.
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Figure 6. The four spacecraft vector magnetic fields in GSM co-ordinates, as measured by
FGM, showing the angular variations also, for the interval around the cusp crossings for 13
February 2001 (top panel) and 20 February 2001 (bottom panel). The key boundaries and
regions (discussed in the text) are indicated by vertical dashed lines.

Figure 7 shows the ion spectrograms and the density and velocity
moments measured by the CIS-HIA instrument, together with the FGM
magnetic field, from spacecraft 3 for 13 February 2001 and 20 February 2001.
Also shown is the ACE-IMF, already mentioned above, suitably lagged for
solar wind convection (note the correlation with the magnetosheath trend
seen at Cluster before cusp entry) as for the 17 March 2001 event. From these
figures it is seen that the plasma ion distributions show a more extended
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Figure 7. Plots of the Cluster ion spectra and moments and magnetic field, together with
lagged ACE-IMF data in the same format as Figure 4, (a) for 13 February 2001 and (b) for 20
February 2001. The lag times used for the ACE magnetic field are: 53 min 20 s, for 13
February 2001, and 73 min 20 s for 20 February 2001.

structure than the magnetic field. It is also clear that the plasma moments
show no evidence of the “stagnant” regions observed in the events discussed
by Lavraud et al. (2002, 2003). In both cases, however, the southward and
dawnward directed IMF (and magnetosheath field) is likely to result in sig-
nificant and perhaps continual magnetic reconnection across the dayside
magnetopause, and the result of such field line merging is likely to be that
field lines are continually swept tailward across the cusp. In the case of 13
February 2001, the ion velocity data show a continual southward compo-
nent, which in the magnetosheath is consistent with the southward location
and flow around the magnetopause, and in the cusp is consistent with the
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convection of reconnected field lines persisting into the plasma mantle. In the
case of 20 February 2001, however, the IMF and magnetosheath field had a
dominating dawnward component (more so in GSE coordinates), so that we
expect this convection of reconnected field and flow to have a significant
dawnward component, as observed. On entry to and exit from the cusp
region there are clear deflections in the velocity, particularly at the cusp entry
from the magnetosheath, which shows a strong deflection into —Yggg. The
electron spectrograms (not shown), measured by the PEACE instrument, for
the cusp entries also show no sharp signatures. There is, however, a drop in
the flux of the high-energy band (above 100 eV) on entry (possibly repre-
senting lower temperature), and an increase in energy of the low-energy band
on exit before a slow transition into the mantle. Although overall there is
only a slow change electron and ion distribution, the sharp exit from the cusp
into the mantle region, seen by the magnetic field, is well visible (in the case of
13 February 2001). For example, the ion density changes by a factor of 2 on
spacecraft 3.

Although entry to, and exit from, the low field cusp region appear to be
clear from these data signatures, close inspection of the full magnetic shear
reveals that the spacecraft crossing order does not imply a simple outward
motion of the boundaries across the spacecraft array. This is particularly so
in the case on entry. For instance, the spacecraft configurations for both days
(Figures 5 to 7) show that spacecraft 1 (black) is leading (and innermost),
with the other spacecraft lying in a plane which is oriented close to the
nominal magnetopause. Taking a model magnetopause boundary orienta-
tion, therefore, and simple outward motion of the boundary, it would be
expected that spacecraft 1 enters and exits the cusp region first, with the order
of the other spacecraft depending upon the actual boundary orientation and
relative motions. It is fairly clear (Figure 6) that spacecraft 1 appears to be
the first to exit the low |B| region of the exterior cusp into the magnetospheric
lobes (mantle) at 20:07 UT (13 February 2001) and 23:33 UT (20 February
2001). In fact, the spacecraft crossing order in both events (spacecraft: 1, 4, 3/
2) implies the cusp-throat motion is both northwards (outwards) and
dawnwards across the spacecraft array. This motion is possibly consistent
with a stress-induced motion arising from the dawnwards directed mag-
netosheath field (and consistent with the IMF orientation upstream), for
instance. The entry to the cusp from the magnetosheath, however, is
obscured by changes in the magnetic field direction so that the implication of
the crossing order of the spacecraft is somewhat more confused. Even the
assumption that the dawnwards directed magnetosheath field also results in a
significant dawnwards motion of the cusp, on entry, is insufficient to explain
the crossing order. It is possible, however, that an indentation in the cusp/
magnetosheath boundary could suitably affect the spacecraft crossing order
(see Section 4).
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Further analysis of the boundary dynamics of the whole traversal, toge-
ther with a possible narrowing or expansion of the cusp region, are discussed
in Section 4. The details of the magnetic fluctuations and other magnetic
structure throughout the traversal are not discussed here, but are dealt with
by Cargill et al. (2003). We comment here, however, that the 20 February
2001 event does not correspond to clearly southward IMF conditions, and
shows a more turbulent and twisted magnetic field configuration within the
cusp. A third southern cusp traversal, corresponding to 4 April 2001, is
shown in Figure 8 in the same format as the previous examples. Here, entry
from the magnetosheath occurred at around 19:44 UT, with final exit into the
mantle at around 20:28 UT (timings from spacecraft 1). This event shows a
more extended signature than for either of the previous two, but has very
similar character; we do not discuss it in detail. There is a brief exit back into
the magnetosheath at 20:08 UT (similar to that seen on 20 February 2001).
At the inner cusp boundary, on exit into the tail lobe, spacecraft 1 exits the
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Figure 8. The event of 4 April 2001, which corresponds to a southern cusp crossing during
and inbound leg of the orbit in the same format as for Figure 5.
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cusp on a couple of occasions before all spacecraft finally exit into the lobe.
The magnetic field again shows a rapidly changing orientation throughout
this long encounter (see Figure 9). This event is of interest since the space-
craft crossing order appears to be clearer than for the previous events, and
fits a simple traversal through the cusp region during an outward motion of
the magnetopause, overall (the brief exit at 20:08 UT shows a nested signa-
ture consistent with a simple reversal in this motion of the boundary). For
instance, spacecraft 1 enters each region first, followed by the others in the
expected order (i.e. spacecraft two and three together and four trailing on the
cusp entry) for a boundary nominally aligned with the magnetopause. The
possibility that the more confused crossing order, seen during the previous
two events, is due to dawnward motion (arising from the apparent By
induced stress) is therefore given more credence by this counter example.
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Figure 9. The four spacecraft vector magnetic field in GSM co-ordinates for 4 April 2001,
showing the key regions discussed in the text.
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3.3. EVENT OF 26 FEBRUARY 2001

Figure 10 shows the orbit and spacecraft configuration for a traversal, which
occurred during more dynamic conditions, corresponding to a southward
IMF (-B2), but also fairly radial (i.e. strong By) component. These condi-
tions produced a complex series of boundary crossings through the different
regions adjacent to the cusp. The event occurred during an outbound,
northern exit of the spacecraft from the magnetosphere, as shown in the top
panel of Figure 10. The cusp traversal separates into a passage through two
distinct plasma regions. The first appears to correspond to a mid- to high-
altitude (i.e. within the “‘throat” of the cusp) traversal. The second corre-
sponds to a dynamic interval during which several entries to and exits from
the high-altitude (or an exterior) cusp and dayside magnetosphere occur
before the exit into the magnetosheath (also via multiple crossings). During
the traversal the cusp boundaries appear to undergo some reconfiguration in
the form of possible erosion (and recovery) of the equatorward boundary and
large-scale motion of the whole high-altitude region. In Section 4 we con-
centrate on summarising the analysis of the time interval after 05:30 UT,
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Figure 10. The event of the 26th February 2001, which corresponds to a northern cusp
crossing during an outbound leg of the orbit in the same format as for Figure 5.
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when repeated motion of high-altitude cusp resulted in the spacecraft
encountering the dayside magnetospheric boundary, and then magneto-
sheath.

The spacecraft entered the cusp throat at around 04:08 UT, as suggested
by increased ULF wave activity, apparent as increased fluctuations in |B| in
the lower panel of Figure 10. The spacecraft traversed the throat during the
next hour, and appeared to move to higher altitudes during this time in a
manner almost as inferred by the model field lines and orbit track, shown in
the top panel of Figure 10. In consequence, the field magnitude slowly falls
on all spacecraft during this time, as expected for a slow movement up the
throat. The spacecraft configuration near 04 UT (top panel) indeed shows
that the spacecraft form a sequence in order of relative position outward
along the cusp throat: 4(magenta), 2(red), 3(green), 1(black) from the lowest
(highest field) to highest (lowest field) position. The multi-spacecraft traces
separate, in terms of decreasing field magnitude, according to the same
sequence (4,2,3,1). They follow this trend until about 05:20 UT, when the
magnetic field configuration changes. After this time, the sequence of
crossings in and out of the cusp can be seen as changes in the magnetic
fluctuations.

Figure 11 shows the ion data in conjunction with the magnetic field data
from spacecraft 1 and the (lagged) IMF measured by ACE in the same
format as Figure 7. The key difficulty with interpreting this event is that the
IMF(-B,) is variable, but often southward, and By is often strongly nega-
tive, giving an almost radially aligned field during the passage through the
cusp. The orbit naturally moves from dawn to dusk (remaining within an
hour of local noon) during the exit from the magnetosphere, but is almost at
magnetic noon at 05:00 UT. The actual spacecraft location will therefore be
sensitive to any dawn—dusk motion of the cusp as well as to any North—South
motion. In combination, these facts make any correlation with IMF condi-
tions very hazardous, and the high variability evident in this pass probably
results from the IMF configuration in the solar wind. Nevertheless, both the
CIS data shown in Figure 11 and the PEACE data (Figure 13, see later)
indicate that the spacecraft pass through distinct plasma boundaries at 05:12
and 05:21 UT.

The ion energy time spectrogram shown in the top panel of Figure 11,
for example, suggests that the Cluster spacecraft enter a distinct region
(adjacent to the cusp) after about 05:12 UT, presumably on the equator-
ward edge of the throat. After this time, they appear to exit into a region
made up of high energy, bi-directional electrons and high-energy trapped
(loss cone in the distribution functions) ions, and therefore we interpret it
as the dayside magnetosphere (or plasma sheet). The bulk density falls
slowly during the approach to this boundary (presumably within the cusp
throat) and then falls dramatically on exit into the dayside region. The
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Figure 11. Plots of the Cluster ion spectra and moments and magnetic field, together with
lagged ACE-IMF data in the same format as Figure 4 for the event of 26 February 2001. The
lag time used is 85 min. Vertical dashed lines indicate the boundaries discussed in the text.

energy spectrum (top panel) shows a high-energy band (centred on 10 keV),
consistent with a magnetospheric population. In addition, the interval
between 05:12 and 05:21 UT contains a number of transient structures,
which therefore appear to be near the equatorward edge of the cusp throat.
These were also reported by Lundin et al. (2003), who interpreted them as
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PTE signatures. We do not discuss these transient features further here,
since they are the subject of future work (Taylor et al. (2003), private
communication). The magnetic field at Cluster (lower panel in Figure 12)
shows all negative components for this interval, which is consistent with an
exit on the dusk-dayside of the cusp throat, but also arising from significant
northward motion of the throat. At the start of this interval (05:12 UT) the
ACE magnetic field turns from being predominantly southward, until B is
nearly zero at 05:21 UT, while at the same time the By component increases
to dominate the field orientation and By remains slightly negative. It is
therefore possible that the exit of the spacecraft from the cusp throat into
the dayside arises as a result of a narrowing of the cusp, possibly following
the switch-off of dayside merging, which is likely to result in the equator-
ward edge of the cusp moving tailward.
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Figure 12. The four spacecraft vector magnetic field for 26 February 2001. Vertical dashed
lines indicate the boundaries discussed in the text and as also shown on Figure 11.
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The ion distribution just after re-entry to the cusp throat at 05:21 UT
shows a number of rapid changes. It appears that the cusp structure
undergoes a reconfiguration at this time, taking the spacecraft back to the
tailward side of the throat, possibly through the cusp. The By component on
all Cluster spacecraft remains negative during this time, suggesting that the
spacecraft remain on the dusk-side of the cusp. This reconfiguration is harder
to correlate with any upstream changes. Figure 12 shows that between 05:25
and 06:10 UT the field configuration increasingly changes during the transit
through the cusp. This is interpreted as representing repeated entries into the
different regions surrounding the duskside, equatorward edge of the cusp. At
the same time, the spacecraft move to higher altitudes, further into both the
outer cusp region and adjacent dayside plasma sheet at alternate crossings as
we describe below.

Between 05:31 and 05:41 UT, for instance, the spacecraft appear to pass
completely through the cusp throat (on the duskside) from the tail lobe
(mantle) into the dayside magnetosphere (or entry layer) and the spacecraft
crossing sequence appears to suggest a northward (tailward) motion of the
cusp boundaries. Between these times (i.e. within the cusp) the magnetic field
is depressed, its fluctuations are enhanced and the ion data show very low net
flows. The spacecraft appear to return into the outer (exterior) cusp region
(perhaps through the dayside entry layer) at 05:56:30 UT, during what
appears to be an equatorward motion of the equatorward cusp boundary (or
cusp throat). They then exit back to the dayside entry layer at 06:02 UT,
during a reverse motion of the boundary, tailwards (all implied by the
spacecraft crossing sequences). Between these times the magnetic field is
again depressed, shows enhanced fluctuations and does not take the local
magnetosheath orientation. The ion data show no net flows. This motion (or
else a dawn/dusk motion) is repeated at the later crossings at 06:05 and 06:08
UT, but then the spacecraft appear to enter a more magnetosheath-like
plasma population (the ion velocity moments show a magnetosheath-like
velocity). This suggests that the spacecraft have now moved to the extreme
edge of the cusp region and may pass directly through the magnetopause
(MP). The crossing at 06:10 UT, for example, appears to be a direct MP exit
into the magnetosheath. Immediately after 06:02 UT and before 05:56:30
UT, the magnetic field remains oriented along a funnel-like geometry con-
sistent with a location on the dusk and equatorward edge of the cusp, but
then progressively tilts less southward and takes a wholly dawnward direc-
tion surrounding the 06:05-06:08 crossings. This implies that the spacecraft
move through the edge of the magnetospheric field lines as drawn in the top
panel of Figure 10 (note that the orbit passes through this region in the plot
at later times 07-09 UT).

The ion signature (and also the electron signature) for this interval
therefore broadly supports this sequence of crossings, with a clear entry into
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the dayside regions, showing the re-appearance of a high-energy (above
5 keV) band (top panel, Figure 11), between 05:41 and 05:56 UT. There is,
however, some doubt regarding the later crossings from 05:56:30 UT. In
boundary orientation, they appear to be at the extreme edge of the outer cusp
region. Nevertheless, overall the boundary normals define the geometry
discussed here, being significantly tilted with respect to the nominal magne-
topause boundary, suggesting the presence of an indented region.

A tailward motion of the whole cusp region during the interval (05:31—
05:41 UT) is not inconsistent with the fact that the IMF(-B;) remains
close to zero until 05:42 UT. The computed lag used here places a sudden
southward turning of the IMF at that time, which lasts until 05:52 UT.
Although the latter time is just before the entry into the exterior cusp
region at 05:56 UT it is possible that this entry is a result of erosion of
the dayside boundary, which moves the equatorward edge equatorward
(southward). After 05:56 UT, the IMF(-B,) remains close to zero until
just after 06:00 UT. It is at least plausible that the equatorward edge
moves northward again as a result of reduced dayside merging. The
spacecraft are seen to re-enter the dayside region at 06:02 UT. After this
time the IMF(-B;) again turns more southward, possibly inducing the
second (short) excursion into the exterior cusp region. The IMF direction
does not appear to support the repeated sequence (06:05-06:08 UT) very
well, however, since the timing of each turning differs by a few minutes,
probably a result of poor estimates of the actual convection times. It is
likely that the variable conditions during this event require a variable time
lag to be applied to the ACE data for correct correlation. However, the
main deficiency is that the radial magnetic field conditions (large
By(GSM) component) mean that the correlation with solar wind condi-
tions is likely to be poor at best. The above sequence in fact does not
account for the apparent dawn-dusk motion of the high-latitude cusp
region, which seems to be the dominant motion, judging by the change in
magnetic field orientation at Cluster through the last two cusp excursions
(see also the DA results below). Perhaps the location of the cusp is very
sensitive to small changes in By during radial field conditions. Such sen-
sitivity could be explained by the fact that the crossing lies very close to
local noon.

Figure 13 shows the electron data measured by PEACE for the same
interval as for Figure 12. The main features through the interval corre-
spond with those already seen in the magnetic field and ion data. In
particular, the throat crossings and exit to/from the dayside plasma sheet
and the throat can all be distinguished (and are indicated by dashed
vertical lines on the plot). Cusp electrons show a broadband distribution
rather like that seen in the ion signature. In addition, these four-spacecraft
plots reveal key differences between the spacecraft, particularly in the case
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Figure 13. Stacked four spacecraft electron energy spectrograms for the event of 26 February
2001, with the data from spacecraft 1 at the top. Vertical dashed lines indicate the boundaries
discussed in the text and as also shown on Figure 11.

of the dayside interval from 05:42-05:55 UT, where all but spacecraft 4
see short (transient) signatures within the dayside interval. This is similar
to the occurrence seen during the earlier interval (05:12-05:21 UT). The
plot in the top panel of Figure 12 shows that spacecraft 4 is the furthest
away from the cusp on the dusk-side (following the interpretation that the
cusp-throat moves dawn-ward at 05:41 UT to take the spacecraft into the
adjacent dayside region). This would imply that the transient signatures
are cusp related (nearby the cusp).
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3.4. EVENTS OF 25 FEBRUARY AND 2 MARCH 2002

The following events are taken from the 2002 dayside passes of Cluster with
small spacecraft separations (100 km). They are considered here to provide a
comparative coverage with the events from 2001. The event of 25 February
2002 corresponds most closely in character with that of 26 February 2001
and that of March 2002 with that of 17 March 2001, although with additional
crossings of the dayside cusp boundary layer. The orbital configurations of
the spacecraft for both events are shown in Figure 14. It should be noted that
now the spacecraft constellations are enlarged by a factor of 100. In both
cases the orbits lay close to magnetic local noon. Figure 15 shows the plasma
and field information in a similar format to that in Figure 7, and Figure 16
shows the four spacecraft magnetic field data in the same format as Figure 3,
for both events.

For 2 March 2002 the Cluster orbits lie about an hour dawnwards of noon
and for 25 February 2002 they lie about an hour duskwards of noon. In both
cases, however, crossings appear to be dominated by North—South spacecraft
motions, rather than any charges of relative dawn-dusk orientation. In both
cases the orbits appear to graze dayside fieldlines after a traversal across the
high-altitude throat. In fact the event of 2 March 2002 appears to pass deeper
into the dayside region (or entry layer) than does the 25 February 2002 one.
The crossings through the cusp boundaries appear to follow the simple
spacecraft ordering implied by the configurations shown in Figure 14, i.e. on
exit from the throat region, spacecraft 4 is just ahead of spacecraft 2 and
these two lead spacecraft 1 and 3. Additionally spacecraft 1, 2 and 4 lie
almost parallel to the nominal magnetopause orientation, with spacecraft 3

Figure 14. The events of 2 March 2002 (left) and 25 February 2002 (right), which correspond
to northern cusp crossings during and outbound leg of the orbit in the same format as for
Figure 2.
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Figure 15. Plots of the Cluster ion spectra and moments and magnetic field, together with
lagged ACE-IMF data in the same format as Figure 4, (a) for the event of 2 March 2002 (left
panel), and (b) for 25 February 2002 (right panel). The lag time used is 70 min. Vertical dashed
lines indicate the boundaries discussed in the text.

innermost with respect to the magnetopause. This order is confirmed, for the
2 March 2002 event, by the final exit into the magnetosheath at 03:30 UT.
Figure 15 shows the Cluster ion and magnetic field data for both events.
For the event of 2 March 2002 the spacecraft enter into the cusp throat just
before 00:07 UT, and for 25 February 2002 they skim along the equatorward
cusp edge. For 2 March 2002 the ion spectra shows a magnetosheath-like
plasma distribution during this throat traversal until a sharp cut off at 01:19
UT. This cut off is interpreted as a crossing of the equatorward edge of the
cusp into the dayside plasma sheet (closed magnetospheric fieldline region),
since the ion distributions show similar characteristics as those in Figure 4.
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Figure 16. The four spacecraft vector magnetic field for the interval around the cusp crossings
for 2 March 2002 (left panel) and 25 February 2002 (right panel) in the same format as for
Figure 3. The vertical dashed lines indicate the boundaries discussed in the text and as also
shown in Figure 15.

The magnetic field contains ULF fluctuations during this period (as shown in
the top panel of Figure 16) in which the spacecraft slowly move up the throat
and towards the equatorward edge. The total magnetic field magnitude falls
smoothly during this time (following the model magnetic field), with only a
small By component, in line with the orbital location near local noon. After
01:19 UT the spacecraft appear to enter into the dayside magnetosphere, but
with two excursions back into the cusp throat ending at 01:45 and 02:16 UT;
these are discussed further in Section 4 below. During this period (01:19-
02:16 UT) the magnetic field shows additional variability along with some
gross changes in orientation, reflecting the changing location with respect to
the cusp structure. After 02:12 UT the spacecraft appear to remain in the
dayside plasma sheet. The magnetic field orientation is stable and B, turns
slightly positive, confirming that the spacecraft are traversing the dayside
region during this time until the magnetopause crossing at 03:30 UT. The
IMF measured by ACE shows an unstable configuration with the IMF B,
turning northward from about 01:30 UT and having a duskward orientation.
A northward movement or narrowing of the cusp throat is therefore expected
overall, with the short excursions back into the throat corresponding to
periods where the IMF B lies closer to zero. Nevertheless, there is a strong
radial component to the IMF making correlations with Cluster hazardous, as
for the 26 February 2001 event.
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For 25 February 2002, the IMF is again very changeable, with a
predominantly dawn-ward orientation and multiple northward turnings
through the pass. The ion data (not shown) have a correspondingly highly
variable signature right up to the final exit into the magnetosheath (at
09:30 UT), with alternating dayside cusp boundary and cusp throat sig-
natures. This event is therefore interpreted as a traversal up the cusp
throat, skimming its equatorward edge, so that the spacecraft repeatedly
cross back and forth between the dayside boundary layer and the cusp
throat. Figure 16 shows the multi-spacecraft vector magnetic field plot for
both events; at these small spacecraft separations the traces do not deviate
significantly from one another very often. The changing character in the
magnetic signature during the traversals is apparent. Also plotted is the
Tsyganenko T89 model (as in Figure 3), chosen to correspond closely to
the conditions during each pass. Deviations from the nominal magneto-
spheric geometry, which would result from global displacement of the
cusp, for example, or induced currents, are highlighted by this model field
guideline. The local magnetosheath orientation, in particular, can be seen
to be northward on exit from the magnetosphere on 2 March 2002, and
excursions into and out of the cusp throat are also apparent (for both
events). For example, for 2 March 2002 (top panel) the interval separates
into four distinct regions: the throat passage until 01:20 UT; the period
containing entry into and out of the dayside boundary layer until 02:20
UT; the full crossing into the dayside plasma sheet until 03:30 UT, and
the dayside exit into the magnetosheath. These traversals have been dis-
cussed above.

On the other hand, for the 25 February 2002 event, the ULF activity
remains at about the same amplitude throughout the throat passage and
different regions are more difficult to distinguish. There are two notable
excursions back into the throat, however, at 08:19 and 08:49 UT, which give
clear boundary crossings, discussed below in Section 4. These plausibly
correspond to turnings of the IMF, suggesting a widening of the cusp region
as a result of increased dayside merging. Additionally, the ACE plasma data
(not shown) show that the solar wind ram pressure slowly increases from a
low value during the pass. During the traversal, the magnetospheric B turns
northward at 08:20 UT (top right panel of Figure 16), as the spacecraft move
towards the magnetopause along the equatorward edge of the cusp. How-
ever, By remains negative, implying that the cusp remains dawnwards of the
spacecraft.

The conclusion from this preliminary description is that, for the first
event, the spacecraft cross the cusp throat fully into the dayside region,
whereas for the second event the spacecraft move slowly up the cusp throat,
skimming either side of the equatorward edge, as the cusp moves North/
South.
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4. Four-spacecraft analysis

We now turn to the multi-spacecraft analysis of the above events, which have
been carried out using the techniques described in Section 2. The curlometer,
for example, provides only limited results since the various magnetic struc-
tures often appear to be complex (discussed below). Some analysis of the
simpler boundaries, surrounding the (exterior) cusp region, is shown below.
Those boundaries in this high-altitude cusp region also lend themselves
readily to the dynamic analysis of the DA. Deeper into the mid- to high-
altitude throat region, however, often the magnetic structure at the plasma
boundaries is not clear enough for full analysis of the magnetic time series.
Table I summarises the DA for all of the boundaries discussed in Section 3.
The full DA analyses, as well as the computed ‘““‘timing” normals (under the
assumption of constant velocity), both described in Section 2, are quoted for
comparison. The magnetosheath/cusp (magnetosheath/closed region) inter-
face is labelled “MP” (“mp”) and the inner cusp/tail or cusp/closed region
boundary is labelled ““cusp”. Crossings through (across) the deeper throat are
labelled ““th™.

Columns in the table refer (from left to right) to: the date, time and local
time (LT) of each crossing, the eigenvalue ratio for the MVA analysis and

TABLE I
Summarises the DA for all of the boundaries. ‘In’ and ‘out’ refers to entry and exit from the
cusp region respectively. Vn refers to componenet along the normal directions quoted
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MVA boundary normals, averaged over spacecraft, the timing normals and
corresponding (constant) speed along the normal, the inter-spacecraft dif-
ferences in the crossing times for three independent spacecraft pairs, the
corresponding speed of the boundary between each spacecraft pair and the
mean value of these speeds, and finally the estimated boundary thickness at
each spacecraft (calculated from traversal times through the current layer and
the relative speed at each spacecraft in turn). Velocity information is defined
so as to refer to motion of the boundary along the boundary normal quoted,
so that positive motion usually corresponds to outwards motion. The
observed variation in speed between each pair of spacecraft suggests the sense
of any acceleration, although that may be inaccurate, as discussed below.
Although the cusp structure is often complex, however, the selected crossings
discussed do give reasonably consistent results. Usually, problems only arise
when the normal analysis is somewhat unstable, resulting in poor determi-
nation of the velocity profile, and we note these cases.

Although the implied, overall cusp geometry corresponds to large differ-
ences in the orientations of the different boundaries, together with implied
curvature on the scale of the whole region, we believe that this does not
overly affect the assumption that each boundary is locally planar on the scale
of the Cluster array. Deviations in the “timing”’ normals, with respect to the
mean DA boundary normals, are predominantly related to the effect of
acceleration, which is significant for some crossings. This latter point is
reinforced by the results for the boundary thickness using the calculated
velocity at each spacecraft. We show below that nearly all crossings give a
more constant thickness at each spacecraft when this scaling is used (and
when stable normals exist). Furthermore, it appears that often the cusp
region itself shows no clear curlometer signature at either separation scale,
but does show significant current at the high-altitude cusp boundaries.

We start with the southern cusp events, since the first event described in
Section 3.1 was introduced only as a template for the others. As described in
Section 3.2, for the case of the southern cusp crossings (13 February 2001 and
20 February 2001), the spacecraft appear to enter into the cusp from the
magnetosheath. Cusp entry appears to be the result of an expansion of the
magnetosphere (outward motion of the magnetopause) in combination with
a dawnwards motion of the exterior cusp region. The subsequent exit from
the cusp into the magnetosphere appears to be from the rear of the cusp
throat into the lobe or the mantle, on the duskside of the cusp region in both
cases. Although the outer cusp/magnetosheath interface could be interpreted
as the effective magnetopause crossing, the entry into the magnetospheric
lobe region crosses a more clearly magnetopause-like boundary in terms of
the current layer. In fact the outer boundary appears to be a rotational
discontinuity (RD) in both cases. The field fluctuations are Alfvéic, with a
highly satisfied Walen relation, whereas the inner boundary is a targential
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discontinuity in both cases (see below). The crossing profiles of the spacecraft
are most clear on this (inner) boundary.

For the 13 February 2001 event, for example, the DA analysis results in a
mean boundary normal, n=(0.95, —0.2, —0.15), having a direction tilted into
—Ygse and with a small Zgsg component, which is significantly skewed with
respect to the nominal magnetopause direction (Sibeck et al. (1991) model) at
this location: n=(0.75, 0.15, —0.65). Although our interpretation is that this
represents an outer boundary of the cusp, this result is nevertheless consistent
with an entry into an indented region on the magnetopause, and places the
spacecraft on the duskward and southern edge of this indentation. The
geometry is represented schematically in Figure 17, in the GSM (X,Y) and
(X.,Z) planes, where the implied boundary normals are drawn in the direction
of motion of the boundary (from Table I, see discussion below in Section 5).
As the cusp is traversed, the magnetic field tilts duskward and southward in
line with an implied cusp topology on the duskside of the throat (southern
hemisphere). Moreover, the (variable) dawnward directed magnetosheath
field could be responsible for a dawnward motion of the cusp as well as
outward motion along the normal.

The results of the DA analysis suggest a strong deceleration of the
boundary from an initial outward speed of 70 km/s. The crossing order of the
spacecraft, taken from the profiles in the magnetic field components, is not
consistent with those taken from the field magnitude (crossing times in
Table I are taken from the drop in magnitude on cusp entry), and this pre-
vents an unambiguous interpretation of the crossings. In fact, the velocity
profile across the spacecraft array reverses direction at the last crossing
(spacecraft 4), indicating that the motion is not a simple acceleration. This
may in turn suggest that the cusp reconfigures during the cusp entry. An
expansion of the cusp region during the crossing, for example, could confuse
the analysis of the crossing motion. It is also consistent with ongoing

Dayside
magnetosphere

20/02/01

13/02/01

Figure 17. Schematic of the cusp crossings: southern geometry.
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reconnection (erosion of the magnetospheric field) at the dayside magneto-
pause result from the southward magnetosheath field. As a result of applying
the DA, the thickness of the current sheet can be calculated to be 1500—
2000 km. The value is somewhat unstable, however, implying that the
velocity change does contain a large error, or perhaps the existence of an
extended boundary layer. In support of this interpretation (and as indicated
above), the MVA results are suggestive of a RD, although the field com-
ponent normal to the boundary is small (<2nT), and the Walen test across the
boundary is satisfied to a high degree (Cargill et al., 2003). Lavraud et al.
(2002, 2003) show the character of the outer boundary to be suggestive of a
RD, in the case of the event of 4 February 2001, and they discuss the sig-
nificance of this (see also Onsager et al., 2001, for comparative events).

The exit to the mantle produces a more stable and unambiguous result,
giving an inner boundary orientation (consistent with the outermost part of
the rear cusp throat) of n = (1, 0, 0). The motion resulting from the DA
produces a smooth velocity profile, which suggests a slowing of the boundary
across the spacecraft array from 30-5 km/s. This deceleration can clearly be
seen in the crossing profiles near 20:07 UT in the middle panel of Figure 7.
The calculated boundary thickness in the Table gives almost constant values
and is estimated as 800900 km (but note that this represents only the current
layer). The nature of the boundary (obtained from MVA) is consistent with a
simple, tangential discontinuity (TD), and comparison with the ion data
shows a poorly satisfied Walen relation (analysis not shown).

For the second event, on 20 February 2001, the analysis is superficially
similar, although in this case only the final exit from the cusp into the
magnetospheric mantle gives stable velocity results. The two cusp entries give
n=(0.9, 0, —0.4) and (1, 0, 0.2) so that, again, these normals are significantly
skewed from the model magnetopause normal. In the case of any indentation
on the magnetopause (at the cusp/magnetosheath boundary), these normals
would imply that the two crossings are central in Y gsym, but to the southern
edge, with the second entry being further South than the first. This is shown
schematically by the implied trajectory in Figure 17. For both of these
crossings, however, the crossing order of the spacecraft at the cusp/mag-
netosheath interface is not consistent with outward motion of the boundary.
The analysis produces unstable results, but implies an inward motion. The
current sheet thickness is therefore not computed in this case and is not
quoted in the Table. Because it is clear that the spacecraft must traverse the
cusp in order eventually to exit into the lobe region of the magnetosphere, it
is probable that this boundary is a complex structure, perhaps non-stationary
and evolving, so that the DA results are confused. It is certainly true that the
boundary normal analysis is not very stable for this crossing. Another pos-
sibility is that the spacecraft enter the cusp region via a grazing cut through
dayside field lines (or entry layer) initially on the dusk-side of the cusp,
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resulting from combined North/South and dawn-dusk motion of the whole
region.

This interpretation could be related to the fact that the magnetosheath field
rotates from South to North, from 23:16 to 23:19 UT. This is followed by a
further, sharper, field rotation from the prevailing dawnward magnetosheath
field to a duskward orientation, at 23:19 UT. This later rotation possibly rep-
resents an initial (partial or grazing) magnetopause crossing and has the correct
spacecraft ordering for a simple initial expansion of the magnetopause. This
would take the spacecraft into the edge of the external cusp before subsequent
motion within this region takes the spacecraft back through the external
interface (for example, an initial dawnward and southward deviation in the
trajectory shown in Figure 17, followed by a return motion). The subsequent
field rotations (as opposed to the change in field magnitude) themselves are
indications that the boundary in this case is rather complex and dynamic,
perhaps controlled by rapid changes in the magnetosheath field orientation
which continue during the crossings. A similar scenario could be envisaged for
the second cusp/magnetosheath interface.

On exit, the cusp/mantle crossing is again clear and stable, and results in a
boundary n=(0.8, —0.4, 0.5). This suggests a similar exit to that of the other
event, but perhaps deeper into the cusp throat, which would correspond to
the +Z direction of the normal. This orientation is also consistent with an
exit into the duskside mantle and lobe, and a dawnward motion of the cusp,
as would be implied by the strong By magnetosheath component. The
duskward pointing lobe field is consistent with this interpretation. The cur-
rent sheet thickness is 700-900 km for this inner boundary. Before this exit
from the cusp each spacecraft often shows different field orientations,
implying a very turbulent region and, perhaps, that the spacecraft remain
within the outer cusp/magnetosheath interface; this would also be consistent
with the double entry observed and the proposed grazing incidence.

The third southern cusp event gave a much more directly observable
ordering to the spacecraft crossings implying a simple outward motion of the
magnetopause. For example, the magnetic field trace for spacecraft 1 always
leads the entry and exit through the cusp region (see Figure 9). The stability
in the DA results shown in Table I confirms this and gives n=(0.55, —0.15,
—0.8) on cusp entry, which is close to the model magnetopause orientation,
and n=(0.9, —0.15, —0.35) on exit into the mantle. The traversal could have
occurred near the centre of the exterior cusp region, but the inner normal
(with a —Zgsm component) suggests an entry on the southern edge of the
cusp region. Thus, this event, at least, which appears to correspond to the
northward magnetosheath conditions, provides a counter example to the
appearance of an indented exterior cusp/magnetosheath interface. No evi-
dence for an outer indented region was observed during the 4 February 2001
event either (Lavraud et al., 2003), which also occurred under northward
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magnetosheath (and northward IMF) conditions. It is clear from this
crossing that, although the field topology inside the cusp region is complex,
the boundary crossings are nevertheless simple in the absence of a dawn/dusk
directed magnetic stress transmitted from the magnetosheath. We do not
include a full analysis here for this event, but comment that the magnetic
profiles provide smooth transitions across each boundary, giving stable
velocity and thickness estimates.

The curlometer calculation (top panel) for 13 February 2001 is shown in
Figure 18 (the calculation for 20 February 2001 does not give a clear current
signature, and so it is not shown). The bottom panel of Figure 18 (see also
Cargill et al. (2003)) shows the ion density, ion temperature and the ion
velocity for spacecraft 1 and 3. The V'y component of the flow shows a large
deflection through (just after) the cusp entry, but not at the cusp exit (inner
boundary). For the three times, where significant current bursts are seen,
vertical dashed lines are drawn in the upper panel of Figure 18. The last
refers to a transient, convecting structure at 20:12 UT, discussed by Cargill
et al. (2003). The first two correspond to the cusp entry and exit, respectively.
The curlometer suggests that there is a significant current layer in both cusp
boundaries, exterior and interior. These currents are all directed in the same
sense, dawnward and northward, and have a magnitude of 50-80 n Am™. It
turns out that the magnetic stress J X B lies predominantly along the dawn
direction on cusp entry, and this is the sense of the ion flow deflection seen
just after this time (bottom panel of Figure 18). This stress is, however, much
less for the exit at 20:07 UT, since the magnetic field direction is then tilted
into dusk, so that no strong flow deflection is seen at this interface.

The fact that the current estimates can plausibly explain the observed ion
jets at these boundaries gives some confidence that the calculation is justified
in this region. It would seem that a reconnection geometry, in which the
magnetosheath field has a major Y component, is consistent with such
plasma jets. It is also apparent that the main ion flow burst occurs at the
outer boundary (on entry into the cusp), so that significant stress is trans-
ferred here (Cargill et al., 2003). It is an open question as to the nature of
each boundary and particularly whether it is more correct to refer to the
cusp/magnetosheath interface, or the cusp/mantle boundary, as the magne-
topause transition. (This question has also been addressed, at least in part, by
Vasyliunas (1995), Russell (2000) and Onsager et al. (2001)). The question is,
however, related to the definition of the outer region of the cusp as an
“exterior” cusp, and the issue is discussed at more length in Lavraud et al.
(2003). It appears that the nature of the outer boundary is affected by the
direction of the local magnetosheath field at least; Lavraud et al. (2003)
discuss the case of northward IMF and magnetosheath field in particular.

We now turn to the northern cusp crossing presented in Section 3.3,
occurring on 26 February 2001, which clearly represents a more actively
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Figure 18. The top panel plots the curlometer calculation for 13 February 2001, showing the
GSM components of J and the field magnitudes. The vertical dashed lines refer to the entry
and exit to/from the cusp region and the transient signature at 20:12 UT. The bottom panel
shows the ion moments of velocity (in boundary normal coordinates) and density (spacecraft 1
and 3), with the magnetic field from spacecraft 1 for guidance.

dynamic encounter, with several large-scale motions of the cusp. Some of
these can be related to changes in IMF orientation, as already discussed in
Section 3.3. After the early crossing of the cusp throat (04:08 to 05:12 UT),
there appears to be an initial brief exit into the dayside boundary adjacent to
the duskside, equatorward edge of the throat (05:12 to 05:21 UT). Both
the analysis of the magnetic field data and the timing sequence for the
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four-spacecraft electron data shown in Figure 13 give boundary normals
which are consistent with the scenario discussed in Section 3.3. For instance,
on exit into the dayside region, ngsm=1(0.6, 0.3, -0.7), and on re-entry
through the cusp, ngspm =(0.75, 0.6, -0.3)). The second normal, in particular,
is consistent with a re-entry from the region duskward and slightly South of
the cusp throat (given a funnel-like geometry). The implied motion at the first
boundary (i.e. northward or tailward along the normal), from the DA and
timing analysis (not shown explicitly here), are also consistent with the sense
of an exit into the dayside region, duskward of the cusp throat. At the second
boundary (at 05:21 UT), the motion implied by the DA and timing analysis
supports the view that the cusp structure reverses to move southward, since it
shows a rapidly accelerating motion (equatorward) along the normal and the
spacecraft appear to reenter the throat.

Subsequently, during 05:31-05:41 UT, the spacecraft appear to recross the
throat, again from the duskside, back into the dayside magnetosphere. The DA
results shown in Table I for these two crossings confirm that the cusp boundary
moves tailward (negative velocity along the normals, here quoted in GSM
components). The computed motion is fairly constant and stable at both
crossings. The geometry is depicted in the left panel of Figure 19. The normals
listed in Table I give an orientation of nggy = (0.55,0.7,—-0.5),at05:31 UT, and
ngsm =(0.7,0.2, -0.7), at 05:41 UT. These are suggestive of passage through a
funnel boundary in the manner illustrated in the left panel of Figure 19 (dis-
cussed further in Section 5). In the Figure, the arrows represent the motion of
the boundary at the first (n;) and second crossing (n,), and the cusp funnel is
represented by an oval cut at the assumed height of the Cluster orbits. The field
orientation shown in the lower panel in Figure 12 remains fairly well aligned to
the implied axis of this funnel, except for some brief excursions on spacecraft 4.

Figure 19. Schematic of the cusp crossings: northern geometry.
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The DA analysis also suggests that the funnel boundary is slightly thinner on
the equatorward edge, and is 1000 km overall.

A second entry, between 05:56 and 06:02 UT, represents a reversal in and
out of what could possibly be the exterior cusp region (at least sampling at
higher altitudes than the throat crossings). The spacecraft are again originally
equatorward and on the duskside of the cusp. A crossing at higher altitude is
also suggested by the larger Zgsm component of the normal at 05:56 UT
(entry into the cusp), ngsp = (0.25, 0.45, —0.85). At 06:02 UT, the tilt of the
normal, ngsy = (—0.35, 0.6, —0.7), appears to correspond to the extreme edge
of the cusp (and corresponds in orientation to an indented magnetopause).
These crossings (labelled ns;, ny) are schematically represented in the right
panel of Figure 19 (but note that the spacecraft appear to lie on the duskside
of the cusp to be consistent with the substantial Yggy component of the
normals in each case). Again, on Figure 19, the arrows on the boundary
normals are drawn in the implied direction of motion of the boundary. It is
noteworthy that the magnetic field orientation inside the cusp is now twisted
from the well-ordered, throat-aligned configuration seen during the earlier
passage through the cusp (see the magnetic field angles in the lower panel of
Figure 12). This twist in the field into By positive is suggestive of a duskward
motion of the cusp, taking the spacecraft across the cusp cross-section and
then back to the duskside on exit, when the motion reverses. The motion
resulting from the DA analysis confirms this view with a clearly slowing
velocity profile along the normal on cusp entry (duskward motion), and a
slowing velocity along the normal, dawnwards, on cusp exit. The velocity
profile on cusp exit at 06:02 UT gives a particular well scaled estimate for the
boundary thickness of 1300 km. The cusp entry gives a slightly higher
thickness of 1700 km, but is more unstable.

At 06:05 and 06:08 UT a second excursion from the magnetosphere occurs
in a similar manner to those at 05:56 and 06:02 UT, but perhaps now directly
into the magnetosheath. Again the velocity clearly reverses from dusk-ward
to dawn-ward motion, although the acceleration is not so stable (see Table I).
The differing normal directions from entry to exit imply that there is also a
degree of cusp expansion during the two crossings. The boundary thickness
appears to remain between 800 and 1100 km. The magnetic field again twists
in orientation confirming the dawn/dusk motion of the cusp across the
spacecraft. We note at this point that the plasma signatures for this last pair
of crossings are only marginally different from the signatures in the adjacent
magnetosheath, after 06:10 UT. We suppose that this implies that the region
sampled is at least a modified magnetosheath plasma distribution, or else
simply an indented region on the magnetopause. The outer cusp/magneto-
sheath interface, seen during the southern cusp encounters discussed above,
appears not to be sampled in this event, since the final magnetopause exit
appears to be through the dayside magnetopause.
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It is apparent that this traversal through the high altitude cusp suggests
that a funnel-like geometry is the most appropriate description for the cusp
throat, as inferred by the discussion above for the earlier crossings. More-
over, the regions surrounding the cusp (boundary of the dayside magneto-
sphere, or extension of the entry layer, on the equatorward side and lobe or
mantle region on the tailward side) appear to be well recognisable. These lend
further credence to the view given for the spacecraft locations and motion
through the cusp itself.

We now turn to the magnetic currents observed during this event.
Figure 20 shows the curlometer calculation for the interval 05:00-06:20 UT
(top panel), together with the ion moments from spacecraft 1 and 3 from the
CIS instrument for the corresponding interval. In the figure, the vertical
dashed lines refer to each of the boundaries discussed above, drawn in this
case on the ion data plot. There are bursts of ion flow just outside the funnel
boundaries at 05:31 and 05:41 UT, and the ion density is clearly enhanced
inside the funnel. The main current signature, however, lies inside the funnel
and appears to be, to a large degree, field aligned. Therefore it does not
provide a significant J x B force. At the next (exterior) cusp boundaries there
is a large current signature where the field twists in the centre of the cusp
region. Figure 21 shows the balance between the ion and magnetic pressures
for the set of crossings discussed here. It is quite apparent that the magnetic
and plasma pressures anti-correlate rather well through the whole interval
shown. Their fluctuations are precisely in anti-phase within the cusp regions.
A possible explanation for this is that the cusp boundary is a standing slow
mode shock, producing an anti-correlation between the plasma density and
the magnetic field intensity. More generally, however, the overall pressure
balance suggests that the crossings result predominantly from simple
dynamic motions, rather than from a more complex evolution of reconfig-
urations in the cusp region. This view is consistent with the stable results
found for this event and shown in Table I. We find here that the ion pressure
scales in proportion to the magnetic pressure better than the density does.

For comparison with the results discussed above, we now turn to the two
events at small spacecraft separation scales, introduced in Section 3.4, which
have been analysed with both the DA and curlometer. Sharp boundaries exist
through the central interval 01:00-02:20 UT, as seen in the left panel of
Figure 16, for 2 March 2002. The results from two of these are quoted in
Table I, along with the magnetopause exit at 03:30 UT. The first crossing,
labelled “‘throat™ crossing, is interpreted as the second clear entry into the
dayside boundary region (as discussed in Section 3) from the cusp throat. The
boundary normal is found to be ngsyp =(0.7, —0.1, —0.7), which is consistent
for the implied central location at the equatorward edge of the cusp, given a
funnel-like geometry. The timing normal deviates significantly from this
boundary orientation and we believe that it is unreliable in this case. The
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Figure 20. The top panel plots the curlometer calculation for 26 February 2001 observations,
showing the GSM components of J and the field magnitudes. The vertical dashed lines refer to
the entry to and exit from the cusp region as discussed in the text. The bottom panel shows the

corresponding ion moments of velocity temperature and density (spacecraft 1 and 3) for the
same interval.

analysis confirms the possible northward motion (with respect to the nor-
mal), or narrowing, of the cusp throat at this time taking the spacecraft into
the dayside boundary region, and is consistent with the northward turning of
the IMF seen at ACE. The second crossing gives ngsy = (0.4, 0.65, 0.65) and
is labelled ““cusp” since it appears to be consistent with a crossing into the
(indented) exterior cusp region from the dayside magnetosphere. The tilt in
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Figure 21. Comparison of ion (red) and magnetic (black) pressures showing the anti-corre-
lation in the exterior and high-latitude cusp regions. The field magnitude is drawn for guidance
in the bottom plot.

Ygswm together with a turning into positive By supports a location on the
dawnside of the cusp. The velocity along this normal confirms a southward
motion or widening of the cusp region (perhaps associated with erosion of
the magnetopause), corresponding to a brief period of the IMF-B returning
to zero before turning northward again at 02:20 UT (when the spacecraft
move back into the dayside magnetosphere).

It is worth remembering here that the quoted normals represent the mean
boundary normal for the four spacecraft, and the analysis presented here is
performed for boundaries for which it can be demonstrated that the indi-
vidual spacecraft crossings show co-linear normals within MVA statistical
accuracy. For the larger spacecraft separations, it is the case that most
crossings show planar boundaries in this sense, where the results are stable.
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At these smaller scales the individual normals show no more significant
alignment within the statistical deviations, thus providing indirect support
that the implication of planar geometry at the larger separations is correct.
Moreover, at these small separations we expect that the effect of any accel-
eration is very small over the spacecraft array, so that the velocity ought to
remain almost constant except for an unusually large acceleration. For the
second of these crossings, an approximately constant velocity is indeed found
with the velocity profile showing only an apparent small reduction of
velocity. The timing analysis and the DA give similar normals in this case.
These normals have an orientation which implies that the spacecraft are
sampling very near the exterior region or in the indentation region of the
exterior cusp or magnetopause. The velocity profile for the first crossing
appears to indicate a stronger change in velocity across the array. In this case,
however, the normal is somewhat unstable implying that part of this accel-
eration is not real. The smaller separations, therefore, can emphasise the
effect of unstable results when the velocity profiles are inconsistent. This also
reinforces the result that the DA analysis is usually self-checking in the sense
that inconsistencies are easily revealed.

This last point is reinforced by the fact that the analysis of the first
crossing (01:45 UT) gives an unstable value for the boundary thickness
(interpreted as being due to the false velocity change over the array). Thus,
the implied acceleration would also have been questionable in the light of the
variation obtained for the thickness. The second crossing gives a much more
consistent value of thickness at each spacecraft, however, again justifying the
interpretation given above. Nevertheless, it is apparent that both crossings
result in reasonable estimates for the boundary thickness across the throat of
between 1000 and 300 km. The final magnetopause exit (at 03:30 UT) is also
quoted here for completeness and shows a stable boundary normal having
the nominal magnetopause orientation. A very smooth, and small, velocity
change through the array is found which gives a remarkably constant esti-
mate for the magnetopause boundary layer of 450 km. Both the DA and
timing normals agree very well in this case also.

There are two clear throat crossings at 08:19 and 08:49 UT on 25 Feb-
ruary 2002, where both are apparent as deviations from the model field in the
right panel in Figure 16. Both are reentries into the high-altitude throat
during southward motion of the cusp, with a recovery in between these times
when the cusp motion reverses. The difference from the 2 March 2002 tra-
versal, however, is that the spacecraft appear never to pass deeply into the
dayside region. This interpretation is confirmed by the DA analysis shown in
Table I. This gives a boundary orientation of nggy = (0.2, —0.3, 0.9) for the
first crossing and nggy = (0.7, —0.6, 0.4) for the second, implying that the
spacecraft exit into the exterior cusp region or within the indentation region.
For both crossings the velocity confirms a southward motion. The tilt of the
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normals into —Ygsm suggest an exit on the dusk-side of the cusp, which is
expected from the negative By component of the magnetospheric field
through the traversal. Both of these excursions into the cusp throat coincide
with southward turnings of the lagged ACE-IMF, and so could result from
erosion of the equator-ward cusp boundary. The velocity profiles for these
two throat crossings are particularly smooth and constant, and agree well
with the result of the timing estimates. They produce estimates of boundary
thickness of 750 and 400 km, respectively.

5. Conclusions

The geometry of the high-latitude cusp has been discussed since the early
missions referred to in the Introduction. The concept of an exterior cusp
region, for example, was introduced following analysis of data from the
HEOS missions (Haerendel et al., 1978; Vasyliunas et al., 1979). Further-
more, the possibility of an associated cusp indentation on the magnetopause
has been discussed recently in terms of Hawkeye (Zhou and Russell, 1997,
Eastman et al., 2000) and HEOS-2 (Dunlop et al., 2000) data, although the
detail of the enclosed region was unresolved. The existence of separate cusp
interfaces has been unconfirmed until now and the extent of any region
exterior to the magnetopause, and its connection to the deeper cusp funnel, is
therefore not well understood. To explore the geometry, dynamical proper-
ties and connectivity of these regions, this paper has reviewed a number of
North and South cusp passes, made by the Cluster array of spacecraft at a
range of spatial separation scales. For the first time use is made of four
spacecraft co-ordinated measurements to identify key properties of the
regions covered by the spacecraft orbits.

For the northern cusps, for example, the four-spacecraft pass consecu-
tively through the northern lobe and cusp throat at mid- to high-altitudes.
The spacecraft then either sample the exterior cusp region near the magne-
topause or the dayside boundary region adjacent to the central cusp region
(dayside entry layer), depending upon conditions. On the southern, inbound
leg the sequence is reversed. This multi-spacecraft coverage has allowed
spatial and temporal features to be distinguished and, in particular, has
identified macroscopic properties of the boundary layers — the orientation,
motion and thickness. The feasibility of particular multi-spacecraft tech-
niques has been demonstrated and, in some cases, the associated current
layers have been quantified. Typical magnetic and plasma characteristics of
each region traversed have also been discussed. These are sensitive to external
conditions in the magnetosheath and upstream solar wind, and give some
context for the boundary crossings identified. In all cases studied here the
overall magnetic topology observed gives a consistent picture as to location
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relative to the cusp and surrounding regions, in agreement with that inferred
from the motional analysis and boundary orientations.

It is apparent that the discontinuity analysis (DA) gives plausible results
for the passage through the cusp. These results (those for the southern
cusps of 13 and 20 February, in particular) support an interpretation in
which there often is an outer, indented (with respect to the nominal mag-
netopause), magnetosheath/cusp interface. For other events (as for 4 April
2001, and the event discussed by Lavraud et al. (2003)), indentation of the
outer interface does not appear to be present, or else these events corre-
spond to central exits through the exterior cusp/magnetosheath interface.
Within this boundary (Earthward side) a region exists, which may be
loosely termed the exterior cusp in the sense that inner boundaries exist.
These define the interface between the cusp and the magnetospheric lobe or
mantle region, on the tailward side, and between the cusp and the dayside
boundary region, on the equatorward side. Within the exterior cusp the
field magnitude is usually depressed; the vector field contains enhanced
fluctuations and often shows a complex (twisted) structure on spatial scales
smaller than the spacecraft separation scales. The nature of the region
appears to be most sensitive to external conditions in the magnetosheath
and upstream solar wind. It is highly dynamic so that both North/South
and dawn/dusk bulk motions of the region are observed. Although the
inner boundary crossing into the lobe region gave clear, stable results, the
crossing of the magnetosheath interface was less clear, reflecting an evolving
structure. In fact, not all crossings were stable and there were some
problems associated with the spacecraft ordering in the case of the 20
February event, in particular.

Lavraud et al. (2003) confirm the existence of an inner and outer boundary
containing an ‘“‘exterior” cusp region. In one of the events studied there
(4 February 2001), particularly stable, northward IMF and magnetosheath
conditions resulted in a stagnant (omni-directional plasma flows), extremely
low field region. The boundary analysis for the event (Lavraud et al., 2002)
gave a similar geometry to that shown in Figure 17, but for the northern
context and with no implied indentation as mentioned above. The spacecraft
passed out into the magnetosheath in a manner depicted by the spacecraft
track for the 20 February 2001 event. The outer boundary, in the case for 4
February 2001, showed a much better ordered exit, following the expected
spacecraft sequence for the spatial configuration. In addition, a brief North/
South motion of the cusp took the spacecraft across the inner cusp/dayside
boundary. It also seemed the spacecraft travelled from further down the cusp
throat, so that the magnetic field and plasma signatures changed only slowly
into the characteristics of the low field stagnant exterior cusp region.

This interpretation that the field depressed high-latitude region is the exte-
rior cusp raises the issue of whether the outer or inner boundaries represent the
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extension of the magnetopause. It is certainly true that the outer boundary
shows stress-induced deflections of the magnetosheath plasma, but the
boundary does not always have properties which can simply be interpreted in
terms of a RD (Lavraud et al., 2003). The inner boundary, on the other hand,
also shows magnetopause-like properties in that there is always a clear mag-
netic transition representing a current sheet form. The nature of this inner
boundary, however, depends on location up the cusp throat, and is not mag-
netically well defined deeper into mid-altitudes because of the relative dia-
magnetic effect.

In a sense, the combined four-spacecraft boundary analysis is primarily a
geometrical interpretation. Figure 17 summarises this geometry for the
southern cusp crossings and Figure 19 summarises the geometry for the
northern crossings. The first case depicts the exterior cusp traversals, where
the exit is from the cusp region into the magnetosheath. The second case
depicts a cut through the throat at lower altitudes (top panel) as occurred
during the northern crossing introduced in Section 3.3, 26 February 2001.
That event therefore added to the geometrical view, by the additional passage
through the cusp throat (suggesting a funnel-like geometry). The nature of
the boundary crossings through this funnel depends critically on how deeply
in the throat the spacecraft pass through. As the cusp funnel is crossed deeper
into the magnetosphere (at lower altitude), for example, the decrease in the
ration of plasma pressure to magnetic pressure results in the magnetic
boundaries being less well defined and therefore harder to analyse. The mid-
to high-altitude cusp throat usually contains enhanced ULF activity but the
degree to which the magnetic field magnitude is also depressed depends on
altitude. Nevertheless, the plasma signatures do show well-defined bound-
aries and the throat normally appears to have a well-defined extent, even at
mid-altitudes. The external region, sampled later in the pass shows a par-
ticularly distinct character in line with the overall geometry defined. Fur-
thermore, there is a strong anti-correlation in magnetic and ion pressures.

The event of 26 February 2001 shows particularly dynamic conditions,
which induce multiple boundary crossings, often demonstrably as a result of
changing IMF orientation. There are some problems of interpretation,
however, regarding the cusp response to the IMF and solar wind conditions
and in the detail of the plasma distribution, and this will be the subject of
further work. Some of the changes in IMF orientation are well correlated to
cusp response, but not all. It was suggested there that certain temporal effects
are required in order to resolve these problems, or else a dramatic distortion
of the funnel geometry. Alternatively, a more detailed calculation of
convection lag is needed in view of the nearly radial IMF orientation.
However, some of the boundary crossings show complex plasma distribu-
tions and confuse the global (geometric) view of the dynamic response. The
short period between 05:21 and 05:25 UT is a notable example of a com-
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plicated cusp re-configuration, where the interpretation of global motions
from the local cluster sampling of the boundaries is somewhat confused. We
have included here only those boundary crossings which give reasonably
stable and clear results.

There appears to be direct control of both the cusp position and its
extent by the IMF, however, both in the dawn/dusk and North/South
directions. The magnetic field geometry is sometimes complex, but often
the current layer has a well defined thickness ranging from a few hundred
(for the inner cusp boundaries) to 1000 km. The motion of the inner cusp
boundaries can occur at speeds up to 60 km/s, but typically 10-20 km/s.
These speeds could represent either global motion of the cusp or expan-
sion/narrowing of the region. The events taken from the 2002 data set
primarily provide a check on the interpretation of the results from the
four-spacecraft techniques, rather than new physical insight. These events
provide further evidence, however, that changes in the IMF induce
motions of the cusp.
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Abstract. The polar cusps have traditionally been described as narrow funnel-shaped regions of
magnetospheric magnetic field lines directly connected to magnetosheath ones, allowing the
magnetosheath plasma to precipitate into the ionosphere. However, recent middle- to high-
altitude observations (i.e., the Interball, Hawkeye, Polar, Image, and Cluster spacecraft)
reported the cusps to encompass a broad area near local noon. The present paper focuses on a
statistical study of the high-altitude cusp and surrounding magnetosheath regions as well as on
some peculiarities of the cusp-magnetosheath transition. For a comparison of high- and low-
altitude cusp determination, we present a mapping of two-year Magion-4 (a part of the Interball
project) observations of cusp-like plasma along model magnetic field lines (according to the
Tsyganenko 96 model) down to the Earth’s surface. The footprint positions show a substantial
latitudinal dependence on the dipole tilt angle. The dependence can be fitted by a line with a slope
0f 0.14° MLAT per 1° of tilt. In contrary to previously reported IMF or solar wind influences on
the cusp shape or location, some differences exist: (1) a possible IMF By dependence of the cusp
location, (2) a split cusp for By # 0, and (3) a smaller cusp during periods of higher solar wind
dynamic pressure. The conclusions following from the statistical analysis are confirmed by case
studies which reveal the physical mechanisms leading to the observed phenomena. Results have
shown that (1) reconnection near the cusp does not necessarily lead to observable precipitation,
(2) the cusp precipitation in one hemisphere can be supplied from the conjugate hemisphere, and
(3) the cusp geometry at a certain time depends on the IMF history.

Keywords: cusp-like plasma, dipole tilt angle, high-altitude cusp, magnetopause, magneto-
sheath, reconnection

1. Introduction

In this paper, recent results from MAGION-4 regarding the high-altitude
cusp region are reviewed. The paper is also complemented by two-point
observations provided by the INTERBALL-1 and MAGION-4 spacecraft
because two-point measurements are especially suitable for a study of the
topology and dynamics of the high-altitude cusp and its vicinity under
changing IMF and solar wind conditions.
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The INTERBALL-1/MAGION-4 satellite/subsatellite pair, called project
INTERBALL-Tail, was launched into a highly elliptical orbit with 63
inclination, with apogee at 200 000 km (or 31Rg) and perigee at 750 km.
During the years 1995-1997, they performed two-point measurements in the
high-altitude cusp reaching altitudes above those of the apogee of Polar
(9Rg). The two satellites could remain in the cusp region for periods of more
than 2 h and scanned the vertical profile of the cusp from altitude ~3Rz up
to the magnetosheath. The INTERBALL-1 and MAGION-4 spacecraft were
equipped with a comprehensive set of instruments for plasma and magnetic
field investigations (Klimov et al., 1997; Némecek et al., 1997; Safrankova
et al., 1997).

In the first part of this review, MAGION-4 data used for extensive studies
of the position and shape of the high-altitude cusp will be discussed. Then a
review of two-point INTERBALL-1/MAGION-4 observations of the cusp-
magnetosheath transition will follow. Finally, some directions and possibil-
ities for future research will be outlined.

2. Statistical properties of the high-altitude cusp

The traditional image of the cusp is a narrow funnel-shaped region where
magnetosheath plasma enters into the magnetosphere (Haerendel et al.,
1978). However, at low altitudes, a DMSP satellite has observed that the
cusp’s local magnetic time extent can reach 3.7 h of MLT (Maynard et al.,
1997). On the other hand, the low- and mid-altitude cusp is quite narrow in
latitude, only about 1-2° (Newell and Meng, 1989; Aparicio et al., 1991;
Potemra et al., 1992). Both the cusp’s position and size depend on many solar
wind/IMF and magnetospheric parameters of which the most important role
is played by the orientation of the Earth’s dipole axis, the dynamic pressure
of the solar wind, and the IMF orientation (Newell and Meng, 1987, 1989,
1994; Farrell and Allen, 1990; Weiss et al., 1995; Zhou et al., 1999, 2000;
Némecek et al., 2000; Merka et al., 2002). Therefore, the influence of the
afore-mentioned parameters must be taken into account in order to estimate
the cusp’s dimensions.

At high altitudes, the cusp-like plasma is observed over a wide range of
magnetic latitudes. Figure 1 depicts, in Solar Magnetic (SM) coordinates, all
parts of the MAGION-4’s orbits on which cusp-like plasma was detected.
The cusp region is clearly much wider than narrow funnel-shaped region of
entry of magnetosheath plasma (Haerendel et al., 1978). As discussed in the
previous paragraph, the cusp location changes in response to magneto-
spheric, solar wind and IMF conditions and these effects certainly contribute
to the cusp width as displayed in Figure 1.
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Figure 1. Cusp crossings observed by MAGION-4 during 1995-1997 years plotted in Solar
Magnetic (SM) coordinates. Different colors distinguish measurements made closer or farther
than 3Ry from the magnetopause (the T96 model). Adopted from Merka et al. (2002).

The orientation of the Earth’s dipole axis has a significant effect on the cusp’s
latitudinal position (Newell and Meng, 1989; Zhou et al., 1999; Némecek et al.,
2000). The analysis of the MAGION-4 data revealed that the cusp’s footprint
position shifts by 0.14° MLAT per 1° of tilt (Némecek et al., 2000; Merka et al.,
2002). Furthermore, Némecek suggested a slightly higher (by 0.01° MLAT per
1° of tilt) cusp shift within 3R of the model magnetopause. Moreover, they
found the slope of the tilt angle dependence higher by 0.04° for negative B, than
for positive Bz. In summary, the dependence of the cusp location on the tilt
angle increases with altitude, from 0.06° MLAT/1° of tilt at 835 km (Newell
and Meng, 1989), through 0.07° MLAT/1° of tilt for altitudes ~5—-10R; (Zhou
et al., 1999), up to 0.14° MLAT/1° of tilt near the magnetopause (Némecek
et al., 2000; Merka et al., 2002). The dipole tilt angle effect has been recently
demonstrated by Savin et al. (2002) even for the turbulent boundary layer
(TBL) which is located just outside and/or at the near-cusp magnetopause. Due
to the magnitude of the dipole tilt effect, the projected cusp positions have to be
corrected before further analysis (Merka et al., 2002).

The high-altitude cusp as seen from MAGION-4 covers much larger area
than reported by the low-altitude observations (Newell and Meng, 1992,
1994; Merka et al., 2002). Figure 2 presents footprints of all parts of the
MAGION-4 orbits which lay below the magnetopause and on which the
cusp-like plasma was detected. The different colors represent the number of
minutes that the satellite spent in a particular bin of 0.5h x 1°
(MLT x MLAT). Note that the latitude of each footprint has been corrected
for the tilt angle dependence. Figure 2 shows that the cusp-like plasma is
observed over a large interval in both MLAT and MLT: ~70°-85° MLAT
and 6.5-16.5 h MLT. However, Merka et al. (2002) argued that the cusp is
narrower and that its displacement, caused by the different factors (i.e., the
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Figure 2. The number of minutes of cusp-like plasma observations in 0.5 h x 1° bins (MLT
x MLAT) mapped along the model field lines toward the Earth’s surface. The positions have
been corrected for the dipole tilt dependence (Merka et al., 2002).
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Figure 3. The cusp longitudinal (MLT) location as a function of the IMF By component
(Merka et al., 2002).

solar wind dynamic pressure and IMF orientation effects), is greater than the
cusp width itself. Based on this interpretation, they estimated the cusp lati-
tudinal width to be ~5°-6° MLAT. In order to improve this estimate, we can
rescale the observed positions to “nominal conditions” or employ multiple
spacecraft dispersed in latitude. The first approach, however, requires a
knowledge of the scaling factors for various solar wind or magnetospheric
parameters, and their effects on the high-altitude cusp. The scaling factors are
often either unknown or known only very approximately.
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The MAGION-4 results (Merka et al., 1999, 2002) on cusp shift with IMF
B are generally consistent with results obtained from DMSP at low altitudes
(Newell et al., 1989), Viking at middle altitudes (Woch and Lundin, 1992), and
Hawkeye and Polar at high altitudes (Eastman et al., 2000; Zhou et al., 2000).
Analysis of the MAGION-4 data (Merka et al., 2002) showed that, for IMF
B, <0nT,if IMF is more negative, the cusp moves equatorward (by ~0.5° per
1 nT) but, when IMF B, >0 nT, the cusp latitude is approximately constant.

Merka et al. (2002) reported that the high-altitude cusp observations of
MAGION-4 indicate the presence of two separate statistical cusp popula-
tions for By >0 nT (Figure 3). According to Zhou et al. (2000), the center of
the reconnection site moves duskward in the northern hemisphere and
dawnward in the southern hemisphere for positive By. Since each recon-
nection site is connected to both northern and southern hemispheres, this
mechanism was suggested by Merka et al. (2002) to split the cusp and to
move the two parts away from noon. A precise study of the probability of
cusp observations in their paper has shown that the observation of two
sources of the cusp precipitation, attributed to reconnection in conjugate
hemispheres, is a common feature at high altitudes (see Figure 3). These two
sources are projected onto different MLT and their separation seems to be
controlled by the IMF By component. However, the peaks of the probability
are less than 50% and thus it is not clear whether these two cusps would be
observed simultaneously. This problem will be discussed later.

Contrary to other observations, from the MAGION-4 data it follows that
the cusp position depends on the IMF By component (Merka et al., 1999,
2002). A possible explanation was suggested in Cowley, but the shift could be
an artificial effect of the magnetospheric magnetic field model T96 (Tsyga-
nenko and Stern, 1996), used for the field line tracing in the MAGION-4 data
analysis, which is not parameterized by IMF By.

The low-altitude observations show a broader cusp during periods of
enhanced solar wind dynamic pressure Psw (Farrell and Allen, 1990; Newell
and Meng, 1994; Zhou et al., 2000). In the analysis of the MAGION-4 data,
the statistical cusp seems to shrink with increasing solar wind pressure, Psw
(Merka et al., 2002). In fact, the cusp position varies rather more for lower
than higher values of Pgw. We should note that this result can be influenced
by the low number of cusp-like plasma measurements for Psw > 3 nPa in the
MAGION-4 data set.

3. The cusp-magnetosheath transition
Several sources of cusp plasma have been suggested over the course of time.

However, it is understood now that the dominant (if not the only) source is
reconnection of IMF with magnetospheric field lines. Reconnection produces
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accelerated plasma populations which excite different kinds of plasma waves.
As a result, the region adjacent to the magnetopause is highly turbulent and
occupied by heated, magnetosheath-like plasma with a low drift velocity.
This region called the turbulent boundary layer, the stagnation region or the
exterior cusp in different papers (Haerendel et al., 1978; Paschmann et al.,
1978) seems to be the proper source of the cusp precipitation. The turbulent
boundary layer has been extensively studied using INTERBALL-Tail data
(Savin et al., 2002; Sandahl, 2002 and references therein).

The reconnection occurs between magnetic field lines of opposite polarity:
for southward IMF, the magnetosheath and magnetospheric field lines
connect near the subsolar magnetopause (Dungey 1961, 1963); for northward
IMF, anti-parallel reconnection occurs at high-latitudes poleward of the
Earth’s magnetic cusps (Kessel et al., 1996; Russell et al., 1998; Safrankova
et al., 1998; Savin et al., 1998; Fuselier et al., 2000; Merka et al., 2000). For
southward IMF, the so-called normal ion dispersion (i.e., the ion energy
decreases with increasing invariant latitude) is observed in the cusp region
(Onsager et al., 1993). The so-called reverse ion dispersion (observed ion
energy decreases with decreasing invariant latitude) is found in the cusp for
northward IMF conditions (Woch and Lundin, 1992; Russell et al., 1998;
Fuselier et al., 2000; Merka et al., 2000; Le et al., 2001). The reverse ion
dispersion is a direct result of the time-of-flight or velocity filter effects
produced by reconnection and subsequent sunward convection of the newly
connected field line. Fedorov et al. (2002) studied high-latitude reconnection
in INTERBALL-1 data when the IMF was dominated by the By component.
Their observations were consistent with the magnetopause topology based on
the antiparallel merging hypothesis (Crooker, 1979).

In contrast to the low- and middle-altitude studies, the main problem is
the separation of the cusp-like region and magnetosheath at high altitudes.
Merka et al. (2000) analyzed a structure of the cusp-magnetosheath transi-
tion for two different orientations of the IMF B, component. They found a
stable structure similar to that inferred earlier from low-altitude observations
for a northward oriented IMF. This structure exhibits a clear reversal of the
plasma flow caused by reconnection tailward of the cusp (Figure 4a) which
turns a part of the magnetosheath plasma into the cusp.

For northward IMF orientation, two-point observations reveal that
reconnection is steady (Safrankova et al., 2002). Small changes of the IMF
direction modulate the observed plasma density but do not stop precipita-
tion. The ions entering the magnetosphere are spatially dispersed (Safran-
kova et al., 2002), probably due to the E x B drift, resulting in an increase of
the energy of precipitating particles with latitude. This effect is often observed
at low altitudes for positive IMF B, (Woch and Lundin, 1992).

The MAGION-4 and INTERBALL-1 observations unveiled the presence
of a vortex-like cavity filled by slow-moving heated plasma in the outer cusp
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Figure 4. Magnetic field geometry formed by reconnection tailward of the cusp: (a) standard
geometry, and (b) illustration of the INTERBALL-1 observation of a vortex-like structure in
the outer cusp. The open arrows show the direction of plasma flow; the heavy arrow shows the
spacecraft trajectory.

(a) (b)

during periods of positive IMF B, (Safrankova et al., 2002). The observa-
tions correspond to the configuration shown in Figure 4b. The rotation of
the magnetic field observed by INTERBALL-1 is shown in Figure 5. Note
the decrease of the magnetic field strength connected with the presence of hot
plasma inside the vortex. The same structure was observed about 20 min
later by MAGION-4. Since this time delay corresponded well to the sepa-
ration of the two spacecraft, Safrankova et al. (2002) concluded that the
region was steady and thus converted the temporal scale of Figure 5 into a
spatial scale. The diameter of the observed vortex derived from measure-
ments at the two spacecraft was ~2000 km. Safrankovd et al. (2002) argue
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Figure 5. The magnetic field as measured by INTERBALL-1 during a crossing of the cusp-

magnetosheath boundary. Note a rotation of all three components, indicating a vortex inside
the boundary layer.
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that this relatively small structure would not be observed too often even if it
were a regular feature of the high-altitude cusp.

When the IMF pointed southward, a configuration like that shown in
Figure 6a has been found (Fedorov et al., 2000; Merka et al., 2000). Merka
et al. 2000 pointed out that the magnetopause in the cusp region is not well
defined under such conditions. This is true especially at the poleward edge of
the cusp because all parameters change gradually during the crossing. In
contrast to the common belief that the cusp region is highly variable, stable
precipitation patterns were observed for several hours by MAGION-4. The
intensity of observed precipitation was only weakly modulated by mag-
netosheath density fluctuations observed simultaneously by GEOTAIL
(Merka et al., 2000). Fedorov et al. (2000) studied the particle distributions
from the INTERBALL-1 CORALL particle instrument during steady
southward IMF. They presented evidence that during steady southward IMF
the exterior cusp contains open magnetic field lines.

Under still not well understood conditions, the INTERBALL-1 and
MAGION-4 spacecraft observed a region of dense stationary plasma adja-
cent to the magnetopause (Simtnek et al., 2003), as shown in Figure 6b. This
feature was observed during periods of negative IMF B, when the shear
across the magnetopause in the cusp region is low; therefore, the transitions
from the cusp into a stagnant region and then into the magnetosheath were
not accomplished with a notable change of the magnetic field. Even the two-
point observations were not sufficient for a decision on whether this region
lay on magnetospheric or on magnetosheath field lines.

However, Siminek et al. (2003) further examined the observations under
changing IMF direction. The IMF was pointing generally tailward and
southward and then it turned to a northward direction for ~6 min. Due to
this change, both INTERBALL-1 and MAGION-4 underwent an excursion
from the cusp to the magnetosheath. The magnitudes of the magnetic field

Figure 6. Cusp geometry during intervals of southward IMF: (a) standard geometry, and (b)
location of the stagnant region.
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before and after the excursion were the same, but the new direction was
different, and only slowly returned to the original orientation. Furthermore,
the plasma density was about 10 times lower and only gradually increased.
The rotation of the magnetic field can be seen in Figure 7 which depicts the
magnetic field vector evolution along the spacecraft orbit. Until the IMF turn
(point A), the measured magnetic field roughly corresponds to the T96 model
field. Then it turns toward a new orientation and, in course of the next
15 min, gradually returns to the orientation close to the model (point B). The
direction measured after this point is highly variable because the satellite
entered the turbulent boundary layer.

Simtnek et al. (2003) suggested that the principal difference in the mag-
netospheric response to the North—South and South—North IMF turning was
connected with the location of the reconnection sites. When the IMF B, was
negative, the particles entered the subsolar region and proceeded toward the
ionosphere. Some of them were reflected and then these particles were
observed on mantle field lines at high altitudes near the magnetopause. This
path was about 20 Ry long and, assuming 100 km/s as a mean velocity, the
particles needed about 20 min to be observed in the mantle region. When the
IMF turned northward at the subsolar region, reconnection was stopped
there but the magnetosheath magnetic field tailward of the cusp still pointed
southward; thus, there was no source of cusp plasma for several minutes.
However, the cusp was full of particles which were able to supply the mantle
population. When the IMF turned northward above the cusp, mantle field
lines, formed during the previous interval of southward IMF, connected to
become cusp field lines and were supplied with plasma from both sides until a
new equilibrium state was reached. The mantle plasma disappeared as one
would expect for the IMF pointing northward. On the other hand, when the
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Figure 7. Illustration of a gradual recovery of the cusp magnetic field after an IMF rotation

(Siméinek et al., 2003). The magnetic field vectors shown are observed 5 min apart.
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Figure 8. Location of possible sources of the cusp plasma during intervals of westward IMF.

IMF turned from North to South, subsolar reconnection started before the
high-latitude reconnection terminated. As the magnetosheath plasma prop-
agated much faster and had a much shorter path to the mantle region than
the cusp plasma, this turn would result in the empty mantle field lines for
several minutes.

A very extensive study of the high-altitude cusp transition formed by a
By -oriented magnetosheath magnetic field [Némecek et al. 2003] confirms
the earlier hypothesis that the cusp can be supplied from the conjugate
hemisphere. The location of possible sources of the cusp-like plasma is shown
in Figure 8. However, the study reveals an important role of the magneto-
sheath velocity at the reconnection site for the cusp precipitation. If this
velocity exceeds the Alfvén velocity, the acceleration caused by the recon-
nection of field lines is not able to turn the bulk of the plasma into the cusp,
and only a small part of suprathermal ions can precipitate. At lower alti-
tudes, electrons exhibit features of cusp precipitation, whereas the ion pre-
cipitation is weak and sporadic. Such precipitation is then classified as from
the cleft or boundary layer (Némecek et al., 2003). According to a model of
magnetosheath flow (Spreiter et al., 1966), this situation frequently occurs
above the winter cusp; thus, the tilt angle is a parameter determining which
reconnection site will be the source of the cusp precipitation.

4. Summary and possible future directions

The magnetospheric cusp is a key region for solar wind plasma entry into the
deep magnetosphere. In spite of intense in situ observations of the cusp for
almost two decades, the dynamics of the cusp are not fully understood up to
now. From the statistical point of view, at high altitudes, we find a much
wider cusp than expected or than is observed at lower altitudes. This
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discrepancy has initiated a further study of the cusp topology and dynamics.
According to the analysis of the MAGION-4 data, there are two principal
factors influencing the structure of the high-altitude cusp and the amount of
the plasma penetrating into the magnetosphere: (1) the direction of mag-
netosheath magnetic field, and (2) the plasma velocity in the cusp region. The
tilt angle of the Earth’s dipole can be considered as a factor of second order
because it influences the cusp precipitation through a change of the magne-
tospheric magnetic field direction with respect to the solar wind flow, and
through a change of the magnetosheath velocity in the cusp region (this
velocity is generally lower above the summer than above the winter cusp).

In summary, while we have learned much about the high-altitude cusp from
the MAGION-4 and INTERBALL-1 observations, there is much more left to
do. Projects consisting of more satellites (e.g., CLUSTER or the planned
Magnetospheric Constellation) with separations ranging from hundreds of
kilometers up to several Rz would provide data with a better time/space res-
olution. For example, a spacecraft configuration consisting of a satellite pair/
cluster separated by up to 2000 km and one or more additional probes/clusters
1-2 R apart would allow the study of both the small- and large-scale cusp
features simultaneously. Appropriate processing of such data together with
new MHD and/or particle models will be able to further enhance our under-
standing of both the physics of the solar wind-magnetosphere interaction and
the plasma transport within the Earth’s magnetosphere.
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Abstract. The high-altitude dayside cusps (both northern and southern) are extremely
dynamic regions in geospace. Large diamagnetic cavities with significant fluctuations of the
local magnetic field strength have been observed there. These cusp diamagnetic cavities are
always there day after day and are as large as 6 Rg. Associated with these cavities are charged
particles with energies from 20 keV up to 10 MeV. The intensities of the cusp energetic ions
have been observed to increase by as much as four orders of the magnitude when compared
with regions adjacent to the cusp which includes the magnetosheath. Their seed populations
are a mixture of ionospheric and solar wind particles. The measured energetic ion fluxes in the
high-altitude cusp are higher than that in both the regions upstream and downstream from the
bow shock. Turbulent electric fields with an amplitude of about 10 mV/m are also present in
the cusp, and a cusp resonant acceleration mechanism is suggested. The observations indicate
that the dayside high-altitude cusp is a key region for transferring the solar wind mass,
momentum, and energy into the Earth’s magnetosphere.

Keywords: cusp, energetic particles, magnetosphere, space physics

1. Introduction

Since the discovery of the Earth’s radiation belt by Van Allen and his col-
leagues in 1958 (Van Allen and Frank, 1959; Yoshida et al., 1960), the origin
of the energetic particles in the ring current and in the upstream ion events
has been a long-standing and significant problem. Recently, a new magne-
tospheric phenomenon called the Cusp Energetic Particle (CEP) event has
been observed by the POLAR spacecraft (Chen et al., 1997, 1998). Obser-
vationally, the CEP event is defined as follows: (1) a decrease in magnetic
field magnitude in the dayside cusp, (2) a more than one order of magnitude
increase in intensity for the 1-10 keV ions, and (3) a more than three sigma
increase above background for >40 keV ion (dominated by proton) inten-
sity. The CEP events have been shedding light on the long-standing unsolved
fundamental issue about the origins of the energetic particles in the magne-



72 J. CHEN AND T.A. FRITZ

tosphere (Fritz and Chen, 1999a; Fritz et al., 2000, 2003a, b; Eccles and Fritz,
2002) and in the upstream ion events (Chen and Fritz, 1998, 2000, 2002a, b).
They may hold the key to understanding how the solar wind mass,
momentum, and energy transfer into the Earth’s magnetosphere (Fritz et al.,
2003c).

The cusps were once viewed as either focal points with near zero magnetic
field magnitude for the shielding currents confining the magnetosphere
(Chapman and Ferraro, 1931) or small funnel-shaped volumes between field
lines that map to the dayside and nightside of the magnetopause surface (e.g.,
Roederer, 1970). Later, the cusps were viewed as open funnels for direct entry
of magnetosheath plasma into the magnetosphere because of dayside mag-
netic merging (e.g., Reiff et al., 1977; Crooker, 1977, 1979; Reiff, 1979; Meng,
1982; Newell and Meng, 1987, 1991; Marklund et al., 1990). Recent cusp
observations have shown that, in addition to the magnetosheath plasma,
large intensities of energetic (40 keV up to 8 MeV) charged particles (CEPs)
were also present there (Chen et al., 1997, 1998; Chen and Fritz, 1998;
Sheldon et al., 1998). Because of the solar wind pressure, a gecomagnetic field
minimum at the equator may move to higher latitude (both North and
South) and become two off-equatorial field minima in the high-altitude
dayside cusps to trap charged particles (Mead, 1964; Shabansky and Anto-
nova, 1968; Shabansky, 1971; Antonova and Shabansky, 1975).

The interpretation of the CEP events has lead to a wide and active debate
on the origin of CEPs in the community. Chen et al. (1997, 1998) and
Sheldon et al. (1998) suggested that these CEPs were energized locally in the
high-altitude cusp — a novel acceleration region. Chen and Fritz (1998) fur-
ther found that the integrated power of the cusp turbulent magnetic spectra
over the ULF ranges is correlated with the intensity of the cusp MeV helium
flux and suggested a resonant acceleration mechanism to energize these cusp
charged particles. Some research groups have also reported particle accel-
eration signatures locally in the cusps (Kremser et al., 1995; Pfaff et al., 1998;
Pissarenko et al., 2001; Yamauchi et al., 2001; Savin et al., 2002). On the
other hand, through numerical simulations, Delcourt and Sauvaud (1999),
Blake (1999), and Antonova et al. (2000) suggested a ring current source of
the CEPs. This source has the particles being energized by processes in the
geomagnetic tail associated with substorms. Ions energized in this manner
can drift westward to form the ring current. Some of these charged particles
may drift into the cusp by following the bifurcating field minima. Chen and
Fritz (2001) have performed a test on such a suggestion about the ring cur-
rent source by using observational data and found that the observed
amplitude of the magnetic moment spectrum of the energetic O" of iono-
spheric origin is higher in the CEP event than in the peak of the ring current,
indicating that substorm processes (via the ring current) are not the main
source of the CEPs. Another possibility for the source of the CEP fluxes was
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presented by Chang et al. (1998, 2001) and Trattner et al. (1999, 2001) who
suggested a bow shock source for the CEPs, in which the particles were
energized at the quasi-parallel bow shock and subsequently were transported
into the cusp. The debate between the two groups (the bow shock source vs.
the cusp source) can be found in three sets of companion papers: A Comment
paper by Trattner et al. (1999) and Reply by Fritz and Chen (1999b) and two
recent Comment papers (Chen et al., 2003; Sheldon et al., 2003) and Replys
(Chang et al., 2003; Trattner et al., 2003).

The cusp magnetic signatures observed by POLAR from 1996 to 1998
have been reported by Tsyganenko and Russell (1999). Recent MHD sim-
ulations predicted that, for a duskward interplanetary magnetic field (IMF)
component, the cusp is located on the afternoonside in the northern hemi-
sphere and is located on the morningside in the southern hemisphere
(Crooker et al., 1998; White et al., 1998).

The high-altitude cusps always feature diamagnetic cavities that are
caused by the solar wind plasma in the high-altitude dayside cusp regions
when the “frozen-in” magnetic field condition (Alfvén, 1950) is broken, and
are identified by a combination of low magnetic field strength and high solar
wind plasma intensity (Fung et al., 1997; Chen et al., 1998). New in situ
satellite observations show that the sizes of the cusp diamagnetic cavities
(CDCs) are extremely large and are always there day after day. Associated
with these cavities are charged particles with energies from 20 keV up to
10 MeV. The intensities of the cusp energetic ions were observed to increase
by as much as four orders of the magnitude. Turbulent electric fields with an
amplitude of about 10 mV/m were also observed in the cusp. These obser-
vational facts reveal that the high-altitude dayside cusps are extremely
dynamic regions in geospace.

2. Large cusp and CEP events observed by POLAR

On 13 May 1999, the POLAR spacecraft observed an extremely large dia-
magnetic cavity in the high-altitude northern cusp region in the morningside
(Figure 1). From 14 to 23:20 UT, the local magnetic field strength was
depressed compared with adjacent regions and displayed strong field turbu-
lence (bottom panel of Figure 1), with the measured field strength reaching to
near null values in many cases. The middle panel is the plot of the time
profiles of the intensity of lower energy (1-10 keV/e) O°" (dotted line) and
(1-18 keV/e) He* ™ (solid line), while the top panel is of the intensity of
higher energy (55-200 keV/e) He®". These two panels exhibit significant
enhancements of the ion intensities in this region identified as the cusp. It is
noted that the POLAR spacecraft has an orbit period of about 18 h. Figure 1
shows that, on 13 May 1999, POLAR was in the CDC during half of its orbit
period, indicating that this CDC was extremely large. In fact, this CDC has a
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Figure 1. The CDCs observed by POLAR on 13 May 1999. The panels show the variation of
the 55-200 keV/e He?* flux (top panel), the 1-18 keV/e He** (solid line) and 1-10 keV/e O°*
(dotted line) fluxes (middle), and the magnetic field (bottom) vs. time, respectively. The dis-
tance of POLAR from the Earth (in Rg), the magnetic latitude (MLAT), and the magnetic
local time (MLT) are shown at the bottom.

size of about 6 Ry in the latitudinal and/or radial directions, and this is much
larger than expected from prior descriptions of the cusp noted in the Sec-
tion 1. The energetic particles found in the cusp have been called CEP (cusp
energetic particle) events (Chen et al., 1998; Fritz et al., 1999a).

Figure 2 compares the cusp magnetic field strength (bottom panel)
observed by POLAR with the two IMF components in GSE coordinates (top
two panels) measured by both the ACE (dotted line) and the WIND (solid
line) spacecraft on 25 April 1999, where the corrections for the solar wind
time delay from ACE (64 min) and WIND (9 min) to POLAR have been
made. A large CDC was observed at about 19-24 UT on 25 April 1999. No
obvious correlations of the CDC with the IMF are found. One interesting
point of Figure 2 is that the IMF B, component was positive, while the CDC
was observed in the morningside in the northern hemisphere (see bottom of
Figure 2). As mentioned in Section 1, according to the prediction of current
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Figure 2. Comparison of the CDCs observed by POLAR (bottom panel) with the two IMF
components measured by both WIND (solid line) and ACE (dotted line) (top two panels) on
25 April 1999. Corrections have been made for the propagation time from WIND and ACE to
POLAR. The distance of POLAR from the Earth (in Rg), the MLAT, and the MLT are
shown at the bottom.

MHD models a positive IMF B, would move the dayside northern cusp
duskward into afternoonside (Crooker et al., 1998; White et al., 1998;
Maynard et al., 2001). Now, assuming that the prediction of present MHD
models is correct, one would expect that the northern CDC should also exist
in the afternoonside at 19-24 UT on 25 April 1999. This suggests from
another point of view a large CDC along the longitudinal direction.
Around solar minimum at POLAR launch through the end of 1997, there
were about 300 cusp crossings, of which 279 (or 93%) of the crossings were
identified as CEP events (Fritz et al., 1999b). In April 1999 when closer to
solar maximum, there were 40 cusp crossings and all of them were identified
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as CEP events (Fritz et al., 2003a); in May 1999, there were 35 cusp crossings
and again all of them were CEP events, indicating that the CEP events are
very common in the high-altitude dayside cusp regions and are always there
day after day.

3. CEPs observed by CLUSTER

The CEP events were not only observed by POLAR as mentioned above, but
are also observed by CLUSTER. Figure 3 displays the 5 March 2001 CEP
event observed by the CLUSTER spacecraft (C3), when this spacecraft was
crossing through the dayside high-altitude northern cusp region. The position
of the CLUSTER in GSE coordinates is labeled at the bottom of Figure 3.
The shaded area represents a data gap. A large CDC (bottom panel) was
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Figure 3. The CEP event observed by CLUSTER on 5 March 2001. The panels show the
variation of the 50-95 keV electron flux (top panel), the 27-95 keV proton (solid line) and
27-177 keV helium (dotted line) fluxes (middle), and the magnetic field (bottom) vs. time,
respectively. The distance of CLUSTER from the Earth (in Rg) is shown at the bottom in GSE
coordinates.
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observed by CLUSTER at 7:35-10:45 UT, corresponding to a significant
increase of the energetic ion fluxes (middle panel) and an enhancement of the
energetic electron flux (top panel). Note that at 8:50-10:00 UT the 27-95 keV
proton flux was about three to four orders of magnitude higher than that
after 10:45 UT when CLUSTER went into the magnetosheath.

The CEP events are not only observed in the northern cusp, but also
measured in the southern cusp. One example is shown in Figure 4 for 3 April
2002 during 16:10-20:30 UT in which CLUSTER traveled from the mag-
netosheath through the high-altitude southern cusp region and measured
large enhancements of both the energetic ion intensities (middle panel) and
the energetic electron flux (top panel) together with a large CDC. Figures 3
and 4 further show that the enhancements of the cusp energetic electron
fluxes are much less than those of the cusp energetic ion fluxes. This result is
the same as that observed by POLAR (Chen et al., 1998; Chen and Fritz,
2000, 2002b). It suggests an energization process that distinguishes ions from
electrons.
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Figure 4. Similar plot as in Figure 3, but for the 3 April 2002 CEP event observed CLUSTER.
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4. Seed populations of CEPs

The ion charge states can be used to determine the seed populations of the
energetic ions in the high-altitude dayside cusp regions. Figure 5 is another
example of the CEPs (Chen and Fritz, 2002b). On 20 April 1999, when
POLAR was crossing through the dayside high-altitude cusp regions, it
observed three basic features: (1) the large diamagnetic cavities with strong
field turbulence (bottom panel of Figure 5), (2) enhanced intensities of the
lower energy (1-10 keV/e) O°" of solar wind origin (middle panel), and (3)
high and variable fluxes of the higher energy particles (top panel). Of par-
ticular interest is the top panel, in which an unexpected energetic O " (70—
200 keV/e) population (solid line) was observed in the high-altitude dayside
cusp. Since the O™ ions were of ionospheric origin and the O°" and He**
ions were of solar origin (Gloeckler et al., 1986), Figure 5 reveals that the
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Figure 5. The CEP event observed by POLAR on 20 April 1999. The panels show the vari-
ation of the 70-200 keV/e O (solid line) and the 55200 keV/e He?* (dotted line) fluxes (top
panel), the 1-10 keV/e O%" flux (middle), and the local magnetic field (bottom) vs. time,
respectively. The distance of POLAR from the Earth (in Rg), the MLAT and the MLT are
shown at the bottom.
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seed populations of the energetic ions in the high-altitude dayside cusps were
a mixture of ionospheric and solar wind particles (Chen and Fritz, 2001,
2002b).

It is noticed that the cusp ion time profiles at higher energies (55-200 keV/e)
(top panel) are different from those at lower energies (1-10 keV/e) (middle
panel); just as ring current and radiation belts occupy distinct and overlap-
ping regions of the dipole trap, so 1 keV/e and 55 keV/e ions occupy distinct
and overlapping regions of the cusp. It is further noticed that the time profiles
of the energetic (55-200 keV/e) cusp He? " are similar to those of the ener-
getic (70-200 keV/e) O . The key point here is that since the seed population
of the cusp energetic O " is of ionospheric origin, and since the seed popu-
lation of the cusp energetic He?> " is solar wind plasma, the similarity of their
time-intensity profiles suggests that both seed populations have been ener-
gized by a common acceleration mechanism.

5. Evidence of local acceleration in the cusp

Leading up to the large geomagnetic storm of 4 May 1998, the solar wind,
measured by the ACE spacecraft SWICS instrument (Gloeckler et al., 1999),
was observed to display an average charge state of iron (Fe) ions that varied
with time over the course of a 24-h period from 16 UT on May 2nd to 16 UT
on May 3rd. The value of the average charge state varied from + 16 at the
beginning of this period to + 6 at the end. Perry et al. (2000) examined the
response of the POLAR CAMMICE MICS sensor in the high altitude cusp
inside the magnetosphere and found that the plasma encountered by POLAR
contained Fe ions whose average charge state varied in an identical manner
when corrected for the solar wind propagation delay from ACE to the sub-
solar magnetopause. Perry et al. (2000) concluded that the solar wind had
direct and immediate access to the magnetosphere through the cusps. Fritz
et al. (2003c) used the same measurements to compare the phase space
density of the solar wind plasma measured by ACE and by POLAR for
plasma with the same average Fe charge state. One of the periods compared
by Fritz et al. (2003¢c) was at 2300 UT on 2 May 1998 when the average Fe
charge state of both plasma populations was + 10 and this comparison is
presented in Figure 6. The phase space densities were dominated by protons
and the ACE spectrum displayed indicates that the solar wind had a sharp
peak between one and two keV/e that became thermalized, presumably by
passage through the bow shock prior to being observed by POLAR. At
energies greater than 2 keV/e the spectrum measure by POLAR assumed a
quasi-power-law form [E/#*™™%] for over three orders of magnitude in energy
with v ~ 3.6. The actual change in energy at constant phase space density is
less than an order of magnitude but for a sensor with a fixed energy threshold
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Comparison of Phase Space Density measured at ACE and Polar on
May 2, 1998 near 2300 UT
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Figure 6. The phase space density of the total ion population determined by the SWICS and
EPAM instruments at ACE and by the HYDRA, MICS, and IPS instruments on Polar as a
function of energy/charge. The two populations correspond to a plasma with an average Fe
charge state of + 10 recorded just before 2300 UT on 2 May 1998 at ACE and just after 2300
UT at Polar.

the measured increase in intensity at 50 keV, for example, will be three orders
of magnitude. The differences in the spectrum measured at POLAR and at
ACE above a few keV reflect an increase as a function of energy that is
characteristic of the Earth’s ring current energy distribution reported by
Williams (1983). For the spectrum presented in Figure 6, Fritz et al. (2003c)
pointed out that the phase space densities of the solar wind measured at ACE
were probably not fully capable of supplying the necessary number of par-
ticles to produce the phase space densities measured by POLAR.

When the composition of the fluxes measured by POLAR were deter-
mined it was found that there were charge states of oxygen of both high,
0°", of solar wind origin and low, O™ and/or O**, of ionospheric origin in
about equal intensities and spectral slope. This observation is presented in
Figure 7 and indicates that the energization which had obviously occurred by
the time POLAR made the measurements at 2300 UT had used a source
population that was a combination of ions from the solar wind and from the
ionosphere.
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Figure 7. The energy spectrum of flux vs. energy/charge of the major ion species determined
for the interval from 2300 UT to 2330 UT on 2 May 1998.

6. CEPs in geomagnetic storm time

Figure 8 plots one case in which the CEPs were observed within the 4 May
1998 major geomagnetic storm period (maximum negative Dy =—-205 nT at 6
UT). The bottom panel of Figure 8 indicates that the local magnetic field
strength decreased from a value of about 200 nT at 6:43 UT to near 0 nT at
6:56 UT. Such a change is about twice that shown in Figure 1 where the local
field strength decreased from about 100 nT at 14 UT to 10 nT at 14:20 UT
with a maximum negative Dy value of =49 nT at 15 UT on 13 May 1999. It is
noted that, compared with Figure 1, the 1-18 keV/e He* " peak flux (middle
panel) in Figure 8 is one order of magnitude higher, while the 55-200 keV/e
He?" peak flux (top panel) in Figure 8 is two orders of magnitude larger.
Figure 8 indicates that the 55-200 keV/e He? " has a peak flux value of about
3000 particles/(cm?-sr-s-keV/e) in the high-altitude cusp, which is four orders
of magnitude higher than that in the mantle.

Figure 9 is the ion (dominated by proton) energy spectrum of the 4 May
1998 CEP event, where the IPS and HIT are two ion sensors onboard
POLAR. It shows that the cusp energetic ions are present with energies up to
10 MeV.
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Figure 8. The CEP event observed by POLAR during a major geomagnetic storm time on 4
May 1998. The panels from top to bottom are the time-profiles of the 55-200 keV/e He** flux,
the 1-18 keV/e He** flux, and the local magnetic field, respectively. The distance of POLAR
from the Earth (in Rg), the MLAT, and the magnetic local time (MLT) are shown at the
bottom.

7. Comparison of CEPs with downstream and upstream energetic ions

The POLAR spacecraft has a 1.8 x 9 Ry polar orbit. Usually, POLAR was
well inside the magnetosphere; occasionally, when the solar wind pressure
was high, POLAR might pass through the dayside magnetopause into the
magnetosheath. On 18 May 1999, when POLAR traveled outbound from the
outer ring current toward higher altitudes in the northern hemisphere, it
detected an increase of the lower energy solar wind He** (1-18 keV/e, solid
line) and O%" (1-10 keV/e, dotted line) fluxes at 2:00 UT (panel 3 from the
top of Figure 10). Measurements of energetic He* " (55-200 keV/e) and O™
(70200 keV/e) at that time are shown in panel 2 from the top of Figure 10.
The region of the measured 1-18 keV/e He* " flux extended to 10:50 UT, but
a more than two orders of magnitude decrease of energetic He* " (or O ™) flux
was observed by POLAR from about 2:30 to 5:10 UT (panel 2 from top)
when the WIND spacecraft detected a higher solar wind pressure (top panel
of Figure 10). POLAR was apparently in the low-latitude boundary layer
(LLBL) at about 2-3 UT and 4-5 UT. From 3 to 4 UT, the solar wind
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Figure 9. The measured storm time CEP ion energy spectrum, at 6:50-7:50 UT on 4 May
1998, where the IPS and HIT are two sensors onboard POLAR.

pressure was significantly higher than at other times as shown in the top
panel of Figure 10, and the local magnetic field strength although very tur-
bulent had a minimum value of about 50 nT (bottom panel) instead of
fluctuations approaching values of zero (characteristic of the cusp), which
suggest that POLAR was in the magnetosheath at the time. Figure 11 is
another example which suggests that POLAR was in the morningside high-
altitude cusp from 22:45 UT on 12 May 1999 to 0:10 UT on 13 May 1999 and
from 3:48 UT to 5:06 UT on 13 May 1999, and was in the morningside high-
altitude magnetosheath from 0:10 UT to 3:48 UT on 13 May 1999.

Both Figures 10 and 11 show that, compared with the CEP fluxes, the
magnetosheath energetic ion fluxes (He’" and O") were negligible (top
panels). In other words, Figures 10 and 11 show a negative energetic ion
intensity gradient from the cusp to the neighboring magnetosheath.

The energetic ion intensity in the dayside high-altitude cusp is not only
higher than that in the region downstream from the bow shock in the
magnetosheath but also higher than that in the upstream region from the
bow shock as well. On 11 September 1996 at 22:06-22:30 UT, under normal
IMF conditions, GEOTAIL was in the upstream region (9.9 Ry, —27.5 R,
—-3.5 Rg) (in GSE) from the bow shock, where a harder energy spectrum was
expected (Anagnostopoulos et al.,, 1986; Paschalidis et al., 1994), and
POLAR was in the high-altitude cusp. Figure 12 compares the > 60 keV ion
flux observed by the GEOTAIL (open squares) with that observed by the
POLAR (solid circles) during this period. It shows that the ion flux in the
CEP event at 100 keV was more than four orders of magnitudes higher than
that in the upstream region, and that the shape of the ion energy spectra in
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Figure 10. POLAR observations of the 70-200 keV/e O™ (dotted line) and the 55-200 keV/e
He? " (solid line) fluxes (panel 2 from top), the 1-18 keV/e He** (solid line) and 1-10 keV/e
0°" (dotted line) fluxes (panel 3 from top), and the local magnetic field (bottom panel),
together with WIND measurements of the solar wind pressure (top panel) at 1:30-11:00 UT
on 18 May 1999. The distance of POLAR from the Earth (in Rg), the MLAT and the MLT are
shown at the bottom of the figure. Corrections have been made for the solar wind propagation
time from WIND to POLAR.

the CEP events was different from that in the upstream region from the bow
shock. Other examples have been reported by Chen and Fritz (1999) and
Chen et al. (2003), which show that, even if the spacecraft was magnetically
connected to the quasi-parallel bow shock, the detected ion flux near the bow
shock was significantly lower than that near the cusp.

8. Cusp turbulent electric field

Figure 13 plots the CEP event on 6 May 1999. Just like other CEP events,
this CEP event was also found in the high-altitude dayside cusps and
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the MLAT, and the MLT are shown at the bottom of the figure.

shows three basic features as well: (1) there was a more than one order of
magnitude increase of the low-energy solar wind plasma (1-5 keV/e H™ in
this case, panel 2 from the top of Figure 13), (2) the energetic ion inten-
sities increased greatly (both energetic oxygen of ionospheric origin and
energetic helium of solar wind origin, top panel), and (3) the local mag-
netic field magnitude decreased, with large fluctuations (bottom panel).
Panel 3 of Figure 13 reveals that a turbulent electric field is also present in
the high-altitude dayside cusp region. This electric field was measured in
the POLAR spin plane, and Figure 13 shows that for this CEP event the
local cusp electric field had a maximum amplitude of about 14 mV/
m = 14 V/km.
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9. Discussion

Arising from the high-altitude dayside cusp observations reported herein, a
fundamental scientific issue remains. How are the CEPs energized? The
similar time-intensity profiles of the cusp energetic oxygen ions of iono-
spheric origin and helium ions of solar wind origin, shown in Figures 5, 10,
11 and 13, suggest that these two species may be energized by the same
mechanism. Since the energetic O should not be accelerated by the bow
shock, one would expect that the energetic He> " should not also be energized
by the bow shock if both species were energized by the same mechanism.
Four observational facts about the CEPs demonstrate that bow shock
acceleration is not the main source of these CEPs. These are (1) the CEPs
have energies up to 10 MeV (Figure 9), (2) the presence of the energetic O *
of ionospheric origin in the high-altitude dayside cusp regions (Figures 5, 10,
11 and 13), (3) the absence of energetic He>" ions in the magnetosheath
(Figures 10 and 11), and (4) energetic ion fluxes in the solar wind being
orders of magnitude less than those in the cusp (Figures 6 and 12).

As mentioned before, the CEPs are always there in the high-altitude
dayside cusp regions and are independent of substorm timing. Recently,
Chen and Fritz (1999, 2001) reported three observational facts that (i) no
energy dispersion signatures are observed in the CEP events, (ii) the ampli-
tude of the magnetic moment spectrum of the energetic O " is higher in the
cusp than in the peak of the ring current and (iii) the flux (or phase space
density) of energetic (> 18 keV/e) He? " is higher in the cusp than in the peak
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ring current at a given magnetic moment. These facts argue against the
substorm (via the ring current) as the main energization source for the CEPs.

One possibility for producing the enhanced CEP fluxes is locally in the
cusps. Sheldon et al. (1998) reported that the charged particles could drift on
a closed path in the high-altitude dayside cusp without crossing the dawn—
dusk plane. In such an orbit, the charged particles are shown mirroring
around the minimum magnetic field near the cusp center, and drifting in
closed drift shells around the cusp. The cusp has a locally outward magnetic
gradient in contrast to the typical inward gradient in the radiation belts.
POLAR measurements reveal that the local magnetic field in the CEP events
is very turbulent, and the high-altitude cusp is probably a dynamic trapping
region that can only temporarily confine charged particles (Chen et al., 1997).



88 J. CHEN AND T.A. FRITZ

The charged particles could be energized in such a dynamic trapping region
by the resonant interactions of these particles with the turbulent ultra-low
frequency (ULF) electromagnetic power (Chen and Fritz, 1998). The tur-
bulent magnetic energy will produce the inductive turbulent electric field to
interact resonantly with the cusp charged particles — a physical mechanism
that converts electromagnetic energy into ion energy.

The proton gyro-frequency in the CEP events has a value of about 1 Hz,
while the electron gyro-frequency in the CEP events is about 2000 Hz. Chen
et al. (1998) reported that the power density of magnetic plasma waves at
2000 Hz is more than three orders of magnitudes lower than that at 6 Hz. If
resonant acceleration is the mechanism that energized the charged particles in
the high-altitude dayside cusps, then it predicts that the enhancement of the
energetic electron flux should be much less than that of the energetic ion flux,
and that the number of electron CEP events should be less than the number
of the ion CEP events. These two predictions have been confirmed by both
the POLAR (Chen et al., 1998; Chen and Fritz, 2000, 2002b) and the
CLUSTER observations (Figures 3 and 4). Local acceleration signatures in
the cusps have also reported by other research groups (Kremser et al., 1995;
Pfaff et al., 1998; Pissarenko et al., 2001; Yamauchi et al., 2001; Savin et al.,
2002).

As shown in panel 3 of Figure 13, the local turbulent electric field for the 6
May 1999 CEP event has a maximum amplitude of about 14 V/km. For
discussion purpose, if it is assumed that the cusp perpendicular electric field
has a left-hand circular polarization at proton cyclotron frequency with a
given amplitude, then the energy per second obtained by a cusp proton will
be proportional to the square-root of its perpendicular kinetic energy. For
example, if the given amplitude is 10 V/km, a 1 keV proton with 90° pitch
angle will obtain about 27 keV within 1 s, while a 10 and 100 keV proton will
obtain about 87 and 270 keV within 1 s, respectively. If this is true, then cusp
energization is the most efficient acceleration mechanism in geospace, which
may explain why the CEPs are observed so suddenly, with no obvious time
delay as measured by POLAR (Chen and Fritz, 1999, 2001). Especially when
compared with bow shock acceleration, the efficiency of cusp acceleration
must be more significant. In order to be accelerated at a quasi-parallel bow
shock, the ions need to interact with the bow shock many times and to stay
there for an extended period. The higher the energy obtained, the longer the
time required. By analyzing 33 diffuse ion events upstream from bow shock,
Ipavich et al. (1981) found an inverse velocity dispersion in every event and
found that the average delay time between the maximum intensity of 30 keV
protons and that of 130 keV protons was about 40 min. Therefore, the ratio
of the acceleration efficiency in the cusp to that in the quasi-parallel bow
shock is about 2400. A follow-on paper focussing on the local cusp accel-
eration mechanism is planned.



DYNAMIC REGION IN GEOSPACE 89

10. Summary

Extremely large diamagnetic cavities have been observed in the dayside high-
altitude cusp regions in both northern and southern hemispheres.

These diamagnetic cavities were associated with strong local magnetic field
turbulence. Our principal results are the following:

(1) The CDCs are very large, seen in both hemispheres and continuously
present, having a size of up to 6 Rg.

(2) Associated with these cavities are 20 keV up to 10 MeV ions that are
more typical of the trapped ring current and radiation belt populations.

(3) The intensities of the cusp energetic ions were observed to increase by as
much as four orders of the magnitude.

(4) The charge state distribution of these CEPs was indicative of their seed
populations being a mixture of ionospheric and the solar wind particles.

(5) The energetic ion fluxes in the high-altitude cusp were higher than that
in both the neighbouring magnetosheath and upstream from the bow
shock.

(6) Turbulent electric fields with an amplitude of about 10 mV/m were also
measured in the cusp; a cusp resonant acceleration mechanism is
suggested.

(7) The significant increase of the energetic ion fluxes and the large field
turbulence in the CDCs suggest that the high-altitude cusp is an
extremely dynamic region of geospace.
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Abstract. We present both statistical and case studies of magnetosheath interaction with the
high-latitude magnetopause on the basis of Interball-1 and other ISTP spacecraft data. We
discuss those data along with recently published results on the topology of cusp-magneto-
sheath transition and the roles of nonlinear disturbances in mass and energy transfer across
the high-latitude magnetopause. For sunward dipole tilts, a cusp throat is magnetically open
for direct interaction with the incident flow that results in the creation of a turbulent boundary
layer (TBL) over an indented magnetopause and downstream of the cusp. For antisunward
tilts, the cusp throat is closed by a smooth magnetopause; demagnetized ‘plasma balls’ (with
scale ~ few Rg, an occurrence rate of ~25% and trapped energetic particles) present a major
magnetosheath plasma channel just inside the cusp. The flow interacts with the ‘plasma balls’
via reflected waves, which trigger a chaotization of up to 40% of the upstream kinetic energy.
These waves propagate upstream of the TBL and initiate amplification of the existing mag-
netosheath waves and their cascade-like decays during downstream passage throughout the
TBL. The most striking feature of the nonlinear interaction is the appearance of magnetosonic
jets, accelerated up to an Alfvenic Mach number of 3. The characteristic impulsive local
momentum loss is followed by decelerated Alfvenic flows and modulated by the TBL waves;
momentum balance is conserved only on time scales of the Alfvenic flows (1/fa~12 min). Wave
trains at fa~1.3 mHz are capable of synchronizing interactions throughout the outer and inner
boundary layers. The sonic/Alfvenic flows, bounded by current sheets, control the TBL



96 S. SAVIN ET AL.

spectral shape and result in non-Gaussian statistical characteristics of the disturbances,
indicating the fluctuation intermittency. We suggest that the multi-scale TBL processes play at
least a comparable role to that of macro-reconnection (remote from or in the cusp) in solar
wind energy transformation and population of the magnetosphere by the magnetosheath
plasma. Secondary micro-reconnection constitutes a necessary chain at the small-scale (~ion
gyroradius) edge of the TBL cascades. The thick TBL transforms the flow energy, including
deceleration and heating of the flow in the open throat, ‘plasma ball’ and the region down-
stream of the cusp.

Keywords: boundary layer, cusp, magnetopause, magnetosheath

Abbreviations: BL — Boundary Layer; FOV — Field Of View; MP — Magnetopause; GSM  —
Geocentric Solar Magnetic; MSH — Magnetosheath; SW — Solar Wind; ULF — Ultra-Low
Frequency; UT — Universal Time; MLT — Magnetic Local Time; HEOS — Highly Eccentric
Orbiting Satellite; ISEE — International Sun-Earth Explorers; GDCF — Gas Dynamic Con-
vected Field model; FOV — Field Of View; GSE — Geocentric Solar Ecliptic

1. Introduction

Early single spacecraft observations with Heos-2 and later Prognoz-7, 8, 10
have shown that the magnetopause (MP) position and magnetosheath plasma
flow structures are quite variable near the cusp, a magnetospheric region that is
crucial for magnetosheath plasma entry (Haerendel and Paschmann, 1975;
Paschmannetal., 1976; Klimov et al., 1986; Savin, 1994). Haerendel (1978) first
introduced the turbulent boundary layer (TBL) to cusp physics in a discussion
on the interaction of the magnetosheath flow with the magnetopause at the
flank of the tail lobe. We reproduce his TBL sketch in Figure la: a laminar
hydrodynamic flow interacts with an obstacle by generation of a TBL both in
front of the obstacle (marked by ““1’”) and behind it (marked by ““2”"). The zone
“1”” corresponds to the funnel-shaped cusp throat in Figure 1b; the obstacle is
presented by uprising magnetic field tubes at the tailward cusp wall. The
downstream zone ‘2"’ has been poorly studied (see Savin et al., 2004, and
references therein). Because of differences in characteristics, researchers have
divided the high altitude cusp into a number of layers and regions. Since full
agreement in terminology is not yet achieved, we provide our definitions of the
regions discussed in this paper. These regions, as shown in Figure 1b, are the
outer and inner cusps, the open throat (OT) of the outer cusp, and the turbulent
boundary layer. We will demonstrate, however, that the interaction pattern in
Figure 1 should be further modified for winter cusp crossings.

In Figure 1b, the OT (slant-line shaded region) is outside the MP, the
outer cusp (gray) is just inside the MP, and the inner cusp (black) is deeper in
the magnetosphere. We identify the MP (inner white line) as the innermost
current sheet where the magnetic field turns from Earth-controlled to mag-
netosheath-controlled (Haerendel and Paschmann, 1975). The outer cusp
(OC) is a region with three different particle populations: newly injected
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Figure 1. (a) Generation of a turbulent boundary layer in the process of interaction of
hydrodynamic flow with an obstacle (from Haerendel, 1978). ““1”” — marks open cusp throat,
“2” — stands for high latitude boundary layer downstream of the cusp. (b) Sketch for MSH/
cusp interface in the noon-midnight plane from (Savin et al., 2002a). The boundaries and sub-
regions are described in the text.

MSH ions, MSH ions reflected from the ionosphere, and quasi-perpendicular
ions trapped in the local magnetic field minimum near the cusp (Savin et al.,
1998b; Sandahl et al., 2002). There are also electrons accelerated along the
field lines. The newly injected and quasi-perpendicular ions dominate over
those that are reflected. This is one of the characteristics distinguishing the
outer cusp from the inner cusp and from the distant mantle. The outer cusp is
also characterized by moderate magnetic noise, while in the inner cusp (IC)
there is a similar type of noise observed primarily only at the boundaries
(Pottelette at al., 1990). The outer cusp consists of the entry layer and the
portion of the plasma mantle adjoining the entry layer (Paschmann et al.,
1976). According to the work of Yamauchi and Lundin (1997) the entry layer
and mantle that are parts of the outer cusp form one continuous region.
At the cusp the magnetopause can be indented. This indentation was first
predicted by Spreiter and Briggs (1962) and then detected by HEOS-2
(Paschmann et al., 1976), ISEE (Petrinec and Russell, 1995), and Hawkeye-1
(S. Chen et al., 1997). Interball-1 early statistics show that the indentation is
on the average about 2 Rg deep (Savin et al., 1998b). We call this part of the
exterior cusp the OT. The plasma in the OT is highly disturbed and/or
stagnant MSH plasma. The turbulent boundary layer (TBL) is a region
dominated by irregular magnetic fields and plasma flows. It is located just
outside and/or at the near cusp magnetopause and has recently been found to
be a permanent feature (Savin et al., 1997, 1998b, 2002a; Sandahl et al.,
2002). Here the energy density of the ultra low frequency (ULF) fluctuations
is comparable to the ion kinetic, thermal, and DC magnetic field densities.
The ULF power is usually several times larger than that in the MSH, and one
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or two orders of magnitude larger than that inside the magnetopause. As
recent studies conclude (see, e.g., Belmont and Rezeau, 2001, and references
therein), the strong ULF fluctuations that occur just outside of or at the
magnetopause can independently result in micro-reconnection and local
plasma penetration all along the magnetopause surface, even without the
presence of quasi-stationary global reconnection. Examples of highly tur-
bulent magnetic and electric fields in the exterior cusp have been reported by
Paschmann et al. (1976) from Heos-2, by Klimov et al. (1986) from Prognoz-
10, by Savin (1994) and Blecki et al. (1998) from Prognoz-8 and by S. Chen
et al. (1997) from Hawkeye-1 data.

The main goal of this paper is to survey achievements in this area and
explore solutions to the problems associated with the TBL and exterior cusp
physics in the Interball era. The recent baseline case studies are described in
detail in Savin et al. (2001, 2002a, b, 2004). An Interball-Polar case on 19
June 1998 is utilized to display the characteristic TBL features. It demon-
strates the asymmetry of boundary layers for positive (sunward) Earth
magnetic dipole tilts in summer and that of the negative (anti-sunward) tilts
in winter. We reproduce the most interesting results from the previous studies
and analyze detailed dynamics of the ion energy and of Poynting flux to
clarify the pattern of nonlinear interactions in the upstream TBL. The wave
packets, going from MP upstream in a subsonic MSH flow, occur to stim-
ulate partial randomization of the flow far in front of the MP, while the SW
driver plays a minor role. The interaction with the upstream going waves
launches downstream-accelerated jets at about sonic speed. The jets break up
the homogeneous equilibrium streamlining by carrying down-flow up to half
of the flow momentum density. That signifies the cascade-like non-linear
energy transformation in the TBL, proposed by Savin et al. (2001).

We present, for the first time, a full statistical review of the high level ULF
magnetic turbulence (i.e. of the TBL) from the Interball-1 data, concentrating
on the MP asymmetry for the summer and winter hemispheres. The per-
manent plasma heating in the TBL is regarded as a result of transformation
of MSH flow energy into the random and thermal energies in the process of
the MSH flow interaction with the outer cusp throat. We exhibit de-mag-
netized large-scale ‘plasma balls’ inside the winter MP and study their sta-
tistics versus that of stagnant MSH plasma outside the NP in summer. We
also present 3D maps of the TBL dependence on the fluctuation power and
on the dipole tilt and study the ‘plasma ball’ occurrence that depends on the
tilt, magnetic shear and interplanetary magnetic field. Finally, we discuss the
presented and published Interball-1 data in relation to the MSH plasma
penetration and acceleration both due to plasma percolation and turbulent
heating and due to multi-scale reconnection of anti-parallel magnetic fields.
We address the practically unexplored interaction of MSH flow with stagnant
high-beta ‘plasma ball’ via the highly super-Alfvenic jets and decelerated
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Alfven flows embedded into the coherent pattern of cascade-like interactions
in the upstream TBL.

2. Turbulent boundary layer and “plasma ball” on 19 June 1998

Data from 19 June 1998 (Figure 2) illustrate the recent findings at the MSH/
cusp interface. Geotail provided high-resolution SW magnetic field and
synchronization with WIND plasma data, Polar traced the northern (sum-
mer) stagnation region, and Interball-1 entered the southern cusp from the
MSH. The Gas Dynamic Convection model (GDCF), which is described in
detail by Song et al. (1999a, b) and Dubinin et al. (2002), links the multipoint
observations. While several recent papers describe some features of this event
(Savin et al., 2002a, b, 2004), we report new, valuable findings in the inter-
action pattern.

2.1. INBOUND MAGNETOPAUSE CROSSING

We present a sketch in Figure 3 (turned upside down for easy comparison
with Figure 1b) to provide a guide for a different topology on 19 June 1998
compared with that in Figure 1. The southern hemisphere MP here has no
indentation. The disturbances of the ion flow in the XZ plane (‘outer BL’)
start in the upstream (relative to MP) flow and result in the appearance of the
accelerated jets first at ~09 UT and then in front of the MP in the tailward
stream (upstream TBL). The criteria fulfilling the definition of the TBL (see
Section 3) are marked by gray bars on the bottom.

In the TBL map in Figure 2.A1 this case appears as a 20 min interval,
centered at ~09 UT, with the interval at 09:20-10:40 UT colored according
to the Df magnitude (black curve in Figure 2.A6i, see discussion below). The
MP transition is thick and imbedded into the TBL, which terminates in a
‘plasma ball’ (PB, see Savin et al., 2002a). The PB is a high-beta (in this case
up to 15) large-scale (few R ) sub-region of the OC (Figure 3). As Savin et al.
(1998b) and Kirpichev et al. (1999) have shown, the general OC (and PB)
feature trapped MSH-origin ions — are often seen in low-beta and small-scale
regions (i.e. the PB occurrence is much smaller than that of the OC, see
Section 4). In the PB the magnetic field is reduced, marking the boundary
between the dayside and mantle/polar cap magnetic field lines. The PB
average position should tend to shift towards the anti-parallel magnetic field
through the MP that corresponds to the place of minimal B*/2u,, predicted
by the fields” vector sum (cf. Spreiter and Briggs, 1962). We will refer here-
after to the OT only in the case of the configuration of Figure 1b, which
seems to be characteristic for positive tilts (see Figure 2.A2-2.A4 and related
discussions in Sections 3 and 4).
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Figure 2. (A1) TBL level map (n7) in 3 GSM planes (gray color — D(B,) >3 nT). (A2) TBL tilt
dependence for D(B,) > 8 nT. (A3) PB tilt (degrees) dependence (gray color — TBL). (A4) Tilt
dependence of PB (blue, green) and open OT. (A5) SW B, spectrogram (Geotail) on 19 June
1998. (A6) TBL and PB on 19 June 1998. (a) energy densities; (b) normal electric field and
Poynting vector; (c) magnetic clock angle; (d) |BJ; (e) ion V. velocity; (f) ion temperature; (g)
electron spectrogram and intensity (> 30 keV); (h) ion spectrogram and intensity (> 30 keV);
(i) magnetic B, — spectrogram and B, -variation; (j) ion kinetic energy spectrogram; (k) ion
thermal energy spectrogram; (1-n) energetic ions (FOV 180 and 62 deg. from Sun) and

electrons (FOV 180°. from Sun).
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INTERBALL-1, June 19, 1998

_,,

IINTERBALL-1
'plasma)

. wTBL

Figure 3. Sketch for the interaction pattern of MSH plasma flow with outer cusp on 19 June
1998; spacecraft orbit (Interball-1 moves from left to right), with characteristic ion velocity
vectors in the XZ GSE plane; N-normal to MP in GSE frame ~(0.7,0.07, —=0.71); P,-projection
of Poynting vector on N: Vs, V a-magnetosonic and Alfven speeds, see also Figure 4; MP is
shown by the thick broken curve; OC, IC — see Figure 1 and related discussions.

In Figure 3 the cusp throat is closed by the smooth MP at a larger distance,
when compared with Figure 1b. A principal problem is distinguishing
dynamic interactions of the SW with the MP from local disturbances. For this
purpose in Figure 2.A5 a wavelet spectrogram (see details in Savin et al.,
2002b) of the IMF GSE B -component from Geotail is shown for
1.6-100 mHz range (octave-based frequency scale in Hz and color scale for
logarithrm of the wave power in [nT°/Hz] are shown on the left side). We
compare the Geotail data with those of Interball-1, given in panel i in
Figure 2.A6, where a black line represents the B,-variation for 2-min intervals
from 4 Hz-sampling of the magnetic field (Df, scale on right side in [n7/Hz"/
?]). The MP crossing (from MSH to OC, see Figure 3) is marked at the bottom
of Figure 2.A6, along with the Interball-1 position in the GSM frame at two
points. In panel a of Figure 2.A6 we display energy densities in eV/cc; ion
thermal nT; (n and Ti-ion density and temperature) — blue line; DC magnetic
B?2p-violet line; kinetic energy Wyi,-black line; the red curve presents
GDCEF predictions for Wy;,, multiplied by a factor of 0.8 to adjust the mea-
sured value in the middle MSH (following Savin et al., 2004). The time lag is
chosen for best fit at 08:40-09:50 UT, while it is certainly different for 07:30—
08:30 UT (see Dubinin et al. (2002) and Figure 4 below).

Panel b of Figure 2.A5 shows the electric field (£, black line), calculated
from the vector product of ion velocity and magnetic field, along the MP
normal (N ~ (0.7, 0.07, —0.71) in the GSE frame (see Savin et al. 2002a, b),
and that of the Poynting vector P, at 5-50 mHz (blue line), also in the N
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Interball-1, June 19, 1998
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Figure 4. Tracing of disturbances in TBL on 19 June 1998; black vertical line — approximate
MP crossing. (a) and (b) wavelet correlation time for ion thermal and kinetic energy densities,
left — octave frequency scale in mHz, right — gray scale in periods of coherent signal at every
frequency, black horizontal lines — Ist, 2nd and 4th spacecraft spin harmonics; (c) Poynting
flux along MP normal (P, see Figure 2.A6 and related discussions) for 2-50 mHz; (d) electric
field along MP normal and its GDCF prediction (thick gray line), the time lag at 08:30—
10:30 UT is the same as in Figure 2.A6, the lag at 07:30-08:30 UT is 7.5 min less (numbers
mark events discussed in the text); (e-g) Poynting flux along GSE X, Y and Z for 2-50 mHz;
(h) ion density and its GDCF prediction (thick gray line). Top — black bars mark flows with
~ magnetosonic speed Vs, bottom — gray bars mark flows with ~ Alfven speed Vj .

direction. The GDCF proxy for E, is represented by the red color, and
shifted by an extra 1 mV/m for better adjustment with the experimental data.
In panel ¢ the magnetic field clock angle is presented in degrees: the black line
is for the Interball-1 data, and the violet line shows SW monitoring by
Geotail shifted in time to adjust to the average Interball-1 data at 09:30—
10:00 UT. Predictions of GDCF at the Interball location are represented by
the red line.

All three curves correlate at ~08:40-09:50 UT, proving an MSH
encounter. Panel d of Figure 2.A6 displays |B| in the same format (scale for
SW in nT on the right side).

Systematic discrepancies between the data and SW proxy, which we call
‘plasma balls’, are shaded blue (cf. Figure 3). Note that at ~09:33 UT a
similar field depression at Interball is predicted by GDCF. Only the appli-
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cation of the model can provide a reliable tool to determine this crossing of
the low-shear MP (at ~ 09:53 UT), which is imbedded in the TBL. The
change of the sign of the ion velocity (£ signs are marked by green/blue) in
panel e (Vi, GDCF - red line, scale in km/s) confirms the identification of
the MP encounter. In panel f, the ion temperature 7; slightly reduces prior to
the MP and then rises by a factor of 1.5-2. This reduction reflects a dimin-
ishing effective temperature of the core MSH ions as the 7 is fitted to the 3D
Maxwellian ion distribution. The T; does not account correctly for the input
from higher-energy protons, clearly seen in panel h from 08:53 UT on. A
similar remark is also applicable for the absolute value of nT; in panel a.

In panels g and h of Figure 2.A6, electron and ion color-coded (scales for
counts per second on the left side) energy spectrograms are presented, with
the energy-per-charge scales in eV depicted on the left. Black lines give count
rates of the ions and electrons with energies > 30 keV, which flow generally
towards the Sun (count rate scales on the right vertical axes). Panel j of
Figure 2.A6 depicts a wavelet spectrogram of the ion kinetic energy density,
and panel k that of the thermal ion energy (vertical frequency scales are
octave-based, i.e. logarithmic, cf. Figure 2.A5 and Figure 2.A6i1). In panels
1-n we present color-coded (see the logarithmic scale on the left side in
em ™2 keV™! ster™ s7!) spectrograms of energetic ions flowing towards the
Sun (FOV 180° from the Sun, cf. black line in panel h), from the Sun
(rotating FOV at 62° from the spacecraft spin axis, pointed to the Sun) and
sunward flowing electrons (panel n, FOV 180°, cf. black line in panel g).

Returning to a comparison of the B,-spectra from Geotail and Interball-1
(Figure 2.A5, 2.A6i), the time lag between Geotail and Interball-1 should be
5-15 min (Savin et al., 2002a). Within those lags a SW disturbance at
~07:52 UT on Interball-1 is quite similar to that at Geotail. In the middle of
the MSH at ~ 08:30 UT another disturbance practically coincides with that
of the SW, with the low-frequency part being strengthened in the MSH. At
09:00-10:50 UT in the MP vicinity, wide-band Interball-1 fluctuations are
seen; most of them have no counterparts in the SW, and vice-versa. This
implies that driving by the SW is not dominant for the near-MP period
analyzed; note multiple spectral maxima in this region (TBL, see Figure 3),
which are related in a complicated manner. At frequencies >0.7 mHz the
disturbances in the TBL have higher intensity levels and different frequency
dependencies, as compared with the MSH; therefore we think that the MSH
is also not the major source for the fluctuations in the TBL.

This is in agreement with the cross-correlation of B, at 07:30-10:10 UT
being <0.5; at 09:30-10 UT the cross-correlation is 0.23, with a time lag for
Geotail of 12 min, with Geotail V,=-478 km/s. Considering possible dif-
ferent tilts for SW disturbances (Maynard, 2003) would hardly improve the
correlation substantially. Greater resolution of these variations is presented
in Figure 4, which will be discussed in detail in Section 2. After implementing
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different lags in Figure 4d, we can see that in events 2, 3 and 10 the GDCF
(i.e. SW) disturbances produce clear responses in the Interball data, while the
TBL perturbations of a comparable magnitude in events 5-7, 9 and 11 have
no counterparts in the SW (cf. also Figure 2.A6, panel c). Strong differences
in the magnetic spectral shapes in the Interball-1 and Geotail data are also in
agreement with the local nature of the TBL turbulence (Savin et al., 2002a).

Just inside the MP, energetic electrons have a high count rate
(Figure 2.A6, panel g) that marks the boundary of closed magnetospheric
field lines. This provides extra support for locating the PB inside the MP.
Waves in the 2-50 mHz range (panels i—k) correlate with the intensity of
energetic protons (black line in panel h and panels 1, m) upstream of the MP,
starting from ~08:53 UT. The main wave bursts have counterparts in the
energetic electrons (panel g). The low-shear MP (~80°) and PB encounters
take place at a tilt ~—21° (i.e. the Southern dipole axis being turned from the
Sun towards the tail). The IMF B. turned to positive values about 10 min
prior to the MP. The ion plasma beta at 09:56-10:03 UT reached 15; in the
rest of the blue-shaded sites it exceeds 2. Similar PB encounters occur on one
previous and two following Interball-1 orbits, on 15-27 June 1998 (Savin
et al., 2005, submitted).

2.2. DIRECT INTERACTION OF THE MAGNETOSHEATH flow WITH A ‘PLASMA BALL’

After this discussion of the general TBL and MP features on 19 June 1998,
we embark on a detailed investigation of the TBL properties. The main
physical problem to address is how the practically demagnetized PB is
interacting with the incident MSH flow in the collisionless plasma. Due to the
high beta both in the MSH and the PB, the magnetic forces are small, and
only local electric fields and waves can provide the MSH flow deflection and/
or dissipation. The electric field E, near the MP can be supported by a
surface charge at the MP-related current sheet (s), and it can deflect the
incident MSH plasma to flow along the MP, while it cannot stop the normal
flow in the absence of wave-induced effective collisions. The ‘local’ E,,, should
be seen as a regular difference between the measured and SW-induced field
(i.e. GDCF one). The MP transition at —09:53 UT is manifested in the dif-
ferent sign as compared with the GDCF one. Figure 2.A6b shows that the
difference is mostly wave-like; the only systematic difference upstream of MP
is visible at 09:48—09:53 UT. Such a negative E, (relative to the GDCF one)
might contribute to the flow turning, but it should accelerate the incident
particles towards the MP (instead of stopping them) if the measured high-
amplitude waves provide an effective perpendicular conductivity. Thus, the
waves constitute the major means for the boundary and the MSH plasma
interaction in the case under study.
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In Figure 4a—b we display wavelet correlation times (see Savin, 2002b,
2003a, for details) for the thermal and kinetic ion energy densities, which
indicate for how many periods (at each frequency) the signal is coherent.
Usually a signal conserving coherence for more than 2 periods at several
consecutive analysis intervals can be regarded as a regular or coherent one.
Panels ¢, e-g display the Poynting vector normal to the MP and its GSE
components in the frequency band 2-50 mHz. In Figure 2.A6, the latter
serves to outline the weak sunward moving disturbances (i.e. with positive
P,). In panel d we present E, with different time lags at 07:30-08:30 and
08:30-10:30 UT. In Figure 4 h and i, the measured and GDCF ion densities
and ion kinetic energy density are depictured with the same time lags. Thick
gray vertical lines with interruptions mark characteristic disturbances to be
discussed; they are numbered in panels d and e. At 07:30-08:20 UT strong
post-shock activity is well seen in Figure 2.A6, (cf. Savin et al., 2002b). Both
the spectral and correlation time maximums at 1-2 mHz are recognizable
throughout MSH (Figure 2.A6j and Figure 4a—b). Savin et al. (2002a, b)
outlined similar maxima in magnetic spectra on Interball and Polar at these
times, but they couldn’t detect continuous or coherent signals.

We draw attention to events 2 and 3 (Figure 4), where the measured E,, on
average reproduces that of the GDCE. Thus, these events represent SW dis-
turbances moving in the downstream MSH far from the disturbed TBL.
Accordingly, all Poynting flux components are negative in these events (cf.
Figure 3 and Interball-1 GSM position in Figure 2.A6 at 09 UT). The same
is, most probably, valid for events 1, 4 and for the low-frequency E,, trends
between events 9-10 and 11-12. So, moderate SW disturbances provide a
validation for our Poynting flux measurements in the MSH. At 08:35-
08:53 UT a weak activity in panels i—k (Figure 2.A6) resembles that of
Figure 2.A5 and thus is driven by the SW. The respective maximum at
~4-5 mHz in correlation time (Figure 4b) could be traced from the post-shock
region at 07:50-08:50 UT. The region at 08:50-09:50 UT is characterized by
strong disturbances, which are not SW-driven ones (cf. Figure 2.A5 and
panels a—e and i~k in Figure 2.A6). Soft energetic ions are registered there
(panels h, 1, m, Figure 2.A6) that correlate with the strong energy fluctuations
and with the drop in the MSH kinetic energy. The latter drop is well seen after
09 UT in Figure 2.A6a and Figure 4i as a systematic difference between the
black and thick red traces. Figure 2.A6e also demonstrates the larger depar-
ture of V;, from the model after that time. Figure 2.A6e also demonstrates the
larger departure of V;, from the model after that time.

We check the density correspondence to the model in Figure 4h; the
average measured density follows the GDCF proxy rather well until the
diffuse MP encounter, with two exceptions at ~07:50 and 08:45 UT. The first
density departure can be affected by a partial shock crossing, while in the
second one the ion momentum (~nV;,) is close to the GDCF prediction, but
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it departs from GDCF after 09 UT. The general agreement confirms the
reliable »n; measurements and, thus, the local dramatic Wy;, decrease
(Figure 4i). Note that the average MSH flow is subsonic (Wi, <nTj, see
Figure 2.A5a) and super-Alfvenic (Wi, > B?/2p,). On the top of Figure 4,
black bars mark flows with nearly the magnetosonic speed, Vs ; on the
bottom gray bars mark flows with nearly the Alfven speed, Vs . This is also
shown schematically by thin arrows in Figure 3. Besides the accelerated MS-
jet at 09 UT, there are a number of smaller MS-jets in the upstream TBL.

The decrease in Wy;, mentioned above after 09 UT corresponds to a
decelerated Alfvenic flow. In the upstream TBL those flows are mixed with
the MS-jets. In the MSH upstream of the TBL at 08:40-08:50 UT the
standard deviations of ion energy densities are: o Wy;,~ 22%, onT;~ 10%.
Figure 2.A6k shows that at 08:53-09:35 UT nT7; fluctuates, at 09:03—
09:15 UT the nTi-disturbances dominate over those of Wy, : d Wiin ~ 49%,
onT; ~ 20%, 0Wyin/onT; ~ 0.48. In the middle of the upstream TBL both the
kinetic and thermal ion energies are quite disturbed (09:15-09:35 UT):
OWiin ~ T1%, 6 nT; ~ 25%, 6 Wy [OnT; ~ 0.996. Relative to the unper-
turbed MSH the standard deviations in the TBL center are: 6 Wy, ~ 45%,
onT; ~ 17%. The lower limit for the energy conversion into the irregular
fluctuations in the TBL (i.e. the difference of standard deviations) is 23% of
MSH kinetic energy and 7% of its thermal. As the TBL spectra in
Figure 2.A6j and k are quite different from the upstream MSH ones, we
would like to accept the higher limits for the MSH energy chaotization:
OWiin ~ 30-40% and onT; ~ 10-15%.

A strong deficit of the average W, at 09:03—09:15 UT (and of the ion
momentum) is displayed even in the sum of Wy;, + 0 Wy;,, which constitutes
only 47% of the average upstream kinetic energy. The only candidate to
carry off the momentum and kinetic energy excess is the strong impulse in the
Wiin and Vi, in Figure 2.A6 and Figure 4 at ~09 UT. The respective hodo-
gram of the ion speed vector tip in the plane of GSE (V,, V,) is shown in
Figure 5a. The average speed in the depicted interval 08:59:11- 09:00:08 UT
is (=252, —45, —88) km/s, and the possible inferred vortex component (i.e. the
loop in the hodogram) has a radius of ~50 km/s (~4% of its average Wiyin).
Those estimates are given in the spacecraft frame (which is close to the MP
frame), while in the frame of the unperturbed MSH the vortex kinetic energy
is ~0.3 Wiy, - Since the magnitude of the Wy;,-pulse reaches the local value of
nT; (Figure 2.A6a), that means a nearly magnetosonic (MS) speed of the jet
(Vms ~ (2Ti/Mi)1/2 in the high-beta plasma (M; — proton mass, 7; — in
energy units)). A magnetic loop at this time has been found at half this
frequency.

This plasma jet is in the middle of a current sheet (bi-polar disturbance in
the clock angle, Figure 2.A6c), bounded by |B| drops down to a few nT
(‘diamagnetic bubbles’) and a bi-polar E, - spike (~5 mV/m), which can be
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Figure 5. Left: Hodogram of ion V,, V), at 08:59:11-09:00:08 UT, 19 June 1998. Right:
Hodogram of ion V,, V), 09:42:28-09:43:46 UT, 19 June 1998.

accounted by surface charges at the current sheet. In Figure 4 it is event 6
that contains the impulsive density rise. The negative spike of the Poynting
flux in all components (for 5-50 mHz GSE vector being (20, -6,
—5) uW/m?, i.e. at ~24° to the model speed (-247, —6, —157) km/s, departing
from the model flow towards the —X and —Y directions) in event 6 conforms
to the energy being pushed downstream by this strong nonlinear structure.
The value of P, ~ —10x W/m? indicates the approach of the disturbance to
the MP (see Figure 3). The latter excludes a near-MP reconnection as a
mechanism for the jet acceleration: (a) any MP-related disturbance should
move outward from the MP (i.e. P,, > 0); (b) the distance from the MP is too
large (in ~1 h prior to its crossing); the GDCF does not predict any sub-
stantial outward MP movement in this period; and (c) negligible |B| just
inside the MP and in its vicinity (the magnetic energy density is about an
order of magnitude less than that of the W, spike in event 6) can hardly
result in such a strong plasma flow acceleration of up to an Alfvenic Mach
number ~3.1 in the MS-Jet.

Between the event 4 and the MP we can see strong enhancement in the
appearance of the negative (downstream) P, P, and P. -spikes (events 5-7
and 9), which correspond to local TBL disturbances without correlative
feature in SW (cf. Figure 2.A5 and 2.A6). Similar to event 6, the events 5, 7, 9
have related clock angles and electric field spikes, while the plasma jetting is
unique for event 6.

There is another group of perturbations with positive P, -spikes, i.e.
moving from the MP towards the outer TBL border that are numbered 8,
10-12 and MP (see also Figure 2.A6b). The P, -positive events dominate
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there, and event 12 has positive P, and P. moving upstream along the MP.
The MP-related perturbation moves in the positive X and Z directions but
strongly in the negative Y direction. Event 14 inside the MP resembles a short
double MP crossing, but generally moves from the MP (negative P,,), as does
event 15. Between events 6 and 7 weak positive P, -spikes of short duration
can be seen.

The ion velocity hodogram in the GSE plane (V,, V,) for the trailing
part of event 11 with negative components of the Poynting vector is
depicted in Figure 5b. The average speed in the interval 09:42:28-
09:43:46 UT is (=91, —18, —119) km/s, and the inferred vortex component
has a radius of ~80 km/s (i.e. 15% of its average Wy;,). Thus, the vortex
energy is big enough for a non-linear wave, since it contains >33% of the
chaotic kinetic energy. No obvious vortex-like magnetic loops have been
detected around event 11. Correlation times in Figure 4 provide informa-
tion on the coherence of the disturbances. W, ‘synchronization’ at
~5 mHz (09:15-09:45 UT) corresponds to the appearance of the positive P,
— spikes in the TBL center. The reflected (sunward going) wave packets
provoke interactions in the upstream region closest to the MP. At 08:45-
09:35 UT (events 4-10) the strong maximum at ~3 mHz in the Wy, cor-
relation time most probably results from regular launching of tailward wave
packets from the outer TBL boundary. The maximum at 3 mHz is also
seen in Figure 4a. Inside the MP the quasi-coherent signals are at ~7 mHz,
and that corresponds to Pc4 pulsations.

To give more details for the TBL interactions upstream of the MP, we
zoom in on the interval 08:30-10:00 UT in Figure 6.B1 and 6.B2, showing
wavelet spectrograms for the ion density and velocity V;,, respectively. The
former is similar in its main features to the panel k in Figure 2.A6. The latter
is quite compatible with panel j in Figure 2.A6 and provides the direct
comparison with a bi-spectrum in Figure 6.B3. Figure 6.B1 demonstrates the
strengthening of the low-frequency (~1.3 mHz) maximum just upstream of
the plasma jet for event 6 (09 UT). The coherent signal at 4-5 mHz (panels a,
b, Figure 4) can be related with a weak maximum at ~4.2 mHz. Referring to
the Poynting flux in Figure 2.A6 and Figure 4, we conclude that the weak
waves at ~4.2 mHz propagated upstream and triggered amplification of the
down-going low-frequency waves. The weak maximum at 4.2 mHz is visible
at 08:48-08:55 UT in Figure 6.B2 along with the stronger one with a rising
tone from ~1.5 to 2 mHz. The latter grows further in magnitude and fre-
quency (~2.3 mHz) until 09 UT (event 6, i.e. launching of the plasma jet),
where it bifurcates into rising- and falling-frequency tones, which evolve
toward about 1.3 and 2.7-3.5 mHz bands (cf. correlation time maxima in
panels a, b in Figure 4). At ~09 UT maxima at about 5 and 12 mHz are also
visible. In the upstream TBL at 09:00-09:45 UT the kinetic energy drops
mentioned above result not only in plasma jetting but also in amplification of
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the low-frequency pulsations (~1.3 mHz), three periods (~10-15 min) of
which cover almost the whole upstream TBL. Those fluctuations correspond
to maximums at 3—10 mHz at ~09:00, 09:15, 09:30 and 09:45 UT. A macro-
equilibrium can be achieved in the outer BL (Figure 3) during a few of these
periods. This is in agreement with a ‘thick’ TBL transition invoked by Savin
et al. (2001) versus a ‘thin’ shock-like one.

To check if the nonlinear processes in the outer TBL are really synchro-
nized, we analyze the wavelet bi-spectrum (bicoherence) for the velocity Vi,
in Figure 6.B3, which corresponds to a frequency sum rule for the 3-wave
process, fy = f; + fir . The bicoherence has a substantial value only if those
three processes are phase-coupled (cf. Savin et al., 2002b); the modulus of the
product of the 3 complex wavelet amplitudes is normalized by the modulus of
the amplitude of the three signals at their respective frequencies. This cor-
responds to decays (or a junction), which require a third-order non-linearity
in the system. The weaker, higher-order nonlinear effects, which might also
contribute to the TBL physics, are beyond the scope of this paper. In
Figure 6.B3 we display the bicoherence of V;, at 08:42:57-09:12:51 UT for f;
~ 1.5-8.5 mHz (the larger frequency in the sum) and f; ~ 1.5-5 mHz. The
horizontal and vertical lines indicate processes with nearly constant f; and f;,
respectively, and the negatively inclined line marks processes with
fs = fi + fi ~ constant. We show only processes with the relative amplitude
>0.5 (50% of the triple product absolute value), i.e. all colors, except the
dark blue background, mark signals whose bicoherence is certainly above the
noise level (cf. maximum bi-spectral amplitudes are ~50% in Savin et al.
2001, 2002b, 2004).

Neglecting the frequency drifts near the bifurcation point at 09 UT in
Figure 6B.2, we can distill the processes in Figure 6.B3 at several frequen-
cies: f; ~ 1.5 mHz, lower horizontal maximum, cf. ~1.3 mHz in Figure 6.B2
and in Figure 4; f; ~ 2.2 mHz, upper weak horizontal maximum, compatible
with the general upstream maximum at 08:50-09:00 UT in Figure 6.B2;
fs = fi + fi ~ 4.5 mHz (the lower inclined line), which is close to the upper
downstream maxima at 09:10-09:40 UT in Figure 6.B2 and to that of
upstream maxima in Figure 6.B1, 6.B2 and Figure 4; f,~ 2.2-2.6 mHz,
strong vertical maximum (cf. panel b in Figure 4 and Figure 6.B1, 6.B2) with
the largest amplitude at its top. The latter red spot corresponds to the second
harmonic generation: (cf. Savin et al., 2002b), visible at 09 UT at ~5 mHz in
Figure 6.B2 (MS-jet). Another red-spot maximum would suggest wave
pumping at (f, fi) ~ (1.5,3) mHz with further nonlinear cascading at
fs = fi + fi ~ 4.5 mHz (lower inclined line) and at f; ~ 1.5 mHz (see the
lowest horizontal maximum up to 6 mHz (Savin et al., 2001, 2002b)). We
assume that the cascade signatures (e.g., in the case of the horizontal-spread
maximum, when at the sum frequency, f = f; + f5, the bicoherence has a
comparable value with that at the starting point (f7, f>)), implies that the wave
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interaction with cusps.

at the sum frequency interacts in turn with the same initial wave at frequency
/1 in the following 3-wave process: f3 = fi + f, etc. Note also horizontal and
vertical cascading at the frequencies of 2.2 and 2.6 mHz mentioned above.

The linkage between the spectrogram maxima represents a feature of cas-
cade-like processes in Figures 2.A6, 6.B1 and 6.B2. Thus the bi-spectrum
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provides strong support for the decay-like phase coupling of the low-fre-
quency fluctuations in the upstream TBL.

We have also checked the wavelet spectra and bi-spectra for ion density,
kinetic and thermal energies and observed a highlighting of similar pro-
cesses up to about 20 Hz. The 3-wave nonlinear wave-coupling persists
also in the TBL central and inner zones (not shown). Similar to the
magnetic spectra in Figure 2.A6, the simultaneous magnetic bi-spectra (not
shown) differ in detail from those of Figure 6.B3. First of all, the magnetic
bi-spectra have lower maximum magnitudes (up to 0.6 instead of 0.9 in
Figure 6.B3). Thus, in the high-beta plasma the energy-dominated ion
moments are the most representative ones for understanding the nonlinear
interactions.

2.3. COMPARISON WITH POLAR DATA ON 19 JUNE 1998

Let us briefly compare the Interball-1 data on 19 June 1998 with the simul-
taneous Polar data in the northern hemisphere (tilt ~20°). Referring for
details to Dubinin et al. (2002), Savin et al. (2002a, b), we present the Polar
outbound crossing in Figure 6.B6. The magnetic field at the top of
Figure 6.B6 highlights the MSH encounter in B,, changing from positive
magnetospheric values to negative MSH ones, which conforms to the GDCF
predictions (shown by the red line; the difference from the measured field is
highlighted by the green color). We mark MP (separating average MSH and
magnetospheric fields) for traverses of the magnetopause current sheet, which
may be multiple. Note that the MP is at GSM Z ~6 Rg versus —10 Rg for
Interball-1. The respective orbit traces are given by thick black lines in
Figure 6.B7. In the middle panel of Figure 6.B6, we display energy densities
similar to Figure 2.A6. The spiky bursts of the kinetic energy density (black
line) have been attributed by Dubinin et al. (2002) and Savin et al., 2002a,
2002b) to reconnection bulges. We can see from a comparison with the model
kinetic energy and between the measured and model magnetic fields that the
bulges’ appearance is controlled mostly by the local TBL processes (i.e. no
SW driving is proved by GDCF). The micro-reconnection in the bulges
should be modulated by the upstream TBL fluctuations (see previous Sec-
tion), since the spectral features of the magnetic fluctuations (in the band of
the repeated reconnection bursts) in the transition region at 10-11 UT are
quite similar to those measured by Interball-1 in the upstream TBL (see Savin
et al., 2002a). So, the current sheets at ~10:50-11:05 UT are attributed to the
TBL.

Another point that we would like to make is that the kinetic energy in the
‘reconnection bulges’ at 10-11: 20 UT exceeds the GDCF model predictions
(red thick line on the middle panel) by 1.5-2 times. Even inside the MP the
magnetic field energy density has a smaller magnitude than that of ion total
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energy (light blue curve) in the jets. We compare the magnetic field energy
with the total ion energy because, with reconnection, the transformation of
stored magnetic energy from the MSH flow to magnetosphere should go in
kinetic and then partially into thermal ion energy of the bulge-related streams
of the plasma. The accelerated jet at the outer TBL border (see event 6 in
Figure 4 and Figure 2.A6) has similar characteristics to the spiky bursts in
Figure 6.B6, which makes it a good candidate source for the regular plasma
jets registered by Polar (Figure 6.6).

2.4. ACCELERATED PARTICLES

Recent multi-satellite observations demonstrate that the cusp is a region of
accelerated plasma. There is evidence that the cusp is a substantial source
of energetic particles (Q. Chen et al., 1997, Fritz et al., 2000). The ener-
gization mechanism is related to the strong turbulence observed in the
cusp (Chen and Fritz, 1997, Blecki et al, 1998, Savin et al., 2002c), and
recently mapped by Interball-1 (see Section 3). Ions with energies over
7 keV on 19 June 1998 are seen after 08:50 UT on the spectrograms in
Figure 2.A6h. As mentioned above, waves in 2-50 mHz range (panels i—k,
Figure 2.A6) correlate with the intensity of energetic protons upstream of
MP.

Turning now to the spectrograms in panels 1-m (Figure 2.A6), we see
that the upstream ions correlate best with the W;, -fluctuations (panel j),
the yellow-colored fluxes at high energies at 09:20-09:50 UT exceed those
of the trapped particles inside the MP. The maximum intensity of the
energetic ions occurred just inside the MP (i.e. in the PB) with the ion
intensity decreasing farther inside the magnetosphere (better seen in panel
m). The higher energy ions, correlating with the upstream TBL fluctuations,
suggest local acceleration. The electron spectra in panel n of Figure 2.A6
upstream of the MP also generally correspond to the intensification of
fluctuations in Wy;,, with electrons up to 50 keV appearing. In Figure 6.B4
we zoom in the electron and ion energy spectrograms from Figure 2.B6 at
09:30-10:10 UT, adding respective pitch-angles (scales in degrees on the
right side). Before 09:47 UT (i.e. in the MSH) electrons (panel b) and ions
at 7-25 keV (panel c¢) tend to have a minimum flux in the field-aligned
direction. This excludes reconnection as a source for the higher energy ions,
as in the southern hemisphere the magnetospheric field is pointed away
from the Earth, thus particles, escaping from magnetosphere, should flow
parallel to the reconnected lines (cf. Savin et al., 1998b, 2004). The only
higher energy electron burst, at 09:48 UT, also demonstrates a domination
of the anti-parallel flow. The main MSH ion maximum upstream of the MP
occurs at pitch angles ~90° and spreads up to 25 keV (panel c), and this
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strongly infers a local source for the most dense suprathermal ions. At
09:55-10:05 UT the ions at 7-25 keV are peaked at ~90° along with the
most MSH-like ones. Their fluxes along the field are smaller than the
perpendicular fluxes, but they exceed the anti-parallel fluxes. The latter
might imply either a minor amount of the plasma-sheet-like (PS, energies
7-25 keV) ions along the field lines from the inner magnetosphere or rep-
resent a loss-cone towards the nearest (southern) ionosphere.

In Figure 6.B4a we zoom in on panel m of Figure 2.A6 and superimpose
the respective pitch angle. Around 09:40 UT soft ions with energies <50 keV
display a minimum along the magnetic field, similar to that in panel c. This
gives an estimate for the upper limit of supra-thermal ions of MSH origin. At
higher energy (up to 400 keV) the parallel ion flows dominate, and this
conforms to their leaking from the PB along effectively reconnected field
lines. Further support for that can found in bottom panel of Figure 7; both
the intensity and slope of the average ion energy spectra at energies
>200 keV almost coincide for the PB (curve 3) and TBL (curve 2). An
instant spectrum of the field-aligned ions in the TBL (i.e. leaking along the
field line from PB, shown in curve b) from the time interval
09:40:37-09:42:02 UT reproduces the average shape of the PB spectrum
(curve 3), but with a slightly smaller intensity.

Coming back to panel a in Figure 6.B4, around 09:40 UT there are also
narrow perpendicular spikes at the higher energy levels, which constitute the
third population of energetic particles in the upstream TBL. Having
practically no parallel speed, these ions can result, for example, from local
perpendicular ion-cyclotron acceleration. To justify an alternative magne-
tospheric origin of those ions we should explain their loss of parallel energy;
such ions are not seen in the OC, and to be able to reach the outer BL from
distant regions along the MP they should have a parallel velocity comparable
with their perpendicular velocity. In Figure 7 the respective characteristic
energy spectra are marked by ‘a’ and ‘b’ in the top panel and by ‘a’ in the
bottom panel. A difference between the maximum spectra (‘a’) and that of
the PB spectra (curve 3) is highlighted by shading, and reaches a factor 3.
The spectral shape is representative on the top panel (this channel does not
rotate and has nearly constant pitch angle during the exposition of spectrum
‘a’). Comparison with panel a in Figure 6.B4 suggests that the highlighted
spectral difference is a systematic one. Even the average spectrum in the TBL
(‘2’, top panel in Figure 7) is slightly larger than that of the PB at energies
>250 keV. Panel a in Figure 6.B4 in PB at 09:53-10:05 UT demonstrates
loss-cones in the anti-parallel magnetic field direction (cf. panel c). The
energetic particle culminating in the PB just under the MP can result both
from the local cascading of chaotic kinetic energy and from loss of parallel
momentum by magnetospherically trapped particles undergoing a wave-
particle interaction. This is also necessary to trap the locally-born accelerated
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Figure 7. Energy spectra on 19 June 1998 for sunward (top, FOV 180° from Sun) and tailward
(bottom, FOV 62° from Sun) flowing energetic ions; thick circles: 1 -MSH 09:06-09:12 UT, 2
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09:42:46 UT, bottom — 09:40:37-09:42:02 UT. Shading marks the difference between PB (‘3’)
and TBL perpendicular spectra denoted by ‘a’.

particles in the PB, for example, the soft energetic ions <150 keV (curves
labeled ‘3’ in Figure 7) can leak from the magnetosphere (curve ‘b’ on
bottom panel) due to diffusion by the strong waves (cf. Savin et al., 1998b,
2002c).

On the bottom panel in Figure 6.B6 we present a color-coded (see color
bar for the logarithmic count rate on right side) spectrogram of energy per
charge (logarithmic scale in keV/e is shown on the left vertical axis) for the
unique MSH constituent He ™ *. This clearly demonstrates the local accel-
eration of He™ ™ up to 100 keV/e in the region of numerous plasma jets and



THE HIGH LATITUDE MAGNETOPAUSE 115

MP-like transitions at 10—-11 UT (see the upper panels and discussion above).
Another peculiarity is a much greater intensity as compared with the MSH
stagnation region after 11:30 UT.

As for more energetic particles (not shown), the acceleration of ions up to
several hundreds of keV and of electrons up to several tens of keV is seen in
the TBL, with a maximum at the multiple B, transitions (10:20-11:10 UT).
Note also the difference with the Interball data: no enhanced energetic par-
ticle fluxes inside MP are registered by Polar. A similar case in the OT on
21 April 1996 from Interball-1 data has been described by Savin et al.
(2002¢). The electrons with energies up to 10 keV can be accelerated by
whistler-mode fluctuations of about 1 Hz (see Savin et al., 1998b). Another
case of the OT is presented in Figure 6.B5. Top panel depicts |B| (yellow
shaded, scale in nT on left axis) and energetic ions (>30 keV, logarithmic
scale for counts/s on right side) from the same channels as shown in panels
1-m in Figure 2.A6 (the 180° channel is marked by a black line) during an
outbound MP crossing on 15 April 1999 (at ~17:45 UT). The large-scale |B]
reduction is shaded green, and looks similar to the PB in Figure 2.A6, but in
this case the energetic ion intensities comply with the particle source being the
MSH rather than the magnetosphere. The anti-sunward flowing ions (red
line) have a greater flux in the MSH than inside the MP and dominate the
sunward flux. Therefore, similar to Figure 6.B6, we attribute the magnetic
field reduction at tilt ~20° to the OT. Both energetic ions and electrons
(bottom panel) have strong clear maxima in the OT and just upstream of it,
which represent a feature of local particle origin and/or accumulation.

3. Turbulent boundary layer encounters by Interball-1 (1995-2000)

To complement the TBL encounters on 19 June 1998, we present a survey of
encounters with the TBL by Interball-1 made during 1995-2000. The Inter-
ball-1 orbit evolution provided an opportunity to cross the near-cusp MP
along with the boundary between the mantle and LLBL in the near tail twice
per orbit (excluding the late October — late December period). For this study
we use the routinely calculated dispersion of the B, raw magnetic field wave-
form with a sampling rate of 4 Hz over 2-min intervals (i.e. for 0.0085-2 Hz).
We multiply the B, dispersion by a factor of 3 for comparison with Df in a
statistical sense (i.e. we suggest equality of the ULF average power for all 3
magnetic components). We give the AC magnetic pressure (Df) in eV/cc for
comparison with the other energy densities. Similar to Savin et al. (2002a), we
define the background TBL when in a time interval of <20 min the
B,-variation during 2-min intervals exceeds, at least at two points, the
threshold 3 nT (~5.2 nT for full variation or ~67 eV/cc). This is 1.5 times
higher than that of the nearby MSH. This is shown by gray-colored orbit
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pieces in Figures 2.A1, 2.A2 and 2.A4. Note that in previous TBL statistical
studies (Savin et al., 1999, 2002a, 2003a) a shorter time period of 1-3 years
and a variation interval of 20 s have been used.

We have checked for several characteristic TBL cases that the 2-min
variation interval is rather representative as Df starts to saturate with an
increase of the variation interval. We have found 651 TBL events on about
400 MP crossings; thus, most MP crossings have multiple TBL encounters
according to the above definition. In Figure 2.A1 we display in 3 GSM
planes the color-coded distribution of the events with high magnetic variance,
as function of the B,-variation magnitude (D(B,)), with the colors for the
respective variation intervals depicted in the left lower corner. We limit our
study to the region outside the magnetosphere by requiring that one of the
minimum of two values is satisfied: (a) half the distance between the point
most distant from the Earth’s MP and the point closest to the Earth’s bow
shock (BS) in the same orbit, and (b) 5 Rg beyond the most distant MP. We
exclude single spikes in the B,-variation, which clearly correspond to the
main magnetic field changes at the MP itself. The gray-colored TBL
background serves mostly to mark the near-MP coverage by the Interball-1
orbits. Note the data gap for Z < —14 Rg and |X], | Y] < 7 Rg (which is due
to the Interball-1 re-entry in October 2000). The tail MP around midnight is
not covered by Interball-1 (the shaded data gap area in the center of
XY-plane), while the dayside one is.

In Figure 2.Al all events concentrate at high latitudes (|Z| >4 Rg) near
the OT and downstream from it, and are especially well seen for variations
> 8nT (blue and red colors). Those events are associated with the TBL per se.
In the YZ-plane at low latitudes we can also recognize groups of intensive
events (for both positive and negative Y), while the projection XZ-plane
demonstrates that most of them are encountered in the tail. The latter cor-
responds to the ‘sash’ of a prediction (Maynard et al., 2001). The northern
(upper) TBL is indented in the YZ-plane, corresponding to the MT inden-
tation (cf. Savin et al., 1998a, b and Figure 1). In the southern hemisphere no
indentation can be inferred. To prove that this is not an effect of an absence
of coverage at large negative Z, we compare the appearance of events along
directions Z = 10 Rg and Z = —10 Rg: in the former case there is a clear
maximum in the vicinity of Y ~ 0, while in the latter case there is a minimum
in the event occurrence (shifted to positive Y). The peculiarities mentioned
above are even better seen in Figure 2.A2, where the gray-scaled background
events are given in the same format, while the rest of the color-coded ones are
shown only for B, -variations >8nT (see the discussion of tilt dependence
below). In Figures 2.A1 and 2.A2 we mention the TBL ‘wings’ in the XY and
XZ planes, ranging from the near-cusp TBL into the tail down to X ~ —20 Rg
. The higher-latitude ‘wings’ are in the vicinity of the boundary between semi-
open mantle lines and closed LLBL lines. The local minimum in the total
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magnetic field and the associated currents, which provide the field rotation
from the open to closed lines are anticipated there. In the TBL, compres-
sional magnetic field disturbances are also present.

While they are not dominant in the TBL power, the spiky magnetic field
decreases, ‘diamagnetic bubbles’ (DB, see Savin et al., 1998b) provide a
mechanism for plasma heating in the TBL. It has been demonstrated in a
number of case studies (see Savin et al., 2004, and, references therein) that the
DB differ from mirror waves by an absence of perpendicular ion energy
dominance. For the DB statistics Savin et al. (1999) used the maximum
depths of the spiky total field (| B|) drops to calculate the diamagnetic effect of
the heated MSH plasma inside the DB. The DB distribution (not shown, but
see, €.g., Romanov et al., 1999) is generally the same as the TBL events
shown in Figures 2.A1 and 2.A2. The averaged maximum plasma pressure
excess in the DB is 6(nT) = 2160 eV/cc. The magnetic field inside the ‘bubble’
is about 8.3 times weaker than outside. Taking the plasma density in the TBL
to be 5-10/cc, we observe plasma heating to 216430 ¢V inside the DB, i.c.
heating of 1.5-3 times the temperature of the MSH ions. This is in good
correspondence with the predictions of Haerendel (1978). Most events with
Df > (15nT)* and 8(nT) > 3100 eV/cc at |Z|> 4 Rg, with a prominent
maximum above the cusp. Intensive heating in the high latitude tail ‘wings’ is
seen only to X = —6 Rg .

Merka et al. (2000) concluded that the most prominent dependence of the
cusp position is the dependence on dipole tilt angle. Their study was
restricted to the northern hemisphere, where the tilt was positive for the
majority of MP encounters by Interball-1/Magion-4. Their definition of the
exterior cusp includes the TBL as a part. In Figure 2.A2 we present a map of
TBL events, color-coded by the magnetic dipole tilt angle (see the colors and
corresponding tilt ranges in the bottom left corner). For the analysis we have
chosen only strong TBL-like events with the B -variation >8nT (480 eV/cc).
In the northern indentation, the events with positive and zero tilts dominate
for Z < 10 Rg . This agrees with the direct interactions of the open cusp
throat with the incident MSH flows (marked “1” in Figure 1). The inden-
tation in the TBL/MP does not represent a characteristic feature of the winter
hemisphere; the events with negative tilts strongly dominate near Y ~ 0 at
negative Z in the YZ-plane. This asymmetry suggests that the interaction of
the MSH flow can be different for negative and positive tilts.

4. Statistics for plasma balls and open cusp throats
We now return to the largest scale nonlinear sites in the outer cusp, which we

call ‘plasma balls’. Figures 2.A6 and 6.B6 demonstrate that at sunward and
anti-sunward tilts (i.e. from Polar and Interball-1 data) the MSH flow
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interaction includes similar features, e.g., accelerated plasma jets and stag-
nant heated MSH plasma at the MSH-cusp transition. The general difference
is that for positive (sunward) tilts this stagnant plasma is located outside the
MP (as Figure 1 and Figure 6.B6 infer), while the PB in Figure 3 and
Figure 2.A6 is certainly inside it (see also Savin et al., 2002a). This means
that the cusp throat can be open for direct interaction with MSH flows (OT)
or closed by the MP, depending (presumably) on the tilt sign. Thus,
streamlines of the MSH flow around the cusps can be asymmetric, as shown
in Figure 6.B7 (where Interball-1 and Polar traces from Figures 2.A6 and
6.B6 are marked by thick black lines).

In the summer (positive tilt) hemisphere, the MSH TBL is located in the
MP indentation over the cusp. In the winter (bottom), the TBL is located
both upstream of the MP and at the outer PB border; while the MP inden-
tation might exist it is not so deep as the summer one (cf. Figure 2.A1, A2).
We use the same full Interball-1 database shown in Figure 2.A1, A2 to
explore how characteristic such occurrences of PB are. In most high-shear
cases and when energetic particles mark a clear trapped boundary, as in
Figure 2.A6, we recognize the PB from key parameters and from energy-time
spectrograms of the thermal particles, using the characteristic features dis-
cussed above.

For ~30% of more complicated cases (from 52 PB in Figure 2.A3, A4 and
from 37 magnetic field cavities with heated plasma in the open OT in
Figure 2.A4) we have analyzed the pitch-angle distributions (cf. Figure 6.B4)
or detailed IMF data. We have set the lower duration limit for the large-scale
PB at 10 min, the smaller ‘diamagnetic bubbles’ have been studied earlier
using only high-resolution magnetic field (Savin et al., 1998; Romanov et al.,
1999, 2002a). In Figure 2.A3 we present the distribution of PB in three GSM
projections. Gray-colored marks demonstrate rather dense Interball-1 cov-
erage of the near-MP region (see Figure 2.A1, A2 and discussions above).
Most of the PB are concentrated over the cusp throats at negative tilts (blue
lines). They tend to occur at the outer TBL border (farther than ~8 Rg, and
better seen in the northern hemisphere) and have maximum spread in the Y
direction. Some of them are registered in the near tail, including most of
those at positive tilts (red lines). The spread in the X direction is presumably
due to different SW dynamic pressures; for example, the blue line at X > 10
Rg closest to the Sun corresponds to the case on 11 May 1999, when the SW
almost disappeared, and its size of ~2.5 Rg provides a proxy for the upper PB
size limit in the X direction.

A reasonable estimate for the average PB size from Figure 2.A3 would be
1-4 Rg, and the Y-size could be over 5 Rg . The PB width, inferred by Savin
et al. (2002a) for 19 June 1998, is close to the upper limit. For 18-19 February
1997, with very stable SW conditions (Romanov et al., 1999), an estimate for
the PB spread along the orbit from the satellite-subsatellite time lag is over 2
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Rg . Taking into account an average MP speed of ~20 km/s (versus 1.5 km/s
for the spacecraft speed), we can accept the average PB scale to be closer to
the upper limit of its geometrical size in Figure 2.A3.

The PB has been identified as |B| large-scale decreases with newly
heated plasma inside the MP (Savin et al., 2002a). Before applying the
GDCF, the PB had been thought to be located outside the MP similar
to the stagnation region registered at the beginning of Interball-1 oper-
ation (Savin et al., 1998b). We have found 37 cases of the latter type,
which resemble Figure 6.B5, having clear magnetic field, energetic particle
behavior or particle pitch-angle features of the MSH (cf. Figure 6.B4 at
~09:40 UT). The general difference of these cases from those of the PB is
that the MP, while being embedded into strong perturbations, effectively
isolates the MSH electrons and most of the ions from the magneto-
sphere.

Another difference is that at the PB outer border the fluctuations, gen-
erated in the process of the MSH kinetic energy dissipation (see
Figure 2.A6 and respective discussion above), are combined with dissipa-
tion at the MP per se (separated in the case of OT). This enlarges the
fluctuation level and, consequently, enforces turbulent transport processes.
The tilt dependence of the occurrence of PB and OT is presented in
Figure 2.A4. Blue bars mark the number of PB in a dipole tilt interval,
while the red bars mark the stagnant MSH outside the MP — the OT having
large-scale |B| reductions. The green bars denote the number of PB, for
which their being inside the MP is clearly supported by the energetic par-
ticle data (see Figure 2.A6 and related discussion above); black bars depict
the number of the external |B|-reductions with clearly dominating soft
energetic particles from the MSH. We note that in ~15% cases the soft-
energetic particle data were absent and that, if the trapped energetic par-
ticles were seen just inside the MP, their intensity usually exceeded that in
the MHS. Fewer energetic particles in the OT could be due to particle
leakage into the downflowing MSH, while in the PB they are back-scattered
by the stronger TBL at the PB outer border.

All in all, Figure 2.4 shows the OT being encountered for positive tilts and
the PB at negative tilts. Specifically, the maximum of 20 PB cases occurs for
tilts between —15° and —25°, and 77% of the PB are registered at tilts <-5;
6 OT cases are seen at negative tilts and 21 cases at positive tilts (>|5|°). The
energetic particle data prove that the PB occurs on closed magnetic field lines
in a majority of cases (e.g., in 63% for tilts between —15° and —25°). No clear
dependence of PB occurrence on magnetic shear across the MP has been
found, while for > 65% cases the IMF B. >0.

As mentioned in the discussion of Figure 3, the high-beta (2—-15) plasma
and direct interaction with the incident MSH flows are distinct differences
of the PB from the rest of the outer cusp. Generally in the OC, quasi-
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perpendicular MSH ions are strongly guided by the magnetic field (Kirpi-
chev et al., 1999). The domination of PB during IMF B, > 0 can be
accounted for as follows: (i) during southern IMF the minimum |B] in the
OC is shifted equatorward (cf. Spreiter and Briggs, 1962, Maynard, 2003),
and that favors penetration of the MSH flows into the cusp throat; (i)
drifts, caused by the inductive electric field from the MSH, move plasma
from the PB towards the plasma sheet for IMF B, <0, and from the tail
boundary layer towards the PB for B. >0. Quasi-perpendicular ions, evi-
dent up to the upper energy limit in Figure 6.B4c, and electrons are trapped
in the diamagnetic cavity.

We infer their local heating by the strong turbulence (see, e.g., Savin et al.,
1998b) both from continuous ion distributions (from MSH energies up to
soft energetic particle energies) and from their absence outside the PB deeper
in magnetosphere. Particles from the plasma sheet can also contribute to the
trapped population (Shabansky and Antonova, 1968), but, for that to hap-
pen, they should lose their parallel momentum excess by wave-particle
interactions in the TBL (i.e. be back-scattered into the PB by nonlinear waves
in the TBL).

5. Discussion

After presentation of data for the characteristic case of 19 June 1998 from
Interball-1 and Polar, and a statistical study of perturbations near the
high-latitude MP, we discuss the data presented earlier. Savin et al. (1998b,
2001, 2002a, b, 2004) and Maynard (2003) provide relevant references and
results.

5.1. TURBULENT BOUNDARY LAYER AND MULTISCALE RECONNECTION

An inspection of the TBL crossings observed by Interball-1 (Figure 2.A1—
2.A3) shows that on 19 June 1998 the TBL is registered at a rather typical
position (see Sections 2-3). The TBL is concentrated at high latitudes (|Z] >4
Rg) over the cusp and downstream of it. Savin et al. (2002a) demonstrated
that a substantial part of the events in the tail ‘wings’ at the higher latitudes is
independent on the IMF B,, which contradicts the ‘sash’ predictions (May-
nard et al., 2001). Approximately another half of the ‘wing’ events follows the
‘sash’ B,-dependence. Another possible ‘wing’ source is the TBL downstream
of the cusps (see Figure 1, and Savin et al., 2004). The presence of TBL
‘wings’ for any IMF B, is in agreement with the MSH plasma penetration not
only in the cusp-shaped dayside and ‘sash’ regions, but on the tail flanks (cf.
Haerendel, 1978). The TBL is present in >80% of the high-latitude MP
crossings. The most intense events could be approximated by effective disk
with diameter of ~6 Rg above the dayside cusps, with an average maximum
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RMS of about 22nT (see Savin et al., 1999). At low latitudes the intense
events are encountered mostly in the tail.

For positive tilts, the TBL is indented in the YZ-plane (Figure 2.2). This
agrees with the direct interaction of the open cusp throat with the incident
MSH flows (Figure 1). The indentation in the TBL/MP does not represent a
characteristic feature of the winter hemisphere (Figure 2.2). This asymmetry
suggests that the interaction of the MSH flow is different for negative and
positive tilts (see Figure 6.B7). No such crucial dependence has been found
for the IMF direction, while specific shifts have been outlined, for example by
Merka et al. (2000).

Essential MSH plasma heating (~300 eV) occurs in 82% of the cases
within the TBL ‘diamagnetic bubbles’ (Savin et al., 1999). The correlation of
soft energetic particles with strong turbulence has been confirmed by the
Interball-1 and Polar data on 19 June 1998 (see Section 2.4 and Chen and
Fritz, 1997, Blecki et al., 1998, Savin et al., 2002¢). The presence or lack of
energetic particles also helps in placing of the PB and OT inside or outside
the MP (see also Section 5.2 below). Detailed pitch-angle distributions and
energy cuts point to three different populations of energetic particles in the
disturbed TBL outside the MT: (i) dense, heated MSH particles ( <50 keV),
which constitute a source for the soft energetic ions in PB (see panel a in
Figure 6.B4, Figure 7 and related discussions in Section 2.4); (ii) intermedi-
ate energy particles escaping from PB; (iii) bursty higher energy perpendic-
ular ions, presumably locally accelerated by the wide-band turbulence. In the
PB the loss-cones in ion distributions with energies of 7-25 keV directed
towards the nearest (southern) ionosphere conform to the PB as a source for
precipitating particles into the dayside cusp ionosphere. On 19 June 1998, the
data display typical TBL features (Figure 2.A6 and 6.A6): these are (i)
wideband intensive nonlinear fluctuations (with energy density up to 40% of
kinetic plasma energy density in flowing MSH); (i) ‘diamagnetic bubbles’
with |B| drops from ~75nT down to few nT (Figure 6.B6), and (iii) plasma
heating and field-aligned jets, etc. (cf. Savin et al., 1998b, 2002a, b, Sandahl
et al., 2002). The latter has been accounted for by reconnection bulges at the
border of the outer cusp (Dubinin et al., 2002, Savin et al., 2002a, 2002b,
2004).

To combine these with well-known reconnection for northward IMF
downstream of the cusp for a smooth MP, we propose the scheme depicted in
Figure 8. On the indented MT in the open cusp throat (cf. Figures 1b and
6.B7) there are at least two places with anti-parallel magnetic fields on the
MP. The upper reconnection site is the ‘standard’ large-scale (few Rg) tail
reconnection, the lower one is inside the OT, superimposed on the TBL
fluctuations. The original magnetospheric field lines are marked by the lines
with arrows and those of the IMF by lines with circles. Reconnection pulses
inside the OT can be recognized in Figure 6.B6: the local magnetic field is
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Figure 8. Sketch for multiple reconnection sites at the indented MP for a northern IMF.

practically anti-parallel (see changes in B,), and the dominant positive
V,-burst direction corresponds to magnetic stress (Dubinin et al., 2002).
However, the comparison with the SW data from Geotail via GDCF obvi-
ously demonstrates no evidence for the SW driving of the plasma jets.
Instead, the jets’ repetition conforms to TBL-driving (see Figure 2.AS5, A6
and related discussions in Section 2). Savin et al. (2002a) accounted for the
difference of the power for Polar and Interball spectra of about one order of
magnitude by the average magnetic field annihilation in a patchy reconnec-
tion (cf. Maynard, 2003). Similar reasoning for 29 May 1996 has been pro-
posed by Savin et al. (2004).

Simultaneously, Figure 6.B6 demonstrates the dominance of the jet ion
energy over the magnetic energy, that invokes triggering of the reconnection
by the accelerated plasma jets that originated in the upstream TBL (see
Figure 2.6, Figure 4 and related discussions). This bursty reconnection cor-
responds to smaller (middle) scales. Later on we refer to this as ‘primary cusp
reconnection’. Its characteristic scale is estimated as a few thousand km. The
primary cusp reconnection differs from that at low latitudes, where the MSH
dynamic pressure results first in a compression of the static magnetic field and
then a release of the magnetic energy through the (large-scale) reconnection
into plasma acceleration and heating. At high latitudes the TBL-triggered
bursty reconnection plays the role of a ‘shutter’, which provides the local
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transformation of the MSH kinetic energy directly into that of deflected/
accelerated flows. Savin et al., (2002a) give the respective picture for the
southern IMF, which is confirmed by the sunward/vertical flows measured in
the cusp vicinity by Magion 4. Maynard et al. (2003a,b) provides further
evidence for most of the merging being at high latitudes and being unsteady;
multiple sites can be operative at once and active for 30 s to a few minutes. In
a sense, merging is continuously happening, but not continuously at most
sites.

Savin et al. (2004) demonstrate parallel operation of the primary cusp
reconnection and remote laminar reconnection tailward the cusp on 29 May
1996 for the dominant IMF B.>0. Belmont and Rezeau (2001) show that
strong ULF fluctuations near the MP can independently result in micro-
reconnection all along the MP. Another possibility is that the secondary
reconnection of the fluctuating fields in the TBL can provide the plasma
inflow even for a quasi-parallel magnetic field (cf. Chandler et al., 1999).
The micro-reconnection scales range down to an ion gyroradius. The
fluctuations (including micro-reconnection) create the specific structure of
the MP current sheet (s) with magnetic islands, which results in plasma
percolation through the nonlinear boundary network (Kuznetsova and
Zelenyi, 1990). An estimate shows that this stochastic plasma transfer
through the TBL/cusp walls can populate both the cusp and low latitude
boundary layer; the diffusion coefficient D,~(5-10) 10° m/s for typical MP
parameters results in a particle influx of (1-2) 10?7 particles/s (Savin et al.,
1999). Primary cusp reconnection should certainly amplify the plasma
inflow.

Comparison with the kinetic simulation of thin current sheets (Savin et al.,
2002b) demonstrates that the general spectral and bi-spectral properties of
the TBL fluctuations can be reproduced by the modeling. For example, the
registered quasi-coherent structures can be regarded as residuals of the non-
linear evolution of current sheets; the ‘diamagnetic bubble’ presence supports
this suggestion as the field depletions in the middle of equilibrium current
sheets is reproduced by a number of modeling results of the nonlinear current
states (see, e.g., Buechner et al., 1999 and La Belle-Hamer et al., 1995). As a
result of the multi-scale reconnection, field lines are connected through the
TBL in a statistical sense, without an opportunity to trace individual field
lines in the inhomogeneous non-equilibrium 2-phase medium, one phase
being the frozen-in ‘MHD’ plasma and another represented by the unmag-
netized ‘diamagnetic bubbles’ embedded in the nonlinear current sheets and
vortices. The latter ‘phase’ (in the statistical sense) provides the power-law
spectra with slope ~—1 (Savin et al., 2002b), which implies a special type of
translation symmetry of the fluctuations. The quasi-coherent wave-packets
are breaking the Gaussian statistics, most probably due to TBL intermit-
tency.
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5.2. PERTURBATION OF MAGNETOSHEATH flows BY THE OUTER CUSP THROAT

We now address another primary mechanism for energy and mass transfer at
the MSH/cusp interface: direct interaction of the MSH flow with the outer
cusp. From Figure 1, 2, 2.A1-2.A3, 2.A6 and 6.B6-6.B7, we can see that the
cusp throat might present a substantial obstacle to the plasma flow streaming
around the MP. In the zero approximation the magnetic barrier can be
regarded as a rigid local obstacle, the large-scale laminar reconnection being
inferred as a primary mechanism for the mass and energy transfer inside the
MP (see, e.g., Russell (1995), Maynard (2003), and references therein). The
interaction with the barrier occurs at low latitudes and in region “1” in
Figure 1 (at positive tilts). In the plasma—plasma interaction in the high-beta
case over the cusp throat (at negative tilts, see Figure 3) only high-amplitude
waves and, probably, surface charge at the MP can constitute the means for
interactions in a self-consistent regime with pre-existed high-beta stagnant
plasma (see Section 5.3 and Lavraud et al., 2002). The local plasma—plasma
interaction occurs also at the interface of the OT and MSH, but its intensity
should be smaller as the turbulence has its maximum magnitude deeper in the
throat at the OT/OC transition.

Multi-point data on 27 January 1997 permit the TBL depth in the near tail
to be evaluated as being ~2 Rg from the satellite—subsatellite measurement
comparisons (Savin et al., 2004). The high-latitude interactions result in the
substantial MSH kinetic energy transformation into thermal energy of the
particles: the ratio Wy, /nT; rises from 20 to 50%. The schematic repre-
sentation of the resulting picture is marked by “2”° in Figure la. The sound
Mach number in the unperturbed MSH (M ~2) drops to M ~1 downstream
of the cusp obstacle. In the two cases described in Savin et al. (1998b), the
MSH/OT transition in going through thin magnetic barriers has B*/2u, ~
nT; + Wy, in both the MSH and OT. The latter does not resemble inter-
mediate/slow shock solutions (see, e.g., Karimabadi et al., 1995).

M~2 is also seen in the Interball-1 data just outside the MP on 29 May
1996 (Savin et al., 1998a, 2004). Savin et al. (2001) compared the maximum
ion heating in the TBL on 2 April 1996 with the Rankine—Hugoniot pre-
dictions for shock transitions using a magnetosonic Mach number (M ,~1.2)
in the MSH, an Alfvenic Mach number for the normal ion speed (Ma,~1.2)
upstream of the OT, and a full Alfvenic Mach number (Ma~3.5): T}/
Twmsu ~ 1 +7—1)M? ~ 1.6 and ~5, respectively, for the Alfvenic Mach
numbers of 1.2 and 3.5; we take y ~ 5/3, and take into account that
nT;> > Wy;n in the OT. The experimental ion temperature gain on those days
of ~2.2 is higher than it should be at the inclined shock transition, but it is
still much less than the maximum heating at the perpendicular shock. Thus
Savin et al. (2001) concluded that the energy transformation in the TBL
significantly differs from a thin shock transition.
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Similarly, the disturbed region at 09:45-10:00 UT (Figure 2.6) should be
treated as a unique ‘thick’ region with both remotely operated ion velocity
and pressure cascades and local discontinuities (e.g., MP and a boundary at
~09 UT). The presence of the bursty super-Alfvenic flows in the upstream
TBL and PB (see discussion of the jet at 09 UT in Section 2.2) obviously
contradicts the MHD descriptions of thin shocks. We would like to point
out also that the TBL provides secondary magnetic flux reconnection at
any magnetic shear. The magnetic flux, reconnected at small scales, on
average, is capable of driving magnetospheric convection (Haerendel, 1978).

At this point we touch an open critical problem of the SW/magneto-
sphere interaction: where are the geomagnetic field lines being opened? Our
current understanding is that this process is both a multi-point and a multi-
scale one. We believe that the MSH/cusp interface plays the dominant role
in the opening of flux tubes, at least during quasi-steady conditions. The tilt
angle dependence of the cusp position both at high and low altitudes (Merka
et al., 2000) has a natural explanation if the TBL is a general source of
plasma for the cusps: (a) the higher the tilt (i.e. the closer the dipole axis
points to the Sun), the more open the OT becomes to the external MSH flow
(i.e. the OT tailward wall represents a steeper obstacle for the MSH flow);
(b) the higher the shift/penetrations at the OT tailward wall, the deeper the
MSH plasma will be seen on the tail field lines; and (c) the deeper the
plasma penetration (and/or tailward field line deflection), the more tailward
it will be projected into the polar cap (i.e. the cusp is at higher invariant
latitudes). Note that the tilt-related cusp shift has no explanation in the
‘traditional’ global-reconnection approach. At anti-sunward dipole tilts
Interball detects demagnetized heated plasma of MSH origin in ‘plasma
balls’, which have scales of a few Rg, on the Earthward side of the MP. The
thick multilayered structure implies a type of interconnected non-equilib-
rium boundary, and the PB represents a local obstacle (partially absorbing)
for the incident MSH flow. The observed high-amplitude waves constitute
the means for their interaction.

The large-scale PB can have substantial impact on the MSH/magneto-
sphere interactions as a storage of MSH plasma, which in turn becomes a
source of the MSH plasma to the magnetosphere. A sunward tilt opens the
OT for direct interaction with the MSH flow. The asymmetric streamlining
of the MSH flow around cusps is shown in Figure 6.B7: in summer, the
MSH flow produces a TBL over the outer cusp, whereas in winter the TBL
is located both upstream of the MP and at the outer PB border. The
general difference of the OT with the |B| reductions (Figure 6.B5) from a
PB is that the MP, while being imbedded into strong perturbations, effec-
tively isolates the MSH electrons and most of ions from the magnetosphere
in the OT case. The energetic particle data prove the PB closed topology in
a majority of the cases. The probability of crossing the PB at GSM |Z| > 4
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Rg at tilts <-=5°1s ~25%. Thus, the PB are present rather regularly in the
outer cusp at the negative tilts, and they could provide a valuable con-
tribution in the populating of the magnetosphere by MSH plasma. They
could also store soft energetic particles in the minimum-|B| configuration
(cf. Sections 2.5, 5.1 and Shabansky and Antonova, 1968). MHD modeling
(Maynard et al., 2003b) demonstrates that low-|B| regions occur at negative
tilts in the cusp vicinity inside the dayside MP, thus confirming that the PB
are a necessary eclement of global equilibrium at the magnetospheric
boundary.

5.3. TURBULENCE SOURCES AND PROPERTIES

Following Haerendel (1978), we suppose that first of all the TBL results from
the turbulent mixing driven by the regular MSH flow interaction with the
near-cusp magnetopause. The disturbed flows, accelerated in a region remote
from the cusp reconnection site, can contribute to the TBL generation as
well. The large-scale ‘remote’ reconnection sites (see Section 5.1) also regu-
late the TBL position by shifting the MP indentation according to the SW
parameters. Away from the plasma stagnation region in the OT center, the
Kelvin—Helmholtz plasma vortices with secondary reconnections should
provide a mechanism for plasma heating/transport (cf. Q. Chen et al., 1997).
The fluctuation level in the MSH, especially downstream of quasi-parallel
bow shocks, is believed to stimulate the generation of ULF turbulence in the
TBL.

Savin et al. (2004) reported that the correlation for time intervals of
~5-15 min in the post-BS region, middle MSH and OT reaches 0.6-0.7, and
is a manifestation of the TBL/MP reactions to the SW/MSH transients.
Thus, the transient current sheets and density gradients generated by
dynamic SW interactions with the MP should contribute to turbulence in the
TBL. However, simultaneous Geotail spectra and correlation analysis sug-
gest the local character of the main TBL disturbances (Figure 2.A5-2.A6 and
6.B6). As a whole, the TBL collects, transforms and generates the plasma
flow and magnetic field disturbances simultaneously from several sources. Its
status depends on the short-term time history of the SW/magnetosphere
interactions, influencing, in turn, the interaction of the magnetosphere with
newly-arriving disturbances at each particular moment.

Simultaneous Interball/Polar data demonstrate the presence of a maxi-
mum at 1-2 mHz throughout the TBL in both hemispheres. The spectra of
Wiin and nT; (Figure 2.A6, Figure 4) allow this disturbance to be traced
throughout the MSH. Besides the transient/dynamic reactions of the TBL to
external disturbances, the TBL appears to have well-defined inherent prop-
erties, which have been traced at different points of the MSH and MP
boundary layers during the favorable period of relatively steady SW



THE HIGH LATITUDE MAGNETOPAUSE 127

parameters. The modern wavelet technique provides us with strong evidence
that the spectral characteristics of the TBL in the different hemispheres on 19
June 1998 are well defined. The most pronounced TBL waves at 0.003—
0.5 Hz have characteristic kinked shapes and slopes (Savin et al., 2002a). We
have checked the waves in the TBL on 26 August 1995, 29 May 1996, and 23
June 1998 and found that the kinked shape with slopes of 1-1.5 and 2-2.6 are
characteristic for the TBL. The higher value of the slope in the TBL of ~2 is
close to that characteristic for the developed self-consistent kinetic turbulence
in the geomagnetic tail (see, e.g., Zelenyi and Milovanov, 1998, and refer-
ences therein).

Comparison with the simulation of thin current sheets provides evidence
that the random current sheets with features of coherent wave-packet can
result in slopes of ~—1 in the magnetic power spectra (see Section 5.1 and
Savin et al., 2002b). Savin et al. (2001) have proposed the following self-
consistent concept of TBL interactions. Cascade-like wavelet and bicoher-
ence spectrograms and the wavelet correlation time suggest a coherent, most
probably 3-wave, interaction between wave trains, while the disturbances
seem to be random in waveforms.

The local wave trains originate from the interaction of the disturbed MSH
flows with the MP; their dispersion is indicative of kinetic Alfven waves (KAW,
see Stasiewicz et al., 2001, and Savin et al., 2004). Johnson and Cheng (1997)
proposed excitation of the transverse KAW at the MP by the interaction of
compressible MSH waves with the current sheet; the wave properties discussed
above are in satisfactory agreement with their predictions. Later Belmont and
Rezeau (2001) demonstrated the growth of the trapped large-amplitude KAW
inside the non-uniform current sheets. Our new finding here from the ion
fluctuations is the global (over the MSH) synchronization at ~1.3 mHz. The
MSH synchronization is seen mostly in the density (MS) fluctuations, which are
transformed into velocity (KAW) fluctuations in the upstream TBL
(Figure 6.B1-6.B3). Turning back to the TBL interaction scheme, while linear
KAW resonances (i.e. singularities in the equations of Belmont and Rezeau,
2001) are absent, we suggest that the coherent large-scale structures can orig-
inate from the reverse KAW cascades, focused by the concave MP and/or cusp
walls in the outer cusp vicinity (cf. Figure 2.A6, 6.B1-6.B4 and Savin et al.,
2001, 2004). At the nonlinear stage the Alfvenic disturbances in the TBL
modulate the incident MSH flow in a self-consistent manner, being globally
synchronized by phase coupling with the large-scale variations (at ~3—5 mHz,
see Figure 2.A6, Figure 4 and Savin et al., 2003a).

Thus, the chain is closed: the TBL seems to be a ‘thick’” multi-scale
self-organized system of interacting nonlinear waves. This suggests a quali-
tative difference from the traditional approach when the MSH/cusp inter-
action is regarded as a linear superposition of magnetospheric responses to
SW or MSH disturbances. Note also that the long-term correlation is sug-
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gestive of systems out of equilibrium near the critical point (cf. Consolini and
Lui, 2000). The kinked TBL spectra with characteristic slopes remarkably
resemble those in the near-Earth neutral sheet in the state of self-organized
criticality (see, e.g., Zelenyi and Milovanov, 1998). Using fi+/; ~ f3=4.
5 mHz~ kV/2n (see Figure 6.3B in Section 4.2 and related discussions) as a
proxy for evaluation of the characteristic scale, we obtain L ~ Vg / f3 ~ 5-7
Rg. This is comparable with the TBL span along the MP in the indentation
or with that of a ‘plasma ball’ (Figure 6.B7). On the other hand, the spectral
maximum seen in the MSH, through the TBL and into the outer cusp (see
Figure 6.B1 and 6.B2) demonstrates the global character of the phenomenon.
Such long waves can pass through the MP (see Figure 6.B2) and might
resonate with the dayside flux tubes in the Pc 4-5 range or at higher
harmonics (cf. Pilipenko et al., 1999).

The general scheme presented above has been defined concretely in Sec-
tion 2.2 for the low-shear MP in front of the PB. As mentioned above it is
valuable both because of different types of plasma—plasma interaction (versus
a plasma—magnetic barrier interaction at the low-latitude MP) and because
the resulting PB inside the MP represents a great MSH plasma reservoir for
the inner magnetosphere. The main mechanism for the plasma—plasma (i.e.
MSH flow with PB) interaction is via the nonlinear waves in the TBL
upstream of the MP in the flowing MSH, but has been poorly studied at high
latitudes. The main physical problem is that the practically demagnetized PB
(ion beta ~15) cannot interact with the flow via magnetic forces this consti-
tutes the principal difference with the dayside low-latitude MP which is
generally a magnetic barrier.

We have analyzed the detailed dynamics of the ion energy and of the
Poynting flux to clarify further the pattern of interactions in the upstream
TBL. The wave packets, propagating upstream from the MP, stimulate
partial randomization of the flow far in front of MP (>1 h). The interac-
tion of fluctuations in the incident flow with the upstream-propagating
waves launches transient perturbations downstream, which both result in
magnetosonic jets (Figure 2 and 3) and trigger the cascade-like nonlinear
energy transformation in the TBL. This causes the MSH kinetic energy to
drop by up to 40%, while the jets transport the ion momentum excess
downstream. The drop of kinetic energy results also in the amplification of
low-frequency pulsations (at ~1.3 mHz). These fluctuations are phase-cou-
pled with the spectral maxima at 3-10 mHz at ~09:00, 09:15, 09:30 and
09:45 UT in Figures 2.A6, 6.B 1, and 6.B2. A macro-equilibrium cannot be
achieved in the outer BL until several characteristic periods have elapsed,
which correspond to the time scales of patchy merging in ionosphere
(Maynard, 2003). The strong upstream fluctuations plasma density and
velocity can be visible at the lower latitudes (cf. ‘slow mode transitions’,
Song et al., 1992).
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5.4. CONCLUDING REMARKS

The results of our data analysis strongly indicate that the TBL fluctuations,
instead of being random, are phase-coupled and ‘organized’ into cascades of
nonlinear (presumably 3-wave) interactions. The coherent waves described
above control the spectral shape, and result in non-Gaussian statistical
characteristics of the disturbances that conforms to the fluctuation inter-
mittency (Savin et al., 2002b).

We suggest that, in the SW energy transformation to the magnetosphere,
multi-scale TBL processes play at least a comparable role to those of large-
scale reconnection, which generally occurs far from the cusp. Turbulent
diffusion and percolation are capable of populating the magnetosphere with
MSH plasma. The TBL transforms the MSH flow energy, including decel-
eration and heating of the flow downstream from the high latitude cusp.
Patchy time-varying reconnection provides the means for energy conversion
and plasma transport in the small-scale portion of the TBL energy cascade.

The plasma—plasma interaction over the closed cusp throat operates via
reflected waves, which provoke the chaotization of ~40% of the upstream
kinetic energy. The characteristic flow decay into magnetosonic/Alfvenic
streams also launches TBL nonlinear cascades. This represents the non-sta-
tionary non-MHD mechanism for the momentum loss via TBL vortex
streets, which diminish the effective plasma—plasma friction similar to that in
plasma—plasma hydrodynamics (cf. Haerendel, 1978). The magnetosonic jets
carry the flow momentum ‘excess’ downsteam, permitting deceleration of the
rest of the boundary layer plasma.
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Abstract. This paper gives an overview of Cluster observations in the high-altitude cusp
region of the magnetosphere. The low and mid-altitude cusps have been extensively studied
previously with a number of low-altitude satellites, but only little is known about the distant
part of the magnetospheric cusps. During the spring-time, the trajectory of the Cluster fleet is
well placed for dayside, high-altitude magnetosphere investigations due to its highly eccentric
polar orbit. Wide coverage of the region has resulted and, depending on the magnetic dipole
tilt and the solar wind conditions, the spacecraft are susceptible to encounter: the plasma
mantle, the high-altitude cusp, the dayside magnetosphere (i.e. dayside plasma sheet) and the
distant exterior cusp diamagnetic cavity. The spacecraft either exit into the magnetosheath
through the dayside magnetopause or through the exterior cusp—magnetosheath interface.
This paper is based on Cluster observations made during three high-altitude passes. These
were chosen because they occurred during different solar wind conditions and different inter-
spacecraft separations. In addition, the dynamic nature of the cusp allowed all the afore-
mentioned regions to be sampled with different order, duration and characteristics. The
analysis deals with observations of: (1) both spatial and temporal structures at high-altitudes
in the cusp and plasma mantle, (2) signatures of possible steady reconnection, flux transfer
events (FTE) and plasma transfer events (PTE), (3) intermittent cold (<100 eV) plasma
acceleration associated with both plasma penetration and boundary motions, (4) energetic
ions (5-40 keV) in the exterior cusp diamagnetic cavity and (5) the global structure of the
exterior cusp and its direct interface with the magnetosheath. The analysis is primarily focused
on ion and magnetic field measurements. By use of these recent multi-spacecraft Cluster
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observations we illustrate the current topics under debate pertaining to the solar
wind—-magnetosphere interaction, for which this region is known to be of major importance.

Keywords: cusp, boundary layer, magnetopause, plasma acceleration

Abbreviations: DMSP - Defense Meterological Satellite Program; GSE — Geocentric Solar
Ecliptic; GSM - Geocentric Solar Magnetic; HEOS — Highly Eccentric Orbiting Satellite; ACE —
Advanced Composition Explorer; IMF — Interplanetary Magnetic Field; MLT — Magnetic
Local Time; TD — Tangential Discontinuity; RD — Rotational Discontinuity; MVA — Minimum
Variance Analysis; UT - Universal Time; FGM - Fluxgate Magnetometer; FTE — Flux Transfer
Event

1. Introduction

The magnetospheric cusps are known to be the location of magnetosheath
plasma and momentum entry into the magnetosphere (Frank, 1971; Hei-
kkila and Winningham, 1971). These regions were early evidenced in the
model of Chapman and Ferraro (1931). A large number of low-altitude
polar orbiting satellites have since allowed their precise characterization in
terms of plasma properties and global motional behavior. The cusp plasma
is made of low energy ions and electrons of magnetosheath origin (Newell
and Meng, 1988). It is located near magnetic noon and extends 1-2° in
latitude and 1-2 h in local time. Early statistics from the DMSP satellites
have shown it moves equatorward (poleward) in response to solar wind
pressure increase (decrease), as a result of its global expansion (Newell and
Meng, 1994; Yamauchi et al. 1996). For southward (northward) IMF
orientation it moves equatorward (poleward) and for dawnward (dusk-
ward) IMF orientations it is displaced towards dawn (dusk) (Newell et al.,
1989). Depending on these conditions the cusp region can be found in the
range (73—80") in magnetic latitude and (10:30-13:30) in MLT. Sur-
rounding the cusp, the cleft is a broader region, characterized by sub-
stantially lower magnetosheath ion fluxes, that probably maps to the low
latitude boundary layers (LLBL) at higher altitudes (Newell and Meng,
1988).

The ions entering the cusp are submitted to a large-scale convection
electric field. It kinetically results in large-scale “‘velocity filter” effect and
energy-time dispersion features (Reiff et al., 1977). The plasma mantle, at
the poleward edge of the cusp, constitutes the tail of the dispersed cusp. It
therefore contains mainly tailward up-flowing plasma. The large-scale
dispersed cusp often contains smaller scale structures. Such structures
appear as purely time dependent when observed isolated in the sur-
rounding of the cusp (Carlson and Torbert, 1980). Transient structures
were also reported in the cusp boundary layers at the dayside magneto-
sphere. Because of their short duration, such transients are characterized
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by pitch angle dispersion (Woch and Lundin, 1992). Under strongly
northward IMF, reversed large-scale convection is often measured in the
cusp and similar short-lived injections may be observed within the global
structure of the cusp. Because the pitch angle and energy time dispersions
of these short transients are not reversed, while the convection is reversed,
it was concluded that they are purely time dependent (Vontrat-Reberac
et al., 2003). Ground based observations have permitted the corroboration
of such observations (Lockwood et al., 2001a). Also, Escoubet et al.
(1992) have reported ‘“‘staircase ion signatures’” within the low-altitude
cusp structure, which correspond to the ‘“‘cusp ion steps” reported by
Lockwood and Smith (1992). These were interpreted in terms of time
varying magnetosheath plasma injection and modeling of these features
has reinforced this interpretation (Lockwood and Davis, 1995). Recent
observations, however, have also highlighted the plausible spatial nature of
such structures (Ohtani et al., 1995; Trattner et al., 1999, 2003).

Low and mid-altitude satellites have provided major advances in the
understanding of the role and characteristics of the cusp, but such
spacecraft only remotely sense the solar wind interaction with the cusp
which actually occurs at higher altitudes. The early evidence for the
existence of a slow flow region of magnetosheath plasma outside of a
probable magnetopause indentation were outlined by Paschmann et al.
(1976), Vasyliunas et al. (1977) and Haerendel et al. (1978), using the
HEOS-2 data. While Vasyliunas (1977) referred to it as the “‘exterior
cusp”’, Paschmann et al. (1976) and Haerendel et al. (1978) proposed the
existence of a ‘“‘stagnation region”, and of an adjacent ‘“‘entry layer”,
which could permit plasma and momentum entry into the magnetosphere
through Eddy diffusion at their boundary (see also Haerendel (1978)).
Their cusp picture was therefore close to an aerodynamic view, and the
characteristics of the ‘‘stagnation region” compared with those inferred
from the model of Spreiter and Summers (1967) for this high-altitude
region. Although the term “‘stagnant” is often used in the literature since
these early studies, plasma stagnation is qualitatively not obvious to occur
in such a dynamic region, as noticed by Vasyliunas (1995).

Only recently, the Interball spacecraft (Fedorov et al., 2000; Merka
et al., 2000) and the Polar spacecraft (Fuselier et al., 2000; Russell, 2000)
observed the high-altitude regions of the dayside magnetosphere with high
data sampling rates. The Interball spacecraft predominantly passed at very
high latitudes and altitudes in the cusp and plasma mantle region but did
not sample the most central part of the exterior cusp. On the other hand,
the Polar spacecraft has an apogee of 9 Re (towards the cusp) and only
rarely had access to the magnetosheath. Thus it did not permit extensive
study of the very distant exterior cusp and its interface with the mag-
netosheath.



138 B. LAVRAUD ET AL.

The cusp magnetic topology was recently shown to be compatible with
expectations from steady reconnection, consistent both with anti-parallel and
component merging (Fedorov et al., 2000; Fuselier et al., 2000; Russell et al.,
2000; Onsager et al., 2001). However, concepts involving gas dynamics
(Haerendel et al., 1978; Haerendel, 1978), kinetic effects (Lemaire and Roth,
1977; Lundin et al., 2003) or waves and turbulence (Kuznetsova and Zelenyi,
1990; Belmont and Rezeau, 2001) may need be taken into account to explain
the cusp properties. For instance, Walters (1966) proposed early the existence
of a shock at the cusp—magnetosheath interface (see also Cargill (1999) and
Taylor and Cargill (2001)) while more recent studies favor its generation via
merging processes (Russell et al., 2001; Onsager et al., 2001; Lavraud et al.,
2002). In this paper, we define the exterior cusp as characterized by depressed
magnetic field (<30 nT) and generally low and possibly variable ion veloc-
ities, and it is thought to be (probably) part of the more global high-altitude
cusp region. The exterior cusp diamagnetic cavity appears indented in
accordance with a funnel shaped topology (Russell, 2000; Lavraud et al.,
2002). This region is subject to interaction with the interplanetary medium
through the exterior cusp—magnetosheath boundary (Lavraud et al., 2002).
The existence and exact role of magnetic field merging are not yet established.
The magnetopause definition and location will be addressed in this paper
(Onsager et al., 2001; Russell, 2000). We present typical Cluster observations
during three outbound crossings of the high-altitude cusp (19/02/2001, 04/02/
2001 and 18/05/2001).

The paper is focused on ion and magnetic field measurements permitting a
presentation of plasma and field characteristics within a location of the
magnetosphere that is still poorly known. The magnetospheric cusps were
indeed anticipated to be suitable key targets for Cluster investigations. The
three orbits have been chosen since their combined observations cover most
of the topics mentioned below in the context of the high-altitude cusp.

In this paper, we deal with observations of “‘stepped” cusp structures
detected in the high-altitude cusp and plasma mantle. Whether they are
spatial or temporal in nature is of importance in understanding their origin.
We present the observations of transient small-scale phenomena that may
relate to reconnection (flux transfer events (FTEs) (Russel and Elphic, 1978))
and impulsive penetration (Lemaire and Roth, 1978). The possible occur-
rence of cold plasma (<100 eV) acceleration was recently examined in
Cluster observations at the flank magnetopause (Sauvaud et al., 2001). We
will show that such a population is also intermittently observed at the cusp
boundaries. They may be linked to sporadic boundary motions or plasma
penetration and the plausible source regions are still unknown (Sauvaud
et al., 2001; Lundin et al., 2003). Also, the permanent presence of high-energy
ion populations (from 5 keV to MeV ions) within the exterior cusp dia-
magnetic cavity is an intriguing feature (Delcourt and Sauvaud, 1998, 1999;
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Chen and Fritz, 2001; Fritz et al., 2003; Chang et al., 2000; Trattner et al.,
2001). It is of particular interest in order to understand the role of the
magnetospheric cusps for high-energy particle circulation in the magneto-
sphere. Finally, the global exterior cusp structure and the nature of its
interface with the magnetosheath (Onsager et al., 2001; Russell et al., 2001;
Lavraud et al., 2002) will be discussed. It is a prime location of the solar
wind—magnetosphere interaction.

2. Instrumentation, event selection and orbit

2.1. CLUSTER INSTRUMENTATION AND SOLAR WIND DATA

The high capabilities of the onboard instruments and the tetrahedral
spacecraft configuration of the Cluster fleet both permit very accurate and
precise determination of the physical particle and wave phenomena and
small-scale dynamical analysis. The ion data used in this paper come from the
Cluster Ion Spectrometry (CIS) experiment, which is described by Réme et al.
(2001). The CIS package is capable of obtaining full three-dimensional ion
distribution functions with a good time resolution (down to 1 spin resolution
~4 s) and it also permits extensive onboard data processing. CIS is composed
of two complementary sensors, the COmposition and DIstribution Function
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Figure 1. (a) Cluster satellites orbit on 19/02/2001. The fleet is flying outbound from the inner
magnetosphere, crossing the high-altitude cusp, the dayside magnetosphere (plasma sheet) and
towards the magnetosheath. Details are given in the text of Section 2.3. (b) Schematic view of
the satellites actual paths through the high-altitude dayside regions for the three events
selected here.



140 B. LAVRAUD ET AL.

analyser (CODIF) sensor which handles a Time of Flight system in order to
resolve ion masses, and the Hot Ion Analyser (HIA) that does not separate
ion species but has a better angular resolution. The data in the present paper
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Figure 2. Overview of the combined CIS, FGM and ACE data for the 19/02/2001 event from
spacecraft 1. The first spectrogram (panel a) presents HIA ion fluxes as a function of energy
and time. The second spectrogram displays the pitch angle from HIA in the spacecraft frame
(panel b). The ion density, the GSE velocity and the temperature of the ions from HIA are
shown respectively in panels ¢, e and f. Panel d shows the H™ fluxes from CODIF above
5 keV. Panel g presents the FGM magnetic field measurements while panel h displays the
lagged IMF from ACE, both in GSE.
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come from both instruments. The magnetic field data used was provided by
the fluxgate magnetometer experiment (FGM) (Balogh et al., 2001). The
instrument can produce high-time resolution (67 and 22.4 Hz) data at high
absolute accuracy (<0.1 nT). The FGM data used in this study, however, are
predominantly spin averaged data to match time resolution with the plasma
measurements. The ACE data are used to monitor the solar wind conditions.
In Figures 2, 4 and 6, the time series of IMF have been lagged to take into
account the solar wind convection from the ACE location. This was
performed by direct calculation from the intrinsic characteristics of the solar
wind and confirmed by correlation with FGM data when the spacecraft were
in the magnetosheath.
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Figure 3. (a) Two-dimensional cuts of the ions distribution function in the (V|, V) and (V-1,
V-2) planes, in number flux (from HIA), and according to the magnetic field (V) and con-
vection velocity (V-1) direction. It is sampled during the stagnant part of the exterior cusp at
02:58 UT onboard spacecraft 1. (b) Hodogram of the exterior cusp-dayside magnetosphere
(boundary layer) discontinuity at ~02:55 UT (spacecraft 1). The LMN coordinate system
directly arises from the application of the MVA techniques.
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2.2. CLUSTER EVENT SELECTION

This paper is based on the observations and analysis of three Cluster events,
which occurred on 19/02/2001, 04/02/2001 and 18/05/2001. The Cluster

space

craft have an elliptical and polar orbit (19.6 x 4 Rg). During the

springtime, they are outbound from the inner magnetosphere and towards
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Figure 4. Overview of the combined CIS, FGM and ACE data for the 04/02/2001 event
onboard spacecraft 1. The panels are similar to Figure 4, except that panel d shows the O™
fluxes (instead of H™) from CODIF above 5 keV.
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the sun in the northern hemisphere. They pass through the northern lobe,
plasma mantle, cusp (exterior cusp), or dayside closed magnetosphere (i.e.
dayside plasma sheet) and the magnetosheath. Primarily depending on the
magnetic dipole tilt angle, the solar wind conditions and the cusp global
dynamics, the Cluster spacecraft are susceptible to sample these various
regions with different orders and durations during similar paths on successive
orbits. The 19/02/2001 and 04/02/2001 events exhibited the crossing of the
exterior cusp region and its surrounding boundaries in such different ways
(see later). The former event occurred under IMF B, > 0 nT) while the latter
occurred under northward IMF. During these two events the inter-spacecraft
separation was ~600 km. Such a configuration allows Cluster to resolve the
boundary dynamics with unprecedented accuracy (Dunlop et al., this issue).
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Figure 5. (a) Similar distribution functions as in Figure 3a, but the axes are extended to
2000 km/s. It is sampled in the trapped region of the dayside plasma sheet at 21:43 UT
onboard spacecraft 1. (b) Similar hodogram to that of Figure 3b, from spacecraft 1 data at
~21:41 UT.
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During the whole Cluster mission, this distance is changed once or twice a
year depending on the anticipated scientific objectives. On 18/05/2001 the
Cluster fleet mainly crossed the high-altitude plasma mantle region before
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Figure 6. Overview of the combined CIS, FGM and ACE data for the 18/05/2001 event. The
first panel is the spectrogram from HIA (all ions) onboard spacecraft 1, panel b is that of
CODIF (H™) onboard spacecraft 4 and panel ¢ shows HIA ions from spacecraft 3. The ion
density, the GSE velocity and the temperature of the ions from HIA onboard spacecraft 3 are
shown respectively in panels d, e and f. Panel g presents the FGM magnetic field measure-
ments (spacecraft 3) while panel h displays the lagged IMF from ACE, both in GSE.
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their exited into the magnetosheath. This event is used to highlight the large-
scale spatial and temporal structures often observed in the cusp and plasma
mantle regions. The inter-spacecraft distance was large (~1 Rg) during this
pass which is appropriate for large-scale structures investigations.

2.3. THE CLUSTER ORBITS

Figure la shows the projection of the Cluster orbit (lying within 00:30 hrs of
12:00 MLT) in the X,Zgsm plane for the segment between 00:00 UT and
10:00 UT on 19/02/2001. The hour intervals are marked as blue dots,
increasing from 00:00 UT at the left-hand side. Superimposed with spacecraft
1 (black) attached to the orbit, are the shapes of the tetrahedra (scale factor
of 20) for six arbitrary different times. The other spacecraft are color coded
as: 2 (red), 3 (green) and 4 (magenta). The drawn field lines have been
computed using the Tsyganenko (T89) model (Tsyganenko, 1989) with a Kp
index of 0+.

The exact Cluster orbit plots are not shown for the two other events.
Rather, we display a schematic of the apparent satellites’” path through the

\
|‘Z‘? V plasma

/ z mantle/cusp

Vsle

Figure 7. Perspective view of the orbit path of the four Cluster spacecraft for the 18/05/2001
event using the Orbit Visualization Tool (OVT). Spacecraft 1 trajectory is in black and the
arrow shows its direction. Similarly spacecraft 2 is in red, spacecraft 3 is in green and
spacecraft 4 is in magenta. The X, Y and Z axis are in GSE. The solar wind thus comes from
the X direction. The plasma velocity orientation in the plasma mantle (see Figure 6e) is
pictured through its parallel (black) and perpendicular (magenta) components, displayed as
arrows.
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high-altitude cusp and its surrounding regions for the three events in
Figure 1b. They are deduced from the observations presented in the next
section. For 19/02/2001 an observed brief exit into the exterior cusp cavity is
sketched as part of the trajectory. For 04/02/2001, an observed exit in
opposite sense, from the exterior cusp into the dayside plasma sheet, is
shown. Finally, the satellite path on 18/05/2001 is shown occurring at high-
altitudes and latitudes. It must be stressed, however, that the spacecraft
crossed the plasma mantle and magnetopause on the dawn edge of the
exterior cusp and that the trajectory was mainly directed dawnward. Because
this is a purely schematic view, the axes of Figure 1b have no particular units.
Note that a perspective view of the 18/05/2001 Cluster trajectory is shown in
Figure 7 (described later).

3. Overview of three Cluster high-altitude cusp passes

3.1. 19/02/2001: A WEAKLY SOUTHWARD IMF CUSP CROSSING

Figure 2 shows the Cluster data from spacecraft 1 for the interval of interest
on 19/02/2001. At 01:00 UT, the Cluster satellites were in the northern lobes,
the ion density was very low, n ~ 0.01 cm™ (panel ¢). The interval 01:05 UT
to 02:20 UT is identified as a pass through the northern mantle and high-
altitude cusp. Here, the HIA experiment measured both up and down-
flowing ions as seen by populations over all pitch angles (panel b). The bulk
velocity was low due to these oppositely directed flows (panel ¢). The plasma
mantle was observed first (roughly between 01:05 UT and 01:30 UT). The
bulk ion velocity was characterized by a slightly positive (near zero) Vz
component that gradually decreased down to —200 km/s (panel e). It indi-
cates that more and more down-flowing particles were detected until
02:20 UT. It was also accompanied by a gradual increase in the particle mean
energy. An energy-time dispersion feature is clearly observed in the spec-
trogram of panel a, which also reveals a stepped and saw-tooth like global
pattern. The pitch angle spectrogram shows that multiple short injections
occurred at small time scales. They are characterized by field aligned (0° pitch
angle) particles being detected first. Their pitch angles then increase. The
particles may ultimately become anti-field aligned (180°) once they have
mirrored at low-altitudes (for instance at 01:20 and 01:30 UT). Note that the
pitch angles are computed in the spacecraft frame and for the energy range
between 800 and 1000 eV.

A first short encounter with the dayside plasma sheet occurred at
02:10 UT, there the density decreased and the ion velocity became very low.
The temperature and the high-energy proton fluxes were high (panels ¢, d, e
and f). The Cluster spacecraft appear to return to the dayside plasma sheet at
02:20 UT. The HIA measurements showed a clearly trapped high-energy (all
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above 1 keV) ion population at this time (distribution function not shown, a
similar one is shown for the next event). Near the dayside plasma sheet-cusp
boundary, the CIS instruments detected multiple transient features that
appeared to contain magnetosheath like plasma. Such transients were seen at
02:30 UT in panel a, for example. They are further examined in Section 4.2.

The Cluster spacecraft thus appeared to successively cross the plasma
mantle, the high-altitude cusp and the dayside plasma sheet. According to
the Cluster orbits, it could have been expected that the spacecraft would
then cross the dayside magnetopause. The four spacecraft appear to
encounter the exterior cusp diamagnetic cavity (low field and velocity
around 03:00 UT), however, and experienced a number of encounters with
boundary layers at the edges of this cavity (between 02:40 and 02:55 UT for
instance). The boundary layers are characterized by a mixture of popula-
tions, arising from both the magnetosheath and the dayside plasma sheet.
The magnetic field shows no particular transition between the dayside
plasma sheet and these boundary layers, where it thus has a typical mag-
netospheric orientation and strength (panel g). Sharp magnetic boundaries
are delimiting these boundary layers (and subsequently the dayside plasma
sheet) from the low magnetic field cavity. They were encountered at
02:55 UT on entry and 03:03 UT on exit. This diamagnetic cavity is
interpreted as the exterior cusp (Russell, 2000). The magnetic field data
from the 02:55 UT crossing are shown in the hodogram of Figure 3b. This
boundary looks like a tangential discontinuity (TD) since Bn is ~0 nT on
average during the crossing. The normal direction derived from the Mini-
mum Variance Analysis (MVA) technique (Sonnerup and Cahill, 1967)
yields n = (-=0.20; 0.81; 0.54) in GSE. The exit at 03:03 UT gave an
n = (0.39; —0.77; —0.49) in GSE consistent with the entry. This boundary
also looks like a TD (not shown). The intermediate-to-minimum eigenvalue
ratio is around 2.5 for both crossings, but the normals are stable to vari-
ation of the computation interval. The application of the Planar Discon-
tinuity Analysis (Planar DA) on the magnetic field time series (Dunlop
et al., 1997) gives average normal speeds of ~30 km/s for the two crossings.
Moreover, the consistency of the normal derived from MVA with the
delays in the Cluster four spacecraft time series is well established (see for
example Dunlop et al., this issue). The multi-spacecraft time series data
reveal a nested feature (not shown), suggesting the spacecraft have gone
back and forth into a region rather than that they have sampled a transient
structure passing by. Inside the exterior cusp (diamagnetic cavity) both the
magnetic field and the plasma flow were very low as compared to the
surrounding boundary layers and dayside plasma sheet regions (panels d
and f). The plasma can even be shown to be quasi-isotropic and stagnant as
seen in the pitch angle spectrogram (panel b). This is further revealed by the
distribution function displayed in Figure 3a.
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Panel d displays the H" fluxes from CODIF above 5 keV. At the
beginning of the interval, no flux was observed in the lobes, but gradually
increased in the high-altitude cusp. The fluxes increased further in the
dayside plasma sheet (where only this high-energy component is observed).
Detection of large fluxes first occurred at 02:10 UT during the first short
encounter and again after 02:20 UT. The fluxes gradually decreased
throughout the boundary layers and the exterior cusp cavity, from 02:40
to 02:55 UT. The presence of this high-energy component is also seen
above 5 keV in the spectrogram of panel a. The fluxes consistently appear
lower in the exterior cusp and boundary layers than in the dayside plasma
sheet. The fluxes in panel d keep low after 03:00 UT and finally gradually
decayed when the spacecraft were in the magnetosheath. The fluxes nearly
vanish at 03:50 UT. Note that the O" fluxes above 5 keV show a similar
behavior, but with lower fluxes (not shown).

The dayside magnetopause encounter occurred at ~03:30 UT. This
magnetopause crossing was typical in the sense that the spacecraft did not
exit into the magnetosheath directly from the exterior cusp (Lavraud et al.,
2002). For this boundary, MVA gives a normal n = (0.41; 0.45; 0.78).
However, the eigenvalue ratio is quite low (~2) and the possible TD or RD
nature can not be inferred from the hodogram signature (not shown). In line
with this, the planar DA gives not very consistent results. Applying a geo-
metrical method as in Harvey (1998) yields a normal n = (0.60; 0.78; 0.17)
and a rough inward normal speed of ~65 km/s, for this boundary. In the
magnetosheath, the ion density was ~20 cm™> and the measured FGM
magnetic field pointed mainly sunward and southward, as can be seen in
panel g. For that time (03:10 UT) the ACE spacecraft had monitored a
mainly southward IMF (panel h). The large Bx component in FGM data at
that time may arise from draping effect. Some transient variations of the
magnetic field were however observed during this magnetosheath period.
They were correlated with somewhat enhanced flows (they are discussed in
section 4.2). From 01:30 to 03:10 UT the B. component of the IMF was
varying around zero. However, the Bx component was large and positive so
that the expected magnetosheath field at the magnetopause should have an
anti-parallel orientation with respect to the dayside magnetospheric field.
From then on, the IMF was clearly southward.

3.2. 04/02/2001: A NORTHWARD IMF CUSP CROSSING

This event was already discussed by Lavraud et al. (2002). We review
however the Cluster observations to the extent needed for the present paper.
The overview of Cluster data for this event is displayed in Figure 4 for
spacecraft 1. Until 19:55 UT the Cluster fleet was in the northern lobes,
where the density is very low, after which they entered the high-altitude cusp.
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It was characterized by down-flowing magnetosheath like plasma. On a
large-scale, the cusp looked different from the previous event. First, no
plasma mantle was observed at all on the poleward side of this cusp traversal
(panels a and c). High energy, hot magnetosheath like plasma was encoun-
tered first with large downward velocities on the polewardmost field lines. In
contrast also, the mean energy of the ions was gradually decreasing while
there was a clear gradual change in ion velocity and temperature from
19:55 UT to 21:20 UT roughly (panels a, e and f). This behavior is charac-
teristic of a reversed time dispersion that is consistent with the sunward
plasma convection (not shown) measured in the flows. Also, on small-scales
within the cusp structure (for instance just at 20:00 and 20:10 UT), short
plasma injections are observed. The particles are mainly field aligned (0° pitch
angle) at first, but within few minutes the particle pitch angle evolves and
more up flowing ions (180" in pitch angle) were detected. Pitch angles are
computed in the spacecraft frame for the range (800, 1000) eV.

After these cusp plasma flow signatures, instead of passing through the
dayside plasma sheet as for the previous 19/02/2001 event, the spacecraft
remained inside the cusp until a direct exit into the magnetosheath (apart
from a very brief dayside plasma sheet encounter, discussed next). The cusp
throat was filled with magnetosheath plasma, that appeared to be the more
isotropic the further out the spacecraft were on their orbit path. Simulta-
neously, the magnetic field was continuously decreasing (from 19:55 UT until
21:20 UT). Those characteristics are displayed in the pitch angle spectrogram
of panel b and in panel g for the magnetic field data. After 21:20 UT the
magnetic field was constantly very low while the ion distribution functions
were very isotropic. The distribution functions resembled the one shown in
Figure 3a for the previous 19/02/2001 event (but not shown here). These
properties led Lavraud et al. (2002) to use the descriptive term of Stagnant
Exterior Cusp (SEC) for the region observed from 21:20 to 22:02 UT.

The spacecraft had a short encounter with the dayside plasma sheet at
~21:43 UT, showing high fluxes of high-energy particles (all above 1 keV)
and high temperatures (panels a and f). A typically trapped distribution
function taken during this encounter is shown in Figure 5a (note that the axis
scale is larger than in Figure 3a). In both the aligned and anti-aligned
direction, the lower phase space density of the high-energy ions (as compared
to the perpendicular directions) marks the loss cone effect. The spacecraft
appear to enter the dayside plasma sheet but quickly return into the exterior
cusp. This back and forth motion is evidenced in the nested nature of
magnetic field data time series, which opposes to a lagged nature which
would characterize a convected structure (see panel b in Figure 14 introduced
later). The hodogram of the first boundary encounter (arising from the
MVA), between the exterior cusp and the dayside plasma sheet, is shown in
Figure 5b to look like a TD since the Bn component is particularly low
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across the boundary. It resembles the one analyzed for the previous 19/02/
2001 event, between the exterior cusp and the dayside plasma sheet (or rather
the boundary layers, see previous section). The normals derived from MVA
at the entrance and exit are in good accordance with expectations from a
funnel shaped cusp topology. The entry and exit have respective normal
orientations n = (—0.43, 0.57, 0.71) and n = (-0.10, —0.13, 0.99) in GSE
coordinates. Both crossings show boundary normal velocities of ~10 km/s by
use of the planar DA and with good time delay consistency.

The whole exterior cusp was also filled with high-energy particles
(> 5 keV) with fluxes, however, which were lower than in the dayside plasma
sheet (see panel a). This high-energy population was primarily made of H™
ions (as for the previous 19/02/2001 event), but an O component was also
detected. We display the high energy O " fluxes above 5 keV during the whole
event in panel d. It highlights that those ions were most present in the dayside
plasma sheet and that the fluxes gradually decayed each side of the exterior
cusp-dayside plasma sheet boundary. After 22:02 UT the spacecraft were in
the magnetosheath and the fluxes decreased. The H" component above
5 keV behaved similarly to O" during the interval (but with well higher
fluxes) (not shown). Apart from the small enhancement around 22:20 UT,
the fluxes of both high-energy O " and H™ became very low further out in the
magnetosheath.

The spacecraft exited from the exterior cusp into the magnetosheath at
22:02 UT through a very sharp discontinuity that displayed huge plasma and
field parameter jumps. Lavraud et al. (2002) found it to be rotational
(Bn ~ =3 nT). They showed that clear plasma inflow occurred at the
boundary, which was consistent with the Bn sense. Their Walen test suc-
ceeded, indicating that the tangential stress balance at the discontinuity is
apparently compatible with a RD. The boundary was also shown to be
spatially stable since it was similarly sampled on all four spacecraft. Its
normal, derived from MVA, was pointing outwards and upwards n = (0.65,
0.45, 0.61). Planar DA revealed a normal boundary speed of ~8 km/s
inwards and showed a good consistency with the four spacecraft timings. The
de Hoffmann—Teller frame at the RD was found to be (4, 31, —32) km/s in
GSE, thus slowly moving sunward. As can be inferred from the pitch angle
spectrogram in panel b, the distribution functions are very isotropic from
21:20 UT until the final exit into the magnetosheath. The magnetosheath is
merely convecting.

3.3. 18/05/2001: A HIGH-ALTITUDE PLASMA MANTLE AND CUSP CROSSING

The overview of Cluster data for this event is displayed in Figure 6. While the
first three panels show the spectrograms for spacecraft 1, 4 and 3, the dis-
played moments only come from spacecraft 3. A perspective view of the
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Cluster orbit is shown in Figure 7 for the interval 03:00-04:00 UT. It shows
that the three spacecraft (s/cl in black, s/c3 in green and s/c4 in magenta)
nearly follow each other on their orbit path, having a main dawnward
direction. The arrows aim to give an idea of the plasma flow direction in the
plasma mantle region and in the solar wind.

Until ~03:20 UT spacecraft 3 was in the northern lobes. It then entered
the plasma mantle, which was characterized by upward and tailward flowing
magnetosheath like plasma (panel e in Figure 6). In the plasma mantle, the
convection (perpendicular component) velocity is ~20 km/s and almost
exclusively in the —X GSE direction (not shown). On all spacecraft a global
increase, on large scales, of the ion mean energy is seen during the interval
before each of them finally exit into the magnetosheath. This can be expected,
together with the density and temperature evolution, from time of flight effect
(panels d and f). However, this dispersion feature is interrupted by several
sudden energy increases that may be referred to as “‘steps” (Lockwood and
Smith, 1992). There are two major steps that are similarly sampled, but
delayed, on all three operating CIS instrument onboard spacecraft 1, 4 and 3.
Their lag time between spacecraft 1 and 4 is 20 min while it is 68 min between
spacecraft 1 and 3. These coherent structures are indicated by the black lines
on Figure 6. The structures are identified in terms of their highly concordant
ion mean energy, spectral width and time duration on each spacecraft.
Therefore they are thought to be possibly the same structures. It may be
noted that sampling several, such similar steps over a long time period is rare,
adding much interest to this event. Although alternate interpretations may be
kept in mind, we will deal in the discussion Section 4.1 with their probable
spatial nature.

The magnetopause was encountered at 04:45 UT on spacecraft 3, as seen in
the magnetic field of panel g. The MVA derived normal is n = (0.40; 0.62;
0.67) (hodogram not shown). The TD or RD nature is unclear. The interme-
diate to minimum eigenvalue ratio is quite low (~2) and the normal is not
stable under variation of the computation interval. This means the computed
normal may be wrong. Because of the large inter spacecraft separation,
geometrical analysis cannot be performed for this crossing. It may already be
noted that the magnetopause characteristics are not of prime importance for
the analysis of this event. Nevertheless, taking into account the spacecraft
location and the normal derived from MVA, it might be inferred that the
spacecraft were near the high-altitude cusp indentation. But no cusp-like
feature (penetrating plasma) was detected on spacecraft 3. After the magne-
topause crossing, the Cluster fleet was in a perturbed magnetosheath. The
velocities and the magnetic field were characteristic for the region but quite
variable as seen in panel e. On spacecraft 1 (panel a) the magnetopause was
encountered at 03:30 UT, and for this event an exterior cusp pass was observed
for few tens of minutes before the exit into a disturbed magnetosheath. It was
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characterized by a rather turbulent region showing downward flowing ions
(not shown). Spacecraft 4 (panel b) was in the plasma mantle and also entered
the exterior cusp region at ~03:40 UT. A clear plasma and magnetic boundary
was observed at 04:45 UT and the spacecraft then sampled a perturbed
magnetosheath (not shown). Each spacecraft thus did not sample the exterior
cusp and its surrounding in the same manner, but the stepped structures that
are of concern here are all detected in the plasma mantle region. At 04:45 UT,
the magnetopause was crossed by spacecraft 3, but at the same time the two
other spacecraft also had a short encounter with the magnetopause, as may be
observed on the spectrograms of panels a and b, while they were already in the
magnetosheath. Such a transient encounter with the magnetopause also
occurred before, at 04:15 UT, but only for spacecraft 1 and 4. While plasma
mantle structures were seen with a time delay, these magnetopause crossings
occurred simultaneously. From the available ACE and WIND data, no clear
IMF changes were correlated with these transient encounters (panel h). The
solar wind pressure was high (4 nPa) but seems to stay constant over this
interval. The features of most interest here, however, are the stepped structures
observed similarly on the spacecraft in the plasma mantle region, at very
different times. During most of this event the ACE spacecraft monitored a low
and variable IMF B. component while a positive B, and negative B, IMF
components were dominating (panel h).

4. Discussions

We now discuss more specific topics that constitute the main, but non-
exhaustive, current scientific debates concerning the high-altitude cusp region
of the magnetosphere. We place our discussion in the context of each phe-
nomenon that we aim to describe through these three cusp passes. We
highlight the new insights coming from both the recent studies referenced
herein and the additional information arising from the present analysis.
First, the present observations show that the high-altitude cusp region is
filled with magnetosheath plasma of solar wind origin. Both precipitating and
mirrored components are often observed. On the other hand, the dayside
plasma sheet is mainly populated with ions of magnetospheric origin.
Another permanent difference between the dayside plasma sheet and the cusp
(and magnetosheath) is the mean energy of the ions which is of few hundreds
eV in the cusp while ions in the dayside plasma sheet have energies of the
order of 10 keV. The plasma mantle region is located tailward of the cusp. It
is composed of ions originating from the cusp, that have mirrored at low-
altitude and convected tailward. Note that the plasma mantle forms a
boundary layer and there also often exist boundary layer regions adjacent to
the equatorward side of the cusp. They show a mixture of plasma from
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different origins and usually present typical dayside magnetospheric field
orientation and strength. Such boundary layers are seen on 19/02/2001 on
each side of the exterior cusp diamagnetic cavity. The processes driving their
formation are still unclear.

4.1. THE SPATIAL AND TEMPORAL STRUCTURES IN THE HIGH-ALTITUDE CUSP
AND MANTLE

A great deal of knowledge on the cusp structure has come from mid and low-
altitude satellite observations, as early reported by Newell and Meng (1988),
Newell et al. (1989), Woch and Lundin (1992) and Yamauchi and Lundin
(1994). For instance, the large-scale energy dispersed patterns observed in the
high-altitude cusp for all three events, increasing for the southward IMF on
18/05/2001 and the weak IMF B. event on 19/02/2001, and slightly
decreasing for the 04/02/2001 northward IMF event, are common cusp fea-
tures. These dispersions are suggestive of the differential convectional flows
in the region depending on the IMF orientation (Lockwood and Smith,
1992). The plasma mantle also shows the energy latitudinal dispersion for the
19/02/2001 and 18/05/2001. In this region the plasma bulk flow is mainly
directed upward and tailward. It constitutes the natural continuation of the
cusp precipitation when the cusp large-scale convection is tailward. The
plasma mantle thus may not form under northward IMF conditions and
possible sunward cusp convection. Its absence on 04/02/2001 is strong
evidence, as first reported by Sckopke et al. (1976). Of course, the presence or
absence of this region strongly depends on the steady or variable nature of
the IMF and the subsequent large-scale convection in the cusp.

As explained by Lockwood and Smith (1992), the combination of pulsed
reconnection events and tailward field line convection possibly induces the
“Cusp Ion Step” like structure observed in the low and mid-altitude cusp
region (see also Escoubet et al., 1992). When taking into account the dif-
ferential plasma convection velocity and spacecraft velocity in the cusp, and
when assuming purely time dependent plasma injection into the cusp, such
stepped structures may appear (Lockwood and Davis, 1995). Note, however
that this combined convection/velocity filter effect may equally take place by
considering other injection processes. A nearly equivalent behavior is
expected, but within a reversed dispersion, for steady northward IMF.

The step features appear to be composed of smaller scale events, showing
pitch angle evolution from down-flowing field aligned to up-flowing anti field
aligned. Such short time-pitch angle dispersions are common in the cusp
region. They were presented as small-scale structures in the observation
section for the 19/02/2001 and 04/02/2001 events. They display the different
travel time of ions in injection events depending on their individual pitch
angle. This is suggestive of the temporal nature of particle injections which
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Figure 8. Schematic view showing the location of each spacecraft (filled circles) on 18/05/
2001 at ~02:55 UT when spacecraft 1 sampled a particular structure in the plasma mantle.
The two arrows show the (respective) spacecraft spatial motion of spacecraft 3 and 4 until they
sample the same structure as spacecraft 1. Rough plasma convection (perpendicular velocity)
at that time is shown as a black arrow.

are ultimately mirroring at lower altitude (Reiff et al., 1977; Vontrat-Reberac
et al., 2003).

The temporal variability of the cusp was also pointed out, and established,
in conjunction with ground observations of poleward moving auroral forms
(Lockwood et al., 2001a). Such combined signatures are of major importance
in discriminating between spatial and temporal interpretations. Assuming a
unique time dependence, any large-scale structure in the cusp should convect
as a whole poleward (equatorward) for southward (northward) IMF. How-
ever, based on dual spacecraft measurements in the mid-altitude cusp,
Trattner et al. (2002) emphasized that stepped cusp structures are sometimes
sampled at the same magnetic latitudes for largely different times, suggesting
a spatial nature. Those structures have been interpreted in terms of possible
different plasma characteristics between adjacent convection cells as well as in
terms of multiple reconnection (Newell and Meng, 1991; Trattner et al., 1999,
2002; Vontrat-Reberac et al., 2003).

The 18/05/2001 event was chosen to illustrate the possible appearance
of spatial structures in the high-altitude plasma mantle region. The
multi-spacecraft Cluster mission is adequate for such investigations. During
the period presented in Figure 6 the inter-spacecraft separation was ~1 Rg,
in a quasi-string-of-pearl configuration. Figure 8§ shows Cluster spacecraft
locations (1, 3 and 4 as color-coded filled circles) at 02:55 UT (GSE), the
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time when s/c 1 detected the second step feature (second black line in
Figure 6). The green and magenta arrows show the respective motions of
spacecraft 3 and 4 until they sampled the same feature. The time delays are
respectively 68 and 20 min. The velocity computed from the delays and the
spatial separation between each spacecraft at the sample time of this step
yield a X component that is less than 1 km/s. The analysis shows a similar
result for the first structure (first black line in Figure 6). This rough velocity
estimate for the structures strongly differs from the ~20 km/s plasma
convection velocity measured by CIS in the region, that is predominantly in
—X GSE direction. The possible appearance of similar structures at the
same locations after huge time delays, and under large-scale tailward con-
vection, is thus evidenced here. At large inter-spacecraft separations, the
Cluster fleet has been able to confirm the presence of apparently spatial
structures in the plasma mantle at high-altitudes. The reasons for their
existence are unclear and deserve further investigations.
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Figure 9. This plate displays Cluster measurements for a magnetosheath pass on 19/02/2001
that shows FTE like signatures. The magnitude of the HIA (all ions) velocity is shown in panel
a. The ion pressure from HIA (NkgT) and the total pressure (ion plus magnetic pressure, from
FGM) are displayed in panel b. The magnetic field component in the normal (to the mag-
netopause) direction is presented in panel c.
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Whether such structures may imply a merging process is uncertain. A key
in understanding the cusp and plasma mantle structures may remain the
exact characterization of the processes which drive plasma intrusion into the
magnetosphere. The occurrence of spatially steady structures more particu-
larly in the high-altitude plasma mantle region may shed new lights on their
origin.

4.2. REcoNNECTION, FTEs AND PTESs

As observed on 04/02/2002, the magnetic field shows no boundary normal
component at the exterior cusp-dayside plasma sheet boundary (21:43 UT).
On the other hand, the outer discontinuity with the magnetosheath is
apparently rotational. The normal magnetic field had a negative sign, as
compared to the outward pointing normal. This is compatible with lobe
reconnection occurring above the spacecraft location. The de Hoffmann—
Teller analysis and the Walén test success shown by Lavraud et al. (2002) are
also in agreement with this interpretation. The discontinuity characteristics
were further shown to be stable over the four Cluster spacecraft. Finally,
large plasma flows were continuously detected at the poleward edge of the
high-altitude cusp. These flows have a negative V,, component, thus opposite
to the IMF B, at that time (Figure 4e and h). All these arguments are sug-
gestive of a possibly steady reconnection site.

The occurrence of sporadic, patchy reconnection events, however, is
thought to be important since the first observational evidence of Russell and
Elphic (1978). Such events are called flux transfer events (FTEs). During the
19/02/2001 event we presented, such signatures possibly occur after the
magnetopause crossing. Several plasma accelerations, that are well correlated
with magnetic field disturbances in all three components, are seen between
03:30 and 04:00 UT in Figure 2e and g. The upward and tailward velocities
are consistent with the southward IMF (Figure 2h), as monitored by ACE.
The feature thus appears to be compatible with possible dayside reconnec-
tion. Figure 9 shows time series of HIA and FGM measurements zoomed in
this interval. Panel a displays the magnitude of ions bulk velocity. Total (ion
plus magnetic) and ion (NkgT) pressures are shown in panel b, while the
magnetic field component normal to the magnetopause is shown in panel c.
The FTE like events are bounded between the red vertical lines and are
shaded. These transients show a bipolar signature of the Bn component as
well as an enhanced bulk velocity. Panel b displays a quasi-continuous ion
pressure while an excess magnetic pressure is measured at each event. These
observations highlight the main characteristics of such transient structures,
which supposedly are FTEs. Unfortunately, the inter-spacecraft separation
of ~600 km is small (FTEs are often ~1 Rg) and does not allow to study the
spatial behavior of the ionic structure through the spacecraft array. It may be
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noted that a similar pass through FTE signatures is fully discussed in a recent
paper using Cluster data by Bosqued et al. (2001). These authors provided
convincing evidence for the probable prominent role of transient reconnection.
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Figure 10. This plate presents the observations of possible evanescent PTEs (during the sur-
rounded blue part) as well as intermittently accelerated cold plasma (during the surrounded
red part). The first panel is the spectrogram from CODIF H* onboard spacecraft 4, panel b is
that of HIA (all ions) onboard spacecraft 3 and panel ¢ shows the HIA spectrogram for
spacecraft 1. The parallel velocity and the magnitude of the perpendicular velocity computed
from HIA measurements onboard spacecraft 1 are shown for three different energy ranges in
panels d, e and f. Energy ranges are respectively: >7 keV, 0.3-3 keV and <0.2 keV.
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The possibility of plasma protrusion through the magnetopause without
necessity of magnetic merging was early proposed by Lemaire and Roth
(1978) (see also Roth (1992)). This process is an alternative to the recon-
nection model. We therefore want to highlight typical observations of such
possible plasma transfer events (PTEs) (Lundin et al., 2003).

Figure 10 displays a zoom in of the 02:24-02:35 UT interval during the
19/02/2001 event. It shows transient detection of magnetosheath like plasma
on apparently dayside magnetospheric field lines, that are mixed with high-
energy ions of plasma sheet origin. The two main transients, observed
between 02:26 and 02:32 UT, are composed of H™ and He’ " ions mainly
(not shown) within the energy range 0.3-3 keV, revealing they are most
probably of magnetosheath (solar wind) origin. Panels a , b and ¢ respectively
show the spectrograms from spacecraft 4 (CODIF), 3 (HIA) and 1 (HIA).
We used several energy ranges in computing the velocity moment for
spacecraft 1 (only) in panels d, e and f. These energy ranges have been chosen
to fit the three different populations observed during the interval. Energy
>7 keV shows the behavior of the most energetic plasma sheet ions. The
0.3-3 keV range highlights that of the magnetosheath like plasma while the
<0.2 keV range is representative of the coldest populations intermittently
observed (discussed in the next subsection).

The PTE signatures presented in Figure 10 between 02:25 and 02:32 UT
show nearly fully mixed populations. Here we focus on the most intense
signature at 02:26-02:28 UT. It is characterized by rather low flows (see the
surrounded part in blue of panels e and f) with equivalent parallel and per-
pendicular magnitudes in both the medium and low energy ranges. Panel d
shows, however, that the perpendicular velocity of the high-energy ions is
very different from those of the low and medium energy components. For
high-energy ions the gradient/anisotropy, due to their large gyroradii, has
strong influence on the perpendicular velocity while lower energy ions are
mostly drifting in the ExB sense. In accordance with the characteristics given
by Lundin et al. (2003), this particular case shows rather “evanescent”” PTE
signatures. Indeed, according to these authors the ‘“‘active” PTEs have
important drift velocities and show little (magnetosheath and plasma sheet)
plasma mixing while their drift velocities are decreased (braking) and plasma
mixing is large when ‘“‘evanescent”. These authors therefore suppose that
“evanescent” PTEs should have reached the most inward magnetospheric
field lines, such as is probable in the case presented in Figure 10.

The Cluster spacecraft observed PTE like events on 14/01/2001.
Lockwood et al. (2001b) interpreted them as LLBL encounters. These
observations revealed a clear nested feature in the time series. This favors the
interpretation of LLBL being permanently attached to the cusp (and
magnetopause) boundaries, and possibly due to ongoing dayside, sub-solar
reconnection. However, because the PTEs are supposedly detached small
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plasma blobs convected within the magnetosphere, their signatures in the
time series should be lagged, and not nested. The events presented by Lundin
et al. (2003) apparently presented such characteristics. In Figure 10, space-
craft 1 and 3 (panel ¢ and b respectively) detected such two successive
transients (shown with black lines). Spacecraft 4 data had low resolution
during this event and did not permit to isolate the two events. These two
events appear to be lagged in time between the two spacecraft, but with
different durations at spacecraft 1 and 3. Taking into account the spacecraft
location, these structures might be detached, spatially limited and convected
towards the inner magnetosphere, but a definitive conclusion can not be
made at all in the present case. As revealed through the case shown by
Lockwood et al. (2001b), further multi-spacecraft analysis is needed to infer
their spatial extent, and single event analysis is may be insufficient.

It has been suggested that PTE signatures inside the magnetosphere and
FTE signatures at the magnetopause (and magnetosheath) may be sub-
sequent to a unique process (Lundin et al., 2003). An argument that may
favor the PTEs independent nature is however that they are often sampled
deep inside the magnetosphere, showing fully mixed plasma (as in Figure 10),
as well as near the magnetopause, showing a depletion in magnetospheric
population fluxes. Moreover, Stenuit et al. (2001) and Lundin et al. (2003)
found a poor correlation of their occurrence with IMF orientation. Merged
flux tubes may not account for such properties, particularly under southward
IMF when FTEs supposedly are quickly convected tailward. Some expected
differences in the observational signatures of FTEs and PTEs were reviewed
by Lui (2001). The possible occurrence of reconnection, FTEs, gyroradius
effects, diffusion, Kelvin—-Helmholtz instability and PTEs at the magneto-
pause were recently revisited by Sibeck et al. (1999).

4.3, INTERMITTENT COLD PLASMA ACCELERATIONS

Thermal cold plasma accelerations were first revealed in Cluster data aside
the flank magnetopause by Sauvaud et al. (2001). Lundin et al. (2003) later
emphasized similar phenomena occurring near and within PTE signatures.
Here we show their occurrence near the high-altitude cusp, both during the
presence and absence of entering magnetosheath plasma.

Figure 11 is showing an interesting pass through the high-altitude cusp
boundary layers and dayside plasma sheet on 19/02/2001. The energy-time
spectrogram of panel a highlights the presence of cold ions below 100 eV
during most of the interval. Most particularly, a mixture of magnetosheath
like (~1000 eV) and accelerated cold (< 100 eV) ions is clearly observed
from 03:06 to 03:07 UT (also present is the high-energy component from
the plasma sheet). A distribution function is displayed in Figure 12 at
~03:06:30 UT. It shows three distinct plasma populations. A trapped



160 B. LAVRAUD ET AL.

Figure 11. This plate presents cold ion observations near the high-altitude cusp boundary on
19/02/2001, that are sometimes mixed with magnetosheath and plasma sheet ion populations.
Panel a shows the energy-time spectrogram from HIA. Panel b and ¢ display the moments: the
ions density and the ions bulk (whole energy range) velocity in GSE. The last panel shows the
parallel and perpendicular to the magnetic field magnitudes of the ions velocity, computed for
the range of energy (10, 200) eV only. This last panel thus highlights the cold ions population
behavior more specifically.

high-energy component, that is typical for the dayside plasma sheet, is seen as
the quasi-isotropic background at high energies (which extends further than
the axes limits). A second, intense population flowing mainly along the
magnetic field is observed. It is a typical magnetosheath plasma flow that
apparently had access to magnetospheric field lines. There also appears a
colder ion population, that is shown to be totally perpendicularly drifting.
Lundin et al. (2003) recently showed a similar co-existence of three distinct
populations, on apparently typical dayside magnetospheric field lines within
the magnetopause boundary layers. Hence similar to the present case.
However, it is clearly seen in Figure 11 that cold ions are also observed
without the direct presence of entering magnetosheath plasma. Such ions are
detected between 03:07:30 and 03:08:30 UT. The transition from a mixture of
magnetosheath like and cold plasma to uniquely cold plasma appears
gradual. The cold ions are clearly accelerated in the perpendicular direction
only, according to panel d. The feature shows an energy dispersion in panel a
between 03:07:30 and 03:08:30 UT. While they are widely present near the
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Figure 12. Similar ion distribution function to that of Figure 2a. It is sampled near the
exterior cusp and dayside magnetopause, inside what appears to be boundary layers on 19/02/
2001 at ~03:06:36 UT onboard spacecraft 1. It shows a mixture of three different populations
(see text).

cusp boundary layers, their energy decreases with increasing depth within the
dayside plasma sheet and they finally disappear at ~02:08:30 UT.

The intermittent nature of cold plasma acceleration is evidenced in
Figure 10, between 02:31 and 02:41 UT. During this interval the ions are
only detected sporadically. The cold ion population is again totally flowing
perpendicular to the magnetic field (panel f, the parts surrounded in red).
The perpendicular velocity is very similar in all energy ranges during the
times when accelerated cold ions are observed (02:31-02:41 UT). This is
evidence for the role of an electric field providing acceleration via ExB
drift. This allows the cold population to become detectable to the CIS
instrument.

To account for the acceleration of cold plasma near the flank magne-
topause, Sauvaud et al. (2001) suggested that magnetopause current
motions inwards and outwards are susceptible to induce local electric
fields (Faraday”s law) that would act to accelerate the local cold plasma.
On the other hand, Lundin et al. (2003)’s approach of PTEs implies the
creation of an electric field resulting from depolarization after magneto-
sheath plasma has protruded the magnetopause. Acceleration of local cold
plasma subsequent to impulsive plasma penetration, as was early envis-
aged by Lundin and Dubinin (1985), is thus substantially different from
the former process, although not mutually exclusive.

When magnetosheath plasma is not present, we may expect the acceler-
ation to be induced by current sheet motions. The energy-dispersed feature
may thus be linked to temporal, i.e. boundary motion changes, or spatial
effects, since the induced electric field strength depends on distance from the
current sheet.

Both Sauvaud et al. (2001) and Lundin et al. (2003) reported the large
occurrence of cold plasma detection in the Cluster data. Sauvaud et al. (2001)
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gave evidence that a cold plasma component was probably existing although
too cold to be detected within the CIS dynamical range during their obser-
vations. During their event, when CIS stopped detecting these ions, the
Whisper instrument (Décréau et al., 2001) was still sensing nearly equal
densities near the magnetopause. The cold ions thus become detectable to
CIS in the presence of enhanced electric fields. This indirect sensing of cold
populations should permit in the future to highlight the spatial extent and the
characteristics of the source region. Although not presently shown, the cold
plasma is most of the time made of H", He™ and O ions, which rules out
the solar wind as a source. Possible sources are the plasmasphere or more
directly the ionosphere, both from the dayside and nightside parts of the
auroral oval, including the cusps (Sauvaud et al., 2001; Lundin et al., 2003).

4.4. ENERGETIC IONS IN THE EXTERIOR CUSP DIAMAGNETIC CAVITY

The high-altitude cusp region is known to contain substantial fluxes of high-
energy ions (from tens of keV to MeV), comparable to the populations
observed in the dayside plasma sheet (Kremser et al., 1995; Chen and Fritz,
2001; Chang et al., 2001; Trattner et al., 2001; Fritz et al., 2003). In this paper
we take advantage of the CIS CODIF composition measurements to estab-
lish the detection of a distinct high-energy ions population, from 5 keV up to
40 keV, in the cusp diamagnetic cavity. Two typical energy spectra are shown
for the 04/02/2001 inside the exterior cusp cavity, for H™ ions in Figure 13a
and for O ions in Figure 13b. For both H" and O™ ions a clear spectral
break is observed at ~5 keV in the flux curves. The populations are not
extensions of the magnetosheath plasma (centered at few hundreds eV).
Together with the fluxes (line plots) shown in the observation section for the
19/02/2001 H* and 04/02/2001 O events, the present data thus give evi-
dence for the presence of a distinct high energy ion population in the exterior
cusp in the range (5-40) keV.

High-energy ions (> 5 keV), mixed with plasma of magnetosheath origin
are present during those two events. In the exterior cusp itself (low magnetic
field region), their fluxes are lower than in the adjacent dayside plasma sheet.
They are also lower than in the adjacent boundary layers, if they exist, as for the
19/02/2001 event. During the various passage through the plasma sheet-
boundary layers-exterior cusp boundaries described in the observation section,
a consistent gradual transition in these fluxes is always observed. All these ions
are however absent when the spacecraft are sufficiently far out in the mag-
netosheath proper. They are also absent in the tenuous lobes for both events.

To account for the presence of energetic ions above 40 keV (and up to
MeV) in the cusp region, several sources have been proposed: the solar wind
(Chang et al., 2001; Trattner et al., 2001), the ionosphere (via an energization
process) (Chen and Fritz, 2001; Fritz et al., 2003) and the dayside plasma
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Figure 13. Energy spectra of the H" and O " fluxes in the exterior cusp diamagnetic cavity on
04/02/2001 around 21:50 UT. It clearly reveals the presence of a high-energy population above
5 keV for both ions.

sheet (Kremser et al., 1995; Delcourt and Sauvaud, 1998, 1999). We deal here
with their possible role in the context of the 5-40 keV ions detected by the
Cluster CIS CODIF instrument.

First, very few O " ions are a priori present in the solar wind. Substantial
amounts of O ions in the exterior cusp thus reject the solar wind as the
source. Concerning the H" ions, the solar wind source appears unlikely in
these particular cases because of the very low fluxes observed slightly later
when Cluster sampled the magnetosheath. Some link with IMF orientation in
the magnetosheath, however, may not be excluded (Trattner et al., 2001).
Secondly, the constant gradual decrease of the fluxes between the dayside
plasma sheet and the exterior cusp may not be expected if the ions where
coming from the magnetosheath. The ions would be susceptible to enter all
way long through the exterior cusp—magnetosheath boundary and therefore
should not present such peculiar distributions.

An ionospheric source could explain the O™ population. To account for
the tens of keV O™ (and up to MeV) detected by the Polar spacecraft, Chen
and Fritz (2001) proposed a local energization process for ionospheric ions
that would involve low frequency magnetic turbulence. On 04/02/2001 some
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low frequency turbulence is observed throughout the cusp in the magnetic
field data (Figure 4g). It is weaker, however, in the most distant part of the
exterior cusp (low field region). These O therefore may not be energized in
this distant exterior cusp (i.e. Stagnant Exterior Cusp (Lavraud et al., 2002)).
Acceleration process may however occur at lower altitudes. For instance,
Bogdanova et al. (2004) recently showed the probable occurrence of cusp ion
outflow heating via low-frequency electric field waves, permitting O™
accelerations up to ~1 keV at most. Several studies have shown observations
of low frequency electromagnetic waves in the mid and high-altitude cusp
(Angelopoulos et al., 2001; Le et al., 2001; Pickett et al., 2001). But how some
wave particle interactions could energize ions to tens or hundreds of keV
(Chen and Fritz, 2001; Fritz et al., 2003) is still to be determined (Ange-
lopoulos et al., 2001). Finally, the gradual behavior of the flux decrease at the
exterior cusp boundaries also is incompatible with a unique ionospheric
source interpretation.

The similar behavior of both species throughout the cusp passes suggests a
common origin for the two species. Also, the presence of high energy O "
strongly favors that the magnetosphere (or ionosphere) may be the source of
the cusp energetic ions in the present cases. But how magnetospheric ions
gain access to the cusp needs to be explained.

During roughly southward IMF (19/02/2001), reconnection could possi-
bly result in their access to the cusp since the dayside closed magnetospheric
field lines contain such a high energy plasma. However, during northward
IMF, reconnection may take place poleward of the cusp, as expected for the
04/02/2001 case. But the absence of energetic ions in the lobes rules out the
nightside magnetosphere as a source. We may not rule out, nevertheless,
the occurrence of reconnection equatorward (or sideways) of the cusp (and
possible component merging process) which would also allow dayside
magnetospheric ions to enter the exterior cusp via open field lines. However,
Lavraud et al. (2002), as well as the present observations, rather favor
long-term ongoing lobe reconnection during the 04/02/2001 event. The
possible implication of a merging process needs further investigations.

The gradual decrease of the energetic ion fluxes away from the peak in the
plasma sheet during both events tend to suggest a simple leakage across the
dayside plasma sheet-exterior cusp boundary, possibly due to their large
gyroradii. The presence of high-energy ions of magnetospheric origin at high
latitudes was recently investigated via simulations by Delcourt and Sauvaud,
1998, 1999). They showed that the combined effect of convection, gradient/
curvature drifts and the off-equator magnetic field minimum (due to the solar
wind pressure at the sub-solar magnetopause) may allow high-energy ions
(tens to hundreds keV) to escape into the high-latitude cusp region. In fact
the observations during both events have shown the presence of high-energy
ions of plasma sheet origin on the dayside magnetospheric field lines, and
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within the possible boundary layers, just adjacent to the cusp diamagnetic
cavity. This population is thus simply separated from the exterior cusp by a
sharp boundary (for instance a TD). Leakage towards the cavity may then
occur, owing to their large gyroradii. Using the Viking ion data, Kremser
et al. (1995) showed an equivalent high-energy ion gradual behavior at the
cusp-dayside plasma sheet transition at lower altitudes. They proposed that
most of the high-energy H " fluxes (up to 50 keV) is of plasma sheet origin.

Nevertheless, none of the above hypothesis may be ruled out to explain
the presence of high energy (540 keV) ion populations in the cusp. This
high-energy plasma may have several origins, and that probably depend on
the energy range as suggested by Trattner et al. (2001).

4.5. THE EXTERIOR CUSP STRUCTURE AND ITS INTERFACE
WITH THE MAGNETOSHEATH

The 04/02/2001, 19/02/2001 and 18/05/2001 events represent good cases in
order to highlight the global structure of the exterior cusp and its sur-
rounding. Under steady northward IMF on 04/02/2001 the exterior cusp was
bounded on its poleward edge by large flows. The sunward convection was
well evidenced and the V,, component of the flows has an opposite sign to the
IMF B, (Figure 4e and h). No plasma mantle was present. This picture thus
appears compatible with expectations for lobe reconnection. On the other
hand, the 19/02/2001 event was characterized by an energy dispersion
suggestive of a weak convection directed tailward (and as observed in the
flows). This is consistent with the presence of a plasma mantle at the pole-
ward edge of the cusp. Although the IMF B, component varied around 0 nT
during most of the interval (Figure 2h), the positive IMF B, component
suggests that the draped magnetosheath field at the dayside of the magne-
tosphere has a downward orientation. Hence, we may expect the magneto-
sheath and magnetospheric field to be anti-parallel at the dayside
magnetopause, possibly allowing sub-solar reconnection.

On 04/02/2001, the large flows on the poleward side of the high-altitude
cusp were followed by an exterior cusp pass, showing depressed magnetic
field and stagnant plasma. The dynamics of the cusp allowed the Cluster
spacecraft to make a quick exit into the dayside plasma sheet. It shows that
the diamagnetic cavity (exterior cusp) was separated from the dayside plasma
sheet by a sharp boundary. A similar boundary was present on 19/02/2001
between the exterior cusp and the dayside plasma sheet (or rather boundary
layer) during the quick exit seen around 03:00 UT. The boundaries had a
tangential nature in both events. Boundary layers were observed at the
equatorward edge of the diamagnetic cavity on 19/02/2001, for instance
between 02:45 and 02:55 UT. The magnetic field had a typical magnetospheric
orientation and strength there, and a field aligned flow was observed (see



166 B. LAVRAUD ET AL.

Figure 2b, e and g). These may be called the LLBL. Contrarily, no such
boundary layers were observed at the dayside plasma sheet-exterior cusp
interface on 04/02/2001. These observations appear to be compatible with a
plasma entry process through the dayside magnetopause for southward IMF,
which would not take place (at least at the dayside magnetopause) under
northward IMF conditions. This process may be reconnection.

According to Vasyliunas (1995) the exterior cusp cannot be stagnant. He
invoked subsolar reconnection and the probable subsequent tailward
convection to account for the global cusp topology and characteristics.
Under this context, the magnetosheath plasma gets access to the exterior cusp
through the RD (an Alfvén wave) created in the subsolar region and prop-
agating tailward over the cusps. The exterior cusp is thus filled with mag-
netosheath plasma, convecting at a speed attaining a non-negligible fraction
of the external magnetosheath flow. However, this interpretation does not
take into account the possibility of lobe reconnection under northward IMF.
This could lead to the presence of a discontinuity, possibly then a counter-
streaming (relative to the magnetosheath) Alfvén wave, moving very slowly
sunward and downward. The downstream plasma may then be much more
stagnant, as observed on 04/02/2001. The very low perpendicular velocity
(not shown) in the (stagnant) exterior cusp on 04/02/2001 is on average
oriented towards the dayside and the external boundary de Hoffmann—Teller
frame is consistently found to be moving slowly sunward and downward (see
Lavraud et al., 2002).

On the other hand, although a southward like orientation of the mag-
netosheath field is expected, and a global tendency of tailward convection in
the cusp and plasma mantle that has previously be noted, stagnant plasma
was also observed in the exterior cusp on 19/02/2001. This shows that plasma
stagnation may occur in the exterior cusp even under conditions of such
apparent global tailward convection. A plausible interpretation is that the
exterior cusp is more stagnant because permanently made of co-existing up
and down-flowing magnetosheath plasma. Part of the plasma is pre-existent.
The plasma located within this very low magnetic field region appears
thermalized, a heating process seems to occur at the boundary (Lavraud et
al., 2002). It is unclear whether the possible occurrence of reconnection is
relevant to explain these characteristics. Such a ‘“‘stagnation region” had
early been predicted by Spreiter and Summers (1967) and observed by HEOS
2 (Haerendel et al., 1976). It was interpreted in terms of aerodynamic
behavior. Yamauchi and Lundin (1997) further emphasized the possible role
of plasma inertia and escaping ions for the presence of stagnant plasma. The
intriguing appearance of stagnant plasma on 19/02/2001 thus may be an
argument against the role of reconnection in structuring the cusp, which may
be an over-simplified view. The occurrence of plasma stagnation in the
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exterior cusp as a function of solar wind conditions therefore deserves much
interest.

In Figure 14 we display the plasma, magnetic and total pressures during
the interval 21:35-22:05 UT in panel a. The time series of the magnetic field
magnitude for the four spacecraft are shown in panel b. The nested nature of
the dayside magnetospheric encounter at 21:41-21:45 UT is evidenced in
panel b. The magnetic pressure increases in this region while the plasma
pressure decreases. On average, the total pressure is conserved. This high-
lights an equilibrium between the two regions.

Cargill (1999) and Taylor and Cargill (2001) investigated the theoretical
possible occurrence of shocks in the near cusp magnetosheath flow. This was
first investigated by Walters (1966). However only possible intermediate and
slow shock-like signatures have been reported near the cusp and magneto-
pause (but not established) in the literature so far (Song et al., 1992; Whal-
tour et al., 1995; Dubinin et al., 2002; Lavraud et al, 2002). On 04/02/2001,
the exterior cusp—magnetosheath boundary may be the result of reconnection
in the lobes as emphasized by Lavraud et al. (2002). The boundary would
possibly be a RD originating from a reconnection site located above the
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Figure 14. Pressures and four spacecraft magnetic field time series for an interval including the
main magnetic boundaries crossed on 04/02/2001. The nested feature observed at 21:41—
21:45 UT is the dayside plasma sheet encounter. The boundary observed at 22:02 UT is the
external current sheet between the exterior cusp and the magnetosheath. The ion pressure from
HIA (NkgT), the magnetic pressure (from FGM) and the total pressure are displayed in panel
a. The magnetic field strength from FGM is presented in panel b for the four spacecraft.
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spacecraft (Fuselier et al., 2000; Russell et al., 2000; Onsager et al., 2001).
This boundary is indeed shown to be a sharp boundary, rotational in nature
and it allows plasma entry into the cusp and subsequently the magnetosphere.
But the magnetosheath plasma appears heated right at the boundary, what
should not be expected at usual MHD RDs. Because of the pre-existence of
out-going hot exterior cusp plasma that mixes with the entering magneto-
sheath plasma, the distribution functions sampled on the inside of the
boundary appear quickly isotropic. This also reveals that the boundary is
very complex. More comprehensive analysis will be devoted to understanding
the physics of this key boundary in future papers.

Because the exact origin and nature of the discontinuity are unclear, it
may be more cautious to define the magnetopause as the boundary delimiting
the exterior cusp from the dayside plasma sheet (see Figure 1b). This is the
definition given by Russell et al. (2000). Note that if reconnection plays a
crucial role in structuring the cusp at large scale and that the external
boundary is the result of this process, it may be reasonable calling the
exterior cusp—magnetosheath boundary the magnetopause, which is the
definition of Onsager et al. (2001). And subsequently, the “‘exterior’ cusp we
dealt within this paper would be located ““interior” to the magnetopause.

5. Conclusions

We presented in Figure 1b a schematic of the Cluster path for all three
events: 19/02/2001, 04/02/2001 and 18/05/2001. Their different actual paths
through the various regions of the high-altitude magnetosphere in the cusp
region have allowed a global investigation of the high-altitude cusp and its
surrounding in a complementary way. We presented and analyzed the
overview of typical Cluster observations in the region for different solar wind
conditions. From this study, we may conclude the following.

We have described in details the high-altitude cusp precipitation region
properties. The large-scale energy dispersion features and the associated
large-scale convection appear to be dependent on the IMF orientation. The
short time-scale plasma flows showing a pitch angle evolution in accordance
with mirroring at low-altitude highlight the time-dependent nature of
plasma injections in the cusp region. The current spatial-temporal ambiguity
concerning ‘“‘cusp ion step” like structures was pointed out and further
illustrated through the analysis of the 18/05/2001 event. While such features
were previously recorded with dual satellites at low or mid-altitudes, we
have shown the probable occurrence of such spatial structure in the high-
altitude plasma mantle. The multi-spacecraft Cluster data can play a sig-
nificant role in trying to fix their spatial and temporal characteristics as well
as to infer their origin.
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The possible occurrence of steady reconnection in the lobes was pointed
out. However, a current space physics controversy was discussed in terms of
the exact characterization of the processes allowing for plasma entry into the
magnetosphere. The FTE and PTE observations are possibly due to the
same, unique process. These two different interpretations might reveal a
certain duality in plasma physics (Lui, 2001). Anyhow, the clear transient
nature of plasma penetration into the magnetosphere (and cusp) implies
dynamical processes, that steady state interpretations may not support.

We have shown observations of accelerated cold plasma at locations
where dynamical, kinetic effects are susceptible to generate electric fields.
They were shown to be observed intermittently in this region, and both
during the presence and absence of entering magnetosheath plasma. The
processes susceptible to generate these electric fields (induced by magneto-
pause motions or following a depolarization generated by protruding
plasma), as well as the origin of the cold ions (plasmasphere or ionosphere),
are still unclear. The combined use of the different, complementary instru-
ments onboard the multi-spacecraft Cluster mission will probably allow a
better comprehension of these phenomena in the near future. The density of
this cold plasma is often large, as pointed out by Sauvaud et al. (2001).
Because these are not always detectable within classical particle detector
energy ranges, the investigation of their possible permanent presence is
crucial for the physics of the whole magnetosphere. In low density regions,
the spacecraft potential is too high to permit the detection of this thermal
population that is only of a few eV most of the time. Finding a way to limit
the spacecraft potential is a major issue.

The presence of distinct populations (both H* and O components) of
high energy ions (540 keV) inside the exterior cusp has been evidenced by
use of the Cluster CIS CODIF instrument. As presented here, several reasons
for their presence may be found in the literature. The ionosphere (provided
some acceleration process exists) and the bow shock have been proposed as
possible source regions. The present observations, however rather favor the
dayside plasma sheet as a seed population for H" and O™ ions at these
energies. How leakage may occur would also need be addressed. Single event
studies may not permit to understand the actual origin of these ions. More
surveys are needed to try to discriminate between those alternate views, or at
least between their relative importance.

We finally gave an overview of the cusp large-scale picture. The global cusp
convection is linked to the interplanetary conditions and there are evidence for
its implication in structuring the cusp and its surrounding regions (presence or
absence of boundary layers). The exterior cusp is surrounded by clear
boundaries, with the lobes, the dayside plasma sheet and the magnetosheath.
This distant region is always characterized by a strong magnetic depletion,
which is partially the result of diamagnetic effect. The further out the space-
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craft are, the more stagnant the plasma appears on 04/02/2001. In addition to
a presumably low field at the null point of the Chapman Ferraro model
(Chapman and Ferraro, 1931) the magnetosheath population that fills the
region provides an excess plasma pressure. It is balanced by substantial dia-
magnetic effect and the cavity is formed, in apparent equilibrium with its
surrounding. Whether reconnection occurs and can explain part of the cusp
structure needs to be fixed in the future. For matter of caution, it may be
preferable to define the magnetopause as the indented boundary between the
exterior cusp and the magnetosphere itself. But if reconnection drives the
large-scale cusp structure and topology, the exterior cusp—magnetosheath
boundary depicted here may rather be called the magnetopause, implying that
the so-called “‘exterior cusp’ is inside the magnetopause.

The global structure, the magnetic field topology and the dynamics of the
high-altitude cusp region and its surrounding boundaries are keys to
understanding how solar wind plasma enters the magnetosphere. The Cluster
data have showed an unprecedented potential for the characterization of the
different boundaries surrounding the cusp. This paper presented multi-
spacecraft observations of the magnetospheric cusps where much of the solar
wind—magnetosphere interaction maps. The observations from the Cluster
mission already provide new insights into the physics of the magnetosphere.
It must be noted that the Cluster fleet inter-spacecraft distance will be
enlarged up to ~1 Rg for the 2003 cusp period. Exploring the exterior cusp
structure at large scale, which will also allow direct monitoring of the
magnetosheath conditions, should soon give rise to interesting studies.
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Abstract. This paper presents a review of the most interesting observations of low-frequency
plasma waves together with plasma particles which were made by the Interball 1, Magion 4
and Prognoz 8 satellites in the outer polar cusp. Accelerated plasma particles, hot electron
populations and very strong wave activity, particularly at low frequencies, are observed. A
detailed study of the wave spectra together with the distribution function for electrons indicate
the correlation between the presence of lower-hybrid waves and the population of the particles
with higher energy than in the surrounding space. These experimental facts suggest that strong
coupling between waves and particles is responsible for plasma heating. During polar cusp
crossings by Interball 1 and Prognoz 8, FFT analysis of the wave form indicates many bursts
of ULF emissions in both electric and magnetic components. These waves have highly non-
stationary characteristics. To study the dynamics of changes in the spectral characteristics of
the waves wavelet analysis has been used. Nonlinear interactions are studied using bispectral
methods of analysis. This presentation gives the results of such an analysis for selected cusp
crossings at different altitudes. An example of wave activity registered by the STAFF
instrument onboard the CLUSTER spacecraft in the polar cusp is also presented.
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1. Introduction

The polar cusp is a region of the Earth’s plasma environment where intense
conversion of energy takes place. Low-frequency plasma waves, which can
control the dynamics of the ions in collision free plasmas, play a very important
role in the formation and behaviour of this region. The fluxes of accelerated
plasma particles, electron and ion populations with higher temperatures than
the ambient plasma and very strong wave activity, particularly at the low fre-
quencies, can be observed in the polar cusp. The earlier observations of waves in
the polar cusp made by Hawkeye in the outer cusp, Viking in the middle cusp,
and Freja and DE-1 in the lower cusp indicate the presence of Alfven, lower
hybrid, electron and ion cyclotron waves as the most typical modes in this
region of the magnetosphere (Pottelette et al., 1990; Blecki et al., 1998, 1999;
Savin et al., 1999; Menietti et al., 2002; Savin et al., 2004). This situation indi-
cates that the polar cusp is an ideal laboratory for studies of nonlinear plasma
processes important for understanding the basic plasma physics, as well as the
magnetospheric and astrophysical application of these processes.

The goal of this paper is to document some highlights of the observations
made by Prognoz 8, Interball 1 and Interball’s companion subsatellite
Magion 4 in the polar cusp. The description of the wave instrument SAS
(Spectrum Analyzer for Subsatellite) on Magion 4 has been presented by
Blecki et al. (1997) and ASPI on Interball 1 by Klimov et al. (1997). Addi-
tionally, an example of multipoint wave measurements made by the Cluster
satellites and other examples from the much earlier Prognoz 8 single satellite
in the polar cusp are presented.

2. Plasma heating in the cusp

Plasma heating in the collisionless plasma in the polar cusp can be performed
by wave-particle interactions. The cusp crossing on 8 February, 1996, by
Interball 1 and Magion 4 presents one example of this process. The cusp
identification is done using the time-energy spectrogram from the Electron
instrument shown in Figure 1. Two cusp crossings are seen: the first is at
22:45-23:40 UT and the second one hour later (23:45-00:15 UT) at a distance
of about 7 Rg. Parameters of the electron component of plasma shown in
Figure 2 confirm this interpretation.

A small enhancement of the mean value of electron energy appears at
23:45 UT. This was also registered on Magion 4, 42 min ahead of Interball 1,
by its MPS (Magion Plasma Spectrometer) instrument. The upper panel in
Figure 3 shows a broadening of the electron energy spectra around 23:00 UT
indicating an increase of the electron temperature. Thus, there is a stable
region of the mechanism which leads to the heating of the electrons. This
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Figure 1. Time—energy spectrogram of the electrons registered by the Electron instrument on
the Interball-tail probe on 8 February 1996. The cusp crossing is seen at 22:35-23:40 UT. The
second encounter with the cusp can be observed at 23:45-00:15 UT.
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Figure 2. Electron parameters evaluated from the spectra of energy shown in Figure 1. A
small enhancement of the mean energy (temperature) is seen (bottom panel) at 23:45 UT.
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region is likely to be the edge of the cusp, where the strong waves (lower
hybrid, electron cyclotron) are generated and can interact with electrons
leading to their heating.

In Figure 4 the dynamic spectra of the magnetic fluctuations in the fre-
quency range from 10 Hz up to 2 kHz are shown. The increase in the spectral
density at the frequency corresponding to the electron cyclotron frequency
(around 600 Hz) is seen at about 21:51 UT when Magion 4 entered the polar
cusp (not shown). During the entire crossing strong wave activity was reg-
istered in the lowest part of the spectra, corresponding to the lower hybrid
frequency. Comparing Figures 3 and 4, one can see the correlation of these
low-frequency waves with the increase of the plasma temperature. At the
moment of the increase of the electron temperature (23:00 UT), the intensity
of the electron cyclotron waves rises.

A similar effect is present during the cusp crossing on 2 March, 1996.
Interball 1 sees the cusp electrons at 16:25-17:15 UT at a distance of 5.5 Ry
(Figure 5). The broadening of the spectra indicates the increase in the
electron temperature seen at the edge of the cusp. Figure 6 shows the energy—
time spectrogram for the same cusp crossing by Magion 4. The time sepa-
ration between both satellites was 30 min on this day; Magion was again
ahead of Interball 1. Magion 4 entered into the cusp before 15:55 UT (not

MAGION-4 MPS/SPS 08-Feb-1996
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Figure 3. Time—energy spectrogram of electrons (upper panel) and ions of different pitch
angles (3 next panels) from the MPS instrument taken during cusp crossing on 8 February,
1996.
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Figure 4. Spectra of the magnetic field fluctuations measured by the SAS instrument onboard
Magion-4 in the outer polar cusp on 8 February, 1996. The vertical axis is the spectral density
in nT/Hz'?. The lower hybrid and electron cyclotron frequencies are in the ranges 15-20 Hz
and 600-800 Hz, respectively.

seen in the figure). Some broadenings of the spectra during the cusp crossing
are seen in Figure 6. The broadening of the electron spectra corresponds to
the presence of the ion beams (second panel in Figure 6).

Figure 7 shows the plasma wave spectra during this cusp crossing. The
characteristic emissions one can see at frequencies in the lowest part of
the spectra correspond to the lower hybrid frequency and in the higher part
of spectra, around 300-500 Hz, to the electron cyclotron frequency. The
modulation of the spectra is due to technical problems with the telemetry. A
comparison of Figures 6 and 7 shows that lower hybrid waves may correlate
with the heating of the electrons, which can generate higher frequencies
(electron cyclotron). This case can be interpreted as the cascade of energy
from lower frequency waves (lower hybrid) to higher frequency waves
(electron cyclotron) through plasma heating. A discussion of cascading is
given in the last Section of this paper and in Savin et al. (2004).

3. Waves registered at the reconnection site

The reconnection of magnetic field lines in the magnetospheric plasma pro-
duces plasma jets which can generate the low-frequency plasma waves.
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Figure 5. Time—energy spectrogram of the electrons registered by the instrument on the
Interball-tail probe on 2 March, 1996. The cusp crossing is seen at 16:25-17:15 UT.

Figure 8 shows the spectra of the magnetic field fluctuations taken in the outer
polar cusp by Magion 4 satellite in the vicinity of the reconnection site,
observed by the Polar satellite on 29 May, 1996. The conjunction of the orbits of
the Polar, Interball 1 and Magion 4 satellites during this event allows us to study
processes occurring in the reconnection site and its vicinity simultaneously.
This case was described in detail by Savin et al. (1998a, b, 2003) and Scudder et
al. (1998). The very high level of wave intensity occurs in the frequency range
corresponding to the lower hybrid frequency. These waves are a source of
anomalous resistivity and diffusion (Haerendel, 1978, and Treumann, 1995).
The enhancement of wave intensity is also seen at the electron cyclotron fre-
quency. Magion 4 was outside the reconnection site but close to it, and observed
waves generated by high energy electrons produced by reconnection. The
DOC- S experiment was switched off during this event. Thus, we are not able to
correlate our wave observations with registration of the high energy electrons,
but a very high level of wave intensity can suggest this correlation.

4. Energetic electrons in the polar cusp

One of the recent discoveries made by the Polar, Interball 1 and Magion 4
satellites in the polar cusp is the presence of high energy ions and elec-
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Figure 8. Spectra of plasma waves registered by Magion 4 on 29 May, 1996 in the vicinity of
the reconnection site. The maxima of the wave intensity seen around 4:10 UT and 4:25 UT
correspond to lower-hybrid waves (lower-hybrid frequency ~60-80 Hz). The spectral density
is measured in nT/Hz!.

trons in this region (Chen et al., 1998; Pisarenko et al., 2001). Strong
plasma wave emissions are associated with these particles (Blecki et al.,
1999; Pickett et al., 1999). Figure 9 shows the wave spectra taken by the
SAS instrument taken during an encounter of Magion 4 with the flux of
high energetic electrons (see Figure 10) on 17 January, 1996. The mag-
netopause was crossed around 3:50 UT when the flux of energetic elec-
trons (20-180 keV) decreased dramatically. About 10 min later this flux
increased again. Magion 4 entered into the cusp region. At 4:02 UT level
of the plasma wave intensity increased to the highest level ever registered
by Magion 4. The spectra shown in Figure 9 have the maxima at low
frequencies corresponding to the lower hybrid mode as well as at the
electron cyclotron frequency and its harmonics (up to third order). The
correlation of these particles with emissions at the electron cyclotron
frequency and its harmonics could suggest that a relativistic electron maser
mechanism could be involved in the generation of these waves.

The temporal separation between Magion 4 and Interball 1 was 45 min.
Figure 11 shows the time—energy spectrogram of the electrons; the time when
Interball 1 met polar cusp was just 45 min later at 4:40 UT. This again shows
the stable position of the edge of the cusp.
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Figure 11. Time—energy spectrogram of the electrons registered by the ELECTRON instru-
ment onboard Interball-tail probe on January 17, 1996. The entrance of the Interball 1 into the
cusp is seen at 4:45 UT. The delay in relation to the observations of Magion 4 is 45 min — just
the delay of the orbital movement.

5. Analysis of waveforms from Prognoz 8, Interball and Cluster

One of the most important problems with wave measurements made in
dynamic regions of the magnetosphere is the nonstationarity of the processes
occurring there. Wave spectra derived from satellite instruments usually use
the Fourier analysis method. The wave spectra taken during the cusp
crossing by the Cluster spacecraft on 25 September, 2001 (shown in
Figure 12) indicate very strong variability from one spectrum to another. It
also indicates the nonstationarity of the wave processes and strong variations
in the sources of the waves within the polar cusp. The application of wavelet
analysis allows us to avoid this problem. Moreover, this analysis gives a
much higher spatio-temporal resolution; it can also help to find the nonlinear
evolution of waves and the cascading of energy between different wave
modes. The wavelet used in this analysis is based on the Morlet wavelet. An
additional method used to study the wave form transmitted from the Cluster
satellites is bispectral analysis, which is useful to study wave-wave interac-
tions and find the wave modes interacting nonlinearly via three-wave
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Figure 12. The wave activity in the polar cusp.

processes (Kim and Powers, 1978). The resonance conditions for these pro-

CESSESs are:

W] + Wy = w3

ki +ky = ki
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Verification of these conditions is possible by computing the bispectrum
for the three wave modes k, / and k +/, defined as:

B(k, 1) = E[XiXiX; ]

where X are the spectral components of signals k, / and k+/ respectively.
Bispectral analysis uses the wavelet spectra. The asterisk denotes the conju-
gate value of the complex spectral component at X. The brackets denote an
averaging over the analyzed time interval. A quantitive measure of the phase
coherency may be made by computing the bicoherence spectrum which is
defined, in terms of the bispectrum, as:

1 Bk, D
T P(k)P(I)P(k + I)

P (k, 1) = lim

where P(k), P(/) and P(k+/) are auto power spectra. Both methods are
implemented in the SWAN software developed by Lagoutte et al. (1999).
Figure 12 shows one of the most interesting cusp crossings made by the
Cluster satellites on 25 September, 2001. Satellites 1, 2 and 4 entered the cusp
at almost the same time (20:25 UT), satellite 3 about 20 min later. The
electric wave component has a broader spectrum than the magnetic one. The
electron cyclotron frequency is around 10 kHz, the lower hybrid frequency
around 250 Hz and the proton cyclotron frequency around 6 Hz. The
Whisper instrument (data not shown here) registered strong electron cyclo-
tron waves during the entire cusp crossing. The analysis of the waveform of
the magnetic component for two different time intervals with 2 min duration
from Cluster 1 are shown in Figure 12A 3 and from Cluster 3 in Figure 12A
5. Figure 12A 2 illustrates a strong three-wave interaction at around the
frequency 1.5 Hz and in the frequency range 2.5-5 Hz. Some bicoherence
maxima are seen in these frequency ranges, both of which are below the ion
cyclotron frequency and correspond to Alfven waves. In Figure 12A 3,
wavelet spectra around 20:34 UT (corresponding to the bispectrum time
interval) indicate cascading from around 0.5 Hz up to 1.5 Hz. Figure 12A 4
shows the bispectrum from Cluster 3 for the time interval 20:58-21:00 just
25 min later (the time delay from the relative position of the satellites). One
can see a very similar characteristic interaction around 1.5 Hz. The wavelet
spectra in Figure 12A 5 also contain information about the cascade around
0.5-1.5 Hz. The coincidence of the presence of strong nonlinear processes in
the same region of space, at the edge of the cusp, suggests the existence of
long-lived active structures. Figure 12A 6 shows the wavelet spectra of the
magnetic wave component exactly at the cusp edge observed by Interball 1 on
2 April, 1996. The cut-off of the waves is seen at the lowest frequency, 0.5—
1 Hz, which corresponds to the ion cyclotron frequency for protons and at
the highest frequency, about 35 Hz, corresponding to the lower hybrid fre-
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quency. The characteristic feature of the wavelet spectra is their subtle
temporal structure, suggesting subtle structure in the source of these waves.
Figure 12A 7 shows the wavelet spectra of the electric wave component taken
by the Prognoz 8 satellite in the outer polar cusp on 14 January, 1981. This
confirms the broadband character of the wave activity in the polar cusp and
the subtle structure of these spectra.

6. Conclusions

The results presented in this paper on wave measurements in the polar cusp
show that waves are a good indicator of the dynamic processes occurring
there. The characteristic features of the wave spectra most frequently
observed are broadband emissions, maxima at the lower hybrid frequency,
the electron cyclotron frequency and sometimes its harmonics, and below the
ion cyclotron frequency. In other cusp crossings such strong waves were not
always present. It seems that the most intense waves in the cusp are associ-
ated with its edge and with the presence of high energy charged particles.

The waves observed in the cusp region together with the energetic particles
can be discussed either in the context of plasma instabilities triggered by these
particles or as a cause of the acceleration and energization of these particles.
The subtle structure of the wave spectra reflects the fine structure of the cusp,
and two possibilities can be discussed. One is a filamentation of the currents
flowing there, and the other is a wavy structure of the cusp generated by
nonlinear kinetic Alfven waves (Galperin et al., 1986; Yamauchi and Lundin,
1997; Bigham et al., 2001, more details are given in Blecki et al., 2004).
Wave—particle interaction processes can be assumed as the mechanism for the
energy cascade from low-frequency waves to high-frequency waves via
heating and acceleration of the plasma particles in the polar cusp. The strong
intensity of the waves is associated with nonlinear processes initiated by
wave-wave and wave—particle interactions.
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Abstract. Cluster measurements of the cusp and high latitude magnetopause boundary on 26
January, 2001 confirm that the cusp is a dynamic region full of energetic charged particles and
turbulence. An energetic ion layer at high-latitudes beyond and adjacent to the duskside mag-
netopause exists when the Interplanetary Magnetic Field (IMF) has a southward orientation.
Multiple energeticion flux bursts were observed in the energetic ion layer. Each energetic ion flux
burst was closely related to a magnetic flux rope. The axes of the flux ropes lie in the direction
pointing duskward/tailward and somewhat upward. An intense axis-aligned current flows inside
the ropes, with the current density reaching ~10™ A/m?. The main components of the energetic
ions are protons, helium and CNO ions, which originate from the magnetosphere, flowing out
into the magnetosheath along the axis of the flux ropes. The velocity of the magnetosheath
thermal plasma relative to the deHoffman-Teller (DHT) frame is found to be basically along the
axis of the flux ropes also, but towards the magnetosphere. These flux ropes seem to be produced
somewhere away via magnetic reconnection and move at similar DHT velocities passing over the
spacecraft. These observations further confirm that the high-latitude magnetopause boundary
region plays an important role in the solar wind-magnetopause coupling.

Keywords: cusp, energetic particle flux, flux transfer events, high-latitude magnetopause
boundary layer, magnetic flux rope, magnetic reconnection, magnetopause, magnetosheath
boundary layer

Abbreviations: ACE — Advanced Composition Explorer; IMF — Interplanetary Magnetic Field
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1. Introduction

The cusp region and high-latitude boundary layers are generally recognized
as being key regions for the solar wind-magnetosphere interaction. The cusp
is described as a funnel-shaped region where the field lines from the mag-
netopause boundary on the day and night sides converge towards low alti-
tudes. Early studies suggested that the cusp was a narrow region centered
near the local noon. However, from measurements at higher altitudes by
Interball 1, Prognoz 7 and 8, Polar, Image and recently Cluster II, the cusp
no longer is believed to be confined to be near local noon but appears to
encompass a large portion of the dayside high-latitude magnetosphere. The
cusp is generally identified by a decrease in the total magnetic field strength
together with enhancements in plasma density and temperature. High alti-
tude observations have further revealed that the cusp appears to be a region
characterized by the presence of energetic charged particles and magnetic
field turbulence as well (Fritz, 2001; Zong et al., 2002; Fritz et al., 2003). The
power of turbulent waves is substantially higher there than that in the
magnetosheath. The fluctuations are found to have a spiky character. Sig-
nificant fluxes of energetic particles are continuously present, and energetic
particle bursts are frequently registered (Chen et al., 1998; Zong et al., 2003).
The sources of these particles and their role in the overall dynamics of the
magnetosphere remain hot topics of scientific discussion. Nevertheless, they
must be closely related to energization and transport processes occurring
locally and nearby.

In the ‘open’ model of the magnetosphere, magnetic field lines merging on
the dayside magnetopause are convected across the cusp into the mantle
(Dungey, 1961). The opened field lines in the cusp map to the high-latitude
ionosphere poleward of the last closed field line on the Earth’s dayside. These
field lines experience essentially stochastic behavior, but on average they
provide topological connection between the cusp and magnetosheath and
thus allow the shocked solar wind plasma to enter the magnetosphere. For
southward Interplanetary Magnetic Field (IMF), reconnection tends to occur
equatorward of the cusp at the subsolar region, or at higher latitudes and
away from noon, depending on the IMF clock angle. For northward IMF,
reconnection is expected to take place tail-ward of the cusp. Some cusp field
lines can participate in anti-parallel merging for any orientation of the IMF
(Crooker, 1979; Luhmann et al., 1984). With a predominant Y-component of
the IMF reconnection occurs near and even in the cusp region. By examining
an event of bursty enhanced energetic electron flux observed by Cluster II in
the Cusp, Zong et al. (2003) propose that flux ropes are probably formed in
the dawn (dusk) side of the northern cusp during northward IMF with a
significant positive (negative) B, component. We shall refer to this as cusp
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reconnection. Reconnection in the cusp region will certainly attract more and
more attention in the near future.

The existence of boundary layers inside and adjacent to the magnetopause
is pronounced evidence for the entry of magnetosheath plasma into the
magnetosphere. Two high-latitude magnetopause boundary layers next to the
exterior cusp have been identified (Sibeck et al., 1999): The entry layer
(Paschmann et al., 1976), which is a region of direct, turbulent entry of
magnetosheath plasma onto field lines that map to the low-altitude cusp, and
the plasma mantle (Rosenbauer et al., 1975), which is located on field lines
where injected magnetosheath plasma continues tailward. While the mag-
netopause is commonly regarded as a source region for magnetospheric
plasmas, observations show that it is a loss region as well (Sibeck et al., 1999).
Energetic magnetospheric particles are a common feature outside the mag-
netopause (West and Buck, 1976; Meng et al., 1981). The layer of magne-
tospheric particles outside the magnetopause is often referred to as the
magnetosheath boundary layer (MSBL) (Sibeck et al., 1999). The electron
layers are observed most often on the dawnside of the plasma sheet and
protons on the duskside (Meng et al., 1981). Recently, Zong et al. (2002)
reported that an energetic ion layer was observed by Cluster 4 spacecraft in
the high-latitude magnetosheath adjacent to the afternoon magnetopause.
These ions are found to be highly anisotropic and to exhibit a clear anti-
sunward flow. Among all processes, which have been proposed to account for
the transfer of solar wind mass into the magnetosphere and the escape of
magnetospheric particles into the magnetosheath, magnetic reconnection is
widely believed to be the primary mechanism. Many transient reconnection
events have been observed at the dayside high-latitude magnetopause.
However, it is not quite clear yet where, why and how they are initiated.
Improving our knowledge of detailed reconnection signatures, the associated
structures and the global consequences near high-latitude magnetopause
remains one of the major tasks of magnetospheric research.

The Cluster mission is designed to study the small-scale structures and
multi-scale dynamics in key regions of the magnetosphere. The scientific
objectives are achieved by having the four identical spacecraft in a polar orbit
of 4 x 19.6 Earth radii. The spacecraft trajectory crosses the cusp and dayside
high-latitude magnetopause when the cluster apogee is in the solar wind. The
traversals on these occasions provide unique opportunities to study the
dynamical structures and processes in the cusp and high-latitude magneto-
pause (Balogh et al., 2001; Dunlop et al., 2001). Both magnetospheric and
magnetosheath flux transfer events (FTEs) in the magnetopause boundary
regions adjacent to the cusp have been measured and investigated (Wild
et al., 2001). The form of the field perturbations observed in these events is
found to be consistent with the formation of open flux tubes through time-
dependent reconnection at the magnetopause. On January 26, 2001 from
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10:30 to about 11:23 UT, after passing over the high-altitude cusp region, the
Cluster constellation was traversing the high-latitude boundary regions. In
the first part of this time interval, four spacecraft saw several times of
Alfvenic accelerated flows and D-shaped ion distributions which were con-
vincing signatures of magnetic reconnection initiated equatorward of the
Cluster satellites (Bosqued et al., 2001). Between 11:10 and 11:23 UT, Cluster
was staying in the MSBL outside, but adjacent to, the magnetopause. Four
spacecraft observed an event of multiple bursty enhancements of energetic
ion flux. Later, around 11:30-11:33 in the magnetosheath, the constellation
encountered pronounced FTEs. The 26 January events have attracted much
attention in the Cluster community, the magnetic reconnection signatures
before 11:10 UT being extensively investigated by Bosqued et al. (2001). The
present work is devoted to the multiple bursty enhancements of energetic ion
fluxes, together with the magnetosheath FTEs.

Our paper is organized as follows. In Section 2 we briefly give useful
information on RAPID imaging energetic particle spectrometer aboard
Cluster by which the bursty enhancements of energetic ions were detected. In
Section 3 we describe observations of energetic particles, magnetic field and
thermal ions of the events. A principal axis analysis of the magnetic field data
and deHoffmann-Teller (DHT) analysis are performed in Section 4. It will be
shown that each enhancement of energetic ion flux is closely related to the
appearance of a flux rope. In Section 5 a rigorous curlometer calculation is
presented based on multi-point magnetic field measurements to evaluate the
current density within the spacecraft tetrahedron. It will be seen that each
flux rope corresponds to a current tube in which the magnitude of the axis-
aligned current can be as high as ~10™® A/m?. A brief summary is given in
Section 6.

2. Instrumentation

The particle spectrometer RAPID on board Cluster measures the vector
velocity and energy of energetic ions and electrons. It comprises two inde-
pendent instruments — the IIMS for detecting ions and IES for electrons. The
IIMS consists of 3 sensor heads, which can sort the incoming ions into 12
polar angle segments and 16 azimuthal sectors. With a time-of flight telescope
it can identifies ion species in 3 mass ranges: 30-1500 keV for protons, 100—
1500 keV for helium ions and 105-1500 keV for CNO ions. The IES is also
arranged into 3 units and can sort the electron fluxes with an energy range of
20-400 keV into 9 polar segments and 16 azimuthal sectors. For more
information about this advanced particle detector, readers are referred to
Wilken et al. (2001) and the RAPID instrument paper (Wilken et al., 1997).

Accurate magnetic field measurements are provided by the Cluster Flux
Gate Magnetometer (FGM) on board four spacecraft. Plasma measurements
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are performed by the Cluster Ion Spectrometry (CIS) experiment. The
experiment consists of two different instrument — a Composition and Dis-
tribution Function Analyzer (CIS1/CODIF) and a Hot Ion Analyzer (CIS2/
HIA). The energy ranges of HIA and CODIF have ~5-32 keV/e and
~0-38 keV/e, respectively. For more information about these instruments,
please see the relevant articles (Balogh et al., 2001; Reme et al., 2001).

3. Observations

In this section we present a set of data measured by RAPID, FGM and CIS
for the event studied. Since the four spacecraft measurements generally have
no distinguishable differences, data from only one spacecraft (CS3) are used
except the cases specially mentioned.

On 26 January, 2001, the four Cluster spacecraft were traveling outbound
in northern high-latitudes from the magnetosphere to the magnetosheath.
Figure la shows the location of Cluster in the magnetopause boundary
normal coordinate system (Russell and Elphic, 1978) at the time of interest
(~11:10 UT). In the Geocentric Solar Magnetospheric (GSM) coordinate
system, CS3 is at X=54Rg, Y=7.6Rg and Z=9.7Rg (or at X=5.4 Rg,
Y=8.0Rr and Z=9.3Rg in Geocentric Solar Ecliptic (GSE) coordinate
system). The separation distance between the different spacecraft of the
constellation is less than 700 km. Figure 1b is a dawn-dusk cut (looking from

(a) (b)

Boundary normal
coordinate system

N normal orentation
M
L=M=xN

Figure 1. (a) Cluster location in GSM coordinate system at 11:10 UT on 26 January, 2001. (b)
Cluster orbit from 08:00-12:00 UT, looking from 15:00 PM Local Time on this day, and
model magnetic field lines.



198 Z.Y.PUET AL.

15:00 Local Time) of the Cluster trajectory from 06 to 18 UT projected onto
the Tsyganenko magnetic field model (Tsyganenko and Stern, 1996). It is
seen that spacecraft was moving out of the plasma mantle, crossing the cusp
and high-latitude magnetopause boundary regions, and entering the mag-
netosheath. Advanced Composition Explorer (ACE) measurements (not
shown here) indicate that during the time interval of interest, IMF B.< 0, B,
is the dominant component and directed eastward ( < 0); the solar wind speed
is around 350 km/s.

Figure 2 gives an overview of RAPID, CIS and FGM measurements on
this day from 8:00 to 12:00 UT. The six panels from the top to the bottom
show, respectively, the energy-integrated flux of energetic protons and elec-
trons, the number density of thermal ions, the thermal plasma velocity
component v, and v,, the total magnetic field B,, and the magnetic field
components By, B, and B. versus time. The GSE coordinate system is used.
Four vertical lines mark the sharp boundaries between five different regions.
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Figure 2. An overview of energetic proton and electron fluxes, thermal ion plasma number
density and velocity, and magnetic field from the Cluster/spacecraft 3 (CS3) during 08:00—
12:00 UT on 26 January, 2001.



MULTIPLE FLUX ROPE EVENTS 199

It is seen that the cusp region is characterized by enhanced energetic particle
fluxes and a depressed, but highly turbulent, magnetic field. In the magne-
topause boundary regions the energetic ion flux remains high, whereas the
electron flux reduces. The magnetopause separating the entry layer and the
MSBL is shown by the dashed line where the B. component changes its sign.
In the energetic ion layer beyond and adjacent to the magnetopause the ion
flux decreases with increasing distance from the Earth. However, several
noticeable spikes are seen before the spacecraft left the layer.

Later in the magnetosheath, sudden enhanced energetic ion fluxes are
recorded, together with notable variations of the plasma velocity and mag-
netic field.

Figure 3 plots the integral fluxes of energetic ions versus time. The length
of the abscissa is chosen to be from 11:06 to 11:36 UT, covering mainly the
period when Cluster was moving in the energetic ion layer and in the mag-
netosheath adjacent to the magnetopause. The first, second and third panels
show, respectively, protons (J,) and electrons (J;), helium ions, and CNO
ions which mainly consist of oxygen ions. As has been mentioned before,
while the energetic electron flux remains at a very low (background) level,
eight ion bursts were found during the period from 11:10 to 11:23 UT when
Cluster was crossing the energetic ion layer, the average separate time being
72 s. The sharp increases in fluxes of the three ion components occur almost
simultaneously. The final huge enhancements were seen between 11:30:30 and
11:32:30 UT when the four spacecraft had entered into the magnetosheath. It
is of interest to note that for the flux ratios of J(CNO)/J(p) =~ 10% and
J(He)/J(p) ~ 20%. These typical values imply that these energetic ion species
have a magnetospheric origin (Zong and Wilken, 1998).

Figure 4 presents the number density, velocity, and temperature (parallel
and perpendicular to the magnetic field) of the thermal plasma compared
with the energetic proton flux. It is seen that, in the most energetic ion burst
events, the thermal ions of solar wind origin have reduced fluxes, but
somewhat raised temperature. In previous studies (such as Bosqued et al.,
2001) the final burst seen in the magnetosheath was regarded as one FTE.
However, by a careful inspection of each panel in Figure 4, we can see that it
actually consists of two overlapping events. We will come to this point later
in the paper.

Figure 5 illustrates the magnetic field variations compared with that of
the energetic proton flux. The three components of the magnetic field Bj«,
By« and By« in the boundary normal coordinate system are shown in the
panel. The relevant minimum variance analysis (Son-nerup and Scheible,
1998) is performed based on FGM data from 10:10 to 11:40 UT. The
boundary normal coordinates (L*, M*, N*) obtained are L*=(-0.76, 0.09,
0.64), M*=(0.15, -0.94, 0.31), and N*=(0.63, 0.33, 0.70), which are
similar to those found by Bosqued et al. (2001). They can be considered to
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Figure 3. The integral fluxes of energetic protons, electrons, helium ions, and CNO ions
observed by RAPID onboard CS3 for 30 min on 26 January, 2001.
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be representative for the average geometry of the magnetopause boundary
during this period of time. We find that each enhancement of energetic ion
flux appears to be in close association with a magnetic field structure,
which has a bi-polar variation in the Bys-component, the typical signature
of a flux rope-like event. Moreover, it can be seen that the peak of each
energetic ion burst almost precisely corresponds to the center of the
bi-polar By+. This indicates that the burst of energetic ions occurs in the
center of a flux tube. We shall show later in the paper that for each flux
rope-like event there exists a DHT frame (Khrabrov and Sonnerup, 1998)
in which the convection electric field nearly vanishes.

The color plot of Figure 6 shows the direction of motion of the energetic
ion bulk flow in the spacecraft coordinate system. 6 and ¢ denote the polar
angle and azimuthal angle, respectively. Sunward, duskward, tailward. and
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Figure 4. The number density, velocity and temperature of the thermal plasma by CIS/CS3,
compared with the energetic proton flux by RAPID/CS3.

dawnward directions are indicated in the figure. It is seen from Figure 6 that,
during the first eight events, energetic ions were moving basically duskward
and tailward. For the later FTEs, the ion flow was essentially duskward.
Furthermore, in first eight events the overall direction with respect to the
polar angle was upward, while in the later FTEs it was nearly parallel to the
ecliptic plane.

4. Principal axis analysis
We have shown in the previous Section that each enhancement of energetic

ion flux is associated with a flux rope-like structure and that the burst of
energetic ions appears to occur in the center of the flux rope. In this Section
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Figure 5. The magnetic field observed by FGM/CS3 compared with the energetic proton flux
(top panel) measured by CS3 (thin) and CS4 (thick).

we perform the principal axis analysis (PAA) for each event to determine the
orientation of the flux rope by using the minimum variance analysis (MVA)
technique (Sonnerup and Cahill, 1968; Sonnerup and Scheible, 1998). The
DHT Analysis (Khrabrov and Sonnerup, 1998) is also performed along with
the PAA to show that all flux rope-like structures have a definable DHT
frame so that they are quasi-stationary structures.

The original purpose of the MVA was to find from the spacecraft data the
direction normal to a transition layer in the space plasma. The MVA can
provide a natural coordinate system in which to display and analyze the data.
We apply this technique as a PAA means to determine the axis direction of
the flux ropes. Hereafter we refer to this procedure as ‘magnetic field PAA.’
The MVA presents the directions of maximum, intermediate and minimum
variance of the magnetic field, which are denoted by L, M, and N, respec-
tively. For details of the technique, readers are referred to the original papers
by Sonnerup and Cahill (1968) and Sonnerup and Scheible (1998).

There have been two magnetic field PAA models for determination of the
flux rope orientation: these are the Farrugia-Elphic-Southwood (FES) model
(Elphic and Southwood, 1987; Farrugia et al., 1987) and the Russell and
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Figure 6. The spectrogram and direction of motion of energetic ions observed by RAPID/
CS3. The panels show, from the top to the bottom: Energy spectrograms of protons, helium
ions, heavy ions (m > 4), the polar distribution of total flux in the spacecraft coordinate
system, the azimuthal distribution of total flux, the flux of protons (black line) and heavy ions
(red dots), the flux of total ions (black line) and helium ions (blue dots).

Elphic (RE) model (Russell and Elphic, 1979). The FES model applies to the
events of ‘grazing pass’ in which the spacecraft does not directly pass through
the magnetic flux rope. The magnetic field and velocity variations in these
cases are roughly consistent with disturbances around an impenetrable
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obstacle, and the flux rope axis direction manifests the minimum variation
direction (Elphic and Southwood, 1987; Papamastorakis et al., 1989). On the
other hand, the RE model deals with the so-called ‘crater’ events in which
the spacecraft trajectory does pass through the flux rope. By assuming that
the flux rope is in a force-free equilibrium situation, Russell and Elphic (1979)
showed that the intermediate variation direction basically represents the
orientation of the flux rope and that the magnetic field component in the
minimum variation direction is almost zero.

Table I presents the magnetic field PAA results for events studied in which
A; denotes the eigenvalue, i = 1,2 and 3 refer to the maximum, intermediate
and minimum, respectively. The values of the ratios 4,/4; and 4;/43 of all
events indicate the reasonable application of MVA (Sonnerup and Scheible,
1998). Later in this Section we show that there exists a definable Vpyt for
each event (see Table II) so that all magnetic structures related to the ener-
getic ion bursts are probably flux ropes (Khrabrov and Sonnerup, 1998).

The magnetic field PAA shows that seven of the first eight quasi-periodic
events in the energetic ion layer appear to be ‘grazing’ ones for which the
minimum variance direction is nearly parallel to the axis of the flux ropes.
For these events three components of the unit vector N are given in Table 1.
Meanwhile, the event at ~11:31 UT seen in the magnetosheath manifests a
typical FTE. The flux tube axis of this FTE lies in the intermediate variation
direction, for which the unit vector M is also listed in the table. The orien-
tation of the first (~11:10 UT) and the last (~11:32 UT) events may not be
simply determined by the magnetic field PAA (see the reasons below).
Nevertheless, the unit vector N of the first event and M of the last event are
still put in the Table, but with a question mark, respectively.

TABLE I
Principal Axis Analysis for 10 events

Events Time (UT) ¢ 0 Axis orientation (GSE) Aol 23
1 ~11:10 134° 42° —-0.47, 0.48, 0.74 (N?) 1.9
2 ~11:13 139° 20° —-0.26, 0.25, 0.95 (N) 2.5
3 ~11:14 126° 65° —-0.53, 0.73, 0.43 (N) 39.0
4 ~11:15 157° 83° —-0.91, 0.38, 0.11 (V) 134
5 ~11:17 132° 70° —-0.60, 0.67, 0.43 (N) 6.7
6 ~11:18 125° 88° —-0.58, 0.81, 0.03 (V) 50.7
7 ~11:19 119° 68° —-0.45, 0.81, 0.37 (N) 4.7
8 ~11:22 120° 58° —0.40, 0.69, 0.61 (N) 8.3
I ~11:31 123° 92° —-0.55, 0.84, —-0.03 (N) 19.2
I ~11:32 94° 78° —-0.07, 0.98, 0.21 (M?) 1.1
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TABLE II
DeHoffmann-Teller Analysis for 10 events

Events Time (UT) ¢ 0 Voot (v VorT0) Vpure)
1 ~11:10 150° 57° -211.6 122.3 141.2
2 ~11:13 149° 58° -224.3 133.3 151.2
3 ~11:14 151° 56° -206.7 115.2 136.5
4 ~11:15 148° 60° -230.3 145.9 156.8
5 ~11:17 147° 59° -2214 143.8 152.4
6 ~11:18 149° 57° -210.6 127.5 141.5
7 ~11:19 145° 61° -239.6 166.7 138.0
8 ~11:22 145° 61° -235.7 163.7 136.2
1 ~11:31 150° 58° -220.7 127.2 139.8
11 ~11:32 155° 54° -201.8 95.7 160.5

Hodogram pairs of (B, By,) and (B;, By) for events at ~11:16 and ~11:31
are shown in Figures 7a and b, as representatives of the ‘grazing’ and the
‘crater’ flux ropes, respectively. Figure 7c draws the hodograms for the sec-
ond overlapping (i.e. the last) event at ~11:32. It is seen that By; and By are
well comparable. Besides, the ratio of A,//3 is only about 1.1, too small to
distinguish the intermediate and minimum variations. Therefore MVA, and
hence the two conventional models of magnetic field PAA, do not work for
this event. A similar thing happens for the event at ~11:10. We try to
determine the orientation of the flux rope in these events by developing a
supplementary approach in the next Section.

It is worthwhile to note from Table I that, in all the events observed, the
directions of the flux ropes have a negative X-component and a positive
Y-component. As to the Z-component, it is either positive or almost zero. We
can then draw an important conclusion by comparing Table I with Figure 6
that in all energetic ion burst events the bulk flow of the ions is essentially
along the axis of the associated flux rope. It is likely that these ions originate
from the magnetosphere (entry layer/low-altitude cusp) and escape into the
magnetosheath across the high-latitude duskside magnetopause boundary.

We have also made the DHT analysis for all the events studied. The
results are listed in Table II. It is clearly seen in Table II that the vectors Vgt
of all events are not too different in magnitude, while their directions are
quite similar. This implies that all flux ropes may come from the same
direction. Moreover, in all events the velocity of magnetosheath thermal
plasma relative the DHT frame is found to be basically along the axis of the
flux ropes, but opposite to the main direction of the energetic ions (not shown
in the Table). These flux ropes are probably produced via magnetic recon-
nection somewhere away from the spacecraft location. The eight flux ropes
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Figure 7. Hodogram pairs of (B, By) and (B, By) for events at: (a)~11:16, (b) ~11:31, and
(¢) ~11:32 UT on 26 January 2001 observed by CS3.

observed in the energetic ion layer do not necessarily have the same origin as
that of the two FTEs seen in the magnetosheath. The formation mechanism
of these flux ropes is left for another paper. Anti-parallel reconnection
(Crooker, 1979; Luhmann et al., 1984), high-latitude unifying reconnection
(Boudouridis et al., 2002) and cusp reconnection such as that by Zong et al.
(2003) may shed light on this subject.

5. Current density determination

One of principal objectives of the four-spacecraft Cluster mission is the direct
measurement of the spatial gradients of the magnetic field in the key
boundary regions of the magnetosphere. In the linear approximation we can
use the simultaneous measurements at the vertices of the tetrahedron to
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estimate the current density within the tetrahedron. Methods which have
been proposed for doing such an analysis include the ‘curlometer’ technique
(Dunlop et al., 1988; Robert et al., 1998), the linear interpolation approach
(Khurana et al., 1996), and the finite difference method on barycentric
coordinates (Chanter, 1998). We have independently developed the linear
interpolation approach like that of Khurana et al. (1996), and analytically
and numerically demonstrated that, within the linear approximation, all the
aforementioned methods lead to the exactly the same results.

We have applied the linear interpolation approach to calculate the current
density J for all events studied. Figure 8 presents an overall view for the time
period of interest compared with the energetic proton flux (bottom panel).
The top panel shows the x, y, and z components of J in the GSE coordinate
system. The middle panel plots the ratios V - B/|V x B| which has been
regarded as the estimation of the relative error 6J/J (Robert et al., 1998). It is
seen that in a number of circumstances the relative error is close to £1.
However, by careful inspection we can see that these happen mostly in the
interval between two succeeding events, and that V - B/|V x B| is within
+0.4 in the center of the events. Figures 9a and b show, respectively, three
components of J in the GSE system and the relative error for the event at
~11:17 UT. It is shown that, in the center of the flux rope, the relative error is
small enough, while it increases largely close to the boundary of the flux rope.
In addition, the maximum J reaches ~4 x 10™® A/m?. Almost all events
possess similar features.

Furthermore, the magnetic field PAA of this event indicates that the axis
of the flux rope lies in the N-direction. We have projected J onto the L, M
and N directions to obtain the components J ;, J;, and Jy and plotted them
in Figure 9c. It is clear that J flows mainly along the axis of the flux tube. We
have made a further PAA for the calculated data of J (hereafter we call this
analysis the ‘current PAA’) and projected J onto the three eigen-directions
obtained (denoted by /, m and n, respectively). Figure 9d plots the corre-
sponding three components of the current density J;, J,, and J,,. It is of special
interest to see that the direction of the maximum current component is
precisely coincident with the maximum variation direction. In other words,
the current is preferentially flowing along the axis of the flux tube. In this
sense, a flux rope is regarded as a current tube.

Figures 10a and b show the x, y, and z components of J in GSE during the
time period of 11:30-11:33. We see J,, (>0) is the dominant component for
the two events at ~11:31 and ~11:32 UT. Within the time interval between
these two events, the magnitude of V - B/ |V x B| reaches ~1. Therefore the
calculated negative J, value has a great uncertainty. The spatial scale length
of the magnetic field variation is considerably smaller in this region, hence it
should be regarded as the border between two flux ropes, but not a part of a
larger flux tube as the previous study suggested (Bosqued et al., 2001). We
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Figure 8. Overview of the electric current compared with the energetic proton flux (the bottom
panel). The first and second panels show, respectively, the three components of current density
in GSE and the ratio of V - B/|V x B|, which is essentially identical to the relative error of the
current evaluation &J/J.

have applied both the magnetic field PAA and current PAA for these two
events, and the results are illustrated in Figures 10c—f. At ~11:31 UT, the
current is flowing mostly along the axis of the flux rope and the flux rope is
identical to a current tube. For the second FTE at ~11:32 UT, we failed to
determine the orientation of its flux rope by using the magnetic field PAA
explained in the last Section. Nevertheless, Figures 10e and f show that JM is
the dominant component of the electric current. Therefore, it is expected that
the axis of the flux rope and current tube should be along the M-direction,
which, according to Table I, is basically parallel to the + Y-axis in GSE. We
have also carried out the same procedures for the event at ~11:10 UT and
found that the axes of its flux rope and current tube both lie in the
N-direction. Since the conventional magnetic field PAA is not applicable to
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Figure 9. Evaluation of the current density for the event at 11:17 UT: (a) Three components
of J in the GSE system. (b) The relative error of the current evaluation expressed by V - B/
|V x BJ. (c) Three components of J projected onto the magnetic field principal axis analysis
coordinate system (L, M, N). (d) Three components of J projected onto the current principal
axis analysis coordinate system (/, m, n).

these events, the current PAA then provides a supplementary approach for
determination of the flux rope orientation.

We mentioned in the previous Section that in all events studied, the bulk
flow of the ions is essentially along the axis of the flux rope towards the
magnetosheath. How much do these ions with energies above 30 keV con-
tribute to the total current? The largest ion flux is ~10 x 10° s7' m™ sr™!, and
so the current density of these ions would yield ~2 x 10™° A/m? if their pitch
angle distribution were isotropic over a hemisphere, which is less than the
largest current 107 A/m?. It is straightforward to derive that the real dis-
tribution of energetic ions implicated in the color plot of Figure 6 leads to
less intense current. Hence there must be other current carriers which make
major contributions to the total current.
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Figure 10. Evaluation of the current density for the time period of 11:30 to 11:33 UT: (a)
Three components of J in the GSE system. (b) The relative error of the current evaluation
expressed by V - B/|V x B|. (¢) Three components of J projected onto the magnetic field
principal axis analysis coordinate system (L, M, N) for event at ~11:31 UT. (d) Three com-
ponents of J projected onto the current principal axis analysis coordinate system (/, m, n) for
the event at ~11:31UT. (e) Three components of J projected onto the magnetic field principal
axis analysis coordinate system (L, M, N) for the event at ~11:32 UT. (f) Three components of
J projected onto the current principal axis analysis coordinate system (/, m, n) for the event at
~11:32 UT.
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6. Summary

The present analysis of Cluster measurements of the cusp and high latitude
magnetopause boundary on 26 January, 2001 lead to the following conclu-
sions:

1. The cusp is a dynamic region full of energetic charged particles and
turbulence. An energetic ion layer at high-latitudes beyond and adjacent
to the duskside magnetopause exists when the IMF has a southward
orientation.

2. Multiple energetic ion flux bursts were observed in the energetic ion
layer. These bursts occurred quasi-periodically with a repeated period
being approximately 72 s. Intense energetic ion bursts were recorded
later on the same pass when the spacecraft encountered two FTEs in the
magnetosheath.

3. Each energetic ion flux burst was closely related to a magnetic field
structure and coincident with a decrease of the thermal plasma density.
The ion burst-associated magnetic field structures appear to be flux
ropes, with a strong guide field along the axes in the direction pointing
duskward/tailward and upward or nearly parallel to the ecliptic plane.
An intense axis-aligned current flows inside the ropes, with the current
density reaching as high as ~10™® A/m?. These flux ropes seem to be
produced somewhere away from the spacecraft via magnetic reconnec-
tion, and move at similar HT velocities passing over the spacecraft.

4. The main components of the energetic ions are protons, helium and
CNO ions. These ions have a magnetospheric origin, flow out to the
magnetosheath along the axis of the flux ropes, and make a considerable
contribution to the current. However, other current carriers make the
major contribution to the total current. The velocity of the magneto-
sheath thermal plasma relative to the HT frame is found to be basically
along the axis of the flux ropes, but flowing towards the magnetosphere.
These observations further indicate that the high-latitude magnetopause
is a source region, as well as a loss region, for the magnetospheric
plasmas and that the reconnected open flux ropes provide a mechanism
for the plasma entry and escape across the magnetopause.

5. The present curlometer techniques provide an effective means for
estimation of the current density inside flux ropes when the scale size
of the tetrahedron of four Cluster spacecraft is considerably smaller than
the scale length of the flux ropes and the tetrahedron has a normal
geometry.

6. The formation mechanism of the flux ropes observed remains an
outstanding problem for future studies.
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Abstract. Energetic electrons (e.g., 50 keV) travel along field lines with a high speed of around
20 Rys~'. These swift electrons trace out field lines in the magnetosphere in a rather short time,
and therefore can provide nearly instantaneous information about the changes in the field
configuration in regions of geospace. The energetic electrons in the high latitude boundary
regions (including the cusp) have been examined in detail by using Cluster/RAPID data for
four consecutive high latitude/cusp crossings between 16 March and 19 March 2001. Energetic
electrons with high and stable fluxes were observed in the time interval when the IMF had a
predominately positive B, component. These electrons appeared to be associated with a lower
plasma density exhibiting no obvious tailward plasma flow (<20 keV). On the other hand, no
electrons or only spike-like electron events have been observed in the cusp region during
southward IMF. At that time, the plasma density was as high as that in the magnetosheath
and was associated with a clear tailward flow. The fact that no stable energetic electron fluxes
were observed during southward IMF indicates that the cusp has an open field line geometry.
The observations indicate that both the South and North high latitude magnetospheric
boundary regions (including both North and South cusp) can be energetic particle trapping
regions. The energetic electron observations provide new ways to investigate the dynamic cusp
processes. Finally, trajectory tracing of test particles has been performed using the Tsyga-
nenko 96 model; this demonstrates that energetic particles (both ions and electrons) may be
indeed trapped in the high latitude magnetosphere.

Keywords: boundary, cusp, electron, energetic ions, magnetosphere, reconnection

Abbreviations: ISEE — international sun—earth explorers; HEOS — highly eccentric orbiting
satellite; ACE — advanced composition explorer; IMF — interplanetary magnetic field; IMP —
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interplanetary monitoring platform; MHD — magnetohydrodynamics; MLT — magnetic local
time; RAPID — Research with Adaptive Particle Imaging Detectors; SOHO — Solar and
Heliospheric Observatory

1. Introduction

The boundaries of the magnetosphere, including the polar cusp, are key
regions for the transfer of mass, momentum and energy from the solar wind
into the magnetosphere when the IMF is southward or northward.

The first identification of a thin layer of magnetosheath plasma located
immediately inside the magnetopause was made by Hones et al. (1972) who
introduced the term ‘“Boundary Layer”. Since then, the morphological
characteristics as well as plasma properties of the magnetospheric boundary
layer have been studied rather intensively (Rosenbauer, 1975; Eastman, 1976;
Haerendel, 1978; Lundin, 1985; Lundin and Dubinin, 1985; Newell and
Meng, 1988; Newell and Meng, 1998). The term ‘“‘Low-latitude boundary
layer (LLBL)”, was apparently introduced by Haerendel (1978) to distin-
guish the very different properties observed at latitudes below about 50-60°
on the magnetopause surface. In addition, there are three more boundary
regions (in the high latitude) that are assumed to connect directly to the
magnetosheath: the plasma mantle, the entry layer, and the exterior cusp or
stagnation region (seen in Figure 1).

The plasma mantle which was first reported by Rosenbauer (1975) is
located on the opened field lines where the injected magnetosheath plasma
continues tailward. The plasma density in this region is less than (but com-
parable to) the sheath density level and has f < < 1. The entry layer
(Paschmann et al., 1976) is located on the magnetospheric field lines just
equatorward of the cusp.

It has been so termed because it appears to be the region of dominant
plasma entry into the magnetosphere. The transport mechanism is likely to
be achieved through eddy convection which manifests itself in the irregular,
low speed plasma flow, and may be excited by turbulence in the adjacent
exterior cusp (Haerendel, 1978). Localized reconnection has been proposed
by Haerendel (1978), who envisioned it as an intermittent, small scale process
related to eddy turbulence in the entry layer. This intermittent small-scale
reconnection could be occurring in the cusp region for both northward and
southward IMF. In the entry layer, the plasma density is as high as or even
higher than that in the magnetosheath, the temperature is very similar to that
of the exterior cusp, and the plasma beta f§ ~ 1.

The exterior cusp/stagnation region is bounded on the inside by the cusp-
like indentation of the magnetopause, and outside by the free-flow stream
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Figure 1. Sketch of the dayside boundary regions related to the polar cusp field lines during
southward (after Haerendel, 1978) and northward IMF. MS — magnetosheath; PM — plasma
mantle; LLBL — low latitude boundary layer; EL — entry layer; S — flow eddy.

lines of the magnetosheath flow (Sckopke et al., 1976, 1981) which constitutes
a pocket of hot and ‘stagnant’, possibly turbulent, plasma. In fact, as early as
the 1960s the stagnation region was already predicted by gas dynamic models
(Spreiter and Summers, 1967; Spreiter and Stahara, 1980). Furthermore, this
picture has been corroborated by HEOS 2 measurements (Sckopke et al.,
1976, 1981). The stagnation region cannot be linked to the plasma mantle or
LLBL in a simple way. A qualitative explanation was given by Haerendel
(1978) who noted the similarity of the situation near the cusp to hydrody-
namic flow around a corner, in which vortex formation and separation are
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known to occur and to initiate some level of turbulence (Figure 1). The
exterior cusp region appears to be a steady high pressure center of “‘stagnant”
magnetosheath plasma; the flow in this region is rather turbulent, both in
magnitude and direction.

The mantle is generally thicker for southward than northward IMF B,
(Sckopke et al., 1976, 1981). These researchers believed that the plasma
mantle was on open field lines, and the LLBL on closed. It has been indicated
that in the HLBL (Entry Layer) the plasma density is almost as high as in the
magnetosheath but generally lacking the strong antisunward plasma flow. In
fact sunward flow has even been reported by Paschmann et al. (1976). Lundin
(1985) suggested that a characteristic feature of the entry layer is a strong
variability of magnetosheath plasma entry, with frequent plasma injection.
On the basis of the Defense Meteorological Satellite Program (DMSP) F2
data, Newell and Meng (1987) indeed observed that the cusp low-altitude
latitudinal extent is narrower when B, is southward than when B, is north-
ward. This result has been interpreted that the enhanced convection flow is
too rapid to allow the plasma to reach low altitudes. Furthermore, Newell
and Meng (1987) indicate that there may not be simply slower tailward
convection within the boundary layer but rather no tailward or even sunward
convection when IMF B. is northward. In non-reconnection models the cusp
position and extent are less sensitive to the IMF, but more strongly depen-
dent on the solar wind ram pressure (Yamauchi and Lundin, 1998).

It should be pointed out that indications of the existence of a boundary
layer from energetic particle measurements were provided even earlier.
Energetic (>25 keV) dusk-side particles are very often present on mag-
netosheath field lines just outside the magnetosphere (Anderson et al., 1965;
Haskell, 1969; West and Buck, 1976; Eccles and Fritz, 2002). Recently,
observations by Geotail showed that the energetic ions of terrestrial origin
(e.g., singly charged oxygen ions) leak out of the magnetosphere and can
form layers in the equatorial magnetosheath (in the vicinity of the magne-
topause) during intense storm activities. Energetic singly charged oxygen ion
enhancements are frequently detected in the magnetosheath and occasionally
show a total duration of about 150 min (Zong and Wilken, 1998; Zong et al.,
2001). In the high latitude region, layer-like energetic ions have been
observed adjacent to the magnetopause outside the magnetosphere (in the
magnetosheath) during southward IMF, whereas layer-like energetic ions
have been observed inside the magnetosphere during northward IMF. The
energetic particles in this region are also highly anisotropic, exhibiting a clear
sunward flow or bidirectional flow (sunward and anti-sunward) even if
geomagnetic activity is very quiet (Zong et al., 2002).

Energetic ions with energies from tens of keV up to MeV have been
observed near the magnetopause at high latitudes and in the cusp region
(Aparcio et al., 1991; Kremser et al., 1995; Chen et al., 1997; Fritz et al., 1999;
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Chang et al., 2000; Fritz, 2000, 2001; Trattner et al., 2001), although Roe-
derer (1970) showed that the drift paths of energetic particles in the outer
magnetosphere intersect the magnetopause, which implies that there are no
energetic particles stably trapped in the high latitude cusp region. The origin
of energetic particles in the cusp region has been a subject of controversy.
Chen et al. (1997) and Fritz (2000) argued that the particles observed in the
cusp region are the result of a localized acceleration mechanism and should
be one of the sources for magnetospheric energetic particles. On the other
hand, Chang et al. (1998) and Trattner et al. (2001) suggested that the
energetic particles in the cusp region originate from either the bow shock or
magnetosphere itself. In this case no local acceleration is needed. Delcourt
and Sauvaud (1999) proposed a third interpretation in which the energetic
particles in the high latitude region could be generated from the de-trapping
of equatorial ions. A possible clue for the solution to this puzzle has been
suggested by Sheldon et al. (1998) and Delcourt and Sauvaud (1998). They
pointed out that a particle will drift on a closed path around the front of the
magnetosphere and suggested that a possible stable trapping region may exist
in the outer cusp. This kind of particle motion has been further explored by
Fritz (2000) and has been applied to explain the origin of energetic particles
in the high latitude boundary during very quiet geomagnetic conditions for
both northward and southward IMF conditions (Zong et al., 2002). Further
measurements of energetic electrons are therefore essential in the search for
answers to these questions.

A layer of energetic electrons (>40 keV) lying primarily outside the
magnetopause is found at high latitudes near the dusk-dawn meridional
plane from the dayside to the distant magnetotail (Meng and Anderson,
1970, 1975), although the formation mechanism is still unclear. The IMP-8
spacecraft had on-board sensors of large geometric factors that provided very
sensitive measurements of 200 keV electrons at 35 Rg geocentric distance.
With these nearly continuous measurements, Baker and Stone (1977a—c) have
shown that the energetic electron magnetopause layer is persistently present
along the distant magnetotail at essentially all latitudes and that the
2200 keV electrons within the layer are streaming tailward along the local
magnetic field. Energetic electron layers were discovered carrying significant
energy flows outside the magnetopause, and this energy flux was seen to vary
with the nature of the solar wind—magnetosphere interactivity. Furthermore,
energetic electron layers are observed most often in the dawn-side of the
plasma sheet and protons in the dusk-side (Meng et al., 1981). The acceler-
ation of ionospheric electrons to energies up to about 10 keV in the boundary
region adjacent to the cusp was also reported by Kremser and Lundin (1990).

Bursts of energetic electrons (from >40 to 2000 keV) were observed in the
magnetosheath and in the solar wind. A statistical study (Formisano, 1979)
demonstrated that those electrons are of cusp origin; the flux intensity is
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highest in the exterior cusp region and decreases away from it. With
increasing distance from this place the energy spectrum becomes harder since
only energetic particles are able to “‘get away”. The measured electron
anisotropy and magnetic field indicate that these particles were propagating
away from the exterior cusp along the magnetic field lines (Formisano, 1979).
However, these studies may mix both solar energetic electrons (Lin, 1985;
Klassen et al., 2002) and electrons of magnetospheric origin because these
studies were based on single satellite measurements. At that time there was no
solar energetic electron monitor, like the ACE, Wind, or SOHO spacecraft in
the upstream interplanetary medium.

By using energetic electron observations, early work clearly delineated
regions of open and closed magnetic field lines in the midtail region and thus
contributed crucially to understanding the substorm dynamics. Subsequent
work using the IMP-8 electron sensors (Bieber et al., 1982) demonstrated in a
clear way that energetic electrons, and only energetic electrons, can be used to
assess magnetic-field-line topology fully and thus distinguish between com-
peting magnetotail dynamic models. Similar methods were used extensively
on ISEE-1 and -2 (Fritz et al., 1984) to assess where, when and how accel-
eration and transport processes occur in and around the magnetosphere.
Bursty energetic electron events (20400 keV) have been found in the cusp
region by the Cluster spacecraft (Zong et al., 2003). These electrons are found
to be embedded in flux rope structures which are suggested to be generated in
the cusp stagnation region. In this paper, the energetic electron behavior in
the high latitude magnetospheric regions has been examined in detail by
using Cluster/RAPID data for four consecutive high latitude/ cusp crossings
between 16 March and 19 March 2001 (two orbits). Both spike-like and
stably trapped electrons were observed during different solar wind/IMF and
geomagnetic activity conditions. Energetic electrons are able to trace mag-
netic-field-line topology and thus distinguish between open and closed field
lines in the high latitude boundary/cusp region.

2. Observations

The data to be presented here were obtained by the RAPID instrument on
board the Cluster spacecraft (Wilken et al., 1997). The energetic particle
spectrometer RAPID in the Cluster payload features novel detection prin-
ciples both for ions and electrons: for either species the instrument measures
the vector velocity (V) and the energy (£). Each of the ion detector heads
(ITMYS) is composed of a time-of-flight (TOF)/energy (E) telescope with a
solid state detector (SSD) as the back element. Species identification comes
from the function ET>= A, with E and T denoting the measured quantities of
energy and time-of-flight (equivalent to the particle velocity), and A the
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atomic mass of the particle. The energy range extends from 30 to 4000 keV.
The advanced design of the telescope as a projection camera also returns
information on the particle direction of incidence within 12 angular intervals
over a 180° field-of-view. A second detector system, the imaging electron
spectrometer (IES), is dedicated to electrons between 20 and 400 keV. The
IES head uses the optical principle of a pinhole camera with nine angular
intervals over 180°. Together with a sectored spin plane of the spacecraft,
both systems cover the unit sphere in velocity space in a contiguous manner.
Detailed information about the RAPID instrument has been given by Wilken
et al. (1997). Furthermore, we use magnetometer measurements from the
fluxgate magnetometer (FGM) on board Cluster, which makes high resolu-
tion vector field measurements (Balogh et al., 1997) and plasma data from the
Cluster Ion Spectrometer (CIS) experiment (Reme et al., 1997). The criteria
for region identification in this paper is mainly based on the plasma data
together with the energetic particle behavior and magnetic field data.

From 16 to 19 March 2001, the four Cluster satellites crossed the high
latitude boundary and/or cusp regions four times (two in the southern
hemisphere and the other two in the northern hemisphere) during two con-
secutive orbits (see Figure 2).

1 16/3 17h00-19h10m South HLBL/Cusp quiet
2 17/3 06h00-09h20m North HLBL/Cusp quiet
3 19/3 01h00-02h30m South HLBL/Cusp activity
4 19/3 14h50-19h00m North HLBL/Cusp activity

Figure 2. The Cluster trajectories through the Tsyganenko magnetic field model (Tsyganenko,
1996) for 16-19 March 2001. Only one Cluster satellite is shown since the separation is too
small to be resolved. The Cluster satellites trajectory and the Tsyganenko magnetic field lines
have been projected onto the GSE — XZ plane.



222 Q. G. ZONG ET AL.

}

Dst index

g

®

-3

8

b
BL/Cusp 3

belt

BL./(C

Bl ,/(:usp 1

belt
BIL./ Cusp

1e0 o ik = 10°
izl
!
g1 e
§!DO ; —
8 -
; o
21 - 10°
pRomE 100
g5Hn
bt -
10000 2 E
; & :—30’
8 E
] ke
z .. o
E 1000 E'G ko
= 10°
100 - i
107!

00:00 00 00:00 12:00 Time
17Mar2001 18Mar2001 19Mar2001 Date
-3.65 11.01 18,20 17.58 9.02 -1.49 C4 X (GSE
—2.04 B8.91 4,62 —1.84 =77 4,74 C4 2 (GSE
22.7 11.4 10.9 10.8 1.5 21.4 C4 MAG LOCAL TIME
4.9 -1.0 -1.0 -1.0 -1.0 37.5 C4 L VALUE

Figure 3. An overview of RAPID from 09:00 UT, 16 March to 21:00 UT, 19 March 2001,
together with geomagnetic activity Dst index. From the top the panels show: Dst index;
electron spectra from 20 to 400 keV; proton spectra from 30 to 2000 keV. The marks indicate
the different regions — South HLBL/cusp, radiation belt and the North HLBL/cusp which
Cluster experienced during its two consecutive orbits. The ‘HLBL/Cusp’ here refers to all of
the high latitude magnetospheric regions, the ‘radiation belt’ here refers all inner magneto-
spheric regions; two ion data gaps are indicated.

Figure 3 shows the different regions — South cusp, radiation belt and
North cusp as obtained by Cluster/RAPID during these two consecutive
orbits. The geoactivity Dst index is shown in the top panel. The first two cusp
crossings (1 and 2) happened during a rather quiet time period; the Dst
indices were small and positive. The later two crossings (3 and 4) occurred in
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the main phase of a strong magnetic storm. As we can see from Figure 3, the
high latitude magnetosphere (both North and South cusp) regions are two of
three locations that energetic particle are encountered. Both South and North
high latitude boundary and/or cusp regions can be distinguished easily by the
fact that (1) the ion flux increased sharply in all energy channels from 30 to
400 keV , whereas (2) the energetic electron flux which appeared in the quiet
time was not present in the disturbed time.

2.1. HIGH LATITUDE BOUNDARY/CUSP: QUIET TIME CROSSINGS
(IMF NORTHWARD)

In order to inspect energetic electron events in the high latitude boundary/
cusp region in more detail, the fluxes of energetic electrons and ions together
with plasma parameters and the local magnetic fields for two consecutive
quiet time crossings are given in Figure 4.

At about 17:06UT, 16 March 2001, the Cluster spacecrafts crossed the
magnetopause from the magnetosheath into the high latitude boundary/
cusp region and at around 19:07 entered the cusp region in the southern
hemisphere (see Figure 4 Left). As shown in Figure 4 Right, on 17 March
2001, the Cluster spacecraft were travelling outbound from the northern
hemisphere. Starting in the northern lobe, the Cluster spacecraft crossed
through the cusp from 04:48 UT to 06:00 UT into the high latitude
boundary region and finally entered the magnetosheath at about 09:20
UT.

The top panels (left and right) in Figure 4 show energy-integrated ion and
electron flux versus time profiles. The second panel shows the plasma density
variation. The third and fourth panels show plasma velocity, V,, V, and V..
The last three panels in Figure 4 show the components of the magnetic field
obtained by the Cluster FGM instrument. Both South (Figure 4 Left) and
North (Figure 4 Right) high latitude boundary/cusp regions can be distin-
guished from just entry into a high flux region of energetic electrons and ions
by the fact that:

(1) the associated plasma velocity V, decreased sharply to around O,
whereas V. showed surprisingly a significant enhancement at
around —75 km/s (Figure 4),

(2) the magnetic field B, is large and stable, around 25 nT in the southern
hemisphere (Figure 4 Left) and —25 nT in the northern hemisphere
(Figure 4 Right). Both B, and B. changed their polarity during the
spacecraft crossing of the high latitude boundary/cusp region. B,
changed its polarity first, and then B. (Figure 4),

(3) the plasma density in the high latitude boundary region was higher than
that in the lobe but lower than that in the sheath,
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Figure 4. Overview plots of RAPID, CIS and FGM data from 16:00 to 20:00 UT, March 16,
2001 (Left) and from 04:00 to 12:00 UT, March 17, 2001 (Right) during northward IMF.
From the top the panels show: integral electron and proton flux (in cm e s™'e sr~'); plasma
density (in ions/cm™); plasma velocity (Vy, V, and V. in km/s) and magnetic field GSE
components and magnitude (in nT). IMF B. for 17 March 2001 is over-plotted in panel 6, the
time lag is adjusted suitably. The vertical lines mark the different regions — sheath, cusp, and
mantle — which Cluster experienced.

(4) the total magnetic field intensity was 25 nT with less fluctuation in
Figure 4,
(5) these regions had clear interfaces with the magnetosheath.
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During the above two quiet time high latitude boundary/cusp crossings,
there were pronounced fluxes of electrons in the high latitude boundary/
cusp region, indicating either a closed field line geometry in the cusp
region, a special open field line configuration that could trap electrons
very efficiently for a long time or a long-lived source supplying these
electrons to open field lines. These electrons lasted about 2 h (from 17:06
to 19:07 UT, 16 March 2001) and 3 h 20 min (from 06:00 to 09:20 UT, 17
March 2001), respectively. Furthermore, no obvious substorm injections
were observed by the Los Almos satellites for both of the above quiet time
high latitude boundary /cusp crossings (not shown here). Further, there
were no energetic electron events observed by ACE in the upstream
interplanetary space during 16-19 March 2001 as documented in Figure 5.
Thus, these observed electrons should not be solar energetic electrons as
described by Lin (1985) and Klassen et al. (2002). The lack of substorm
activity and high fluxes of electrons upstream at ACE indicates that the
observed eclectrons are locally trapped electrons rather than substorm
injected electrons drifting to the high latitude region or solar flare related
electrons.

2.2. HIGH LATITUDE BOUNDARY/CUSP: DISTURBED TIME CROSSINGS
(IMF SOUTHWARD)

In contrast with Figure 4, two consecutive HLBL/cusp crossings during
geomagnetically disturbed times are shown in Figure 6. There were no
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Figure 5. Differential energetic electron fluxes obtained by the ACE spacecraft at the first
Lagrange point upstream from the Earth, for two energy ranges (38—53 and 175-315 keV).
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Figure 6. RAPID, CIS and FGM summary plots from 00:00 to 04:00 UT, 19 March 2001
(Left) and from 07:00 to 10:30 UT, 19 March 2001 (Right) during southward IMF. > From the
top the panels show: integral electron flux; proton flux; plasma density; and GSE components
and magnitude of the magnetic field (in nT). IMF B. between 00:00 and 04:00 UT 19 March
2001 is over-plotted in panel 6; the time lag is adjusted. The vertical lines mark the different
regions — lobe, mantle, cusp, and sheath — which Cluster experienced on 19 March 2001.

significant electrons in the same place as in the previous Cluster orbit (see
Figure 2) during the geomagnetically quiet time. The magnetic field data
and the plasma density show no clear evidence to indicate where the
magnetopause is located (Figure 6 Left), although within the cusp and the
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boundary region there existed a lot of structure during the storm time (for
Figure 6 Right, Dst was around —40 nT). Only the energetic ions seem to
provide some indication of the interface between the cusp and the mag-
netosheath.

Both the southern cusp (Figure 6 Left) and the northern cusp (Figure 6
Right) can be distinguished by the fact that

(1) The plasma density in the cusp is comparable with that in the
magnetosheath,

(2) The magnetic field becomes more turbulent in the region labeled cusp
than that in the magnetosheath as seen in the bottom panel of Figure 6,

(3) The energetic proton flux increases dramatically, but there are no
pronounced fluxes of energetic electrons present, indicating a probable
open field line geometry in the cusp region during IMF southward or a
lack of a source of these electrons,

(4) Not only the magnetic field, but also the plasma density and velocity,
are fluctuating.

Table I provides a synoptic view of these four cusp crossings during different
geomagnetic activities and IMF orientation.

TABLE I
HLBL/Cusps property

Events South Cusp 1 North Cusp 2 South Cusp 3 South Cusp 4
Time 17:00-19:10 06:00-09:20 01:00-02:30 14:50-16:00

16 March 2001 17 March 2001 19 March 2001 19 March 2001
Location 11.3 MLT 11.4 MLT 11.5 MLT 11.7 MLT
Electron 10%, stable 103, stable None Pulse
(ecm? sst™)
Proton 5% 10°, stable 10°, stable 10°, stable 5 x 10°, pulse
(em? sst™)
Plasma V, No obvious No obvious Significant -V,  Significant -V,
Interface M Clear Clear Clear Clear
(to the Mantle)
Interface S Clear Clear Not clear Not clear
(to the sheath)
IMF B. 0.5 nT 33nT —-4.4 nT -9.3nT
Ram pressure 1.15 nPa 1.01 nPa 1.06 nPa 5.03 nPa
Geoactivity Quiet Quiet Activity Storm
K, 1" 0" 2 6
Dst 1 nT 4 nT —10 nT —40 nT
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3. Interpretation and discussion
3.1. THE INTERFACE TO THE MAGNETOSHEATH

The variation of the energetic electron and ion fluxes for the boundary
crossing observed by all Cluster spacecraft from 09:19 to 09:23 UT, 17 March
2001 are given in Figure 7 Left. As a reference, the plasma parameters and
the magnetic field are also shown. A discontinuity between 09:21 and 09:22
UT can be seen in all panels of Figure 7 Left. This occurred during the
northward IMF (Figure 4). After 09:22 UT, when the Cluster satellites
crossed the magnetopause into the magnetosheath, the flux of energetic
particle decreased quickly to the background level. This may indicate that the
Cluster satellites moved far away from the magnetopause or that no particles
escaped from the magnetosphere during conditions of northward IMF.

The spacecraft crossed the magnetopause at different times although the
time difference is quite small. The numbers Cl, C2, C3, and C4 represent the
different Cluster spacecraft — Rumba (1), Salsa (2), Samba (3), and Tango (4).
The arrows indicate the time when the magnetopause was encountered. The
encounter time of the proton and electron flux detected by four different
satellites is slightly different. The maximum time difference between C3
(Samba, the earliest satellite to encounter the magnetopause) and C2 (Salsa,
the last) is 20 s for protons and 10 s for electrons. Using a technique
described by Dunlop and Woodward (1998), the thickness of the magneto-
pause could be estimated to be d = 200 km.

In order to determine whether the magnetic field in this boundary layer is
categorized as some MHD discontinuity, the magnetic field data was analyzed
by a minimum variance analysis (MVA) method (Sonnerup and Cahill, 1967;
Sonnerup, 1976; Elphic and Russell, 1983; Hapgood, 1992). The analysis
concentrated on variations involving a large and rapid change in both the
magnetic field and energetic particle flux. This method is based on determining
the directions of maximum and minimum variation for a given magnetic field
vector data set. Choose a direction unit vector 7, to let the value of

S (B~ < B>)en) (1)

be the minimum and maximum. Here B; is the ith vector, < B > is the
average field, Y denotes the sum over i. The minimization and maximization
of Equation 1 are accomplished by the method of Lagrange multipliers, and
this in turn can be set up as a matrix diagonalization (or eigenvalue) problem.
The solutions of the matrix M are associated with the directions of maximum
and minimum variance of the vector field EI-. The minimum variance vector
defines the boundary normal direction n. A third eigenvalue and eigenvector
together with the maximum and minimum variance vectors completes the
right-handed coordinate system.
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Figure 7. Interface crossings from the cusp region to the magnetosheath between 09:19 and
09:23 UT on 17 March 2001 during northward IMF (Left) and between 00:00 and 01:00 UT
on 19 March 2001 during southward IMF (Right). From the top, the panels indicate integral
electron and proton fluxes; plasma ion density, plasma ion velocity — V', V', and V. (in km/s),
and superposed magnetic field By, B, and B. components for spacecraft 1 (Rumba).

The boundary crossings occurred starting from 09:21:20 UT to 09:22:30
UT. The value of the normal component is —1.8 nT. The directions of the
boundary normal coordinates system (i.e., the eigenvectors) in GSE are given
as follows: (1) the minimum variation direction (B, ) = (0.669 0.352
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—0.654); (2) the intermediate variation direction (By*) = (-0.019 0.888
0.459); (3) the maximum variation direction (B.") = (0.743 —-0.295 0.601).
The ratio of the intermediate to minimum eigenvalue is 14.1; and‘%fl =0.12.
This indicates that the normal component for the boundary is well estab-
lished (Sonnerup and Cahill, 1967; Lepping and Behannon, 1980). The
magnetopause boundaries with B, # 0 are referred to as rotational discon-
tinuities (Landau and Lifshitz, 1960; Sonnerup and Ledley, 1979a). Thus, the
magnetopause was a rotational discontinuity, indicating that high latitude
reconnection was ongoing. For a rotational discontinuity, a non-vanishing
normal magnetic field component, B,, is allowed in a current sheet, which
changes the physics of the current sheet dramatically. In a nonisotropic
plasma, the pressureP| # P, and a change in the field magnitude on both
sides of the discontinuity can occur as a result of changes in the pressure
anisotropy factor (Hudson, 1970, 1971, 1973; Sonnerup and Ledley, 1979b ).

The variations of the energetic electron and ion fluxes for the boundary
crossing recorded by all Cluster spacecraft from 01:12 to 01:16 UT, 19 March
2001 are given in Figure 7 Right. This boundary crossing was made in the
southern hemisphere during southward IMF (see Figure 2). From Figure 7
Right, it can be seen that the flux of energetic ions increased after around
01:14 UT. After 01:14 UT, the Cluster satellites crossed from the magneto-
sheath into the cusp region. This energetic particle layer was observed
simultaneously by all Cluster satellites. In this event, the plasma and mag-
netic field data show no significant difference, and there is no clear boundary
layer that can be identified.

3.2. ENERGETIC ELECTRONS AND IONS TRAPPED IN THE CUSP

The Cluster separation distances were around 600 km during the times of
interest (16—-19 March 2001). The remote-sensing ranges of the four space-
crafts for energetic ions overlap and the ion performance of the tetrahedron
may be reduced to that of a single platform. However, the 30 keV electron
gyroradii (even 100 keV) are always small compared with the size of the
tetrahedron. The electron measurements obtained by the four different sat-
ellites can provide nearly instantaneous information about changes in the
field configuration. The existing energetic electrons in the cusp region are
vital in order to investigate the reconnection process because they are a rather
reliable indicator for closed and open field line topology in the cusp region,
and to where the flux tube is connected.

A 25 keV electron travels along field lines with a speed of nearly 14 Rg/s,
so these swift electrons trace out field lines in a rather short time (a few
seconds) in an open field line region. If an electron event exists for a few
minutes, which is much longer than their bounce time (about 1.5 s for 25 keV
electrons at L = 8), a resupply process must exist. If no stable energetic
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electron fluxes are observed, this would indicate that the cusp has a general
open field line geometry during southward IMF.

The observed energetic electrons cannot be accelerated by the reconnec-
tion process in the adjacent magnetopause. The magnetic tension at the
magnetopause applied by reconnection can only add a velocity on the order
of the Alfvén velocity, associated with the change in B across the magneto-
pause. For a 50 nT field rotated by 180°, AB is 100 nT. Assuming a typical
hydrogen plasma density of 20 cm™>, the Alfvén velocity is ~490 km/s. For
electrons this amounts to an energy gain of about 1 eV. However, the
observed electrons have energies above 25 keV, which means that accelera-
tion due to reconnection is negligible. Also, although it is claimed that the
Fermi mechanism in the quasi-parallel bow shock region could accelerate
incident solar wind ions to energies up to about 200 keV, it cannot accelerate
electrons efficiently (Lee, 1982).

Further, during the period from 16 to 19 March 2001, there are no solar
energetic electron events (Lin, 1985; Klassen et al., 2002) observed by the
ACE satellite at the Lagrangian 1 point in interplanetary space (see
Figure 5).

The possible mechanism is that the existence of an off-equatorial B-
minimum in the outer cusp allows energetic particles starting from the
equator region to be trapped in the high latitude magnetospheric region
during quiet times. Energetic plasma sheet particles initially mirroring near
the equator are expelled from low latitudes and subsequently swept into
the boundary layer at high latitudes. Further, a particle will drift on a
closed path around the front of the magnetosphere (cusp region). The
importance of the existence of a minimum off equator in the outer cusp
has been neglected or underestimated for a long period although it could
be extreme importance for understanding the energetic particle in the
magnetosphere.

According to the traditional dipole field model, the dayside high latitude
or cusp region cannot trap particles (Roederer, 1970, 1977). The cusp region
of the ideal dipole field is not an “excluded region™ in the Stérmer theory
(Stérmer, 1911). This means that, in the high latitude region, the particles
cannot be trapped for much longer than the bounce time; the £ X B drift will
take the particles away. However, the dipole field can be modified funda-
mentally by interaction with the solar wind. The outer cusp regions where the
magnetic field lines either close in the dayside sector or extend into the night
side sector over the polar cap could be caused by reconnection, as proposed
in the previous Section. This region is a region of weak magnetic field, which
directly follows from the interaction of the solar wind with the geomagnetic
field predicted by Chapman and Ferraro (1931) by using a simple image
dipole, as shown by the magnetic field model of Antonova and Shabansky
(1968) (see Figure 8). This has also been supported by in situ magnetic field
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Figure 8. Meridional (noon-midnight) section for a modified two-dipole model (Antonova
and Shabansky, 1968). The latitude ¢ is shown, at which the line of force with given equatorial

distance crosses the Earth’s surface. The narrow lines represent the lines of constant magnetic
field.

measurements (Zhou et al., 1997). Instead of a dipolar field, the cusp region
appears to be quadrupolar.

However, the importance of the existence of an off-equatorial B-minimum
in the outer cusp has been underestimated for a long time, although it could
be of extreme importance for understanding the behavior of energetic par-
ticles in the magnetosphere. Antonova and Shabansky (1968) and Shabansky
(1968) noted that, with a minimum magnetic field existing off the equator in
the outer cusp region (Figure 8), charged particles would not drift but rather
branch off towards the magnetic field minimum at high latitudes. Shabansky
(1971), Antonova and Shabansky (1975) and Antonova (1996) provided
observational evidence for the trapping of energetic particles (of several tens
of keV, up to a few hundreds of keV) in the high latitude region. Sheldon
et al. (1998) pointed out that an energetic electron will drift on a closed path
around the front of the magnetosphere, and found that electrons could be
trapped in the outer cusp. In fact, a temporary trapping in the cusp field
minimum was first examined by Delcourt et al. (1992). Further, Delcourt and
Sauvaud (1998, 1999) pointed out that, under the effect of the cuspward
mirror force near the dayside magnetopause, energetic plasma sheet particles
initially mirroring near the equator are expelled from low latitudes and
subsequently swept into the boundary layer at high latitudes.
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Figure 9. The trajectories of protons (1, 10 and 100 keV) with 90° pitch angle in the Tsyga-
nenko 96 model magnetic field, showing trapping in the high latitude region. Magnetic fields
are shown (weaker fields in blue); the Cluster orbit is shown in red.

Figure 9 shows trajectories of test protons (1, 10, 100 keV) launched with
90° pitch angle from the cusp region. The trajectory tracing was performed
using the Tsyganenko 96 model. In this calculation, the full particle dynamics
have been considered, not just the guding center computation (Sullivan,
private communication, 2002); the calculation was performed using a fourth-
order Runge—Kutta technique with a time step adjusted to some fraction of
the particle gyration periods. It can be seen from Figure 9 that the test
protons launched from the local minimum magnetic field region encircle the
outer cusp region; all of the protons experience a pronounced bouncing
motion in the high latitude region which differs from mirroring motion on
either side of the equator (as ring current ions). Some selected parameters of
the proton orbits are given in Figure 10.

Figure 9 shows that the ion trajectories in the outer cusp region are
somewhat similar to those on L shells of a dipolar magnetic field. The lim-
iting second invariant of these trapped orbits occurs when the mirror point
B..;, approaches the dayside equatorial field strength; in the local gradient
field they drift away from the cusp. These ion trajectories exist both on the
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Figure 10. Selected parameters of 50 keV proton orbits shown in Figure 9: (a) pitch angle, (b)
the first adiabatic invariant, (c) the total magnetic field experienced during its trajectory in the
Tyganenko 96 model of the magnetic field. Regions of open and closed magnetic field are
indicated.

dayside (equatorward, with closed magnetic field lines) and the mantel region
(poleward, with open magnetic field lines). This behavior follows from the
existence of a local B,;, during the drift path from the closed field lines
region to the open field line region in the frontside magnetosphere. The
particles’ behavior with different energies are shown in Table II.

It should be pointed out that large-scale magnetospheric convection is not
accounted for in the present modeling results in the trajectory computation.
If convection is accounted for, as pointed out by Delcourt and Sauvaud
(1999), these closed drift paths in the outer cusp may be opened (see Figure
13 of Delcourt and Sauvaud (1999)). However, the present modeling results
could apply to quiet times (northward IMF cases, as documented in Section
2.1) when magnetospheric convection is reduced and the convection electric
field may be only 5% of its value during active times.

The results in this paper may offer an explanation for the presence of the
electron boundary layer outside the magnetopause. The energetic electron
layer (> 40 keV) lying primarily outside the magnetopause is found at high
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TABLE 11
Some selected particle parameters of trapped motions near the cusp

Energy  Period T, uy (open)  Tp wp (closed)  Rigidity

keV () min  (open) min  keV/nT (closed) min ~ keV/nT (nT Re)
2580 1320 0.027 1260 0.025 0.72
5 520 380 0.14 140 0.13 1.60
10 265.2 160.9 0.27 104.4 0.25 2.27
25 107.6 63.6 0.67 44.0 0.63 3.59
50 522 326 1.35 19.6 1.25 5.07
100 26.1 16.3 2.7 9.8 2.5 7.17

latitudes near the dusk-dawn meridional plane and from the dayside to the
distant magnetotail (Meng and Anderson, 1970, 1975; Baker and Stone,
1977a—c). The observed energetic electrons in the high latitude boundary
region may be provided by tail plasma sheet particles because of a minimum
magnetic field existing off equator in the high latitude region of the magne-
tosphere.

Delcourt and Sauvaud (1998, 1999) pointed out that under the effect of the
cuspward mirror force near the dayside magnetopause, energetic plasma
sheet particles initially mirroring near the equator are expelled from low
latitudes and subsequently swept into the boundary layer at high latitudes.
Both electrons and ions can be stably trapped in the high latitude region
during quiet periods. This conclusion is supported by both the observations
and the modeling results of the present paper. As magnetospheric convection
is enhanced, the electrons initially trapped in the high latitude region could be
de-trapped (Delcourt and Sauvaud, 1998, 1999). In fact, no stable trapped
electrons were observed during active times (see Figure 6). These de-trapped
electrons could further form an electron layer just outside the magnetopause
as observed (see, e.g., Meng and Anderson, 1970 and Baker and Stone,
1977a—c).

4. Summary and conclusion

Energetic electrons (20400 keV) present in the high Ilatitude region
(including the cusp) have been examined in detail by using Cluster/RAPID
data for four consecutive high latitude/cusp crossings between 16 March and
19 March 2001. Energetic electrons with high fluxes were observed in the time
interval when the IMF had a predominantly positive B. component. No
stable energetic electron fluxes were observed during southward IMF, indi-
cating that the cusp had an open field line geometry. High latitude magne-
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tospheric (both North and South cusps) regions are able to trap energetic
particles. The existence of an off-equatorial B, in the outer cusp allows
energetic particles to be trapped in the high latitude magnetospheric region
during quiet times. The main observational facts can be summarized as:

1. Energetic ions were observed in the high latitude magnetospheric region
for all four crossings, no matter whether the IMF was southward or
northward;

2. Stably trapped energetic electrons were observed only during northward
IMF. In contrast to the ions, there were no stable electron fluxes
observed in the cusp region during southward IMF. For northward
IMF, the entry layer was composed of closed field lines which maintain
energetic electrons. Energetic electrons found in the high latitude regions
were associated with lower plasma densities and without an obvious
tailward plasma flow. In the same location, during southward IMF, the
electrons were not present in a region of high plasma density which was
associated with a clear tailward flow.

3. There was a clear boundary between the cusp and magnetosheath during
the northward IMF cases. The magnetopause has been identified as a
rotational discontinuity, indicating that high latitude reconnection is
ongoing. The interface between the cusp and magnetosheath during
southward IMF was not very clear, with energetic ions exhibiting flux
enhancements.

4. No stably trapped energetic electrons have been observed during
southward IMF, indicating that the cusp has an open field line geometry.

5. The observations show that the observed electrons were locally trapped.
These energetic electron observations provide new evidence to under-
stand the dynamic nature of cusp processes.
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Abstract. In this paper we report energetic ion behavior and its composition variations
observed by the Cluster/RAPID instrument when the spacecraft was travelling in the high
latitude magnetospheric boundary region on the day of the 31 March, 2001, strongest mag-
netic storm in the past 50 years. The Dst index reached —360 nT at about 09:00 UT. During its
early recovery phase, large amounts of oxygen and helium ions were observed; the ratio of
oxygen to hydrogen in the RAPID energy range reached as high as 250%, which suggests that
the observed energetic particles might be of magnetospheric origin. The observations further
show that enhanced energetic electron fluxes are confined in a very narrow region, while
protons have occupied a larger region, and heavy ions have been observed in an even larger
region. The flux of energetic electrons show a slight enhancement in a region where the
magnetic field magnitude is around zero. These observed energetic ions could be quasi-trapped
by the current sheet in the stagnation region of the cusp.

Keywords: cusp, current sheet, energetic particles, ion composition, stagnation region

Abbreviations: CIS — Cluster Ion Spectrometer; CME — Coronal Mass Ejection; FGM —
Fluxgate Magnetometer; GSE — Geocentric Solar Ecliptic; IMF — Interplanetary Magnetic
Field; RAPID — Research with Adaptive Particle Imaging Detectors; S/C — Spacecraft

1. Introduction

The polar cusp has been a hot research topic as Polar and Cluster spacecraft
produce a large amount of new data. It is now believed that the magneto-
spheric cusp region is not a small region, but a large and dynamic region
extending in three-dimensions. It is marked by a very noticeably reduced
magnetic field magnitude, with broadband electrostatic and electromagnetic
waves. Very energetic electrons (up to MeV) could be trapped in the topo-
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logical magnetic field minimum point around outer cusp (Sheldon et al.,
1998). The origin of the energetic particles in the cusp region is still an open
question. There are three different sources which could provide energetic
particles in the cusp vicinity; one is the shocked solar wind (e.g., Trattner
et al., 2001), another is magnetospheric leakage and the other is local
acceleration (e.g., Fritz, 2000). Very little is known of the high latitude
boundary layer compared with the region around the subsolar point. In the
reconnection model, magnetic field lines merge at the dayside magnetopause
and convect across the cusp into the mantle (Dungey, 1961; Lockwood and
Smith, 1992). In such a model, the position and extension of the cusp depend
strongly on the interplanetary magnetic field (IMF). When the IMF is
northward, the reconnection process could happen in the vicinity of the cusp
region (Dungey, 1961; Crooker, 1986; Song and Russell, 1992). During
periods of extended northward IMF, the convection in the high latitude
boundary-layer region is sunward and has been termed ‘“‘Reverse Convec-
tion” (Crooker, 1992). Sunward convection flow has been reported by the
DMSP satellites and the cusp can extend to rather low latitudes during
northward IMF B. (Newell and Meng, 1987). Another important feature of
high latitude reconnection is that it could open up a path for changed par-
ticles to enter the magnetosphere or escape from the magnetosphere (Zong
et al., 2002). However, no matter where these energetic particles come from,
there must be a mechanism which can trap or maintain them for a rather long
time, or else they are being supplied continuously by a source.

As we already know, the interaction between the solar wind and the
Earth’s magnetosphere takes place over a narrow current sheet known as the
magnetopause. Transport of mass, energy and momentum across this
boundary remains one of the fundamental areas of research in space physics.
The role of the current sheet in the high latitude region, including the cusp
region, has been neglected or underestimated although it could be extremely
important for understanding the dynamic processes occurring. Is there any
difference in the current sheet for northward IMF and for southward IMF in
the cusp region? What is the role of the current sheet during northward IMF?
Few papers have addressed such a question to date.

The strongest storm in the past 50 years was recorded on 31 March 2001.
The Dst index reached —360 nT at about 09:00 UT. This storm was triggered
by a coronal mass ejection (CME), and many detailed features of this giant
magnetic storm have been observed by the Cluster mission. In this paper, we
focus only on its early recovery phase between 11:00-15:00 UT on 31 March
2001, when the Cluster spacecraft was travelling in the high latitude region —
crossing the tail lobe, plasma mantle, the cusp region and the boundary layer.
The data discussed here are obtained with the energetic particle detector
RAPID onboard Cluster. The detail of the instrument can be found in the
paper by Wilken et al. (1997). The Cluster spacecraft has recorded large



ENERGETIC PARTICLES IN THE CUSP REGION 243

fluxes of high-energy particles, which are supposed to be coming out of the
magnetosphere through high latitude reconnection. It is implied that the cusp
current sheet might have played an important role in maintaining these
energetic particles in this region.

2. Observations

The data to be presented here are obtained by the RAPID instrument on
board the Cluster spacecraft (Wilken et al., 1997). The energetic particle
spectrometer RAPID in the Cluster payload features novel detection prin-
ciples both for ions and electrons. For either species the instrument measures
the vector velocity (V) and the energy (E). The ion detector heads (IIMS) are
composed of a time-of-flight (TOF)/energy (E) telescope with a solid state
detector (SSD) as the back element. Species identification comes from the
function ET*>= A with E and T denoting the measured quantities of energy
and time-of-flight (equivalent to the particle velocity), A4 is the atomic mass of
the particle. The energy range extends from 30 to 4000 keV. The advanced
design of the telescope as a projection camera which returns information on
the particle direction of incidence, with 12 angular intervals over a 180° field-
of-view. A second detector system, the imaging electron spectrometer (IES),
is dedicated to electrons between 20 and 400 keV. The IES head uses the
optical principle of a pinhole camera with 9 angular intervals over 180°.
Together with a sectored spin plane of the spacecraft, both systems cover the
unit sphere in velocity space in a contiguous manner. Furthermore, we use
magnetometer measurements from the fluxgate magnetometer (FGM) on
board Cluster, which makes high resolution vector field measurements
(Balogh et al., 1997) and plasma data from the Cluster lon Spectrometer
(CIS) experiment (Reme et al., 1997). The time resolution of the data used in
this paper is 4 s and the coordinate system is the GSE system. The criteria of
the region identification in this paper is mainly based on the energetic particle
behavior together with the plasma and magnetic field data.

During interval 11:00-15:00 UT, on 31 March 2001, when a CME-driven
strong magnetic storm (=360 nT at 09:00 UT) was in its early recovery phase,
four Cluster spacecraft were travelling through the lobe/mantle, crossing the
cusp region and entering the boundary layer. Figure 1 shows the orbit of the
spacecraft during this time period and also their locations relative to each other.

Figure 2 shows the event overview obtained by Cluster S/C1. The panels
from top to bottom are the azimuthal angle distribution of ions, flux of
protons (>30 keV), helium ions (>50 keV) and CNO group of ions
(> 100 keV). The two dashed lines indicate the time interval in which the flux
of energetic particles showed an obvious enhancement. The magnetic field
magnitude decreases, with strong fluctuations, in this time period.
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Figure 1. The orbit of the Cluster spacecraft in the interval from 11:00-15:00 UT, on 31
March, 2001.

As we can see from Figure 2, the proton flux increases by one order of
magnitude in the central cusp region (where the magnetic field is rather weak,
with B < 60 nT). There are many helium and heavy ions (mainly oxygen
ions) after 11:38 UT. The fluxes of helium ions and heavy ions are each
around 10° em™2 s™! sr™! keV™! and almost reaching the flux of protons at
their peak values.

As seen from the bottom four panels, the magnetic field B, and B. com-
ponents detected by Cluster in the cusp region have the same variation
profiles as the IMF B, and B. obtained by ACE satellite at the L1 Lagrangian
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Figure 2. Overview of the event. The panels from top to bottom show the azimuthal angle
distribution of all ions, flux of protons, helium ions and heavy ions (CNO group, m > 4),
three magnetic field components and magnetic field magnitude.

point (220 Rz upstream from the Earth), indicating the magnetic field B, and
B. components in the cusp are mainly a result of the IMF orientation. In
order to see what happens in the transition region, we show ion flow velocity,
ion density from the Cluster Ion Spectrometry (CIS) experiment and mag-
netic field magnitude from Flux Gate Measurements (FGM) onboard S/C1
and S/C4 in Figure 3.

There are no plasma data obtained by S/C2. High speed plasma flows
observed by the other three satellites begin at about 11:38 UT when they are
all in the plasma mantle, and end at about 11:50 UT when they are in the
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Figure 3. Ton flow velocity, ion density and magnetic field magnitude observed by S/C1 and S/
C4. The vertical lines indicate the time interval in which strong fluctuations of the plasma flow
velocity are observed. The line between them shows when the magnetic field magnitude and
number density of protons change suddenly.

cusp. The time series of the number density of protons obtained by CIS
(Panels 4 and 9 from the top) indicate that this transition region is the
boundary between the plasma mantle and cusp.

More careful examination of the data shows that the four spacecraft,
instead of observing very similar variations both in the magnetic field and the
plasma flow velocity, have recorded different timings. The ion flow recorded
on S/C1 lasted about 2 min until the satellite enters a very variable region at
11:40 UT with X=2.43Rg, Y=1.97R;, Z=7.33R; in GSE coordinates. The
nearby S/C3 observed similar features to those recorded by S/C1 at almost
the same time (not shown here). S/C4 encountered the cusp region at about
11:43 UT and its position in GSE coordinate system is (2.43, 1.96, 7.27) at
this time which is at a slightly lower altitude (GSE-Z) than S/C1 when it
entered the boundary region. The four Cluster spacecraft moved out of the
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cusp region at about 13:00 UT as demonstrated by the sharp increase of the
magnetic field.

The ion flow directions observed by the three spacecraft are similar; V, is
positive, indicating a continuous sunward flow which could be a result of the
high latitude reconnection when the IMF is northward. The negative V.
during this time period is also consisted with the high latitude reconnection
picture. The very high speed of the flow might result from the strong mag-
netic field in this region because it is believed that the acceleration of the
plasma during a reconnection process is closely related to the local Alfven
speed (Dungey, 1961).

Figure 4 shows an expanded view of the period when the fluxes of all
species show enhancements for a short time period, when the polarity of the
magnetic field changes. The peaks of the fluxes of energetic particles coincide
with the null point in the magnetic field. This indicates that the satellite
crossed a current sheet, and that it is only in the vicinity of the current sheet
that energetic electrons are observed. The region of charged electron fluxes is
the narrower the shaded area when the fluxes of protons and heavy ions are
both high.

We show all the RAPID observations of the four spacecraft together in
Figure 5; all four spacecraft have recorded similar features. The second and
third panel display the ratio of the flux of helium ions (70-1500 keV) to that
of protons (30-1500 keV) and the flux of heavy ions (140-1500 keV) to that
of protons, respectively. It is interesting to note that, just within the current
sheet, these two ratios show a decrease, to a value around 0.5. However, the
ratios on either side of the current sheet are greater than 1, and even reach
2.5. This implies that heavy ions might be “trapped” in an even wider region
than that for protons. During a magnetically quiet time (e.g 5 April, 2001),
these ratios in the same region are typically halved.

3. Discussion and summary

We show the magnetic field components in the local boundary normal
coordinate system in the fourth and fifth panels of Figure 5. The X~ of
Figure 5, Y*, 7" are defined as the maximum, intermediate and minimum
variance directions (MVA) (Sonnerup and Cahill, 1967; Hapgood, 1992). The
minimum variance vector defines the boundary normal direction n. A third
eigenvalue and eigenvector together with the maximum and minimum vari-
ance vectors completes the right-handed coordinate system. The directions of
the boundary normal coordinates system (i.e., the eigenvectors) in GSE are
given as follows: the maximum variation direction, X~ = (0.20 =0.91 —0.35);
the intermediate variation direction, ¥* = (=0.032 —0.40 0.86); the minimum
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Figure 4. Expanded view of the different regions of energetic electrons and ions observed by
S/CI1. The panels from the top show the flux of high-energy electrons, protons and helium
ions, heavy ions (m > 4), and three components of the plasma flow. The bottom four panels
are the magnetic field components and total magnitude. The shaded area mark the flux
enhancements of electrons and protons, respectively.

variation direction, Z = (-0.92 —0.064 —0.37). The ratio of the intermediate
to minimum eigenvalue is 14.3, and Bl is 0.08. This indicates that the
boundary normal system is well established (Sonnerup and Cahill, 1967;
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Figure 5. Observations made by the four Cluster spacecraft during the time period of
12:15-13:15 UT. The panels from top to bottom give the flux of energetic electrons and
protons, the ratio of the flux of helium ions to that of protons and the flux of heavy ions to
that of protons, the magnetic field components in the local minimum variance coordinate
system, and the total magnetic field magnitude.

Lepping and Behannon, 1980). As the positive X~ axis is toward dawn, this
indicates that the changing of the magnetic field in the current sheet is mainly
towards the local dawn. The current sheet could thus be identified by the
magnetic field in its boundary normal coordinate system.

As we can see from Figure 5, this energetic particle layer has been
observed simultaneously by all Cluster satellites. The only difference is in the
center of the current sheet around 12:45 UT, where the ion fluxes are slightly
different as observed by the different satellites; this is probably caused by the
separation of the Cluster spacecraft.

The particles which are observed in the center of the current sheet have an
abundance of heavy ions. Large amounts of heavy ions of ionospheric origin
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in the ring current region is a typical signature for large magnetic storms
(Hamilton et al., 1988; Daglis et al., 1999; Fu et al., 2001a, b). The heavy ion
species can be used as an indicator of magnetospheric dynamic processes.
Energetic particles observed in the polar cusp region could also come from
the ring current and/or the plasma sheet (Kremser et al., 1995). The very high
flux ratio of heavy ions to protons found in this event could be an indication
of the energetic ions of magnetospheric origin escaping or leakage into the
high latitude region during the early recovery phase of the storm. The normal
ratio for the flux of oxygen to proton in the same energy range is as low as 0.1
in the solar wind (Wilken et al., 1995; Zong et al., 1998).

IMF B, observed by the ACE satellite at the L1 point was predominately
positive from 10:24 to 12:00 UT (~20 nT, except for two very short periods
of IMF B. negative). This indicates that IMF at the dayside magnetopause in
the time period from 11:30 to 13:00 UT was essentially positive and favoured
a cusp/high latitude reconnection site. High latitude reconnection often
causes the so-called “‘reverse convection” (Crooker, 1992) which means that
the plasma flow should have a sunward direction with a southward com-
ponent. This is confirmed by the plasma flow velocity V', and V, observed by
CIS onboard Cluster (Figure 3). Therefore, it is reasonable to believe that
high latitude reconnection has opened up a path which allows energetic
particles to leak out of the magnetosphere and/or escape into the cusp region.

When those high-energy particles get into the cusp region, they might be
lost very quickly if there is no additional mechanism to trap them, since
magnetic field lines in the cusp region are supposed to be open. The very low
flux of energetic electrons is such an indicator (Zong et al., 2003). The
observed current sheet provides a possible mechanism to maintain these
energetic ions. By transferring to the boundary normal coordinate system, we
found that the magnetic field changed mainly in the GSE Y direction with the
spacecraft moving mostly in the sunward direction. This implies that this
current sheet is in the Y—Z plane and the current flow probably in the Z
direction. Figure 6 illustrates a possible configuration of the current sheet in
the cusp stagnation region, together with the orbit of the spacecraft super-
imposed on the T89 modelled magnetic field lines. It should be mentioned
here that this current sheet may be formed by the piled up IMF against the
Earth’s field.

As we can see from Figure 4, during the time of interest, all three com-
ponents of the magnetic field show a bipolar signature which indicates that
this region is much more complex than just a simple boundary layer. The
amplitude of the magnetic field is very small (probably near a magnetic null
point) (see also Figure 5); the plasma velocity is also rather small. All these
points suggest that the current sheet is located in the stagnation region in the
cusp (Figure 6(a)). The maximum variation direction of the current is GSE
(0.20 —0.91 —0.35), indicating the positive X  axis toward the dawn direction
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Figure 6. A schematic interpretation of the event on 31 March 2001. In part (a), the satellite
orbit from 10:00-14:00 UT is plotted on top of magnetic field lines (T89 model). The current
sheet and the magnetic field related to it are also displayed. A model current sheet with
magnetic field shear is shown in (b), and charged particle motions in a current sheet and the
possible trapping mechanism of the current sheet are shown in (c).

(GSE-Y direction), and the change of the magnetic field in the current being
mainly in the GSE B, (Figure 5). Figure 6(b) shows a simplified one-
dimensional current sheet model as inferred from Figure 5. Energetic parti-
cles would have different types of motion when they are moving in such a
current sheet — “Speiser”” orbits. In the current sheet, particles could be
“trapped” in the current sheet and also contribute some of the current. Far
away from the central current (a distance larger than 2 gyro-radii), the cur-
rent induced by the motion of the particles will reduce the original current.

From Figures 4 and 5, it is clear that different particles occupy different
regions. Electron fluxes increase slightly in a very narrow region around the
magnetic null point. This provides additional evidence for the current sheet
trapping these observed energetic particles. The wider range of enhanced
proton fluxes is also consistent with this assumption, since protons have a
much larger gyro-radius than electrons. The ratio of the flux of helium and
heavy ions to that of protons shows a decrease just near the null point of the
magnetic field, while on both sides of the transition region these ratios are
very high. This implies that heavy ions are “‘trapped’ over a wider range than
protons which is a result of their different gyro-radii (see Figure 6(c)). The
same effect has been seen by GEOTAIL observations in the dayside mag-
netopause (Zong et al., 1999, 2001).
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The observational results in this paper can be summarized as follows:

1. High fluxes of energetic protons together with heavy ions are observed in
the cusp region during a giant magnetic storm.

2. The flux enhancements of different ion species occupy different regions,
and are wider for heavy ions than for protons.

3. The region of flux enhancement of energetic electrons is narrower; it is
only found in the central current sheet where the magnitude of the
magnetic field is around zero.

4. The observed energetic particles might be of magnetospheric origin as
inferred by the very high flux ratio of heavy ions to hydrogen (250%)
during the early recovery phase of the large storm.

5. These energetic ions could be quasi-trapped by the current sheet in this
region. This result may argue that the cusp current sheet plays a crucial
role in maintaining these energetic particles in this region.
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Abstract. Magnetic merging is a primary means for coupling energy from the solar wind into
the magnetosphere—ionosphere system. The location and nature of the process remain as open
questions. By correlating measurements from diverse locations and using large-scale MHD
models to put the measurements in context, it is possible to constrain our interpretations of the
global and meso-scale dynamics of magnetic merging. Recent evidence demonstrates that
merging often occurs at high latitudes in the vicinity of the cusps. The location is in part
controlled by the clock angle in the interplanetary magnetic field (IMF) Y-Z plane. In fact, By
bifurcates the cusp relative to source regions. The newly opened field lines may couple to the
ionosphere at MLT locations of as much as 3 hr away from local noon. On the other side of
noon the cusp may be connected to merging sites in the opposite hemisphere. In fact, the small
convection cell is generally driven by opposite hemisphere merging. By controls the timing of
the interaction and merging sites in each hemisphere, which may respond to planar features in
the IMF at different times. Correlation times are variable and are controlled by the dynamics
of the tilt of the interplanetary electric field phase plane. The orientation of the phase plane
may change significantly on time scales of tens of minutes. Merging is temporally variable and
may be occurring at multiple sites simultaneously. Accelerated electrons from the merging
process excite optical signatures at the foot of the newly opened field lines. All-sky photometer
observations of 557.7 nm emissions in the cusp region provide a ‘“‘television picture” of the
merging process and may be used to infer the temporal and spatial variability of merging, tied
to variations in the IMF.

Keywords: cusp, magnetosphere, reconnection, solar wind
Abbreviations: ACE — Advanced Composition Explorer; DMSP — Defense Meteorological

Satellite Program; MHD — magnetohydrodynamics; IMF — interplanetary magnetic field; IEF
— interplanetary electric field

1. Introduction

The cusp and dayside boundary layer that form the magnetopause mediate
how energy from the solar wind couples into the magnetosphere—ionosphere
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system. The word cusp conjures up different images to different people. In a
theoretically closed magnetospheric configuration, it is singularity in the
ionosphere to which the whole surface of the magnetosphere maps. At high
altitudes it is an indentation on the surface of the magnetopause and a region
of depressed magnetic field. Chapman—Ferrero currents, whose J x B force
balances the dynamic pressure from the solar wind at the nose, close above
the cusp. This current vortex is the cause of the depression in the field in the
high altitude cusp (see Siscoe et al., 2000a). In fact, the cusp is wider, in some
cases extending over 4 h in magnetic local time (e.g., Maynard et al., 1997).
Magnetic merging at the magnetopause between magnetic fields of opposite
polarity was proposed by Dungey (1961) to interconnect the interplanetary
magnetic field (IMF) with the Earth’s magnetic field, breaking an IMF field
line into two open field lines tied through the cusps to each ionosphere. As
these open field lines are dragged anti-sunward by their tie to the solar wind,
they drive convection in the northern and southern polar caps. This means
that the magnetopause is open with the Earth’s magnetic field lines con-
necting to the IMF through the cusp and through the high latitude boundary
layer or mantle behind the cusp. The cusps are direct entry regions for
magnetosheath particles along the open field lines. In a merging driven
configuration, whether the merging location is near the nose or near the cusp,
the magnetopause boundary layer below the cusp may also be open. Newly
merged field lines drape over the magnetopause as they are being dragged
tailward by the solar wind, forming an open boundary layer (see Maynard
et al., 2002).

In this paper the cusp is defined as a region of open field lines
extending poleward from the open closed boundary (which is tied to the
dayside merging region on the magnetopause) to where particles no
longer are able to directly enter. Subsequently, the open field lines are
pulled tailward in the mantle, rotating to their solar wind orientation
through currents in the mantle and the magnetosheath. In the ionosphere
the cusp is several hours wide and several degrees in depth. Near the
magnetopause (as well as in the ionosphere) the depressed magnetic field
region of the cusp shifts in local time, depending on the IMF clock angle
(see Siscoe et al., 2005 (this volume)). The quasi-circular boundary or rim
of the cusp can be seen in their Figure 3. For northward IMF merging
occurs at the poleward edge. At the dayside boundary between open and
closed magnetic field lines the first cusp open magnetic field lines connect
to the merging separatrix on the magnetopause. Magnetosheath particles,
which have been accelerated by the merging process, may be observed
(see also Keith et al., 2005 (this volume)). Because all newly opened
magnetic field lines connect to the ionosphere through the cusp, the cusp
region characteristics monitor the coupling of the magnetosphere to the
solar wind.
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Merging is now generally accepted as the primary mechanism for cou-
pling. Questions remain as to (1) where merging takes place, (2) when, or on
what time scale, merging is actively happening, and (3) even how the process
is accomplished. High resolution electric and magnetic field and energetic
particle measurements provide new tools for investigating these basic ques-
tions. Over the last several years, a number of new insights have been gained
from combining and/or correlating remote measurements in the ionosphere
(both ground- and space-based), in situ measurements at the magnetopause
with Polar and Cluster, measurements upstream in the solar wind to monitor
the input from the solar wind, and simulations using magnetohydrodynamic
(MHD) models of the whole solar-wind/magnetosphere/ionosphere system.
Addressing problems with simultaneous data from multiple satellites and
diverse locations within the context of the large-scale picture from the sim-
ulations constrains our interpretations. In this paper we will apply these new
insights to each of these basic “‘reporter” questions, after first providing a
quick overview on methods that have been used experimentally to establish
the existence and location of magnetic merging. The paper is meant to be a
synopsis and a synthesis of recent results, details of which are in the refer-
enced papers, and not a comprehensive review.

2. Merging primer

Magnetic merging is a local reconfiguration of the magnetic field in which
fields of opposite polarity merge, resulting in a new configuration, and
magnetic energy is converted to kinetic energy. At the magnetopause,
interplanetary magnetic field lines connect to closed magnetospheric field
lines to create two open magnetic field lines that have one foot in each
hemisphere’s ionosphere and extend out into the solar wind. X-type merging
configurations with oppositely directed field lines (Levy et al., 1964) were
generalized by Sonnerup (1974) to include merging between the antiparallel
components of B, along a line that hinges about the subsolar point (e.g.,
Gonzales and Mozer, 1974). The remaining parallel component is usually
referred to as a guide field.

What happens at the separator at the center of the X configuration,
some times referred to as within the “black box”, to provide parallel
electric fields and dissipation necessary for merging is an open question. In
the following we shall use the terms merging separator and X-line inter-
changably, while realizing that in localized features they may be closer to a
point rather than a line. Both ion and electron gyrotropy must be broken.
The questions revolve around “how”. A recent review of the physics
involved has been made by Scudder (1997). Hall and pressure gradient
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terms must be considered in the generalized Ohm’s law. Other terms involve
anomalous resistivity and electron inertia. Simulations using both MHD
and particle-in-cell (PIC) codes have been compared in the Geospace
Environmental Modeling (GEM) magnetic reconnection challenge (see Birn
et al., 2001 and associated papers in the same issue). Simulations which
included the Hall effect, bringing the dynamics of whistler waves into the
system, all produced similar rates of reconnection or merging (Birn et al.,
2001). Observationally, the breaking of gyrotropy of both ions and elec-
trons at a merging site above the cusp for northward IMF has been
definitively identified by Scudder et al. (2002a).

Since most measurements are away from the merging separator, proxies in
the data have been developed for identifying that merging has taken place.
Minimum variance analyses (Sonnerup and Ledley, 1974) of magnetic field
measurements (often combined with maximum variance of electric fields
(e.g., Kawano and Higuchi, 1995)) have been employed to show that
the magnetopause was a rotational discontinuity with a finite B, ,rma and
Eangentia, Which are proportional to the merging rate. The existence of a
rotational discontinuity is a necessary, but not sufficient, condition for
merging. However, establishing an unambiguous finite B,oma can be diffi-
cult. Rotational discontinuities satisfy the Walén relationship, which specifies
that the change in the ion velocity is proportional to the change in the
magnetic field. Often the proportionality constant found in the data is dif-
ferent from =1. Scudder et al. (1999) showed that the Walén test is better
done with electrons. More recently Ma et al. (2002) have shown that,
depending on how the merging topology is crossed, minimum variance may
provide an erroneous normal direction and even the Walén test may be
compromised.

Another commonly used proxy for merging is the identification of accel-
erated flows of magnetosheath plasma observed near the subsolar magne-
topause (Paschmann et al., 1979; Sonnerup et al., 1981). Observations of
accelerated flows, often identified by ‘““D-shaped” distributions in velocity
space (Cowley, 1982), have been regarded as standard signatures of merging
(e.g., Gosling et al., 1982; Paschmann et al., 1986; Sonnerup et al., 1990).
This is a necessary, but not sufficient, condition for merging to have occurred.
While accelerated plasmas were observed during some ISEE-1 magnetopause
crossings, Aggson et al. (1984) also reported decelerated flows. Moreover,
they emanated from a merging site poleward of the satellite. Scudder (1984)
calculated that, as the merging site moved off the equator, the exhaust
velocity from the X-line should equal the sum from the merging acceleration
and the local magnetosheath velocity at the merging site. This becomes
especially significant for X-lines located at high latitude where the open field
lines from the backside of the separator are draped over the nose to the
opposite hemisphere cusp and may have decelerated flows.
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Recently, Maynard et al. (2003) have used wave Poynting flux as an
additional discriminator for merging. The magnetic reconfiguration in the
merging process must be communicated away from the X-line along the
separatrices via Alfvén waves carrying field aligned currents (see Atkinson,
1992; Ma and Bhattachargee, 2001). These waves will have a parallel
Poynting flux. Its direction, like the accelerated particles, will be away from
the source. Again, this is another necessary, but not sufficient, proxy.

Crooker (1979) offered an alternative hypothesis in which merging occurs
wherever magnetospheric and magnetosheath field lines are aligned anti-
parallel to each other. For most IMF orientations antiparallel merging
proceeds at high latitudes on the magnetopause. It is of particular interest to
note that on the basis of high-altitude magnetopause and cusp measurements
by the HEOS-2 satellite, Haerendel et al. (1978) concluded that the merging
process is intermittent, of small scale, and located predominantly in the cusp
region. Sibeck and Newell (1994) have also argued for continuous and pat-
chy, sporadic merging in the vicinity of the cusps. Both the antiparallel and
component merging hypotheses locate merging at the equator for periods of
southward IMF and at the poleward boundary of the dayside cusp during
periods of purely northward IMF. Differences occur for the intermediate
clock angles, which are the most common situations. We shall address this
when we answer the question “where”.

In a series of papers in the early 1990s, Cowley and Lockwood devel-
oped the concept of pulsed reconnection or merging (see Cowley and
Lockwood, 1992). It was a component-merging based hypothesis that
merging happened in bursts, separated by gaps when no merging was
taking place at a particular location. The typical repetition rate was 8 min,
similar to the typical repetition rate for flux transfer events, which were
identified in the ISEE-1 and —2 data taken near the nose by Russell and
Elphic (1979). In these pulses of merging, open flux was added to the
dayside ionosphere, which stimulated convective flow and the ionospheric
convection pattern. Earlier, Maynard and Johnstone (1974) used sounding
rocket observations to identify filaments of electrons of magnetosheath
character occurring on faster temporal and/or narrower spatial scales. They
postulated that direct access was through multiple filamentary structures
located in the broader context of the cusp. Lemaire (1977) found filamen-
tary currents in the boundary layer at the magnetopause. Others have
argued that merging was more continuous, varying in rate and location (see
Newell and Sibeck, 1994). In fact, most of the theory of the process has
been developed around steady state merging. Considering the variability of
the magnetic field in the solar wind and the magnetosheath, the process is
unlikely to be steady, although it may be occurring somewhere continu-
ously. We shall address this when we attempt to answer the question
“when”’.
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3. A new perspective on solar wind coupling to the magnetosphere

Results from two soupding rockets, launched into the ionospheric extension
of the cusp from Ny-Alesund in the Svalbard archipelago, North of Norway,
compelled consideration of a new view of the propagation of structures in the
interplanetary magnetic field (IMF) in the solar wind and their effects on the
merging process. The most startling result of Maynard et al. (2000, 2001c)
was the correlation, in each case, of electric field variations seen in the ion-
osphere by the sounding rocket with small-scale variations in the effective
interplanetary electric field nearly 200 Rg upstream. In both cases the IMF
had a strong By component and By was stronger than B. The variations in
both data sets had scales of minutes. Remarkably, the lag time was less than
the advection time (the time that a feature would take to transit the inter-
vening distance using the measured solar wind velocity). The observed cor-
relations indicated that surfaces of constant phase in the interplanetary
electric field (IEF) must be tilted with respect to the Sun—Earth line. The
sense of tilt was such that first interactions with the magnetosphere occurred
on the southern hemisphere magnetopause. This forced the conclusion that
the interaction with the magnetosphere that was causing the variations seen
at the rocket in the northern hemisphere ionosphere had to be in the southern
hemisphere. This means that part of the northern hemisphere cusp must have
an open field line region with its merging source in the southern hemisphere,
and a separate region with its merging source in the northern hemisphere.
The cusp is thereby longitudinally bifurcated relative to source regions from
the effects of By.

Two additional assumptions were made by Maynard et al. (2001¢) to
harmonize these observed correlations of interplanetary and ionospheric
dynamics. First, merging locations are determined using the antiparallel
criterion of Crooker (1979). The antiparallel criterion in By-dominated
situations results in a separator that is split between high-latitude northern
and southern hemisphere sources, causing longitudinal bifurcation. The
data are insufficient to specify whether field lines at the merging site are
exactly antiparallel or have a small guide field; however, the results are
more easily explained if merging proceeds near the two cusps rather than at
low magnetospheric latitudes. Second, an optical signal in the ionosphere
marks every merging event. In the dayside cusp, poleward moving 630.0 nm
auroral forms associated with flux transfer events (Sandholt et al., 1986)
reflect prolonged access of magnetosheath plasma to the ionosphere. We
suggest that prompt optical responses also occur in the ionosphere fol-
lowing small-scale variations in the merging rate/location. In following
effects of such small-scale IEF variations, it is necessary to examine vari-
ations of 557.7 nm, rather than 630.0 nm, auroral emissions, because of the
long lifetime of the O('D) state.
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Figure 1. Diagram illustrating the various merging sites in the magnetosphere and ionosphere
and their relationship to the aurora (Maynard et al., 2001c). The top two plots show a 3-D
representation of the magnetopause defined by the last closed field line surface from the
Tsyganenko 96 model with mantle field lines added. The yellow IEF phase plane is shown
abutting the southern hemisphere merging site in the left plot and encountering the northern
hemisphere cusp region in the right plot. Newly opened field lines in the southern hemisphere
would pass by the dotted yellow region in the northern hemisphere in the top left. The orange
line in the top right schematically delineates possible northern hemisphere merging sites,
applying the antiparallel criterion. The bottom two plots depict the ionospheric configuration.
Mapped onto a W2K convection pattern (Weimer, 2001) and an all-sky image are the field of
view of the optics, the approximate rocket and DMSP trajectories, and the projections of the
merging sites color coded for comparison with the top plots. Note that the all-sky image is
inverted from the potential pattern, with both shown in their most commonly displayed
orientation. (see text) (from Maynard et al., 2001b, 2002).

To illustrate some of the concepts involved when tilted phase planes in the
solar wind interact with the magnetosphere ionosphere system, we use the
diagram of Maynard et al. (2001¢c, 2002) for conditions when the IMF was
dominated by By >0 and By < 0 (with slightly negative B;). The two top
plots of Figure 1 show the last closed field line surface generated by the T96
magnetic field model (Tsyganenko and Stern, 1996). To give the magneto-
sphere its normal shape, mantle field lines were added poleward of the cusp.
The basic indentation of the cusp with emanating field lines is shown along
with the connected sash (White et al., 1998; Maynard et al., 2001a). For
By > 0 the separator passes through the dawn (dusk) side of the cusp in the
southern (northern) hemisphere. The yellow planes in the top two plots of
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Figure 1 represent surfaces of constant IEF phase. The tilt angle is compa-
rable with estimated values during the two rocket studies. The upper left plot
shows the phase plane impacting the separator first on the southern hemi-
sphere dawn side, equatorward of the cusp. The yellow dashed line represents
a conceptual mapping of recently opened field lines near the northern cusp as
a result of merging in the southern hemisphere. Newly merged field lines are
pulled tailward and toward dawn by J x B (magnetic tension) forces at the
magnetopause (Siscoe et al., 2000b) as the solar wind flows past the Earth.
The top right plot shows the same phase plane at a later time as it interacts
with the northern hemisphere antiparallel merging site. In the case of By > 0,
the northern hemisphere antiparallel merging site is located near the dusk
side of the cusp for 8 >90°, in the sash for 8 =< 90°, and on the poleward edge
of the cusp with northward B,. The orange line designates potential northern
hemisphere merging sites. Note that, when the IEF phase plane reaches the
orange line, it has already passed the time and location associated with
component merging.

Figure la and b are simplified to emphasize the timing of the interactions
in each hemisphere. Phase planes that are coplanar in the solar wind are
distorted by the decreasing velocity in the magnetosheath and drape over and
around the magnetopause before the IMF merges with the Earth’s magnetic
field. For the sake of illustration, Figure 1 ignores delays and associated field-
line draping occurring as the solar wind slows in the magnetosheath (Shep-
herd et al., 1999). Of importance here is the fact that, because of the tilt and
the negative By, merging occurs first in the southern hemisphere and later in
the northern hemisphere. When By is involved, the two hemispheres may
respond to the same feature at different times as a consequence of high
latitude merging.

The convection pattern shown in the lower left quadrant of Figure 1 is
placed on a magnetic latitude versus magnetic local time (MLT) grid. It was
derived using the Weimer (2001) (W2K) convection model, represented in
inertial coordinates. Maynard et al. (1995) showed that cusp potential pat-
terns are well ordered in the inertial reference frame in which the throat
between the two cells resides near noon for both polarities of By, in agree-
ment with the statistical position of cusp particle precipitation. Estimated
projections of the northern and southern hemisphere merging lines are rep-
resented by the orange and yellow dashed lines, respectively.

For the correlations found by Maynard et al. (2000, 2001c) to exist, logic
demanded consideration of phase plane tilt and high latitude locations of the
merging sites. The concept of tilted phase planes was then explored exten-
sively by Weimer et al. (2002) using simultaneous data from four satellites in
the solar wind. They allowed the lag time between any two satellites to vary
and found a method of calculating that lag on a minute-to-minute basis. A
simple variable lag shift harmonized all three components of the IMF, cor-
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relating the data where in some cases no obvious correlation existed. When
the positions of the other three satellites were adjusted by the variable lags
relative to ACE, all four became located in the same plane. Moreover, that
plane underwent significant orientation shifts with scales of tens of minutes.
The significance of this is that more phenomena, observed in the cusp, may
have direct ties to the solar wind than we previously have been able to
identify. It is important to get the timing for the interaction correct and to
remember that the hemispheres may respond at different times, especially
when By becomes dominant.

4. Where?

The previous section introduced the necessity, at least in some cases, for high
latitude merging, which favors the anti-parallel merging hypothesis of
Crooker (1979). This is in contrast to the more prevalent view that whenever
B is negative, component merging occurs nearer the equatorial plane along
a separator passing through the nose, but tilted somewhat by By (following
Sonnerup, 1974; Gonzalez and Mozer, 1974). However, it is consistent with
the conclusions of Haerendel et al. (1978) that merging occurs predominently
in the cusp region.

The high latitude location illustrated conceptually by Figure 1 would be
around the rim of the cusp, with the location dependent on the strength and
direction of IMF B relative to By. The merging site is post-noon (pre-noon)
in the northern hemisphere if By is positive (negative). The opposite is true
for the southern hemisphere. The rim around the indentation of the cusp is in
part due to the Chapman—Ferraro currents, whose closure above the cusp
depresses the magnetic field inside the loop (see Siscoe et al., 2000a). Figure 3
of Siscoe et al. (2005, this volume) shows how the indentation moves post-
noon as the clock angle increases through 90° and back to being centered on
noon as the clock angle approaches 180°.

Maynard et al. (2003) utilized data from Polar, Cluster and SuperDARN
to conclude that merging often occurs at high latitudes for clock angles less
than 150°. In their featured example from 12 March 2001, Polar was skim-
ming the magnetopause above the nose, Cluster was passing through the
northern hemisphere cusp post-noon, while SuperDARN monitored the
convective flow patterns in the ionosphere. Figure 2 shows the satellite
locations and an expanded insert with the configuration of the four Cluster
spacecraft. Spacecraft separations were of the order of 600 km at this time.
At the magnetopause crossing Polar observed accelerated particles and
parallel wave Poynting flux from above the spacecraft, which was poleward
of the nominal component merging line, indicating that the source was at
high latitude. The minimum variance normal and an electron Walén test
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Figure 2. Plots of the Polar orbit in the XZ and YZ solar magnetospheric (SM) coordinate
planes and of the Cluster orbit in the XZ and XY geocentric solar ecliptic (GSE) planes. The
regions of interest are highlighted by the red ovals. Nominal magnetopause and bow shock
configurations are indicted in panels a, ¢ and d as appropriate. The circles at the origin
represent the Earth. In panel ¢ the insert shows the configuration of the four Cluster spacecraft
with Cluster 3 leading and Cluster 4 trailing. The tetrahedron configuration is maintained
quite well during the interval of interest. Spacecraft separation is of the order of 600 km (from
Maynard et al., 2003).

confirmed the location above the spacecraft. None of these tests is sufficient
in itself, but, as a group, the tests point to a conclusion that Polar was
monitoring the back exhaust region of a high latitude merging line. Maynard
et al. (2003) present evidence that SuperDARN and Cluster monitored the
forward exhaust effects of the high-latitude X-line.

Interpretations of satellite measurements can be tested for reasonableness
through comparisons with predictions of simulations using the Integrated
Space Weather Model (ISM). ISM is a large-scale magneto-hydrodynamic
(MHD) code developed by Mission Research Corporation to simulate the
magnetosphere—ionosphere system from 40 Ry upstream in the solar wind, to
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Figure 3. Traced magnetic field lines from a MHD simulation using the Integrated Space
Weather Model (ISM). Figure 3a shows a set of field lines flowing away from a high latitude
merging site. Trace 0 is closed, and its origin in the northern hemisphere is shown in Figure 3b
to be between 15 and 16 MLT and 7° latitude. All others are open. Figures 3d—f show three
views of these same field lines colored with the Y component of the velocity. Figure 3¢ shows
the complete set of first open field lines traced from the ionosphere in each hemisphere and
also colored with FVy (see text) (from Maynard et al., 2003).

the base of the ionosphere near the Earth, and to —300 R in the magnetotail
(see White et al., 2001). To illustrate conceptually the connectivity between
diverse regions that Polar, Cluster and SuperDARN were monitoring,
Figure 3 (from Maynard et al., 2003) identifies a high latitude merging site in
an ISM run with an IMF input clock angle of 135°. Last closed field lines
were found starting from the ionosphere in each hemisphere. By moving
poleward 10 km in the ionosphere from the trace point of each closed field
line, we define a set of “first”” open field lines. A last-closed and first-open
field line pair, traced from the northern hemisphere ionosphere, are shown in
Figure 3a and labeled 0 and 1. They map from the black dot in the potential
pattern in Figure 3b, near 15 MLT and 71° magnetic latitude, and pass
through the post-noon cusp. Field line 0 also traverses the low latitude region
of the post-noon magnetopause. This closed field line maps to near the zero
equipotential line between the two convection cells in the southern hemi-
sphere.

Several field lines have been traced from a series of points along the
northern hemisphere equipotential that passes through the origin of trace 0
to understand how the field lines change after merging. The first 4 of these,
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labeled 2-5 in Figure 3a, demonstrate the evolution of a field line above the
separator, as it is dragged back over the magnetopause. A similar set of field
lines was mapped from the equipotential contour in the southern hemisphere
at the end of trace 0 and labeled 2°-5". Although there is no way to trace the
evolution of exact pairs from a merging site, these field lines illustrate the
evolution below the separator and how the newly opened field lines drape
over the dayside magnetopause. Line 2’ probably pairs best with 2. We infer a
high-latitude merging site to be located close to where line 1 bends. The open
field lines below a high latitude merging site form an open boundary layer
over the dayside magnetopause (see also Maynard et al., 2002).

Figure 3c shows the complete set of first open field lines traced from each
hemisphere. The field lines are colored according to Vy. The northern
hemisphere set of field lines in Figure 3a are colored red in Figure 3¢ to show
their position relative to the first open field lines. Most prenoon (postnoon)
field lines have a negative (positive) }4. Exceptions to this are in the cusp
where J x B forces from the currents associated with the curvature of newly
merged field lines drive flow westward (eastward) in the northern (southern)
hemisphere (Siscoe et al., 2000). Figure 3d—f display the front, top, and side
views of northern hemisphere closed and open field lines in Figure 3a colored
with Vy. Flow in the boundary layer on the closed field line (0) is toward
dusk. Flow above (in) the cusp on line 1 is toward dusk (dawn), as indicated
by the color change between brown and blue for positive (negative)Vy in
Figure 3d and e. Subsequently the flow is toward dawn, both above and in
the cusp, as the field line is dragged back through the mantle.

With this conceptual picture, Maynard et al. (2003) connected velocity
enhancements measured between 1400 and 1500 MLT in the ionosphere by
SuperDARN with enhancements in the merging rate measured above the
nose postnoon by Polar, as it was skimming the magnetopause. Polar
observed accelerated ions and wave Poynting flux originating above the
satellite, which was located 10° above the component merging line of
Gonzalez and Mozer (1974). Minimum variance analysis and an electron
Walén test also placed the X-line above the spacecraft. They concluded that
the merging was at high latitudes. Based on Figures 1 and 3, the location was
probably near the postnoon side of the cusp.

Figure 4 shows the temporal response of the maximum velocity measured
by SuperDARN in the 1400-1500 MLT region where the field lines in
Figure 3 mapped. Three enhancements are marked with the corresponding
times of enhancements at Polar. The connectivity between ground-based and
satellite measurements continued as Cluster passed outward through the cusp
20 min later. The effects of temporally varying merging were observed at
Cluster, which correlated with enhancements at SuperDARN shown in
Figure 4. Following the conceptual picture in Figure 3, Cluster, as it crossed
into the magnetosheath, would have observed effects near the outer separa-
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Figure 4. The maximum velocities of ionospheric plasma and their locations determined by
SuperDARN for the interval between 1100 and 1300 UT (from Maynard et al., 2003).

trix from merging below the spacecraft, while SuperDARN measurements
would be more connected to the inner separatrix, or the open-closed field line
boundary.

Cluster, with the four spacecraft in an approximate tetrahedral configu-
ration, provided additional tests on positioning. The current inside the
configuration was estimated by determining curl B (Dunlop et al., 2002).
Figure 5 displays local currents derived using a GSM coordinate system
centered on Cluster 2. Also plotted are the divergence of B as a percentage of
curl B and the magnitude of B at the locations of the four spacecraft. Since
Maxwell’s equations demand that V-B=0, a significant calculated value of
VB implies that the result is not meaningful. Reasons for error include
spatial (temporal) gradient scales of the order of the spacecraft separation
(traversal time). Currents determined where the divergence-to-curl ratio
exceeds 50% should be treated with caution. In general, for this configura-
tion, the expected error in J is, at a minimum, 20%. Most of the large values
of the divergence occur when the currents are small, highlighting their
uncertainty. However, when the currents are large, the divergence ratio is in
general small, indicating where the calculated currents are reasonably valid.
The curl B calculation integrates the currents over the scale size of the tet-
rahedron (600 km). The largest current was detected between 1214 and
1215 UT, as the spacecraft passed from the depressed magnetic field region
of the cusp out into the magnetosheath, and is primarily in the +Z and -X
directions, noted by the green bars. It takes the four spacecraft over a minute
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Figure 5. (a—) Currents in GSM coordinates determined by the curl B calculation. The cal-
culation is centered on Cluster 2. (d) The ratio of the divergence of B to the curl of B expressed
in per cent. The ratio provides an indication of where the calculation is reliable (see text). The
magnitude of B is given in the bottom panel for context (from Maynard et al., 2003).

to cross the main current layer, indicating its temporal stability. Thus, the
center of this current should be well resolved. Counterclockwise Chapman—
Ferraro currents on the dusk edge of the cusp have the anticipated direction.
This places Cluster near the sidewall of the cusp. The observed wave Poyn-
ting flux and particle accelerations were from below the spacecraft. This
indicates that the high-latitude merging location was consistent with Figure 3
and close to the conceptual orange hook in Figure 1. Cluster was above the
merging site.

When we consider that Polar and SuperDARN were showing temporally
varying merging at high latitudes 20 min previously, and that the variations
in the accelerated particles and Poynting flux at Cluster also connect to the
SuperDARN variations, currents related to time varying merging also may
be expected signatures at Cluster. Jy is the most variable component showing
both polarities, although the strongest are currents in the —Y direction. Some
of the variability could occur if the current scale size were less than that of the
Cluster configuration. Currents from structures of scale size less than 600 km
may suffer from this error. Attention is directed to negative Jy excursions
observed between 1206 and 1207, 1211 and 1211:40, and 1214:30 and 1215



COUPLING THE SOLAR-WIND/IMF 269

UT marked by red bars. There is also an associated smaller —Jy excursion.
These correspond to times when negative velocity enhancements in the
negative Y direction were observed both in the particle moments and E x B.
This suggests that the variations in Jy are related to temporally varying
merging.

Thus Maynard et al. (2003) have connected ionospheric signatures in the
1400-1500 MLT region with high latitude merging on the afternoon side of
the cusp. Connecting merging to the 1400+ MLT region implies a wide cusp
in the ionosphere. A width of the order of 4 h was in fact found by Maynard
et al. (1997). The picture from the simulations provided by Siscoe et al. (2005,
this volume) shows that the cusp itself is shifted toward dusk (dawn) for
positive (negative) By. The merging location may not generally be symmetric
about noon. The high latitude merging location was confirmed by Polar
measurements above the nose. In fact, in 13 merging events reported by
Maynard et al. (2003), a high-latitude merging site was inferred whenever the
IMF clock angle was less than 150°. Based on both Polar data and ISM
simulation results, the merging site can move off the equator even for 180°
clock angles when the dipole is tilted or there is a large IMF By. These results
favor antiparallel locations, but do not exclude a small guide field. Nor can
we exclude component merging at a location remote from the measurements.
However, Maynard et al. (2003) pointed out that high latitude merging in the
MHD simulations was remarkable in itself. The MHD code accomplishes
merging through dissipation, either explicitly introduced through current
dependent resistivity, or introduced by the numerics of the partial donnar
method (PDM) of Hain et al. (1987) wherever large gradients need to be
mediated in the code. Even in the presence of dissipation explicitly intro-
duced to aid merging, which is keyed to where the current exceeds a
threshhold (primarily located at the nose in the subsolar region and in the
plasma sheet in the magnetotail), the code adds dissipation, and therefore
merging, at high latitudes to satisfy the externally applied boundary condi-
tions.

Returning to the rocket results, Maynard et al. (2001¢) found that By, and
the resulting tilted phase planes, forced consideration of merging in the
opposite hemisphere driving a portion of the cusp in the local hemisphere
near local noon. While By bifurcated the cusp relative to source location, By
controlled the timing of the interaction at each location. These results and
recent work of Coleman et al. (2001) point toward not only high latitude
merging, but also the split merging separator hypothesized in the antiparallel
scenario of Crooker (1979) and further defined by Luhmann et al. (1984).
Whenever By is dominant, the principal merging locations are at high lati-
tudes on opposite sides of noon in the opposite hemispheres, the ends of
which are loosely connected by a velocity separator across the nose at noon.
Note that Wing et al. (2001) have put forward a different scenario for a
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bifurcated cusp suggesting that a high latitude merging source is combined
with a near equator component merging source.

Images of the cusp proton aurora from the IMAGE satellite now monitor
the ionospheric response of the cusp to changes in the IMF. In northward
dominated conditions the cusp aurora appears as a spot. Phan et al. (2003)
have mapped an active X-line at Cluster to the vicinity of the spot in the
proton aurora images. Frey et al. (2003) have statistically shown the move-
ment of the cusp proton emissions with By. Lockwood et al. (2003) followed
the changing position of the proton aurora with changing clock angle during
a southward turning. These images are sensitive to protons in the keV energy
range and map the proton energy input into the cusp every 2 min, with
moderate spatial resolution.

5. When and on what time scales does merging occur?

The influence of By on the timing of interactions leads naturally to the next
question of when and on what time scales does merging occur. The Cowley
and Lockwood (1992) picture of temporally dependent merging implies that
all flux transfer occurs in short episodic merging events of component
merging in the near equatorial regions followed by periods where no merging
takes place. The repetition time for these events is typically 6-10 min. Many
have tied these episodic events to flux transfer events and ionospheric sig-
natures such as the poleward moving auroral forms of Fasel (1995). How-
ever, these episodic events seem to have larger scales than those previously
inferred from the measurements associated with flux transfer events. The
merits of pulsed merging versus more continuous, but time-dependent,
merging have been debated by Lockwood (1994), Sibeck and Newell (1994)
and Maynard et al. (1994).

In placing merging at high latitudes Maynard et al. (2001c¢) also concluded
that the rate was varying on time scales of 1-2 min, driven by variations in
the IMF. In addition to the correlation between the solar wind electric field
and the electric fields measured by the rocket, Maynard et al. (2001c¢) also
found optical responses in all-sky images at 557.7 nm which peaked at every
enhancement in the effective solar wind electric field. The variations in the
green line were harmonized with the IMF measurements over more than
20 min, implying time varying, but nearly continuous, directly-driven
merging. The location was closer than the location of the rocket payload to
the inferred open-closed field line boundary. 557.7 nm emissions generally
imply more energetic electrons than those typically found in the cusp away
from the open-closed boundary, probably 500 eV or greater in energy.
Maynard (2003) suggested that these could be generated during active
merging, which makes localized 557.7 nm emissions a signature, in fact a
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“television” record, of the spatial and temporal variability of the merging
process on the magnetopause. These localized 557.7 nm emissions are sepa-
rate from the larger-scale and more diffuse background aurora from higher-
energy plasma-sheet electrons found in the closed field line region, and
identified as “type 5 dayside aurora by Sandholt et al. (1998).

Figures 6-8 show sequences of 557.7 nm all-sky images, taken every 30 s
and projected to 150 km (Maynard 2003). Referring back to the cartoon of
Figure 1 for positive By, the expected merging locations in the local
hemisphere would be on the orange hook pattern on the dusk side of the
high-altitude cusp and projecting down to the dusk side of the cusp in the
ionosphere. The location on the hook depends on the relative strength and
polarity of Bz. For negative By the hook would be on the morning side of
the cusp. In Figures 6, 7, and 8 an orange hook has been overlaid to guide
the eye. We have also added yellow, pink, green and red fiducials in each
image to help follow activity changes at specific locations. Magnetic North
is toward Greenland in the upper left of the images. In the sequence in
Figures 6 and 7 in which By dominates, localized emissions appear and

0700:15UT 0700:45 UT 0701:15UT

557.7 nm

0701:45 UT 0702:15 UT 0702:45 UT

Figure 6. All-sky images (from Ny-Alesund) of 557.7 nm emissions taken every 30 s, starting
at 0700:15 UT on 16 December 1998. The orange hook is an approximation of the mapping
locus of the northern hemisphere merging line for IMF By negative, following the conceptual
diagram of Figure 1 (see text). Its placement is approximate and meant to guide the eye only.
Note that features appear and disappear at various positions on the hook on time scales of
1-2 min. Yellow, pink, green and red fiducials are placed in the same spot in each image to
help the eye follow changes (adapted from Maynard, 2003).
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0704:15 UT

0703:15 UT

0704:45 UT 0703:15 UT 0705:45 UT

Figure 7. All-sky images of 557.7 nm emissions taken every 30 s, starting at 0703:15 UT on 16
December 1998. The orange hook is an approximation of the mapping locus of the northern
hemisphere merging line for IMF By negative, following the conceptual diagram of Figure 1
(see text). Its placement is approximate and meant to guide the eye only. Note that features
appear and disappear at various positions on the hook on time scales of 1-2 min. Yellow,
pink, green and red fiducials are placed in the same spot in each image to help the eye follow
changes.

disappear on time scales of 90 s to a few minutes. For example, follow the
variations in intensity with time of the feature highlighted by the yellow
fiducial. Emissions appear in Figure 6b and remain through Figure 6f. They
reappear in Figure 7b and c, diminish in Figure 7d, and briefly return in
Figure 7e. Multiple sites are active simultaneously, often initiating at
different times. The pink fiducial marks similar behavior to that seen in the
yellow, but with peaks at different times. The emissions roughly follow the
hook with activity present in all images. Note that the emissions are
elongated and point near the center of the image, or to magnetic zenith,
which indicates that these structures are vertical rays with their length in
the image tied to their vertical extent. The sequence in Figure 8 occurred
15 min later when a significant negative B, was also present. Note that the
emissions have moved to the front side of the hook as hypothesized. They
are still temporally varying, but have continuity over larger spatial scales.
Examples of temporal dependencies in Figure 8 are are marked by green
and red fiducials. Note that emissions at the yellow and pink fiducials are
no longer present.
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0715:45 UT 0716:15 UT 0716:45 UT

0 7S UT 0717:45UT 0718:15UT

Figure 8. All-sky images of 557.7 nm emissions taken every 30 s, starting at 0715:45 UT on 16
December 1998. The orange hook is an approximation of the mapping locus of the northern
hemisphere merging line for IMF BY negative, following the conceptual cartoon of Figure 1
(see text). Its placement is approximate and meant to guide the eye only. Note that 15 min
later than the observations in Figure 6, the emissions are all on the equatorward portion of the
hook. Yellow, pink, green and red fiducials are placed in the same spot in each image to help
the eye follow changes (adapted from Maynard, 2003).

Placing these results back into the context of the high altitude cusp,
merging would be expected to be occurring in short temporal bursts on time
scales of a few minutes or less at multiple locations simultaneously on the rim
of the cusp. The locations would shift from the dusk edge of the rim toward
the frontside and noon as the clock angle increases, as shown in the cusp
configuration from Figure 3 of Siscoe et al. (2005, this volume). This is a
much different temporal response from that expected for the pulsed recon-
nection model of Cowley and Lockwood (1992), which is based on near
equatorial component merging and which may exist under other IMF con-
ditions. Note, however, that Lockwood et al. (2003) have more recently
expanded their definition of “low latitude” merging to that which is occur-
ring “‘between the cusps”. The temporal variations are consistent with the
observations from Maynard et al. (2003), discussed above in the context of
Figures 3, 4, and 5, and the earlier conclusions of Haerendel et al. (1978).
These results favor observations of small spatial-scale, temporally-variable
merging at high latitudes around the cusp with time scales of a few minutes or
less. High-latitude merging is expected to be more temporally variable, since
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an X-line will not be intrinsically stable when the tangential magnetosheath
flow is super-Alfvénic (Cowley and Owen, 1989; Rodger et al., 2000). The
temporal variability observed by Maynard et al. (2001c¢) has its source in the
opposite hemisphere. One may expect that temporal variations will be seen in
the optical responses from both near and remote hemisphere merging sites as
the cusp is bifurcated by By.

6. How?

All of the above observations and conclusions have involved data taken
well away from the merging separator. The question of how merging is in
fact accomplished, or the microphysics of the process, can therefore not be
addressed by those events. One recent experimental investigation does,
however, address how and has bearing on the previous conclusions.
Scudder et al. (2002a) used Polar observations above the cusp with
northward IMF to discern that the spacecraft stayed in close proximity to
the merging separator for over 25 min on 29 May 1996. In addition to the
usual tests described above, they were able to confirm that both ion and
electron gyrotropy were broken. Parallel electric fields are a necessary
condition for merging. The first direct measurement of parallel electric fields
at the separator was made, and it was shown that they are derived from the
electron pressure gradient force, rather than from anomalous resistivity.
The magnetic field reached machine zero at the separator indicating anti-
parallel merging with no guide field in this northward IMF case. These
results provide strong evidence that the ambipolar and Hall terms provide
the necessary physics in the Ohm’s Law for accomplishing merging at the
separator. In fact, ambipolar electric fields may occur in other situations in
addition to merging in the vicinity of the magnetopause, such as depletion
layers (Scudder et al., 2002b).

The long duration of the satellite in the vicinity of the separator indicates a
steady state process, albeit with possible rate variations. This is in contrast
with the temporally and spatially varying properties of high latitude merging
discussed above. The Scudder et al. (2002a) event was for northward IMF
and was located above and behind the cusp. The other merging events
described above were deduced to be located on the side and front walls of the
cusp. All locations would not intrinsically support steady reconnection
because of the super-Alfvénic tangential magnetosheath flow (e. g., Rodger
et al., 2000). Two factors deserve consideration to resolve this issue. First, in
the Scudder et al. (2002a) event the nominal magnetosheath flow would be
through the X-line location. Siscoe et al. (2002a) have pointed out that in
their MHD simulations an active merging site above the cusp remains sta-
tionary in the presence of fast flowing magnetosheath plasma. They refer to
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this as flow-through reconnection (FTR). In the simulation a tongue of weak
magnetic field extends sunward from the null point. The tongue is also
characterized by strong electric current, and it has a part where the velocity is
sub-Alfvénic. Whether FTR can in reality provide a means for steady state
reconnection above the cusp remains to be checked experimentally. Secondly,
the back wall of the cusp may serve as a barrier to mediate the flow. The
interball satellite has found non-linear turbulence in a boundary layer at the
indentation of the cusp (e.g., Savin et al., 2002, 2004). They postulate that the
turbulence is indicative of patchy merging. The role of this turbulent
boundary layer relative to merging needs further study.

7. Implications

These results point to commonly-occurring, high-latitude merging. The
optical results and the event of 12 March 2001 depict the process also as
temporally varying on scales of a few minutes or less, of small spatial scale,
and may be occurring at multiple sites at any particular time. Cluster, with its
ability to separate spatial from temporal effects and to measure currents is an
ideal mission to verify these implications.

A consequence of high latitude merging is an open boundary layer draped
over the nose (Maynard et al., 2002). Whenever By is comparable or greater
than the other components, the cusp is bifurcated relative to its source region.
The newly opened field lines on the backside of the X-line connect to the
opposite hemisphere cusp. As a result, the small convection cell is in fact
driven from merging in the opposite hemisphere (Maynard et al., 2001b,
2001c). Also the open boundary layer may be quite thick back along the flank
of the magnetopause (Maynard et al., 2001a).

Perhaps the broadest and most far-reaching implications come from the
consideration of By and the resulting tilted phase planes (Maynard et al.,
2001c; Weimer et al., 2002). The tilt can greatly change the lag time from an
upstream solar wind monitor, and that lag time, as well as the phase plane
tilt, can vary significantly on scales of tens of minutes. Tilted phase planes
and By lead to merging at high latitudes and timing differences between
merging in each hemisphere. Maynard et al. (2001c) found a difference in
interaction times of 14 min. Care must be taken in determining the variable
lag to assess the possible correlation of magnetosphere and ionosphere
phenomena with the IMF system inputs. The correlations found by Maynard
et al. (2000, 2001¢c) and the coherence of small scale variations between 4
spacecraft in the solar wind found by Weimer et al. (2002) show that many
small scale phenomena in the magnetosphere—ionosphere system may be
directly driven.
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By serves to enhance or diminish the effective dipole tilt (Crooker, 1992).
In the MHD simulations, increasing the dipole tilt can push the merging site
off the equator, even for purely southward IMF (Maynard et al., 2003). We
should remember that the dipole tilt varies +12° each day from the Earth’s
rotation and +23.5° with season. Adding to or subtracting from these
changes with By means that merging may shift to or away from the equa-
torial or high latitude regions with UT, season, and sector structure.

Identifying an optical response from active merging provides a new tool
for understanding solar wind coupling to the magnetosphere—ionosphere
system. High resolution 557.7 nm all-sky observations have been made now
for the second winter at Ny-Alesund in Svalbard (J. Moen, private com-
munication, 2002), and their analyses should improve our understanding of
the temporal and spatial behavior of magnetospheric merging, especially at
high Iatitudes.
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Abstract. Downward precipitating ions in the cusp regularly exhibit sudden changes in ion
energy distributions, forming distinctive structures that can be used to study the temporal/
spatial nature of reconnection at the magnetopause. When observed simultaneously with
the Polar, FAST, and Interball satellites, such cusp structures revealed remarkably similar
features. These similar features could be observed for up to several hours during stable
solar wind conditions. Their similarities led to the conclusion that large-scale cusp struc-
tures are spatial structures related to global ionospheric convection patterns created by
magnetic merging and not the result of temporal variations in reconnection parameters. The
launch of the Cluster fleet allows cusp structures to be studied in great detail and during
changing solar wind conditions using three spacecraft with identical plasma and field
instrumentation. In addition, Cluster cusp measurements are linked with ionospheric con-
vection cells by combining the satellite observations with SuperDARN radar observations
that are used to derive the convection patterns in the ionosphere. The combination of
satellite observations with ground-based observations during variable solar wind conditions
shows that large-scale cusp structures can be either spatial or temporal. Cusp structures can
be described as spatial features observed by satellites crossing into spatially separated flux
tubes. Cusp structures can also be observed as poleward-traveling (temporal) features
within the same convection cell, most probably caused by variations in the reconnection
rate at the magnetopause.

Keywords: cusp geometry, cusp structures, precipitating ions

Abbreviations: APL — Applied Physics Laboratory, Johns Hopkins University; DMSP —
Defense Meterological Satellite Program; ML — magnetic local time; FAST — Fast Auroral
SnapshoT satellite; SC — spacecraft
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1. Introduction

Magnetic reconnection between the interplanetary magnetic field (IMF) and
the geomagnetic field is most probably the dominant process whereby mass
and energy are transferred from the solar wind into the magnetosphere. The
classical picture of magnetic reconnection was presented by Dungey (1961),
where a purely southward IMF and the northward geomagnetic field merged
at the sub-solar magnetopause. Convincing evidence about magnetic recon-
nection has been accumulated with the observation of magnetosheath ions in
the boundary layer inside the magnetopause (e.g., Paschmann et al., 1979;
Sonnerup et al., 1981) and precipitating ions in the cusp (e.g., Escoubet et al.,
1997; Reiff et al., 1977). The incoming magnetosheath distribution is trun-
cated as it crosses the magnetopause so that only a limited part of the initial
magnetosheath distribution enters the magnetosphere, forming a character-
istic D-shaped distribution that had been predicted by Cowley (1982) and
observed by, e.g., Fuselier et al. (1991, 2001). These ions will also stream
continuously into the cusp along newly opened magnetic field lines (e.g.,
Lockwood and Smith, 1993, 1994; Onsager et al., 1993) and exhibit distinct
energy versus latitude dispersion patterns as predicted by Rosenbauer et al.
(1975) and observed by Shelley et al. (1976).

The complicated structures in cusp precipitation, with variations in flux
levels and sudden changes in the energy of the precipitating ions (e.g., Newell
and Meng, 1991; Escoubet et al., 1992), are the basis of a debate as to
whether dayside reconnection is quasi-steady or transient (e.g., Newell and
Sibeck, 1993; Lockwood et al., 1994; Trattner et al., 2002a, and the references
therein). All newly opened magnetic field lines convect under the joint action
of magnetic tension and momentum transfer from shocked solar wind flow.
Thus transient cusp steps are convected, creating an ever-changing structural
profile of precipitating cusp ions for observing satellites. This interpretation
is based on a model by Cowley and Lockwood (1992) (for which the existence
of cusp steps was predicted by Cowley et al. (1991) and Smith et al. (1992)).
In this pulsating cusp model, cusp steps are the result of changes in the
reconnection rate at the magnetopause that creates neighboring flux tubes in
the cusp with different time histories since reconnection (e.g., Lockwood and
Smith, 1994). While single-satellite observations are unable to demonstrate
that steps in the cusp ion distribution signatures are moving, observations of
steps have been interpreted as temporal rather than spatial variations. The
observation of poleward moving events by the EISCAT radar (see Lock-
wood, 1995, 1996; Lockwood et al., 1995) is a natural consequence of a
temporal feature, not predicted by a spatial interpretation, and supports this
view.

The appearance of temporal cusp steps also depends on the satellite
velocity relative to the convection velocity of the cusp structures. Satellites
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crossing the boundary from a newly opened flux tube to an older one would
encounter a decrease in the ion energy dispersion, while satellites crossing
from an older flux tube into a recently opened newer one would see an
increase in the ion energy signature. Figure 1 illustrates how one convecting
cusp structure will be observed by a slow-moving high-altitude satellite like
Polar (crossing the cusp in about 3 hours) and a fast-moving low-altitude
satellite like FAST (crossing the cusp in 3 minutes). The slow-moving Polar
spacecraft should be overtaken by the convecting structures and move from a
“old” flux tube to a “newer” flux tube with less time since reconnection. As
shown in Figure 1 (bottom panel), Polar will encounter an increase in the
cusp ion energy dispersion. In contrast, the rapidly moving low-altitude
FAST spacecraft would overtake the convecting cusp structure. FAST would
cross from a “‘new” flux tube into an “older” one, encountering a decrease in
the cusp ion energy dispersion (Figure 1, top panel). When observed on
multiple satellites with large altitude separation in the cusp, structures caused
by temporal variations of the reconnection rate should not only convect with
the solar wind, but should also appear differently at different satellites.

Another characteristic to be considered in the observation of temporal
structures in the cusp is the number of structures encountered by satellites at
different altitudes like Polar and FAST. Depending on the convection speed
of the reconnection pulses, the pulse frequency, and the spacecraft velocity in
the cusp, many more pulses can be expected on Polar than on FAST.

Flux tubes on open field lines with precipitating magnetosheath ions could
also be spatially separated, emanating from multiple X-lines. Crossing the
boundary between such spatially separated flux tubes would also appear as a
step in the ion energy dispersion due to the different time history since

Energy

h 1
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Energy
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Figure 1. Schematic representation of one temporal step in the cusp ion energy dispersion as
observed by satellites at vastly different altitudes, e.g., FAST and Polar (from Trattner et al.,
2002a).
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reconnection for field lines within the two flux tubes (Lockwood et al., 1995).
However, this step would not be convecting with the solar wind but would
appear as a standing feature in the cusp. Independent of the time delay
between the cusp crossings or the satellite velocities, the satellites should
encounter unchanged cusp structures at about the same latitude, observing a
spatial feature. Such an observation would indicate that the reconnection rate
at the magnetopause is rather stable, and not highly variable, to the point
where it may even be zero for a limited period of time.

Figure 2 illustrates how two satellites encounter a spatial cusp structure
(e.g., Trattner et al., 2002a). It also illustrates how this spatial feature might
be encountered at slightly different latitudes by the two satellites. Spacecraft
II enters flux tube I at lower latitudes than spacecraft I. The differences in the
positions where the satellites enter the cusp are the simple consequence of the
form of the equatorward edge of the cusp and the orbital paths of the sat-
ellites.

The latitudinal extent of individual cusp structures observed by two sat-
ellites also depends on the form of the flux tube and the orbital path inter-
secting it. These slight variations can, however, lead to misleading
interpretations. Since temporal structures are expected to move with the
convection flow, variations in the extent of structures could be interpreted as
motion. The interpretation is especially difficult when spacecraft close toge-
ther and at about the same altitude (e.g., Cluster) observe regular structures
like the classical staircase.

The appearance of spatial structures has also been discussed by Wing et al.
(2001), who modeled cusp precipitation characteristics for periods with a
dominant B, IMF. For these conditions they found that a characteristic
“double cusp” signature was not only predicted but also observed in DMSP
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Figure 2. Tonospheric convection cells derived from the APL statistical model for —B, and
—B, input. To illustrate how major cusp structures could be spatial instead of temporal, two
flux tubes and two satellite trajectories have been superimposed on the plasma convection cells
(from Trattner et al., 2002a).
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satellite data. Also using multi-spacecraft observations, Onsager et al. (1995)
showed two cusp crossings of the high-altitude Dynamic Explorer 1 (DE 1)
and low-altitude DE 2 spacecraft separated by 20 minutes. A similar step in
the ion dispersion signature at both spacecraft was interpreted as a spatial
structure rather than a temporal variation of the reconnection rate. This
event is especially interesting since the low-orbiting satellite encountered an
upward step. A temporal convecting cusp structure would require the satellite
to move along the open-closed field line boundary to allow the convecting
structure to overtake the rapidly moving low-altitude satellite. However, the
observing satellite was in a meridian orbit (i.e., presumably perpendicular to
the open-closed field line boundary). Further evidence that cusp ion steps can
be produced in steady state by spatial variations has also been discussed by,
e.g., Newell and Meng (1991), Phillips et al. (1993), Lockwood and Smith
(1994) and Weiss et al. (1995).

Ambiguity between spatial and temporal variations is a common problem
in interpreting any sequence of data from an orbiting satellite. Multi-space-
craft observations have proven their usefulness in distinguishing between
spatial and temporal phenomena. Ground-based information offers an
opportunity for remote sensing of the plasma in a given region over a pro-
longed period. Such measurements also distinguish between temporal and
spatial structures but suffer from lower resolution. In addition, transient
signatures in the cusp observed from the ground by radar cannot unambig-
uously define the structures as being caused by precipitating ions (e.g.,
Lockwood et al., 1993).

In this study we review multi-spacecraft observations from Interball,
FAST, Polar and three Cluster spacecraft. In addition, the Cluster obser-
vations are discussed in conjunction with SuperDARN radar observations.
Among the strong evidence supporting the theory that cusp structures are
spatial features, we also present evidence that structures observed within a
flux tube appear to be temporal as discussed by Trattner et al. (2002a).

2. Mid- and high- altitude cusp observations

Trattner et al. (1999) compared cusp observations made by the toroidal
imaging mass-angle spectrograph (TIMAS) on Polar (Shelley et al., 1995)
with simultaneous observations made by the ION and HYPERBOLOID
instruments on the Interball-AP spacecraft (Dubouloz et al., 1998; Sauvaud
et al., 1998). Figure 3 shows a comparison of Polar/TIMAS proton flux data
(1/(cm® s sr keV/e)) observed at an altitude of 5-6 Rg with Interball/TON,
HYP observations at 3 Rg altitude for the cusp crossings on 3 May 1997,
13:30 to 15:10 UT. The data are plotted versus invariant latitude (ILAT).
Both satellites crossed the cusp near local noon in opposite directions. Polar
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Figure 3. Comparison of flux measurements (1/(cm” s sr keV/e)) by Interball-AP/ION + HYP
and Polar/TIMAS at the open-closed field line boundary for the 3 May 1997 cusp event.
Polar/TIMAS observations were sampled to obtain a pitch angle distribution similar to
Interball/ION. The cusp observations occurred at about the same local time but separated in
time by 1 hour 25 minutes. The similarities in the ion dispersion signatures are interpreted as
spatial structures rather than temporal variability in the reconnection rate (from Trattner
et al., 1999).

was moving poleward and first encountered downward precipitating cusp
ions at the equatorward edge of the cusp at about 13:40 UT, while Interball-
AP was moving equatorward and left the cusp at about 15:06 UT.

The Interball-AP ION and HYPERBOLOID data are sampled during a
two-minute spin period. This causes the pitch angle (PA) window to alternate
between upgoing and downgoing ions within a two-minute spin (see black
line in the top panel of Figure 3). The ION instrument encountered three
sudden decreases in the low-energy cutoff of cusp ions close to the equa-
torward edge of the cusp. In Figure 3, the three steps are at 75.2° (A), 75.35°
(B), and 75.45° (C) ILAT. The three downward steps are followed by a sharp
drop of the ion energy at 75.5° (D) ILAT.

To compare Polar/TIMAS with Interball-AP ION and HYPERBOLOID
under similar conditions, the two-minute pitch angle period was simulated
with TIMAS data. The pitch angles observed at Interball during those steps
and structures are transferred from Interball-AP to Polar latitudes, and only
the same pitch angle ranges have been accumulated from the Polar mea-
surements. The bottom panel in Figure 3 shows the TIMAS data as they
would have been observed by ION and HYPERBOLOID on Interball-AP at
the time that Polar crossed into the cusp. The data are averaged over
12 seconds (two spins) for the TIMAS energy range from 16 eV/e to 33 keV/e.
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Polar encountered downward precipitating ions with energies up to 10 keV/e
briefly at about 78° and 78.2° ILAT while crossing the ion open-closed field
line boundary several times. It finally moved completely into the cusp and
continuously measured downward precipitating ions at 13:42 UT. The energy
of the downward precipitating ions remained constant until Polar reached
78.85° ILAT (13:47 UT), but included three short sudden decreases of the low-
energy cutoff of cusp ions at 78.55° (A), 78.65° (B), and 78.75° (C) ILAT. At
78.85° (D) the downward precipitating cusp ion energy dropped from an
average of about 5 keV/e to 200 eV/e.

The TIMAS and ION/HYPERBOLOID observations in the cusp are
1 hour 25 minutes apart but show remarkable similarities. In both obser-
vations there are three sudden drops of the low-energy cutoff (A, B and C)
for ions, followed by a sharp decrease in the ion energy (D). The sub-
sequent rise of ion energy in the ION data, caused by the slow movement
of the pitch angle window, is also reproduced in the TIMAS data. The flux
enhancements at lower energies (E and F) seen by both HYPERBOLOID
and TIMAS are also well-reproduced. In addition, the changes in latitude
between the steps are similar in both observations despite the overall lati-
tude difference. The TIMAS and ION/HYPERBOLOID observations are
close to the equatorward edge of the cusp; therefore, these observations
represent flux tubes that have been recently opened. For the 3 May 1997
event, a series of distinctive features — three brief decreases in the low-
energy cutoff followed by a step-down in ion energy — have moved about 3°
equatorward and remained close to the equatorward edge of the cusp.
These features were still observable after 1 hour 25 minutes, and appear to
be spatial structures rather than temporal features caused by variations in
the reconnection rate.

3. Low-and high-altitude observations

As outlined above, the comparison of cusp observations from satellites at
different altitudes is helpful when distinguishing between temporal and spa-
tial structures, since temporal structures would appear different at satellites at
different altitudes. This technique has been successfully used by Onsager et al.
(1995), Trattner et al. (2002a, b), and others. An extreme combination of
cusp observations by satellites at different altitudes is achieved by combining
FAST (at about 3000 km) with Polar (up to 8 Rg) with their associated very
different cusp crossing times of 3 minutes and 3 hours, respectively. Trattner
et al. (2002a) compared major steps in the ion energy dispersion of four
Polar-FAST cusp crossings during quiet solar wind and IMF conditions.
This restriction was chosen to avoid changes in cusp structures due to
changes in the location of the X-line at the magnetopause.
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Figure 4 shows solar wind observations by the Solar Wind Experiment
(SWE) and the Magnetic Field Investigation (MFI) onboard the Wind
spacecraft for the Polar-FAST cusp crossings on 8§ May 1998. The data have
been propagated by about 38 minutes to account for the travel time from the
Wind spacecraft to the magnetopause. Plotted are solar wind density N, solar
wind velocity V and the magnetic field components By (thick line), By (thin
line) and B, (shaded area). Black bars indicate the times when Polar and
FAST crossed the cusp and illustrate the temporal separation of the space-
craft. For this 6-hour interval the solar wind conditions were stable, with the
solar wind density slightly decreasing from 3.5 cm™ to 2.5 cm™ and a solar
wind velocity of about 600 km/s. The IMF observations indicate that B, was
southward for the entire interval, with an average of about -2 nT. B, was the
weakest component, with an average of about —1 nT, while B, was the
dominant component, with an average of about 4 nT.

A comparison of the flux measurements for the Polar and FAST cusp
passes on 8 May 1998 is shown in Figure 5. The spacecraft crossed the cusp
on field lines mapping to about 09:40 MLT (Polar) and 12:00 MLT (FAST),
resulting in a temporal and spatial separation by up to 5 hours in UT and up
to 3 hours in MLT. Plotted are H' flux measurements as observed by the
Ion ElectroStatic Analyzer (IESA) (Carlson et al., 2001) (top) and TIMAS
(bottom) instruments on FAST and Polar, respectively. White regions in the
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Figure 4. Solar wind parameter measurements by Wind/SWE, MFI upstream of the Earth’s
bow shock on 8 May 1998. The data have been propagated by about 38 minutes to account
for the travel time from the Wind spacecraft to the magnetopause. Plotted are solar wind
density N, solar wind velocity V', and the magnetic field components By (thick line), By (thin
line), and B, (shaded area). Black bars indicate the times when Polar and FAST crossed the
cusp to illustrate the temporal separation of the spacecraft (from Trattner et al., 2002a).
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Figure 5. Comparison of FAST/IESA and Polar/TIMAS omnidirectional flux measurements
(1/(cm? s st keV/e)) for cusp crossings on 8 May 1998. The observations are separated by up
to 3 hours in MLT and up to 5 hours in time. Even for these extreme spatial and temporal
separations, there are remarkable similarities in the FAST/IESA and Polar/TIMAS cusp
observations (from Trattner et al., 2002a).

color-coded plot indicate regions with flux levels above the maximum flux
level indicated in the color bars. To help to guide the eye, additional lines
have been overlaid which represent an average location of the maximum flux
in the cusp ion energy dispersion. The FAST spacecraft, moving equatorward
in this event, exited the cusp at about 18:44 UT at 72° ILAT and crossed the
downward precipitating ion region in about 3 minutes. Seen from the
equatorward edge of the cusp at 72° ILAT, the FAST cusp crossing is
characterized by a classical velocity dispersion, with lower energy particles
arriving at higher latitudes. This velocity filter effect (e.g., Rosenbauer et al.,
1975; Onsager et al., 1993) is smoothly reversed at higher latitudes, where the
energy of precipitating ions starts to increase again and forms a new maxi-
mum. After this second maximum at about 78° ILAT, the cusp ion energy
decreases again, in agreement with the classical velocity dispersion.

The Polar spacecraft, moving poleward, encountered downward precipi-
tating ions at about 19:15 UT at 77.5° ILAT. However, in contrast to the
3-minute snapshot of the cusp by FAST, Polar observed precipitating cusp
ions for 5 hours. Nevertheless, Polar observed the same basic cusp structure
seen by FAST. Cusp ion energies first decreased with increasing ILAT and
smoothly reversed at about 80.5° ILAT, to form a new maximum at §2°
ILAT. After the second maximum, the cusp ion energy continued to decrease
again.
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The Polar cusp pass also showed minor structures superimposed on the
major cusp ion signature. There are periodic increases and decreases in the
cusp ion energy, with a period of about 10 minutes. This feature could be the
signature of surface waves at the magnetopause that push the X-line slightly
in and out, thereby slightly changing the distance from the spacecraft to the
X-line. This feature could also be the signature of pulsed reconnection.
Lockwood (private communication, 2001) pointed out that for this specific
example the ratio of Polar to FAST cusp steps encountered by the spacecraft
should be about 20, which is indeed the case. The form and number of the
cusp steps is in agreement with predictions from the pulsed reconnection
model (e.g. Lockwood et al., 1998).

If cusp structures are spatial features, similar cusp structures should form
for similar IMF conditions when observed in about the same MLT sector.
This was the motivation for a subsequent study by Trattner et al. (2002b)
who compared three Polar-FAST crossings observed at about the same MLT
in the pre-noon sector and during very similar solar wind and IMF condi-
tions.

Figure 6 shows solar wind observations made by Wind/SWE and Wind/
MFTI for the Polar and FAST cusp crossings on 22 October 1998. The data
have been propagated by about 10 minutes to account for the travel time
from the Wind spacecraft to the magnetopause. Plotted are solar wind
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Figure 6. Solar wind parameter measurements by Wind/SWE, MFI upstream of the Earth’s
bow shock on Oct. 22, 1998. The data have been propagated by about 10 minutes to account
for the travel time from the Wind spacecraft to the magnetopause. Plotted are solar wind
density N, solar wind velocity V', and the magnetic field components By (thick line), By (thin
line) and B, (shaded area). Black bars indicate the times when Polar and FAST crossed the
cusp, illustrating the temporal separation of the spacecraft (from Trattner et al., 2002b).
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density N, solar wind velocity V; and the magnetic field components B, (thick
line), By (thin line) and B, (shaded area). Black bars indicate the times when
Polar and FAST crossed the cusp and illustrate the temporal separation of
the spacecraft. The solar wind density and velocity were about 1.5 cm™ and
600 km/s, respectively. The IMF observations indicate that B, was south-
ward for the entire interval, with an average value of about -3 nT, B, was at
about 3 nT with a brief negative period at 18:01 UT, and By was also neg-
ative with an average value of about -3 nT.

Polar and FAST crossed the cusp on 22 October 1998, in the morning
sector at about 10:30 MLT (Polar) and 09:40 MLT (FAST), separated by up
to 20 minutes in UT and by about | hour in MLT. The satellites again
moved in opposite directions, with Polar moving equatorward and FAST
moving poleward. A comparison of Polar and FAST flux measurements (1/
(cm? s st keV/e)) for the cusp crossings is shown in Figure 7. Plotted are H"
flux measurements as observed by the IESA (top) and TIMAS (bottom)
instruments on FAST and Polar, respectively. Also indicated in the Polar and
FAST flux panels are the energies where the maximum flux of the cusp ions
occurred. To guide the eye, additional lines have been overlaid to emphasize
structures in the ion energy distribution.

Both spacecraft observed distinct energy-latitude dispersions typical for
southward IMF with the highest energy ions arriving at the lowest ILAT
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Figure 7. Comparison of FAST/IESA and Polar/TIMAS flux measurements (1/
(cm? s st keV/e)) for cusp crossings on 22 October 1998. The observations are separated by
about 1 hour in MLT and 20 minutes in UT. The cusp structures in the ion dispersion
signatures are interpreted as spatial rather than temporal structures (from Trattner et al.,
2002b).
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and lower-energy particles arriving at successively higher ILAT. In addi-
tion, these decreasing ion energy dispersions at both spacecraft were
interrupted by three distinctive cusp steps. The FAST spacecraft entered the
cusp at about 17:50 UT, crossed the downward precipitating ion region in
3 minutes, and moved onto lobe field lines. The FAST cusp crossing shows
three major steps in the ion energy dispersions that are located at 72.3°,
73°, and 74.2° ILAT. The cusp ion energy decreased sharply from about
3 keV to 700 eV and subsequently to 300 eV for the first two steps. These
two cusp steps are followed by a smoother decrease of the cusp ion energy
to about 100 eV.

The Polar spacecraft crossed the cusp in about 20 minutes and left the
precipitating ion region at 18:10 UT, 20 minutes later than FAST. In
agreement with the cusp structures observed by FAST, the decreasing ion
energy dispersion seen by Polar is interrupted by three steps located at
72.6°, 72.9°, and 73.8° ILAT. As in the FAST cusp observations, the first
two steps seen by Polar show sharp decreases of the cusp ion energy
from 4 keV to about 1.5 keV and subsequently to 1 keV. These are fol-
lowed by a smoother decrease to about 200 eV. Comparing the Polar
observations with FAST observations, we find that, while the spacecraft
encounter cusp steps at slightly different latitudes, they have not moved
within the cusp. This is in agreement with a spatial interpretation of cusp
structures. The differences in the cusp ion energies can be attributed to
the separation in local time of the two spacecraft and the subsequent
different locations where the spacecraft entered neighboring flux tubes
with their independent time history since reconnection. The cusp ion
energy is also influenced by the location of the X-line and the degree of
acceleration of the ions as they cross the dayside magnetopause (e.g.,
Lockwood and Smith, 1992).

By comparing the Polar and FAST cusp crossings, there is no indication
that Polar observed a different number of major cusp steps than FAST did,
as we would expect for temporal structures. There is also no indication that
FAST encountered a ‘“‘step-down” in the ion energy dispersion signature
while Polar encountered a “‘step-up”, which is also expected for the obser-
vations of temporal structures by spacecraft with large altitude separations.
Both spacecraft observed the same number and orientation of cusp structures
that also have not moved (convected) relative to each other, as expected for
temporal cusp features. In addition, Trattner et al. (2002b) showed that all
three events observed at about the same MLT in the pre-noon sector and
during similar stable solar wind and IMF conditions had the same sequence
of cusp steps, two sharp drops in the ion energy dispersion followed by a
smoother transition to another energy level. Cusp structures appear to be not
only spatial events but seem to be organized in the same sequence for similar
IMF conditions.
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4. Spatial cusp structures observed by cluster and radar observations

Studies like Trattner et al. (2002a) have been limited to events during stable
solar wind and IMF conditions to ensure that changes in the cusp ion energy
dispersion are not caused by changes in the location of the X-line. In a study
by Trattner et al. (2003), multi-spacecraft observations from three Cluster
spacecraft are combined with SuperDARN radar observations to investigate
cusp structures in unprecedented detail and under any solar wind and IMF
conditions.

Figure 8 shows solar wind conditions for the Cluster cusp crossing on 25
July 2001, observed by the Wind/SWE and MFI instruments. The solar wind
data have been propagated by about 8 minutes to account for the travel time
from the Wind spacecraft to the magnetopause. Solar wind density N and
velocity Vy for July 25, 2001, were about 4 cm™> (top panel) and about
560 km/s (middle panel), respectively. The IMF components B, (black line),
B, (green line) and B, (colored area) are shown in the bottom panel. At the
beginning of the Cluster cusp crossing until about 23:40 UT the IMF shows a
typical Parker spiral configuration with a positive B, of about 3 nT, a neg-
ative By of about —4 nT and a negative B, of also about —4 nT (blue colored
area). Starting at about 23:35 UT the B, component rotated through zero (at
23:47 UT) and then switched northward to about 4 nT (red colored area).
The By component changed direction from negative to positive for 15 min-
utes at about the same time that the B, component changed from southward
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Figure 8. Solar wind parameter measurements by Wind/SWE, MFI on 25 July 2001. The data
have been propagated by about 8 minutes to account for the travel time from the Wind
spacecraft to the magnetopause. Plotted are solar wind density N, solar wind velocity V. and
the magnetic field components B, (black line), By (green line) and B, (shaded area). Black lines
indicate the times when Cluster satellites crossed into the cusp to illustrate the temporal
separation of the spacecraft (from Trattner et al., 2003).
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to northward. Finally, the B, component also switched from positive to
negative for about 15 minutes. Black lines indicate the times when the Cluster
satellites crossed into the cusp to illustrate the temporal separation of the
spacecraft. SC4 and SC1 entered the cusp at 23:09 UT and 23:15 UT,
respectively, during which time the IMF was southward and stable for an
extended period of time. SC3 entered the cusp at 23:54 UT, 7 minutes after
the IMF switch northward.

Figure 9 shows the temporal separation of the Cluster/CIS observation
for the cusp crossings on 25 July 2001. Plotted are " omnidirectional flux
measurements (1/(cm? s sr keV/e)) from SC1 (top panel), SC3 (middle panel)
and SC4 (bottom panel), observed in an MLT range from 14:00 to 11:00, an
ILAT range from 76.8° to 86°, and a geocentric distance from 4.8 to 6 Rg.
White regions in the color-coded plot indicate regions with flux levels above
the maximum flux level indicated in the color bars.

SC1 entered the cusp at about 23:15 UT, marked by a white line (1a),
where it encountered downward precipitating magnetosheath ions. SCI
subsequently observed the typical cusp ion energy dispersion for a southward
interplanetary magnetic field, with lower energy ions arriving at higher lati-
tudes. The ion energy distribution decreases smoothly, indicating a constant
magnetospheric reconnection rate at the magnetopause. At about 23:37 UT,
SC1 encounters a sudden increase in the ion energy dispersion (1c), consistent
with a typical step-up ion signature for crossing onto magnetic field lines that
have been reconnected more recently. The ion energy of the precipitating ions
again decreases until about 23:45 UT, when a new low is reached. Pitch angle
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Figure 9. Cluster/CIS observation for cusp crossings on 25 July 2001. Plotted are H"
omnidirectional flux measurements (1/(cm? s sr keV/e)) for SC1, SC3 and SC4. All satellites
encounter distinctive structures, sudden jumps in the ion energy dispersion that are similar on
SC1 and SC4, but different on the later arriving SC3 satellite (from Trattner et al., 2003).
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analysis of this low energy distribution shows that it is solely composed of
ionospheric ion outflow.

SC3 crosses into the cusp at 23:54 UT, indicated by a white line in the
color spectrogram (3a). This spacecraft also observes a typical decreasing ion
energy dispersion for a stable rate of reconnection with no further cusp
structures later on. The fact that the observed ion dispersion at SC3 is typical
for a southward IMF configuration while the IMF changed northward
6 minutes earlier is the result of a delayed response of the magnetosphere to
changes in the solar wind. A delayed response to IMF changes is not unusual
and is also observed in the ionospheric convection patterns that are signifi-
cantly reconfigured about 10 minutes after the IMF change.

The first Cluster satellite to enter the cusp on 25 July 2001 is SC4 at 23:09
UT (4a). The cusp encounter is followed by a decreasing ion energy disper-
sion which is reversed at about 23:13 UT. The precipitating ion energy
reaches a new maximum at 23:15 UT (4b), the same time that SCI1 enters the
cusp. This enhancement is explained by a change in the configuration of the
convection cell which brought the ion open-closed field line boundary closer
to the position of SC4, shortening the convection distance (see Trattner et al.,
2003). The ion energy again starts to decrease before a second brief increase
at 23:35 UT. A detailed pitch angle analysis showed that this signature was
caused by ionospheric outflow and not ion precipitation from the mag-
netosheath. A pitch angle analysis of the proton distribution for the same
time interval revealed that such a localized ion outflow distribution was also
present at the position of SC1. However, this population was not as clearly
separated from the immediately following downward precipitating ions as at
the location of SC4. SC4 encounters this second sudden increase in ion
energy at about 23:37 UT (4c), which is similar to the increase observed by
SC1 at the same time. This step-up structure is also followed by a decrease of
ion energy until about 23:45 UT, where a constant low energy flux is reached,
typical for high latitude ionospheric outflow.

Figure 10 shows a combination of the temporal and spatial separations of
the Cluster spacecraft. The Cluster magnetic foot points and the ionospheric
convection streamlines for 25 July 2001, at 23:37 UT, are shown. The ion-
ospheric convection streamlines, presented as contour lines, have been cal-
culated using line-of-sight velocity data from the 8 operating northern
hemisphere SuperDARN radars (Greenwald et al., 1995) together with the
technique of Ruohoniemi and Baker (1998). Here the fit to the line-of-sight
data is made to a sixth spherical harmonic expansion, with the fit stabilized
by a statistical pattern keyed to the upstream IMF data from the Wind
satellite, delayed by 8 minutes to allow for the propagation time from the
spacecraft to the magnetopause (Ruohoniemi and Greenwald, 1996).

Overlaid on the magnetic foot points are 14-minute intervals of the
Cluster/CIS flux measurements presented in Figure 9, which are centered on
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Figure 10. Composite plot of Cluster magnetic foot points and ionospheric convection
streamlines for 25 July 2001, at 23:37 UT. Overlaid on the magnetic foot points are 14-minute
intervals of the Cluster/CIS flux measurements presented in Figure 9, which are centered on
the actual position of the Cluster satellites at 23:37 UT. The original entry points of SC1 and
SC4 into the cusp are marked with a star and a triangle, respectively, along the tracks of their
magnetic foot points. SC1 and SC4 are deep inside the cusp and have just entered the dawn
convection cell (dashed lines) resulting in an almost simultaneous sudden increase of the ion
energy dispersion on both satellites (also marked with symbols), as expected from a spatial
interpretation of cusp structures. During that time SC3 was still on closed field lines (from
Trattner et al., 2003).

the actual position of the Cluster satellites at 23:37 UT. This representation
shows the actual Cluster measurements in time at the proper spatial location.
White lines in Figure 10 represent the average location of the auroral oval.

SC1 and SC4 are deep inside the cusp while SC3 is still on closed field
lines. The original entry point of SC1 and SC4 into the cusp are marked with
a star and a triangle, respectively, along the tracks of their magnetic foot
points. At 23:37 UT the IMF shows a strong decrease in the value of B,,
which later changes sign. An equatorward directed bulge in the convection
pattern moved rapidly equatorward which in turn allowed the dawn con-
vection cell (dashed black lines) to move equatorward as well. At 23:37 UT,
SC1 and SC4 have progressed poleward far enough to be overtaken by the
equatorward moving dawn convection cell. The transfer from one convection
cell to another resulted in an almost simultaneous sudden increase of the ion
energy dispersion (structures lc and 4c in Figure 9) on both satellites, indi-
cating that the ion open-closed field line boundary in the dawn cell is much
closer to the SC1 and SC4 magnetic footprints than in the dusk convection
cell (solid black lines). The satellite positions at 23:37 UT, which are also the
positions of the sudden increase in the ion energy dispersion, are marked with
star (SC1) and triangle (SC4) symbols.
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The sudden increase in the ion energy dispersion coincides with a satellite
moving into a neighboring spatially separated flux tube (or convection cell).
This feature was discussed above, based on earlier cusp observations by
Trattner et al. (2002a, 2002b) during stable solar wind conditions. Figure 10
shows not only that such a scenario can take place but that it also occurs
during dynamic solar wind IMF conditions. The change in IMF conditions
most probably caused a change in the location of the reconnection site, which
in turn caused a shift in the positions of spatially separated flux tubes.

5. Temporal cusp structures observed by cluster

Figure 11 shows solar wind conditions for the Cluster cusp crossing on 23
September 2001, observed by Wind/SWE, MFI. The solar wind data have
been propagated by about 18 minutes to account for the travel time from the
Wind spacecraft to the magnetopause. Figure 11 has the same format as
Figure 8 and shows a highly variable solar wind density N covering a range
between 5 and 20 cm™ (top panel) and a solar wind velocity ¥y of about
520 km/s (middle panel). The IMF components By (black line), B, (green
line) and B, (colored area) are shown in the bottom panel. For the Cluster
cusp crossing from 11:00 UT to 12:30 UT, the IMF is dominated by a strong
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Figure 11. Solar wind parameter measurements by Wind/SWE, MFI on 23 September 2001.
The data have been propagated by about 18 minutes to account for the travel time from the
Wind spacecraft to the magnetopause. Plotted are solar wind density N, solar wind velocity
Vx, and the magnetic field components By (black line), By (green line) and B, (shaded area).
Thin vertical black lines indicate the times when Cluster SC1 and SC4 satellites crossed into
the cusp.
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but variable negative B, component ranging from -3 to —15 nT. The By
component is positive and centered on 5 nT, while the B, component is less
then 5 nT and switches several times between northward (red) and southward
(blue). This Cluster cusp event is characterized by strong variations in solar
wind density and IMF directions that will introduce temporal changes in the
reconnection location and, most probably, temporal changes in the recon-
nection rate. Black vertical lines indicate the times when the Cluster SC1 and
SC4 satellites crossed into the cusp.

Figure 12 shows H ' omnidirectional flux measurements (1/(cm? s sr keV/
e)) from SC1 (top panel) and SC4 (bottom panel) for this cusp crossing.
These measurements were observed in an MLT range from 11:30 to 13:00, an
ILAT range from 75° to 83° and a geocentric distance from 4.5 Rz to 5.4 Rp.

SC1 enters the cusp at about 11:08 UT, marked by a black vertical line.
SC1 subsequently observes two typical step-up cusp structures in the ion
energy dispersion at about 11:18 UT (la) and 11:25 UT (1b). Cluster
spacecraft SC4 enters the cusp about 1 minute before SC1 at 11:07 UT, also
indicated by a black vertical line. Like SC1, SC4 encounters two step-up cusp
structures at about 11:19 (4a) and 11:27 UT (4b). The two cusp steps at SCI
and SC4 are very similar to the spatial structures discussed before. However,
their projection into the ionosphere revealed the temporal nature of these
structures.
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Figure 12. Cluster/CIS observation for a cusp crossing on 23 September 2001. Plotted are H ™
omnidirectional flux measurements (1/(cm?® s sr keV/e)) for SC1 and SC4. The satellites
encounter distinctive “‘step-up’ structures in the ion energy dispersion that are similar on the
two Cluster spacecraft. After comparing the satellite observations with simultaneous Super-
DARN radar observations, these structures have been identified as temporal structures that
are convecting poleward with the convecting magnetic field lines.
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Figure 13 shows a composite plot to combine the temporal and spatial
separations of the Cluster observations. Shown are the Cluster magnetic foot
points and the ionospheric convection streamlines for 23 September 2001, at
about 11:18 UT. Overlaid on the magnetic foot points are 14-minute intervals
of the Cluster/CIS flux measurements presented in Figure 12, which are cen-
tered on the actual position of the Cluster satellites at 11:18 UT. The spacecraft
are located at the intersection of the magnetic foot points with the white lines in
the overlaid color spectrograms. Poleward (top) of the white lines, the ‘““future”
spectra to be observed by SC1 and SC4 are shown, while equatorward (bottom)
of the white lines the spectra from the “past” are plotted.

SC1 and SC4 are deep inside the cusp and moving obliquely to the iono-
spheric convection direction while SC3 is still on closed field lines. The original
entry points of SC1 and SC4 into the cusp are marked with a star and a triangle
along the tracks of their magnetic foot points. In addition, a black dashed line
marks the likely location of the ion open-closed field line boundary that
intersects the cusp entry points. At 11:18 UT, SC1 encountered the first step-up
cusp structure (la). SC4, positioned just downstream and poleward of SC1
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Figure 13. Composite plot of Cluster magnetic foot points and ionospheric convection
streamlines for 23 September 23 2001, at 11:18 UT. Overlaid on the magnetic foot points are
14-minute intervals of the Cluster/CIS flux measurements presented in Figure 12, which are
centered on the actual position of the Cluster satellites at 11:18 UT (indicated by white lines in
the spectra). The original entry points of SC1 and SC4 into the cusp are marked with a star
and a triangle, respectively, along the tracks of their magnetic foot points. Passing through this
location is a thick dashed line representing the most likely position of the ion open-closed field
line boundary. SC1 has just encountered a step-up cusp structure while along the convection
path about 1° poleward of SC1, SC4 will encounter a similar step about 1 minute later.
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along the convection path, will encounter a similar step marked (4a) in about
1 minute. Observing a similar step feature about 1° higher in latitude and about
1 minute later than the low latitude satellite is consistent with a temporal
moving structure as predicted by the pulsed reconnection line.

The scenario repeats itself for the second step-up structure. Figure 14
shows the same composite plot as Figure 13 but 7 minutes later. At that time,
SC1 encountered the second step-up cusp structure (1b), while again SC4,
positioned just downstream and poleward of SC1, will encounter a similar
step marked (4b) in about 1 minute and 1° higher in latitude. Also still visible
in the 14-minute overlaid spectra for SC4 is the first step-up (4a). Both step
structures observed by one spacecraft seem to have convected 1° poleward in
the direction of the convection path within about 1 minute, which represents
a convection velocity of about 1.5 km/s, in agreement with observed con-
vection speed in the ionosphere of about 1.2 km/s, as measured by the
SuperDARN radars (see also Lockwood et al., 1990, Pinnock et al., 1993).
These poleward moving structures are consistent with temporal moving
structures and could be an indication of a variation of the reconnection rate.

Figure 14. Composite plot of Cluster magnetic foot points and ionospheric convection
streamlines for 23 September 2001, at 11:25 UT. Overlaid on the magnetic foot points are
14-minute intervals of the Cluster/CIS flux measurements presented in Figure 12, which are
centered on the actual position of the Cluster satellites at 11:25 UT (indicated by white lines in
the spectra). The original entry point of SC1 and SC4 into the cusp are marked with a star and
a triangle, respectively, along the tracks of their magnetic foot points. Passing through this
location is a thick dashed line representing the most likely position of the ion open-closed field
line boundary. SC1 again encountered a step-up cusp structure while along the convection
path about 1° poleward of SC1, SC4 will encounter a similar step about 1 minute later. The
previous step-up structure is also still visible in the overlaid spectrogram of SC4.



SPATIAL AND TEMPORAL CUSP STRUCTURES 301

6. Summary and conclusions

The spatial and temporal variations of the cusp reflect the spatial and tem-
poral variations in dayside reconnection location and rate. Early on, sudden
changes (steps) in the ion energy spectra were observed by various satellites.
The nature of these steps in cusp ion energy dispersion has been discussed for
more than a decade and evidence has been accumulated for two different
mechanisms — temporal variations in the reconnection rate (i.e., pulsed
reconnections) and spatial variations in the reconnection location.

In the pulsed cusp model, steps are described as periods of little or no
reconnection at the magnetopause (e.g., Lockwood and Smith, 1989, 1990,
1994; Lockwood et al., 1998). These variations in the reconnection rate create
a series of poleward convecting magnetic flux tubes (pulses) with different
time histories since reconnection.

Spatial cusp structures have been studied by Onsager et al. (1995),
Trattner et al. (2002a) and others, using observations from multiple satellites.
These studies revealed that, while individual cusp crossings for different solar
wind conditions are very dissimilar, cusp crossings by two satellites during
stable solar wind conditions are remarkably similar over extended time
periods (up to 5 hours) and spatial separations (about 2 hours in MLT) of
the satellites. If this conclusion is correct, then reconnection at the magne-
topause would be a rather constant process with only minor variations.
Smaller cusp structures embedded in major steps most probably caused by
such minor reconnection rate variations have been reported (Trattner et al.,
2002a). Even changes in the IMF conditions, which move reconnection lines
to different positions at the magnetopause and also move flux tubes ema-
nating from these reconnection lines, exhibit spatial cusp structures (Trattner
et al., 2003). While flux tubes would change their positions, cusp steps will
still be encountered by crossing the boundary between the flux tubes, crossing
onto open field lines with a different time since reconnection.

Recent observations made by the three Cluster spacecraft combined with
simultaneous observations made by the SuperDARN radar network have
allowed cusp structures to be investigated in unprecedented detail. This study
revealed that, indeed, both spatial and temporal structures occur in the cusp.
Our conclusions about the mechanisms to create temporal and spatial
structures are:

(1) Cusp structures are the result of temporal changes in the location of
convection pattern that either drastically shorten or lengthen the
convection length of magnetic field lines from the ion open-closed field
line boundary to the position where they are intercepted by the satellites.
The change can be a smooth reversal of a previous ion energy dispersion
or a sudden step.
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(2) Cusp structures are caused by the entry into a different convection cell or
flux tube where the location of the ion open-closed field line boundary
was significantly different from that in the old cell. This can result in a
step-up or step-down ion energy dispersion. The observed cusp structure
is a spatial structure and will appear unchanged for satellites at every
altitude (Trattner et al., 2002a, 2002b).

(3) Cusp structures are caused by a variation of the reconnection rate at the
reconnection location. This temporal cusp structure will be convected
with the open geomagnetic field lines and travel along the ionospheric
convection direction. In agreement with the pulsating cusp model (e.g.,
Lockwood and Smith, 1989), fast low-altitude satellites overtakimg the
convecting structure encounter a step-down ion energy dispersion while
slow high-altitude satellites are overtaken by the convecting cusp
structure and encounter a step-up dispersion profile.

While spatial and temporal processes have been observed, the combination of
multi-spacecraft observations with large scale ground observations will allow
new insight into pulse frequency, convection velocity, the magnitude of cusp
steps, and the conditions necessary to observe either spatial or temporal cusp
structures.
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Abstract. Observations of a unique cusp feature at low and mid altitudes are reported. This
feature has a consistent double-peaked or “V”’-shaped structure at the equatorward edge of
high-latitude particle precipitation flux, and is predominantly present for high IMF B, con-
ditions. The observations are consistent with the Crooker (‘A split separator line merging
model of the dayside magnetopause’, J. Geophys. Res. 90 (1985) 12104, ‘Mapping the merging
potential from the magnetopause to the ionosphere through the dayside cusp’, J. Geophys.
Res. (1988) 93 7338.) antiparallel merging model, which predicts a narrow wedge-shaped cusp
whose geometry depends greatly on the dawn/dusk component of the IMF. Various obser-
vations are presented at low altitudes (DE-2, Astrid-2, Munin, UARS, DMSP) and at mid
altitudes (DE-1, Cluster) that suggest a highly coherent cusp feature that is consistent with the
narrow, wedge-shaped cusp of Crooker (1988), and contains persistent wave signatures that
are compatible with previously reported high-altitude measurements. A statistical survey of
Astrid-2 and DMSP satellite data is also presented, which shows this feature to be persistent
and dependent on the IMF angle at the magnetopause, as expected. Thus, the cusp signatures
observed at a wide range of altitudes present a coherent picture that may be interpreted in
terms of a footprint of the magnetopause current layer.

Keywords: cusp, true cusp, magnetosphere

Abbreviations: ISEE: International Sun—Earth Explorers; GSE: Geocentric Solar Ecliptic;
GSM: Geocentric Solar Magnetic; ACE: Advanced Composition Explorer; CODIF:
Composition and Distribution Function Analyzer; DMSP: Defense Meteorological Satellite
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Program; FFT: Fast Fourier Transform; ESA: European Space Agency; HIA: Hot Ion
Analyzer; MHD: Magnetohydrodynamics; UT: Universal Time; RAPID: Research with
Adaptive Particle Imaging Detectors; VEFI: Vector Electric Field Instrument; SSJ: Special
Sensor Aurora Particle; STAFF: Spatio-Temporal Analysis of Field Fluctuations; DE:
Dynamics Explorer; HEPS: High-Energy Particle Spectrometer; MEPS: Medium-Energy
Particle Spectrometer

1. Introduction

Ever since Chapman and Ferraro (1931) first induced the basic nature of the
Earth’s magnetosphere, its 2-D and 3-D topology has indicated the existence
of a dayside magnetic cusp. In the past, however, understanding the geom-
etry and dynamics of the cusps has been limited by the simple 2-D cut planes
used to describe them. The term “cusp” itself demonstrates the historical bias
towards 2-D representations, since only in a 2-D cut plane does this region fit
the mathematical definition of a point of reversal on a curve. This cusp, or
weak magnetic field region, is invariably near magnetic local noon at the
latitude where magnetic field lines switch from closing on the dayside to being
mapped back into the tail. This geometry was thought to allow for more or
less direct penetration of magnetosheath particle fluxes to low altitudes. Early
observations (Heikkila and Winningham, 1971) showed a high-latitude band
of low-energy particle precipitation with magnetosheath-like properties on
the dayside at low altitudes. They interpreted this feature as the long sought
for evidence of direct solar wind entry via a magnetic cusp. This general
region of particle penetration was later separated into a ““‘cusp proper” and a
“Cleft/Boundary Layer”, representing separate particle entry processes (i.c.,
direct and indirect) (Newell and Meng, 1988). This terminology builds upon
the “cusp” versus “cleft” distinction of Heikkila (1972) and Reiff (1979), who
argued that the “cusp” represented direct entry whereas the “cleft” was the
low-altitude signature of the Low Latitude Boundary Layer.

Newell and Meng (1988) defined the low-altitude cusp proper as the sub-
region of plasma flux that more closely resembles magnetosheath plasma
spectral characteristics, indicating “more direct” entry than that associated
with low altitude access via the Low Latitude Boundary Layer (LLBL), the
plasma region just equatorward of the cusp representing plasma near the
magnetopause but inside the magnetosphere. This definition results in a cusp
of much narrower extent in Magnetic Local Time (MLT) and Invariant
Latitude (IL), and is limited to fairly direct plasma entry processes (i.c., little
or no acceleration of the magnetosheath population). This smaller, more
directly connected region is continuously present with a density that remains
consistent with solar wind density variations (Aparicio et al., 1991).

The cusp proper averages approximately 2 to 3 h in longitude centered at
noon, and about 1° to 5° in IL centered at about 78° IL (1° =~ 100 km at
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100 km altitude) (Newell and Meng, 1988; Lundin 1998; Aparicio et al.,
1991). Its location and size vary with changes in the IMF direction and solar
wind dynamic pressure, but it is always present (Newell and Meng, 1988).
The above size and location represent statistical averages and are quite large.
At low altitude ( < 1000 km polar circular orbit), a feature of this size will be
traversed on average in about 15s to a minute. Trajectories not cutting
through the center of the cusp would have even shorter traversal times, on the
order of a few seconds. Orbits with more equatorward inclinations may
spend more time in the cusp, depending on how much local time is covered
while inside the appropriate latitude range. A theoretical maximum for a
cusp traversal (3 h of local time at about 77° latitude) would be on the order
of 8 min. It is important to note that while the quick traversals of the cusp at
low altitude may have limited the detail seen in the past, they have the
advantage of being more of a “‘snapshot”, with the data less likely to be
contaminated with temporal changes during the traversal. The faster sample
times of recent instruments (described in the Appendix A) allows the detail to
be seen without the need to rely on higher altitudes and slower traversals,
with the concomitant intermixing of populations due to horizontal transport.
That is, mid-altitude measurements, while showing many similar particle
characteristics, may contain bounced and tailward convected populations
that may have histories different from the downcoming particles.

Extending the concept of antiparallel merging (Crooker, 1985) to the low
altitude cusp, Crooker (1988) proposed a mapping of the potential drop
along the merging line at the magnetopause down to the ionosphere via the
cusps. The antiparallel model predicts a stretched cusp radiating away from
the classical cusp point (i.e., where the cusp would be without interconnec-
tion of the fields), with the potential drop across an increasingly shorter
distance along the magnetopause mapping to points further from this clas-
sical location. In order to maintain a realistic distance across which this
potential is applied, the cusp must be wedge-shaped, with its base at the
classical cusp point and the full potential drop applied across it (Figure 1).
The edges of the wedge would map to the innermost regions of the magne-
topause along the neutral line, moving to the outer surface as one moves
towards the center of the wedge (Stasiewicz, 1991).

Another result of this topology of interconnected field lines is that this
distended cusp rotates about its base with variations in the y-z plane (in GSM
coordinates) of the Interplanetary Magnetic Field (Figure 2). For a purely
southward IMF the wedge is wide with the point facing towards lower lati-
tudes, and resembles the more generally conceived large ovoid cusp. As B,
increases, though, the tip begins to swing in the direction of the B, compo-
nent, until for a purely B, case the point of the wedge faces duskwards
perpendicular to its southward orientation. As B, becomes more positive, this
cusp wedge continues to rotate and become thinner (since the total potential
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Figure 1. View from the Sun towards the Earth of southward Interplanetary Magnetic Field
lines mapping the solar wind potential drop through the magnetopause down to the cusp. X’s
represent the places where the field lines cross the X-line. The geomagnetic (curved) field lines
are shown near the magnetopause surface until they turn Earthward towards the cusp (sha-
ded). The footprint of these ‘first open’ field lines thus is a wedge in the ionosphere. (Adapted
from Crooker, 1988).

drop across it becomes less), until it becomes a very narrow poleward
directed wedge for a pure positive IMF B.. This type of narrow, IMF-
dependent cusp wedge is consistent with the observations in the next section,
in which a double-sided or “V” energy dispersion signature is seen for high
IMF B, cusp crossings. The simple three-dimensional image of the cusp as a
“funnel” thus becomes a much more complex structure, depending on B, and
B. in shape as well as location. A single satellite track can encounter very
complex spatial structures in the cusp, although until recently it has been very
difficult to distinguish them from temporal features. The ESA/NASA Cluster
multi-satellite mission has begun to clarify such long-standing ambiguities.
Recent studies of the high-altitude, exterior cusp region have shown there
to be a highly turbulent layer (labeled Turbulent Boundary Layer in
Figure 3) containing large amplitude, low frequency waves. Savin et al.
(1998) and Dubinin et al. (2002) have shown this region to be a permanent
feature. Using Interball and Prognoz data, the following features of the
exterior cusp shown in Figure 3 have been defined. The stagnation region
(previously defined by Paschmann et al. (1976)) is broken down into the
Turbulent Boundary Layer outside the magnetopause, and the Outer Cusp
inside the magnetopause. The magnetopause boundary is defined as the
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12

Figure 2. Schematic of the relationship between IMF angle and northern polar cap convection
and cusp geometry. The Sun is towards the bottom and the view is from above the North pole.
The ‘wedge cusp’ (where the lighter flow lines cross the heavier polar cap boundary) can be
seen to narrow and rotate with changes in the IMF direction from southward (bottom) to
duskward (middle) and finally northward (top). (From Crooker, 1988).

separatrix between the geomagnetic field and the IMF. The boundary is
shown dashed in the exterior cusp region since the dynamic properties of the
cusp often prevent an unambiguous determination of the magnetopause
location. The Inner Cusp extends below these regions to low altitudes. Since
the magnetopause boundary passing through this stagnation region can
frequently not be identified, the distinction between the boundaries and
characteristics of the sub-regions in Figure 3 may become blurred. This
empirical exterior cusp model is based primarily on data from spacecraft
heading outwards from the tail lobe of the magnetosphere, through the cusp,
and out into the magnetosheath. Thus the extent and structure of this model
in mid-altitude regions is not well defined. Multi-spacecraft mid-altitude cusp
passages are now starting to facilitate refining the lower end of this exterior
cusp model and its 3D, dynamic geometry.
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Figure 3. The regions of the exterior cusp as proposed by Savin, including external and
internal field geometry. Two Cluster spacecraft trajectories are also shown (see Observations
section). (Adapted from Savin et al., 1998).

2. Observations

We present data from several satellites, all of which show similar cusp sig-
natures. Due to the large number of individual measurements involved with
the observations, details of the instrumentation used are not given here. A
brief description of the instruments used can be found in the Appendix A. In
this section examples of data from the various satellites will be presented in
order to establish the characteristics of this new signature, and to demon-
strate its independence of any particular instrument, measurement or alti-
tude. These examples are representative of the larger set of cusp passes
surveyed.

2.1. DE pATA

The first example of this cusp feature comes from a pass of the DE-2 satellite
on September 6, 1982 (Figure 4). LAPI particle spectrograms are from the
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electron sensor with a look angle of 19° from the magnetic field (top panel)
and from the ion sensor with a look direction 64° from the magnetic field.
The data were taken on a southern hemisphere equatorward pass, the cusp
being located at an IL of —63° and a pre-noon MLT of 10:13. A clear
dispersion signature can be seen in the ion data (Figure 4, second panel),
moving from lower (poleward) energies to higher (equatorward) energies,
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Figure 4. DE-2 data from September 6, 1982. Data were taken during an equatorward cusp
pass in the southern hemisphere. The top spectrogram is for electrons measured at a 19° pitch
angle. The second is for ions measured at a pitch angle of 64°. The third plot shows high
energy electrons integrated for energies greater than 35 keV and 0° and 90° pitch angle, and
the bottom spectrogram presents the measured square root of the electric wave power.
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although the spectrogram appears to be flat at about 1 keV from 8:37:00 to
8:37:30 (all times given in UT). The feature of interest, however, is the higher-
energy piece at the right-hand end of the ion spectrogram. This “V”’ shaped
signature can be clearly seen beginning at the equatorward edge from 8:37:30
to 8:37:40. This example is at unusually high energies, with peaks at around
20 keV down to 2 keV at the center. The feature is consistent with the narrow
wedge cusp of the Crooker model, with the highest energies being found
towards the outer edges. The electrons (Figure 4, top panel) clearly show
enhancement during this same time period, from 30 keV down to the lowest
energies. Above 1 keV the fluxes vary spatially the same as the G-M data in
panel 3. Below 1 keV there is a different morphology, though, remaining
steady throughout the feature. The third panel of Figure 4 is Geiger—Mueller
data and the parallel (black) and perpendicular (red) lines both indicate clear
enhancements over their already elevated levels at the two edges of the fea-
ture and are colocated with the ion V edges. At the equatorward edge the 90°
pitch angle G—M data jump to much higher fluxes, indicating trapped par-
ticles on closed field lines.

The bottom panel of Figure 4 is the square root of AC electric wave power
from the VEFI instrument displayed from 4 to 1000 Hz. This spectrogram
shows strong waves at 400 Hz and lower during the V. This is consistent with
the turbulence seen at the magnetopause (Gurnett, 1979) and exterior cusp
regions, indicating that these field lines may be connected with those regions
while passing through the ion V cusp feature. The V covers about 0.4° in IL
and about 18 min of MLT, which corresponds to a very narrow feature of
approximately 76 km. For purposes of inter-comparison, we will also give an
approximate size when projected down to 100 km. In this case, the projected
width in this dimension is approximately 69 km. Examples of this type of
feature are by no means unique, but can be hard to spot due to their small
size, and the fact that they are very localized in IL and MLT, being found
within about an hour of noon in MLT (depending on the IMF) at cusp
latitudes. The ISEE 1 and 2 satellites measured the IMF during this time
period to be steady and primarily duskward, with significant southward and
tailward (B,) components. Duskward IMF is consistent with a pre-noon
located cusp in the southern hemisphere. Strong B, and weakly southward
IMF is also consistent with a passage across a narrow wedge cusp as
described above.

The DE-1 spacecraft traversed the mid-altitude cusp on October 1, 1981
(Figure 5). In this case the particle data were recorded by HAPI. This is an
example of a mid-altitude crossing of the cusp, about 18,850 km in altitude
(3.96 Ry geocentric distance). The top spectrogram is of electrons, and the
second ions, both measured in the spin plane of the satellite. The line overplot
on the top panel shows the flux of electrons integrated between 2 and 25 keV,
and highlights the morphology of the higher-energy electrons. The third and
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Figure 5. DE-1 data from October 1, 1981. Data were taken during an equatorward cusp pass
in the northern hemisphere. The top two spectrograms are for electrons and ions measured in
the spin plane. The third and fourth give electric and magnetic field wave power.

fourth panels are proportional to the electric and magnetic wave power,
respectively. The data were taken in the pre-noon sector, on a poleward pass
in the northern hemisphere. The feature is seen in the ions (second panel)
beginning at 13:59 at about 2 keV. The ion flux decreases in energy and
intensity to about 500 eV a minute and a half later, only to return to the
original values at 14:03. This morphology is typical and very much like the
lower-altitude pass described. The electron intensities peak as well during the
time of the ion V, with the highest energy particles showing the transition
from closed to open field lines. The electric and magnetic field wave power
shown in the bottom two spectrograms show a typical increase, especially at
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the lowest frequencies, during the passage through the feature. The width of
the satellite track through this cusp sub-region is about 1125 km, which
translates to a 100 km footprint of about 148 km. This is very consistent with
the size range seen at other altitudes. The IMF during this time was strongly
positive in B,, with equally weaker positive B, and negative B..

2.2. DMSP DATA

Particle data from the SSJ/4 instrument of the DMSP-F10 satellite can be
seen in Figure 6. The data presented are from March 28, 1992, when the
satellite was passing equatorward over the cusp at an IL of 73° and a MLT
just post noon (12:20). The ion data (lower panel) again exhibit the energy-
latitude dispersion as it passes from higher to lower latitudes, and also clearly
show a “V”” structure beginning at 10:10:55 UT which lasted just under 25 s.
The peak energy of the poleward edge of the structure is slightly less in this
case, about 1 keV; however, the middle and equatorward edge are peaked at
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Figure 6. DMSP F-10 data from March 28, 1992. Data were taken during an equatorward
cusp pass in the northern hemisphere. The upper spectrogram is for electrons, and the lower
spectrogram ions.
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500 eV and 2 keV, respectively. This is typical for many of the examples we
have studied. The corresponding electron (upper panel) enhancements at the
edges are also typical, being mostly in the 100 to 200 eV range. The satellite
altitude at the time of the pass was 770 km, and the feature spanned 0.77° of
Invariant Latitude, giving it a latitudinal width of about 96 km (84 km at
100 km) and an orbital track of just over 178 km (156 km at 100 km). As for
other cases this is very small, on the order of a proton gyroradius at the
magnetopause. IMF data for this time period are not available.

A second DMSP-F10 passage can be seen in Figure 7. The plot format is
the same as in the previous example. These data were taken on September 25,
1991, during another equatorward northern cusp pass. The IL is 70.5° at a
pre-noon MLT (11:20) at the time of the V signature in the ion data from
8:15:40 to 8:16:10. This pass is fairly typical, except that the low energy tail
poleward of the feature of interest is slightly separated. This may represent a
temporal change, or a particularly unusual crossing geometry. The crossing
geometry is probably also the reason why the poleward edge of the V appears
to be compressed and has a lower peak energy than the equatorward side,
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Figure 7. DMSP F-10 data from September 25, 1991. Data were taken during an equatorward
cusp pass in the northern hemisphere. Upper spectrogram is for electrons, and the lower
spectrogram ions.
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giving a lopsided or “J”’ shaped appearance to the feature. This is similar to
the other DMSP example shown in Figure 6. The total size of this feature is
slightly larger, though, covering 1° of Invariant Latitude at an altitude of
815 km. This equates to a latitudinal width of 125 km (108 km at 100 km)
with an orbital track distance of 213 km (185 km at 100 km), similar to the
other cases. The IMF at this time was over 10 nT in B, and almost =5 nT in
B..

2.3. ASTRID-2 DATA

Data from the MEDUSA and EMMA instruments aboard Astrid-2 are
shown in Figure 8. The data were taken on January 13, 1999, during a pass
over the southern auroral zone. The spacecraft was traveling equatorward at
an altitude of 1029 km. In the antiparallel (downward moving) ion spec-
trogram (Figure 8, bottom panel), a typical dispersion signature can be seen,
with a long section that is nearly flat at about 300 eV from 20:12:49 to
20:13:13. The region of interest, however, is less than a third of this disper-
sion pattern, at the equatorward edge from 20:13:16.5 to 20:13:28. It stands
out as a sudden increase of about 1.5 keV (from 500 eV to 2 keV) in the peak
energy of the ions. The peak energy of the feature then dips to about 1 keV at
20:13:21.5 and becomes weaker in intensity. From this point until 20:13:28
the energy steadily increases back to 2 keV. This 10-second interval clearly
has the V shaped ion structure, with higher energies on the edges and lower
energies towards the center. Many of the older-style instruments discussed in
this paper have sweep resolutions of 1 to 8 s, which would hardly be enough
to identify this feature. MEDUSA, however, has an ion sweep resolution of
0.125 s, so it can easily distinguish this crossing. The ions cut off abruptly on
the equatorward edge of the cusp at 20:13:30. The same feature is present in
the mirroring perpendicular pitch-angle ions, and the 2 keV “wings” appear
in the parallel (upwards) ions, however, the lower energy central portion is
not present. In these latter two spectrograms (Figure 8, second and third
from the bottom), low-energy enhancements (3—100 eV) can also be seen at
the beginning (20:13:18) and end (20:13:25) of the feature moving up the field
line. The middle three spectrograms contain the medium energy electron
data. The antiparallel (downwards) electrons (sixth panel from the top) and
to a lesser extent the other pitch-angle electrons, also show <300 eV
enhancements at 20:13:18 and 20:13:25.

EMMA clectric and magnetic field data are shown in the fourth through
seventh panels of Figure 8 (line plots). For the data presented here, the
electric field along the direction of the magnetic field has been assumed to be
zero, and the two perpendicular components in the eastward and equator-
ward directions have been calculated. (This assumption is consistent with
other low-altitude spacecraft results (Bonnell et al., 1999).) The magnetic field
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Figure 8. Astrid-2 data from January 13, 1999. The data were taken during an equatorward
pass through the southern cusp region. The top