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Abstract. The width of the cusp region is an indicator of the as HEOS-2 (Paschmann et al., 1978), Prognoz-7 (Lundin,
strength of the merging process and the degree of opening df985), Hawkeye (Farrell and Van Allen, 1990), and at
the magnetosphere. During three years, the Magion-4 satepresent, Polar (Zhou et al., 1999).
lite, as part of the Interball project, has collected a unique
data set of cusp-like plasma observations in middle and highL..1 Cusp definition and its average location
altitudes. For a comparison of high- and low-altitude cusp
determination, we map our observations of cusp-like plasmaDn the other hand, a tremendous volume of cusp ob-
along the magnetic field lines down to the Earth’s surface.servations have been accumulated by low-altitude polar-
We use the Tsyganenko and Stern 1996 model of the magnerbiting satellites which provide longitudinal or latitudinal
tospheric magnetic field for the mapping, taking actual solarcuts through the cusp. This investigation has been exten-
wind and IMF parameters from the Wind observations. Thesively provided by the Defense Meteorological Satellite Pro-
footprint positions show substantial latitudinal dependencegram (DMSP). Using~ 12 000 crossings, Newell and Meng
on the dipole tilt angle. We fit this dependence with a linear (1988) developed a simple and practical definition of the cusp
function and subtract this function from observed cusp posi-and cleft/LLBL regions. IfE, < 200eV,E; < 2700eV,
tion. This process allows us to study both statistical width j; >~ 109eV/cn?.s.sr, andj, > 6 x 10%eV/cn?.s.st, the
and location of the inspected region as a function of the solaregion is called the cuspE{ and E, are the average ion and
wind and IMF parameters. electron energies; andj, are the energy fluxes of ions and
Our processing of the Magion-4 measurements shows thaglectrons, respectively). If either 3000eVE; < 6000 eV
high-altitude regions occupied by the cusp-like plasma (cusppr 220eV< E, < 600eV, the region was identified as
and cleft) are projected onto a much broader area (in mageleft/LLBL. Statistical processing of the DMSP data has
netic local time as well as in a latitude) than that determinedshown that the mean ionospheric projection of both cusp and
in low altitudes. The trends of the shift of the cusp position cleft regions is located between 7%2nd 76.8 of magnetic
with changes in the IMF direction established by low-altitude |atitude (MLAT) (Newell and Meng, 1989).
observations have been confirmed. In middle altitudes, Kremser and Lundin (1990) found the

Key words. Magnetospheric physics (magnetopause, cusgeUsp-like plasma in broader ranges: 75.5°-835° of in-

and boundary layer; solar wind — magnetosphere interacvariant latitudes (INL) and 8-15h of magnetic local time
tions) (MLT) based on the Viking data (11000 km-13500km 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
efound that there is good but not full agreement between the
ow- and middle-altitude structures of the cusp/cleft region.

he disagreement may be partly due to the different data sets
and partly due to slightly different definitions of particular
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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 th
high-altitude cusp for large radial distances& Rg). High-

latitude observations at middle and high altitudes have bee
restricted to a few satellites with appropriate orbits, such
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Due to the highly eccentric orbit of the Hawkeye satellite 1.2 Influence of IMF components on the cusp location
with apogee at- 21 Rg, Eastman et al. (2000) could per-
form a statistical study of the cusp near the magnetopauséhe location of cusp precipitation and the direction of cusp-
and they found that the median and mean invariant lati-region plasma flow strongly depend on the orientation of
tudes of the cusp are both = 79.9° & 1.9°. Their cri- the interplanetary magnetic field (IMF). Particle measure-
teria for cusp identification included a combination of the ments in low altitudes have shown that the cusp precipitation
following signatures: a mixture of magnetosheath and mag-shifts: (1) equatorward during intervals of IMFz < OnT
netospheric plasma, “DC” magnetic field depression, low-(Newell and Meng, 1989); (2) toward dawn f8; < OnT
frequency, broadband magnetic noise from 1Hz up to ion(By > 0nT)in the Northern (Southern) Hemisphere (Newell
cyclotron frequency and enhanced broadband electrostatiet al., 1989); and (3) toward dusk f8§ > OnT (By < OnT)
noise. Both Hawkeye’s cusp observations (Eastman et alin the Northern (Southern) Hemisphere. Theshiftis more
2000) and the new magnetopause model of Boardsen et agpparent forBz < OnT thanBz > 0nT. The direction of
(2000) showed that the cusp indentation appears to deepegtisp plasma flow is predominantly anti-sunward (sunward)
and spread out in latitude with increasing dipole tilt angles.for Bz < OnT (Bz > 0nT) in the Northern (Southern)
Thus, as the dipole tilts more towards the oncoming magneHemisphere (Weiss et al., 1995). During southward IMF, the
tosheath flow, the indentation becomes enlarged and the cugpisp local magnetic time extent can reach 3.7 h of MLT. It
outflow region, the plasma mantle, becomes more flared ousuggests that the merging process involves the whole dayside
relative to the Earth-Sun line. In contrast, as the dipole tiltsmagnetopause (Maynard et al., 1997).
away from the Sun, the cusp indentation is reduced and the The latitudinal width of the cusp in low altitudes is about
cusp outflow region becomes closer to the boundary observed’, somewhat wider for northwar@#z, and somewhat nar-
at low-latitudes. rower for southwardBz (Newell and Meng, 1987). For in-

creasingly northwar®, the cusp displays only a slight ten-

Zhou and Russell (1997) used magnetopause crossings og_enc%_tohmovle_ todhigher latitudes (l\_le_well e: al, 198?'
served by Hawkeye to show that the cusp high-altitude posi- " Nigher altitudest 2 Rp), Aparicio et al. (1991) have

tion is affected by the dipole tilt angle and demonstrate thatbeen able to distinguish a well-defined region with an aver-

in the neighborhood of the magnetopause, the polar cusp 1age width of~ 2° in invariant latitude of a magnetosheath

cation is controlled by the tilt of the dipole. type of particle precipitation with energies typically Ies_s than
200 eV for electrons and 1000 eV for ions. In these altitudes,

the plasma, which appeared to have its source in the cusp,

The Polar spacecraft observed the cusp region at high altias found in a region where the geomagnetic field lines were
tudes of 4.8-8.&; in the Northern Hemisphere. The criteria jnferred to be closed, possibly-35° equatorward of the re-

used by Zhou et al. (1999 to identify the cusp crossings aregion of open field lines (Potemra et al., 1992). They con-
a depression of the magnetic field strength below the neighgjyded that this effect is transient in nature and that the solar
boring background level greater than 1 nT, a sudden increasging/cusp plasma enters closed geomagnetic field lines by a

inthe Iow—gnergy ion and electron densities to a value great‘z;rocess associated with a time-varying magnetospheric con-
than 5 cn1”, an electron thermal energy less than 100 eV, andkigration consisting of a compression and equatorward shift

a presence of a significant portion of & which indicates of the cusp, followed by a shift in the cusp to a position as-
the solar wind origin of plasma. In a recent paper, Zhou et al.ggciated with northward IMF.

(1999) demonstrated the dipole tilt angle effect on the cusp \woch and Lundin (1992) presented the magnetosheath
location using a new data set from Polar. They concluded thahasma precipitation in the polar cusp and its control by IMF
the position of the cusp in investigated altitudes depends Sigpased on the Viking measurements. The azimuthal motion
nificantly on the dipole tilt angle. When the dipole tilts more o 5ccelerated magnetosheath plasma and the location of its
toward the Sun, the cusp moves more poleward to higher ingnry in jocal time depends on IMBy and thus, their obser-
variant latitudes, from 7772t —30° tilt, to 80.0° at 0" tilt, to /5401 agrees with the observed shift in the cusp precipitation
81.8’ at 30, or roughly T for every 14 of tilt. They noted  region toward dawn (dusk) for IMBy negative (positive) as
that the behaviour of the invariant latitude of the cusp, as seel \yas referred to in low altitudes (Newell et al., 1989). The

by Polar, is entirely consistent with that seen at low altitudes|ycation in latitude (the equatorward or poleward boundary
(Newell and Meng (1989), showed that the cusp moves 1 f the cusp) is controlled by IMBz. For southward IMF,
magnetic latitude for a T7increase in the tilt angle). regions of accelerated plasma are located at the equatorward
edge of the cusp, i.e. in the dayside merging region, and
A comparison of these two results suggests an increasfor northward IMF, the acceleration site is at the poleward
ing shift in the cusp projection with the altitude. Indeed, edge where, according to the antiparallel merging hypothe-
Némeek et al. (2000), who analyzed Magion-4 cusp obser-sis (Crooker, 1979), merging of the IMF and plasma mantle
vations near the magnetopause 8 Rg), reported a pole- field can occur.
ward shift of the mean cusp position with a slope df@® Zhou et al. (2000) used the Polar magnetic and plasma
of magnetic latitude per°lof tilt. This result confirms the measurements to determine the cusp position in radial dis-
trends observed at lower altitudes. tances between 5 andry;. They found statistically the cusp
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to be usually from 08:00 to 16:00 MLT. The invariant latitude 15 ‘ : 15 ‘ T

of the center of the cusp extends fron? 70 86 and moves N NN ~ ) '///f
further equatorward for stronger southward IMF. They sawa _ 10} \\( R "?.\\ 1. 10} \\(’3'}?) gl
clear local time shift due to IMBy only for southward IMF & AR £ Wes
conditions. The observed local time shift (fB; < 0nT) S S ]
was consistent with the low-altitude observations (Newell et

al., 1989). Slopes of a dependence on I8} seen at both 0 | | 0 A

low and high altitudes (DMSP and Polar, Newell et al., 1989; 10 5 /!) 5 “lo -5 o0 5 10
Zhou et al., 2000) are very similar, but low-altitude observa- Xen/Re Yeu/Rs

tions of the cusp are mapped-atl.5° equatorward of high-
altitude observations. Zhou et al. (2000) attributed these difFig. 1. Cusp crossings observed by Magion-4 during 1995-1997
ferences to the use of hourly average IMF in the low-altitudeyears plotted in SM coordinates. Different colours distinguish mea-

study, in contrast to the one-minute average IMF used in theisurements made closer or farther thak3from the magnetopause
study. (T96 model).

Eastman et al. (2000) studied the Hawkeye data and re-
ported only weak IMF dependencies of the cusp position. Fo
the negative IMFB intervals, the cusp was locatet![Bwer
in invariant latitude than for the positive IMB intervals.
This fact is consistent with the low-altitude observations by
DMSP (Newell et al., 1989). However, they observed no2 The data set
cusp shift in local time. _ _ o

The IMF By effect on the cusp latitudinal position is still Our study is based on particle precipitation patterns observed

ambiguous (e.g. Cowley, 1981; Newell et al., 1989). _by the Magion-4 satellite (a pa[t of the Interball project) dur-
ing the years 1995-1997 &heek et al., 1997). We have

taken advantage of its orbit which scans the vertical pro-
file of the cusp from an altitude- 3 Rg up to the magne-

) ) tosheath. To compare our observations with the low-altitude
A compression of the magnetosphere by a solar wind presg sy determination, we have projected all parts of the or-

sure enhancement changes the shape of the magnetopaysgs on which the cusp-like plasma have been observed, onto
and thus, it can influence the cusp profile and position.ine Earth’s surface, using the Tsyganenko and Stern (1996)

Newell and Meng (1994) reported a much wider statistical ,o4e| (T96) of the magnetospheric magnetic field. Our stud-
cusp for high solar wind pressure conditions. They found 4 higg of multispacecraft observations of cusp-like plasma con-

of MLT width for the high-density solar wind with pressures ., the usability of the T96 model to compare cusp obser-

> 4nPa. vations in different altitudes (Merka et al., 1997).

Regarding the effects of solar wind dynamic pressure en- The T96 model includes four parameters: the solar wind
hancement on the high-altitude polar cusp locations, Zhou ellynamic pressureDst index, theBy and Bz components
al. (2000) showed that it thickens the cusp in the Iatitudinalof IMF. As a solar wind monitor, we have used the Wind
direction and also widens it in magnetic local time. The for- plasma and magnetic field data, shifted by the time of solar
mer result is consistent with that reported by Farrell and Vanyind propagation. The internal state of the magnetosphere
Allen (1990) using the Hawkeye data. However, the latter re-ywas described by an hourly averagedr index.
sult (also based on the Hawkeye observations) appears to be Our cusp plasma classification is based on the observa-
at odds with that reported by Fung et al. (1997), that highertion of the differential energy flux, which should peak at
solar wind dynamic pressure shrinks the cusp extent in magenergy lower than 200 eV for electrons and 1 keV for ions.
netic local time. Another study based again on the Hawkeyerhe threshold for the ion energy flux was'@V/(cn? s sr).
data (Eastman et al., 2000) showed that the cusp moves equeur criteria are consistent with criteria of the other authors
torward for higher values of solar wind dynamic pressures, if(e.g. Aparicio et al., 1991; Eastman et al., 2000; Newell et
the Earth’s dipole tilts toward the Sun, and reported an op-al., 1989; Zhou et al.,1999). To exclude the magnetosheath
posite cusp shift, if the dipole axis tilts away from the Sun. population, we have applied the additional restriction on the
However, the second result is not very reliable due to a smalbylk velocity to be less than 100 km/s or field-aligned. The
number of cusp crossings under these conditions. inbound parts of the orbits crossed the magnetopause near

The first Interball-1 and Magion-4 cusp observations werethe equatorial plane, but the search for the cusp-like events
reported by Sandahl et al. (1997). The authors found theon outbound parts of the orbits excludes any possible iden-
cusp well defined and persistent at all altitudes froRg4 tification of a low-latitude part of the entry layer as a cusp
to 13Rg. We present the statistics of the Magion-4 cusp- crossing. We will discuss the criteria for the cusp determina-
like plasma observations in the same range of altitudes. Théon later.
statistics are oriented on the influence of the IMF direction All parts of the orbits on which the cusp-like plasma was
on the location of the high-altitude cusp. The other externaldetected are depicted in Fig. 1 in a solar-magnetic (SM) co-

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

1.3 The effect of solar wind dynamic pressure
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ordinate system. The left panel in Fig. 1 presents a typi- -
cal funnel-shaped cusp with good latitudinal coverage above:
~ 5Rg. 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‘z‘

periods of direct visibility of the satellite from the receiving
station. It causes a lack of the low-altitude (below? Rg)

cusp observations in the post-noon sector, which can be see -

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 ¢
the observational point from the model magnetopause (T9¢€
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model) and divided our data set into two parts: measurement RN B 40
made closer or farther thanR¥ from the magnetopause. 20
These two groups are distinguished by different colours in 0
Fig. 1. o5t

For further processing, we have taken one minute of the' |
measurements as a unit and mapped the position of the spac
craft toward the Earth’s surface. The total time of the cusp‘:l
observations was- 8500 min, but only~ 8100 min of our
measurements could be mapped toward the Earth duetores: ' .
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- g
cation is the dependence on the dipole tilt angle (Newell and \ ggh 100
Meng, 1989; Zhou et al., 1999;@heek et al., 2000). As we B
noted in the Introduction, our analysis of the Magion-4 data 60
(Németek et al., 2000) revealed the shift in the cusp as high et B 40
as 016° of magnetic latitude per°lof tilt. We have enlarged e T 20
the data set used in this study by adding the last 3 months 0
of Magion-4 observations, and reanalyzed this dependence.

The best fit has a lower slope.{@°). To account for this  Fig. 2. The number of minutes of cusp-like plasma observations in
fact, we have shifted the latitude of each footprint linearly 0.5 hx1° (MLT x MLAT) bins plotted in original (top) and corrected
according to: (bottom) coordinates.

7 o
g5

Time [m]

)LMLAT — )LE\)/ILAT —0.149,

1)
whereAO'V”-AT andAMAT are the original and corrected mag- topause and on which the ion energy spectra and magnetic

netic latitudes of the cusp projection to the Earth, and field were measured. These footprints were divided into the

stands for the dipole tilt angle. Figure 2 demonstrates areame bins as our cusp observations. The number of minutes

influence of the correction on the observations. The depicte?hICh the satellite spent in the particular bin was counted.
t

guantity represents a number of minutes of cusp observation he coverage is seen in the top part of Fig. 3. The tir_n(_a of
in bins which are 0.5 h of MLT long and®lof MLAT wide. € cusp-hke_ plasma observatlo_ns (See Fig. 2) was Q|V|ded
The top part of the figure shows the footprints of cusp-like by the total time of the observations, in order to obtain the

plasma observations in original coordinates, and the bottorTlPrOb"’lbIIIty of the cusp observations. The resulting plot in

. - the bottom part of Fig. 3 shows that the cusp-like plasma was
art shows the same data after our tilt correction. The cor- ) . .
P bserved in a large interval in both MLAT and ML*(70°—

rected plot is more compact, with the extreme cusp positioné)

shifted toward the center. We use these corrected footprin?l50 MLAT ant(_:l 6.5-16.5h ZALfT).'t.It would b; note((j:l thet\t_go f
positions in the following presentations of our study. plasma meeting our cusp definition was observed outside o

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+/&3 MLAT and 7.0—
15.5h MLT with a probability greater than 25% (we con-
To take into account the coverage of the regions under quessider only non-hatched bins). The maximum of the obser-
tion with the Magion-4 data, we have computed the foot- vation probability is about 50%. This suggests that the cusp
prints of all parts of the orbits which lay below the magne- is narrow and that its displacement, caused by the different

3 Experimental results
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Fig. 3. The total observational coverage of the dayside auroral zongrig. 4. The cusp location as a function of the IMF; component.

by the Magion-4 measurements mapped along magnetic field line§he bottom part presents cusp observations near the model magne-
down to the Earth’s surface (top) and the ratio between the time otopausedyp < 3Rg).

the cusp-like plasma observation and the total time of observation

(bottom). Magion-4 passed not more than ten times through the

hatched bins. 3.1 The IMF dependence

The poleward shift of the cusp position with an increase in
factors (solar wind dynamic pressure, the orientation of IMF,the IMF B; component was well established in lower alti-
etc.), is higher than the cusp width itself. Based on this in-tudes. Figure 4 shows the cusp position as a function of the
terpretation, the cusp latitudinal width can be estimated alMF B, component in high altitudes. The top part presents
~ 5° — 6° MLAT. The equatorward cusp boundary is lo- the whole data set fronv 4 R of altitude up to the mag-
cated more southward in the pre-noon sector. This could beyetopause. The white line depicts the median of the proba-
caused by the dawn-dusk asymmetry of precipitation patternsility of the cusp observation. This line shows the poleward
or by the lower observational coverage in lower latitudes ofshift in the cusp on LMLAT, if IMF B changes from-5
the post-noon sector (see a top part of Fig. 3 and hatched afo +5nT. The shift seems to be rather small. However, if
eas). However, the probability peaks i BLAT at ~ 8h  we follow the colour code, we can see that the probability
of MLT and in 78 MLAT at ~ 15h of MLT. These obser- peaks in more than one latitude for negati¥g. While the
vations confirm the trend seen for the equatorward boundaryeak at~ 75° MLAT and —5nT shifts poleward if8; be-
and thus, the influence of the data coverage can be ruled ougomes more positive, the peak-at80° MLAT and —5nT

The other interesting feature which can be seen in Fig. 3undergoes an opposite shift and gradually vanishes. These
is that although the non-negligible probability of the cusp features suggest either a broad cusp, together with an insuffi-
observations is concentrated into narrow latitudinal bands (- cient number of observations for negati®g, or two sources
3° MLAT) in the morning and afternoon sectors, it is spread of observed plasma. We will discuss these two possibilities

nearly equally through all latitudes covered by observationdater.
around the local noon. The bottom part in Fig. 4 shows the measurements in the
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vicinity of the magnetopause only. For IMB; < OnT, if

IMF is more negative, the cusp moves more equatorward (on

~ 0.5° per 1 nT), but when IMB; > 0nT, 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 30

and Hawkeye at high altitudes (Eastman et al., 2000; Zhou et ,,

al., 2000).
In high-latitudes (82-86° MLAT), we observe an in- 10

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 inSafankow et al. (1998). Two-point observations Fig. 6. The cusp latitudinal location as a function of the INBx

(Safilanko\a et al., 2000) reveal that a steady reconnectionc@mpPonentfosz > 0nT (top) andsz < OnT (bottom).

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 reconnectiordefinition. They obtained MLT as a difference in magnetic

is a source of the secondary peak that we can see in Fig. 4. longitude of the northern cusp foot print and that of the sub-
The influence of the IMFBy component on the high- Solar point. In this case, the cusp movement is not so signifi-
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oLV LAT [deg]
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altitude cusp position is demonstrated in Fig. 5. Ber=  cant for negative IMRBy, but we found similar dependence
—5nT, the median cusp position lies at 1030 MLT and for for positive values oBy.
By = —1nT, at 1130 MLT. For positivy, there is no sig- Regardless of the MLT definition, our observation indi-

nificant trend of the cusp movement in the median depictedcates a presence of two separated statistical cusp populations
as a white line. This finding is consistent with the results infor By > 0nT. The first peak of probability of cusp obser-
Eastman et al. (2000). However, the situation is more com-ations lies in the pre-noon sector and the second lies in the
plicated if the colour-coded probabilities are analyzed. Oneafternoon sector. According to Zhou et al. (2000), a cen-
can identify the cusp population which has a maximum ofter of the reconnection site moves duskward in the Northern
probability at~ 9.5MLT and —7 nT. This displacement is Hemisphere and dawnward in the Southern Hemisphere for
fully consistent with expectations for high-latitude reconnec- positive By. Since each reconnection site is connected to
tion at the Northern Hemisphere. As an addition, we can findboth Northern and Southern Hemispheres, this mechanism
another two maxima of probability: at 13MLT, —7nT might be expected to split the cusp and to move two parts
and 9 MLT, 4+-6 nT. The dawnward shift with increasingy away from noon. Furthermore, it could even explain two
suggests that a source of this population is high-latitude refuzzy peaks of probability of cusp observations, if the IMF
connection in the Southern Hemisphere. By component is positive.

To compare our result with investigations based on the Po- The influence of the IMFBx component on the cusp lo-
lar data (Zhou et al., 2000), we used their magnetic local timecation has not been found in low altitudes and thus, one can
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variability of the cusp position rather than a broader cusp.

y A factor which can enhance the variability of the cusp lo-

o
] cation is the level of magnetosheath fluctuations. Since si-
/) 1 multaneous magnetosheath measurements are not available,
/7/ % - we have analyzed the cusp latitude as a function of solar wind
456 ] 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 {y < 420 km/s) and a
narrower cusp region for higher speeds. This result is rather
_ . . __surprising because &in&ek et al. (2000) show that a level
Fig. 7. Th? longitudinal (tOp.) and 'at'tu.d'nal (bottom) cusp location of magnetosheath fluctuations increases with increasing solar
as a function of the solar wind dynamic pressure. . ;

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-

e>_<pect that it would_be very weak (if any) in high altitudes. Helmholtz instability. The correlation of these factors with
Since theB z effect is rather strong an(_:i could mask other solar wind speed was never experimentally investigated.
dependencies, we have plotted the latitude of the cusp ob- There is a slight trend of an equatorward shift of the cusp

servation as a function a for positive and negatives; with increasing solar wind speed. This trend is consistent

separately in Fig. 6. The bars indicating the median proba- . o . . )
bility do not show any cleaBy dependence, but in colours with the positive correlation of the solar wind speed and ge

- . . ; omagnetic activity. We have checked this correlation in our
one can again identify two populations which are generallyOlata and found a linearly increasingsz| index with the

tmhg\slg]?w(e)qustzg?égsvgz Ir:acr::?ai??); t oweozizur:?a fnitgart‘ersgeed. Thus, the observed changes in the cusp location are
bop 9 bp PeT & Bnsistent with the expansion of the auroral oval during geo-

during periods of significanBy component. Their equator- ; . :
ward shift is consistent with the change in the IMF direction magnetically disturbed periods (Meng, 1984).

due to the drapping effect which converts the positBsge
into negativeB; in the Northern Hemisphere. 4 Summary and discussion

85|
I Fig. 8. The cusp latitudinal location as a function of the solar wind
velocity vy component.
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3.2 Influence of solar wind parameters The behaviour of the plasma and magnetic field in the high-
altitude cusp strongly differs from those observed in lower
The low-latitude observations have shown a broader cuspltitudes because the high altitude cusp represents an inter-
during periods of enhanced solar wind dynamic pressureface between two regimes. The energy connected with the
Our analysis in Fig. 7 seems to reveal a different behaviour irplasma bulk flow dominates in the magnetosheath, whereas
both longitude (top panel) and latitude (bottom panel). Thisthe Earth’s magnetic field determines the plasma properties
discrepancy is only apparent because our plots depict thé lower altitudes. The ion and electron distributions undergo
probability of cusp observations. The broader region occu-significant evolution on the path from the magnetosheath to
pied by non-zero probability means the probably of a higherthe ionosphere due to the time-of-flight effect (Lockwood et



318 J. Merka et al.: Cusp-like plasma in high altitudes

Table 1. Mean and median cusp positions near the magnetopausgbservat'onal coverage of the region under study and it can

(dvp < 3RE) even pronounce observed dependencies. However, previ-
ously published cusp studies do not usually use any normal-
Criteria MLAT [°] MLT [h] Obs. ization of cusp observations with respect to the overall time
Wto M, ()+to M [min] of observations.
To compare our results with results published, we calcu-
Al 79.0+£2.9 790 11.&23 119 3984 lated mean and median cusp positions based only on the time
Bx <0nT /8330 774 11423 114 1601 of cusp-like plasma observations. A survey of calculations in
By >0nT 195k2.7 194 11&23 120 2360 the vicinity of the magnetopause is summarized in Table 1.
By <0nT 79.1+£28 79.2 11.820 121 2374 . . o .
By <0nT The first column describes CI’ItEI_’Ia used for_(_zlata _selectlon,
& By, <OnT  789+28 794 11519 116 1354 and the next two columns contain cusp positions in MLAT
By <0OnT and MLT (mean, standard deviation, and median values).
& Bz >0nT  795+27 791 12319 128 966 In low altitudes, the probability of observing the cusp was
By >0nT 78.8£3.0 782 11.4:26 11.1 1597 found to be sharply peaked at 12 h MLT and the cusp bound-
By >0nT aries were found between 7d4nd 78 MLAT. The Magion-
& Bz <OnT  785k34 779 11425 111 711 4 observations have shown a similar mean cusp position at
By >0nT 79.0° + 2.9° MLAT and 117 4+ 2.3h MLT. Viking, Polar,
&Bz>0nT  790£26 786 11527 111 850 and Hawkeye (e.g. Kremser and Lundin, 1990; Zhou et al.,
Bz <0nT /8.7£30 791 11422 116 2069 2000; Eastman et al., 2000) measurements presented a cusp
Bz >0nT 79.327 789 11.%24 122 1825 S . . L.
latitudinal position slightly poleward at 80° INL. This dif-
psw < $nPa /9&29 790 11&23 118 3766 ference could be caused by the usage of invariant latitude
psw>3nPa  79.663.1 788 12315 124 218 _ _ : or _ :
oyl > 450 kmis  77.862.4 77.9 12720 130 1125 instead of magnetic latitude, because invariant latitude is
lug| <450 km/s 79.52.9 793 11.323 112 2859 closely associated with the dipolar field concept, which is
DsT<-20nT  78.0£29 77.6 11220 108 1025 not valid near the magnetopause.
DsT>-20nT  79.4:28 79.2 11.823 121 2959 Due to a low number of cusp-like plasma measurements
Kp <3 79.1£2.8 79.0 11624 119 3299 during periods of higher solar wind dynamic pressures(o
Kp >3 786+31 791 12618 119 685 atpsw > 3nPa), 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

al., 1995). The main task of the cusp definition in low and sqlar Wl.nd pressure suggest that the influence of the IMF
orientation on the cusp location is depressed.

middie altitudes is to distinguish the plasmas of magneto- In contrast to the other observations, we observe an equa-
spheric and magnetosheath origin, whereas the distinguisrl- rward movement of the cusp on 1° I</ILAT it the IME
ing of the cusp and magnetosheath plasmas is the princip com h P oR T |

X ponent changes from positive to negative values. A

problem in high altitudes near the magnetopause. _possible explanation was suggested in Cowley (1981), but

In spite of rather strong criteria used for the cusp determi-yg ghift could be an artificial effect of the T96 model which
nation, we have found the cusp-like plasma in broad ranges ot parametrized by IMBy.

of latitudes and longitudes. Our limits on peak ion energy |, their studies, Newell et al. (1989); Fung et al. (1997);

and energy flux are the same or harder than those yged Bhou et al. (2000) found a dawnward cusp movement for
Newell and Meng (1988) for the cusp proper. The additional g, _ 00T and a less distinct duskward shift of the cusp for

requirement on the velocity to be low or aligned (parallel) By > 0OnT. Although both mean and median cusp positions

to the magnetic field is used to distinguish the plasma Manpresented in Table 1 suggest an opposite dependence on IMF

tle where the velocity would be antiparallel in the Northern By, we can conclude that our observations agree with the
Hemisphere. mentioned papers faBy < 0nT (as discussed above). On
However, the whole region is highly turbulent, and the am-the other hand, a statistical cusp splits into two parts when
plitudes of fluctuations of all parameters exceed their meanhe IMF By component becomes positive (Fig. 5). In this
values. The waves launching from this region can signifi-figure, one can identify two maxima even 8y < 0, but
cantly modify the particle distribution on their path to the their local time separation is shorter.
ionosphere. The other possible source of such modification The mean (median) cusp is located slightly equatorward
can be field-aligned potentials at the cusp boundaries. Theor B, < 0nT, which confirms previous observations by
evolution of the distribution function would lead to a differ- the DMSP, Polar and Hawkeye satellites (Newell and Meng,
ent classification of the regime of the same plasma in lower1987; Eastman et al., 2000; Zhou et al., 2000). We have
altitudes. found that a weak dependence of the cusp location on IMF
We have analyzed the influence of several upstream paBz can be connected with the fact that the plasma mantle
rameters on the observation probability that the cusp-likecan meet our definition of cusp-like plasma. According to
precipitation will be observed at a particular point in space.a generally accepted scheme, reconnection at the subsolar
This approach lowers inaccuracies caused by the irregulamagnetopause moves the cusp equatorward during intervals
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of negative IMFB;. The entering plasma is reflected at low  — At high altitudes, the cusp occupies a broader region
altitudes and creates a distinct mantle which maps poleward  than can be expected from low- and middle-altitude ob-
of the cusp proper. During northward IMF, the plasma man- servations (Merka et al., 1999). A comparison with the

tle is very thin or disappears (Rosenbauer et al., 1975). This  DMSP, Viking, Polar, and Hawkeye satellite data sug-
means that the inspected cusp-like region would be broader  gests widening of the cusp at high altitudes. It is valid
during strongly negative IMIB . This effect is clearly seen for latitudinal as well as longitudinal extents of the high-
in both panels of Fig. 4. altitude cusp projection;

During periods of enhanced geomagnetic activity, which is
described by th&sTtandK p 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

— 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-

vy component of the solar wind velocity. Our observations ferences:

suggest that the geomagnetic indices depend almost linearly

onvy. — The cusp position possibly depends on the direction
The detail analysis of the probability of the cusp observa- of the IMF Bx component;

tions has shown that the observation of two sources of the

cusp precipitation, which were attributed to reconnection in — For By # 0, the cusp splits into two parts in mag-

conjugated hemispheres, is a common feature in high alti- netic local time;

tudes. These two sources are projected onto different MLT
and their separation seems to be controlled by IB4# 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 IMBy are rare in the solar
wind.

The two cusp population can be separated in latitude prob-
ably during periods of negativBz (Fig. 4) and this fact in- We should note that our definition of cusp-like plasma is
fluences the mean cusp positions given in Table 1. The posrather simple and the resulting region may involve plasma
sibility of the latitudinal separation of two cusp sources werefrom different magnetospheric regions (cusp, cleft, and man-
pointed out and documented by DMSP observations by Wingle). However, the high-altitude cusp region is highly turbu-
et al. (2000). lent; the satellite observes the merging process in situ and

The high-altitude cusp occupies a broader region than camot only its products, and thus, it is very difficult to distin-
be expected from low- and middle-altitude observations (e.gguish among the regions as the cusp, cusp proper or cleft.
Aparicio et al., 1991; Newell and Meng, 1994; Maynard et We should note that the cusp region adjacent to the mag-
al., 1997). Itis valid for latitudinal as well as longitudinal ex- netopause was never investigated and that there is no cor-
tents of the high-altitude cusp projection. The high-altitude responding definition of this region. The division into sub-
cusp observations by the Hawkeye (Eastman et al., 2000) angkgions, such as cusp proper, cleft or plasma mantle, proba-
Polar (Zhou et al., 2000) satellites show a little bit narrower bly requires an evolution of the distribution during precipita-
cusp than our study, but the difference is quite small (a fewtion and cannot be done immediately after plasma entry into
degrees of MLAT and- 1 h of MLT) and could be attributed the magnetosphere.
to different altitudes of observations. We can conclude that rq; this reason, our study collects them into one region
the higher altitude of observations results in the broader cuspccypied by the cusp-like plasma. In contrast to the low-

region. 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,

5 Conclusion the broadness and movements of the region occupied by the
L ) _ .. .cusp-like plasma cannot be explained by this effect and it is
For statistical study of the cusp location, we have |dent|f|ed|ike|y a result of a complicated interaction between the in-

~ 8500 min of cusp-like plasma observations in Magion-4 o n|anetary and magnetospheric magnetic fields and partly a
plasma data which were measured frem4 Rg up to the result of the magnetospheric model used.

magnetosheath altitudes. The analysis of our results leads to
the following conclusions:

— 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 fopsy > 3 nPa.
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