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Entry of plasma sheet particles into the inner
magnetosphere as observed by Polar/CAMMICE

N. Yu. Ganushkina,'? T. I. Pulkkinen,! V. A. Sergeev,® M. V. Kubyshkina,?
D. N. Baker,* N. E. Turner,* M. Grande,’® B. Kellett,? J. Fennell ¢ J.
Roeder,® J.-A. Sauvaud,” and T. A. Fritz®

Abstract. Statistical results are presented from Polar/CAMMICE measurements
of events during which the plasma sheet ions have penetrated deeply into the
inner magnetosphere. Owing to their characteristic structure in energy-time
spectrograms, these events are called “intense nose events.” Almost 400 observations
of such structures were made during 1997. Intense nose events are shown to be
more frequent in the dusk than in the dawn sector. They typically penetrate
well inside L = 4, the deepest penetration having occurred around midnight and
noon. The intense nose events are associated with magnetic (substorm) activity.

However, even moderate activity (AF = 150-250 nT) resulted in formation of
these structures. In a case study of November 3, 1997, three sequential inner
magnetosphere crossings of the Polar and Interball Auroral spacecraft are shown,
each of which exhibited signatures of intense nose-like structures. Using the
innermost boundary determinations from these observations, it is demonstrated
that a large-scale convective electric field alone cannot account for the inward
motion of the structure. It is suggested that the intense nose structures are caused
by short-lived intense electric fields (in excess of ~1 mV/m) in the inner tail at

L=4-5.

1. Introduction

The ring current encircling the Earth in the range
L=3-5 is carried mainly by energetic ions roughly in
the energy interval 30 to 300 keV [Daglis et al., 1999].
Further away, the plasma sheet has a characteristic ion
temperature of a few keV. During magnetically quiet
periods, these populations are quite distinct and are
also separated in space. On the other hand, during dis-
turbed periods, plasma sheet particles can penetrate to
the inner magnetosphere even inside the plasmapause.

!Geophysical Research, Finnish Meteorological Institute,
Helsinki, Finland.

20n leave from Skobeltsyn Institute of Nuclear Physics
Moscow State University, Moscow, Russia.

SInstitute of Physics, University of St.-Petersburg, St.-
Petersburg, Russia.

4Laboratory for Atmospheric and Space Physics, Univer-
sity of Colorado, Boulder.

5Rutherford Appleton Laboratory, Chilton, Didcot, United
Kingdom.

8The Aerospace Corporation, Los Angeles, California.

7Centre d’Etude Spatial des Rayonnements, Toulouse,
France.

8Boston University, Boston, Massachusetts.

Copyright 2000 by the American Geophysical Union.

Paper number 2000JA900062.
0148-0227/00/2000J A900062$09.00

Smith and Hoffman [1974] found storm time ion en-
hancements inside the plasmapause with characteristic
“nose” structures in the 90° pitch angle ion spectro-
grams from Explorer 45. The Explorer 45 data covered
the equatorial inner magnetosphere (L < 5) in the af-
ternoon to midnight sector. Ejiri et al. [1980] examined
the nose structures observed by Explorer 45 in more de-
tail and described the pertinent features of these events.
They showed that the nose structures appear at low
L values all the way to the plasmapause with flux in-
creases in the energy range of 15-25 keV. At larger L
values, both the higher-energy and lower-energy particle
fluxes show further increase. The highest probability of
occurence was found to be at 2000 magnetic local time
(MLT).

Many other studies have been devoted to the ion dis-
tributions at 4 < L < 7 based on observations from
both equatorial spacecraft [Mcllwain, 1972; Kistler et
al., 1989; Sergeev et al, 1991, 1998] and from polar-
orbiting satellites [Shirai et al., 1997; Fennell et al.,
1998; Peterson et al., 1998]. Most studies assumed
that plasma sheet particles in the ring current region
entered from the plasma sheet as a consequence of ef-
fects caused by convection, corotation, and magnetic
gradient and curvature drifts. Thus the nose structures
play an important role in the plasma sheet-ring current
interaction.

Substorms are known to change the plasma configu-
ration in the inner magnetosphere: during the growth
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phase, the plasma sheet moves earthward, and at sub-
storm onset energetic particles are injected at or near
geosynchronous orbit (see Baker et al. [1996] and ref-
erences therein). Friedel et al. [1996]) examined data
from the CRRES satellite in a near-equatorial orbit to
find the locations of nearly dispersionless injections as-
sociated with substorm onsets. They showed that the
injections can occur deep in the inner magnetosphere to
L = 4.3 and that they are distributed up to +5 hours
in local time around local magnetic midnight. Thus
these dispersionless injections occur in the same loca-
tion where the nose structures are observed.

Ejiri [1978], Ejiri et al. [1980], and Ebihara et al.
[1998] tried to interpret the observed patterns in terms
of the temporal history of energetic ion distributions
formed at the beginning of the storm main phase by a
sudden enhancement of the electric field. Sergeev et al.
[1991] studied a long period of steady magnetospheric
convection and analyzed the ion motion using single-
particle drifts from the tail in realistic magnetic and
electric fields (Volland-Stern model in Ejiri ’s calcula-
tions). They found that in that case the time stationary
fields were adequate to reproduce the observed plasma
distributions including both protons and electrons in
the range of auroral energies (1-20 keV) as well as to
accurately give the plasmapause (cold plasma) position.
Ebihara et al. [1998] studied the enhancements of a di-
rectional differential flux of energetic particles in the
inner magnetosphere taking into account the induced
dawn-dusk electric field due to dipolarization during the
substorm onset. The calculations showed good agree-
ment with Explorer 45 observations. Thus at least for
some events, the adiabatic drift theory explains rea-
sonably well both penetration distances and MLT de-
pendence of nose structures, but many open questions
remain. For example, previous studies have not demon-
strated whether typical convection electric fields can ac-
count for the inward injection or the formation of re-
verse gradients in the radial pressure distribution.

When examining particle entry, it is critically im-
portant to know the electric field distribution in the
inner magnetosphere. Typical values of this electric
field range from fractions of a millivolt per meter to
~1mV/m [Mozer, 1973; Maynard et al., 1983; Baumjo-
hann et al., 1985]. Intense electric fields (several mil-
livolts per meter) have also been detected in the inner
magnetosphere at L=2-5 during increased geomagnetic
activity [Pedersen, 1992; Maynard et al., 1996; Row-
land and Wygant, 1998; Wygant et al., 1998]. In gen-
eral, the electric field usually displays a very compli-
cated and variable behavior, where the fluctuations can
be an order of magnitude larger than the mean value
[Mozer, 1973]. Because such variable fields are diffi-
cult to include in models, there are many unresolved
questions concerning the structure of the electric field
that allows the formation of the observed intense nose
structures.

In our paper we study a class of nose events seen as
an overlapping of the plasma sheet (10-50 keV) and
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radiation belt populations at L=4-6 in the H¥ and
Hett spectrograms from the Polar Charge and Mass
Magnetospheric Ion Composition Experiment (CAM-
MICE) /Magnetospheric Ion Composition Sensor (MICS)
instrument. We called them “intense nose events”
to stress that it is the large intensity (high fluxes,
>10° (s cm? sr keV)~!) that actually distinguish them.
They penetrate deeply into the inner magnetosphere
(with edges at L=3-4) within a relatively short period
of time. Such high fluxes in the nose structures were
also observed by Explorer 45 [Ejiri et al., 1980] for
storm time periods, whereas we observe intense nose
structures even during relatively small substorms (see
below). Furthermore, the observations are different in
that Explorer 45 was in the equatorial plane, whereas
Polar crosses the ring current region covering all lat-
itudes from the equatorial plane to the lobe. Polar
crosses both the ring current and near-Earth plasma
sheet regions every 9 hours and spends a good portion
of the time in the region of interest (L < 6). We ex-
amined observations from the entire year of 1997 and
found about 400 intense nose structures, covering the
entire range of MLT values and a wide spectrum of
auroral electrojet (AE) values. We present statisti-
cal results of the occurrence and penetration of intense
nose structures in the inner magnetosphere and their
dependence on MLT and substorm activity level. In
one well-observed event on November 3, 1997, we use
three subsequent inner magnetosphere crossings by Po-
lar and Interball Auroral probe on which we see the
clear signatures of intense nose structures. We employ
magnetic field modeling to examine the inward motion
of the structure. In the discussion section, we deduce,
by using the observed plasmapause position and particle
tracing, the large-scale electric field which was required
to explain the observed inward motion. We demon-
strate that the inward displacement of the intense nose
structure in this case could not be explained only by a
large-scale electric field action, but requires very intense
local electric fields in the near tail at L=4-5.

2. Instrumentation:
Polar CAMMICE/MICS

The Polar spacecraft is on a ~86° inclination elliptical
orbit with a 9 Rg apogee, 1.8 Rg perigee, and 18-hour
orbital period. The orbit apogee is over the northern
polar region. The spin axis is normal to the orbit plane
to allow the imagers to view the high-latitude regions
almost continuously and to enable the particle instru-
ments to map the complete charged particle distribution
function, including the loss cone.

The Charge and Mass Magnetospheric Ion Composi-
tion Experiment on board Polar was designed to mea-
sure the charge and mass composition of particles within
the Earth’s magnetosphere over the energy range of
6 keV/Q to 60 MeV/Q [Wilken et al., 1992]. CAM-
MICE consists of two types of sensor systems: the Mag-
netospheric Jon Composition Sensor and the Heavy Ion
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Plate 1. Time-energy spectrograms from Polar CAMMICE/MICS instrument on November 3,
1997, for O+, O++, Het+, Het and H*. (bottom) Time-pitch angle spectrograms for He** and
H+. The edges of the intense nose structure for the inbound and outbound crossings are marked
with vertical lines.
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Telescope. The MICS sensor identifies each ion from
measurements of time of flight, energy per charge, and
total energy. An electrostatic analyzer allows entry of
the ions in one of 32 energy/charge steps in the range

of 10-200 keV/e. The ion energy is then increased by
a postacceleration voltage of 22.4 kV /@ to improve the

efficiency at low energies. The particle events are ana-
lyzed on board to obtain their mass and mass/charge.
The counts of the major ion species are accumulated
into scalers, with a full 32-channel energy spectrum be-
ing telemetered once every 202 s. These measurements
are used here to study the temporal and spatial proper-
ties of the ion populations in the inner magnetosphere.
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3. Intense Nose Event on November 3,
1997

The intense nose structure observed on November 3,
1997, is a typical example of the events we selected for
our study from the Polar/MICS measurements. In par-
ticular, this event was chosen for detailed examination,
because the intense nose structure appeared as a result
of an isolated substorm following a long period of very
low activity. Furthermore, the Interball Auroral space-
craft crossed the same MLT sector 2 hours before the
Polar measurements were made, which gave a unique
chance to study the temporal evolution of the intense
nose structure. The top panel of Figure 1 shows the
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Figure 1. Overview of the solar wind and magnetospheric conditions on November 3, 1997.
From top to bottom: preliminary AE index; energetic proton and electron fluxes from LANL
1994-084; solar wind pressure, velocity V., and interplanetary magnetic field B, from Wind. In
the top three panels, the vertical lines indicate the times when the Interball Auroral and Polar
spacecraft traversed through the inner edge of the intense nose structure. In the lower panels,
the vertical line marks the maximum of the pressure pulse in the solar wind.
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AFE index for this event. Starting from 0200 UT on
November 2, 1997, there was a very quiet period until
about 1500 UT on November 3, 1997. The first (very
modest) substorm onset was recorded at 1600 UT with
AEnax =200 nT at 1615 UT. There was a second (more
pronounced) intensification at 1725 UT with AEax =
400 nT at about 1800 UT. The times when the inner
edges of the intense nose structures were observed are
shown by the vertical lines. The planetary activity in-
dex Kp during these intensifications was about 2.

The next two panels in Figure 1 show energetic parti-
cle measurements from the Los Alamos National Labo-
ratory (LANL) 1994-084 synchronous orbit particle an-
alyzer, which measured electrons and ions in the en-
ergy range from 50 keV to 400 keV. The satellite was
near midnight at 1700 UT. Around 1600 UT the pro-
ton and electron data show a very slight signature of a
flux enhancement at lower energies. At 1755 UT a more
pronounced injection was observed.

Interplanetary magnetic field (IMF) and solar wind
plasma data from Wind showed that the solar wind was
variable prior to the first intensification (Figure 1, lower
panels). There was a distinct pressure pulse around
1515 UT concurrent with southward excursions of B;.
After 1500 UT, B, remained southward until 2200 UT.
Wind was located at (110 Rg, -48 Rg, 32 Rg) at 1530
UT. Using the solar wind velocity (Vz = —320 km/s)
gives a solar wind travel time to the subsolar point of
about 37 min. Hence the pressure pulse (marked in the
figure with the vertical line) reached the magnetopause
a few minutes before 1600 UT and might have acted as
a trigger for the first auroral activation.

Plate 1 shows the Polar CAMMICE/MICS measure-
ments of count rates with time resolution of 202 s from
the nightside magnetosphere during 1845-2125 UT. Be-
cause the nose structure is more clearly seen in the plot
showing count rates, that is what is plotted in Plate 1.
The intense nose-like structure (highest particle fluxes
reached 10° (s cm? sr keV)~!) appeared clearly distinct
from the ring current population in the H* energy spec-
trogram, and the lower-energy population continued to
the nightside plasma sheet population at higher L val-
ues. Clear signatures of the high-energy part of the
intense nose structure can be seen in the energy range
of 20-50 keV. The simultaneous fast plasma analyzer
HYDRA measurements (data not shown) for ions and
electrons with energies from 2 eV to 35 keV [Scudder et
al., 1995] complete the low-energy portion of the intense
nose structure seen in the MICS data.

These observations allow us to conclusively determine
that this event was an intense nose event. During the
outbound pass, the inner edge of the intense nose struc-
ture was observed at 2020 UT at 2256 MLT and at
L = 4.8. The same intense nose structure (as it will be
argued in more detail below) was also seen during the
preceding inbound pass of Polar. The MICS data with
32.5-s resolution (data not shown) was used to deter-
mine the intense nose edge position at 1905 UT to be
at 2212 MLT and at L = 4.6.
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For the heavier ion species, we note that only the
Het*t spectrogram shows similar signatures of an in-
tense nose-like structure in the same energy range of
20-50 keV. The position of the intense nose edge in
He't™ is close to that seen in the HY spectrogram. The
energy thresholds for the ion measurements are 15 keV
for Ht, 8 keV for Hett, 30 keV for Het, and 70 keV
for Ot and O**. Therefore we cannot draw conclu-
sions of the intense nose-like signatures in the Het and
Ot spectrograms. The existence of Het* ions indicates
that the plasma within the nose structure was at least
partly of solar wind origin.

The Interball Auroral probe has a perigee at 770 km,
an apogee at 20,000 km and a 65° inclination. The
spacecraft crossed the inner magnetosphere field lines
from high to low latitudes during 1600-1640 UT in the
same local time sector with Polar (around 2200 MLT).
Plate 2 shows an energy-time spectrogram from the Ion
instrument [Sauvaud et al., 1998] performing measure-
ments in the energy range from 10 eV to 20 keV. A
bright structure is observed in the energies higher than
about 3 keV at 1610-1624 UT, which we associate with
the same intense nose structure as seen by Polar a few
hours later. The edge of this intense nose-like structure
is observed at 1624 UT.

Thus for the November 3, 1997, event we have three
consecutive measurements of the edge positions of the
intense nose structures made by the Polar and Interball
Auroral satellites. We utilize an event-oriented mag-
netic field modeling technique [see Kubyshkina et al.,
1999] to deduce the equatorial crossing points of the
field lines where the inward edge of the intense struc-
ture is observed (Req). The magnetic field model used
was the Tsyganenko 1996 version [Tsyganenko, 1995],
which takes the tilt angle, solar wind dynamic pressure
Psw, IMF By and Bz, and the Dst index as input.
If one uses the measured solar wind and IMF values
and the observed value of Dst, the model field does
not give good agreement with the magnetic field mea-
surements made on board Polar (which were notably
variable during 1500-1700 UT). Therefore the large pa-
rameter range was explored for each of the input param-
eters (Psw, BIMF, BIJMF | Dst) to find the parameters
that would give the best fit to the local field measure-
ments at each time step separately and to the isotropic
boundary measurements recorded by the DMSP space-
craft (for details, see Kubyshkina et al. [1999]). The
best fit parameters were found to be Psy = 2.0 nPa,
Dst = 10 nT, BJMF = 7.0 nT, and BIMF = 0.0 T
(see Figure 2 (left)).

Figure 2 (right) shows the Polar and Interball Auroral
footpoints (solid curves) as a function of time mapped
to the equatorial current sheet. Solid vertical lines with
triangles give the times of the intense edge crossings
(marked on the spacecraft trajectory) by both space-
craft. Solid vertical lines with circles indicate the Polar
crossings of the plasmapause. Table 1 presents a sum-
mary of the edge positions of the three intense nose
structures as seen by Polar and Interball Auroral. Fig-
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Plate 3. (top) Time evolution of the intense nose structure on November 3-4, 1997. (a) Quiet
period, no nose structure; (b) quiet period, no nose structure; (c) initial observation of the nose
structure; (d) nose structure present. The vertical lines mark the inner edges of the intense nose
structures. (bottom) AE index for November 3-4, 1997. The vertical lines mark the times when
Polar passed through the inner magnetosphere.
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Figure 2. Magnetic field modeling results for November 3, 1997. (left) Magnetic field measure-
ments from Polar (solid line, crosses) and magnetic field model (dashed line, triangles). (right)
Footpoints of the Polar and Interball Auroral spacecraft (solid curves) mapped to the equatorial
plane as a function of time. The solid lines with triangles mark the nose edge locations. The
solid lines with circles show the plasmapause location.

ure 2 (right) indicates that the equatorial distances of
the intense nose edges during the inbound (1905 UT,
high magnetic latitudes) and outbound (2020 UT, low
magnetic latitudes) Polar passes are very close (4.7 Rg
and 4.86 Rg). Thus we conclude that Polar detected
the same intense nose structure twice. The nose edge
positions during both Polar passes are the same within
the accuracy of the model mapping.

Plate 3 illustrates the time evolution of the intense
nose structures. Consequent L spectrograms for H* are
shown for November 3, 1997, when Polar was (Plate
3a) near midnight (0130-0330 UT), (Plate 3b) near

Table 1. Positions of the Inner Edges of Three
Consecutive Intense Nose Structures on Novem-
ber 3, 1997

Satellite Time, Ul' Req, Re MLT
Interball Auroral 1624 6.73 2200
Polar /inbound 1905 4.7 2212
Polar /outbound 2020 4.86 2256

noon (1630-1745 UT), (Plate 3c) near midnight (1930-
2130 UT), and for November 4, 1997, when Polar was
(Plate 3d) near noon (1000-12130 UT). The spectro-
grams in Plates 3a and 3b were recorded during the
quiet period (see Figure 1), and there are no signa-
tures of the intense nose-like structure. The intense
nose structure in Plate 3c is the one described in detail
above. A similar intense nose-like structure was ob-
served on the dayside (Plate 3d). Polar measured this
structure about 14 hours later than that on the night-
side. After the second substorm on November 3, 1997,
there were additional disturbances, and November 4,
1997, was a disturbed day. Therefore we cannot con-
clusively relate these structures seen on the nightside
and on the dayside about 14 hours apart.

4. Statistical Results

4.1. MLT and Activity Dependence of Intense
Nose Events

Polar crosses the auroral flux tubes at varying lat-
itudes, but the analysis here was limited to crossings
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Figure 3. Statistical results of intense nose structures. (a) (top) Occurrence frequency of intense
nose structures normalized to the total number of events as a function of magnetic local time.
(middle) Average and smallest L values of the inner edges of the intense nose structures as
a function of magnetic local time. (bottom) Average of Kp during all crossings during 1997
when nose structures were observed as a function of magnetic local time. (b) (top) Occurrence
frequency of intense nose structures as a function of Kp. (middle) Number of observations during
all crossings during 1997 as a function of Kp. (bottom) Occurrence frequency of intense nose
structures normalized by the number of Kp observations during all crossings as a function of Kp.

at low magnetic latitudes, <30°-40°, where the struc-
ture is better resolved. We have analyzed the MICS
measurements for the year 1997, during which Polar
completed a full rotation around the Earth visiting all
MLT sectors twice. From all crossings, 396 events were
selected to be intense nose events, with signatures such
as those shown in the case study above.

The top panel of Figure 3a shows the occurrence of
intense nose structures normalized by the total number
of events (396) as a function of different MLT sectors.
In general, fewer intense nose-like events are observed
near dawn than near dusk. There were distinct peaks
near midnight and noon as well as near 1800 MLT, but
the structures were observed in all local time sectors.

For the same data set, the L values of the inner edge
of the intense nose structure were determined. The mid-
dle panel of Figure 3a shows the inner edge locations (L
values) of the intense nose structures as a function of

MLT. Squares correspond to the innermost L value in
the data set, and crosses show the average L for all in-
tense nose events observed at that MLT sector. The
intense nose structures penetrate deepest around mid-
night (innermost L = 3) and noon (L = 3.1). Average
L values show the same tendency: L =4 and L = 4.1
for midnight and noon, respectively. The intense nose
structures were observed at slightly lower L near dusk
(innermost L = 3.4) than near dawn (L = 3.6).

As the intense nose structures appear during geomag-
netically disturbed periods, it is possible that their for-
mation is related to the substorm-associated processes.
In order to relate the intense nose structures with the
level of geomagnetic activity, each event was tagged
with the Kp index preceding the observation period.
The Kp index was used because of the long lifetime of
the nose structures and the long orbital period of Polar,
which do not allow for detailed timing of the formation
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of the intense nose structures. To check if the above lo-
cal time distributions are affected by the average level of
activity when Polar visited different local time sectors,
the bottom panel of Figure 3a presents the average Kp
values for every MLT sector. These average values were
computed by using Kp values during passes that Polar
made during 1997 in that particular local time sector
when nose events were observed. Note that there is no
correlation between the number of the observed intense
nose events or their inner edge L value with the Kp
value at any given MLT sector (correlation coefficient
is about 0.11).

The upper panel of Figure 3b presents the depen-
dence of the intense nose structure occurrence on the
Kpindex. A steep increase of the occurrence frequency
is found even with minor increase of Kp to Kp = 1.
The decrease of the number of events with the subse-
quent K'p growth to larger values can be caused by the
event selection criteria: Only events with clear intense
nose signatures were accepted as intense nose events.
During high magetic activity the magnetosphere is more
disturbed and the signatures are not as clear, and there-
fore it is difficult to resolve the intense nose structures.

Again, in order to examine the effect independent of
the Kp distribution throughout the year of 1997, we
plot in the middle panel of Figure 3b the total num-
ber of Polar crossings as a function of the Kp values
during the crossings. The most common value of Kp
was around 1, with a smooth decrease in the number of
events as Kp increases. The bottom panel of Figure 3b
shows the occurence of intense nose events as a func-
tion of Kp normalized by the total number of crossings
made at any given Kp value. This normalized figure
shows that the number of intense nose events increases
with increasing Kp up to Kp = 3 and, then, starts to
decrease, which may again be caused by the event selec-
tion criteria. By normalization we remove the biasing
effects of Kp occurrence (less events with higher Kp),
and the data set still shows the clear tendency to in-
crease the number of events for higher Kp values.
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4.2. Dependence of the Intense Nose Structure
Inner Edge on Substorm Activity

The dependence of the location of the inner edge of
the intense nose structure on substorm activity was ex-
amined by selecting isolated substorms that were pre-
ceded by at least 1 day of magnetic quiescence. This al-
lowed us to conclusively associate the substorm activity
with the intense nose structure formation. From Polar
MICS measurements made in 1997-1999, 24 events met
our selection criteria. There are no clear signatures of
intense nose structures during extended quiet periods.
Figure 4 gives the dependence of the edges of the intense
nose structures (L values) on the level of the preceding
substorm activity (maximum of AE). Note that the
intense nose-like structures are observed not only dur-
ing pronounced activity, but also during relatively small
disturbances (AE of 150-250 nT). Figure 4 also shows
a tendency of particles to penetrate closer to the Earth
as the level of substorm activity increases.

5. Discussion

In this paper, we have shown observations of intense
nose structures measured twice by Polar and once by
Interball Auroral within 4 hours. Here we discuss the
large-scale convection pattern during those observations
and whether that convection would be sufficient to bring
the plasma sheet population deep into the inner mag-
netosphere.

5.1. November 3, 1997 Event

5.1.1. Plasmapause position. The large-scale
electric field can be examined by using the observations
of the cold plasma population, especially the plasma-
pause positions as measured by Polar. The times and
positions of the plasmapause crossings during November
3, 1997, were determined from the saturation points of
the spacecraft electric potential using the high-resolution
Polar EFI data [Harvey et al., 1995]). The equatorial

8
7
6
- 51
4
3
?‘

00 200 300 400 500 600 700 800 900 1000 1100
AE, nT

Figure 4. Location of the inner edge of intense nose structure (L values) as a function of

substorm activity (AE index).
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Table 2. Observation Times and Positions of the
Plasmapause on November 3, 1997

Plasmapause Position Time, UT Req, Re  MLT
PP1 1857 5.68 2148
PP2 2025 5.195 2254

projections of the plasmapause positions were computed
by using the magnetic field model described above and
are shown in Table 2 for the inbound (PP1) and out-
bound (PP2) Polar passes. The actual plasmapause did
not move between inbound and outbound passes of Po-
lar. The slight difference in plasmapause location comes
from the different local time of the measurements (it is
consistent with, for example, Ejiri et al. [1980]).
Figure 14 of Ejiri et al. [1980] is reproduced here
as Figure 5, and shows the time-evolving positions of
ions and electrons in the energy versus L coordinates in
the equatorial plane for MLT = 2400 and MLT = 2100.
The calculations of Ejiri et al. [1980] were made by
assuming that a continuous particle source at all times
was located at L = 10 and 2000—0400 MLT, for all
energies and pitch angles. No local energization pro-
cesses or loss mechanisms were considered. Ejiri et
al. [1980] traced particles in a dipole magnetic field
together with a Volland-Stern type convection electric
field taking into account also corotational electric field.
In the Volland-Stern convection electric field model, the
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large-scale potential is given by & = AR" sin ¢, where
A is the coefficient which determines the electric field
and ¢ is the local time. Using this electric field model
with v = 2 was successful in interpreting the locations
of the plasmapause observed by Explorer 45 (see, for
example, references in the work of Ejiri et al. [1980]).
For v = 2, A is given as a function of Kp by

A =0.045/(1-0.159Kp + 0.0093Kp*) kV/R%. (1)

On the other hand, the relation of the coefficient A with
the stagnation point L = Loy at dusk for zero-energy
particles is

Lo = 3.6/[A(V/RE). (@)

These equations now determine the stagnation point lo-
cation for a given level of magnetic activity. The com-
putations in Figure 5 were done by using v = 2 and
A = 0.057 kV/R%, which corresponds to an activity
level of Kp = 4+.

FEjiri et al. [1978] used the plasmapause position mea-
sured by Explorer 45 to determine the best fit convec-
tion electric field model (A value) in the Volland-Stern
formulation. In Figure 5, the plasmapause position la-
beled by arrow P is at about 3.9 Rg at 2100 MLT and
at 3.3 Rg at 2400 MLT, when the stagnation point was
Ly = 5. If we interpolate linearly to 2200 and 2300
MLT to correspond to the November 3, 1997, observa-
tions, we get 3.7 Rg and 3.5 Rg, respectively. If we

Polar Interball Polar Interball
inbound Auroral inbound  Auroral
100 - I I T 3 { | I 3
C 24 MLT | [ 21 MLT l I ]
{ < ]

PARTICLE ENERGY [keV]

2

Figure 5. Time evolution of the positions for ions and electrons in energy versus L coordinates
in the equatorial magnetosphere for (left) 2400 MLT and (right) 2100 MLT [after Ejiri et al.,

1980).
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change the intensity of the convection electric field rep-
resented in terms of Lg, the indicated energy and radial
distance scales change by factors 5/Lo and Lg/5, re-
spectively. Scaling the interpolated Figure 5 to adjust
it to the observed plasmapause position at 5.2 Rg, we
obtain a stagnation point Ly ~ 7.4. For this stagna-
tion point, equation (2) gives a value for the coefficient
A=0.115kV/R%.

On the other hand, using equation (1) and the ob-
served Kp = 2, one obtains a value A ~ 0.12 kV/R%.
This value of A corresponds to an electric field E, =
—d®/dy = AR + Ay?/R, which gives E;, ~ 0.1 mV/m
at midnight at L = 5. This is a typical and probable es-
timate of the actual average electric field during the pe-
riod when both the plasmapause and intense nose struc-
ture were observed. Because the value determined by
using the Ejiri et al. [1980] results in the infinitely long
time limit and the value determined from the observed
plasmapause position agree, we argue that the plasma-
pause in this event could be formed under a convection
electric field of the Volland-Stern type with a value of
about 0.1 mV/m. Plasmaspheric ions are slowly coro-
tating with the Earth, and hence the plasmapause lo-
cation depends on the history of the convection electric
field variations rather than on the instantaneous value
of this field.

5.1.2. Formation of intense nose structures.
As is seen from the Polar observations of the intense
nose structure edges (Table 2), the intense nose struc-
ture was observed to be 0.4—0.6 Rg inside the plasma-
pause. The ordinary nose structure may be formed in
the stationary large-scale electric field after a long time
with corresponding losses with the edge, for example, at
L = 3, but the intensity is too small to determine the
structure on the CAMMICE/MICS energy-time spec-
trograms. Assuming that the plasmapause was formed
in the weak electric field (0.1 mV/m) estimated above,
we now consider whether the intense nose structure
could also be formed under the influence of this con-
vection electric field.

The Interball Auroral measurements show that the
inner edge of the intense nose structure was 2 Rg
outward of the plasmapause (at 1624 UT, it was at
6.73 Rg). Thus there was no indication of plasma sheet-
like plasma earthward of the intense nose edge at that
time. Therefore the intense nose edge position recorded
by Interball Auroral gives us the closest possible loca-
tion of the plasma population that could form the in-
tense nose structure observed during the Polar inbound
pass (intense nose edge at 4 .7 Rg) 2.5 hours later. The
injection event registered at 6.6 Rg by the LANL satel-
lite at 1755 UT was the first indicator of intense inward
plasma trasport connected with the substorm intensifi-
cation at 1725 UT. After this, the intense nose structure
moved inward by 2 Rg during only about 1 hour.

As particles with smaller pitch angles can come closer
to the Earth along magnetic field lines, there is some
concern that measurements made at different magnetic
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latitudes might not give a similar picture of the same
structure. Polar at 1900 UT was at about the same
distance and magnetic latitude as Interball Auroral.
Comparison of the Polar observations during the auro-
ral zone crossing at high magnetic latitudes and, later,
at low latitudes confirms that the innermost boundary
of the intense nose structure was located on the same
field line for different pitch angles. This implies that the
difference between the intense nose structure positions
observed by Interball Auroral (1624 UT) and later by
Polar should be interpreted as the result of fast trans-
port rather than an effect of different pitch angles being
sampled.

The Polar HYDRA data indicate that the lowest-
energy electron intense nose boundary approximately
coincides with the ion boundary. This boundary can
therefore be interpreted as the innermost boundary of
zero-energy population coming from the plasma sheet.
Thus we can scale Figure 5 to adjust it to the observed
intense nose edge positions. Even crude estimates show
that it takes about 5 hours to move the intense nose
edge from 6.73 Rg to 4.7 Rg with the electric field
determined above. The observed inward shift (2 Rg
in 1 hour) therefore cannot be explained by the cross-
tail electric field (0.1 mV/m at 5 Rg). Thus to get
the observed high ion fluxes transported requires strong
electric fields acting upon the plasma population, much
higher than those estimated from the plasmapause lo-
cation. Such electric fields can be local and inductive.
Scaling the E — L diagrams in Figure 5 gives E;, >
1 mV/m as a lower estimate of the electric field needed
to shift the intense nose structure by 2 Rg in less than 1
hour. Higher electric fields would give even more rapid
convection times.

Such intense electric fields are not uncommon in the
inner magnetosphere during substorm expansion phases
[Maynard et al., 1996]). Rowland and Wygant [1998] re-
ported the presence of spatially localized enhancement
of the large-scale electric field at 3 < L < 6 (Ey ~ 1.0
mV/m), but only during a high level of magnetic activ-
ity (Kp > 3). In the event shown here, AE was very
moderate and Kp was around 2, and hence one would
not expect a strong large-scale electric field enhance-
ment in the inner magnetosphere. We suggest that such
structures are formed by short-lived impulsive electric
fields that are also associated with the energetic parti-
cle injections at geosynchronous orbit even during mod-
erate activity. The suggestion that the particles are
injected into the inner magnetosphere from the near-
Earth plasma sheet by a strong inductive electric field
due to a substorm dipolarization was used by Ebihara et
al. [1999] in their computer simulation for the motion
of energetic trapped particles during a magnetic storm.

5.2. Polar Particle Observations in the Inner
Magnetosphere

It has been proposed that the intense nose structures
seen in the ion spectrograms at L=4-6 (even inside the
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plasmapause) are formed as a result of inward plasma
convection [Smith and Hoffman, 1974; Mcllwain, 1972;
Ejiri et al., 1980; Kistler et al., 1989; Sergeev et al.,
1991, 1998; Shirai et al., 1997; Fennell et al., 1998; Pe-
terson et al., 1998]. We searched through the Polar
MICS data during 1996-1999 together with concurrent
LANL geosynchronous proton and electron data near
midnight. The injection times as registered at 6.6 Rg
were determined and compared with the observation
times of the inner edges of intense nose-like structures
during isolated substorms. It was found that in each
case, the intense nose structures were preceded by an
injection event registered at 6.6 Rg. The shortest time
between the geostationary orbit injection and MICS in-
tense nose event observation was 25 min, which is con-
sistent with the results by Ejiri et al. [1980]. Therefore
we associate the formation of the intense nose struc-
tures with substorm onsets and conclude that these
structures can form within about 25 min of the sub-
storm onset. Assuming that there was no preexisting
plasma population at L=4-6 before the substorm, this
would again imply very rapid transport of plasma sheet
plasma from beyond geosynchronous orbit to the inner
magnetosphere.

Fennell et al. [1998] studied another class of events,
multiply peaked ion spectra that appear as traces ex-
tending from large to small L values. These structures
are seen in all major energy species, and they occur near
10-20, 30-50, and 90-120 keV. Fennell et al. [1998] also
concluded that drift calculations can account for only
some but not all properties of the traces. In addition
to differences in the spectral shape between the peaked
structures and intense nose events, they also differ in
the plasma composition: whereas the peaked structures
show strong indications of ionospheric material (Het,
0O7), the intense nose events also show a plasma com-
ponent originating from the solar wind (He**). How-
ever, because the MICS measurements have quite high
energy thresholds for the ionospheric species, this con-
clusion warrants further study. Also the abundance of
ionospheric ions in the inner magnetosphere is propor-
tional to the level of geomagnetic (substorm or storm)
activity [Daglis et al., 1994].

Our statistical study showed that, in general, fewer
intense nose-like events were observed at dawn than
at dusk, which is consistent with previous observations
made by Ejiri et al. [1980]. However, the results show
some differences with the preliminary statistics of Fen-
nell et al. [1998]. They found that the occurrence fre-
quency of the spectral peaks is largest on the dayside
and smallest near midnight. Furthermore, for multiple
traces the occurrence peaks on the dayside.

As was noted above, statistics of the intense nose
structures revealed that they are associated with sub-
storm activity (no events were found during quiet peri-
ods) but that a significant portion of the events occur
during small to moderate activity (150 to 250-nT dis-
turbance in the AF index). Furthermore, the intense
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nose structures can live for more than a day in the in-
ner magnetosphere after forming in the nightside. This
life period was obtained for the events with the pro-
longed quiet period after the disturbance which could
form the observed intense nose structure. But the exact
lifetime of the events is difficult to define, because their
lifetime is longer than the typical interval between two
substorms. On the other hand, Fennell et al. [1998]
observed the spectral peaks during enhanced magnetic
activity or during the recovery phase. In either case, it
seems clear that enhanced large-scale convection associ-
ated with high magnetic activity cannot alone account
for their formation.

6. Conclusions

We have analyzed Polar CAMMICE/MICS measure-
ments during 1997 by using the flux versus time spectro-
grams for different ion species to examine “intense nose
structures,” which are seen as strong enhancements of
low-energy (plasma sheet-like) ions in the ring current
region. In this paper we show statistical results of their
occurrence, lifetime, inward penetration, and relation
to substorm activity. The main results are summarized
below:

1. Fewer intense nose events were observed in the dawn
sector than in the dusk sector. This is probably due to
the particle losses in the dayside magnetosphere (precip-
itation and charge exchange with exospheric neutrals)
and due to the differences in the particle trajectories as
particles drift around the Earth.

2. The intense nose structures recorded around mid-
night and noon were observed to reach closer to the
Earth (L = 3.1) than those recorded near dawn and
dusk (L = 3.5).

3. Intense nose structures can persist for more than 1
day in the inner magnetosphere.

4. There are no clear signatures of intense nose struc-
tures during long lasting geomagnetically quiet peri-
ods, but even small disturbances (AE ~ 150-250 nT)
increase their occurrence frequency considerably. The
decrease in the number of events for Kp > 3 may be
caused by selection criteria (during strongly disturbed
conditions the nose structures are difficult to identify in
the data).

5. Intense nose structures were already found 25 min
after an injection registered at geosynchronous orbit.
Such rapid formation of the nose structure is one piece
of evidence that an enhanced large-scale convection
electric field is not sufficient for the formation of the
nose structures.

In a case study, we examined the time evolution of
an intense nose structure that formed on November 3,
1997. We compared the nose structure location and
the plasmapause location with drift trajectory compu-
tations by Ejiri et al. [1980]. The results are summa-
rized below:
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1. The plasmapause location was consistent with a

large-scale Volland-Stern type weak electric field of about
0.1 mV/m. We conclude that the plasmapause proba-

bly formed at that distance during the long quiet period

preceding the nose structure formation.

2. Three consequent observations of the intense nose

structure indicated an inward motion of about 2 Rg

during about 1 hour. Comparisons with the model cal-

culations clearly indicate that much stronger electric
fields (Ey > 1 mV/m) are required for this inward mo-
tion. These electric fields may be local and they most
likely are inductive. We suggest that the nose events
are formed by the intense and highly variable electric
fields that are formed in connection with substorm on-
sets, but further analysis is left for a future study.
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