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Abstract. The width of the cusp region is an indicator of the
strength of the merging process and the degree of opening of
the magnetosphere. During three years, the Magion-4 satel-
lite, as part of the Interball project, has collected a unique
data set of cusp-like plasma observations in middle and high
altitudes. For a comparison of high- and low-altitude cusp
determination, we map our observations of cusp-like plasma
along the magnetic field lines down to the Earth’s surface.
We use the Tsyganenko and Stern 1996 model of the magne-
tospheric magnetic field for the mapping, taking actual solar
wind and IMF parameters from the Wind observations. The
footprint positions show substantial latitudinal dependence
on the dipole tilt angle. We fit this dependence with a linear
function and subtract this function from observed cusp posi-
tion. This process allows us to study both statistical width
and location of the inspected region as a function of the solar
wind and IMF parameters.

Our processing of the Magion-4 measurements shows that
high-altitude regions occupied by the cusp-like plasma (cusp
and cleft) are projected onto a much broader area (in mag-
netic local time as well as in a latitude) than that determined
in low altitudes. The trends of the shift of the cusp position
with changes in the IMF direction established by low-altitude
observations have been confirmed.

Key words. Magnetospheric physics (magnetopause, cusp
and boundary layer; solar wind – magnetosphere interac-
tions)

1 Introduction

The cusp region and high-latitude boundary layers are gen-
erally recognized as being key regions for the solar wind-
magnetosheath coupling, especially in critical ranges of the
high-altitude cusp for large radial distances (> 8 RE). High-
latitude observations at middle and high altitudes have been
restricted to a few satellites with appropriate orbits, such
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as HEOS-2 (Paschmann et al., 1978), Prognoz-7 (Lundin,
1985), Hawkeye (Farrell and Van Allen, 1990), and at
present, Polar (Zhou et al., 1999).

1.1 Cusp definition and its average location

On the other hand, a tremendous volume of cusp ob-
servations have been accumulated by low-altitude polar-
orbiting satellites which provide longitudinal or latitudinal
cuts through the cusp. This investigation has been exten-
sively provided by the Defense Meteorological Satellite Pro-
gram (DMSP). Using∼ 12 000 crossings, Newell and Meng
(1988) developed a simple and practical definition of the cusp
and cleft/LLBL regions. IfEe < 200 eV,Ei < 2700 eV,
ji > 1010 eV/cm2.s.sr, andje > 6 × 1010 eV/cm2.s.sr, the
region is called the cusp (Ei andEe are the average ion and
electron energies,ji andje are the energy fluxes of ions and
electrons, respectively). If either 3000 eV< Ei < 6000 eV
or 220 eV< Ee < 600 eV, the region was identified as
cleft/LLBL. Statistical processing of the DMSP data has
shown that the mean ionospheric projection of both cusp and
cleft regions is located between 75.3◦ and 76.8◦ of magnetic
latitude (MLAT) (Newell and Meng, 1989).

In middle altitudes, Kremser and Lundin (1990) found the
cusp-like plasma in broader ranges:∼ 75.5◦–83.5◦ of in-
variant latitudes (INL) and 8–15 h of magnetic local time
(MLT) based on the Viking data (11 000 km–13 500 km of
altitude). Their criteria for the classification of different cusp
regions included the presence or absence of ions and elec-
trons of the magnetosheath origin, and the presence/absence
of acceleration signatures on electron fluxes. The classifica-
tion is based on the visual inspection of the ion and electron
energy spectra. They compared their observations with low-
altitude statistical studies (Newell and Meng, 1988) and they
found that there is good but not full agreement between the
low- and middle-altitude structures of the cusp/cleft region.
The disagreement may be partly due to the different data sets
and partly due to slightly different definitions of particular
regions.
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Due to the highly eccentric orbit of the Hawkeye satellite
with apogee at∼ 21 RE , Eastman et al. (2000) could per-
form a statistical study of the cusp near the magnetopause
and they found that the median and mean invariant lati-
tudes of the cusp are both3 = 79.9◦

± 1.9◦. Their cri-
teria for cusp identification included a combination of the
following signatures: a mixture of magnetosheath and mag-
netospheric plasma, “DC” magnetic field depression, low-
frequency, broadband magnetic noise from 1 Hz up to ion
cyclotron frequency and enhanced broadband electrostatic
noise. Both Hawkeye’s cusp observations (Eastman et al.,
2000) and the new magnetopause model of Boardsen et al.
(2000) showed that the cusp indentation appears to deepen
and spread out in latitude with increasing dipole tilt angles.
Thus, as the dipole tilts more towards the oncoming magne-
tosheath flow, the indentation becomes enlarged and the cusp
outflow region, the plasma mantle, becomes more flared out
relative to the Earth-Sun line. In contrast, as the dipole tilts
away from the Sun, the cusp indentation is reduced and the
cusp outflow region becomes closer to the boundary observed
at low-latitudes.

Zhou and Russell (1997) used magnetopause crossings ob-
served by Hawkeye to show that the cusp high-altitude posi-
tion is affected by the dipole tilt angle and demonstrate that
in the neighborhood of the magnetopause, the polar cusp lo-
cation is controlled by the tilt of the dipole.

The Polar spacecraft observed the cusp region at high alti-
tudes of 4.8–8.8RE in the Northern Hemisphere. The criteria
used by Zhou et al. (1999) to identify the cusp crossings are:
a depression of the magnetic field strength below the neigh-
boring background level greater than 1 nT, a sudden increase
in the low-energy ion and electron densities to a value greater
than 5 cm−3, an electron thermal energy less than 100 eV, and
a presence of a significant portion of He++, which indicates
the solar wind origin of plasma. In a recent paper, Zhou et al.
(1999) demonstrated the dipole tilt angle effect on the cusp
location using a new data set from Polar. They concluded that
the position of the cusp in investigated altitudes depends sig-
nificantly on the dipole tilt angle. When the dipole tilts more
toward the Sun, the cusp moves more poleward to higher in-
variant latitudes, from 77.2◦ at−30◦ tilt, to 80.0◦ at 0◦ tilt, to
81.8◦ at 30◦, or roughly 1◦ for every 14◦ of tilt. They noted
that the behaviour of the invariant latitude of the cusp, as seen
by Polar, is entirely consistent with that seen at low altitudes
(Newell and Meng (1989), showed that the cusp moves 1◦ in
magnetic latitude for a 17◦ increase in the tilt angle).

A comparison of these two results suggests an increas-
ing shift in the cusp projection with the altitude. Indeed,
Něměcek et al. (2000), who analyzed Magion-4 cusp obser-
vations near the magnetopause (≤ 3RE), reported a pole-
ward shift of the mean cusp position with a slope of 0.16◦

of magnetic latitude per 1◦ of tilt. This result confirms the
trends observed at lower altitudes.

1.2 Influence of IMF components on the cusp location

The location of cusp precipitation and the direction of cusp-
region plasma flow strongly depend on the orientation of
the interplanetary magnetic field (IMF). Particle measure-
ments in low altitudes have shown that the cusp precipitation
shifts: (1) equatorward during intervals of IMFBZ < 0 nT
(Newell and Meng, 1989); (2) toward dawn forBY < 0 nT
(BY > 0 nT) in the Northern (Southern) Hemisphere (Newell
et al., 1989); and (3) toward dusk forBY > 0 nT (BY < 0 nT)
in the Northern (Southern) Hemisphere. TheBY shift is more
apparent forBZ < 0 nT thanBZ > 0 nT. The direction of
cusp plasma flow is predominantly anti-sunward (sunward)
for BZ < 0 nT (BZ > 0 nT) in the Northern (Southern)
Hemisphere (Weiss et al., 1995). During southward IMF, the
cusp local magnetic time extent can reach 3.7 h of MLT. It
suggests that the merging process involves the whole dayside
magnetopause (Maynard et al., 1997).

The latitudinal width of the cusp in low altitudes is about
1◦, somewhat wider for northwardBZ, and somewhat nar-
rower for southwardBZ (Newell and Meng, 1987). For in-
creasingly northwardBZ, the cusp displays only a slight ten-
dency to move to higher latitudes (Newell et al., 1989).

In higher altitudes (∼ 2 RE), Aparicio et al. (1991) have
been able to distinguish a well-defined region with an aver-
age width of∼ 2◦ in invariant latitude of a magnetosheath
type of particle precipitation with energies typically less than
200 eV for electrons and 1000 eV for ions. In these altitudes,
the plasma, which appeared to have its source in the cusp,
was found in a region where the geomagnetic field lines were
inferred to be closed, possibly 3◦–5◦ equatorward of the re-
gion of open field lines (Potemra et al., 1992). They con-
cluded that this effect is transient in nature and that the solar
wind/cusp plasma enters closed geomagnetic field lines by a
process associated with a time-varying magnetospheric con-
figuration consisting of a compression and equatorward shift
of the cusp, followed by a shift in the cusp to a position as-
sociated with northward IMF.

Woch and Lundin (1992) presented the magnetosheath
plasma precipitation in the polar cusp and its control by IMF
based on the Viking measurements. The azimuthal motion
of accelerated magnetosheath plasma and the location of its
entry in local time depends on IMFBY and thus, their obser-
vation agrees with the observed shift in the cusp precipitation
region toward dawn (dusk) for IMFBY negative (positive) as
it was referred to in low altitudes (Newell et al., 1989). The
location in latitude (the equatorward or poleward boundary
of the cusp) is controlled by IMFBZ. For southward IMF,
regions of accelerated plasma are located at the equatorward
edge of the cusp, i.e. in the dayside merging region, and
for northward IMF, the acceleration site is at the poleward
edge where, according to the antiparallel merging hypothe-
sis (Crooker, 1979), merging of the IMF and plasma mantle
field can occur.

Zhou et al. (2000) used the Polar magnetic and plasma
measurements to determine the cusp position in radial dis-
tances between 5 and 9RE . They found statistically the cusp
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to be usually from 08:00 to 16:00 MLT. The invariant latitude
of the center of the cusp extends from 70◦ to 86◦ and moves
further equatorward for stronger southward IMF. They saw a
clear local time shift due to IMFBY only for southward IMF
conditions. The observed local time shift (forBZ < 0 nT)
was consistent with the low-altitude observations (Newell et
al., 1989). Slopes of a dependence on IMFBZ seen at both
low and high altitudes (DMSP and Polar, Newell et al., 1989;
Zhou et al., 2000) are very similar, but low-altitude observa-
tions of the cusp are mapped at∼ 1.5◦ equatorward of high-
altitude observations. Zhou et al. (2000) attributed these dif-
ferences to the use of hourly average IMF in the low-altitude
study, in contrast to the one-minute average IMF used in their
study.

Eastman et al. (2000) studied the Hawkeye data and re-
ported only weak IMF dependencies of the cusp position. For
the negative IMFBZ intervals, the cusp was located 3◦ lower
in invariant latitude than for the positive IMFBZ intervals.
This fact is consistent with the low-altitude observations by
DMSP (Newell et al., 1989). However, they observed no
cusp shift in local time.

The IMF BX effect on the cusp latitudinal position is still
ambiguous (e.g. Cowley, 1981; Newell et al., 1989).

1.3 The effect of solar wind dynamic pressure

A compression of the magnetosphere by a solar wind pres-
sure enhancement changes the shape of the magnetopause
and thus, it can influence the cusp profile and position.
Newell and Meng (1994) reported a much wider statistical
cusp for high solar wind pressure conditions. They found 4 h
of MLT width for the high-density solar wind with pressures
> 4 nPa.

Regarding the effects of solar wind dynamic pressure en-
hancement on the high-altitude polar cusp locations, Zhou et
al. (2000) showed that it thickens the cusp in the latitudinal
direction and also widens it in magnetic local time. The for-
mer result is consistent with that reported by Farrell and Van
Allen (1990) using the Hawkeye data. However, the latter re-
sult (also based on the Hawkeye observations) appears to be
at odds with that reported by Fung et al. (1997), that higher
solar wind dynamic pressure shrinks the cusp extent in mag-
netic local time. Another study based again on the Hawkeye
data (Eastman et al., 2000) showed that the cusp moves equa-
torward for higher values of solar wind dynamic pressures, if
the Earth’s dipole tilts toward the Sun, and reported an op-
posite cusp shift, if the dipole axis tilts away from the Sun.
However, the second result is not very reliable due to a small
number of cusp crossings under these conditions.

The first Interball-1 and Magion-4 cusp observations were
reported by Sandahl et al. (1997). The authors found the
cusp well defined and persistent at all altitudes from 4RE

to 13RE . We present the statistics of the Magion-4 cusp-
like plasma observations in the same range of altitudes. The
statistics are oriented on the influence of the IMF direction
on the location of the high-altitude cusp. The other external

Fig. 1. Cusp crossings observed by Magion-4 during 1995–1997
years plotted in SM coordinates. Different colours distinguish mea-
surements made closer or farther than 3RE from the magnetopause
(T96 model).

parameters, such as solar wind dynamic pressure or velocity
of the solar wind, are touched on only briefly.

2 The data set

Our study is based on particle precipitation patterns observed
by the Magion-4 satellite (a part of the Interball project) dur-
ing the years 1995–1997 (Něměcek et al., 1997). We have
taken advantage of its orbit which scans the vertical pro-
file of the cusp from an altitude∼ 3 RE up to the magne-
tosheath. To compare our observations with the low-altitude
cusp determination, we have projected all parts of the or-
bits, on which the cusp-like plasma have been observed, onto
the Earth’s surface, using the Tsyganenko and Stern (1996)
model (T96) of the magnetospheric magnetic field. Our stud-
ies of multispacecraft observations of cusp-like plasma con-
firm the usability of the T96 model to compare cusp obser-
vations in different altitudes (Merka et al., 1997).

The T96 model includes four parameters: the solar wind
dynamic pressure,DST index, theBY andBZ components
of IMF. As a solar wind monitor, we have used the Wind
plasma and magnetic field data, shifted by the time of solar
wind propagation. The internal state of the magnetosphere
was described by an hourly averagedDST index.

Our cusp plasma classification is based on the observa-
tion of the differential energy flux, which should peak at
energy lower than 200 eV for electrons and 1 keV for ions.
The threshold for the ion energy flux was 1010 eV/(cm2 s sr).
Our criteria are consistent with criteria of the other authors
(e.g. Aparicio et al., 1991; Eastman et al., 2000; Newell et
al., 1989; Zhou et al.,1999). To exclude the magnetosheath
population, we have applied the additional restriction on the
bulk velocity to be less than 100 km/s or field-aligned. The
inbound parts of the orbits crossed the magnetopause near
the equatorial plane, but the search for the cusp-like events
on outbound parts of the orbits excludes any possible iden-
tification of a low-latitude part of the entry layer as a cusp
crossing. We will discuss the criteria for the cusp determina-
tion later.

All parts of the orbits on which the cusp-like plasma was
detected are depicted in Fig. 1 in a solar-magnetic (SM) co-



314 J. M̌erka et al.: Cusp-like plasma in high altitudes

ordinate system. The left panel in Fig. 1 presents a typi-
cal funnel-shaped cusp with good latitudinal coverage above
∼ 5RE . However, a specific feature of Magion-4 is that it
was facilitated by a real-time telemetry system which pro-
vides high-time resolution measurements, but only during
periods of direct visibility of the satellite from the receiving
station. It causes a lack of the low-altitude (below∼ 7RE)
cusp observations in the post-noon sector, which can be seen
in the right panel of Fig. 1. If analyzing the high-altitude
cusp, a more important factor than the altitude itself is the
relative position of measurements with respect to the magne-
topause. For this reason, we have computed the distance of
the observational point from the model magnetopause (T96
model) and divided our data set into two parts: measurements
made closer or farther than 3RE from the magnetopause.
These two groups are distinguished by different colours in
Fig. 1.

For further processing, we have taken one minute of the
measurements as a unit and mapped the position of the space-
craft toward the Earth’s surface. The total time of the cusp
observations was∼ 8500 min, but only∼ 8100 min of our
measurements could be mapped toward the Earth due to rest-
ing observations laid out of the model magnetopause. The
longest continuous cusp observation lasted 433 min (inter-
vals shorter than 5 min were not considered).

The principal effect influencing the high-altitude cusp lo-
cation is the dependence on the dipole tilt angle (Newell and
Meng, 1989; Zhou et al., 1999; Něměcek et al., 2000). As we
noted in the Introduction, our analysis of the Magion-4 data
(Něměcek et al., 2000) revealed the shift in the cusp as high
as 0.16◦ of magnetic latitude per 1◦ of tilt. We have enlarged
the data set used in this study by adding the last 3 months
of Magion-4 observations, and reanalyzed this dependence.
The best fit has a lower slope (0.14◦). To account for this
fact, we have shifted the latitude of each footprint linearly
according to:

λMLAT
= λMLAT

0 − 0.14ϑ, (1)

whereλMLAT
0 andλMLAT are the original and corrected mag-

netic latitudes of the cusp projection to the Earth, andϑ

stands for the dipole tilt angle. Figure 2 demonstrates an
influence of the correction on the observations. The depicted
quantity represents a number of minutes of cusp observations
in bins which are 0.5 h of MLT long and 1◦ of MLAT wide.
The top part of the figure shows the footprints of cusp-like
plasma observations in original coordinates, and the bottom
part shows the same data after our tilt correction. The cor-
rected plot is more compact, with the extreme cusp positions
shifted toward the center. We use these corrected footprint
positions in the following presentations of our study.

3 Experimental results

To take into account the coverage of the regions under ques-
tion with the Magion-4 data, we have computed the foot-
prints of all parts of the orbits which lay below the magne-
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Fig. 2. The number of minutes of cusp-like plasma observations in
0.5 h×1◦ (MLT×MLAT) bins plotted in original (top) and corrected
(bottom) coordinates.

topause and on which the ion energy spectra and magnetic
field were measured. These footprints were divided into the
same bins as our cusp observations. The number of minutes
which the satellite spent in the particular bin was counted.
The coverage is seen in the top part of Fig. 3. The time of
the cusp-like plasma observations (see Fig. 2) was divided
by the total time of the observations, in order to obtain the
probability of the cusp observations. The resulting plot in
the bottom part of Fig. 3 shows that the cusp-like plasma was
observed in a large interval in both MLAT and MLT (∼ 70◦–
85◦ MLAT and 6.5–16.5 h MLT). It would be noted that no
plasma meeting our cusp definition was observed outside of
the area covered by Fig. 3. A hatched area distinguishes
those bins crossed by Magion-4 less than ten times. The
cusp-like plasma was measured at 73◦–83◦ MLAT and 7.0–
15.5 h MLT with a probability greater than 25% (we con-
sider only non-hatched bins). The maximum of the obser-
vation probability is about 50%. This suggests that the cusp
is narrow and that its displacement, caused by the different
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Fig. 3. The total observational coverage of the dayside auroral zone
by the Magion-4 measurements mapped along magnetic field lines
down to the Earth’s surface (top) and the ratio between the time of
the cusp-like plasma observation and the total time of observation
(bottom). Magion-4 passed not more than ten times through the
hatched bins.

factors (solar wind dynamic pressure, the orientation of IMF,
etc.), is higher than the cusp width itself. Based on this in-
terpretation, the cusp latitudinal width can be estimated at
∼ 5◦

− 6◦ MLAT. The equatorward cusp boundary is lo-
cated more southward in the pre-noon sector. This could be
caused by the dawn-dusk asymmetry of precipitation patterns
or by the lower observational coverage in lower latitudes of
the post-noon sector (see a top part of Fig. 3 and hatched ar-
eas). However, the probability peaks in 75◦ MLAT at ∼ 8 h
of MLT and in 78◦ MLAT at ∼ 15 h of MLT. These obser-
vations confirm the trend seen for the equatorward boundary
and thus, the influence of the data coverage can be ruled out.

The other interesting feature which can be seen in Fig. 3
is that although the non-negligible probability of the cusp
observations is concentrated into narrow latitudinal bands (∼

3◦ MLAT) in the morning and afternoon sectors, it is spread
nearly equally through all latitudes covered by observations
around the local noon.

-10 -5
�

0
�

5
�

70

75

80

85

-10 -5� 0� 5�
BZ [nT]�

70

75

80

85

M
LA

T
 [d

eg
]

O
rbits # <

=
 10

  

10

20

30

40

%

�

-10 -5
�

0
�

5
�72

74

76

78

80

82

84

86

dMP <= 3.0 R� E

-10 -5� 0� 5�
BZ [nT]�

72

74

76

78

80

82

84

86

M
LA

T
 [d

eg
]

O
rbits # <

=
 10

  

10

20

30

40

%

�

Fig. 4. The cusp location as a function of the IMFBZ component.
The bottom part presents cusp observations near the model magne-
topause (dMP ≤ 3RE).

3.1 The IMF dependence

The poleward shift of the cusp position with an increase in
the IMF BZ component was well established in lower alti-
tudes. Figure 4 shows the cusp position as a function of the
IMF BZ component in high altitudes. The top part presents
the whole data set from∼ 4 RE of altitude up to the mag-
netopause. The white line depicts the median of the proba-
bility of the cusp observation. This line shows the poleward
shift in the cusp on 1◦ MLAT, if IMF BZ changes from−5
to +5 nT. The shift seems to be rather small. However, if
we follow the colour code, we can see that the probability
peaks in more than one latitude for negativeBZ. While the
peak at∼ 75◦ MLAT and −5 nT shifts poleward ifBZ be-
comes more positive, the peak at∼ 80◦ MLAT and −5 nT
undergoes an opposite shift and gradually vanishes. These
features suggest either a broad cusp, together with an insuffi-
cient number of observations for negativeBZ, or two sources
of observed plasma. We will discuss these two possibilities
later.

The bottom part in Fig. 4 shows the measurements in the
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Fig. 5. The cusp longitudinal location as a function of the IMFBY

component.

vicinity of the magnetopause only. For IMFBZ < 0 nT, if
IMF is more negative, the cusp moves more equatorward (on
∼ 0.5◦ per 1 nT), but when IMFBZ > 0 nT, the cusp latitude
is approximately constant. These Magion-4 results on cusp
shift with IMF BZ are consistent with results obtained from
DMSP at low altitudes (Newell et al., 1989), from Viking at
middle altitudes (Woch and Lundin, 1992), and from Polar
and Hawkeye at high altitudes (Eastman et al., 2000; Zhou et
al., 2000).

In high-latitudes (82◦–86◦ MLAT), we observe an in-
creased rate of the cusp-like plasma observation for north-
ward IMF. Magnetosheath plasma enters these latitudes as a
result of the reconnection process northward of the cusp, as
shown inŠafŕankov́a et al. (1998). Two-point observations
(Šafŕankov́a et al., 2000) reveal that a steady reconnection
takes place tailward of the cusp under this condition and the
position of the reconnection site moves in accordance with
the actual IMF direction. We suppose that this reconnection
is a source of the secondary peak that we can see in Fig. 4.

The influence of the IMFBY component on the high-
altitude cusp position is demonstrated in Fig. 5. ForBY =

−5 nT, the median cusp position lies at 1030 MLT and for
BY = −1 nT, at 1130 MLT. For positiveBY , there is no sig-
nificant trend of the cusp movement in the median depicted
as a white line. This finding is consistent with the results in
Eastman et al. (2000). However, the situation is more com-
plicated if the colour-coded probabilities are analyzed. One
can identify the cusp population which has a maximum of
probability at∼ 9.5 MLT and −7 nT. This displacement is
fully consistent with expectations for high-latitude reconnec-
tion at the Northern Hemisphere. As an addition, we can find
another two maxima of probability: at∼ 13 MLT, −7 nT
and 9 MLT,+6 nT. The dawnward shift with increasingBY

suggests that a source of this population is high-latitude re-
connection in the Southern Hemisphere.

To compare our result with investigations based on the Po-
lar data (Zhou et al., 2000), we used their magnetic local time
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Fig. 6. The cusp latitudinal location as a function of the IMFBX

component forBZ > 0 nT (top) andBZ < 0 nT (bottom).

definition. They obtained MLT as a difference in magnetic
longitude of the northern cusp foot print and that of the sub-
solar point. In this case, the cusp movement is not so signifi-
cant for negative IMFBY , but we found similar dependence
for positive values ofBY .

Regardless of the MLT definition, our observation indi-
cates a presence of two separated statistical cusp populations
for BY > 0 nT. The first peak of probability of cusp obser-
vations lies in the pre-noon sector and the second lies in the
afternoon sector. According to Zhou et al. (2000), a cen-
ter of the reconnection site moves duskward in the Northern
Hemisphere and dawnward in the Southern Hemisphere for
positive BY . Since each reconnection site is connected to
both Northern and Southern Hemispheres, this mechanism
might be expected to split the cusp and to move two parts
away from noon. Furthermore, it could even explain two
fuzzy peaks of probability of cusp observations, if the IMF
BY component is positive.

The influence of the IMFBX component on the cusp lo-
cation has not been found in low altitudes and thus, one can



J. Měrka et al.: Cusp-like plasma in high altitudes 317

0
�

1� 2� 3� 4
�

5� 6� 7�

6

8

10

12

14

16

0
�

1� 2� 3� 4
�

5� 6� 7�
PSW [nPa]�

6

8

10

12

14

16
M

LT
 [h

]

O
rbits # <

=
 10

  

10

20

30

40

%

	

0
�

1� 2
�

3
�

4
�

5
�

6
�

7
�

70

75

80

85

0� 1	 2
 3� 4
�

5
 6� 7�
PSW [nPa]�

70

75

80

85

M
LA

T
 [d

eg
]

O
rbits # <

=
 10

  

10

20

30

40

%

�

Fig. 7. The longitudinal (top) and latitudinal (bottom) cusp location
as a function of the solar wind dynamic pressure.

expect that it would be very weak (if any) in high altitudes.
Since theBZ effect is rather strong and could mask other
dependencies, we have plotted the latitude of the cusp ob-
servation as a function ofBX for positive and negativeBZ

separately in Fig. 6. The bars indicating the median proba-
bility do not show any clearBX dependence, but in colours
one can again identify two populations which are generally
moving equatorward with increasingBX. We assume that
these two populations are generated at opposite hemispheres
during periods of significantBY component. Their equator-
ward shift is consistent with the change in the IMF direction
due to the drapping effect which converts the positiveBX

into negativeBZ in the Northern Hemisphere.

3.2 Influence of solar wind parameters

The low-latitude observations have shown a broader cusp
during periods of enhanced solar wind dynamic pressure.
Our analysis in Fig. 7 seems to reveal a different behaviour in
both longitude (top panel) and latitude (bottom panel). This
discrepancy is only apparent because our plots depict the
probability of cusp observations. The broader region occu-
pied by non-zero probability means the probably of a higher
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Fig. 8. The cusp latitudinal location as a function of the solar wind
velocityvX component.

variability of the cusp position rather than a broader cusp.
A factor which can enhance the variability of the cusp lo-

cation is the level of magnetosheath fluctuations. Since si-
multaneous magnetosheath measurements are not available,
we have analyzed the cusp latitude as a function of solar wind
speed. Figure 8 shows clearly two regions: very large latitu-
dinal spread of the cusp observations with no clear peak of
probability for low-speed solar wind (vSW ≤ 420 km/s) and a
narrower cusp region for higher speeds. This result is rather
surprising because Ňeměcek et al. (2000) show that a level
of magnetosheath fluctuations increases with increasing solar
wind speed. However, there can be other factors causing the
broadening of the region where the cusp can be observed as
the variability of the interplanetary magnetic field or Kelvin-
Helmholtz instability. The correlation of these factors with
solar wind speed was never experimentally investigated.

There is a slight trend of an equatorward shift of the cusp
with increasing solar wind speed. This trend is consistent
with the positive correlation of the solar wind speed and ge-
omagnetic activity. We have checked this correlation in our
data and found a linearly increasing|DST | index with the
speed. Thus, the observed changes in the cusp location are
consistent with the expansion of the auroral oval during geo-
magnetically disturbed periods (Meng, 1984).

4 Summary and discussion

The behaviour of the plasma and magnetic field in the high-
altitude cusp strongly differs from those observed in lower
altitudes because the high altitude cusp represents an inter-
face between two regimes. The energy connected with the
plasma bulk flow dominates in the magnetosheath, whereas
the Earth’s magnetic field determines the plasma properties
in lower altitudes. The ion and electron distributions undergo
significant evolution on the path from the magnetosheath to
the ionosphere due to the time-of-flight effect (Lockwood et
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Table 1. Mean and median cusp positions near the magnetopause
(dMP ≤ 3RE)

Criteria MLAT [◦] MLT [h] Obs.
〈λ〉 ± σ Mλ 〈l〉 ± σ Ml [min]

All 79.0± 2.9 79.0 11.7± 2.3 11.9 3984
BX < 0 nT 78.3± 3.0 77.4 11.4± 2.3 11.4 1601
BX > 0 nT 79.5± 2.7 79.4 11.8± 2.3 12.0 2360
BY < 0 nT 79.1± 2.8 79.2 11.8± 2.0 12.1 2374
BY < 0 nT
& BZ < 0 nT 78.9± 2.8 79.4 11.5± 1.9 11.6 1354
BY < 0 nT
& BZ > 0 nT 79.5± 2.7 79.1 12.3± 1.9 12.8 966
BY > 0 nT 78.8± 3.0 78.2 11.4± 2.6 11.1 1597
BY > 0 nT
& BZ < 0 nT 78.5± 3.4 77.9 11.4± 2.5 11.1 711
BY > 0 nT
& BZ > 0 nT 79.0± 2.6 78.6 11.5± 2.7 11.1 850
BZ < 0 nT 78.7± 3.0 79.1 11.4± 2.2 11.6 2069
BZ > 0 nT 79.3± 2.7 78.9 11.9± 2.4 12.2 1825
pSW ≤ 3 nPa 79.0± 2.9 79.0 11.6± 2.3 11.8 3766
pSW > 3 nPa 79.0± 3.1 78.8 12.3± 1.5 12.4 218
|vx | > 450 km/s 77.8± 2.4 77.9 12.7± 2.0 13.0 1125
|vx | ≤ 450 km/s 79.5± 2.9 79.3 11.3± 2.3 11.2 2859
DST < −20 nT 78.0± 2.9 77.6 11.2± 2.0 10.8 1025
DST ≥ −20 nT 79.4± 2.8 79.2 11.8± 2.3 12.1 2959
KP < 3 79.1± 2.8 79.0 11.6± 2.4 11.9 3299
KP ≥ 3 78.6± 3.1 79.1 12.0± 1.8 11.9 685

al., 1995). The main task of the cusp definition in low and
middle altitudes is to distinguish the plasmas of magneto-
spheric and magnetosheath origin, whereas the distinguish-
ing of the cusp and magnetosheath plasmas is the principal
problem in high altitudes near the magnetopause.

In spite of rather strong criteria used for the cusp determi-
nation, we have found the cusp-like plasma in broad ranges
of latitudes and longitudes. Our limits on peak ion energy
and energy flux are the same or harder than those used in
Newell and Meng (1988) for the cusp proper. The additional
requirement on the velocity to be low or aligned (parallel)
to the magnetic field is used to distinguish the plasma man-
tle where the velocity would be antiparallel in the Northern
Hemisphere.

However, the whole region is highly turbulent, and the am-
plitudes of fluctuations of all parameters exceed their mean
values. The waves launching from this region can signifi-
cantly modify the particle distribution on their path to the
ionosphere. The other possible source of such modification
can be field-aligned potentials at the cusp boundaries. The
evolution of the distribution function would lead to a differ-
ent classification of the regime of the same plasma in lower
altitudes.

We have analyzed the influence of several upstream pa-
rameters on the observation probability that the cusp-like
precipitation will be observed at a particular point in space.
This approach lowers inaccuracies caused by the irregular

observational coverage of the region under study and it can
even pronounce observed dependencies. However, previ-
ously published cusp studies do not usually use any normal-
ization of cusp observations with respect to the overall time
of observations.

To compare our results with results published, we calcu-
lated mean and median cusp positions based only on the time
of cusp-like plasma observations. A survey of calculations in
the vicinity of the magnetopause is summarized in Table 1.
The first column describes criteria used for data selection,
and the next two columns contain cusp positions in MLAT
and MLT (mean, standard deviation, and median values).

In low altitudes, the probability of observing the cusp was
found to be sharply peaked at 12 h MLT and the cusp bound-
aries were found between 74◦ and 78◦ MLAT. The Magion-
4 observations have shown a similar mean cusp position at
79.0◦ ± 2.9◦ MLAT and 11.7 ± 2.3 h MLT. Viking, Polar,
and Hawkeye (e.g. Kremser and Lundin, 1990; Zhou et al.,
2000; Eastman et al., 2000) measurements presented a cusp
latitudinal position slightly poleward at∼ 80◦ INL. This dif-
ference could be caused by the usage of invariant latitude
instead of magnetic latitude, because invariant latitude is
closely associated with the dipolar field concept, which is
not valid near the magnetopause.

Due to a low number of cusp-like plasma measurements
during periods of higher solar wind dynamic pressure (∼ 6%
atpSW > 3 nPa), we cannot deduce the pressure influence on
both the shape and location of the cusp. However, the lower
variability of the cusp location during periods of enhanced
solar wind pressure suggests that the influence of the IMF
orientation on the cusp location is depressed.

In contrast to the other observations, we observe an equa-
torward movement of the cusp on∼ 1◦ MLAT, if the IMF
BX component changes from positive to negative values. A
possible explanation was suggested in Cowley (1981), but
the shift could be an artificial effect of the T96 model which
is not parametrized by IMFBX.

In their studies, Newell et al. (1989); Fung et al. (1997);
Zhou et al. (2000) found a dawnward cusp movement for
BY < 0 nT and a less distinct duskward shift of the cusp for
BY > 0 nT. Although both mean and median cusp positions
presented in Table 1 suggest an opposite dependence on IMF
BY , we can conclude that our observations agree with the
mentioned papers forBY < 0 nT (as discussed above). On
the other hand, a statistical cusp splits into two parts when
the IMF BY component becomes positive (Fig. 5). In this
figure, one can identify two maxima even forBY < 0, but
their local time separation is shorter.

The mean (median) cusp is located slightly equatorward
for BZ < 0 nT, which confirms previous observations by
the DMSP, Polar and Hawkeye satellites (Newell and Meng,
1987; Eastman et al., 2000; Zhou et al., 2000). We have
found that a weak dependence of the cusp location on IMF
BZ can be connected with the fact that the plasma mantle
can meet our definition of cusp-like plasma. According to
a generally accepted scheme, reconnection at the subsolar
magnetopause moves the cusp equatorward during intervals
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of negative IMFBZ. The entering plasma is reflected at low
altitudes and creates a distinct mantle which maps poleward
of the cusp proper. During northward IMF, the plasma man-
tle is very thin or disappears (Rosenbauer et al., 1975). This
means that the inspected cusp-like region would be broader
during strongly negative IMFBZ. This effect is clearly seen
in both panels of Fig. 4.

During periods of enhanced geomagnetic activity, which is
described by theDST andKP indices, both mean and median
cusp positions are displaced equatorward. In Table 1, we
can see that the shift is the same order for both indices. In
addition, this influence correspond to a dependence on the
vX component of the solar wind velocity. Our observations
suggest that the geomagnetic indices depend almost linearly
onvX.

The detail analysis of the probability of the cusp observa-
tions has shown that the observation of two sources of the
cusp precipitation, which were attributed to reconnection in
conjugated hemispheres, is a common feature in high alti-
tudes. These two sources are projected onto different MLT
and their separation seems to be controlled by IMFBY . This
effect can explain a low number (Fig. 2), as well as a lower
probability of cusp observations (Figs. 3 and 5) near the local
noon, since periods of negligible IMFBY are rare in the solar
wind.

The two cusp population can be separated in latitude prob-
ably during periods of negativeBZ (Fig. 4) and this fact in-
fluences the mean cusp positions given in Table 1. The pos-
sibility of the latitudinal separation of two cusp sources were
pointed out and documented by DMSP observations by Wing
et al. (2000).

The high-altitude cusp occupies a broader region than can
be expected from low- and middle-altitude observations (e.g.
Aparicio et al., 1991; Newell and Meng, 1994; Maynard et
al., 1997). It is valid for latitudinal as well as longitudinal ex-
tents of the high-altitude cusp projection. The high-altitude
cusp observations by the Hawkeye (Eastman et al., 2000) and
Polar (Zhou et al., 2000) satellites show a little bit narrower
cusp than our study, but the difference is quite small (a few
degrees of MLAT and∼ 1 h of MLT) and could be attributed
to different altitudes of observations. We can conclude that
the higher altitude of observations results in the broader cusp
region.

5 Conclusion

For statistical study of the cusp location, we have identified
∼ 8500 min of cusp-like plasma observations in Magion-4
plasma data which were measured from∼ 4 RE up to the
magnetosheath altitudes. The analysis of our results leads to
the following conclusions:

– The major parameter affecting overall cusp configura-
tion at high altitudes is the dipole tilt (e.g. Něměcek et
al., 2000). Near the magnetopause, the cusp moves on
0.14◦ MLAT per 1◦ of tilt;

– At high altitudes, the cusp occupies a broader region
than can be expected from low- and middle-altitude ob-
servations (Merka et al., 1999). A comparison with the
DMSP, Viking, Polar, and Hawkeye satellite data sug-
gests widening of the cusp at high altitudes. It is valid
for latitudinal as well as longitudinal extents of the high-
altitude cusp projection;

– Although we observe generally similar trends of the
IMF and/or solar wind influences on the cusp locations,
as have already been reported, we have found a few dif-
ferences:

– The cusp position possibly depends on the direction
of the IMFBX component;

– For BY 6= 0, the cusp splits into two parts in mag-
netic local time;

– The probability of cusp observations shrinks in both
latitude and longitude during periods of higher so-
lar wind dynamic pressure. This result could be in-
fluenced by a low number of cusp-like plasma mea-
surements forpSW > 3 nPa.

We should note that our definition of cusp-like plasma is
rather simple and the resulting region may involve plasma
from different magnetospheric regions (cusp, cleft, and man-
tle). However, the high-altitude cusp region is highly turbu-
lent; the satellite observes the merging process in situ and
not only its products, and thus, it is very difficult to distin-
guish among the regions as the cusp, cusp proper or cleft.
We should note that the cusp region adjacent to the mag-
netopause was never investigated and that there is no cor-
responding definition of this region. The division into sub-
regions, such as cusp proper, cleft or plasma mantle, proba-
bly requires an evolution of the distribution during precipita-
tion and cannot be done immediately after plasma entry into
the magnetosphere.

For this reason, our study collects them into one region
occupied by the cusp-like plasma. In contrast to the low-
and middle-altitude studies, the main problem is the separa-
tion of the cusp-like region and magnetosheath at high alti-
tudes, as demonstrated in (Merka et al., 2000). Nevertheless,
the broadness and movements of the region occupied by the
cusp-like plasma cannot be explained by this effect and it is
likely a result of a complicated interaction between the in-
terplanetary and magnetospheric magnetic fields and partly a
result of the magnetospheric model used.
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