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Storm-time magnetic field variations observed by the ETS-VI satellite
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To study the ring current structure in the inner magnetosphere, we have statistically examined the magnetic field
data acquired by ETS-VI (the Engineering Test Satellite-VI). During a magnetic storm, the Dst index shows a
rapid recovery of its amplitude for about 9 hours on average after the main phase and a subsequent long-lasting slow
recovery. We have investigated this “two-step recovery” of the Dst index by obtaining magnetic field vectors and
calculating the current structure in the inner magnetosphere for each magnetic storm phase determined by the Dst
index. From this study, following results are obtained: (1) Throughout the storm-time, disturbed magnetic fields
exhibit clear day-night asymmetry with strong peak in the nightside. (2) During themain phase, southward perturbed
field components have a relative bump in the nightside region between ∼2000 and ∼0400 MLT and between ∼4.0
and 6.4 RE (geocentric distances in Earth radii). (3) The initial rapid recovery of the Dst index is considerably
influenced by the nightside currents flowing between ∼1800 and ∼0600 MLT and between 5.6 and 7.2 RE. These
currents are thought to be mainly composed of the particles that escape the magnetosphere on the duskside flank,
which are simulated in particle tracing in a realistic magnetosphere.

1. Introduction
One of the most pronounced features during a magnetic

storm is the growth and recovery of the ring current flow-
ing in the inner magnetosphere. When a magnetic storm
occurs, charged particles in the magnetotail are injected by
an increase of the dawn-dusk electric field and form the ring
current flowing mainly in the westward direction. The Dst
index, which indicates ground level worldwide deviations of
the southward geomagnetic field at middle and low latitudes,
shows steep development by the storm-associated growth of
this westward ring current and other magnetospheric cur-
rents such as the cross-tail current. It recovers rapidly in
general after themain phase, and a subsequent gradual recov-
ery follows (Fig. 1). This characteristic, so called “two-step
recovery” of the Dst index, has been attributed to various
loss mechanisms such as the multistep loss of charged parti-
cles caused by the difference of charge exchange lifetimes for
the components of the closed ring current (e.g., Akasofu et
al., 1963; Hamilton et al., 1988), the ion precipitation losses
and so on. Hamilton et al. (1988) showed on the basis of
the AMPTE/CCE particle measurements that the very rapid
initial Dst recovery in the great stormof February 1986 (min-
imum Dst = −312 nT) resulted largely from the rapid loss
of O+ by means of charge exchange in the inner portion of
the ring current (L ∼ 3–5). However, Fok et al. (1995) have
pointed out by using their ring current decaymodel that, con-
sidering the energization of the continuously injected ions,
other loss mechanisms in addition to the charge exchange
losses are required to explain the rapid recovery of the Dst
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index. For instance, Kozyra et al. (1998) recently found that
observed ion precipitation losses was of similar magnitude
to the O+ charge exchange losses during the early recovery
of that great storm.
The results of particle tracing simulation suggest that un-

trapped charged particles which drift around the near-Earth
magnetotail and then escape from the flank of the magne-
topause into the magnetosheath would also affect largely on
the initial rapid recovery of the Dst index (Takahashi and
Iyemori, 1989; Takahashi et al., 1990a,b). We consider that
the contribution of this charged particles flowing nightside
and then escaping from the duskside flank and resultant day-
night asymmetry of the ring current distribution have been
less stressed and should be more thoroughly investigated
in examining the storm-associated property of the Dst in-
dex. Actually, Roelof (1987) reported the presence of strong
noon-midnight asymmetry (ratio >∼20:1) in differential ion
intensity in the ring current region (3.0 < r < 5.0 RE)
during the main phase of a large magnetic storm (minimum
Dst = −241 nT) by using an image of energetic neutral
atoms.
In this study, we have examined the disturbed magnetic

field structure in the inner magnetosphere using the vector
magnetic field data obtained by the ETS-VI satellite near
the equatorial plane in the region between ∼ 3.0 and 7.1
RE (geocentric distances in Earth radii). We will show non-
negligible influence of the nightside currents in the outer ring
current-inner plasma sheet region (5.6 ∼ 7.2RE) on the rapid
recovery of the Dst index.

2. Data
We have used themagnetic field data obtained by the ETS-

VI satellite near the equatorial plane at radial distances from
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Fig. 1. A typical example of the Dst development during the geomagnetic storm on November 26, 1994. Each storm phase is indicated on the panel.

Fig. 2. Successive projections of the ETS-VI orbit on the geomagnetic dipole equatorial plane during the magnetic storms used in the present analysis.
Only the dates and orbits of the first day at which each magnetic storm commenced are shown.
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Fig. 3. Upper panel illustrates the magnetic local time distribution of the observed data-point locations from the dipole magnetic equator, zobs. Vertical bar
represents the standard deviation of zobs distribution at each MLT sector. In the lower panel, the relation between the data-point MLT locations and the
Dst index at the time when observations were done is illustrated with standard deviations.

∼3.0 to 7.1 RE. The ETS-VI satellite had a near equatorial
elliptical orbit with a perigee of 2.3 RE, an apogee of 7.1 RE, a
13.4◦ inclination and a 14.4-hour orbital period, although, at
first, it was intended to have a geosynchronous orbit. The lo-
cation of apogee hadmoved from∼05MLT inOctober 1994,
through midnight, after undergoing one and a half revolution
around the Earth’s dipole axis, to ∼16 MLT in July 1996
(Fig. 2). It covers almost all magnetic local time in the vicin-
ity of the geomagnetic dipole equatorial plane. The ETS-VI
magnetic field experiment includes a magnetometer (MAM)
which consists of a triaxial fluxgate magnetometer mounted
directly on the top of the 3m-height antenna tower (see, Nagai
et al., 1996). Themagnetometer has two switchable dynamic
ranges: Range-L (±65536 nT) and Range-H (±256 nT) with
resolutions 32 nT and 0.125 nT, respectively (a 12-bit A/D
converter is used). High resolution measurements (Range-
H) are carried out over ∼11 hours near apogee (at radial
distances of 5.0 ∼ 7.1 RE, and at −25◦ ∼ 25◦ magnetic
latitudes), and measurements with Range-L mode are con-
ducted near perigee. The time resolution of the magnetome-
ter data is 3 seconds. The spacecraft field was evaluated by
comparingmagnetic fieldmeasurements on geomagnetically
quiet days with the IGRF1990model fields and the empirical
fields produced by the quiet-time magnetospheric currents
(Tsyganenko, 1987; Langel et al., 1981). This spacecraft
field was subtracted from the magnetic field data obtained in
the satellite reference frame.
In this study, field data are presented in the cylindrical

magnetic coordinate system (ρ, φ, z) with the origin at the
center of the Earth. In this coordinate system, the z axis is
antiparallel to the Earth’s dipole, i.e., positive northward, ρ
is orthogonal to z and is contained in the plane parallel to
the geomagnetic equator, pointing radially outward, and the

azimuthal angle φ points positive eastward.
The magnetic field data, from October 26, 1994 to July 5,

1996, cover the 504-day period. To investigate the magnetic
storm-associated disturbances, we have chosen 41 “typical”
magnetic storms having minimum Dst index below −40 nT
(Fig. 2), and then classified them in the four storm phases
using the Dst index: the main phase, the rapid recovery
phase, the recovery phase, and the quiet period (Fig. 1). Here,
“typical” means that the classification of the period into the
four phases is rather easy for the storm. The end of the
recovery phase is determined by using the criterion that both
magnitude and variation of the Dst index reduce to nearly
zero. The period with the Dst index being nearly zero which
is obviously far from the storm periods and lasts at least a
few days was selected as the quiet period. The total time
of each phase period is 345.5, 311, 1613, and 2088 hours
with the average Dst index being −38.0, −49.0, −26.1, and
−3.0 nT, respectively.
To investigatewhether the data at the dayside and nightside

have uniform distribution in Dst activity or not, we have ex-
amined the relation between the data-point locations and the
Dst values at the time when observations were done. Also,
the uniformity of satellite locations from the dipole equato-
rial plane, zobs, has been examined. Figure 3 illustrates MLT
dependence of their distributions with standard deviations
during the main phase. Considerably large standard devia-
tion in the Dst distribution (lower panel) is partly caused by
the fact that the Dst index changes from nearly zero to its
minimum value during the main phase. Although the data
points used in our study are sparse at the dayside during the
main phase (and also during the rapid recovery phase), satel-
lite locations from the equatorial plane are rather uniformly
distributed with their averages near z = 0.5 RE except for
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(a)

Fig. 4. Distributions of magnetic field disturbance on the equatorial plane during the quiet period (top left), the main phase (top right), the rapid recovery
phase (bottom left), and the recovery phase (bottom right). (a) Each vector represents the radial and azimuthal perturbed field components, �Bρ and
�Bφ . (b) The radius of circle (the size of triangle) is proportional to the amplitude of the southward (northward) perturbed field component,−�Bz(�Bz).

9–12 MLT sector. Dst activities also do not have apparent
uneven distribution (in this case, relatively low Dst activity
regions exist around 21–0 and 9–12 MLT sectors). However
there exists rather large difference in each storm scale and
it might cause a limitation of our analysis rather than their
MLT distribution. This should be kept in mind. The MLT
distributions for other phases are fairly uniform, and we omit
to show them here.

3. Magnetic Field Observations
In this study, the ETS-VI magnetic field data from which

the IGRF1990 model fields and the spacecraft field are sub-
tracted are used. We denote these residual magnetic field
components as �Bρ , �Bφ , and �Bz in the cylindrical mag-
netic coordinate system defined here. Figure 4(a) illustrates
the projections of averaged residual magnetic field vectors
on the ρ-φ plane, i.e., each vector represents �Bρ and �Bφ ,
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(b)

Fig. 4. (continued).

for the quiet period (top left), the main phase (top right), the
rapid recovery phase (bottom left), and the recovery phase
(bottom right). The other component,�Bz , is also illustrated
in Fig. 4(b) as a circle or a triangle. The radius of circle (the
size of triangle) is proportional to the amplitude of the south-
ward (northward) perturbed field component, −�Bz(�Bz).
To investigate average storm-associated magnetic field vari-
ations, perturbed field data are firstly divided into and then
averaged within the ρ-φ-z bins of increments of 0.2 RE, 0.2
hour, and 0.2 RE, respectively. In Figs. 4(a) and 4(b) those

averaged values are averaged again in the z direction. There
are almost no data beyond z = −3.0 ∼ 3.0 RE due to the
small inclination (13.4◦) of the satellite orbit, and most of the
data points concentrate within z = −2.0 ∼ 2.0 RE. It should
be noted again that, although the high resolutionmagnetome-
ter data (resolution is 0.125 nT) are available for radial dis-
tances of >∼5 RE, there are only the magnetometer data with
Range-L mode (resolution is 32 nT) below ∼5 RE. Assum-
ing that the magnetospheric currents are flowing parallel to
the geomagnetic equatorial plane and this current structure
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(a)

Fig. 5. The local time distributions of the southward component of perturbed magnetic fields with standard errors, which was observed at the different
geocentric distances near the geomagnetic equator during the main phase (a), rapid recovery phase (b) and recovery phase (c).

has a north-south symmetry with respect to the equatorial
plane, �Bρ and �Bφ above the equatorial plane (in most
cases pointing radially inward) have the polarities opposite
to the ones below the equatorial plane (mostly pointing out-
ward). For the convenience of visualization, the perturbed
fields above the dipole equatorial plane are set to have the
same polarities of the ones below the equatorial plane, i.e.,
the polarities of �Bρ and �Bφ above the equatorial plane
are reversed.
In the panels of the main and the rapid recovery phases

of Figs. 4(a) and 4(b), clear day-night asymmetry of per-
turbed magnetic fields can be seen. It should be noted that
this asymmetry of �B is caused by the sum of the various
magnetospheric current contributions in addition to the ring
current contribution. In particular there are significant con-
tributions to the asymmetry of �Bz from the magnetopause
and the magnetotail currents, and each of them causes the
noon-midnight asymmetry of about 30 nT for �Bz distri-
bution near geosynchronous altitudes (Tsyganenko, 1996).
Although the asymmetry of �Bρ is also influenced by the
field aligned-currents and other current contributions, their
intensities are relatively small (∼ a few nT) (Tsyganenko,

1996) and this asymmetry can be considered to be mainly
caused by the azimuthal currents flowing near the equatorial
plane. This suggests the existence of day-night asymmetry
of the azimuthal currents during the storm time with larger
intensities in the nightside region. During themain phase, the
magnitude of �Bρ near the midnight sector between 5.0 and
7.2 RE are about 8 times greater than the magnitudes around
noon. In order to examine the local time distribution of the
northward component of perturbed magnetic fields,�Bz , we
exhibit their distributions observed at different distances be-
tween 4.0 and 7.2 RE during the main phase, rapid recovery
phase and recovery phase in Figs. 5(a), 5(b) and 5(c), respec-
tively. During the main phase (Fig. 5(a)), the largest negative
values for�Bz occur near the premidnight and postmidnignt
sectors at every distance, with those magnitudes increasing
for smaller ρ. The nightside relative bump which is about
8-hour-wide around ∼4.0 RE and becomes narrow as ρ in-
creases and finally vanishes at 6.4 ∼ 7.2 RE, suggests the
existence of the current depression region around midnight
sector, which would correspond to the “current trough” re-
gion in Nakai et al. (1997). The tendency of this relative
bump is still seen during the rapid recovery phase, though
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(b)

Fig. 5. (continued).

its magnitude is small and not clear (Fig. 5(b)). As is men-
tioned in the previous section, there is rather large difference
in each storm event scale, and we have to be careful in inter-
preting these observed data. During the late recovery phase,
�Bz distribution, in contrast, has a clear minimum near the
midnight sector without any bumps (Fig. 5(c)), which is the
same feature as seen in the figure 1 of Iijima et al. (1990).
During themain phase, radial and azimuthalmagneticfield

components are relatively large, and those amplitudes de-
crease as the storm phase evolves (Figs. 4(a) and 4(b)). This
implies that the injected particles from the magnetotail form
a sheet-like current structure in the early phase of a magnetic
storm, because particles are accelerated in the perpendicular
direction by the betatron acceleration, and then accelerated
in the parallel direction by the mechanisms such as a wave-
particle interaction and others in the later phase, forming
torus-type current structure.

4. Case Studies
We have also examined each geomagnetic storm and com-

pared magnetic field perturbations in the similar-scale storm
events. Figure 6 illustrates the daily plots of the magnetic
field perturbations during the early phase of the magnetic

storms in the four similar-scale storm events: geomagnetic
storms on May 24, 1995 (top left), on August 23, 1995 (top
right), on March 12, 1995 (bottom left), and on November
19, 1994 (bottom right) with the minimum Dst being −65,
−61, −70, and −56 nT, respectively. The hourly Dst index
as a function of time is shown in the lowest panel of each
figure with one-minute resolution ASY/SYM indices. Mag-
netic field perturbations, �B, are illustrated via vectors and
circles (or triangles) in the same way as Fig. 4. The satel-
lite locations from the dipole equatorial plane were z ∼ 0,
z ∼ +0.5, and z ∼ +1.5 RE around their apogees for the
top left, top right, and bottom left panels, respectively, and
varied from z ∼ 0 around the midnight sector to z ∼ +2 RE

near 6 MLT in the bottom right panel. These storm events
and the variations of �B are fairly typical except for top
left one where the Dst index begins to develop at 19 UT on
May 23 and reaches its minimum (−64 nT) at 23 UT of that
day before the Dst development around 4 UT on May 24.
Most of the storms including the bottom two show sudden
development of the radial component of the magnetic field
perturbations around the nightside region during the storm
developing phase (compare these figures with that of quiet
period in Fig. 4). In the bottom left panel, we can see that
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(c)

Fig. 5. (continued).

the radial perturbations rapidly decrease their intensities just
in the middle of the rapid recovery phase. On the other
hand, the dayside perturbations are very small throughout
the storm-time (top right), whereas the top left panel shows
noticeable perturbations (but small compared with the night-
side ones) around the dayside region inside∼6 RE before the
developing phase around 4UT. We suppose that these pertur-
bations are probably caused by the particles injected during
the preceding main phase. They are quite rarely observed,
and very small perturbations like the top right one are seen
in any other storms. These four figures show the day-night
asymmetry of the magnetic field disturbances and that the
dayside perturbations are very small throughout the storm
period even though, on some occasion during that period,
injected particles would have reached the dayside region.

5. Current Densities
We have computed current densities in the inner magneto-

sphere with the data set of perturbed magnetic fields, �Bρ ,
�Bφ , and �Bz , which are statistically determined at the ρ-
φ-z grid points. In order to reduce noise level in taking
curl of �B, perturbed fields are further averaged within the
ρ ′-φ′-z bins of increments of 0.8 RE, 1.0 hour, and 0.2 RE,

respectively. The average numbers of storm events in the
0.8 RE × 1.0 hour ρ ′-φ′ columns (obtained by integrating
ρ ′-φ′-z bins in the z direction) are 13.6, 5.1, 4.2, and 13.8
for the quiet, main, rapid recovery, and recovery phases, re-
spectively, which are averaged over the region between 5.6–
7.2 RE and 1800–2400–0600 MLT, i.e., the region used in
the calculations below. We will denote this ρ ′-φ′-z bins as
ρ-φ-z bins in the following. The radial and azimuthal current
densities, jρ and jφ , are determined by using the Ampère’s
law under the assumptions that jρ and jφ are symmetrically
distributed with respect to the geomagnetic equatorial plane
and have no z-dependence near the equator. That is, we have
first calculated jρ between φ1 and φ2 and between z0 (= 0)
and z1, and jφ between ρ1 and ρ2 and between z0 and z1 by
using the following equations for every ρ-φ-z grid point:

jρ =
∫ z1
0 dz

∫ φ2

φ1
ρdφ(∇ × (�B))ρ

μ0
∫ z1
0 dz

∫ φ2

φ1
ρdφ

, (1a)

jφ =
∫ z1
0 dz

∫ ρ2

ρ1
dρ(∇ × (�B))φ

μ0
∫ z1
0 dz

∫ ρ2

ρ1
dρ

(1b)

with �Bρ, �Bφ = 0 at z = 0. In this study, φ2 − φ1 is set
equal to 1.0 hour, and ρ2 − ρ1 is 0.8 RE. In the practical
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Fig. 6. Daily plots of the magnetic field perturbations during the early phase of the magnetic storms on May 24, 1995 (top left), on August 23, 1995
(top right), on March 12, 1995 (bottom left), and on November 19, 1994 (bottom right) with the minimum Dst being −65, −61, −70, and −56 nT,
respectively. The hourly Dst index as a function of time is shown in the lowest panel of each figure with one-minute resolution ASY/SYM indices.
Magnetic field perturbations, �B, are illustrated via vectors and circles (or triangles) in the same way as Fig. 4. The times when measurements were
carried out are also shown near the origin of the vectors.
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Fig. 7. Distributions of current density on the equatorial plane during the quiet period (top left), the main phase (top right), the rapid recovery phase (bottom
left), and the recovery phase (bottom right). These current densities are computed by applying Eqs. (2a) and (2b), assuming �Bρ, �Bφ = 0 at z = 0,
and then averaged in the z direction.

calculation, the binned magnetic field data are applied to the
calculation as,

jρ = 1

μ0z1ρ(φ2 − φ1)
[�Bz(φ2) · z1

−�Bz(φ1) · z1 − �Bφ(z1) · ρ(φ2 − φ1)], (2a)

jφ = 1

μ0z1(ρ2 − ρ1)
[−�Bz(ρ2) · z1

+�Bz(ρ1) · z1 + �Bρ(z1) · (ρ2 − ρ1)]. (2b)

We now obtained one or more current densities within a
certain ρ-φ column according to the number of data points

(z1) in the z direction. Then these jρ and jφ are further
averaged in the z direction, and we have obtained the current
densities, jρ and jφ , for each ρ-φ grid point of increments of
0.8 RE and 1.0 hour, respectively.
Figure 7 illustrates the calculated current densities, jρ

and jφ , for the quiet period (top left), the main phase (top
right), the rapid recovery phase (bottom left) and the recov-
ery phase (bottom right). The current densities around the
nightside region have significant intensities during the main
phase and then rapidly reduce their intensities as the storm
phase evolves to the late recovery phase, while current den-
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sities do not change so much in the dayside hemisphere. We
must annotate on some unusually large vectors around 20
MLT in the panel of the main phase. As mentioned above,
we have calculated the current densities on the assumption
that they have north-south symmetry, i.e., �Bρ and �Bφ

vanish on the dipole equatorial plane. Because of the un-
certainty of the location of the actual geomagnetic equator,
observed �Bρ and �Bφ actually have non-zero values near
the dipole equatorial plane. The unusually large current den-
sities in the panel of the main phase are mainly produced by
these non-zero �Bρ and �Bφ with small z values in taking
∇ × (�B). In particular, in the inner portion of the ring cur-
rent region (<∼5 RE), the very large currents could be a result
of lack of the magnetic field observations with large z values
caused by the restriction of satellite orbits. Moreover, only
the low-resolution data (resolution is 32 nT) are available
inside ∼5 RE. So, the large current inside ∼5 RE could be a
ghost caused by the coarse resolution of Range-L mode, and
we exhibit only the current densities above 5.0 RE in Fig. 7.
Next, we have estimated the influence of the nightside

magnetospheric currents on the Dst index. We have used
the data set of the nightside current densities in the distant
region between 5.6–7.2 RE and 1800–2400–0600 MLT. The
current densities averaged over this region (which do not
include the z component contribution) are 1.2 nA/m2 for the
quiet period, 6.8 nA/m2 for the main phase, 6.3 nA/m2 for
the rapid recovery phase, and 2.6 nA/m2 for the recovery
phase, respectively. Iijima et al. (1990) obtained the average
current density in this region ∼4.0 nA/m2 with the data set
during the disturbed conditions, defined by 2 <∼ Kp <∼ 6 and
−70 <∼ Dst <∼ −20 nT, with the average Dst being−34 nT.
In our study the observed average Dst values are −38.0 nT
for the main phase and −26.1 nT for the recovery phase,
respectively. If we assume the current disk thickness to be
4.0 RE (Sugiura and Poros, 1973), the currents between 5.6–
7.2 RE and 1800–2400–0600 MLT produce the contribution
to the Dst index of−12.0 nT for themain phase and−5.1 nT
for the recovery phase, respectively. The difference between
them is 6.9 nT, while difference between the average values
of the observed Dst index for the main phase and for the
recovery phase is 11.9 nT. These values suggest that the
influence from the nightside currents in the outer ring current
region could be never neglected.
Our results were obtained without considering the z-de-

pendence of the current densities and the temporal and sea-
sonal variations of the location of the actual geomagnetic
equator. To confirm that these results would not come from
the effect of unusually large current densities near the dipole
equatorial plane and the different tilt angle effect, we have
performed the same calculation as was done above with ne-
glecting the contribution of the currents near the equatorial
plane. Inside ∼7 RE, the difference between the locations of
the actual and the dipole magnetic equators at the midnight
meridian is at the largest∼1.0 RE (e.g., figure A3 in Nakai et
al., 1997). Therefore, we have calculated current densities
using �Bρ and �Bφ with z values greater than 1.0 RE, and
consistent result is obtained. In this case, difference between
the influences on the Dst index for the main phase and for
the recovery phase is 4.8 nT, indicating that the unusually
large currents and tilt angle effects do not drastically change

our conclusion.

6. Discussion
In order to understand the mechanism of the growth and

recovery of the ring current, charged particle motions in
a realistic model magnetosphere (e.g., Mead and Fairfield
model (1975)) were simulated using the guiding center ap-
proximation (Takahashi and Iyemori, 1989; Takahashi et al.,
1990a,b). The simulation results show, during the storm-
time, trajectories of the charged particles injected from the
magnetotail region have significant day-night asymmetry
caused by the asymmetry in gradient and curvature drifts
that comes from the dayside compression and the nightside
elongation of themagneticfield. For example, the protons in-
jected from the nightside regionwhose initial kinetic energies
are high (e.g.,∼several tens keV) drift around the nightside of
the Earth and then escape from the dusksidemagnetopause to
the magnetosheath (e.g., figure 5a in Takahashi and Iyemori,
1989). This is because the gradient and curvature drifts of
the high energy protons are much faster than the E×B drift
by the dawn-dusk electric field (the E×B drifts are indepen-
dent of the particle energy, while the gradient and curvature
drift velocities are proportional to the particle kinetic energy).
Actually, such energetic escape ions have been observed by
some satellites (e.g., Sibeck et al., 1987). On the other hand,
the flow pattern of the particles whose initial energies are
relatively low (e.g., ∼several keV) is only slightly asymmet-
ric between the dayside and the nightside, and inner edge of
the flow exists much closer to the Earth in comparison with
the high energy one. The particles whose initial energies are
relatively low are then trapped in the inner magnetosphere
by expansion of the trapped (forbidden) region caused by the
decrease of the dawn-dusk electric field, and drift around the
Earth (Takahashi et al., 1990a).
This escapes of high energy protons from the duskside

magnetopause could be important for the explanation of the
asymmetry of magnetic disturbance fields near the geomag-
netic equator. Moreover, they suggested that the two-step
recovery of the Dst index might be explained by the super-
position of the effects of “flow out” of high energy particles
(or decrease of injection) and the loss process of trapped
particles by charge exchange and wave-particle interaction.
The results of Hamilton et al. (1988) suggested that the

very rapid initial Dst recovery in the great storm (minimum
Dst = −312 nT) resulted largely from the rapid loss of O+

by means of charge exchange in the inner portion of the ring
current. Although H+carries the majority of the energy dur-
ing most of the storm, in the case of such a great storm, O+

dominates in the inner portion of the ring current (L ∼ 3–5)
around the storm’s maximum phase. They asserted that dif-
ference between the charge exchange lifetime ∼9 hours for
O+ and ∼100 hours for H+ near their energy density peak
in radial distance L ∼ 3 and energy ∼100 keV should cause
the two-step recovery of the Dst index. This process may
be certainly important. However, this result was obtained on
the basis of the AMPTE/CCE particle measurements whose
orbits have perigee at an altitude of 1100 km and apogee of
8.8 RE near 11 MLT at that time, and did not consider the
influences of the nightside particles in the outer ring current
region. According to our calculation, the dayside currents in
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the outer ring current region, which were used in the analy-
ses of Hamilton et al. (1988), Lui et al. (1987) and so on, do
not much contribute to the initial rapid recovery of the Dst
index. Also, case studies of similar-scale storm events show
the dayside magnetic field perturbations in the outer ring cur-
rent region are much smaller than the nightside perturbations
during the early phase of magnetic storms.
Our estimation of influences from the nightside currents

in the outer ring current-inner plasma sheet region shows the
importance of their contributions, and supports to include
these currents into consideration in examining the cause of
two-step recovery of the Dst index. These currents dimin-
ish their intensities considerably as the storm phase develops
from the main phase to the recovery phase. What is more,
Fig. 4(a) indicates that these currents would not flow into
the dayside region. They are expected to escape from the
flank region of the magnetopause into the magnetosheath ac-
cording to the results of Takahashi and Iyemori (1989) and
Takahashi et al. (1990a,b), or they are short-circuited by the
field-aligned currents connected to the ionosphere. These re-
sults based on the observation suggest that the “flow out” loss
of the particles in the outer ring current-inner plasma sheet re-
gion, cooperating with other loss mechanisms, would largely
recover the Dst index during the rapid recovery phase. Then,
we suppose, the Dst index recovers gradually by the loss of
the inner portion of the ring current as is often said in the
literatures (e.g., Fok et al., 1995).

7. Summary
To investigate the “two-step recovery” of the Dst index

during the magnetic storm, we have examined the vector
magnetic field data obtained by the ETS-VI satellite. We
have classified them in the four storm phases using the Dst
index and analyzed them statistically.
Our results are summarized as follows:
(1) Magnetic field perturbations during the storm-time

exhibit clear day-night asymmetry with nightside magni-
tudes dominant. Although these perturbations are caused
by the sum of the various magnetospheric current contri-
butions, the asymmetry of �Bρ distribution suggests that
of azimuthal current distribution near the equatorial plane.
We suppose that this nightside enhancement results from the
storm-associated particle injections from the magnetotail re-
gion.
(2)During themain phase, southward perturbedfield com-

ponents have a relative bump in the nightside region between
∼2000 and∼0400MLTand between∼4.0 and 6.4RE, which
would correspond to the “current trough” region in Nakai et
al. (1997).
(3) The initial rapid recovery of the Dst index is consid-

erably influenced by the nightside currents flowing between
5.6–7.2 RE and 1800–2400–0600MLT. These nightside cur-
rents in the outer ring current region have significant intensi-
ties during themain phase, and rapidly reduce their intensities
with time. One noticeable feature is that they do not seem
to flow into the dayside region. The constituents of these
nightside currents are expected to flow out from the mag-
netosphere into the magnetosheath through the flank region

of the magnetopause according to the results of the parti-
cle tracing simulations by Takahashi and Iyemori (1989) and
Takahashi et al. (1990a,b), or they are short-circuited by the
field-aligned currents connected to the ionosphere.
These results imply that the two-step recovery of the Dst

index cannot be explained by the rapid loss of the inner por-
tion of the ring current only. The loss process of the nightside
currents in the outer ring current region should be taken into
consideration.
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