Ann. Geophysicae 13, 494-504 (1995)

© EGS - Springer-Verlag 1995

5.

Energy dissipation during a small substorm

A. Belehaki', H. Mavromichalaki?, D. V. Sarafopoulos®, E. T. Sarris'-3
! Institute of lonospheric and Space Research, National Observatory of Athens, Lofos Nymphon, Thission PO Box 20048,

11810 Athens, Greece

% Nuclear and Particle Physics Section, Physics Department, University of Athens, Solonos 104, 10680 Athens, Greece
> Demokritos University of Thrace, Department of Electrical Engineering, 67100 Xanthi, Greece

Received: 16 July 1992/Revised: 11 February 1994/Accepted 16 September 1994

Abstract., The relative importance of the two most like-
ly modes of input energy dissipation during the siib-
storm of 8 May 1986, with an onset at 12:15 UT

" (CDAW 9E event), is examined here. The combination
of data from the interplanetary medium, the magneto-
tail and the ground allowed us, first of all, to establish
the sequence of phenomena which compose this sub-
storm. In order to. calculate the magnetospheric
energetics we have improved the Akasofu model, by
adding two more terms for the total magnetospheric
output energy. The first one represents the energy
consumed for the substorm current wedge trans-
formation, supplied by the asymmetric ring current.
This was found to be 39% of the solar wind energy
entering the magnetosphere from the start of the
growth phase up to the end of the expansion phase.
The second term represents the energy stored in the tail
or returned to the solar wind. Our results suggest that
the substorm leaves the magnetosphere in a lower
energy state, since, according to our calculations,
23% of the energy that entered the magnetosphere
during the whole disturbance was returned back to the
solar wind. Finally, it is interesting to note that during
the growth phase the driven system grow considerably,
consuming 36% of the solar wind energy which entered
the magnetosphere during this early phase of the
substorm.

1 Introduction

The magnetosphere is a magnetohydrodynamic (MHD)
dynamo which converts solar wind energy into electric
current energy. The cross-tail current in the magnetotail is
a resistive portion of the current solenoids driven by the
MHD dynamo (Alfven, 1981). Since the substorm auroral
electrojets are linked with magnetospheric currents, the
near-Earth portion of the cross-tail current is interrupted
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and diverted into the ionosphere at the onset of magneto-
spheric substorms. At the synchronous distance and in the
near-Earth magnetotail near the equatorial plane, mag-
netic field observations have indicated that the magneto-
sphere relaxes to a more dipolar field configuration during
substorm expansion (McPherron et al., 1973; Lui, 1978;
Fairfield et al,, 1981; Kaufmann, 1987).

The energy that triggers the whole disturbance of
a magnetospheric substorm is provided by the solar wind.
Perreault and Akasofu (1978) have suggested an empirical
formula which describes the input energy as a function of
the interplanetary medium parameters. This formula has
been used by many researchers to measure the input solar
wind energy. Akasofu (1980) has studied the processes of
energy input during magnetic storms. His results sup-
ported the idea that solar wind energy is directly con-
verted into storm energy without intervening storage in
the tail. The processes of direct input is probably impor-
tant on longer time scales and during magnetic storms.
Pytte et al. (1978) have distinguished between sudden
onset substorms and periods of direct conversion of solar
wind energy. Fairfield et al. (1981) in a detailed analysis
have confirmed the importance of the magnetotail in
supplying energy for sudden onset substorms. On the
other hand they have noted cases of increasing tail energy
density during some disturbances which indicate that di-
rect dissipation, in the ionosphere, of solar wind energy is
another mode of input. However, the direct mode of input
cannot explain the explosive dissipation of energy at sub-
storm onset.

Rostoker et al. (1987) have distinguished three physical
processes in substorm disturbances: the driven process,
the storage process and the release process. The driven
process involves the direct deposition of energy in the
inner magnetosphere and the dissipation of energy into
the auroral ionosphere. The storage process involves the
loading of the input energy into the magnetotail. The
release process involves the sudden release (i.e. unloading)
of the energy previously stored in the tail and its sub-
sequent dissipation in the auroral ionosphere or injection
back to the solar wind.
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Fig. 1. Time plots of the 1-min values of the auroral electrojet
indices AL, AU, AO and AE for the substorm of 8 May 1986
between 09:00 UT and 18:00 UT

The aim of this work is to study substorm energy
transformation modes and to determine the relative mag-
nitude of the competing processes during a substorm of
weak solar wind coupling (i.e. low input power) with onset
at 12:15 UT on 8 May 1986. This event has previously
been studied as part of CDAW 9E. McPherron et al.
(1990) and McPherron (1991) presented a correlation
study between ground observations and magnetotail data.
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They concluded that there is evidence of a near-Earth
neutral line formation and established that the CDAW 9E
event is a typical example of close correlation between
phenomena on the Earth’s surface and the near-magneto-
tail plasma sheet. The same conclusion was reported by
Saifudinova et al. (1992, and references therein), using the
magnetogram inversion technique (MIT) to calculate
various electrodynamic parameters of the Earth’s mag-
netosphere. Mavromichalaki and Belehaki (1993) have
analysed the magnetospheric energy budget during this
event, using both the models of Akasofu (1981) and that of
Vasyliunas (1987), taking into consideration the energy
variations in the magnetotail. They concluded that the
driven system increased considerably while a weaker un-
loading event was superposed at the onset of the expan-
sion phase.

The model which we follow in this paper is based on
the Akasofu method (1981) of computing the magneto-
spheric energy budget. In order to fit the Akasofu equa-
tions to the CDWA 9E event, which is an isolated sub-
storm of weak solar wind coupling, we introduce some
necessary corrections to estimate the symmetric ring cur-
rent injection rate. Moreover, we propose an empirical
formula for the rate of energy dissipation in the substorm
current wedge formation (supplied by the asymmetric ring
current) and for the rate of energy return from the mag-
netosphere to the solar wind.

2 Ground signatures
2.1 Auroral electrojet indices

The auroral electrojet indices data used here were ob-
tained from the 1-min values of the H-component from
11 geomagnetic stations located along the auroral
oval. These data were provided by the WDC-C2 Center
for Geomagnetism and are part of the PROMIS data
base.

Table 1. The coordinates of the magnetic observatories referred to in this study

Station Abbreviation Geographic coordinates Geomagnetic coordinates
Latitude Longitude Latitude Longitude
(degrees) (degrees)
Baker Lake BLC 64.4 264.0 72.9 318.7
Inuwik INK 68.3 226.7 70.9 264.8
Yellowknife YEK 62.4 245.6 69.6 294.1
Barrow BRW 71.3 203.3 71.7 236.0
Fort Simpson FSP 61.7 238.8 68.2 2911
Fort Smith FSM 60.0 248.0 67.4 298.9
Fort Yukon FYU 66.6 214.7 69.2 253.8
College COL 64.9 2120 66.9 2529
Meanook MEA 54.6 246.7 61.9 299.6
Anchorage ANC 61.2 210.1 633 254.0
Sitka SIT 57.1 224.7 61.6 272.6
Tucson TUuC 323 249.2 399 3114
San Juan SJIG 18.1 2939 29.6 3.1
Kakioka KAK 36.2 140.2 26.0 206.0
Honolulu HON 21.3 202.0 21.1 266.5
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Fig. 2a. Time plots of the 1-min values of the X- or H-components (left), D-component (center) and Z-component (right) from the
observatories Baker Lake, Barrow, College and Anchorage located in the low polar cap and in the auroral oval. b Time plots of the 1-min
values of the H-component (left) and of the D-component (right) from the low-latitude observatories San Juan, Tucson, Honolulu and

Kakioka

The variations in the AE- and AO-indices from 09:00 UT
to 18:00 UT on 8 May 1986 are given in the top panel of
Fig. 1, whilst the variations in the AL- and AU-indi-
ces are shown in the lower panel of the same figure. A
first decrease in the AL-index is clearly observed around
11:30 UT, but at 12:15 UT a second sharp decrease is
detected.

2.2 Ground magnetograms

To obtain a picture of the substorm signature on the
ground we have examined the ground magnetograms
from the auroral oval, polar cap and low-latitude stations.
These data are also part of the PROMIS data base. The
geographic and the geomagnetic coordinates of the sta-
tions used here are given in Table 1. The time plots of the
geomagnetic field H-, D-, and Z-components from four

selected auroral oval and polar cap stations are presented
in Fig. 2a. The time plots of the H- and D-components
from the low-latitude stations are presented in Fig. 2b,
since the Z-component at low-latitude is negligible.

From the magnetograms of the auroral observatories
Anchorage and College (Fig. 2a, left panel), we can ob-
serve, prior to the main substorm an initial variation in
the H-component between 11:15 UT and 12:15 UT. The
magnetogram of the H-component from College shows
two successive excursions at 11:40 UT and 11:52 UT
(indicated with arrows in Fig. 2a), which occur before the
main onset. These events may be characterised as
pseudobreakups that occur during the growth phase of
the substorm. Note that the H-component magneto-
gram from Barrow, which is a low polar cup station, does
not show any initial variation between 11:15 UT and
12:15 UT, although a very large negative bay appeared
after 12:15 UT.
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Fig. 3. The latitudinal profiles of the H-component variations along
the chain of the stations noted in the top panel at several time epochs
of the substorm occurred on 8 May 1986

The latitudinal profile of the H-component at various
times in the substorm and the total current of the west-
ward electrojet flowing across the chain of the high-lati-
tude stations of Table 1 is presented in Fig. 3. The current
intensity was calculated using Ampere’s law, assuming
that the horizontal magnetic variation is produced by an
overhead electric current. The maximum value of the
westward electrojet current at the expansion phase is in
the order of 10% A. This is about one order of magnitude
smaller than that for typical substorms (Kamide and
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Akasofu, 1974). The center of the electrojet shifts equator-
ward as the total current intensity increases (Fig. 3 see the
three last panels). There is also a tendency for the latitudi-
nal width to increase for greater values of the current
intensity (compare in Fig. 3 the profiles at 12:15 UT, 12:40
UTand 13:15UT). From 12:40 UT to 13:15 UT, where the
AE-index reaches a maximum, the intensity of the west-
ward electrojet is also maximized. This demonstrates that
the westward electrojet intensity is proportional to the
AE-index. After 13:30 UT the current intensity decreased,
which means that the substorm recovery had started, and
it was accompanied by the poleward shifting of the west-
ward electrojet.

For the low-latitude station magnetograms, plotted in
Fig. 2b, the positive variations detected in the H-compon-
ent are due to the integrated effects of the substorm
current wedge (Kokubun and McPherron, 1981).
Each positive H-bay is accompanied by a westward
deflection of the field (negative D perturbation) at
the Honolulu and Tucson stations. This indicates that
both stations were east of the center of the current wedge
(Rostoker et al.,, 1980) in a region where the net field-
aligned current (FAC) was earthward (Nagai, 1982),
that is in the postmidnight sector. In contrast, the
eastward deflection of the field (positive D perturbation)
at Kakioka indicates that the observatory was to the
west of the western edge of the substorm-disturbed
region. The San Juan observatory was located in the
dayside magnetosphere and so was not affected by the
FAC.

3 Interplanetary medium data

The interplanetary magnetic field and the solar wind
plasma measurements were obtained from the IMP-8
spacecraft which was launched in a circular geocentric
orbit of &35 Rg in October 1973. The magnetic field data
have a time resolution of 15.336 s, whilst the plasma data
represent averages of 1min. IMP-8 was located at
Xse = 37Rg and Yse = 4R, at 11:00 UT. This results in
an estimated time delay equal to (7 + 2) min between the
IMP-8 and the Earth’s magnetosphere (the solar wind
bulk speed has been taken as equal to 420 kms™!).
Time plots of these interplanetary data are presented in
Fig. 4.

After an interval of variable but mostly northward
direction, the IMF returns to a southward orientation at
11:13 UT. From Fig. 4 it is obvious that this was asso-
ciated with a large discontinuity which is apparent in the
other two components of the interplanetary magnetic field
(IMF). The sudden northward turning of the IMF Bz-
component at 11:35 UT may have triggered the initial
intensification of the westward electrojet denoted by the
preliminary decrease of the H-component at some auroral
observatories. Nevertheless, the southward turning of the
IMF does not appear to have produced the main onset of
the expansion phase, since this occurred at 11:13 UT,
whilst the expansion onset occurred at 12:15 UT (i.e. the
growth phase lasts aimost 1 h).
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Fig. 4. The solar wind dynamic pressure, bulk speed V, the B,-, B,-,
and B,-components in SE coordinates and the IMF magnitude B,
for the period between 09:00 UT and 18:00 UT of 8 May 1986
measured by IMP-8 spacecraft

4 Magnetotail morphology

Significant changes occur in the near-Earth magnetotail
during a magnetospheric substorm. McPherron et al.
{1973) found that during substorms there are very large
changes in the magnetic field configuration in this region.
These changes are systematically related to the onset of
the expansion phase identified with ground magneto-
grams. During the growth phase the magnitude of the tail
field increases and its orientation becomes more tail-like.
In the expansion phase the magnitude decreases and the
field orientation becomes more dipolar. These changes
suggest that energy stored in the tail during the growth
phase is released in the expansion phase, leaving the tail in
a lower energy state after the substorm (Fairfield and
Ness, 1970).

In order to study the state of the tail prior to or during
the early phases of the substorm examined here, we have
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Fig. 5a—e. Time plots of the B,-, B,-, B,-components and of the
magnitude By of the tail magnetic field, measured by ISEE-1 space-
craft in SM coordinates for the substorm examined here, together
with the variations of the angle ¢ as determined in the text

used the particle flux data and the magnetic field data
measured from the ISEE-1 spacecraft. ISEE-1 was laun-
ched on 22 October 1977 into a highly elliptical orbit.
Measurements of the magnetic field were provided by the
UCLA fluxgate magnetometer on ISEE-1 (Russell, 1978).

The three components Bx, By and Bz of the tail mag-
netic field in solar magnetospheric coordinates (SM), to-
gether with the total field magnitude By, are shown in
panels a, b, c and d, respectively of Fig. 5. The times of
southward turning and of the onset are marked on Fig. 5.
ISEE-1 was located south of the neutral sheet since
Bx < 0. The effect of the total field magnitude decrease
detected from 12:40 UT to 13:15 UT is primarily due to
the large decrease in |Bx| component. This was first re-
ported by Camidge and Rostoker (1970) to be the pre-
dominant effect on the tail in substorm disturbances.
During the growth phase of the substorm in the magneto-
tail, between 11:20 UT and 12:15 UT, the Bz-component
of the tail field shows some variation near zero and just
before the expansion onset, Bz was almost zero. At this
time |Bx| was larger than 25y. Consequently, the field
orientation was essentially parallel to the neutral sheet.
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Fig. 6. The 6-keV electron flux measured by ISEE-1 spacecraft with
a 4-s resolution, for the period examined here

Such an orientation is typical for the tail lobe or plasma
sheet boundary layer. The start of the increase in the
Bz-component and the decrease in |Bx| appear to be
associated with the onset of the expansion phase at
12:15 UT. These changes indicate a rapid rotation of the
field from tail-like to a more dipole-like configuration.
Therefore, in order to determine more precisely the time of
rotation of the field from a tail-like to a more dipole-like
shape, we plotted the angle ¢, which is the angle between
the projection of the field’s vector in the XZ-plane and the
equatorial plane. The time plot of the angle ¢ is shown in
Fig. Se. It is obvious that just after the expansion onset
the magnitude of the angle ¢ starts to increase which
means that the field rotates to a more dipolar configura-
tion. This angle becomes generally small during substorm
growth and is almost zero for some minutes before the
onset. This means that just before the onset the field’s
configuration was extremely tail-like. At 12:40 UT, when
the AE-index obtained its maximum value, By began
a rapid decrease lasting until 13:15 UT. This decrease was
accompanied by a rapid increase in the Bz-component of
the tail field.

The low-energy 6-keV electron flux data plotted in
Fig. 6 were obtained by the particle detector of Anderson
et al. (1978) on ISEE-1 (the Berkeley-Seattle-Toulouse
experiment). The detector looks southward parallel to the
satellite spain axis (i.e. normal to the ecliptic plane). These
electrons are representative of the plasma sheet plasma
and the plot is particularly useful in identifying the
dropout and recovery of the plasma sheet (beyond 12-15
Rg), which often marks the occurrence of substorms. At
11:30 UT, ISEE-1 was located south of the neutral sheet at
X = — 20 Rg at 23:30 LT. The electron flux data (Fig. 6)
indicate that ISEE-1 was initially located in the plasma
sheet boundary layer since the energy flux was greater
than 108 keV~™'cm ™ 2sr™'s™! and Bx < 0. The plasma
sheet dropout at 6 keV began at 12:12 UT. At 12:22 UT
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the plasma sheet vanished, leaving the spacecraft in the
south lobe. The plasma sheet remained very thin for about
30 min, whilst negative magnetic bays persisted at auroral
latitudes. At 12:52 UT the plasma sheet began expanding
over the spacecralt which after this time had therefore
returned to the central plasma sheet.

The major substorm intensification took place at
12:40 UT (Figs. 1 and 2) when the auroral electrojets are
thought to be fed by the disrupted cross-tail current. The
negative magnetic bays at auroral latitudes started to
recover after the plasma sheet thickening, and bays at low
polar cap latitudes begin to appear as shown, for example,
by the X-magnetogram of the Baker Lake (BLC) station
presented in Fig. 2a. This is due to the poleward shifting of
the westward electrojet. This effect probably results from
the initiation of the field line merging at a new location in
the magnetotail, far beyond the ISEE-1 position (Hones et
al., 1973). All these elements provide a clear example of the
close correlation between phenomena on the Earth’s sur-
face and the near-magnetotail’s plasma sheet, as has also
been reported by McPherron (1991) and McPherron et al.
(1990).

In summary, the sequence of the phenomena which
compose this substorm have been established as follows.

The beginning of the growth phase in the tail corre-
sponds closely to the appearance of a southward compo-
nent of the interplanetary magnetic field (IMF). This
reaches the magnetopause at 11:20 UT and it is detected
at IMP-8 position at 11:13 UT. Just before the expansion
onset ISEE-1, at 20 Rg downstream, detects (a) an in-
crease of the field magnitude in the lobe of the tail, (b) a
decrease in Bz-component of the tail field, (c) the develop-
ment of a tail-like field configuration and (d) a thinningin
the plasma sheet.

Immediately after the onset of the expansion phase
the magnitude of the angle ¢ began to decrease and the
field started to rotate slowly to a more dipole-like
configuration.

5 Energy consideration for the 8 May 1986 substorm

In order to determine the mechanisms by which the en-
ergy input is dissipated in the magnetosphere, we have
studied the energy budget of the magnetosphere during
this isolated substorm. In the following, we assume that
the rate of the solar wind energy input into the magneto-
sphere 1s expressed by the solar wind-magnetosphere
coupling parameter ¢, proposed by Perreault and Akasofu
(1978):

0
g = V-Bz-s'm4<§>-lf, ergs !, (N

where, B is the magnitude of the IMF, V is the solar wind
bulk speed, 6 is given by tan™' (B,/B,) or by the angle’s
supplement for B, < 0 and /2 is an eflective cross-sectional
area ol the magnetosphere, where [, denotes the linear
dimension of the cross-sectional area. Kan and Akasofu
(1974) showed that the value of the distance I, can only be
appreciably aflected during periods when IMF has an
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extraordinarily large southward component. In cases of
weak solar wind-magnetosphere coupling, the distance [,
can be considered constant as a first approximation. As to
the numerical value of /,, this has been chosen by Akasofu
(1981) to be equal to 7 Earth radii (Rg) and corresponds to
the combination of Ry = 2ry and Lt ~ 8ry, where Ry is
the radius of the tail, Ly is the effective width of the tail
current sheet and ry is the geocentric distance of the
neutral line. We consider the value of 7R for the [, to be
a reasonable order of magnitude. Moreover, to our know-
ledge a value for [; greater than 8R has never been used in
the literature.

The energy input is not immediately dissipated within
the ionosphere and experiences a series of transforma-
tions. Following the Akasofu model (Akasofu, 1981), the
magnetosphere dissipates the input solar wind energy into
the ionosphere and the symmetric ring current with the
driven process. So, the total energy consumption rate of
the magnetosphere, Uy, 1s given by the sum of the kinetic
power of the auroral particles U,, being lost in the iono-
sphere due to the collision, of the Joule heating Uy, asso-
ciated with electric current flow in the resistive ionosphere
and of the rate of injection of energy in the ring currents
Ugc, flowing the magnetospheric equatorial plane and the
neutral sheet, given by the equations:

Uy = AEx 10'3, ergs™?, (2)

U =2x10*3 AE, ergs™’, (3)
dD D,

URC=4><102°<—S‘+——S>, ergs” !, 4
dt T,

where 7, is the lifetime of the symmetric ring current
particles. So, we can write

U‘r = UA + U] + URC' (5)

In the present study, we try to determine a more realis-
tic function for the output magnetospheric energy Us.
Thus we introduce the following improvements to the
Akasofu (1981) model (Eq. 5).

Firstly, we assume that during the whole process the
lifetime of the symmetric ring current particles remains
constant. Indeed, Zwickl et al. (1987) have shown that
when 1, is a multistep [unction of ¢, the output energy Uy
contains some unphysical step-like changes, whenever
a new 7, step is encountered. When 7, is a continuous
function of ¢, the energy Uy shows a very obvious correla-
tion with ¢, and therefore it is not surprising that Ut and
¢ are highly correlated in Akasofu’s (1981) study. Uy de-
rived with a constant t, shows no evident correlation. The
substorm examined here is produced by weak solar wind
coupling (D, > — 307y,& < 10*® ergs™ "), therelore we can
set the time 7, equal to 20 h, since Akasofu’s theory pre-
dicts the same value for the lifetime of the ring current
particles when ¢ < 10'® ergs ! (Akasofu, 1981).

Moreover, in order to compute the symmetric ring
current energy injection rate in the Akasofu’s empirical
formula (Akasofu, 1981), we have substituted the disturb-
ed values of the H-component from the San Juan obser-
vatory for the Dy, index. This observatory is a low-latitude
station located in the dayside magnetosphere (07:00 LT) at
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the expansion onset of this event. Therefore, San Juan is
primarily subjected to the symmetric ring current re-
sponse. This substitution provides us with a high-resolu-
tion proxy for Dy, as long as San Juan is not affected by the
asymmetric ring current.

According to the above-mentioned improvements, the
ring current energy injection rate (Eq. 4) can be corrected
using the following equation:
URC=4x102°(d—H9+ﬂ), ergs” !, (6)

dt T4
where Hp, (for dayside) denotes the 1-min values of the
pressure-corrected disturbed values of the H-component
from the San Juan observatory defined by Burton et al.
(1975):

Hyp = |Hp| — Hp(P),
where
Hp(P) = aPV? — b,

with a = 02nT/(eVem ™32, b =20nT, P is the solar
wind dynamic pressure presented in the top panel of Fig. 4
and Hp the disturbed values of the H-component from the
San Juan observatory.

Our next improvement concerns. the tail energy vari-
ations. As we have shown in the previous section, the
magnetosphere evolves from tail-like to a dipolar-like
configuration after the onset of the expansion phase. The
dipolarization of the field is due to the cross-tail current
disruption which drives the FAC. The Honolulu magnetic
observatory is subjected to the magnetic field of both the
symmetric and asymmetric ring current, as it was located
at 01:00 LT at the onset of the expansion phase of this
event. The asymmetric ring current is part of an outer ring
current whose nightside portion forms part of the cross-
tail current in the magnetotail. At the onset of the expan-
sion phase, the energy previously stored in the asymmetric
ring current is dissipated in the formation of the substorm
current wedge. Therefore, in order to estimate the energy
consumption rate in the inner magnetosphere, as supplied
by the asymmetric ring current, the following equation
may be used:

Ugcas = 4 x 10%° dHy dHp Hy Hp , ergs %,
’ dt dt Ta T,

(7)

where, 7, is the mean lifetime of the particles which
compose the asymmetric ring current, taken as equal to
2 h (Clauer et al., 1983) and Hy denotes the 1-min disturb-
ed values of the H-component from the Honolulu obser-
vatory multiplied by a correction factor equal to 2/3. This
factor accounts for the effect of an induced current within
the Earth’s interior, i.e. we have assumed that the contri-
bution from the ionospheric current to the observed
geomagnetic perturbation is twice that of the current
flowing above the Earth (Kamide and Akasofu, 1974;
Rostoker, 1991, personal communication).

Finally, it is known that the tail energy changes during
a substorm disturbance. Fairfield et al. (1981) have con-
firmed the importance of the tail storage in producing



A. Belehaki e al.: Energy dissipation during a small substorm

4 LARRRSRRRRRE :llll HARNRRRRRSRRRRRY RRARRA RARASE ARRRA
. WJ‘M
1 1 1
a (0] o 4 3
=< ! 4
< 2
T M
b e}
# P2
S5 24 MN
c O e ps
g 27 ]
o .
0 T i
. 4
g 47
&
o) - 2- /\
e CO | ey A TN
) +
@
O -
5 J
S5 4
2
B ,/\A\n—f\/
£ o4 3
0 N TN
A AN VA
3 o
D -
-4
-6 AL LU UL LU L AL LT LLRLAL LU L) AR ELAL LIS LLLAALLRR ALY AL LA LLLLLELLLAES
g 9 10 1" 12 13 14 15 16 17 18

UT(h)

Fig. 7a-g. The time plots of the power functions ¢, U, U,, Uge,
Ugc. ass U, and Uyy estimated for the event studied here, com-
puted according to Egs. (1), (2), (3), (6), (7), (9) and (8), respectively,
assuming that the tail cross-section is equal to (7Rg)?

substorms. Whether the tail energy increases or decreases
will depend on the relative magnitude of the two compet-
ing processes, that is the storage process and the unload-
ing process. Therefore, in order to have a measure of the
amount of energy stored or released [rom the tail, Uy, we
have substracted the sum of the values Uy, U;, Ugc, and
Ugc.as from the corresponding values of the input energy ¢,
using a time delay 74 equal to 7 min (see the section about
the interplanetary medium data):

Unr(t) = &(t — 14) — Uin(1), (8)
where
Una(t) = Ua(t) + Us(t) + Ugcl(t) + Ugc.aslt). 9)

The time plots of the energy rate functions ¢, U,, U,
Urc, Urc.as and Uyy estimated for the event examined
here are given in Fig. 7. The southward turning of the
IMF at 11:13 UT results in the immediate increase of the
energy input &. At 11:20 UT the energy that remains in the
magnetotail increases, i.e. the input solar wind energy is
immediately stored in the tail. This storage can be thought
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of as applying both to the magnetotail currents and to the
asymmetric current. This is in accordance with our real
data (Fig. 5e), as during the growth phase the angle ¢
takes very small values, which means that the magneto-
sphere is close to a tail-like configuration and therefore
the power Uyr which is stored in the tail goes into the
cross-tail currents enhancement. However, after 11:35 UT,
the energy dissipation rates U, and U,, presented in
Fig. 7b and c respectively, are slowly increased, indicating
that a part of the input energy has been converted directly
into driving the auroral electrojets.

In summary, from the start of the substorm at 11:13 UT
until 11:35 UT, the input solar wind energy is stored
directly into the tail. From 11:35 UT to 12:15 UT, a part of
the input energy is dissipated from growth of the driven
system, whilst the rest of the input energy is stored con-
tinuously into the tail.

At 12:15 UT the energy stored in the tail during the
growth phase was dissipated explosively in the inner mag-
netosphere-ionosphere according to the following
sequence. First of all, the Ugcas energy rate increased
sharply immediately after the onset, indicating the activa-
tion of substorm current wedges in the midnight sector.
The U, and U, energy rates increased more rapidly after
12:15 UT, indicating that from this moment the auroral
electrojets are fed by the FAC. This explosive dissipation
of the tail energy shows that the unloading process is the
dominant mode of energy dissipation at the expansion
onset. Finally, we must note that the symmetric ring
current injection rate Ugc was not considerable since the
level of the Ugc after the onset did not exceed the Uyc level
during the quiet period before the growth phase. This is
expected since the magnetosphere was in the recovery
phase of a large magnetic storm initiated on 6 May 1986
at ~04:00 UT. The energy deposited into the symmetric
ring current during this episode (for which power input
from the solar wind to the magnetosphere was very large)
was dissipated in the magnetosphere by the end of the day
prior to that studied here (i.e. the end of 7 May 1986).

In order to have a more quantitative view of the energy
balance, we have computed the time integrals of the en-
ergy rates whose time plots appeared in Fig. 7. During the
growth phase we estimate that 64% of the input energy
(5.8 x 10%! erg) was stored in the tail, while 36% was used
for growth of the driven system electrojets. This fact sup-
ports the idea that the tail is an important source of the
energy that triggers the substorm expansion onset. At the
expansion onset, the energy released from the asymmetric
ring current increases drastically and we estimated that at
the end of the expansion phase the total energy released
from the asymmetric ring current is equal to
5.5 x 102! erg. This represents 39% of the total solar wind
energy entering the magnetosphere from the beginning of
the substorm to the end of the expansion phase. More-
over, from the time integral of the term Uyr, we estimated
that the total energy ejected [rom the tail back to the solar
wind during the whole disturbance was equal to
5.8 x 10%! erg, which represents 23% of the total input
solar wind energy during the substorm interval. It should
be remembered that throughout our analysis we have
assumed that the cross-sectional area of the magnetotail
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Fig. 8. The plot of the net energy remaining in the tail alter the end
of the substorm versus the tail cross-section. Note that for
12 = (9.4 Rg)? the substorm returns the magnetosphere to its initial
energy state

lo? remains constant at (7Rg)? during the whole substorm
disturbance. Based on this assumption, we concluded that
the substorm leaves the magnetosphere in a lower energy
state. To test how the choice of this particular value for the
lo? parameter affects the above conclusion, we repeated
our calculations for four other area factors. In Fig. 8, we
present the plot of the net energy remaining in the tail
versus different area factors lo?. From this plot we esti-
mate that lo? should be equal to (9.4 Rg)? for the magneto-
sphere to return to its original state after the substorm is
over. For values smaller than this, the magnetosphere is
found to be in a lower energy state at the end of the
substorm. We consider the numerical value of 9.4 Rg for [,
as very large since it represents the 180% of the original
value of the tail cross section, proposed by Akasofu (1981)
and extensively used in the literature to date.

For the above reasons, we think that our conclusion
that the magnetosphere ends up in a lower energy state
after this substorm is not artificial and does not originate
from the adoption of a particular numerical value for the
area factor.

6 Discussion and summary

During substorm disturbances the magnetotail experien-
ces dynamic changes. It is agreed that the most dramatic
portion of a magnetospheric substorm occurs at the onset
of the expansion phase when the cross-tail currents are
diverted through the auroral ionosphere. This explosive
dissipation of substorm energy at the expansion onset is
a consequence of the release of tail energy stored during
the growth phase.

In this work, we have generally regarded the magneto-
tail as an energy reservoir, whose input is controlled by
the IMF and (rom which energy is lost to the ionosphere,
to the inner magnetosphere and perhaps to the solar wind.
A southward IMF enhances the role of input solar wind
energy to the magnetotail. During the growth phase the
tail size increases and this is manifested in the ionosphere
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as an equatorward movement of the polar boundary, as
shown in Fig. 3. Throughout this analysis we assumed
that the cross-sectional area of the magnetotail is equal to
(7Rg)?, as originally proposed by Akasofu (1981). The tail
magnetic field shows a more stressed configuration, as is
obvious from the variations of the angle ¢ (Fig. Se). These
changes reflect the build-up of a strong cross-tail current
in the midnight sector, detected at 20 R downstream. The
same [eature has been observed to occur during the
growth phase in the near-Earth region, typically at 7 to
15 Rg downstream (Hones et al., 1984; Lopez and Lui,
1990; Lui et al., 1988; Sauvaud and Winckler, 1980). This
may be due to the predominance of the parallel compon-
ent of the pressure and the increase in the field curvature
as suggested by Kauflman (1987) and by Lui et al. (1988).

The enhanced dynamo during the growth phase
(Fig. 7a), described by the parameter ¢ must increase both
the cross-tail current and the region 1 FAC. This gives rise
to pre-break-up auroral arcs (Lui, 1991), clearly observed
during this substorm at the College observatory at 11:40 UT
and at 11:52 UT. At the onset of the expansion phase the
strong cross-tail current, produced during the growth
phase, is suddenly drastically reduced. The diverted cur-
rent flows along the pre-existing auroral arcs because they
provide better conductivity channels. Auroral break-up
probably occurs on one of the pre-existing arcs. In the
longitudinal sector of the break-up, the removal of the
intense cross-tail current and the creation of a loop
through the ionosphere cause a sudden relaxation of
a stretched magnetic field. This produces an earthward
convection surge, whereby the stretched magnetic field
line becomes more dipolar-like (Lui, 1991). It is interesting
to note that our model shows with good time resolution
that the energy released from the asymmetric ring current
(computed by the | Ugc.as dt) increases drastically just
alter the expansion onset. Plasma tailward of the current
disruption region is partially evacuated by the convection
surge which results in a rarefaction wave propagating
mainly down the tail at speeds up to the magnetosonic
speed of several hundred kilometres per second (Chao et
al., 1977, Kropotkin, 1972). This leads to a thinning of the
mid-tail plasma sheet (Lui, 1991) observed at 12:15 UT by
ISEE-1 at 20 Rg downstream (Fig. 6).

In order to adjust the Akasofu model to our isolated
substorm with weak solar wind coupling, we have taken
the lifetime 7, of the symmetric ring current particles to be
constant at 20 h during the whole substorm disturbance
(Zwickl et al., 1987). Moreover, by substituting the nor-
malized and pressure-corrected values of the H-compo-
nent disturbance from a low-latitude observatory located
in the dayside magnetosphere for the Dg-index, we have
1isolated the contributions of the symmetric ring current.
The present D,-index, due to the scarcity of stations from
which it 1s computed, cannot distinguish between contri-
butions from the symmetric ring current (containing en-
ergy deposited during the development of the substorm)
and the asymmetric ring current (containing energy which
is eventually deposited during the decay of the driven
system), as was pointed out by Rostoker et al. (1987). Each
of these currents has quite different time constants, with
the decay of the storm-time ring current requiring several
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Fig. 9. The mean energy rate of the functions g, Ugc, Up + U,
Ugc. as and Uyg during the quiet pre-substorm period (Q), the
growth phase (G), the expansion phase (E) and the recovery phase
(R) are shown together with the values of the AL-index for the event
studied here

tens of hours and the decay of the asymmetric ring current
requiring at most 2—4 h.

The third and fourth improvements are the most in-
teresting and concern the calculation of the energy re-
quirements in triggering the several dynamic processes
observed in the magnetotail leading up to and following
the expansion onset. It is important to distinguish the
difference in meaning between the terms Ugc as and Uyt
used in the present model. The integral of the first over
time describes the energy dissipated for the formation of
the substorm current wedge which is supplied by the
asymmetric ring current disruption. The integral of the
second term over time estimates both the energy stored in
the magnetotail during the storage process of the sub-
storm (which consequently is transformed to _[URC‘AS dt
energy during the decay of the driven system) and the
energy which is ejected back to the solar wind during the
release process, that is tailward of the cross-tail current
disruption region.

The mean rate of the power ¢, Ugc, Ua + U, Ugc.as and
Uyr in 108 ergs™! during the quiet period before the
substorm (Q) and during the growth (G), the expansion
(E) and the recovery (R) phase are shown in Fig. 9. Our
calculations were based on the assumption that [, = 7Rg.
The variations in U, + U, Ugc.as and Uyt represent the
unloading component of the magnetospheric response.
The abrupt increase or decrease of the above quantities
during the expansion phase clearly shows the predomi-
nance of the unloading process.

Mavromichalaki and Belehaki (1993) have examined
the energy budget of the same substorm event using the
methods of Akasofu (1981) and Vasyliunas (1987). In
order to determine a better function for the total mag-
netospheric energy output Uy, they estimated the energy
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rate Uyr as the residual of the input power, calculated
from the epsilon parameter, from the sum of the power
dissipated in the ionosphere U, + Uj and the ring current
Ukgc for each minute of this substorm. The Akasofu model
showed that the predominant mode of energy transfer and
dissipation is the directly driven process, whilst a small
amount of the input energy dissipated explosively at the
expansion onset. Nevertheless, application of the Akasofu
method to the real data did not clearly determine unload-
ing events. In contrast, calculation of the magnetospheric
energy budget using the Vasyliunas method (where the
values of the output magnetospheric energy are indepen-
dent of the solar wind energy input ¢), showed more
clearly that the unloading process took place at the onset
of the expansion phase of this substorm. However, the
lifetime of the symmetric ring current particles according
to the Vasyliunas model was too small to fit with the weak
solar-wind-coupling character of this event (¢ <3x
108 ergs ™1, | Dyl < 30 y).

The improved energy function for the total magneto-
spheric output energy proposed in this work has provided
more realistic results in the energy considerations of the
substorm examined.

1. The importance of the magnetotail in supplying the
energy for the sudden onset at 12:15 UT was established.

2. More than one third of the input solar wind energy
was explosively dissipated at 12:15 UT for the diversion of
the cross-tail currents to the ionosphere.

3. The tail energy changed during this substorm. The
rate of energy stored in the tail reached a minimum at
12:40 UT (Fig. 7g) when the ionospheric currents drained
the tail of much of its energy since AE was at a maximum.
Of the total input energy during the event 23% was
returned to the solar wind, indicating that the tail was in
a lower energy state at the end of the substorm expansion.

4, Apart from the two mentioned unloading events,
which occur at the expansion onset, a considerable amount
of energy input was continuously used from 11:35 UT until
12:40 UT for the growth of the directly driven system.

The method presented here estimates the energy cha-
nges in the inner magnetosphere-ionosphere system dur-
ing a magnetospheric substorm. We have made an effort
to define a more appropriate energy function for the
output magnetospheric energy in order to have a more
realistic approach in the description of the energy budget
of the magnetosphere-solarwind system. We expect that
the gross features obtained from this analysis are valid,
since most of them are in accordance with the results ob-
tained [rom the analysis of the magnetotail and ground data.
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