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Substorm expansion phase: Observations from Geotail, Polar and
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[1] We describe the signature of a substorm detected in the midtail while Geotail was
located close to the midnight meridian. At the same time, the UVI imager on board Polar
identifies a bulge which develops at low latitude and rapidly expands towards the north,
east, and west, corresponding to the expansion phase. The magnetograms of the IMAGE
network are consistent with these observations; during the expansion phase they give
evidence for a northward expansion of the magnetic perturbation. Mapping indicates that
the Geotail footprint is located north of the initial bulge and south of the high-latitude oval.
During the expansion phase, Geotail is located in the center of the neutral sheet and detects
an ion flow velocity, perpendicular to Bo and directed tailward while Bz changes from
positive to negative. During the recovery phase, Geotail, which is not at the center of the
sheet anymore, detects an ion velocity directed earthward but essentially field aligned,
while Bz is positive and the high-latitude auroral structure is located north of Geotail
footprint. The radial component of the velocity is always dominant. We interpret these
observations as evidence for a tailward moving dipolarization front that first destroys the
inner part of the thin current sheet (TCS) formed during the growth phase. This
dipolarization/current disruption starts in the near-Earth plasma sheet and expands
tailward. This “erosion” produces a negative Bz component at the earthward edge of the
TCS. For large enough distances this contribution can eventually be dominant, thereby
producing a negative Bz. In this interpretation the formation of an X-point/X-line is the
consequence of the erosion of the currents in near-Earth tail. Present observations give
evidence for an association between increases in the ion velocity and small-scale Alfvenic
fluctuations. The plasma sheet electrons are heated via interaction with the waves. This
heating is preferentially along the direction of the magnetic field. Large ion flow velocities

coincide with wave observations.
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1. Introduction

[2] The interaction between the solar wind and the Earth’s
magnetic field leads to the formation of a large reservoir of
hot plasma, the plasma sheet. The dynamics of the plasma
sheet is governed by a fundamental process: magnetospheric
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substorms which correspond to the rapid release of the
magnetic energy stored in the magnetotail. A substorm
involves the systematic occurrence of physical processes
that have distinctive signatures in the deep tail as well as in
the ionosphere. Thus the energy transfer from the solar wind
to the magnetosphere-ionosphere system involves a series of
related mechanisms. The question is to understand this chain
of processes. Here we concentrate our attention on the
transport of the plasma in the Central Plasma Sheet (CPS)
and Plasma Sheet Boundary Layer (PSBL) and on the
relation between this transport and the presence of waves
at frequencies around the proton gyrofrequency.

[3] Bursty high-speed (>400 km/s) plasma flows, termed
bursty bulk flow (BBFs) lasting short times, typically a few
minutes, have been extensively studied [e.g., Baumjohann
et al., 1990; Angelopoulos et al., 1994]. Statistically, the
direction of the flow which has a strong radial component
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depends on the distance in the tail: for Xggy, > —25 Ry the
flow is generally directed earthward. Beyond 25 Ry the
flows are usually directed tailward [Nagai et al., 1998a].
Statistics show that the ion flow velocity decreases as the
distance from the Earth decreases, which was interpreted as
evidence for flow braking [Shiokawa et al., 1997]. The flow
velocity varies like E/B; thus this statistical result is strongly
influenced by the radial variation of the magnetic field. The
selection criterion used by Baumjohann et al. [1990] did not
take the magnetic field variation into account. As a matter of
fact, more recent statistics [Schddel et al., 2001] show that
the flux transport depends little on the radial distance. In
other words, the westward electric field depends little on the
distance and the decrease of the flow velocity simply comes
from the variation of the magnetic field at the equator, with
the radial distance. Angelopoulos et al. [1994] also showed
that high transport rates (energy, magnetic flux) are attained
in BBFs and suggested that BBFs could take care of a large
fraction of the earthward transport. This conclusion was
challenged by Paterson et al. [1998, 1999] who pointed out
that large flows are connected with substorm activation
and concluded that BBFs do not contribute significantly
to the transport in the near-Earth plasma sheet, at least
during quiet times. As these studies concern mainly dis-
tances beyond 10 R, the midnight region close to the Earth
(6—10 Rg) is not covered. A study of Le Contel et al.
[2001b], based on GEOS data, showed flows with a smaller
velocity (typically 100 km/s) but comparable electric fields.
The ion flows are directed alternately towards the Earth and
towards the tail.

[4] Wave activation is often observed at substorms. At the
geostationary orbit, small-scale Alfvénic fluctuations are
systematically observed at substorm onset and during the
expansion phase [Perraut et al., 2000b]. As shown by Le
Contel et al. [2001b], plasma transport can be controlled by
the amplitude of these waves. Following the kinetic
approach developed by Le Contel et al. [2000] for magneto-
spheric substorm, the following scenario has been proposed:
During the growth phase, the response of the plasma to an
externally applied electromagnetic perturbation implies (via
the quasi-neutrality equation) the development of an electro-
static potential, constant along a given magnetic field line,
and of a parallel current. The electrostatic part of the electric
field tends to quench the induced part, which prevents fast
transport from occurring. As soon as a large parallel current
develops, however, Current Driven Alfvén (CDA) waves
develop. CDA waves cancel the electrostatic field via
electron diffusion, thereby enabling fast transport. The
present paper aims at investigating the possible existence
of the same mechanism further out in the tail.

[s] Low-frequency electromagnetic waves have also been
observed on board AMPTE/IRM satellite at distances
between 9 and 19 Rj. Indeed, Bauer et al. [1995] found
that the highest values of their intensity were connected
with high-speed flows and strong changes in density and
temperature in CPS. Strong electromagnetic fluctuations at
a distance around 18 Ry have also been detected in the
PSBL [Angelopoulos et al., 1989]. Angelopoulos et al.
[1989] have shown that the plasma distribution functions
detected by ISEE are potential sources of free energy, in
particular, for the kink-like instability driven by a field-
aligned current. However, they did not consider the role of
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this instability on the electron diffusion via their parallel
electric field component. Using Geotail data, Shinohara et
al. [1998] and Sigsbee et al. [2001] have identified electro-
magnetic wave activity in the lower hybrid frequency range
at and near the neutral sheet, near the substorm onset site
close to 15 Rg. Hoshino et al. [1994] also used Geotail data
to give evidence for fluctuations at frequencies of the order
of the proton gyrofrequency.

[6] In this work we study two events detected while
Geotail was located around 20 Rg. From a fixed position,
Geotail detects a tailward flow followed by an earthward
flow. These observations are interpreted with the help of
ground data registered in the vicinity of the Geotail footprint
and Polar images taken at the same time. Polar gives a
global image of the auroral activity as a function of time.
From the comparison between ionospheric and magneto-
spheric observations, we try to draw some conclusions on
the relation between flow directions measured on board
Geotail, the dipolarization/current disruption, and the wave
activity. In order to substantiate the scenario described
above, we have computed the magnetic variations induced
by the presence of a current sheet in the tail. We also show
the time variation of electromagnetic fluctuations at fre-
quencies around the proton gyrofrequency and investigate
their relation with particle distribution functions measured
simultaneously on board Geotail.

[7] The first section deals with low-altitude observations
from the ground and Polar. The second section aims at
establishing the relationship between the flow velocity
measured in the tail (with Geotail) and the location of the
auroral structures observed by Polar. The magnetic varia-
tions induced by a tail current sheet are discussed in the
third section. A simple model is proposed to help interpret-
ing Geotail observations. A detailed analysis of the sub-
storm expansion phase and of the role of current driven
Alfvén waves is developed in the last section.

2. Low-Altitude Observations

[8] Two different events have been selected for this case
study. 15 December 1996 is particularly interesting for a
comparison between ground-based measurements and Geo-
tail observations, since the footprint of Geotail is in the
vicinity of the IMAGE network. A complete view of the
auroral activity is obtained from the UV images provided by
Polar. Per contra, during this event, Geotail was not located
at a suitable position with respect to the satellite receiving
station and was not therefore in a high bit rate mode. Thus
detailed distribution functions were not available. For that
reason we have also focused our attention on another event,
10 December 1996, which has the advantage of providing
distribution functions, while it exhibits a similar behavior as
regards to the comparison between Polar and Geotail. The
study is restricted to the following time intervals: from 2050
to 2150 UT for 15 December 1996 and from 1640 to 1820
UT for 10 December 1996. The GSM coordinates of Geotail
were approximately (—23.8, 5.2, —1.5) Rz and (—25.3, 1.2,
—2.5) R, respectively.

2.1. Ground

[¢] The IMAGE network gives a wide coverage of geo-
magnetic perturbations associated with currents developing
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over Scandinavia. For 15 December 1996, around 2130 UT,
the Geotail footprint drifts towards the East in the vicinity of
this network. Using the Tsyganenko 89 model [7syganenko,
1989] with Kp = 3, one gets the geographic coordinates of
the Geotail northern footprint: 71° in average for the latitude
and 15° in longitude. To help for comparison with Polar
images, the respective positions of Geotail (rectangle) and
of the ground stations (triangles) have been plotted on a
map in a Magnetic Local Time (MLT), Invariant Latitude
(INVL) frame of reference (Figure 1a) [Roederer, 1970]. It
shows that the location of Geotail footprint fits into the
ground network. The X-component (Figure 1b) exhibits a
sudden decrease for the stations south of Soroya (SOR)
located at 70.5° geographic latitude. This decrease starts at
PEL (Pello, 66°9) at ~2051 UT (vertical dotted line). It is
remarkably clear that as time elapses, the magnetic pertur-
bation propagates towards higher and higher latitudes up to
SOR. Before 2100, however, there is no typical signature, to
the north of SOR, at stations above 70°5. Thus we are
observing the signature of a substorm onset on the X-
component, the expansion reaches ~70°. The magnetic
signature is less clear on the Y-component (Figure 1c).
Later, the activity restarts; two successive periods of reac-
tivation are observed around 2110 and 2123. During these
two phases of reactivation, all the stations are concerned,
but the signatures are symmetric, i.e., the variation of the X-
component is north above BIN (Bear Island) and south
below SOR, which indicates that the northern boundary of
the westward electrojet is located in this transition region.
During the last period of activity, only the high latitude
stations above BJN are affected. In summary, the observa-
tions are organized around an intermediate latitude between
SOR and BIN; first, the activity starts to the South and

19961215 2050:54 UT LBHS
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Figure 1a. Map of the ground stations (triangles) with the
insertion of Geotail footprint (rectangle) in a MLT-INVL
frame of reference.

SMP 8-3

IMAGE magnetometer network 1996-12-15

1 minute averages
T

NAL

LYR

HOR

HOP

BJN

SOR

700

KEV

TRO

—~| MAS

AND

KIL

MUO

LOZ

KIR

SOD

PEL

X-COMPONENT

ouJ

HAN

NUR

20:00 20:30 21:00 21:30 22:00

Hour (UT)

Figure 1b. Ground magnetometer data (X-component)
from IMAGE network for 15 December 1996. The latitude
of the stations increases from bottom to top. The vertical
line shows the substorm breakup seen at low latitude at
2051 UT. Then the perturbation reaches the higher latitudes
with a clear delay.

propagates towards the North [4kasofu, 1964] and later the
activity takes place mainly at high latitudes. These con-
clusions are in agreement with the auroral observations on
board Polar as shown below.

[10] The second event, 10 December 1996, is not con-
jugated with the IMAGE network. There only exist low-
latitude measurements already reported by Nagai et al
[1998D].

2.2. Polar

[11] The NASA Polar spacecraft, near its apogee, pro-
vides global auroral images in two (alternating) UV lumi-
nosity bands with 36 s time resolution [Liou et al., 1997].
For 15 December 1996, Polar images give evidence for the
development of a first substorm between 1800 and 1900 UT
(also seen on the local AL index but not studied here). Then
the magnetosphere recovers its quiet configuration. At 2000
UT there is little activity (low local AL index), especially at
low latitude. Later, Polar detects a new series of intensifi-
cation of auroral forms (local AL index reaches —500 nT).
From the Polar images the estimated time of the second
onset is ~2052 UT at ~65° INVL and at the longitude
~2200 MLT (as it can be seen from the comparison
between the images at 2050:54 shown in Figure 6 and the
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Figure 1c. Same as Figure 1b for the Y-component.

first image in Figure 2) and the auroral activity intensifies
and rapidly extends towards the west, the east and the north.
The large perturbations seen in Figures 1b and 1c reflect the
large-scale current disruption corresponding to this sub-
storm. A detailed picture of the development of the expan-
sion phase is shown in Figure 6, while the most
characteristic images of the auroral distribution for the
whole event are displayed in Figure 2, in the MLT-INVL
frame of reference. In this frame, most of the IMAGE
network footprints at 2100 UT are localized in the vicinity
of the midnight meridian. At 2052:26 and 2052:44 UT
(Figure 2), the auroral activity is weak and only reaches the
IMAGE meridian at low latitude. In the midnight meridian,
the auroral activity expands to the north, from 2052:44 to
2055:48, and reaches a maximum intensity (~80 photons
em 2 s7') at ~2055:48 UT, followed by a period of
decreasing activity with a minimum at ~2105 UT. As the
aurora ceases its poleward progression, which characterizes
the end of the expansion phase, the aurora within the bulge
often fades noticeably. Before ~2108 UT, a high-latitude
auroral form intensifies in the evening sector, essentially at a
latitude above 70°. After 2108 and before 2123 UT the
activity diminishes progressively in the midnight sector.
Then at 2123:24 a local, very active auroral disturbance is
detected at high latitude around 2300 MLT. Finally, a high-
latitude (>70° INVL) auroral form starts to develop at
2132:36 at the IMAGE network meridian and increases
rapidly with a maximum intensity at ~2139 UT. This high-
latitude auroral form corresponds to the high-latitude auro-
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ral oval already described by Elphingstone et al. [1995].
The surges making up the poleward oval drifts towards the
west and leaves the midnight meridian at ~2142 UT.

[12] The images show that this event consists of two main
phases: the substorm starts developing on the most equator-
ward oval (the main UV oval) and later expands to the north.
The poleward oval, covering a wide longitudinal sector at
latitudes well above 70°, begins to develop after the end of
the expansion phase; successive intensifications of this
high-latitude oval occur. This behavior is in complete
agreement with earlier papers by Elphingstone et al.
[1995]. After reactivations the recovery phase is at ~2132
UT. The signatures obtained from ground-based instruments
substantiate the above conclusions.

[13] The second event, 10 December 1996, presents a
similar behavior (data are not shown here but this event has
already been described by Nakamura et al. [1998] and
Haland et al. [1999]). The auroral activity starts also at
low latitude in the midnight sector and expands northward.
After this expansion the activity takes place predominantly
at high latitude. The difference with respect to 15 December
1996 is the presence of a faint transpolar structure between
1600 and 1700 UT.

3. Geotail Observations: Relation Between
the Location of the Auroral Forms and the
Flow Velocity

[14] The Geotail position is especially appropriate for a
comparison with the auroras observed on Polar at the same
time. For both events, Geotail is located close to the mid-
night local time, at a radial distance of ~23 Rg in the
vicinity of the center of the current sheet. During the 15
December 1996 event, between 2050 and 2150 UT, Geotail
crosses several times the neutral sheet (B is close to 0 and
Bx changes its sign). Figure 3 displays from top to bottom
the magnetic field components, the ion density and temper-
ature, and the ion velocity components (in GSM coordi-
nates). It is important to notice that the magnetic field at
Geotail is small (less than 10 nT, except at ~2056) before
the first current disruption at Geotail, (i.e., before 2057 UT)
and is very small (~5 nT) after current disruption for 4 min,
from 2057 to 2101 UT. The density is above 0.1 cm™>. Thus
Geotail is located within the current sheet before and during
the current disruption which is a rare situation; generally the
magnetic field is =15 nT before the first current disruption,
suggesting that the spacecraft is outside the current sheet, as
it is the case at 2108 UT.

[15] The behavior of the magnetic field detected on board
Geotail will be discussed in more detail in the next section.
Nevertheless, it is important to replace these measurements
with respect to Polar observations. From 2054 to 2101 UT,
By is oscillating around 0. Bx decreases until ~2056 (—15
nT) and later oscillates around O till 2101 UT. Bz starts to
increase before 2052 from 2 up to 8 nT at 2056 and decreases
afterwards. Bz =~ 0 at about 2056 and then becomes <0.
During this phase, Geotail is located in the southern part of
the central plasma sheet: the modulus of B is weak (=5 nT)
and the density is ~0.15 cm . Polar observations allow us
to consider that before 2052 UT, the auroral activity is
confined at low latitudes; thus the maximum of the current
density is still located in the vicinity of the Earth. When the
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Figure 2. Selection of UVI images (in the LBHL mode) plotted in magnetic coordinates for 15
December 1996. On the first plot the locations of the IMAGE stations are indicated by triangles and the

Geotail position by a rectangle.

bulge expands towards the North, corresponding to the time
interval between 2053 and 2056, the maximum of the current
density is approaching Geotail. It is only after that the bulge
has developed that the magnetic field cancels at Geotail. The

following periods of negative Bz component (=21:06 and
~21:22 UT) correspond to a different situation since the
spacecraft is located in the lobes (large modulus of B and
weak density).
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Figure 3. Geotail 3-s magnetic field (three components in
GSM and modulus), 12-s density, temperature and ion
moments (in GSM) are shown from top to bottom for 15

December 1996.

[16] A series of large bursts in the flow velocity is
detected from the velocity measurements (lowest panels in
Figure 3); the radial component Vx of the ion velocity
exceeds 500 km/s (and sometimes 1000 km/s) around
2058, 2110, 2123 and 2138 UT. These bursts last 3 to
10 min. The first three velocity bursts have a radial
component mainly directed towards the tail (Vx < 0).
Conversely, after 2124 UT the flows are directed earthward.
Although ¥y remains smaller than Vx, this component
reaches values larger than 400 km/s during relatively long
periods (up to few minutes). We have compared the Vx and
Vy components to the parallel and perpendicular compo-
nents of the ion velocity (Figure 4). The Vx component is
predominantly perpendicular (as indicated by the black lines
below Figure 4b) for small values of the magnetic field (<5
nT) observed when Bx is close to 0; while Geotail is in the
neutral sheet a radial flow corresponds to a flow perpen-
dicular to Bo. Outside of the current sheet, the velocity is
also radial, but it corresponds to field-aligned moving ions.
This is what is observed at different stages of this event
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(blackened areas in Figure 4a). When Bx exceeds £10 nT
with a density >0.1 cm >, Geotail is likely no longer in the
current sheet but still in the plasma sheet. Not surprisingly,
the 7y component is predominantly perpendicular to the
magnetic field. The periods indicated by thick black lines in
Figure 4d correspond to a duskward propagation (/y > 0), as
pointed out by Paterson et al. [1998]. Notice that during the
periods of predominantly westward velocity, Bx is ~10 nT
while Bz is close to 0, the density around 0.1 cm_3, the ion
temperature is stable, ~8.5 keV at ~2105, ~7.5 keV at
~2113, and 5.5 keV at ~2127 UT.

[17] It is now interesting to discuss the behavior of the ion
flow in connection with the development of the auroral
activity, as inferred from IMAGE network and Polar. The
position of the Geotail footprint has been estimated via the
Tsyganenko model to be around ~70° latitude near midnight
local time. If one compares the position of the Geotail
footprint with the position of the auroras, one notices the
following. Until 2054, Geotail detects no flow velocity,
while the low-latitude auroral form starts at ~2052 (see
image 1 in Figure 2) and intensify around 2130 MLT for an
invariant latitude ~65°. Then suddenly the bulge extends
simultaneously towards the west, the north, and the east. As
the bulge expands to the north and approaches Geotail
footprint at ~2054 UT (see Figure 6), Geotail starts to detect
an increase in the ion flow velocity. Afterward, the auroral
activity continues to develop to the north (and to the east)
with a larger intensity. At 2055:48 for example, the emission
around midnight is strong and the velocity measured on
board Geotail reaches 500 km/s. Then the Geotail footprint,
predicted via the Tsyganenko model, is located at the pole-
ward edge of the auroral activity that is close to or within this
northern structure. From 2054 to 2102 UT the ion flow
velocity is tailward, which suggests that the acceleration of
the flow occurs earthward of Geotail. However, the change
in the sign of Bz, from Bz > 0 to Bz < 0 does not affect the
outward direction of this flow. This is consistent with the low
latitude of the auroral bulge during this time period and with
the magnetograms shown in Figure 1. Although Geotail was
located at smaller distances from the Earth (10—15 Rg),
comparisons between Polar and Geotail have led Frank et al.
[2001a, 2001b] to the similar conclusions.

[18] Before comparing Geotail and Polar observations, it
is important to give an estimate on the accuracy in the
determination of the location of the Geotail footprint and on
the restitution of the UVI images in the MLT/INV frame.
Geotail is located at about 23 Rz. We have computed its
footprint for different sets of parameters. For Kp = 3 and for
the different Tsyganenko models the geographic latitude of
the Geotail footprint varies between 71 and 72°. For
Tsyganenko 89 with Kp varying from 0 to 6 this value
decreases from 72°7 to 70°3. Thus there is a difference of 2°
for large variations of the magnetic activity. Therefore one
can estimate that the accuracy is not better than 1-2 degree.
Concerning Polar, the wobble is in the noon-midnight
direction, and in that direction the uncertainty can be 1-—
1.5°. There is no uncertainty on the timing but in locating
the position. This uncertainty on the location could have had
an effect on the timing if Polar was used alone. Since we are
combining Polar and a ground-based network, the compar-
ison of Geotail/ground-based (including Polar) observations
is not affected by this problem.
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Figure 4. Figures 4a—4d show different components of the ion velocity. (a) X-component [radial] (thick
line) and parallel (to Bo) (thin line) components; (b) radial (thick line) and perpendicular (to Bo) (thin
line); (c) Y-component [azimuthal] (thick line) and parallel (thin line); (d) azimuthal (solid line) and
perpendicular (thin line). The dark lines below the panels indicate the periods when the velocity
component is dominantly parallel or perpendicular. (e¢) The integrated power of the Bz magnetic
component of the waves (computed over 12 s from the high bit rate: 16 s~") between 0.08 and 8 Hz.

[19] At2120 UT the auroral intensity seen by Polar is still
south of Geotail footprint; the flow detected by Geotail at
~2122 is still tailward. A few minutes later, at ~2123, an
auroral form expands to higher latitudes (above 70°) at 2300
MLT; at the same time, the Geotail ion flow direction
reverses to earthward. This is even clearer around 2135
UT. From ~2132 to 2135:30 the auroral structure develops
over a wide range of longitude and to the north of Geotail
footprint. During this time interval the flow is now earth-
ward, thereby indicating that the source region is now
located beyond the position of Geotail. The velocity reaches
a maximum at ~2139 UT, when the intensity of the pole-
ward auroral oval was maximum (>80 photons cm s~ ') in
the vicinity of the Geotail longitude (but at a higher
latitude). When the auroral form fades away near Geotail
footprint (see the last images in Figure 2), the velocity

measured on board Geotail sharply decreases. Thus there
exists a relation between the position of Geotail, the source
of the auroral emission, and the flow direction. The more
intense the auroral precipitation, the stronger is the ion flow
velocity. Fast flows are observed when there is a bulge in
the vicinity of the spacecraft footprint. The flow is either
earthward or tailward depending on whether the bulge is at a
lower or a higher latitude than the footprint. A similar
behavior has been evidenced for 10 December 1996.

[20] Having established the relationship between the
occurrence of fast flows in the plasma sheet and the
development of the auroral activity, it is important now to
investigate the link between these two sets of observations.
We will show in section 5 that this relation is mediated by
waves around the proton gyrofrequency, detected at the
same time as the flow velocity. When fast flows are



SMP 8-38

observed, rapid fluctuations are superimposed on the DC
magnetic field; this relationship between strong electro-
magnetic fluctuations and ion velocities is confirmed by
plotting the power of the Bz component integrated between
0.08 and 8 Hz in Figure 4e. The occurrence of large ion
flow velocities along the x component follows the intensi-
fication of the waves. The relationship between waves and
particles will be further discussed in section 6.

[21] The 10 December 1996 event presents a similar
behavior. It has already been studied by Nakamura et al.
[1998] and Hdland et al. [1999]. The event has a short
duration and before and after the current disruption, Bx is
~—20 nT. Thus the spacecraft was not located in the current
sheet.

4. Magnetic Variations Induced by the Tail
Current Sheet

[22] In this section we describe the magnetic signature of
the current sheet, which plays a major role in the dynamics
of the tail during substorms, especially during the expansion
phase. The signature of the magnetic perturbations detected
by auroral zone magnetic observatories has been already
extensively studied [Baumjohann et al., 1981]. We use the
information provided by ground-based observations (inten-
sification of ionospheric currents) and Polar images (auroral
brightening) showing that the substorms studied here start at
low latitude and then expand towards the north; that is, the
source of the electron precipitation is near the Earth and
then moves tailward. The impact of the auroral precipitation
is seen first at Pello (geographic latitude: 66°9) and then at
Soroya (70°5) with a delay of ~3 min. The northern motion
has an average velocity of 2.2 km/s. The mapping of these
two stations in the tail corresponds to a distance of about 15
R, giving a velocity of 530 km/s projected in the tail.

[23] Another estimation of the velocity in the tail can be
derived from the conservation of the magnetic flux along
the field lines. The magnetic field measured on the ground
is ~50,000 nT and in the midtail is ~5 nT. The deformation
of the flux tube in the midtail (elongation in the radial
direction) leads to correcting the ratio of the fields by its
square root. Thus the velocity in the tail will be 100 x 2.2 =
220 km/s. These two rough estimates of the projection of
the velocity of the northward auroral motion converge to
values of a tailward velocity of the order of few hundreds of
kilometers per second.

[24] Itisalso well established that nearly simultaneously at
synchronous orbit and beyond, near midnight the plasma
sheet expands as the magnetic field rotates from a tail-like to
a more dipolar configuration, while the electron flux and to a
lesser extent the ion flux increase by a large factor. Using
ISEE or IMP-8 data, Jacquey et al. [1991] and Ohtani et al.
[1992] showed that the dipolarization/current disruption
region expands from the near-Earth region to the tail with
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a velocity of the order of 200—300 km/s. Then it is logical to
associate the northward expansion with the tailward motion
of the dipolarization. Thus during the expansion phase, the
near-Earth part of the current sheet is progressively
destroyed. Changes in the location (radial size) of the current
sheet produce magnetic variations that depend on the posi-
tion of the spacecraft with respect to the current sheet.
Assuming an uniformly distributed current sheet with a finite
extension in the radial direction X, between X; and X, as
shown in Figure 5 and a width £AZ along the Z direction, the
components X and Z of the magnetic perturbations produced
by the current sheet at a given point (X, Zo) are written as

gy, [AF X, — X X — X
6BX:MO—}/ Arctg =20 — Areig ™ 0% dz (1)
2T J_az z—2 z—2y

2
tody /AZ X1 — Xo
0B, = — 1 1
- 47 { _Az n z—27) +
AZ X — X\
—/ In ( ) +1|dzy. 2)
—AZ Z*Z()

After integrating over the thickness of the current sheet, one
gets the variations of the magnetic perturbation with a
normalization factor poJ,/2w. We have computed the
variations of AB for a given altitude; for the regions above
or below the equator, the 6B, variations are symmetric with
respect to the equator, while the 0B. variations are
unchanged. Both components are null in the center of the
sheet. Here 0B, is maximum at the surface of the sheet,
except in the vicinity of the borders of the sheet at X and X,
while 8B, is maximum for these positions. The modifications
of a dipolar field produced by the presence of a thin current
sheet (AZ = +0.2 Ry) are presented in Figure 5. The Bx and
Bz components are plotted for the altitudes z = 0 and 1.

[25] In Figure 5a the current sheet gets close to the Earth
and the field lines are stretched; Bz component is >0
whatever the distance x. In Figure 5b the main change is
the increase of the Bx component for z = 1, as a conse-
quence of an increase of the current density by 50%, while
the size of the current sheet is the same as for Figure 5a.
Thus Figure 5b illustrates the effect of the intensification of
the current density. In Figure 5c the internal part of the
current sheet has been eroded; the Bz component becomes
negative in the vicinity of the internal border of the current
sheet, as a consequence of the disruption of the earthward
part of the current sheet; for z = 0, the topology of the field
lines exhibits an X point close to the Earth at ~12 R and an
O point further out. Similarly, for z = 1, the Bx component
decreases near the inner border of the current sheet but
remains positive. In Figures 5d and 5e the current sheet is
more and more eroded, and the X and O points move further
out in the tail at the same time as Bz gets more and more

dz

Figure 5.

(opposite) Deformation of the field lines expected in the tail when the TCS is eroded. The thickness of the

current sheet is fixed (AZ = +0.2 Rg). Bx (thin curve) for z = 1 R, Bz (thick curve) for z =1 Rg and Bz (thick dotted curve)
for z = 0 are also plotted. Bx = 0 (thin dashed line) at z = 0. From a to b the current increases. Then from b to ¢ the inner part
of the TCS is eroded. On d and e the erosion continues, which leads to a TCS detached from the Earth magnetic field. Final
magnetic configuration is shown on f. During phase a the current intensity is prominent in near-Earth plasma sheet and
Geotail detects a positive Bz, while during phase e the maximum of the intensity of the sheet is located tailward to Geotail
and Bz is negative at Geotail. During the phase d Geotail is in the vicinity of the center of the TCS (O point at Geotail).
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negative for z =~ 0. For z = 1 the Bx component progres-
sively decreases in the earthward region of the X point. For
a current sheet far in the tail (x > 45 Rg), the X point is far in
tail and the Bz component is again >0 in the region earth-
ward of the X point.

[26] This oversimplified model (nonself-consistent) gives
the main tendencies of the variations of the magnetic field
observed in the midtail when a substorm develops. The
application of this model to the Geotail observations is
developed in the following section.

5. Application of the Model

[27] We have gathered simultaneous observations taken
while a substorm developed in the magnetospheric tail. The
problem we are faced with is to build a scenario describing
these observations. Let us summarize the observations.
Figure 6 gathers the observations made simultaneously on
the ground, with Polar imager and on board Geotail during
the expansion phase of 15 December 1996.

5.1. 2051 UT

[28] On Figure 6b, the x component of the midlatitude
station (Pello) starts decreasing at 2051 UT, which suggests
that a thin current sheet (TCS) is formed close to the Earth.
On Polar, before 2052 UT (see Figures 2 and 6), the
intensification of the auroral forms occurs in the evening
sector at relatively low latitude (well south of Geotail
footprint). The corresponding magnetic field configuration
is presented in Figure 5a. At the Geotail distance (x ~ 23
Rp), Bz is positive and Bx could be either positive or
negative depending on the position of Geotail with respect
to the magnetic equator. At 2051, Geotail is located below
the equator. Geotail footprint is east of the main activity and
at a higher latitude; no flow is observed.

5.2. From 2051 to 2054 UT

[29] The auroral form develops and passes the midnight
meridian at ~2054. During this time interval, the TCS
intensifies. The intensification of the TCS is taken into
account in Figure 5b, which shows an increase in |Bx| and
|Bz| components at the Geotail distance in agreement with
the magnetic perturbations seen in Figures 6¢ and 6e, yet Bz
remains >0 until Geotail location (dotted vertical line) and
beyond. Later, correspondingly the auroral pattern begins to
expand to the north, and towards Geotail longitude. Fast
flows are not yet observed.

5.3. At 2054

[30] The auroral form reaches the Geotail longitude and
expands to the north, reaching Sereya (Figure 6a). The
erosion of the inner part of the TCS leads to a reduction in
Bz and even to a small region with negative Bz at ~12 Ry
(see Figure 5c). At the Geotail distance, Bx and Bz are
stable. The development of a negative Bz near the Earth
leads to the start of the development of a tailward ion flow
velocity, as observed in Figure 6f.

5.4. From 2054 to 2056 UT

[31] The bulge develops towards the North, indicating that
the current disruption progresses towards the tail. The TCS is
progressively eroded over a broad region as shown in Figure
5d. Then Bz is negative from 13 to 19 Ry. Neutral points are
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formed (X and O). The TCS disruption still produces Ey
westward; following the electric observations made also on
board Geotail, 7u et al. [2000] suggest that “the dipolariza-
tion may also contribute to the formation of strong duskward
electric fields in the inner tail.” Thus the flow is tailward
because Bz is negative (13 to 19 Rp). At Geotail, Bz is still
positive, but the magnetic field being disconnected from the
Earth’s dipole, the plasma which is moving tailward at 13—
19 Ry also moves tailward at 23 Ry in spite of a positive Bz
(Bx is unchanged). Intense waves are observed (Figure 6g).

5.5. 2057 UT

[32] The bulge has reached the Geotail footprint. As the
erosion of the TCS continues, Figure 5¢ shows that Bz
becomes negative at Geotail because the center of the TCS
is beyond Geotail. Furthermore, when the TCS passes the
Geotail position, Bx decreases rapidly. Again the observa-
tions depict the same tendency since as long as Bz is negative,
Bx is in average null. The flow on Geotail is still tailward but
now with a negative Bz. Intense waves are observed.

5.6. 2139 UT

[33] The auroral structure is now located at a latitude above
Geotail footprint (Figure 2). Thus the TCS is eroded further
out in the tail. The magnetic field configuration is presented
in Figure 5f. The X point is beyond Geotail. Bz is again
positive. Ey is westward and the flow is earthward, in
agreement with Geotail measurements. Thus a very simple
current sheet model where the current is progressively eroded
at the earthward edge (which produces a westward Ey) can
reproduce the main features of the combined observations.

[34] In spite of its simplicity, the model proposed above is
able to give an account of the multiinstrument observations.
It is a two-dimensional model, which does not include the
variations in the y direction. However, we know that the
propagation of the current sheet and of the dipolarization/
current disruption produces a modification of the local
currents, more precisely parallel currents intensify. These
currents can be inferred from the By component (Figure 6d).
The fact that the ion velocity is predominantly parallel to the
magnetic field during the expansion phase (Figure 6f)
suggests that the ions carry at least part of the parallel
current. During the same time interval, the intensity of the
waves (Figure 6g) follows very well the variations of the ion
parallel velocity (red line in Figure 6f). This suggests that the
waves provide an effective dissipation for parallel currents,
which implies a change in the perpendicular current and in
the magnetic configuration. As the TCS passes by Geotail,
Bz gets negative and the plasma can flow freely as a wind.
We have checked that when the waves have a large intensity,
the ion velocity is superalfvenic. At ~2056, the ion velocity
is predominantly perpendicular to the magnetic field. It is
only at that time that Geotail detects a convective flow.

[35] The scenario presented in this paper involves waves
around the proton gyrofrequency. They are studied in
section 6.

6. Relationship Between Flow Velocity and Waves
Around the Proton Gyrofrequency

[36] Another striking observation during the development
of this substorm concerns the intensification of the waves



PERRAUT ET AL.: SUBSTORM EXPANSION PHASE SMP 8-11

GEOTAIL Dec. 15, 1996

—_ a
- -
5 v
QC) — Soroya
c c
o
a 8
€ | < b
(o)
Q
X
10 . .
—~ 5
i AT NNV,
R e e " R e
X .10
m 15 c
10 o . . .
— d
T [ _ \/L\ /\/\/\‘\I\ I‘/\/\/\/\
5 0 e —— — ﬁ/ A
- ™= AW/ 7 7 V4
m -5 — —
10 U . . .
4 i 3
— 5 F— e 7
c ~N o — A A 3
M Vaadve :
N -
m -5 [ VMW
10 &
®»so00 IVxI f
€600
X400 V1
3200
- 0
S 2 T
=
o 0
[}
I
O 2
o - R S, o U
o 3 1 1 1
320:50;/ / \ \ \ 21:00
m
20:50:54 UT LBHS 20:53:39 UT LBHS 20:53:58 UT LBHS 20:55:30 UT LBHL 20:57:02UT LBHS
T 1
1] 60 1,
0 0] El 100
E
i
. % L d
al lqg

Figure 6. (a) Stacked plots of a high-latitude (Sereya) and (b) midlatitude (Pello) 1-mn magnetometer
data, (c—e) Geotail 3-s magnetic field, (f) 12-s X-component [radial] (black line) and parallel (red line)
ion velocities, and (g) integrated power (over 12 s) of CDA waves for the 15 December 1996 breakup. On
the bottom, Polar images mainly in the LBHS mode complete the selection presented in Figure 2. The
auroral activity approaches Geotail footprint at ~2055:30, but the ion flow velocity starts increasing
before (2054). Simultaneously wave intensity grows.
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with frequencies of the order of the proton gyrofrequency.
The amplitude of these fluctuations progressively increases
with the ion velocity (Figure 4). Notice that the power of
the fluctuations exceeds 1 nT? during 5 min, during the
expansion phase. Similar waves have been observed on
GEOS-2 [Perraut et al., 1993] and INTERBALL-2 [Per-
raut et al., 1998]. These waves have a broad spectrum
exceeding the proton gyrofrequency Fy+, but most of the
energy is below Fy+ [Perraut et al., 2000a]. They have a
parallel electric field component dE,, that can accelerate the
electrons in the direction parallel to Bo, via Landau reso-
nance [Perraut et al., 2000b]. Parallel diffusion is a very
efficient process, and the electrons are heated as they move
along the field lines. Here we would like to give an
example of particle distribution functions which illustrates
electron acceleration via waves. According to Perraut et al.
[2000a], these waves are easily destabilized by field-aligned
currents. We do observe ions flowing along the field lines,
for instance between 2054 and 2056 UT, but we can hardly
determine the electron velocity, because the expected drift
velocity (<Vy,, the ion thermal velocity) is much smaller
than the electron thermal energy. Thus it does not seem to
be possible to confirm the existence of a parallel current
from Geotail measurements.

[37] During the 15 December 1996 event, Geotail was not
in a favorable position with respect to the tracking station;
hence high-resolution data are not available for building
particle distribution functions. Thus we have selected 10
December 1996, when Geotail was in the high bit rate
mode. We have concentrated our investigation of the ion
distribution function on the first isolated significant event,
between 1650 and 1700 UT. It has been observed on Polar
and identified as a pseudobreakup [Nakamura et al., 1998]
and more precisely as a flux rope [Hdland et al., 1999]. 1t is
localized and lasts less than 3 min. The corresponding set of
parameters recorded on board Geotail is displayed in
Figure 7. Geotail encounters a typical plasma sheet (density
~0.5 cm*3) but, unlike the 15 December 1996 event, it is
not located inside the current sheet before the event. Never-
theless, high-speed tailward flows (500 km/s) are observed.
The variations of wave intensity follow the variations of the
ion velocity. The power of the waves reaches 1 nT? during a
short time interval. The distribution functions are integrated
over 4 spin intervals, i.e., 12 s in order to get a significant
counting of particles. During these 12 s, however, the
magnetic field can rapidly fluctuate (on high resolution data
not shown) which raises questions as to the validity of the
determination of the momentum. The assumption of a
steady medium during the measurement of the distribution
function (12 s) is not granted as already underlined by Parks
et al. [2001]. Fluctuations with dB/B ~ 1 are recorded. Thus
we have indicated the time intervals (blackened area) in
Figure 7 corresponding to fast magnetic field changes. The
ion distribution function, displayed in Figure 8, corresponds
to time intervals when the B variations are small, which
gives a good confidence in the calculation of the moments.
The ion distribution clearly shows the presence of a field
aligned beam, mainly in the tailward direction with a
velocity >400 km/s (i.e., 2 keV). There is also a shift in
the distribution function, in the £ x B direction, which is
approximately along y. The drift velocity is ~300 km/s. The
two components of the distribution function are clearly
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Figure 7. Geotail 3-s magnetic field, integrated power of
the Bz component (computed over 12 s from the high bit
rate: 16 s~!) and 12-s ion moments (in GSM) are shown
from top to bottom for 10 December 1996. The parallel and
perpendicular velocity components have been computed
(thin lines). The gray areas correspond to periods of strong
magnetic field variations which can alter the interpretation
of the distribution functions.

separated. Hence the drift velocity can unambiguously be
determined. The presence of the ion beam is also evidenced
on the velocity plots by the parallel component seen in
Figure 7i. The mean energy of the plasma sheet electrons is
~500 eV just before the event. When this short event
occurs, heating of the electron population up to ~1 keV is
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Figure 8. Distribution function for ions for a period of weak variation of the magnetic field. The
distributions are plotted in three different planes with one axis along B, the second along E field and the
third in the E x B direction labeled C. Cuts of the distribution function along the axis B and C are plotted
in the right side. During this time interval, the ion distribution shows, at the same time, a strong
component along B and the signature of a flow in the E x B direction.

detected together with an intensification of waves (Figure 7e).
The duration of the wave intensification is short and the
effect on the shape of the electron distribution function is
not very strong. More spectacular is the relationship which
exists between the intensity variation of the waves and the
electron heating, during a long time interval during the last
phase of the 10 December 1996 substorm. Figure 9 displays
a spectrogram of the electron flux versus energy. The wave
intensity is superimposed. We do see that the electron
energy follows the wave intensity. We have displayed some
of the available electron distribution functions. At 1740,
before the occurrence of the flow burst, and at 1806 UT,
after the flow burst, there is no wave activity and the
electron distributions are Maxwellian. At 1746, large inten-
sity waves are observed continuously during 30 min, the
electron distribution shows a strong heating, preferentially
along the magnetic field (parallel temperature larger than
the perpendicular ones). Given that CDAWSs are observed
simultaneously we suggest that this 7}, > T', (cigar-shaped)
distribution results from the parallel heating via Landau
damping. This kind of electron distribution has already been
reported by Hoshino et al. [2001] as a result of reconnection
processes in the plasma sheet. Ten minutes later, at 1759 UT,
the electrons are still heated, but compared with the pre-
vious distribution, they have been isotropized, (possibly via
pitch angle diffusion by whistler mode waves). Distribution
functions for this event have also been reported by Nagai et
al. [2001]. In summary, large amplitude waves coincide

with strong electron heating, with in some occasion cigar
shaped electron distribution functions.

7. Summary and Conclusion

[38] We have studied the expansion phase of a substorm
occurring while the IMAGE magnetometer network was
located close to midnight and the magnetic signature started
at a low latitude (65° INVL) and later regularly expanded to
the north, reaching Geotail magnetic footprint (~70°) a few
minutes later. Simultaneously, the UV camera on Polar gave
evidence for the development of a bulge. We have associ-
ated this northward expansion with a tailward expansion of
the dipolarization. Geotail was located at ~23 R, in the
midnight sector, close to the center of the TCS that had
developed before. A large convective flow is observed
when the auroral bulge hits Geotail footprint. We have
taken advantage of this rare conjunction between ground-
based and space-born instruments to test possible substorm
models.

[39] According to the standard model [Hones, 1979], the
spontaneous formation of a Near Earth Neutral Line
(NENL) is what initiates substorm activity and produces
fast flows, both earthward and tailward of the NENL. More
recent versions of the model suggest that the braking of this
fast earthward flow, on dipolar magnetic field, produces the
magnetic signatures observed close to the Earth (magnetic
bay and dipolarization). In the present work we do give
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evidence for a tailward flow, as expected for a NENL
developing earthward of Geotail (R < 23 Rz). However this
fast flow is observed at least 2 min after the early magnetic
perturbation at low latitude. If the low-latitude auroral form
and the low-latitude magnetic perturbation had been due to
the spontaneous formation of an X-line between the Earth
and Geotail, one would have expected to observe the
tailward flow earlier than the low-latitude magnetic pertur-
bation. In fact only when the magnetic perturbation
(detected from IMAGE network) and the auroral bulge
(detected from the UV images on Polar) approach the
magnetic footprint of Geotail do we observe a fast tailward
flow on this spacecraft. Thus present observations are not a
priori consistent with a scenario where break up is due to
the development of a neutral line beyond, say, 15 Rg.
However we cannot rule out a scenario where the neutral
line develops very close to the Earth. It is also possible that
a fast flow developed earlier than the ground signature but
missed the spacecraft because of its narrowness in longi-
tude. Yet, in order to be able to drive a reconfiguration of
the tail a neutral line must have a wide enough extension in
longitude. The corresponding flow burst (or bursts) should
therefore be widely spread in longitude.

[40] Thus present observations suggest that the activity
starts in the Near Earth Plasma Sheet and expands radially
outward, reaching Geotail in the midtail a few minutes later.
Adding the observations of INTERBALL tail located at
~10 R in the tail at an altitude of ~7 R below the equator,
Yahnin [2000] used the same data set and concluded: “all
the three main manifestations of the substorm onset (auroral
breakup, current disruption, and plasmoid formation) might
have the same origin time and place.” Nevertheless, even
after a detailed examination of other events, he ‘“cannot
make definite conclusion about what is the process launch-
ing the substorm.” The observations and the mechanism we
are proposing are an attempt to solve this issue. We suggest
a simple model of TCS where the inner part of a TCS is
progressively eroded. This erosion is associated with the
disruption of the tail current, farther and farther out, as
suggested by Lui [1996]. A simple current sheet model has
been used to illustrate that this erosion can easily reproduce
the observed magnetic signature. In this simple model, an
X-point/X-line does develop at R < 23 Ry as a consequence
of the current disruption, but it is forced by current
disruption. Nevertheless, from this study it is difficult to
assess what produces current disruption and fast flows
because Geotail is too far from the triggering region.

[41] The azimuthal electric field Ey associated with the
dipolarization produces an electric drift. Therefore the
present interpretation is consistent with earlier findings of
the Geotail team establishing a relation between the location
of magnetic nulls and the flow direction. According to our
interpretation, Geotail detects a tailward flow only when the
retreating TCS has produced a negative Bz over a substan-
tial region, between the Earth and Geotail. In agreement
with this tailward motion of the dipolarization/current dis-
ruption, the auroral pattern expands to the north. During the
second reactivation at the Geotail longitude (at ~2110 UT
for 15 December 1996), the dipolarization region is still
closer to the Earth than the Geotail position and Geotail still
detects a tailward ion flow. Later, around 2123 UT, the ion
velocity changes alternately from earthward/tailward/earth-
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ward, indicating that the current disruption region is in the
vicinity of the location of Geotail. Once the current dis-
ruption occurs tailward of GEOTAIL (as indicated by Polar)
the ion flow direction turns to earthward. Thus for the
various phases the observations are well organized by the
relative position between the spacecraft and the location of
the current disruption region. In the present model, the
tailward propagation of the dipolarization/current disruption
front (whatever causes its erosion) can lead to the formation
of an X-line/X-point. The changes in the perpendicular
current J,, produce parallel currents as the disruption prop-
agates [Le Contel et al., 2001a; Pellat et al., 2000].

[42] The last important point obtained from the analysis
of Geotail observations is relative to the waves around the
proton gyrofrequency which seem to be the tracer of the
flow in the tail. Whatever their direction, fast flows are
always associated with intense electromagnetic fluctuations,
CDAWs. Similar observations have been reported by Bauer
et al. [1995]. They refer to the works of Gary et al. [1976]
and Gary and Winske [1990] to identify the mode of the
waves. Similar comparisons between occurrence of waves
and transport of the plasma have been made at the geosta-
tionary orbit [Le Contel et al., 2001b]. These waves have
been identified as Current Driven Alfvén waves, driven
unstable by a parallel current [Perraut et al., 2000a]. On
Geotail the magnetic signature on By and the existence of
parallel flowing ions suggest that the parallel drift between
ions and electrons could be the free energy source. Unfortu-
nately, the electron flow velocity is very difficult to meas-
ure; hence evidence for parallel current is hard to obtain.
According to this model electrons should preferentially be
heated along magnetic field, via the CDAWs at least at high
latitudes, where the Alfvén velocity increases enough to
match the electron parallel velocity. We have indeed given
evidence for a correlation between intense CDAWs and
electron heating and in some conditions field aligned
“cigar-shaped” electron distributions. The role of these
waves on the reconfiguration of the magnetic field during
substorms in the midtail will be studied more in details on
the basis of CLUSTER data.
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