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Abstract. Data from Polar and Geotail spacecraft are combined to investigate the relationship between locations of active auroras and the magnetotail plasma sheet region where
reversed fast plasma flows are generated during substorms.
Using the magnetospheric magnetic field model, it is shown
that at the beginning of the tailward fast flow the ionospheric
footprint of the spacecraft measuring the flow tends to be located poleward of the auroral bulge. The spacecraft within
the earthward flow is mapped equatorward of the poleward
edge of the auroral bulge. We conclude that a source of the
fast plasma flows is conjugated with the poleward edge of the
auroral bulge. Analysis of the behavior of the plasma and the
magnetic field in the vicinity of the source of the diverging
flows allows us to conclude that the source region, interpreted
as the magnetic reconnection site, coincides with the region
of the cross-tail current reduction, and the tailward propagation of the region is associated with the tailward propagation
of the current disruption front.
Keywords. Magnetospheric physics (Auroral phenomena;
Plasma sheet; Storms and substorms)

1 Introduction
The auroral substorm (Akasofu, 1964) is an ionospheric
manifestation of the magnetospheric substorm – an explosive process of transformation of the magnetotail magnetic
energy into the kinetic energy of plasma sheet particles. Numerous studies have shown that a breakup of one of the most
equatorward auroral arcs in the nightside signals the onset
of the explosive process in the magnetosphere (e.g. Liou
et al., 1999), and subsequent auroral activations represent
a fine structure of the process (Sergeev and Yahnin, 1979;
Sergeev et al., 1986a, b; Yahnin et al., 1990). The substorm
Correspondence to: A. G. Yahnin
(yahnin@pgi.kolasc.net.ru)

mechanism is still unknown, as well as the certain magnetospheric domain and certain plasma instability responsible for
discrete auroras. Some authors consider the source located
inside the current sheet, on stretched field lines (e.g. Yahnin
et al., 1997), while some others argue that the source of substorm auroras is situated on dipole-like magnetic field lines
(e.g. Lazutin, 1986; Shiokawa et al. 1997).
Some substorm models suggest that in the magnetotail current sheet, reconnection of anti-parallel magnetic field lines
and the formation of a neutral X-line can develop. As a result, the generation of fast plasma flows (both earthward and
tailward from the neutral line) and plasmoids is expected and
observed (e.g. McPherron et al., 1973; Hones, 1979). Some
authors suggest that the X-line can be the source of active
auroras (Atkinson, 1992; Pudovkin et al., 1991).
The model by Shiokawa et al. (1997; 1998) suggests that
reconnection plays a significant role (as generator of fast
flows), but does not directly relate to auroras. According to
this model, the auroral breakup occurs in the region of the
dipole-like magnetic field where the braking of the earthward
fast flow is assumed. The braking produces the inertial current that closes onto the ionosphere by field-aligned currents.
The breakup appears in the region of the upward current.
In the models that consider the substorm on dipole-like
field lines, the source of active auroras can be instabilities of
cross-tail current (e.g. Lui, 1996), different modifications of
interchange instabilities (e.g. Roux et al., 1991; Golovchanskaya et al., 2004), or instabilities in the magnetosphereionosphere system (e.g. Kan, 1993).
To limit the variety of the substorm models it is important
to establish the relationship between substorm auroras and
some magnetospheric region and/or plasma process. The solution of this task is hindered by the problem of the correct
mapping in the dynamic magnetosphere. Indeed, no magnetospheric magnetic field models exist for reproducing, for
example, the development of the X-line configuration.
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Fig. 1. Auroral displays for two moments of the auroral substorm development on 9 February 1997. The meridian of the Geotail footprint
(near local midnight) is shown by the red line.

During substorms, the fast plasma flows are typically observed in the magnetotail. The earthward flows are mainly
observed in the near-Earth plasma sheet at X>–15 RE (e.g.
Fairfield et al., 1999), while in the mid (–30 RE <X<–15 RE )
and far tail the flows are often tailward, and associated with
plasmoid signatures (e.g. Ieda et al., 2001). Statistically,
the earthward and tailward plasma flows relate, respectively,
to positive and negative excursions of the Bz -component of
the magnetic field in the plasma sheet (e.g. Ohtani et al.,
2004). The oppositely directed flows are assumed to be generated simultaneously by the same source as demonstrated
by Petrukovich et al. (1998), on the basis of data from two
radially spaced spacecraft. Observations of the oppositely
directed flows expected for the magnetic configuration with
the X-line can be considered as a signature of magnetic reconnection. (It is worth noting that the physical nature of
magnetic reconnection is not well understood, especially the
plasma process leading to the formation of the diffusion region. For example, in a recent review, Lui et al. (2005)
stressed that standard 2-D and steady-state consideration of
this process should be revised by taking into account the 3-D
and transient character of the real process. However, comparing the competing mechanisms related to the magnetic
energy release, Lui et al. (2005) have noted that perhaps only
magnetic reconnection provides plasma flows ordered by the
magnetic field configuration independent of the regime of the
process.)

reconnection signatures including plasma inflow into the diffusion region and inversion of the magnetic field curvature
during transition from tailward to earthward flow.
In this paper, the attempt to correlate the active substorm
auroras with the fast plasma flow reversal events in the
plasma sheet is made on the basis of comparing observations
on board the Polar and Geotail satellites. The Ultra Violet
Imager on board Polar allows for the observation of the atmospheric UV luminosity which is due to the precipitation
of auroral electrons (Torr et al., 1995). Due to the spatial resolution of ∼40×40 km2 the individual discrete auroral arc
can not be resolved from Polar. Nevertheless, the location
of the sharp poleward boundary of luminosity can be considered as a proxy for the poleward boundary of discrete auroras
(Baker et al., 2000) forming the substorm auroral bulge. The
data from the MFI and LEP instruments on board Geotail
(Kokubun et al., 1994; Mukai et al., 1994) are used for measurements of magnetic field and plasma parameters in the
plasma sheet.
In Sect. 2 we present criteria used for the event selection.
Section 3 is devoted to data analysis, including a description of typical examples, results of a superposed analysis of
plasma sheet parameters during flow reversals, and the analysis of the relationship between auroras and plasma sheet phenomena. In Sect. 4 the results are briefly discussed, and the
conclusions are formulated in Sect. 5.

In the course of a substorm, the satellites in the mid-tail
can register the reversal of the tailward plasma flow relative to the earthward plasma flow. This fact is interpreted
as tailward movement (or reappearance) of the reconnection
site (Hones, 1979; Forbes et al., 1981; Angelopoulos et al.,
1996). Recently, Runov et al. (2003) confirmed this interpretation by multipoint observations on Cluster. They analyzed the flow reversal event at ∼17 RE during a substorm
and observed, besides the typical Vx and Bz variations, other

2 Event selection
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To select the events for our analysis we use the following criteria: 1) the auroral substorm should be observed by the UV
imager on board Polar, 2) the meridian of the Geotail footprint should cross the polar edge of the auroral bulge, and 3)
Geotail, in the night plasma sheet, should observe the first
(after an interval of low-speed plasma fluxes) tailward-toearthward plasma flow reversal. Plasma flows with velocities
www.ann-geophys.net/24/679/2006/
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Fig. 2. The behavior of the aurora and plasma sheet parameters during the event of 9 February 1997. From top to bottom: the latitude
of the poleward edge of the aurora seen by Polar UVI at the meridian of Geotail (only a fragment of the keogram around the time of
the plasma flow reversal is shown); the total (magnetic plus plasma)
pressure at the Geotail location; the ratio between the plasma and
magnetic pressure (parameter β) at the location of Geotail; the Vx
component of the plasma velocity in the plasma sheet observed by
Geotail.

V >200 km/s are considered, and the criterion β>0.1 (β is
the ratio of kinetic plasma pressure to magnetic pressure) is
applied for the plasma sheet identification. The survey of the
data for 1996–1997, when the apogee of Geotail was about
30 RE , revealed 14 events which met the above criteria. For
selected events the Geotail spacecraft was at distances within
the range of 10–30 RE , but most cases fall into the range of
distances of 20–30 RE . To increase the “statistics” at more
close distances, one more event (∼21:00 UT of 13 November
1998) was added.
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Data analysis
Example of the considered data – event of 9 February
1997

Figure 1 presents two auroral images (in the LBH-long
emission) from Polar during one of the events studied
www.ann-geophys.net/24/679/2006/
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Fig. 3. The same as Fig. 2 but for event of 2 July 1996.

(9 February 1997). The auroral substorm began much earlier than the time of the first image, but at that time UVI
was viewing the evening sector. In fact, up until 12:22 UT,
the auroral activity was also concentrated in the evening
(as evidenced by VIS, another imager on board the Polar
spacecraft; L. Frank is the principal investigator, data not
shown). The maximal poleward expansion of the bulge was
at 12:35 UT, whereupon the recovery phase started. Around
this time the Geotail satellite was at X=–27 RE . The latitude
of the spacecraft footprint significantly varies depending on
the magnetic field model used for the mapping, but the local time stays rather stable. The local midnight meridian,
where the Geotail footprint is mapped, is shown by the red
bar in Fig. 1. The latitude of the poleward edge of the auroral bulge mapped on the Geotail footprint meridian is shown
on the most upper panel of Fig. 2. Only data from images
made in the LBHl emission with a time resolution of ∼0.5–
3 min are used for the construction of this meridional profile
of aurora, the so-called keogram. (The poleward boundary
of the bulge at the meridian of the Geotail footprint is determined, for definiteness, at the level of 20 photon/cm2 s).
The keogram demonstrates the clear poleward expansion of
the bulge, starting around 12:22 UT. Plasma and magnetic
data from Geotail for the period 11:00–13:00 UT are shown
in Fig. 2. After 12:22 UT, the satellite started to measure
Ann. Geophys., 24, 679–687, 2006
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of the auroral bulge at the meridian of Geotail and the distance between Geotail and the Earth at the moment of the flow reversal registration.
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Fig. 4. The behavior of the plasma and magnetic field parameters in
the plasma sheet obtained by the method of superposed epoch. The
moment of the plasma flow reversal is used as a reference time.

the fast tailward plasma flow. The flow changes its direction
at about 12:29 UT, and the earthward flow was registered
until 12:35 UT. During the flow direction reversal, the latitude of the poleward edge of auroras can be estimated as
73◦ CGMLat. The reversal is associated with the decrease in
both the total (magnetic plus plasma) pressure and β.
3.2

10

Example of the considered data – event of 2 July 1996

The event of 2 July 1996 has been described in much detail
by Frank et al. (2001), on the basis of the Polar VIS imager
and Geotail data. In this case, the Geotail was at a distance of
11.5 RE . Although in their paper Frank et al. (2001) did not
pay attention to the flow direction changes, they concluded
that the substorm onset was associated with the merging of
the magnetic field inside the Geotail orbit.
The Polar UVI keogram and the Geotail plasma and magnetic data for this substorm are shown in Fig. 3. As in Fig. 2,
the upper panel in Fig. 3 shows the latitude of the poleward border of the UV aurora at the meridian of the Geotail
Ann. Geophys., 24, 679–687, 2006

spacecraft. Other panels show the plasma sheet parameters
obtained from the Geotail plasma and magnetic data. The
event is associated with the poleward expansion of auroras. Both tailward and earthward flows are inside the plasma
sheet with β>1, while the flow direction reversal is related to
the decrease of β. Near the reversal, the decrease in the total
(magnetic plus plasma) pressure is also seen. The latitude of
the polar edge of aurora at the time of the flow reversal is
about 70.5◦ CGMLat.
3.3

Superposed epoch analysis of the plasma sheet parameters in the vicinity of the source of the diverging fast
plasma flows

The result of the superposed epoch analysis of the plasma and
magnetic field behaviors for all 15 selected events is shown
in Fig. 4. The moment when Geotail registers the reversal
of the plasma flow direction is chosen as the reference time
(bottom panel). Several features in the vicinity of the source
of the diverging flows can be revealed from this analysis. The
brief interval of negative Bz is associated with the tailward
flow, and the sharp increase in Bz (dipolarization) is associated with the earthward flow. The reversal of the flow direction is related to an excursion of the parameter β to low
values. The upper panel demonstrates a stepwise decrease in
the total (kinetic plus magnetic) pressure centered at the time
of the reversal.
3.4

Relationship between the location of the source of the
diverging flows and the latitude of auroras

For all considered events, the latitude of the poleward edge
of the auroras at the meridian of the Geotail footprint was
determined at the moment of the flow reversal. The dependence of the latitude of the auroral bulge on the distance of
www.ann-geophys.net/24/679/2006/
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Fig. 6. Mapping of Geotail onto the ionosphere relative to the location of the poleward edge of the auroral bulge for the spacecraft situated
tailward (left) and earthward (right) of the diverging flows source location. The upper panel shows these situations schematically. The
horizontal bars at the bottom panel represent the results of mapping for 15 events using the T89 model for all possible input parameters
(Kp =1–7). The red cross on each bar marks the mapping result for the model that better fits the observations of the total pressure at the
Geotail location. The averaged relative latitudes are also shown.

the spacecraft detecting the reversal of the flow direction is
shown in Fig. 5. The latitude of the auroras displays a tendency to increase with the geocentric distance of the spacecraft detecting the flow direction reversal. The linear fit for
the dependence is:
8 [◦ ] = 64.4 + 0.23 · X [RE ] ,

(1)

where 8 is the latitude of the poleward edge of the auroral
bulge; X is the downtail distance; 10<X<30.
3.5

Mapping of Geotail onto the ionosphere relative to the
auroral bulge poleward boundary

Although Fig. 5 demonstrates a relationship between the locations of the source of the diverging flows in the magnetotail
and the poleward edge of active auroras in the ionosphere,
this does not imply their conjugacy.
As already mentioned, the direct mapping of the region
of the oppositely directed flows’ generation is impossible.
www.ann-geophys.net/24/679/2006/

Indeed, this region is associated with a magnetic field singularity (e.g. X-line) that cannot be reproduced by existing
empirical models of the magnetosphere magnetic field. Here,
to estimate the conjugacy of these structures (the aurora and
the source of the diverging flows) and to avoid the possible
singularity problem, the mapping is made for two instants,
before and after the registration of the flow direction reversal. The instants are 1) the moment (T− ) just before the time
when the disturbance associated with the tailward fast flow
achieves the Geotail spacecraft and 2) the time (T+ ) when the
spacecraft registers the maximum velocity of the earthward
flow (see Figs. 2 and 3). The expected configuration of the
magnetosphere and relative location of Geotail for the moments T− and T+ are schematically shown in Fig. 6 (upper
panel). The source of the diverging flows is associated with
the X-line, and tailward flow is inside the plasmoid. For the
moment T− (on the left) Geotail is situated just outside of the
plasmoid. For the moment T+ (on the right) the spacecraft is

Ann. Geophys., 24, 679–687, 2006
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within the dipolarized region with the earthward flow. Since
the magnetic field at the spacecraft location has no singularities, it is assumed that at T− and T+ the magnetic field
in the vicinity of the spacecraft can be reproduced by some
standard model.
For mapping, the Tsyganenko (1989) model (T89) is used.
This model is parameterized by the geomagnetic activity index Kp . It is worth noting that this empirical model (like any
other empirical model) has a statistical nature; thus, it cannot
guarantee against significant errors of mapping in concrete
situations, especially in such dynamical ones as substorms.
To avoid this ambiguity of mapping, we applied the T89
model for two extreme parameter values (Kp =1 and Kp =7).
This gives a possible range of the Geotail footprint locations
relative to the latitude of the poleward edge of the bulge. The
range of the distances is marked in Fig. 6 by horizontal bars
for both T+ and T− and for every considered event.
Another way to choose the appropriate model is to take the
one which gives the best coincidence with the observed total
pressure P =nkT +B 2 /8π (the result of mapping, using the
model chosen in such a way, is labeled by a red cross). One
may see that the ionospheric footprint of the satellite measuring the tailward (earthward) flux tends to map poleward
(equatorward) of the polar (poleward) boundary of the auroral bulge. One may also note an asymmetry in the mapping.
Thus, at T− the average location of the Geotail footprint in
the adapted model (red cross) is about one degree poleward
of the auroral bulge, while at T+ it is situated as far as four
degrees equatorward of the poleward edge of the bulge.

T89 model and the modified model adapted to measurements
of several available spacecraft (see Kubyshkina et al., 1999).
In most cases the earthward flows were associated with auroral activations poleward of the Geotail footprint. Although
the above mentioned authors did not consider the flow reversals, their results are consistent with the result shown in
Fig. 6.
The relationship between the reversal of the plasma flow
direction in the plasma sheet and substorm auroras has been
considered on the basis of case studies by Borodkova et
al. (2002) and Perraut et al. (2003), using, respectively, the
Polar and Interball-1 and Polar and Geotail data. They concluded that the flow direction changes from tailward to earthward when the auroras expand to a latitude higher than that
of the footprint of the spacecraft situated in the tail. Here,
this conclusion is supported by larger statistics.
A clear asymmetry in the location of the Geotail footprint
relative to the polar edge of the substorm aurora, for the moments T− and T+ , is seen in Fig. 6. In our opinion, this also
confirms the conjugacy of the source of the diverging flows
with the auroral bulge polar edge. Indeed, since T− is defined
as the moment of the beginning of the fast tailward flow, the
Geotail location at T− is just ahead of the plasmoid, presumably resulting from reconnection on closed field lines. The
ionosphere projections of the plasmoid boundary and X-line
are the same, thus, there should be no large latitudinal difference between the Geotail footprint and auroras. In contrast,
at T+ the spacecraft is at the field line which has been reconnected, and there should be a latitudinal separation between
its footprint and the X-line projection, proportional to the reconnected flux amount.
The presented observations do not explain how the particle fluxes needed for the aurora generation are produced.
Some light on this problem is shed by recent observations
by Geotail and by the Cluster constellation. Thus, Alexeev et al. (2005), analyzing the field-aligned electron currents in the vicinity of the plasma flow reversal registered
by Cluster, found the net electron current consistent with the
so-called Hall current system which is expected for reconnection. Earthward of the X-line the electron inflow along
the magnetic field into the diffusion region was found in the
plasma sheet boundary layer and the outflowing (earthward)
electrons were observed inside the plasma sheet. Nakamura et al. (2004), using the Cluster and Geotail data, also
observed earthward beams of >2 keV electrons within the
plasma sheet at the earthward side of the ion diffusion region
and the tailward beams of <1 keV electrons in the PSBL.
These findings agree well with the structure of particle flows
revealed from the Geotail observations by Nagai et al. (1998;
2001). It was suggested that corresponding field-aligned
electric currents are closed within the diffusion region at one
side of the current circuit. One can suggest (e.g. Atkinson,
1992) that the other end of the circuit is in the ionosphere.
In such a scenario, the electrons flowing out of the diffusion region can produce the auroras. This suggestion needs,

4 Discussion
During registration of the plasma flow reversal events in the
plasma sheet, the poleward (equatorward ) shift of the spacecraft projection with respect to the auroral bulge polar edge
associated with the tailward (earthward) fast plasma flow is
observed (see Fig. 6). We interpret this as evidence of the
conjugacy of the source of the flow reversals in the plasma
sheet and the polar boundary of the substorm auroras in the
ionosphere. This conclusion is also supported by several
early studies on the basis of Polar and Geotail data devoted
to the correlation of fast plasma flows in the magnetotail and
auroral dynamics. Fairfield et al. (1999) investigated the situations when Geotail was at X >–15 RE during substorms and
observed the earthward flows. The mapping of Geotail (using
the T89 model) for cases when Polar UVI data were available showed the Geotail footprint being within the auroral
bulge. Ieda et al. (2001) observed tailward flows when Geotail was in the mid-tail at X<–20 RE . The examples shown
in that paper demonstrate that the Geotail footprint was poleward of or coincided with brightening auroras. Nakamura et
al. (2001) considered short-lived earthward flows at distances
of 10–30 RE and correlated the flows with auroral activations. Mapping of Geotail was done using both the standard
Ann. Geophys., 24, 679–687, 2006
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however, to be confirmed by conjugate observations at different altitudes.
The tailward propagation of the source of the diverging
plasma flows is associated with the poleward expansion of
ionospheric signatures of the substorm, that is, the auroral
bulge and westward electrojet (Sergeev et al., 1982; Angelopoulos et al., 1996). The dependence shown in Fig. 5
relates the locations of substorm structures in the ionosphere
and magnetosphere. The velocity of the poleward propagation of auroras is of the order of 1 km/s (Akasofu, 1964;
Sergeev and Yahnin, 1979; Kornilova et al., 1990). (The average velocity of the poleward expansion of auroras in the
events considered in this paper was ∼0.7 km/s). If we assume that the fit in Fig. 5 represents not only a mutual location, but also the correlated movement of the structures, the
average velocity of the tailward propagation of the source of
the diverging flows in the magnetosphere can be estimated as
∼280 km/s (∼200 km/s for events in this study).
Ohtani et al. (1992) and Jacquey et al. (1993) showed that
during substorms the tail lobe magnetic field variations are
consistent with the tailward movement of the tail current disruption region. The velocity of the tailward expansion of the
current disruption is found to be 200–300 km/s. This agrees
well with the above estimate made for the tailward propagation of the source of the diverging flows. Coincidence of
the velocity estimates may mean that current disruption and
generation of the fast plasma flow reversals are the signatures
of the same process. The latter is also confirmed by Fig. 4,
where averaged plasma and magnetic field parameters are
plotted relative to the moment of the reversal of the plasma
flow direction. In contrast to the plasmoid signature within
the tailward flow (the brief interval of negative Bz just before
the reference time), the Bz component demonstrates a sharp
enhancement (dipolarization) within the earthward flow, immediately after the reference time, which can be interpreted
as a signature of the current disruption. Also, the total pressure decrease, typically seen during the substorm-related fast
flows (Miyashita et al., 2003; Ohtani et al., 2004), is associated with the time of the change in the plasma flow direction in Fig. 4. From the pressure balance the total pressure
is equal to the magnetic pressure in the tail lobe and, consequently, proportional to the squared plasma sheet current
density. Thus, the total pressure decrease means a decrease
in the current density (that is, the current disruption). A similar conclusion on the relationship between the reconnection
site and current disruption in the magnetotail has been made
by Sergeev et al. (1982) on the basis of the case study using
IMP-8 observations at ∼35 RE .
Recently, Yahnin et al. (2002), analyzing the multiinstrumental ground and magnetospheric observations, concluded that at the substorm onset the magnetospheric source
of the brightening auroral arc may coincide in time and space
with both reconnection and current disruption signatures.
They suggested that all the mentioned phenomena are manifestations of the same process. In the present paper we found

such a relationship for the poleward edge of the auroral bulge
during a later stage of the substorm. The auroral bulge is
typically formed by the progressive appearance of new arcs
poleward of the preceding ones (Sergeev and Yahnin, 1979;
Kornilova et al., 1990). Morphologically, the appearance of
the new arc at the poleward edge of the bulge does not differ from the first appearance/brightening at the onset, since
they are associated with similar signatures observed both on
the ground and in space (Sergeev and Yahnin, 1979; Sergeev
et al., 1986a, b; Yahnin et al., 1983, 1990). This may mean
that the same mechanism of the arc generation is active independent of the stage of the explosive phase. The results
of the present paper (see also Yahnin et al., 2002) suggest
that reconnection might be an appropriate candidate for such
mechanism.

www.ann-geophys.net/24/679/2006/

5

Conclusions

This study demonstrates a close relationship between locations of the substorm auroras in the ionosphere and the source
of the oppositely directed fast plasma flows at 10–30 RE
from the Earth. The further downtail the flow reversal is detected, the higher the latitude is of the polar boundary of the
auroral bulge. Moreover, the mapping of the satellite measuring the tailward and earthward plasma flows allows one to
conclude that the source of the diverging flows is conjugated
with the poleward edge of the auroral bulge. These results
are consistent with the idea that reconnection is the source
of the substorm auroras. We also conclude that the generation of the diverging plasma flow (presumably, due to the
magnetic reconnection process) coincides with the reduction
of the cross-tail current (current disruption), and that the tailward propagation (re-appearance) of the fast flow source corresponds to the tailward shift of the current disruption front.
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