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[1] The present study examines a sawtooth injection event that took place around 0800 UT
on 18 April 2002 when the Cluster spacecraft were located in the inner magnetosphere
in the premidnight sector. In association with this injection, Cluster, at a radial distance of
4.6 RE, observed that the local magnetic field became more dipolar and that both ion
and electron fluxes increased without notable energy dispersion. These features were
accompanied by intensifications of the equatorward component of a double-oval structure
and also by an enhancement of the ring-current oxygen ENA flux. The event was also
accompanied by large magnetic field (a few tens of nT) and electric field (a few tens of
mV/m) fluctuations with characteristic timescales of a few tens of seconds. These
observations strongly suggest that this sawtooth injection extended not only widely in
local time but also deeply into the inner magnetosphere. Interestingly, Cluster repeatedly
observed dipolarization-like signatures afterward, which, however, were not associated
with enhancements of local energetic ion flux or with geosynchronous dipolarization or
injection signatures. Instead, these magnetic signatures were accompanied by oscillatory
plasma motion in the radial direction with a characteristic timescale of about 10 min,
which appears to be related to the westward propagation of a spatially periodic auroral
structure. The associated azimuthal electric field component was well correlated with the
time derivative of the north-south magnetic field component, suggesting that the
observed electric field is inductive. These findings suggest that electromagnetic processes
far inside geosynchronous orbit play an important role in energization of energetic ions
and auroral dynamics during magnetospheric storms.

Citation: Ohtani, S., et al. (2007), Cluster observations in the inner magnetosphere during the 18 April 2002 sawtooth event:
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1. Introduction

[2] Sawtooth injections are defined as repetitive occur-
rences of gradual decreases and successive sudden increases
of energetic particle flux at geosynchronous altitude. The
geosynchronous magnetic field dipolarizes at each injection.
Whereas both injection and dipolarization are common
substorm-related features observed in the nightside geosyn-
chronous region, they are observed in an unusually extended
local time range during sawtooth events. Associated injec-

tions are often observed over the entire nightside geosyn-
chronous region and occasionally even on the dayside.
[3] The April 2002 storm event has been examined

extensively because sawtooth injections were observed
throughout 18 April 2002 during its main phase [Huang,
2002; Reeves et al., 2002; Lee et al., 2004; Lui et al., 2004;
Kitamura et al., 2005; Henderson et al., 2006; Clauer et al.,
2006]. For one of the injection events, which took place
around 0800 UT, the Cluster constellation was located in the
inner magnetosphere near perigee, crossing the magnetic
equator from the southern to the northern hemisphere at an
equatorial distance of 4.6 RE in the premidnight sector
[Vallat et al., 2004]. During this injection event four
geosynchronous satellites, two GOES and two LANL
satellites, were located on the nightside. In addition, the
IMAGE satellite was at a northern polar vantage point
taking FUV auroral images and energetic neutral atom
(ENA) images of the ring current.
[4] This fortuitous coordination of satellites allows us to

comprehensively examine this sawtooth injection event.
Sawtooth injections have been examined mostly with geo-
synchronous data, and in situ observations of sawtooth
injections in the inner magnetosphere have been reported
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for only a very few events [Henderson, 2004]. However, the
energy density of the nightside ring current peaks far inside
geosynchronous orbit, L = 3 � 5, at storm time [Smith and
Hoffman, 1973; Krimigis et al., 1985; Korth and Thomsen,
2001; Ebihara et al., 2002], and therefore addressing
Cluster observations in the inner magnetosphere from the
viewpoint of global magnetospheric and auroral dynamics is
expected to shed new light not only on sawtooth injections
but also on storm dynamics in general.
[5] In the present study we examine this sawtooth event

with a focus on Cluster observations in the inner magneto-
sphere. In section 2 we briefly review the event and then
examine auroral signatures with special attention to the

sawtooth injection around 0800 UT. In section 3 we
examine in detail magnetic field, electric field, and energetic
ion signatures observed by the Cluster spacecraft and
address them in the context of other satellite observations
and auroral features. Results are discussed in section 4.
Section 5 is a summary.

2. Sawtooth Event of 18 April 2002

2.1. Overview

[6] Sawtooth injections took place on 18 April 2002
during a magnetospheric storm, which followed a storm
sudden commencement at 1106 UT on the previous day.
This is a two-step storm event [Kamide et al., 1998]. The
Sym-H index reached its first minimum, �151 nT, at
�0800 UT on 18 April 2002. The Sym-H minimum of the
entire storm interval, �185 nT, took place at �0600 UT on
20 April 2002.
[7] Figure 1 shows key observations for the 12-hour

interval from 0100 to 1300 UT on 18 April 2002 around
the first Sym-H minimum. The IMF BZ component was
continuously southward (Figure 1a), and Sym-H decreased
until about 0800 UT (Figure 1b). During this 12-hour interval
LANL geosynchronous satellites, 1991-080 and 1994-084,
observed four injections in the afternoon-to-midnight re-
gion (Figures 1d and 1e), each of which was accompanied
by dipolarization as indicated by increases in the geosyn-
chronous H (north-south) component observed by GOES
satellites (Figure 1c) [Reeves et al., 2002; Henderson et
al., 2006]. Sym-H recovered temporarily following each
injection/dipolarization, which is likely due to the associ-
ated reduction of the tail current intensity rather than to the
decay of the ring current [Siscoe and Petschek, 1997;
Ohtani et al., 2001, 2005]; see Kitamura et al. [2005] and
Clauer et al. [2006] concerning the ground magnetic dis-
turbances associated with these sawtooth injections.
[8] The energy flux of the 52–180 keVoxygen ENA flux

measured by the IMAGE/HENA instrument [Mitchell et al.,
2000] also enhanced simultaneously with the injections/
dipolarizations (Figure 1f, black trace). Here we integrated
the ENA flux within 54� in both azimuth and elevation
centered at Earth for every 2-min image; the area is large
enough to cover the entire ring current region. In contrast,
the associated enhancement of the 27–60 keV hydrogen
ENA (gray trace) was not pronounced, although there are
suggestive changes of the slope. It is common that the
oxygen ENA flux increases more significantly than the
hydrogen ENA flux at substorm onsets [Mitchell et al.,
2003; Ohtani et al., 2005]. Note that the overall increasing
trend of the ENA flux can be attributed at least partly to the
inbound motion of the IMAGE satellite; the satellite moved
from (�4.7, 0.9, 5.1) to (1.9, 0.2, 3.0) RE in GSM
coordinates during the 12-hour interval shown in Figure 1.

2.2. Auroral Dynamics

[9] The IMAGE/WIC instrument [Mende et al., 2000]
observed the northern polar region for the early half of
18 April 2002, taking auroral images in approximately
2-min time steps. Figure 2a shows selected images taken
between 0745 and 1002 UT, remapped into the Altitude
Adjusted Corrected Geomagnetic (AACGM) Coordinate
system [Baker and Wing, 1989]. Note that these images

Figure 1. Summary of the 18 April 2002 sawtooth event.
(a) The time-shifted IMF BZ component in GSM measured
by the ACE satellite (see Weimer et al. [2003] for the
calculation of the propagation time), (b) the Sym-H index,
(c) The H magnetic component observed by the GOES 8
(gray) and 10 (black) satellites, (d) 1991–080 and (e) 1994-
084 measurements of energetic proton fluxes, and (f) image
integrated 52–180 keV oxygen (black) and 27–60 keV
hydrogen (gray) ENA fluxes.
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Figure 2. (a) Selected auroral images taken by IMAGE/WIC for 0745:4–1002:54 UT on 18 April 2002.
Satellite footpoints are marked by different marks. (b) Satellite footpoints calculated by different
magnetic field models for the image of 0812:19 UT.
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are not equally separated in time. The various plot symbols
denote magnetic footpoints of the geosynchronous
and Cluster 3 satellites calculated with the TS04 model
[Tsyganenko and Sitnov, 2005] using actual solar wind and
IMF data time-shifted to Earth. The WIC instrument takes
images with an exposure period of 24 s and each frame is
labeled with the start time of the exposure.
[10] To assess the field-line mapping uncertainty, we also

calculated the footpoint of each satellite with the T89 model
[Tsyganenko, 1989] parameterized by Kp = 0 and 6. The
results are shown in Figure 2b in different colors (blue for
T89 Kp = 0 and green for T89 Kp = 6) for one example
snapshot taken at 0812 UT. As Kp increases from 0 to 6, the
footpoint moves equatorward by as much as 5� for geosyn-
chronous satellites. Since the actual Kp index was 6- during
the interval, the T89 Kp = 6 model is expected to be closer
to the actual magnetic configuration. In fact, we will later
find that the local magnetic field at Cluster was significantly
more stretched than the T89 Kp = 0 model predicts. The
TS04 model tends to map the satellite positions slightly
poleward and closer to midnight than the T89 Kp = 6 model.
[11] On the nightside the auroral distribution showed a

double-oval structure during this sawtooth event [Henderson
et al., 2006].Whereas the poleward oval often became faint,
the equatorward oval was continuously active, revealing
many temporal and spatial features. New auroral activity
started around 0758 UT in the late evening sector around
21.5 MLT near the footpoint of 1991-080 (Figure 2). A
bulge developed immediately and expanded mostly west-
ward. Its eastward expansion, if at all present, was limited.
Although the intense emission region propagated continu-
ously westward, the overall auroral intensity weakened
rapidly. Distinct auroral activity started around 0806 UT
at �22.5 MLT, to the east of the first activity, which cannot

Figure 3. Positions of the Cluster 3 (CL3), GOES 8
(G08), 10 (G10), 1991-080 (L91), and 1994-084 (L94)
satellites in the X-Y SM plane.

Figure 4. (a) Cluster-3, (b) GOES 8 (dashed) and 10 (solid)
magnetic field measurements, 1991-080 (c) energetic proton
and (d) electron flux measurements, 1994-084 (e) energetic
proton and (f) electron flux measurements, and image-
integrated 52–180 keV oxygen (black) and 27–60 keV
hydrogen (gray) ENA fluxes for 0750–0835 UT on 18 April
2002.

A08213 OHTANI ET AL.: SAWTOOTH INJECTION AT r = 4.6 RE

4 of 12

A08213



be recognized in the preceding image of 0804 UT. The
bulge expanded westward and eastward as well as pole-
ward. The eastward expansion was noticeably faster than
the westward expansion. As the bulge faded out, bright
auroral spots emerged, which were distributed quasi-
periodically in local time (e.g., see the image taken at
0838:56 UT in Figure 2). In contrast, in the postmidnight-
to-morning sector, the auroral oval was stable during the
course of these successive events although the auroral emis-
sion was continuously intense.

2.3. Sawtooth Injection Around 0800 UT

[12] In this subsection we briefly examine the sawtooth
injection around 0800 UT. Figure 3 shows the positions
of geosynchronous satellites and Cluster 3 in SM X-Y
coordinates in 15 min steps from 0745 to 0845 UT. GOES
8 and 10 were located in the early morning and premidnight
sectors, respectively. The 1991-080 and Cluster 3 were
located in the late evening sector, and 1994-084 was at
dusk.
[13] Figure 4 shows magnetic field and energetic particle

fluxes measured by those satellites for 0750-0835 UT along
with the image-integrated ENA fluxes of the 27–60 keV
hydrogen and 52–180 keVoxygen. The magnetic field data
are presented in the VDH coordinate system; H is parallel to
the dipole axis and is positive northward, V points radially
outward and is parallel to the magnetic equator, and D
completes a right-hand orthogonal system and is positive
eastward. The centered dipole plus T89 (Kp = 0) model
field is subtracted from the Cluster magnetic field observa-
tions. The vertical dashed line marks 0812:20 UT, when the
local magnetic field became more dipolar at Cluster 3 as
indicated by the increase in H and decrease in V (Figure 4a).
The Cluster observations will be examined in more detail in
section 3.
[14] Simultaneously with, or slightly earlier than Cluster 3,

GOES 10 also observed dipolarization as indicated by
an increase in H and a decrease in jVj (solid lines in

Figure 4b). In contrast, GOES 8, located in the dawn sector,
did not observe any dipolarization signature (dotted lines in
Figure 4b). This is consistent with the fact that the auroral
oval was stable from the postmidnight-to-morning sector
even though the auroral intensity was continuously enhanced
(section 2.2).
[15] Both 1991-080 and 1994-084 observed enhance-

ments of energetic particle fluxes, which started noticeably
earlier than the dipolarization at the Cluster 3 and GOES
10 locations. At 1991-080 energetic electron fluxes started
to increase at 0755 UT (Figure 4d), and the 75-133 keV
proton flux increased 2 min later, whereas the count rates
for higher-energy protons are too low to specify the timing
of the flux enhancement (Figure 4c). At 1994-084 the
increase of energetic electron and proton fluxes started
around 0759 UT, and the proton fluxes revealed energy
dispersion (Figures 4e and 4f). We therefore infer that the
associated injection started closer in MLT to 1991-080 than
to 1994-084. Presumably this injection was associated with
the auroral activity that started around 0758 UT near the
footpoint of 1991-080 (Figure 2).
[16] The electron fluxes did not reveal any significant

increase at either 1991-080 or 1994-084 after the initial rise
at 0755 UT. In contrast, the proton fluxes increased at 1991-
080 repetitively around 0807, 0813, and 0824 UT, and
corresponding enhancements were also observed at 1994-
084. Since protons drift westward and electrons drift east-
ward, we infer from these observations that the associated
injection region moved to the east of 1991-080. This is
consistent with the fact that new auroral activity started at
0806 UT at MLT � 2200, to the east of the previous auroral
activity (Figure 2). Thus this sawtooth injection consisted of
at least two distinct events that took place in different
locations but close to each other in time.
[17] As mentioned in section 2.1, the image-integrated

ENA flux of the 27–60 keV hydrogen did not change
significantly. In contrast, the 52–180 keVoxygen ENA flux

Figure 5. Energetic (52–180 keV) oxygen ENA images taken by IMAGE/HENA for (a) 0745–0755,
(b) 0800–0810, and (c) 0815–0825 UT on 18 April 2002. The IMAGE satellite was around (�3, 2, 7) RE

in SM. Images taken at four energy channels ranging from 52 to 180 keV are combined and are averaged
over each interval. The circle at the center represents the Earth, and also shown are L = 4 and 8 dipole
field lines at four local times.
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started to increase before 0800 UT (Figure 4g), presumably
corresponding to the first auroral intensification and geo-
synchronous injection, and it continued to increase through
the successive intensification at 0806 UT. Figure 5 shows
oxygen ENA images averaged over three 10-min intervals,
0745–0755, 0800–0810, and 0815–0825 UT. The first

auroral intensification took place between the first and
second 10-min intervals, and the second intensification
during the second 10-min interval. Dipolarization at Cluster
took place between the second and third intervals. The
effective angular resolution of the oxygen ENA measure-
ment is as large as 20� [Mitchell et al., 2003], which
corresponds to about 3 RE in an image taken at 8 RE from
Earth, the radial distance of the IMAGE satellite during
those intervals. Thus caution needs to be exercised when
addressing the source location of the flux. Nevertheless, it is
plausible that the enhancement of the oxygen ENA flux
took place mostly in the dusk-to-midnight sector, where
those two auroral activations took place, and Cluster was
located in that sector.

3. Cluster Observations

3.1. Cluster Observations Along the Perigee Pass

[18] The Cluster mission [Escoubet et al., 2001] consists
of four identical satellites, which fly in formation at varying
separation distances. In the present study we will primarily
examine measurements made by the Cluster 3 satellite and
will refer to other Cluster satellites when appropriate.
Figures 6a and 6b show the orbit of Cluster 3 on 18 April
2002 in the SM X-Z and X-Y planes, respectively. The
spacecraft was on a perigee pass moving from the southern
to the northern hemisphere in the premidnight sector. The
perigee distance of Cluster is 4.0 RE. The diagram inserted
in Figures 6a and 6b shows the relative locations of the
other Cluster satellites at 0812 UT, which are identified by
number. The scale factor for the interspacecraft separation in
the plot is 100 km per 1 RE. The maximum separation
among the spacecraft was a few hundred kilometers
throughout the interval.
[19] Figure 7 shows measurements made by the Cluster 3

magnetometer [Balogh et al., 2001] (solid line) together
with the quiet time (Kp = 0) T89 model field at the position

Figure 6. Positions of the Cluster 3 satellite in the (a) X-Z
and (b) X-Y SM planes. The inserts show the relative
locations of the other three Cluster satellites (as identified
by the satellite numbers) to Cluster 3 at 0812 UT on a
different scale (100 km/1 RE).

Figure 7. The V(blued), D(green), and H(red) magnetic
components measured by Cluster 3 (solid) along with the
T89 (Kp = 0) model field (dashed) at the Cluster 3 position
for 0600–1200 UT on 18 April 2002. Data from other
Cluster satellites are also plotted by gray lines underneath,
which, however, are barely distinguishable.
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of Cluster 3. We use the Kp = 0 version of the model to
exhibit the storm time deviations. Data from the other three
Cluster satellites are also plotted in gray, which, however,
are difficult to identify because they follow the traces of
Cluster 3 data closely. In general, the observation follows
the model field. However, the H component is consistently
depressed from the model field, which can be attributed to
the intensification of the ring current and tail current during
this storm event. The magnitude of the observed V compo-
nent is generally larger than that of the model V component
indicating that the magnetic field was stretched in the inner
magnetosphere. The magnitude of the D component was
relatively small throughout the interval; that is, the magnetic
field lay approximately in the magnetic meridional plane.

The sign of the V component changes at 0852 UT when the
H component was near its peak, indicating the crossing of
the geomagnetic equator. The satellite was indeed close to
the X-Y SM plane then and its radial distance was 4.4 RE

(Figure 3a).
[20] While the traces of the model field in Figure 7 are

smooth, the observations show many fluctuations. Figure 8a
plots the difference between the observed and quiet time
T89 magnetic components for a portion (0700–1030 UT) of
the interval shown in Figure 7. To assess the level of
fluctuations in the H component on short timescales, we
fit a straight line to the 22-Hz H component measurements
in 20-s segments every 10 s and calculated the difference
between the maximum and minimum of deviations from
the fit, which is plotted in Figure 8b. In Figure 8c we plot
the X and Y components of the electric field in the spacecraft
coordinate system, which for all practical purposes can be
considered the GSE system [Gustafsson et al., 2001].
Figures 8d and 8e show the fluxes of energetic protons
and heavy ions (carbon, nitrogen, and oxygen ions: CNO)
observed by the RAPID instrument, respectively [Wilken
et al., 2001]; for the CNO flux, oxygen is the dominant
component [Christon et al., 2002]. Note that the lowest-
energy CNO channel (87–301 keV) covers the core energy
range of the ring current ions, whereas the remaining three
channels cover above 300 keV and accordingly follow a
trend different from that seen in the lowest energy channel.
[21] Large magnetic variations were observed between

0720 and 1010 UT, the interval which coincides with the
flux enhancements of the lowest-energy proton and oxygen
channels. We infer that the spacecraft was in the closed
field-line region during this interval. From plasma (<40 keV)
ion measurements Vallat et al. [2004] identified the
corresponding region as the plasma sheet (and the ring
current further inside), which is consistent with our interpre-
tation. These authors examined plasma data from Cluster 4,
which was only a few hundred kilometers away from Cluster
3 and observed nearly identical magnetic field signatures (see
also Figure 7).
[22] As the spacecraft entered the closed field-line region,

the D component decreased during 0740–0755 UT follow-
ing a gradual increase. The D component also decreased,
but more sharply, after 1000 UT, when the spacecraft exited
from the closed field-line region. The corresponding
features were observed by the other Cluster satellites
(Figure 7). The timing study shows that at each decrease
in the D component the associated FAC structure moved
southward relative to the Cluster constellation (not shown),
from which we infer that these D-component decreases can
be attributed to the satellite crossing a field-aligned current
(FAC) sheet and that the associated FAC was flowing out of
the ionosphere. This FAC polarity is the same as that of the
R1 current in the premidnight sector. The upward FACs,
which were observed both at entry to and at exit from the
plasma sheet, map to the poleward component of the
double-oval structure (see the frames of 0745:41 and
1002:54 UT in Figure 2). The latter one maps to near the
localized bright auroral spot, which explains why the FAC
was far more intense at the exit than it was at the entry into
the plasma sheet.
[23] Magnetic variations in the middle of the interval

were observed deep inside the closed field-line region.

Figure 8. Cluster 3 measurements of (a) V, D, and H
magnetic components after subtraction of the T89 (Kp = 0)
model, (b) the peak-to-peak amplitude of the detrended H
magnetic component for 20 s, (c) the X and Y electric field
components in spacecraft coordinates, (d) energetic proton
fluxes, and (e) heavy ion fluxes for 0700–1030 UT on
18 April 2002.
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At 0812 UT, in the middle of the sawtooth injection
(section 2.3), the energetic proton fluxes increased sharply
(Figure 8d), accompanied by an increase in H and a
decrease in V (and in jVj). That is, the local magnetic field
changed from a stressed to a more dipolar configuration
(Figures 4a and 8a). These particle and magnetic signatures
appear to be the same phenomena as dispersionless injection
and dipolarization often observed at geosynchronous orbit,
but Cluster 3 was much closer to Earth (r � 4.6 RE).
[24] The oxygen fluxes also increased simultaneously

with the local dipolarization (Figure 8e), which took
place in the middle of the oxygen ENA flux enhancement
(section 2.3). We therefore consider that the associated
oxygen ion energization took place on a rather large spatial
scale. Whereas the oxygen ion flux increased within one
minute at Cluster 3, the enhancement of the oxygen
ENA flux was gradual and continued for almost 30 min
(Figure 4g). This suggests that Cluster observed the flux
enhancement as the energization/injection region expanded.
[25] The location of Cluster 3 maps to the ionosphere to

the west of the second auroral intensification region; see the
frames at 0806:10 and 0808:13 UT in Figure 2. It is
therefore suggested that Cluster 3 observed the local dipo-
larization as the associated activity (dipolarization) region
expanded westward. This idea is supported by the large
(�80 nT) positive spike in the D component observed by
Cluster 3 at the start of the local dipolarization. Figure 9
plots magnetic field measurements made by all four Cluster
spacecraft for the 3-min interval, 0811:30–0814:30 UT,
around the start of the dipolarization. Full time resolution
(22 Hz) data are used. The positive D spike started first at
Cluster 3 at 0813:08 UT and subsequently at Cluster 2, 4,
and 1, in order of decreasing distance from the SM
equatorial plane (Figure 6), and the order for the D decrease
appears to be the opposite among the four spacecraft
although it is less clear. This suggests that a FAC sheet
moved initially equatorward and then poleward in associa-

tion with the positive D spike, and accordingly the polarity
of the FAC is inferred to be upward. That is, the associated
FAC was flowing out of the ionosphere, and it was
presumably related to the aforementioned auroral bulge.
[26] The increase of the H component was also observed

at 0838 and 0917 UT (Figure 8a). However, an associated
particle flux enhancement, if at all, was unclear. At 0838 UT,
the H component increased by 80 nT and the V component
decreased by 60 nTwithin 5 min. This sharp configurational
change is presumably related to a bright auroral spot that
passed the meridian of the Cluster 3 footpoint as it moved
westward (see the frames at 0830:45, 0838:56, and
0847:08 UT in Figure 2). In contrast, we could not find
any auroral feature that corresponds to the H increase at
0917 UT (see the frame at 0917:51 UT of Figure 2) despite
detailed analysis of the auroral images. The aurora intensi-
fied along the poleward oval in the Cluster MLT sector, but
it is rather difficult to associate it with the H increase at
Cluster 3, which maps to the ionosphere almost 10� equa-
torward. Furthermore, in contrast to the 0812 UT event, no
corresponding feature was observed at geosynchronous
orbit although the other Cluster satellites observed the same
dipolarization-like signature (Figure 7). Thus we infer that
this H increase was caused by a change of the local current
that was so confined in space that its effect was observed
only by the Cluster spacecraft.
[27] The 0812 UT dipolarization may also be distin-

guished in terms of the level of magnetic field fluctuations.
Although the H increase itself was smaller in magnitude in
the 0812 UT event than in the later events, short-timescale
magnetic fluctuations were significantly larger in the 0812 UT
event (Figure 8b). For the 0812 UT event the H component
varied with a characteristic timescale of a few tens of
seconds (Figure 9), and the peak-to-peak amplitude
exceeded 20 nT. Such fluctuations were unclear for the
other events (not shown). The amplitude of electric
field fluctuations were also large in the 0812 UT event
(Figure 8c), and the fluctuations had shorter characteristic
timescale, a few tens of seconds, than in the later events.
These fluctuations may be manifestations of the change of
the local current intensity. In general, the observed magnetic
signatures were similar among the four Cluster spacecraft,
but some differences are noticeable (Figure 9). This
suggests that the characteristic spatial scale of the associated
current change was larger than the spacecraft separation
(�100 km), but it has some internal structures.

3.2. Comparison Between Electric and Magnetic
Field Measurements

[28] In this subsection we compare magnetic field and
electric field measurements made by Cluster 3 with a focus
on long-timescale (>10 min) variations rather than short-
timescale (a few tens of seconds) variations that we
addressed above. Since the electric field is measured in
the satellite spin plane, which is approximately aligned with
the X-Y GSE plane, we transform the magnetic field data
into the GSE coordinate system. Figure 10 plots, from the
top, 30-s averages of BZ, @BZ/@t, the azimuthal (Ef; positive
eastward) and radial (Er; positive outward) electric field
components for 0800–0930 UT. As before, the T89 model
(Kp = 0) magnetic field is subtracted from the magnetic

Figure 9. Full time-resolution (22 Hz) magnetometer data
acquired by Cluster 1 (black), 2 (red), 3 (green), and 4 (blue)
for 0811:30–0814:30 on 18 April 2002. The T89 (Kp = 0)
model field at each satellite is subtracted. The interval of the
positive D spike is marked by the horizontal bar.
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field measurements, and @BZ/@t is calculated with the BZ

values after subtraction. From the observed electric field we
subtracted the induction field resulting from the satellite
motion, which is on the order of 1 mV/m (for example, for a
magnetic field strength of 200 nT and a cross-field satellite
velocity of 5 km/s). The vertical axis is inverted for Ef
(Figure 10c) for easier comparison with @BZ/@t.
[29] There are three points to be noted regarding the

electric field variations. First, Ef (Figure 10c) is generally
larger than Er (Figure 10d) in magnitude indicating that the
electric field is mostly azimuthal, and therefore the electric
drift is in the radial direction. Second, Ef is surprisingly
large (even though it is averaged over 30 s), and it
occasionally exceeds 10 mV/m. Note that an electric field of
10 mV/m, if static, corresponds to a potential difference of
60 kV over 1 RE; we will, however, soon find that the
observed electric field is mostly inductive. In contrast, the
average dawn-to-dusk electric field around L � 4.5 is of
the order of 1 mV/m even at high (>5) Kp levels [Rowland
and Wygant, 1998]. Finally, Ef alters its sign quasi-
periodically indicating that the plasma oscillated in the
radial direction at a characteristic period of 10min.We regard

this Ef variation as a temporal effect. Note that the satellite
moved only 0.5 REmostly in the Z direction (Figure 3), and if
the signature is spatial, the associated structure would consist
of many layers of positive and negative Ef with magnitudes
of �10 mV/m, which we think is highly unlikely.
[30] Compared to Ef, the variation of @BZ/@t has high-

frequency components (Figure 10b). Nevertheless, these
two quantities, actually �Ef and @BZ/@t, changed in time in
a similar way; the dotted line in Figure 10b shows �Ef,
which is the same as plotted in Figure 10c. Figure 11 plots
Ef against @BZ/@t for data points when the magnetic field is
within 60� of the GSE Z axis. The corresponding data points
are denoted by dots in Figure 10. The fitted line represents
the result of the linear regression analysis. The two
quantities are negatively correlated, with a correlation
coefficient of �0.68, indicating that BZ increases and
decreases when the plasma moves earthward and tailward,
respectively.
[31] The fact that Ef and @BZ/@t are correlated also

indicates that the observed electric field is inductive. The

inductive electric field,
*
E is described by the time derivative

of the magnetic field,
*
B, by @

*
B

@t ¼ �r�
*
E. Taking its Z

component and using the slope of the fitted line in Figure 11,

the characteristic scale of the
*
E variation in the radial direction

is estimated at 3 RE. We emphasize that this estimate is only
suggestive becausewe neglected the azimuthal derivative ofEr

and assumed that @Ef /@rmakes the dominant contribution to

�r�
*
E.

4. Discussion

[32] The Cluster spacecraft observed dipolarization of the
local magnetic field and a simultaneous enhancement of

Figure 10. Thirty-second averages of Cluster 3 measure-
ments of (a) the GSE Z magnetic component, (b) its time
derivative, (c) the azimuthal (positive eastward but with the
vertical axis inverted) and (d) radial (positive outward)
electric field components in the GSE X-Y plane for 0800–
0930 UT on 18 April 2002. The dots mark data points where
the magnetic field is within 60� of the GSE Z axis.

Figure 11. The azimuthal electric field component vs. the
time derivative of the GSE Z magnetic components. Only
data points with the magnetic field within 60� of the GSE
Z axis (marked by dots in Figure 10) are used.
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energetic ion fluxes at 0812 UT during the 18 April 2002
sawtooth event. These features appear to be the same
phenomenon as the well-known geosynchronous dipolari-
zation and injection often observed during substorms except
that Cluster was located at 4.6 RE from Earth, far inside
geosynchronous orbit, where the occurrence of dipolariza-
tion is far less frequent than at geosynchronous orbit and
farther radial distances [Lopez et al., 1988]. This unusual
location can be attributed to the intensified ring current (or
the inward motion of the tail current) during this storm
interval.
[33] In general, an increase in the H component is caused

by the reduction of the tail current farther outside, and a
dipolarization signature observed in the inner magneto-
sphere, such as observed by Cluster in the present event,
could be a remote effect of tail current reduction that takes
place farther away from Earth. Accordingly, the simulta-
neous increase in energetic ion flux observed by Cluster
may be interpreted in terms of the satellite crossing a
boundary, which we cannot specify except that it is not
the plasma sheet boundary layer since the spacecraft was
deep inside the closed field-line region. The difficulty of
this idea, however, is that in the present event cluster 3
observed large-amplitude and highly irregular variations of
the magnetic and electric fields at the time of dipolarization;
the peak-to-peak amplitude of the H variation was as large
as 50 nT and the magnitude of the electric field, even when
spin-averaged, reached 40 mV/m at one point (Figure 8c).
The characteristic timescale of these variations was a few
tens of seconds, which is shorter than the MHD timescale of
the inner magnetosphere, such as the period range of the Pi2
pulsation, 40–150 s. It seems unlikely that such large-
amplitude high-frequency oscillations are effects of a pro-
cess that occurred far from the spacecraft. We therefore
suggest that the dipolarization and the increase of energetic
ion fluxes observed by Cluster reflect a local process, which
is likely the same as what is phenomenologically known as
tail current disruption.
[34] The cause of dipolarization or the mechanism of tail

current disruption is beyond the scope of the present study.
Though, we would like to make two points based on the
Cluster observation. First, the characteristic timescale of the
embedded magnetic fluctuations, 20 s, is similar to that of
magnetic fluctuations observed during current disruption
events in the near-Earth region [Ohtani et al., 1995]. It
should, however, be noted that the background field was
stronger at the Cluster position by more than an order of
magnitude. Second, although near-Earth dipolarization is
often addressed in terms of the pileup of magnetic flux
carried from farther down the tail (by the fast flow
created by near-Earth reconnection) [Hesse and Birn,
1991; Shiokawa et al., 1998], it is not clear, and it may
even be implausible, that such fast flows reach as close to
Earth as the Cluster location in this event, r � 4.6 RE.
Although the depression of the magnetic field owing to the
intense ring current is favorable for this idea, the total
magnetic field exceeded 200 nT when cluster crossed the
equator (Figure 7); at the 0812 UT dipolarization Cluster
was off the equator but H component, which may be used as
a proxy of the equatorial magnetic field strength, was larger
than 100 nT. Since the equatorial magnetic field in the midtail
region is typically 10 nT or less, the fast flow needs to

overcome an increase in the magnetic pressure by at least
two orders ofmagnitude in order to reach the Cluster location.
[35] The most intriguing issue concerning the Cluster

observation is why the energetic ion flux did not increase
significantly when the local magnetic field became more
dipolar later as it did at 0812 UT. The later events,
especially the one at 0838 UT, consisted of larger magnetic
changes. Note also that the oxygen ENA flux did not reveal
any clear enhancement at those later events, whereas it
increased for about 30 min following the initial auroral
activation at 0758 UT (Figure 4g).
[36] One possibility is that the 0812 UT event was special

and that the energetic ion flux increased simultaneously
only because the spacecraft entered a different plasma
region as the magnetic configuration changed. If this is
the case, the energetic ion flux would not increase at later
events simply because the spacecraft was already in that
region. However, as mentioned earlier, we are not aware of
any corresponding plasma boundary in the inner magneto-
sphere. One might think that the demarcation of open and
closed trajectories may correspond to such a boundary.
However, the drift trajectory depends on the energy and
pitch angle of ions, and so does the location of the
demarcation between open and closed trajectories. In fact,
when Cluster exited from the closed field-line region, it
observed the energetic ion fluxes to decrease distinctively
for different species and energies. At 0812 UT, however, the
fluxes of all ion species and energies increased simulta-
neously. Nevertheless, we are hesitant to disregard this idea
mostly because we do not understand why the double oval
forms especially during magnetospheric storms as it did in
the present event or what separates the equatorward oval
from the poleward one. If the equatorward oval is an
ionospheric projection of some magnetospheric region deep
inside the closed field-line region, it is possible that Cluster
crossed the outer boundary of such a region at 0812 UT.
[37] An alternative idea is that the 0812 UT event was

indeed dipolarization/injection and ions were accelerated
locally at Cluster 3, whereas the later configurational
changes were caused by large-scale oscillations of the inner
magnetosphere. During the 0812 UT event Cluster observed
large-amplitude magnetic and electric fluctuations, but such
fluctuations were smaller and less clear in the later events
even though the magnitudes of the configurational changes
were larger than in the 0812 UT event. These fluctuations
may distinguish the 0812 UT event from the later events.
After the 0812 UT event the azimuthal electric field, Ef, and
therefore the radial electric drift, changed quasi-periodically.
This supports the idea that the later configurational changes
were large-scale oscillations of the inner magnetosphere. In
such a case the change of the local magnetic field to a more
dipolar configuration may not have to be accompanied by
any significant energization of ions.
[38] The characteristic timescale of the azimuthal electric

field oscillations, 10 min, is longer than the typical period of
field line oscillations and that of Pi2 waves. Thus this quasi-
periodic oscillation must be related to something that
propagates or moves much slower than MHD waves, and
we speculate that convection, or its shear, is a reasonable
candidate. From that perspective, it is interesting to point
out that the auroral emission had a quasi-periodic structure
in the azimuthal direction, which appeared to move
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westward. See, for example, the frame at 0838:56 UT in
Figure 2, in which several bright spots can be found in the
dusk-to-midnight sector. In fact, when Cluster observed a
dipolarization(-like) signature at 0838 UT, its footpoint was
very close to one such auroral spot as we pointed out earlier
(section 3.1). As the corresponding structure moves in
the magnetosphere, it may be observed as quasi-periodic
magnetic and electric oscillations by spacecraft.
[39] In closing we emphasize that this discussions is all

based on a single event, and it is an open question how often
and under what conditions such an oscillatory motion takes
place in the inner magnetosphere. It is interesting and
important to examine electromagnetic and particle signa-
tures in the inner magnetosphere during other magneto-
spheric storms and compare them with temporal and spatial
auroral variations.

5. Summary

[40] In the present study we examined the sawtooth event
that took place on 18 April 2002. We focused on the Cluster
observations of the magnetic field, electric field, and ener-
getic ion flux variations in the inner magnetosphere in
the premidnight sector. The following is a summary of
observational results:
[41] 1. The equatorward component of the double oval

structure can be mapped to the ring current region far inside
geosynchronous orbit.
[42] 2. In association with the sawtooth injection at

�0800 UT, the Cluster spacecraft observed at r � 4.6 RE

the local magnetic field become more dipolar and both
proton and electron fluxes increase without clear energy
dispersion. The energetic oxygen flux also increased sharply,
which presumably corresponded to the enhancement of
the oxygen ENA flux observed by IMAGE/HENA.
[43] 3. Following the 0812 UT event Cluster observed

dipolarization-like signatures, without enhancement of
energetic ion flux. These signatures were not associated
with substorm onsets or auroral intensifications. Instead,
they were accompanied by oscillatory plasma motion in the
radial direction, which possibly corresponded to periodic
auroral structures that propagated westward.
[44] 4. The quasi-periodic oscillation of the azimuthal

electric field component at the Cluster satellite was corre-
lated with the differentiated BZ magnetic component, indi-
cating that the observed electric field is mostly inductive.
[45] These results suggest that electromagnetic processes

in the inner magnetosphere are important for local energi-
zation of energetic ions and auroral dynamics during mag-
netospheric storms.
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