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Abstract. We follow the electron precipitation charac-
teristics on and nearby a preonset arc using the high
resolution Freja TESP instrument. Our data coverage
extends from about 10 min before onset up to 1 min
before onset. The arc is the most equatorward one
(around MLAT 62�) of a system of growth phase arcs,
and it was close to the radiation belt precipitation.
Within the preonset arc, inverted-V type precipitation
dominates. Poleward of the arc we also ®nd some
precipitation regions, and here there is systematically a
cold electron population superposed with a warm
population. Using single and double Maxwellian ®ts to
the measured electron spectra we ®nd the ionosphere-
magnetosphere coupling parameters (®eld-aligned con-
ductance K and the parallel potential drop V ) as well as
the e�ective source plasma properties (density and
temperature) during the event. Compared to typical
expansion phase features, the preonset parallel potential
drop is smaller by a factor of ten, the electron
temperature is smaller by a factor of at least ®ve, and
the ®eld-aligned conductance is about the same or
larger. The fact that there are two isotropic superposed
electron populations on the poleward side of the
preonset arc suggests that the distance between warm
trapped electrons on dipolar ®eld lines and colder
electrons on open ®eld lines has become so small near
the onset that mixing e.g. due to ®nite electron Larmor
radius e�ects can take place.
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1 Introduction

The following scenario of a typical growth phase in the
magnetosphere is today generally accepted (Elphinstone
et al., 1996): a southward turning of the IMF Bz, and
consequently a dayside reconnection resulting in en-
hanced convection directly driven by the solar wind.
This will increase the strength of the magnetospheric
currents (most importantly, region-1 and cross-tail
current), and a loading of energy in the magnetotail
will go on until the onset of the substorm, when a second
current system (the substorm current wedge, SCW) due
to unloading will develop.

Studies of ¯ux-energy electron spectra can give us
valuable clues of many magnetospheric properties and
also give information of energization processes that the
particles have undergone on the way to the ionosphere.
Usually, three main categories of electron precipitation
are considered (McFadden et al., 1987): di�use precip-
itation, inverted-V precipitation, and ®eld-aligned pre-
cipitation. The di�use precipitation (Fig. 1a) is
characterized by a Maxwellian distributed spectrum
and is associated with di�use aurora. The electrons
probably precipitate from trapped regions or from the
plasma sheet without any acceleration along the ®eld-
line. The inverted-V-type events (Fig. 1b) are thought
to result from acceleration through a parallel potential
drop and they are often associated with discrete arcs
(Frank and Ackerson, 1971). The peak electrons in the
spectra, most likely of plasma sheet orgin, show an
accelerated Maxwellian distribution (Evans, 1974). If
the accelerating voltage is small, then the inverted-V
spectrum becomes equal to di�use precipitation. Field-
aligned electron ¯uxes are third category (Lin and
Ho�man, 1979; Arnoldy et al., 1985). The strong beam
collimation argues for the presence of a ®eld-aligned
acceleration process not far above the point of
measurement. The presence of a ®eld-aligned ¯ux peak
together with an isotropic ¯ux may suggest theCorrespondence to: A. Olsson
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existence of two separate potential drops (McFadden
et al., 1990). However, ®eld-aligned bursts can also be
due to electrons accelerated by inertial AlfveÂ n wave
interaction (Goertz and Boswell, 1979; Hui and Seyler,
1992).

The main purpose of this work is to gain some
quantitative estimates for the ionosphere-magneto-
sphere coupling parameters (the ®eld-aligned conduc-
tance K and the accelerating potential V ) as well as for
the e�ective source plasma properties (the density nsrc

and the thermal energy (i.e. characteristic energy) Ec) in
the geophysically interesting and well-de®ned case of the
preonset arc in the late growth phase.

2 Instrumentation

The Swedish-German satellite Freja was launched in
1992 (Lundin et al., 1994). With the somewhat unusual
inclination of 63�, Freja often passes tangentially along
or crosses the auroral oval twice and thus gives us a
possibility of following an arc during a longer period. In
this study Freja crosses the preonset arc (Fig. 2) at an
altitude of around 1750 km, which means that the
accelerating potential drop is most often entirely above
Freja. The two-dimensional electron spectrometer
(TESP) on the Freja F7 experiment (Boehm et al.,
1994) measures simultaneously in 32 directions sweeping
over 32 discrete energy levels between 20 eV and 25 keV.

Fig. 1. Example particle ¯ux spectra of a di�use (21:02:38), b inverted-V (21:02:14), c ®eld-aligned superposed with isotropic (21:01:48), d two
isotropic inverted-V populations (21:04:22). Both populations have V � 1 kV but di�erent characteristic energies around 200 eV and 1 keV
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Fig. 2. a F3H hydrogen data showing the ring current regions around
our event. b TESP electron energy ¯ux spectrum. This is the raw data
which Fig. 1 and the rest of the panels of Fig. 2 are based on. c Fitted
characteristic (thermal) energy Ec for preonset arc inverted-V
precipitation (+), poleward cold precipitation (*), poleward warm
precipitation (�). Data gaps are due to too little precipitation for

reliable classi®cation or otherwise failed ®ts. d Fitted accelerating
potential V for inverted-V precipitation over the preonset arc (+) and
combined warm/cold poleward precipitation (dots). e E�ective source
plasma density nsrc with the same symbols as in c. f Field-aligned
conductance K with the same symbols as in panel d
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We also use the F3H ion data to identify the ring current
regions.

3 Observations

From LANL geosynchronous satellites, pulsation sig-
natures, all-sky camera images and magnetograms
Persson et al. (1994) verify that the onset on March 2
1993 takes place 2112 UT on the same preonset arc that
is covered by Freja in the present study.

According to all-sky camera images (not shown
here), the preonset arc is formed already around
2056:00 UT and stays stable until the start of the
expansion phase. Freja enters the onset region about 10
min before the onset. Freja leaves the onset region 1min
before the onset.

3.1 Characteristics of the spectra

In this study all three categories mentioned in the
Introduction are observed. Clearly identi®able di�use
precipitation is observed for about 16 s only (Fig. 1a).
About half of our event consists of precipitation that is
too weak to be reliably classi®ed; it is conceivable that
most of this weak precipitation is of the di�use type.
Inverted-V is the main type of precipitation observed in
this event (Fig. 1b). Field-aligned precipitation is
observed for about 20 s at the equatorward edge of
the preonset arc. This ®eld-aligned precipitation is,
however, superposed with isotropic inverted-V precip-
itation (Fig. 1c). Poleward of the preonset arc we
observe spectra that do not ®t directly into the three
categories mentioned, namely two superposed isotropic
inverted-V spectra of two di�erent characteristic ener-
gies (Fig. 1d). These populations have most probably
been accelerated through a common ®eld-aligned po-
tential drop at a high altitude. We call these the warm
and cold isotropic populations. The colder population
temperature is 100±400 eV, so it is clearly of magneto-
spheric origin.

Figure 2a shows the F3H hydrogen ¯ux, which
clearly indicates the ring current signatures on the
equatorward side of the preonset arc. Fig. 2b shows the
TESP electron data to which all the ®ts in this work were
carried out. The preonset arc passes are seen around
2101 and 2111 UT, respectively, and they mainly consist
of inverted-V precipitation. Between those the more
irregular poleward precipitation is observed, which
mainly consists of two superposed isotropic inverted-V
populations. The two clear precipitation gaps on the
poleward edges of the preonset arc (2103±2104 and
2110, respectively) might be due to downward currents
closing the upward currents in the arcs.

3.2 Estimates of V, nsrc; Ec and K

To gain quantitative information on the preonset
current-voltage relationship parameters, which are re-

lated to source plasma properties, we ®tted accelerated
Maxwellian functions to the spectra (Evans, 1974). The
®tted parameters were the source plasma density nsrc, the
accelerating voltage V and the source plasma tempera-
ture (characteristic energy) Ec. The potential V was
determined from the position of the peak ¯ux. Only
good ®ts were accepted for further processing; the
quality of the ®ts was con®rmed manually for all data
points.

In case of the poleward precipitation where we had
clearly two superposed populations we ®tted two
accelerated Maxwellian distributions in adjacent, non-
overlapping energy ranges which were selected manual-
ly. In the ®t a common potential drop V which was also
manually determined from the peak of the distribution
was assumed for both distributions, this can be justi®ed
from the data in most cases since the data has only a
single, rather narrow maximum.

Under the assumption of a linear current-voltage
relationship (Lemaire and Scherer, 1983) we can, from
these parameters, also estimate the ®eld-aligned con-
ductance K and corresponding current density j accord-
ing to

j � e2

�2pm�1=2
nsrc

E1=2
c

V � KV : �1�

The resulting Ec; V ; nsrc and K values are shown in Fig.
2c±f, where the parameters are plotted versus time and
MLAT as Freja passes the auroral structures.

The source plasma densities are widely spread (0.01±
0.1 cmÿ3) (Fig. 2e) and usually unrealistically low. The
source density is not necessarily the same as the true
magnetospheric plasma density, but it is probably less
than that because the loss cone ®lling during one
electron bounce period (Janhunen et al., 1995) may be
incomplete. However, as we do not see a clear signature
of the downward loss cone in our TESP data a direct
evidence for this explanation is lacking.

In the poleward precipitation the two di�erent
populations show di�erences in characteristic energies
(Fig. 2c; around 0.2 and 0.7 keV, respectively). The
characteristic energies of the inverted-V populations in
the preonset arc are in the range 0.7±1.3 keV.

The potential drop (Fig. 2d) for the poleward
precipitation is low (0.5 kV), while for the preonset arc
it varies in the range 2±3 kV.

In Fig. 2f we have summed up the contributions to a
total K (Eq. 1) from the two populations in the poleward
precipitation. The K value for the poleward precipita-
tion is around 1�10ÿ10±1:2 �10ÿ10S=m2, while it is
slightly lower for the preonset arc precipitation. Notice
that since we have two di�erent source plasma popula-
tions, it is correct to compute K as K =K1 � K2 (the
analog of two parallel resistors, recall that K is inverse
resistance). On the other hand, if we had two di�erent K
values due to two di�erent acceleration processes (the
mirror force and anomalous resistivity, for instance),
then the total K value would be K � 1=�1=K1 � 1=K2�
(the analog of two serial resistors).
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Notice that Fig. 2d, f have the two poleward isotropic
populations combined (black circles) whereas Fig. 2c, e
have them separately (stars and open circles). The
presonset arc inverted-V precipitation is shown by plus
signs throughout.

The general trends seen in Fig. 2 (larger Ec and V
over the preonset arc than elsewhere) occur naturally
since the magnetospheric plasma temperature increases
when one move towards the Earth and because higher
potential drops are generally associated with arcs.

4 Discussion

We have studied a unique event where the low-altitude
Freja satellite measures electron data during the late
growth phase of a substorm. Freja enters the onset
region about 10 min before the onset and passes over the
preonset arc twice before leaving the onset region one
minute before the onset. We have studied the precipi-
tation characteristics both in the preonset arc itself,
where inverted-V precipitation dominates, and in the
region on the poleward side of the arc, where a cold
(0:1ÿ0:3 keV) electron population is superposed to a
warm population. It is possible to get quantitative
estimates for the ionosphere-magnetosphere coupling
parameters K and V as well as for the e�ective source
plasma properties nsrc and Ec. These parameters may
provide important information on the state of the
magnetosphere as well as ionosphere-magnetosphere
coupling just before the substorm onset.

The measured source densities are unrealistically low
(0:01±0:1 cmÿ3). A reasonable explanation to this is
incomplete loss cone ®lling (Janhunen, 1996), although
we are unable to point to direct evidence for this
explanation model in our data.

Compared to substorm expansion phase (Olsson
et al., 1996), the electrons are colder (by a factor of
®ve) and the potential drops much smaller, about 2±3
kV. The ®eld-aligned conductance K is about 10ÿ10 S
mÿ2, which is signi®cantly smaller than during quiet
magnetospheric conditions and about the same or larger
than in expansion phase. The fact that the potential
drop may be up to ten times higher after the onset than
just before is consistent with the appearance of bright
auroral forms after onset since a high potential drop
increases the ionospheric ionization production rate and
conductivity e�ciently.

The preonset arc is located on a low latitude (around
mlat 62�), close to the radiation belt region. The
inverted-V precipitation is the most dominant popula-
tion in this region and since this type of precipitation is
generally accepted as originating from the plasma sheet,
it gives evidence for a near-Earth location of the inner
edge of the plasma sheet in late growth phase.

Whenever it is possible to classify the spectra
properly in the poleward precipitation region, a super-
position of warm and cold populations is seen. If we
assume that this precipitation is actually con®ned to a
(possibly subvisual) arc which is the boundary of
plasmas with di�erent temperatures and densities, then

it is interesting that plasmas with such di�erent temper-
atures are adjacent and partially mixing with each other
in the magnetosphere. To achieve a somewhat more
quantitative idea whether this is reasonable, we used a
global MHD/ionosphere coupling simulation (Jan-
hunen, 1996) to produce a typical onset. The onset
occurred at X � ÿ10, Y � ÿ3 in the model. The
ionospheric footprints of ®eld lines mapping to the
vicinity of the onset region just before onset were then
determined. It was found that the distance between open
®eld lines and dipolar closed ®eld lines in the onset
sector was only 0.16°, i.e. about 16 km in the iono-
sphere. Although the numbers extracted from the
simulation cannot be exact (we did not use any event-
speci®c solar wind data in this run, for instance), it is
nevertheless interesting to see that the MHD simulation
predicts that the plasma sheet precipitation region may
become extremely narrow just before onset and that the
distance in the ionosphere is of the same order of
magnitude as the latitudinal extent of the poleward
precipitation region seen in this study.
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