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ABSTRACT

We present a statistical study of the substorm parti-
cle energization in terms of the energy density of the
major magnetospheric ions (H+, O+, He++, He+).
The correlation between energy density during sub-
storm expansion phase and the auroral indices (AE,
AU, AL) is examined and interpreted. Most distinct
result is that the ionospheric origin O+ energy den-
sity correlates remarcably well with the AE index,
while the solar wind origin He++ energy density does
not correlate at all with AE. Mixed origin H+ and
He+ ions exhibit an intermediate behavior. Further-
more, the O+ energy density correlates very well with
the pre-onset AU index level, while there is no cor-
relation with the pre-onset AL index. The results
are interpreted as a result of solar wind - magne-
tosphere - ionosphere coupling through the internal
magnetospheric dynamo: the ionosphere responds to
the increased activity of the internal dynamo (which
is due to the high solar wind input) and influences
substorm dynamics by feeding the near-Earth mag-
netotail with energetic ionospheric ions during late
growth phase and expansion phase.

Keywords: Substorms, ion energy density, auroral
electrojets, internal generator, coupling.

1. INTRODUCTION

The particle energization occurring during substorms
is one of the most interesting problems in magneto-
spheric research. The aim of this paper is to look
for statistical properties of energization in terms of
correlation between ion energy density and auroral
electrojet indices.

There are no statistical studies on ion energy den-
sity changes related with magnetospheric activity in
the literature. One reason may be that most efforts
were focused on compositional studies of the magne-
tospheric particle population, in search of the sources

of magnetospheric plasma (e.g. Refs. 1-3). For such
studies the number density is needed; but in order to
study the changes in the energy budget of the parti-
cle population, energy density is the most appropri-
ate quantity. The changes in energy density reflect
the effects of number-density changes as well as the
effects of mean-energy changes on the energy bud-
get of the ion population during substorms. Another
reason for the luck of energy-density studies is proba-
bly the fact that the bulk of the energy density in the
near-Earth magnetotail (I/RE < 10) is contained in
the 20- to 250-keV energy range (réf. 4), for which
no measurements existed before the AMPTE/CCE
launch in August 1984.

2. DATA SET

The particle data for the present study come from the
CHEM (Charge-Energy-Mass) spectrometer (réf. 5)
onboard the AMPTE/CCE spacecraft (réf. 6). CCE
is an equatorial satellite in an elliptical orb't with
the apogee at 8.8 Rg. The near-Earth magnetotail
which, according to recent studies (e.g. Refs. 7-10,
review in Réf. 11), is a very important region in sub-
storm development, has been extensively monitored
by the CCE satellite. The CHEM spectrometer uses
a combination of electrostatic deflection and time-
of-flight and energy measurements to determine the
energy, mass, and mass per charge for every inci-
dent ion. The covered energy range is from 1- to
300 keV/e and is sampled in 32 logarithmic steps
with a 18.9% spacing. Hence, CHEM provides the
opportunity to conduct the first statistical study in
the near-Earth magnetotail with multi-species parti-
cle data extending in the higher (> 20 keV/e) energy
range.

As we already mentioned, the most appropriate
quantity for statistical studies of the particle energy
budget is the energy density. Our calculations were
made by summation over the 32 energy channels of
CHEM and over 9 pitchangle bins (of 20 degrees
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width each) according to the formula:

ED =

32 9

(Ei1Oj)JETiSmCiJ AE1- Aa, (1)

which is based on the standard formula:

ED = f%mv*f(v)dv =

= xjtm I I j ( E , a) JE sina dE da (2)

where /(U) is the velocity space distribution func-
tion and is related to the differential flux intensity as
follows (e.g. Réf. 12):

/OO =
2 J(E,a)

IE (3)

We selected substorm-onset events with a substantial
increase of the particle energy density (by a mini-
mum of 50 % of the pre-substorm level) during the
expansion phase. The onset of the expansion phase
was identified by the injection of high-energy ions
and the magnetic field dipolarization. The resulting
group consisted of 131 events, but as the AE indices
were available just until the end of 1986, only 99
events were used for the present study.

In order to look for the correlation of the ion energy
density with the AE index we calculated the average
value of each ion-species' energy density by means
of formula I1 as well as the average value of the AE
index, for the first 15 minutes of the expansion phase.

The use of one-minute AE indices in this study
should be emphasized, as the use of the Kp index
or of long-time averages of AE indices (in older sta-
tistical studies) essentially smoothed out all the in-
formation on substorms.

3. RESULTS AND DISCUSSION

The scatter diagrams in Figure 1 show the depen-
dence of the energy density on the AE index for the
four major ion species; the best fit is also presented
in all diagrams. It is clear that the best correlation
between energy density and AE level exists for the
O+ ions; the exponential fit yields a correlation co-
efficient, of r = 0.70, with an F-ratio value of 91.29,
which (for 99 observations) means a confidence level
higher than 99.99 %. The -egression coefficient is
equal to b = 2.6 x 10~3, so that we have ED(O+)

= 0.13 x e2-6xl°"3j*B, where AE is given in nT
and ED in keV/cm3.

The weakest correlation is found for the He+"1" ions,
with a correlation coefficient of only 0.23 (F-ratio =
5.48, confidence level 95 %). The corresponding val-
ues for the H+ and He+ ions lie between those for
the ionospheric origin O+ and the solar wind origin
He++. For H+ the exponential fitting yiels a rather
small regression coefficient of 0.69 x 10~3 and a cor-
relation coefficient of 0.37; the respective values for
He+ are 1.35 x 10~3 and 0.39.

The confidence levels of the fits are obtained from
the correlation coefficient table given by Bevington
(Réf. 13) and the F-test as described by Stoodley et
al (Réf. 14). An early version of this study has been
presented in a previous paper (Réf. 15) for a subset
of the present data set (79 events, with the AE index
being available only until June 1986 at that time).
That earlier work has been extended by including
six more months of AE index values. The results are
essentially the same; the F-ratio and the correlation
coefficient for the O+ fit are considerably higher in
the present study, confirming our early suggestions.

We also looked for correlation of the ion energy den-
sity with the AL and the A17 index (not shown here),
which represent the eastward and westward electro-
jet intensity respectively (e.g. Réf. 16). The results
were the same as for the AE index: the indice»- corre-
lated best with the O+ energy density (r = 0.74 for
AL1 r = 0.54 for AU) and worse with the He++ en-
ergy density (r < 0.21 for both indices). Hence, the
O+ energy density correlated best with the westward
electrojet intensity (AL index) and with the overall
electrojet activity (AE index). Note that most of the
changes in AE during expansion phase are from large
changes in AL, caused by enhanced currents in the
westward electrojet.

A qualitative extension of our early work is the dis-
cussion on the relation of the particle energization
to the growth phase disturbances in the ionosphere.
Both electrojets intensify during growth phase, the
eastward electrojet, however, more than the west-
ward electrojet (which actually exhibits large intensi-
fications mainly during expansion phase). We exam-
ined the dependence of particle energy density upon
the pre-onset (i.e. growth-phase) level of the A U and
the AL index. It is v>ry interesting to note that the
O+ energy density correlates well with the pre-onset
A U index but not with the pre-onset AL index (Fig-
ure 2). This is a strong indication for increased ex-
traction and acceleration of ions from the ionosphere
during the late growth phase, when the increased
earthward convection amplifies the eastward electro-
jet (Refs. 17-19) and, via the internal magnetosphe-
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Ion energy density at substorm expansion-phase
AMPTE/CCE - CHEM spectrometer (99 events)
Exponential fit- b=3.60-10"3, a=0.13, r=0.70, F=91.39

3.0

2.5

£2.0

1
Qia

1.5

1.0-

0.5-

0.0
aOO 400 600 800 1000 1200

<nT)

Ion energy density at substorm expansion-phase
AMPTE/CCE - CHEM spectrometer (99 events)
Exponential fit: b=0.69-UT3, a=4.71, r=0.37, F=IiSO

IB

16

14

(T-
E 12

S

In

10

6

4

2

O
200 400 600 BOO

(nT)
1000 1200

Ion energy density at substorm expansion-phase
AMPTE/CCE - CHEM spectrometer (99 events)
Exponential fit: b=O.BO«10~3, a=0.16, r=OS3, F= 5.48
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Figure 1. Scatter diagrams of the energy density versus the AE index for the major mag-
netospherk ion species H+, O+, He++ and He+ during substorm expansion phase; best
fits of the data points are presented, along with the fit parameters. Clearly ionospheric
origin O+ exhibits a remarrnbly good correlation with AE, while solar wind origin He++ is
uncorrelated with AE. Mixed origin H+ and He+ exhibit an intermediate tendence.

ric dynamo, also the electric potential structures ac-
celerating ionospheric particles (Refs. 20, 21).

The observed remarkable correlation between O+ en-
ergy density and expansion phase AE index (AEexp)

ur-
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Ion energy density at substorm expansion-phase
AMPTE/CCE - CHEM spectrometer (99 events)
Linear fit: b=5.99-lO 3, a= 0.00, r=0.67, F=78.61

Ion energy density at substorm expansion-phase
AMPTE/CCE - CHEM spectrometer (99 events)
Exponential fit: b=1.51«10"3, a=034, r=Q2A, P= 5.70
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Figure 2. Scatter diagrams of the O+ energy density versus the pre-onset A U and AL
index, respectively. There is a. good correlation of O+ with the AU index, white there is no
correlation with the AL index.

I growth phase AU index (AUpre) indicates that
there are acceleration mechanisms operating in the
high-altitude ionosphere which are much more effec-
tive than measurements of upflowing ions have indi-
cated in the past. Ionospheric ions injected into the
near- and mid-magnetotail during late growth phase
and early expansion phase can produce the observed
effect of strong enhancement of the ionospheric-
origin O+ energy density with the increase of AUpre
I AEexp.

We have to point out that the amplification of the
auroral electrojets (high level of A&indices) results
from increased magnetospheric earthward convection
(during both the growth and the expansion phase)
and thus an increased activity of the internal mag-
netospheric dynamo. The internal dynamo is con-
nected with the auroral potential structures above
the ionosphere (Refs. 20, 21), where ionospheric ions
can be accelerated most effectively by e.g. fluctuat-
ing electric fields (Réf. 22). Thus, the enhanced
earthward convection during late growth phase and
early expansion phase of the substorms can promote
feeding of the near-Earth magnetotail with energetic
ionospheric ions, which can effectively influence sub-
storm dynamics (e.g. Réf. 23).

4. CONCLUSIONS

We presented the observed correlations between the
energy density of the major magnetospheric ions in
the near-Earth magnetotail with the AE indices dur-
ing substorms. The results are interpreted as a result
of solar wind - magnetosphere - ionosphere coupling
through the (internal) magnetospheric dynamo: we
suggest that the ionosphere responds to the increased
activity of the internal dynamo (which is due to the
high solar wind input) by feeding the near-Earth
magnetotail with energetic ionospheric ions during
late growth phase and expansion phase, thus influ-
encing substorm dynamics.

It is well known that the earthward plasma con-
vection is sustained by energy input from the so-
lar wind to the magnetosphere. Southward IMF
leads to increased energy input and creates an inter-
planetary dawn-to-dusk electric field which strength-
ens the cross-tail electric field of the magnetosphere.
During periods of enhanced dawn-to-dusk cross-tail
electric field (which actually drives the convection),
the earthward convection is enhanced (Réf. 17). The
activity of the internal magnetospheric dynamo rises,
leading to the buildup of the auroral potential struc-
ture and the intensification of field-aligned currents,
Pedersen currents and auroral electrojets in the iono-
sphere (Refs. 21, 24).

Hence, the intensification of the auroral electrojets



and the buildup of the auroral potential structure
are both indirect effects of the solar wind - magneto-
sphere coupling. Our suggested iesponse of the iono-
sphere to the enhanced earthward convection may be
regarded as the third link in the solar wind - magne-
tosphere - ionosphere coupling. The ionosphere takes
actively part to the process of the magnetospheric
substorm by means of increased outflow of more or
less energetic ions, at times of enhanced earthward
plasma convection; it should no more be regarded as
being only a sink for the substorm products (ener-
gized particles) or a source of cold ions for the far
magnetotail.
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