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1Department of Physics and Technology, University of Tromsø, Norway
2Swedish Institute of Space Physics, University of Uppsala, Sweden
3National Institute of Polar Research (NIPR), Tokyo, Japan
4Department of Earth and Planetary Science, University of Tokyo, Japan
5STEL, Nagoya University, Japan
6IAR, Nagoya University, Japan
7PPARC, Tohoku University, Japan
8ISAS/JAXA, Sagamihara, Japan
9Sodankyl̈a Geophysical Observatory, University of Oulu, Finland
10EISCAT Scientific Association, Kiruna, Sweden

Received: 3 December 2007 – Revised: 14 April 2008 – Accepted: 11 July 2008 – Published: 20 August 2008

Abstract. We present results from co-ordinated measure-
ments with the low altitude REIMEI satellite and the ESR
(EISCAT Svalbard Radar), together with other ground-based
instruments carried out in February 2006. The results mainly
relate to the dayside cusp where clear signatures of so-called
ion-dispersion are seen in the satellite data. The cusp ion-
dispersion is important for helping to understand the tem-
poral and spatial structure of magnetopause reconnection.
Whenever a satellite crosses boundaries of flux tubes or con-
vection cells, cusp structures such as ion-dispersion will al-
ways be encountered. In our case we observed 3 distinct
steps in the ion energy, but it includes at least 2 more steps
as well, which we interpret as temporal features in relation
to pulsed reconnection at the magnetopause. In addition, fast
variations of the electron flux and energy occurring during
these events have been studied in detail. The variations of
the electron population, if interpreted as structures crossed
by the REIMEI satellite, would map near the magnetopause
to similar features as observed previously with the Cluster
satellites. These were explained as Alfvén waves originating
from an X-line of magnetic reconnection.
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1 Introduction

A change in the energy distributions of precipitating ions
with latitude is known as ion-dispersion (Reiff et al., 1977).
In the cusp, which is believed to be the main place of trans-
port of plasma into the magnetosphere, such sudden changes
in the energy of the downward precipitating ions from the
magnetosheath occur regularly. Subsequently, distinctive
structures are generated. This enables us to study the tempo-
ral/spatial nature of reconnection at the magnetopause (Trat-
tner et al., 2005).

It is well established by previous satellite observations that
magnetosheath plasma can penetrate down to rather low al-
titudes at relatively high magnetic latitudes on the dayside
of the earth (Heikkila and Winningham, 1971; Frank and
Ackerson, 1971). This is believed to be a direct result of
magnetosheath plasma entry through the dayside polar cusp
(Frank, 1971). The cusp plasma thus consists of low en-
ergy ions (50 eV–3 keV) and an increased electron flux be-
low a few hundreds eV (Escoubet et al., 2006). The low
energy ions and electrons are of magnetosheath origin and
the cusp region, depending on the Interplanetary Magnetic
Field (IMF) conditions, can be found in the range from 73◦

to 80◦ magnetic latitude and located near magnetic noon be-
tween 10:30–13:30 MLT (Newell and Meng, 1988). How-
ever, despite the emphasis of low energy particles, it should
be mentioned that cusp energetic particle (CEP) events have
also been observed (Chen and Fritz, 2005).
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Dayside (sub-solar) reconnection during southward IMF
conditions,Bz<0, will influence the ion-energy-dispersion
in the cusp precipitation in such a way that the ion energy
decreases with increasing magnetic latitude. During joint ac-
tion of magnetic tension and shocked solar wind flow, these
newly opened field lines from the dayside reconnection will
convect poleward, away from the reconnection point, and the
associated convection electric field will act as a “velocity
filter” on particles from the injection point to the observa-
tion point, causing lower energy particles to arrive at suc-
cessively higher latitudes (e.g. Smith and Lockwood, 1996).
This “velocity filter” effect was first predicted by Rosenbauer
et al. (1975) and first observed by Shelley et al. (1976) which
reported energy dispersion in the low-altitude cusp. Accord-
ingly, an ion-dispersion observed by a spacecraft crossing the
polar cusp is a typical signature of reconnection (Escoubet et
al., 2006). Thus the high energy ions from the magnetosheath
that enter the cusp will then be observed close to the first
open field line, while the low energy ones, which take longer
time to reach the ionosphere, will be detected further away
from it. However, as Reiff et al. (1977) demonstrated, the
energy dispersion of cusp particles as a function of latitude
depends on the mechanisms for injection of solar wind parti-
cles at the dayside magnetospheric cusp. From this, proposed
mechanisms such as dayside magnetic merging of the geo-
magnetic and interplanetary magnetic fields (Frank, 1971)
and wave-induced diffusion of particles across the magne-
topause onto geomagnetic field lines (Heikkila, 1972), will
produce different latitudinal distributions of particles pene-
trating to the low-altitude cusp. The characteristic energy
decreases with increasing latitudinal distance from the last
closed field line for the magnetic merging while the opposite
yield for the cross field diffusion, as the characteristic en-
ergy increases with increasing latitudinal distance from the
last closed field lines. Furthermore, ion-dispersion provides
information about the reconnection process. For a steady rate
of reconnection (fully continuous reconnection) at the mag-
netopause, continuous latitudinal energy dispersion (mono-
tonic dispersion) of downward precipitating ions should be
shown on these open field lines. Even so, the dispersion
does not always vary smoothly with invariant latitude. Sud-
den changes in the cusp ion-dispersion and variations in the
flux result in more complex structures, often observed as
“stepped” or “staircase” cusp ion signatures and also known
as cusp structured ion-energy-dispersion. The existence of
these signatures have been predicted by Cowley et al. (1991)
and Smith et al. (1992), based on a model by Cowley and
Lockwood (1992) on how ionospheric convection is excited.
This is in accordance with the so-called pulsating cusp model
(e.g. Lockwood and Smith, 1989; Smith and Lockwood,
1990), where cusp steps are the result of changes in the re-
connection rate at the magnetopause. This change creates
neighbouring flux tubes in the cusp with different time his-
tories since reconnection and the cusp precipitation between
the steps are the result of pulses of enhanced magnetopause

reconnection. Consequently, these steps occur for periods of
little or no reconnection between the pulses.

In general, the shape of the ion-dispersion is dependent
on the trajectory of the observing satellite with respect to the
open closed boundary (OCB) as well as the convection veloc-
ity and the reconnection rate. In 1994, a cusp ion-dispersion
signature caused by pulsed magnetopause reconnection was
predicted for low- and mid-altitude satellites by Lockwood
and Smith (1994). Using the condition of pulsed reconnec-
tion from an extended X-line, a model by Lockwood and
Davis (1996) predicts how the structured cusp ion-dispersion
should appear; stepped ion-dispersion for a meridional pass
and sawtooth ion-dispersion for a longitudinal pass. From
this, they show that the signatures for the same reconnection
conditions depend on the angle which the satellite traverses
the OCB. Additionally, Lockwood et al. (1998) predicts that
pulsed reconnection will produce only the sawtooth signa-
tures at middle- and high altitudes. Later on, Morley and
Lockwood (2003) show by modelling that the forms of the
ion-dispersion signatures also depend on the reconnection
rate and the associated convection velocity, as is the over-
all boundary drift. As for the satellite velocity relative to
the convection velocity of the cusp structure, the following
where found: i) if the convection velocity is much greater
than the satellite velocity a sawtooth signature is observed,
ii) if the convection velocity is smaller than the satellite ve-
locity a stepped signature is observed and finally iii) if the
satellite stays at the same newly opened field line while mov-
ing poleward with the field lines, a smooth steady-state dis-
persion will be seen. Newell and Meng (1991) reported the
first observation of stepped ion-energy-dispersion, then Es-
coubet et al. (1992), Lockwood et al. (1993a) and more there-
after while sawtooth ion-dispersion has been reported by Pin-
nock et al. (1995), Lockwood et al. (2001) and Trattner et
al. (2003).

Large scale cusp structures could either be temporal or
spatial, or a combination, reflecting the dayside reconnection
rate and location. In general, temporal variations are related
to the reconnection rate while the spatial variations are re-
lated to the reconnection location as global ionospheric con-
vection patterns created by magnetic merging. The debate
on whether the dayside reconnection is quasi-steady/quasi-
continuous (spatial) or transient/intermittent (temporal) is
still ongoing. The issues may be summarised as follows:

1. If the convection length of the magnetic field lines from
the ion open-closed field line boundary to the satellite
interception point either shortens or extends drastically,
the cusp structures are the result of temporal changes
in the location of the convection pattern (Trattner et al.,
2005).

2. If the location of the ion open-closed field line boundary
differs significantly between a new and old entry into a
convection cell or flux tube, this could result in step-up
or step-down ion-dispersion. Spatial structures, caused
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by these entries, will appear unchanged for satellites at
all altitudes (Trattner et al., 2002a, b).

3. If the cusp structures are caused by a variation of the re-
connection rate at the reconnection location, a temporal
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); a fast moving satel-
lite will observe step-down ion-dispersion, while a slow
moving satellite will observe step-up ion-dispersion.

In this paper we present observations of step-down ion-
energy-dispersion. Structured cusp ion-energy-dispersion is
often interpreted as temporal variations caused by periods
of little or no reconnection at the magnetopause which are
interspersed with periods of continuous reconnection (Trat-
tner et al., 2002a). However, Lockwood and Smith (1992)
noted that variations in the reconnection rate such as pulsed
reconnection and the associated temporal poleward moving
features are not the only way to introduce ion energy steps
in the cusp. Solar wind parameters may vary, causing the
magnetosheath ion population to change and variations in the
IMF orientation may move the reconnection site and/or alter
the degree of acceleration of the ions as they cross the day-
side magnetopause. A change of ion acceleration may also
be caused by a change of the de Hoffman-Teller velocity at
the magnetopause (Trattner et al., 1999). There is also ev-
idence that cusp ion steps can be produced in steady-state
by spatial variations of the reconnection rate (e.g. Weiss et
al., 1995; Onsager et al., 1995). Thus, cusp features can be
interpreted as quasi-steady spatial structures during patchy
reconnection. These cusp features appear as standing spatial
structures and are not moving poleward. Using the pulsed re-
connection model, the appearance of a standing spatial struc-
ture would be possible for a regular cycle of reconnection
pulses (Trattner et al., 1999). It should also be noted that
Newell and Sibeck (1993) argued that pulsed reconnection
could only take place in a localized region, while Lockwood
(1994) state that the travelling transient reconnection pulse
scenario is not subjected to this limitation. From all this, a
variety of reported stepped signatures and how they are pro-
duced and/or associated with spatial or temporal features ex-
ists:

a) Cusp structured ion-energy-dispersion (steps) produced
in a quasi-steady/quasi-continuous state by spatial features:
Cusp structures were explained by acceleration processes of
ions in the reconnection region (Newell and Meng, 1991)

– Cusp structures were related to a discontinuity in the
flow velocity across the spacecraft trajectory (Weiss et
al., 1995)

– Cusp structures were interpreted in terms of quasi-
steady spatial structure which did not appear to be con-
sistent with a brief localized merging event (Phillips et
al., 1993)

– Cusp structures are caused by either multiple X-lines
forming neighbouring flux tubes with different time his-
tories or an evolutionary process of the field line while
it is convected with the solar wind (Onsager et al., 1995;
Trattner et al., 1999)

– Cusp structures results from the spacecraft crossing
flow streamlines (or vortices), during patchy reconnec-
tion at the dayside magnetopause. Flow streamlines are
spatial structures and each flow channel has its own his-
tory associated with the dayside reconnection (Su et al.,
2001)

– Cusp structures in association with spatially separated
flux tubes that most probably emanate from multiple re-
connection lines (Trattner et al., 2002a, b)

– Large scale cusp structures are spatial structures related
to a global ionospheric convection pattern and not the
result of temporal variations in reconnection parameters
(Trattner et al., 2003)

– A satellite crossing was characterized by a so-called
double cusp, featuring two typical cusp ion-energy-
dispersion events which were identified as spatial cusp
structures (Trattner et al., 2005).

b) Cusp structured ion-energy-dispersion (steps) produced
in a transient/intermittent state by temporal features: Cusp
structures were related to the crossing of 3 successive flux
transfer events (FTEs) where each individual FTE signature
could be identified by the jumps in the precipitating pattern
with a short recurrence rate. This is consistent with an inter-
mittent reconnection taking place at the subsolar point on a
short time scale (Escoubet et al., 1992)

– During largeBy , cusp structures in the mantle region
have been shown to be coincident with thin sheets of
field-aligned currents on the boundaries between the
patches (Lockwood et al., 2001)

– Cusp structures have been related to the history of the
reconnection rate (pulsed reconnection). A burst of re-
connection is characterized by a constant energy cut-off
(step) and a period with no reconnection is characterized
by a jump in the cut-off (Lockwood and Smith, 1992,
1994; Lockwood et al., 2001)

– Cusp structures where found in association with the on-
set of plasma injection at the dayside magnetopause af-
ter southward turning of the IMF, the start of a new in-
jection on the dayside magnetopause created a step (Es-
coubet et al., 2006). This was in agreement with the
double cusp model developed by Wing et al. (2000) and
further discussed by Sandholt et al. (2003b).

In addition to the list above, some further results achieved
from ground-based data should be included to the item b).
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Temporal structures, such as flux tubes caused by reconnec-
tion pulses, are expected to move with the convection flow.
Thus, poleward moving events observed by ground-based
instruments is a natural consequence of a temporal feature
and is not predicted by the spatial interpretation (Trattner
et al., 2002a). Stepped ion-dispersion at low-altitudes have
been reported in association with poleward moving patches
of elevated electron temperatures between the steps, detected
by incoherent scatter radars (Lockwood et al., 1993a, 1995;
Lockwood and Davis, 1996), and with poleward moving
cusp/cleft auroral transients, observed by optical instruments
(Farrugia et al., 1998; Pinnock et al., 1995). The latter is also
known as PMAFs (Poleward Moving Auroral Forms), which
are ionospheric signatures of pulsed reconnection at the mag-
netopause (Sandholdt and Farrugia, 2007). This is in agree-
ment with Øieroset et al. (1997) who find that PMAFs and
the associated ground magnetic deflections during positive
IMF By are consistent with unsteady magnetopause recon-
nection, such as FTEs. A typical identification of a FTE is a
bipolar signature in the magnetic field component normal to
the magnetopause, indicating a burst of magnetic reconnec-
tion as first reported by Russel and Elphic (1978). Modern
descriptions of FTEs are more refined, for instance as a sig-
nature inside the reconnected flux tube where a mixture of
both magnetosheath and magnetospheric plasma exist (Far-
rugia et al., 1988).

In previous papers, much consideration has been given to
the ion-dispersion, but relatively few papers have discussed
the behaviour of cusp electron population during stepped ion-
dispersion events, despite that there are many examples of
satellite data which show structures in the electron flux. We
would therefore present a more detailed study of the elec-
tron structures during these ion-dispersion events. How this
structure exactly varies is not known, but there is some evi-
dence that bursts of enhanced electron flux are caused by the
satellite encountering small structures which move poleward
at the convection velocity (Lockwood et al., 1993b). One
possible explanation of such structures in the electron flux
is the presence of field-aligned currents (Davis and Lock-
wood, 1996). Newell et al. (2005) have shown that elec-
tron acceleration events can and do occur in every particle
source region, not only in the dayside boundary plasma sheet
(BPS), which is the most common region. These accelera-
tion events cross the boundaries surprisingly easy. However,
electron acceleration events can be the manifestation of con-
vection transients which drive field-aligned currents, and the
sources of those currents on the dayside are often solar wind-
magnetosphere coupling. More recently, Sandholt and Far-
rugia (2007) have reported that the dawn-dusk precipitation
is affected by PMAFs, hence showing that the asymmetry in
the precipitation is not solely dependent on the well known
IMF By component.

The magnetosheath electrons have thermal speeds (paral-
lel velocity) exceeding the flow speed by far throughout the
magnetosheath, but because of electrostatic forces they are

forced to follow the motions of ions. It was therefore ex-
pected that they enter the polar cusp only where ions are en-
tering, rather than entering the magnetosphere along open
field lines across the entire polar cap (Reiff et al., 1977).
However, later on, it was found that quasi-neutrality hold
throughout the cusp and not just in the region of ion injec-
tion. From this point of view, magnetosheath electrons must
enter the cusp over its full latitudinal width. This requirement
exists because cusp electrons with energies near 100 eV have
velocities more than an order of magnitude larger than the
ions and without this requirement, they are either absorbed
by the atmosphere, or mirrored and leave the magnetosphere,
while convecting less than one-tenth the way through the
cusp (Burch, 1985). Further, in contrast to the ions, the
electrons are not expected to exhibit any energy-latitude-
dispersion because the electron motion is determined by the
requirement of charge quasi-neutrality and not by the ini-
tial distributions of electron velocities. However, on the
equatorward side of the cusp, medium-energy electrons from
the high-energy tails of thermal magnetosheath plasma (1–
4 keV) can exhibit an energy-dispersion signature similar to
that of the protons. This does not yield the outer zone ra-
diation belt electrons (4–20 keV) or atmospheric secondary
electrons (200–400 eV) (Reiff et al., 1977).

The electron precipitation is somewhat expected to be
more structured than the ions, as the electrons are more
mobile and therefore are responsible for most of the re-
quired field-aligned currents and for maintaining the quasi-
neutrality of the plasma (Burch, 1985). Furthermore, many
small-scale phenomena in the magnetosphere-ionosphere
system may be directly driven by the solar wind (Weimer
et al., 2002). This could be of relevance regarding small-
scale structures inside a large scale phenomenon, especially
with respect to the electron behaviour. While ion structures
(dispersion) best correlate with the perturbed magnetic field
and the large-scale electric field, the electron structures (burst
like) correlate with the small-scale electric field variations,
which are most easily explained as propagating Alfvén waves
(Su et al., 2001). Chaston et al. (1999) also believe that
these small-scale variations are associated with propagating
Alfv én waves, whereas Matsuoka et al. (1993) suggests that
the Alfvén waves are generated in association with the parti-
cle injection into the magnetosphere when reconnection oc-
curs. From this, the Alfv́en waves play an important role in
the energization of electrons. Such waves propagating in the
dayside auroral oval and in the vicinity of the cusp have been
observed and identified by FAST satellites in narrow regions
transverse to the field, typically of the order of 3 km and with
highly non-sinusoidal irregular wave forms (Chaston et al.,
1999).
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2 Instrumentation

REIMEI (synonymous with dawn) is a small low-altitude
satellite which follows a sun-synchronous orbit in the merid-
ian of 12:50–00:50 local time at 640 km altitude. The satel-
lite is equipped with 3 high resolution instruments: i) Multi-
spectral Auroral imaging Camera (MAC), ii) Low-energy au-
roral particle instrument with an Electron and Ion energy
Spectrum Analyzer (EISA) and iii) Plasma CuRrent Moni-
tor (CRM). In this study, a high resolution mode has been
chosen for the particle instrument giving a temporary res-
olution of 480 ms and a spatial resolution of 600 m. As a
part of the CMR, a swept Langmuir Probe (LP) with 640
ms between each sweep is onboard the satellite, where the
electron density and temperature can be estimated from the
current-voltage-characteristics. Further description of the in-
struments can be found at:http://www.darts.isas.jaxa.jp/stp/
reimei/instruments.html.

The EISCAT Svalbard Radar (ESR) in Longyearbyen, lo-
cated at 75.27◦ N and 11.65◦ E CGM, is a monostatic inco-
herent scatter radar (500 MHz) with two parabolic antennas;
a steerable 32 m in diameter and a fixed 42 m. The latter
points at 182.1◦ in azimuth and 81.6◦ in elevation, aligned
with the geomagnetic field at a height of 300 km. For this
campaign, the 32 m antenna was pointed to the closest point
of the satellite footprint trajectory for about 10 to 15 min be-
fore and after each pass, and otherwise field-aligned. At a
height of 300 km, the transversal resolution is about 7 km
and 5 km for the 32 m and 42 m dishes, respectively. The
radar was operated in a 16 bit alternating code and the ex-
periment was a combination of Hilde and Steffe ESR mod-
ulation schemes, the latter whenever both antennas pointed
field-aligned. Steffe has a radar code for moderate range
resolutions from 3 km covering all ionospheric heights up
to 900 km, optimised for measurements at high antenna el-
evations. Hilde has a dual antenna code switching between
the antennas on a pulse-to-pulse basis (10 ms) with similar
resolutions as Steffe, but in contrast to Steffe where both
antennas point field aligned, Hilde allows the 32 m antenna
to have a different elevation. More information about the
ESR experiments can be found at:https://www.eiscat.se/
about/experiments2/experimentsand detailed description of
the ESR facility and techniques can be found in Wannberg et
al. (1997).

It is crucial in these observations to keep the resolution in
time has high as possible, i.e. 6.4 s. The range resolution was
not optimal due to low signal-noise ratios which left too few
useful gates. Consequently, integration in altitude was re-
quired. Several combinations of height-integration and alti-
tude ranges were tested. The one giving the most satisfactory
result proved to be a height-integration in the altitude range
from 200 km and 300 km with a default setting between each
step-size.

As ground-based supporting instruments, the Cutlass
radars (8–20 MHz) located in Finland (59.78◦ N and

Fig. 1. Map showing the REIMEI trajectory projection and the ESR
beams. The times marked on the satellite trajectory are in UT. The
beams for the 42- and 32 m antenna are marked by green and blue
circles, respectively. The circles are at 100 km intervals in height.

105.53◦ E CGM) and Iceland (64.59◦ N and 69.65◦ E CGM),
the Finnish pulsation magnetometer in Barentsburg (∼40 km
south-west from Longyearbyen) and the magnetometer net-
work IMAGE (International Monitor for Auroral Geomag-
netic Effect) were used. The Cutlass radar is a part of the
Super Dual Auroral Radar Network (SuperDARN) while IM-
AGE, consisting of several (30) fluxgate-magnetometers lo-
cated in northern Europe and Russia, covers the geographic
latitudes from 58◦ to 79◦.

3 Observations

On 1 February 2006, the REIMEI satellite flew past the ESR
facility at ∼610 km height with the shortest range of 628 km
at ∼09:27 UT. During this time, the ESR 32 m antenna was
pointed at 233.8◦ in azimuth and 78.7◦ in elevation. This
direction gives an angle between the antenna beams of 8.9◦,
which is equivalent to a horizontal distance of∼47.5 km at
300 km height. The satellite trajectory and the radar field
of view are shown in Fig. 1. The filled circles mark radar
volumes at intervals of 100 km in altitude.

The magnetospheric configuration depends not only on
the solar wind at any particular moment, but also upon its
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Fig. 2. In this REIMEI EISA plot, the 3 upper panels show the electron flux and energy versus time. The first from top is for pitch angles
0◦–30◦ (down), the second for 60◦–120◦ and the last for 150◦–180◦ (up). The 3 lower panels display ion flux and energy correspondingly.
The stepped ion-energy-dispersion is marked with red arrows and their respective start time. The largest transition is the 2nd step, which are
marked as the main step.

parameters in the preceding hours. This is particularly im-
portant for the inner magnetosphere. The interplanetary mag-
netic field (IMF) profiles, which were obtained by the ACE
satellite (not shown) at the Lagrange point (L1), had been
relatively steady for at least 2 h prior to the time of in-
terest: Bz<0 (−3 nT), By>0 (+3 nT), Bx<0 (−5 nT) and

<B>∼6 nT. The turn ofBz from northward to southward
occurred at 07:12 UT (L1), immediately before this steady
period. The solar wind speed was around 330 km/s. Since
the solar wind data are recorded at L1, there is a delay of 1 h
and 15 min before the effects are seen in the magnetosphere.
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Fig. 3. High resolution electron- (panels 1–6) and ion- (panels 7–12) spectrogram: panels 1–3 and 7–9 (starting from the top) is flux and
energy versus time and pitch angles (0◦–60◦ (down), 60◦–120◦ and 120◦–180◦), panels 4–6 and 10–12 is the flux and pitch angles versus
time and energy channel (10–100 eV, 0.1–1.2 keV, 1.2–12 keV). The 3 vertical black lines represent the start of the first 3 steps in the ion-
energy-dispersion, as well as the start of rapid fluctuations in the electron data (the 4th and 5th step,∼09:27:41 UT and∼09:27:46 UT, are
not shown). The periods of no or almost no electron are clearly seen. The frame seen at the bottom of the figure shows an enlargement of the
interval between∼09:27:19 UT and∼09:27:27 UT. The electron fluctuations start at∼09:27:19:18 and end at∼09:27:26:30 UT.

In the satellite data, Figs. 2 and 3, continuously decreas-
ing ion energy was clearly seen, followed by a step-like de-
crease. The downward ion-precipitation was in the range
from 3 keV and down to 50 eV. Additionally, during the ion-
dispersion the REIMEI data show quasi-periodic fluctuations
in the electron energy and flux. REIMEI started recording
ion activity at ∼09:27:10 UT and ended at∼09:28:06 UT.
The first ion-step started at∼09:27:16 UT, a small and short
step. The second and main step started at∼09:27:19 UT,
the third at ∼09:27:28 UT, the fourth at∼09:27:41 UT
and the final step was observed at∼09:27:46 UT. The
energy range during the ion precipitation was: a) 3–
1.5 keV before the first step (09:27:10–09:27:16 UT), b)
1.5–1 keV after step 1 (09:27:16–09:27:19 UT), c) 1 keV–
300 eV after step 2 (09:27:19–09:27:28 UT), d) 300–150 eV
after step 3 (09:27:28–09:27:41 UT), e) 150–100 eV after
step 4 (09:27:41–09:27:46 UT) and f) 100–50 eV after step 5
(09:27:46–09:28:06 UT). Since the fourth and final step is
far away from the ESR facility, only the first 3 steps are con-

sidered in Fig. 3, while all ion-steps are indicated in Fig. 2.
By using the model of predicted ion precipitation at low-
altitudes due to the observed ion energy in the ionosphere
(Lockwood and Smith, 1994), we have estimated the corre-
sponding time of reconnection for each ion step observed,
assuming an Alfv́en velocity of 100 km/s: a) corresponds
to ∼09:23 UT, b) corresponds to∼09:22 UT, c) corresponds
to ∼09:17 UT, d) corresponds to∼09:15 UT, e) corresponds
to ∼09:13 UT, and f) corresponds to∼09:10 UT. This gives
an average recurrence time of 2.4 min (and individual recur-
rence time of 47 s, 328 s, 100 s, 145 s and 105 s, respectively).
Looking at the electron data, we see they fluctuate most of
the time, but there are also times with small gaps in the data.
In this context and later on, gaps in the data do not mean
lack of data, but rather small intervals with no or almost no
electrons. It should be noted that before each step-down in
the ion-data, there are such gaps. Furthermore, the ion-step
corresponds with the start of electron fluctuations, on the ris-
ing flank from a gap. Between each electron gap, the energy

www.ann-geophys.net/26/2485/2008/ Ann. Geophys., 26, 2485–2502, 2008



2492 J. Lunde et al.: Ion-dispersion and rapid electron fluctuations in the cusp

Fig. 4. The upper panel shows the Langmuir Probe electron-density
(blue) and temperature (red) versus time. The first dotted verti-
cal line (09:27:10 UT) indicates when the ion is observed and the
last dotted line (09:28:06 UT) corresponds to end of the observed
ions. The first solid lines correspond to the border of the first ion
step and electron gap, and so on:∼09:27:16 UT,∼09:27:19 UT,
∼09:27:28 UT,∼09:27:41 UT and∼09:27:46 UT. The shaded area
corresponds to the time interval between∼09:27:19:20 UT and
∼09:27:26:30 UT, the main period of electron fluctuations. The
lower panel illustrates how the rising flanks (blue triangle) after
considerable gaps in the electron density are in accordance with
the start of each step in the ion-dispersion. The red circles corre-
spond to the border between each gap/step as above:∼09:27:16 UT,
∼09:27:19 UT,∼09:27:28 UT,∼09:27:41 UT and∼09:27:46 UT.

and flux vary with frequencies between 0.5–0.8 Hz. Most
of the electron fluctuations are visible after the main ion-
step (that is, between the 2nd and 3rd steps), but the rapid
fluctuations are also evident between the 4th and 5th step
(not shown). In addition, high fluxes in the ion data corre-
spond with low fluxes in the electron data and vice versa.
For the ions, this is most clearly seen in Fig. 3 from about
∼09:27:31 UT to∼09:27:37 UT. At this particular ion-step,
starting at 09:27:28 UT, the fluctuations in the electrons are
almost absent and the increased ion fluxes are in the energy
range from 150–300 eV.

Figure 4 shows the Langmuir Probe (LP) data. This data
are not properly calibrated so the absolute values of density
and temperature (top panel, blue and red lines, respectively)
are not reliable, but the relative variations are expected to be
real (at least on short time-scale). Since the ESR data are
quite noisy at the altitude of the satellite trajectory, it is not
straightforward to calibrate the LP. Nevertheless, the figure
shows clearly that both the electron density and temperature
are influenced by crossing the cusp. The ion-dispersion as
well as the electron fluctuations are somewhat reflected in the
LP data. The first dotted line (∼09:27:10 UT) indicates when
ions are observed and the last dotted line (∼09:28:06 UT)
corresponds to the end of the observed ions. The first solid
lines correspond to the 1st ion-step and end of electron gap
(∼09:27:16 UT), the next solid line indicate the 2nd and main
ion-step (∼09:27:19 UT), the shaded area shows the start
(∼09:27:19:18 UT) and end time (∼09:27:26:30 UT) of the
electron fluctuations during the main step. The third solid
line, slightly offset from the shaded area, mark the start time
of the 3rd ion-step (∼09:27:28 UT) and the fourth solid line
is the 4th ion-step (∼09:27:41 UT), which corresponds to the
start of the electron fluctuations again. The fifth solid line in-
dicates the start of the 5th and final ion-step (∼09:27:46 UT).
The lower panel in Fig. 4 illustrates how the rising flank (blue
triangle), after a time lag with considerable gaps in the elec-
tron density, is in accordance with the start of each step in
the ion-dispersion. The red circles correspond to the border
between each gap/step, hence the corresponding time is very
close to the times of observed ion steps in the data.

During the time of interest, 09:27 UT±1 min, marked as a
black/yellow dotted line in Fig. 5, the ESR data show some
activity in the electron precipitation at F-region, weak but
still visible for the 32 m antenna data (∼7E10 m−3), and
clearer for the 42 m antenna data (∼1.4E11 m−3). The red
square seen in the 32 m density data (top left Fig. 5) is
caused by the REIMEI satellite, crossing the antenna beam.
It should be noted that while the 42 m antenna beam is look-
ing “along” a field line, the 32 m antenna beam is crossing
parts of other field lines. It is interesting to notice that while
an increased electron density is seen in the field-aligned data
(42 m), the electron temperature (<1500◦K) is not particu-
larly high. This indicates that the enhanced density is related
to drifting patches and not particle precipitation. In con-
trast, the electron temperatures observed in the oblique data
(32 m) were within levels of ordinary background plasma,
about 2000◦K. The measured ion temperature was about the
same in both datasets,∼800◦K, close to the modelled neu-
tral temperature. The different temperatures are difficult to
see in Fig. 5 due to 120 s integration time, since this fig-
ure indicates an electron temperature of about 1500◦K for
both datasets. However, a detailed study shows the quoted
temperatures above (figure not shown). In the raw density
spectra (Fig. 6), a fluctuation could be seen in both 32 m and
42 m antenna data, but interestingly, they are anti-correlated.
The raw electron density in this figure is height integrated
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Fig. 5. Standard analysis of the ESR data from the 32 m antenna (left) and the 42 m antenna (right) where the panels show from the top to
the bottom: the electron density, the electron temperature, the ion temperature and the ion drift velocity. The integration time is 120 s and the
black/yellow line corresponds to the time that REIMEI passes the 32 m antenna beam.

from 200–300 km. The rapid fluctuations in the ESR data
are interpreted as real, since the error-bars are small relative
to the fluctuations themselves. Comparing the electron den-
sity from the 32 m ESR data with the satellite data, we note
a resemblance in the variations with time. Equivalent with
the observed LP data, a minimum point at 09:27:08 UT in
the electron density is seen in the 32 m radar data just before
the ions are observed by EISA. The following maximum at
∼09:27:13 UT, also seen in the LP data, is close to the start of
the observed ions. Thereafter, a minimum at∼09:27:19 UT
is seen (shaded area), which corresponds to the LP data and
seems to be associated with the 2nd and main ion-step. Af-
terwards, the electron density increases again, reaching the
next maximum at∼09:27:28 UT. Just as for the LP data, this
is analogous to the 3rd ion-step. Taken into account that the
satellite spends a very short time in the radar volume, only a
small part of the data in time would be expected to match.

In Fig. 7 the satellite trajectory has been plotted in the
plasma convection pattern obtained from SuperDARN. The
characteristic two-cell patterns of ionospheric convection are
seen, since the IMF is southward. The two convection maps,
09:20:00–09:22:00 UT and 09:30:00–09:32:00 UT, indicate
that the satellite has just entered the convection cell (crossed
the flux tube) when ion-dispersion is seen in the data. The

convection speed observed by the SuperDARN radar was
about 750 m/s in the east-west direction (dusk-dawn). By
influence of the magnetic curvature force and duringBy>0,
patches of newly opened flux will move westward/eastward
in the Northern/Southern Hemisphere, respectively. For
By<0, the flow directions are reversed (Lockwood et al.,
2001). The electric potential was about 60 kV, indicating a
cross polar cap potential drop high enough to influence the
ionosphere down to 500 km (Lockwood and Smith, 1992),
which is well below the satellite altitude.

As shown in Fig. 8, the pulsation-magnetometer did
record some micro-pulsations, Pc-1 (0.2–5 Hz) and Pc-3 (22–
100 mHz). The Pc-1 is dominating some hours before our
time of interest while Pc-3 is going on for several hours and
also recorded as low asL=3. The L-value for Barentsburg is
15.65 at sea level (75.36◦ N 109.87◦ E CGM). Also, faint dis-
turbances,±30 min from 09:00 UT are seen around 0.6 Hz.
Figure 9 shows a raw spectrum plot in both the north-south
and east-west inductor. The data has been sampled in 40 Hz
and for instance, 512 points FFT with 32 points overlapping
means 12.8 s window which makes 15 spectra for 3 min. The
plot does not show a clear association with the rapid electron
fluctuation during the time of interest.
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Fig. 6. Plot of the raw electron density versus time measured with
the 32 m antenna (upper figure) and the 42 m antenna (lower fig-
ure). The integration in height is 100 km. Note the anti-correlation
between the 32 m and 42 m during the time of interest, marked
with green circles at∼09:27:08 UT,∼09:27:13 UT,∼09:27:19 UT
and∼09:27:28 UT. The diagonally shaded area corresponds to data
dumps taken when the REIMEI passes over the 32 m antenna beam,
while the shaded area indicates the start of the main ion step in the
energy dispersion.

By looking at the magnetograms from the IMAGE net-
work (71◦–76◦ MLAT), with 20 s resolution data, some inter-
esting features were found. A sequence of poleward moving
impulse events is observed in the interval 08:25–09:25 UT.
The average recurrence time of major events is approxi-
mately 7 min. At the same time as the ion-dispersion, a pole-
ward moving positive bay in the X-component was observed
at all stations north of Sørøya located at 67.46◦ N CGM,
marked as red triangles in Fig. 10 (Sørøya is not included
in the figure). Simultaneously, a positive bay in both the

Y- and Z-components occurs at all stations at the same time
(not shown). The southward turning of the IMF corresponds
very well with the negative deflection in the X-component
starting at Bjørnøya 08:27 UT (green triangles). Finally, the
previous estimated starting time of each reconnection ob-
tained from the REIMEI data matches the variations in the X-
component for Bjørnøya (blue triangles). Starting from the
left, the first blue triangle at∼09:10 UT corresponds to an in-
jection of ions due to a reconnection and the associated final
ion-step (f), thereafter:∼09:13 UT,∼09:15 UT,∼09:17 UT,
∼09:22 UT and∼09:23 UT correspond to the forth step (e),
third step (d), second step (c), first step (b) and the start of ion
precipitation (a), respectively. The poleward moving veloci-
ties during the ion dispersion are between 3–4 km/s, which is
very fast, while the poleward moving velocity just after the
IMF turning is about 1.75 km/s, which is on the order of the
normal convection speed in the ionosphere.

4 Technical limitations

Before we discuss the ion-dispersion and electron structures,
we would like to highlight some limitations and expected dif-
ficulties due to the spatial/temporal ambiguity.

As the convection velocity is quite high, the limited time
resolution of the radar excludes observations of simultane-
ous fluctuations in data from the two antennas. The drift time
through the antenna beam need to be more than two times the
integration time. In order to satisfy this, the convection speed
should not exceed 525 m/s. A formation/structure moving
with a speed of 750 m/s will use∼10 s to pass the 32 m an-
tenna beam at a height of 300 km, hence, if there is any fluc-
tuation inside this formation, it is not sure that the radar will
be able to register that. It takes even less time to pass by the
42 m. Also, at lower altitudes than 300 km, less and less con-
vection speed is required. Accordingly, if no fluctuations are
seen in the radar data, it cannot be used as an argument that
there are no fluctuations at all. On the other hand, if fluctu-
ations are seen in the data despite the poor time integration,
this could be used as a positive support.

Furthermore, a formation/structure will take about 1 min
to drift from one antenna to the other. If any pronounced
signature is seen in one of the antennas, it should also appear
for the other antenna, slightly displaced, as long as we are
talking about a steady drifting spatial structure. However, a
small and rapid temporal change with size less than 4.8 km
inside this structure will be difficult to see, regardless of the
height, due to the integration time. If a large scale structure
covers both antennas, it should be possible to see distinct
signatures at the very same time in both antennas, provided
that the time change is larger than the integration time.

Due to the distance between the antennas, it will be diffi-
cult to see fluctuations of spatial nature in the electron precip-
itation if the scale-size at 300 km height is less than∼47 km.
If the scale size is larger, it should be possible to see similar
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Fig. 7. SuperDARN plasma convection data are shown for 09:20:00–09:22:00 UT (left) and 09:30:32 UT (right). The satellite trajectory is
indicated on both maps. The closest pass to the ESR 32 m antenna is about 09:27:16 UT.

fluctuations in both the oblique data (32 m) and field-aligned
data (42 m), slightly displaced. Also, if the electron fluctua-
tions are temporal, the same fluctuations should be expected
to be seen in both 32 m and 42 m at the very same time for
large-scale structures.

Additionally, it should be kept in mind that observa-
tions from a single satellite only, makes it difficult to reveal
whether steps in the cusp ion distribution signatures are mov-
ing or not, hence, hence conclusion of temporal or spatial
variations from this will not be precise. A better diagnos-
tic could be obtained by using more satellites and/or satel-
lite(s) in combination with ground-based instrument(s). The
same applies for the electron behaviour as well. In general,
satellites at different altitudes will encounter different sig-
natures of the dispersion (step up/step down), since a high-
altitude (slow moving) satellite will stay longer in the cusp
than a low-altitude (fast moving) satellite, the latter will ob-
serve less structures. However, if cusp structures are spatial,
both satellites should encounter the same number of struc-
tures as long as the whole cusp does not move. If it moves,
the high-altitude satellite might cross a single structure sev-
eral times while the low-altitude satellite would encounter it
only once. By using satellites that cross the cusp at the same
altitude and about the same time, they might encounter quasi-
periodic pulsations which could be mistaken for spatial struc-
tures, but if the satellites cross the cusp at the same altitude
at different times, this could give more reliable information

about the cusp structures. If the cusp structures are caused
by reconnection pulses, the satellites will encounter them at
different latitudes and the cusp structure will be temporal. If
the cusp structures are caused by for example multiple X-
lines, the satellites will encounter them at the same latitude
and the cusp structure would be a spatial feature (Trattner
et al., 2002a). In our case, only one single satellite is used,
hence the above improvements by using more satellites do
not apply to our data. However, we do combine satellite and
ground-based measurements. The latter is able to distinguish
between temporal and spatial structures, but they suffer from
lower time- and space resolution than satellite measurements.
Also, an incoherent scatter radar cannot unambiguously de-
fine the transient signatures in the cusp as being caused by
precipitating ions (e.g. Lockwood et al., 1993a).

5 Discussion

Slow changes in the energy of cusp precipitation have pre-
viously been explained by the time-of-flight effect when
open magnetic flux emerges from an X-line at the dayside
magnetopause allowing magnetosheath plasma to “fly” to-
wards the ionosphere while the newly opened field lines si-
multaneously convect. As a satellite at low-altitude crosses
field lines that have been open for increasingly longer times
and convecting further away from the open-closed boundary,
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Fig. 8. Sonogram produced from the Barentsburg pulsation magnetometer. Pc-1 (0.2–0.5 Hz) and Pc-3 (22–100 mHz) are observed. Around
our time of interest (09:27 UT), a faint activity is seen around 0.6 Hz.

progressively slower ions reach its ion instrument. For
southward IMF the convection is generally poleward, and a
poleward orbiting satellite such as REIMEI in this event sees
ions with decreasing energy. Rapid changes in the energy
of precipitating ions have been explained by sudden tempo-
ral changes of the reconnection rate controlling the convec-
tion (e.g. Lockwood and Davis, 1995). Alternatively, Trat-
tner et al. (2003) showed that some events could rather be
explained by a more complicated magnetic field topology in-
volving multiple open-closed boundaries. This spatial struc-
ture might then exist relatively stationary. We will discuss
the cause of stepped ion-dispersion as well as the observed
electron fluctuations.

Both the polarity and the size of IMFBy have impact on
the magnetosphere. One of the most interesting effects is
the regulation of the cusp position, both in latitude (ILAT)
and longitude (MLT), which is considered to be a unique sig-
nature of magnetic reconnection through the magnetopause.
According to Zhou et al. (2000), the centre of the reconnec-
tion site moves duskward in the Northern Hemisphere for
positiveBy . Also Field Aligned Currents (FACs) seem to
be controlled by the IMF parameters, a phenomenon which
has been observed between ion-dispersion steps during large
positiveBy (Lockwood et al., 2001). It should be noted that

while Lockwood et al. (2001) predict that FACs exist around
cusp ion steps produced by pulsed reconnection, Ohtani et
al. (1996) concluded from Viking and DMSP measurements
that FAC systems appeared to be quasi-stationary. 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 (Lockwood and Smith, 1990, 1992,
1994). In our case, theBy was also positive but not par-
ticularly high (∼3 nT), but it is high enough for excitation
of dawn-dusk asymmetries in plasma convection (see Fig. 7)
and relatively intense FACs in the distorted dusk cell are not
excluded.

Also, since the IMF conditions have been steady for a long
time, it is not likely that the ion-dispersion have been in-
fluenced by changes in the X-line location (Trattner et al.,
2002a). However, this does not exclude that multiple X-lines
can be involved. In fact, as previously mentioned in the in-
troduction, Trattner et al. (1999) suggested that spatial cusp
structures could be caused by either multiple X-lines forming
neighbouring flux tubes with different time histories or by an
evolutionary process of the field line while it is convected
with the solar wind. Crossing the boundary into such a spa-
tially separated flux tube (or convection cell) would appear
as a step in the ion-energy-dispersion, due to the different
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Fig. 9. Raw time domain output of the Barentsburg pulsation magnetometer. The upper panel is for the north-south inductor, the lower for
the east-west.

time history from the reconnection of field lines within the
two flux tubes (Lockwood et al., 1995). It should be noted
that for the classical pulsating model (Lockwood and Smith,
1989), where cusp structures are caused by variations in the
reconnection rate at the magnetopause, the convecting flux
tubes originating from different reconnection pulses are also
spatially separated. The difference in spatial cusp structures
is that these spatial structures represent boundaries between,
for example, convection cells (which can change position
over time), while temporal structures are flux tubes convect-
ing within a convection cell (Trattner et al., 2003). Further-
more, as the solar wind parameters did not vary dramatically,
it is not expected that the observed step-down ion-dispersion
is caused by change in the magnetosheath ion population.

The fact that the radar data show anti-correlation of the
electron density between the 42 m and 32 m datasets, indi-
cates that the ongoing processes above these two antennas
are not related, meaning that we are not talking of structures
with scale-sizes larger than∼47 km. Also, in the contrary
to Pryse et al. (2000), who found that the ESR showed evi-
dence of spatial signatures of increased electron temperatures
within the region of ion-dispersion observed with DMSP14,
we do not find any increased temperature despite the fact that
the REIMEI trajectory is much closer to the radar volume

than the DMSP14. Neither do we detect poleward moving
events with the radar such as Lockwood et al. (1993a) did.
Enhancements in both the electron density and the electron
temperature are predicted signatures of pulsed reconnection
in the ESR data (Davis and Lockwood, 1996). However, it
should be mentioned that even for fully pulsed reconnection,
the pulses may be difficult to detect if the radar is near the
centre of the latitude range covered by the cusp ion precipi-
tation and it could also be difficult to detect poleward moving
events if the reconnection rate within the pulses is less than
about twice the value between the pulses (Davis and Lock-
wood, 1996). It should also be kept in mind that during our
observations, the convection speed was high (750 m/s). De-
spite the fact that we did not observe any poleward moving
events with the radar, it was clearly reflected in the magne-
tometer data. In view of the clear poleward moving ground
magnetic impulse events and the poleward convection de-
tected by SuperDARN we find that the lack of poleward mov-
ing forms in the ESR radar data must be due to the radar ob-
servation geometry (unfavourable). In a similar case, Lock-
wood et al. (1993a) documented clear poleward moving elec-
tron temperature events by the UHF antenna of the EISCAT
Tromsø radar (better observations geometry).
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Fig. 10. Magnetogram for the X-component at 4 different sta-
tions from 08:00 UT to 10:00 UT: Bjørnøya (BJN, 71.57◦ N CGM),
Hornsund (HOR, 74.26◦ N CGM), Longyearbyen (LYR, 75.38◦ N
CGM) and NyÅlesund (NAL, 76.32◦ N CGM). Green triangles
correspond to southward turning of IMF, blue triangles correspond
to reconnection time of injected ions and red triangles show pole-
ward propagation during the ongoing ion-dispersion.

Poleward moving convection structures in X-component
magnetograms have regularly been reported in association
with PMAFs (e.g. Øieroset et al., 1997; Sandholdt, 1997).
Even the timing of injected ions seems to match with the ob-
served X-component deflections in the magnetogram. This
could be a coincidence, but most likely it is associated with
pulsating reconnection. The recurrence time is compara-
ble with previous results from Escoubet et al. (1992), who
observed a corresponding step-down ion-dispersion. They
found a recurrence time of 3 and 6 min. These and our times
are smaller than the average recurrence time (∼8 min) of
FTEs observed at the magnetopause during southward IMF
(Rijnbeek et al., 1984), indicating that our event is due to
both rapid processes and small-scale features. Furthermore,
the deflections at Bjørnøya (BJN), at 71◦ MLAT, seem to be-
long to the category of Pc-5 pulsations. This is pulsations
on closed field lines. The open/closed boundary is located
at ∼75◦ MLAT according to the satellite data. We note that

the Pc-5 pulsations are expected on closed field lines adja-
cent to the newly open flux excited by FTEs, because, on im-
mediately adjacent closed tubes, the switch on (and also the
switch off) of the reconnection should give rise to standing
damped Alfv́en oscillations in the Pc-5 period band (South-
wood, 1987). It should be noted that the poleward propa-
gation speed (3–4 km/s) of the magnetic reflections from the
low-latitude station (BJN) to the high-latitude station (NAL)
was about twice as high as the regular plasma flow. The de-
viation from the convection speed may not be very surpris-
ing. When comparison with the convection speed is made,
one should be aware of the fact that the BJN (71◦ MLAT)
pulsations are a closed field line phenomenon which not nec-
essarily matches the convection speed.

The appearance of temporal cusp steps depends on the
satellite velocity relative to the convection velocity of the
cusp structures. If the satellite crosses a boundary from a
newly opened flux tube to an older one, it will encounter
a decrease in the ion-energy-dispersion and vice versa. As
REIMEI is a fast low-altitude satellite, it would most likely
overtake the convection structure cusp. The convection speed
observed by SuperDARN was about 750 m/s, which is much
less than the satellite speeds. Consequently, REIMEI crossed
from a “new” flux tube into an “older” one, and should
then encounter a decrease in the cusp ion-energy-dispersion
(Lockwood and Smith, 1989). This is consistent with the
observations. The SuperDARN shows that the convection
flow is poleward, moving away from the sun. Additionally,
the REIMEI satellite is moving in the same direction as the
convection and the ESR data show that the ion drift veloc-
ity is moving away from the 32 m. The ion-dispersion in
our case shows a step-down signature, represented by a de-
creasing ion-dispersion interrupted by three distinctive cusp
steps, and two more, less distinctive. The ion-dispersion
also shows the typical energy-latitude dispersion expected
for southward IMF (Bz<0), as the highest energy ions ar-
rive at the lowest ILAT while the lower energy ions reach at
higher ILAT (Onsager et al., 1993). The sudden decrease in
the ion-energy-dispersion can be concurrent with the fact that
REIMEI may have moved into neighbouring spatially sepa-
rated flux tube or convection cell (Trattner et al., 2002a, b).
In Fig. 7, we see that REIMEI is entering the dusk cell from
south at about 09:27:15 UT, which is close to a major ion step
and therefore could be a spatial structure. The later steps
occur while REIMEI is overtaking successively older flux
tubes within the same dusk-centred convection cell. They are
therefore more likely to be temporal structures (sequences of
reconnected flux tubes corresponding to discrete reconnec-
tion bursts).

The “flight” of magnetosheath ions towards the iono-
sphere caused by field-line merging is believed to also con-
trol characteristics of electron precipitation in the cusps.
When a field line becomes open, then an ambi-polar field
ties the much faster electrons to the following slower ions,
preserving charge neutrality of the plasma. Electrons and
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ions hitting particles in the upper atmosphere then cause
optical auroral forms that move poleward for southward
IMF (PMAFs). Consequently such PMAFs observed with
ground-based photometers have been associated with con-
vecting field lines opened in reconnection pulses, similarly
as the cusp ion steps (e.g. Sandholt et al., 2003a).

In our study, the variations of the electron energy spectra
have been found to accompany the ion-dispersion. The main
step of the ion-dispersion lasts for about 2100 ms, and within
this time, 4 main electron fluctuations occur. From the time
of the first ion-step to the last one, the corresponding time
from minimum to maximum in the electron spectra varied be-
tween 300–700 ms, and appear periodically with a frequency
range between 0.5–0.8 Hz. It is interesting to note that the
steps in the ion-dispersion seem to correspond very well with
the rapid fluctuation in the electron energy and flux. Whether
it is a coincidence or not, will be a subject for further stud-
ies. It should be mentioned that one of the observed ion-steps
(the 3rd one), is not well associated with rapid fluctuations in
the electrons. Since this occur at the very same time as the
ion flux increases, it is most likely due to the maintenance of
quasi-neutrality of the plasma (Burch, 1985). However, this
may explain why the electron flux decreases while the ion
flux increases, but it does not necessarily explain the absence
of fluctuations in the energy and why the electrons are less
mobile during this time of interval.

The power spectrum (0–2 Hz) of the Finnish pulsation
magnetometer shows activity around the time of the REIMEI
overpass. It exhibits signatures of Pc-1 and Pc-3 pulsations
in the period of interest. Our idea was to look for mag-
netic variations comparable with the electron fluctuations
in the REIMEI data. Had we been able to see variations
of 0.6–0.8 Hz also in the pulsation-magnetometer, it would
then have favoured a temporal reconnection with scale size
of 75 km or more. Generally, Pc-1 is associated with proton
ion-cyclotron waves in the magnetospheric plasma caused by
protons bouncing back and forth between the mirror points
(Hargreaves, 1992); hence, the pulsations should not be re-
lated to the behaviour of the electrons. However, it should be
noted that a possible origin of observed dayside Pc-1 mag-
netic pulsation at high latitudes (inside the polar cap) have
been reported by Safargaleev et al. (2004). The IMF condi-
tion during their observations was a large negativeBz com-
ponent and a decreasingBy component down to almost zero,
which resulted in reconfiguration of the large scale iono-
spheric convection. They concluded that the observed Pc-
1 pulsations were caused by ElectroMagnetic Ion Cyclotron
(EMIC) instabilities of the anisotropic plasma from the mag-
netosheath penetrating into the dayside magnetosphere as a
result of reconnection. In addition, high-latitude Pc-1 pul-
sations can also be associated with PMAFs (Kokubun et al.,
1988). In our case we do not have a large negativeBz com-
ponent and neither a decreasingBy component. Pc-3 dayside
pulsations are interpreted as magnetohydrodynamics (MHD)
waves which correlate with the IMF conditions and they are

observed over a wide range of latitudes (Hargreaves, 1992).
A typical source is plasma instabilities in the upstream re-
gion of the near-Earth solar wind. Pc-3 can gain access to
the ionosphere trough the cusp and a range of fluctuations
in the auroral electron precipitation is possible. In addition,
the periods of Pc-3 depends on the electron density: from
this point of view, that type of micro-pulsation is more likely
to influence the electron behaviour. The Pc-3 domain can-
not be clearly identified in the total power spectrum, but it
is possible to see some energy in the lower frequency do-
main. Finally, Pc-1 pulsations are often accompanied with
trains of Pc-5 pulsations (2–7 mHz) in the IMAGE network
(Safargaleev et al., 2004). From this, Pc-5 reflects the be-
haviour of electrons and may be used to define the boundary
of open/closed field lines (Ables et al., 1998). We do ob-
serve Pc-5 pulsations in the X-component from the IMAGE
network above BJN, which together with the satellite data
define the OCB. However, from the Barentsburg pulsation
magnetometer, the Pc-1 pulsations were vague and the Pc-3
pulsations were far too slow, hence we believe that we are
not dealing with large-scale structures (>75 km).

Su et al. (2001) did a study which also included the elec-
tron structures, where they found burst-like precipitating
electrons in the FAST data. They conclude that the highly ir-
regular electrons in the cusp were associated with the small-
scale electric field fluctuations, which are again associated
with propagating Alfv́en waves (Chaston et al., 1999). Up-
ward electron beams are occasionally observed in the cusp
region, but such events are rare. In our study we see both up-
ward and downward electrons, but they are not particularly
of the burst-type. Hence our case study differs from that par-
ticular case.

Our REIMEI EISA data now reveal a considerably finer
structure in the electron precipitation than found in the ions.
What is the cause of this substructure? Density measure-
ments by the ESR do not give many clues about the spatial
and/or temporal nature of the variations seen by the REIMEI
EISA. However, this is most likely due to the insufficient
resolutions of the radar data and noise. Similarly, ground-
based photometers have probably not been able to resolve
such fast (∼1 s) and/or narrow (∼1 km) structures, and we
may observe here a so far unnoticed but frequent feature of
cusp precipitation. Quite likely also the field-aligned current
varies with the electrons flux. Unfortunately, the REIMEI
magnetometer is only for attitude control and has a very low
sampling rate, and the ground-based magnetometers are not
sensitive to small-scale ionospheric currents, but show only
larger current systems. Small-scale intense field-aligned cur-
rent variations have been seen frequently in the cusp with
the CHAMP satellite at about 420 km altitude (Rother et al.,
2007), and Farrugia et al. (2004) have documented meso-
scale FAC structures associated with the stepped cusp.

At the dayside magnetopause, relatively small-scale struc-
tures, such as thin currents etc, have been found in several
recent works (Andŕe et al., 2004; Vaivads et al. 2007). A
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possible explanation for our observations is that the elec-
tron flux on open field lines gets modulated over relatively
small “ion-scales” when magnetic reconnection rates change
in time. This then causes both the ion step energy and the
rapid variations in the electron precipitation at ionospheric
heights. The modulation of the electron precipitation, when
mapped back to the suspected location of reconnection oc-
curs, on similar scales as the Alfvén waves which have been
observed near an X-line in the magnetopause (Chaston et al.,
2005).

6 Summary

We have demonstrated that the majority of our observed cusp
structured ion-dispersion is most likely related to a magne-
topause reconnection, produced in an intermittent state by
temporal cusp features rather than a stationary one. This is
in particular consistent with the poleward moving impulse
events seen in the ground-based IMAGE data. The associated
electron fluctuations we believe have been modulated over
relatively small “ion-scales” when magnetic reconnection
rates change in time. The fact that we do not see clear Pc-
1 events in the pulsating magnetometer, an anti-correlation
in the electron density between the 32 m- and 42 m antenna
and a short recurrence time in the reconnection, indicates a
small-scale structure, less than 5 km. Finally, in our event,
the time between each ion-step is small, but the fluctuation
in both the electron energy and flux is far more rapid (<1 s).
This small-scale and fast electron fluctuation is most likely
also due to the reconnection process as indicated above, but
exactly how it occurs may deserve a closer investigation.
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