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Abstract

The empirical field-aligned current (FAC) and plasma convection model on which this paper is based describes the four phases of a
typical substorm. 2D maps of the ionospheric electric potential (U) are shown here for the first time for each of these phases. The prin-
cipal result is the identification of medium-scale ionospheric convection vortices, which are observed in addition to the well-known two
large-scale DP2 convection cells. We conclude that these convection vortices are the analogue to the heterogeneities that were found ear-
lier in the spatial distribution of the FAC density. They had been taken into account there in the framework of the conceptual model of
magnetospheric generators. This model is extended in the present paper such that it also describes the above-mentioned medium-scale
convection vortices.
� 2006 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Several different concepts exist in substorm theory, but
essentially only two alternative basic scenarios, which are
related to the current disruption (CD) model of Lui
(1996) and the near-Earth neutral line (NENL) model of
Baker et al. (1996), respectively. The synthesis of these
two basic concepts leads to the scenario of a substorm with
two successive active phases and/or two types of substorm
onsets, one of those corresponding to the CD model and
the other to the NENL concept. Based on their Magneto-
gram Inversion Technique (MIT2), Mishin et al. (2003a,b,
2005) elaborated an empirical model of the 2-D spatial dis-
tribution of field-aligned current (FAC) densities. This
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model describes a substorm scenario of four successive
phases: growth phase, the two different active phases men-
tioned above, and the recovery phase. The major progress
of this model consists in the inclusion of the observed medi-
um-scale heterogeneities in the spatial FAC density distri-
bution. They are more or less regular substructures
within the well-known FAC regions of Iijima and Potemra
(1976, 1978), and they appear as individual distinctive fea-
tures of each substorm phase.

During the last decade, global optical observations of
the auroral arc resulted in much progress in understanding
of the dynamics of polar cap boundaries and its relation to
substorm expansion (Brittnacher et al., 1999; Newell et al.,
2001; Mende et al., 2003). Substorm-related changes in the
polar cap convection were also reported from observations
using digital ionosondes and the SuperDARN radar net-
work (cf., e.g., Jayachandran et al., 2003).

Note that spatial FAC density distributions for high AE
values are also described in the new statistical model of
ed.
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Fig. 1. Solar wind and other parameters of the two substorm events of
this study from November 22, 1995 versus UT. From top to bottom: the
AE index, open tail magnetic flux W, IMF Bz component, solar wind
density and velocity. The four substorm phases are indicated by the roman
numerals I–IV for both intervals. The one and two star symbols (*)
indicate the commencement of the first and second active phase,
respectively.
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Weimer (2001), but without discrimination of substorm
phases. Kamide et al. (1996) described FAC distributions
for three substorm phases (i.e., with a single active phase),
by use of their KRM method. On the whole, the above
FAC heterogeneities were obviously overlooked in the
past, although they do not contradict some well-known
observational material, e.g., those cited in the paper of
Weimer (2001). The conceptual model of the magneto-
spheric generators (Mishin et al., 2003a,b, 2005) accounts
for these novel facts on a qualitative level. In this connec-
tion, the objective of the present paper is to test the model
with observed substorm events and to present the inclusion
of the convection aspect into the model with heterogene-
ities. Four substorms were studied by the authors. Due to
the limited space, only one typical example will be
described in this paper. A publication with details of the
study is in preparation.

MIT2 is based on two Eqs. (1 and 2) which follow from
Ohm’s law. They are solved numerically in spherical coor-
dinates in order to calculate the ionospheric electric poten-
tial U and the FAC density jz and its temporal
development. These equations are the following:

curlðR � rUÞ ¼ DJ ð1Þ
divðR � rUÞ ¼ jz ð2Þ
Here, J (h, t) is the current function, obtained from ground-
based magnetometer measurements as a function of mag-
netic co-latitude h and magnetic local time t, R (h, t) is the
given tensor of ionosphere conductance, and curl, div, $,
and D are all 2D-operators. We used a spatially homoge-
neous ionosphere conductance model for the calculation
of FAC density jz and a more realistic non-uniform empir-
ical model of conductance for the calculation of the iono-
spheric convection (potential U).

The reason for this is the following. If we assume for
simplicity R (h, t) = const we obtain

U ¼ J=RH ð3Þ
jz ¼ ðRP=RHÞDJ ð4Þ

where the subscripts H and P stand for Hall and Pedersen
conductance, respectively. It is known that the current
function J (h, t) is represented by the series of Legendre
polynomials P m

n ðcos hÞ, the coefficients of which are multi-
plied by (2n + 1)/(n + 1), while DJ is represented by the
same series with coefficients multiplied by n (2n + 1),
which is quadratic in n. Thus in the spatial distributions
of J and U on the one hand and jz on the other dominate
lower and higher order spherical harmonics, respectively,
while the relative calculation errors of the coefficients
are growing substantially with increasing n. According
to our experience in using the MIT2 technique for the
analysis of substorm events in many previous studies,
the calculated data of jz need spatial smoothing. This
smoothing can be provided without any loss of necessary
information about jz by using R (h, t) = const. For the cal-
culation of U, in contrary, no smoothing is needed (cf.,
e.g., Mishin, 1990; Kamide and Baumjohann, 1993; and
references therein).

2. Ionospheric convection patterns

Among the substorms considered in our analysis is an
event from November 22, 1995, 1340–1730 UT which will
be described in this paper. Fig. 1 shows the solar wind
parameters from the Wind spacecraft, the open tail mag-
netic flux W (from MIT2), and the AE indices. We deter-
mined the lag time of the solar wind parameters to the
magnetopause with the standard advection technique, i.e.,
dividing the x-separation distance measured in GSE coor-
dinates between the Wind spacecraft and the magneto-
pause position at 10 RE by the solar wind plasma bulk
velocity. The open tail magnetic flux W is calculated from
each individual polar cap area pattern obtained indepen-
dently from each other with the MIT2 technique. These
parameters were then used for the timing of the substorms,
with the four substorm phases being indicated with roman
numerals (Mishin, 1990; Mishin et al., 2001).

Fig. 2 shows the spatial distribution of both the FAC
density (top panels) and the ionospheric electric potential
U (bottom panels). Let us start with Fig. 2 (top) containing
the data of FAC density. Three well-known regions of Iij-
ima and Potemra (1976, 1978) are clearly seen in this figure
with their boundaries marked by solid red lines. The main



Fig. 2. Case study of November 22, 1995, 13:40–17:30 UT. The top row shows isocontour plots of the FAC density in the ionosphere. The black (blue) thin lines represent upward (downward) currents;
the solid red lines are the boundaries of the Iijima-and-Potemra FAC regions (Iijima and Potemra, 1976, 1978). Geomagnetic latitudes correspond to the concentric circles at 50�, 60�, 70�, and 76�. The
bottom row shows the isocontours of the ionospheric electric potential at the same time moments. Solid (dashed) lines indicate positive (negative) potential values while the solid black arrows help to
identify the direction of the plasma flow.
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new element of the FAC model are three types of heteroge-
neities within each Iijima-and-Potemra region labeled by
the symbols ‘‘RM.N’’ (or in short only ‘‘M.N’’). Here, R
stands for ‘‘Region’’, M signifies the Iijima-and-Potemra
number of FAC Region with M = 0, 1, or 2, and N is
the number of the type of heterogeneity (N = 1, 2, or 3)
for the different zones. The three types of heterogeneities
denotes three pairs of FACs: one near the noon meridian
(N = 1), one near the dawn–dusk meridian (N = 2), and
the third one near midnight (N = 3), all with FACs flowing
in opposite directions in the morning and evening sectors.

For instance, the pair of downward (to the ionosphere)
and upward FACs in Region 1 near the noon meridian at
latitudes of U � 70–80� is named R1.1+ and R1.1�. The
data of Fig. 2 are in good accordance with those of the sta-
tistical model of Mishin et al. (2001, 2003a,b).

Now consider Fig. 2 (bottom). Isolines of U in this fig-
ure represent convection stream lines. The potential pattern
are obtained with a spatially in-homogenous ionosphere
conductance model, which is adapted for each instance
individually according to Mishin et al. (1986).

Note that inflowing (outflowing) FACs should create
convection vortices in the ionosphere with anti-clockwise
(clockwise) rotation in the northern (southern) hemisphere
(e.g., Cowley et al., 2000). The FAC patterns in Fig. 2 (top)
should therefore on a qualitative level correspond to the
ionospheric convection patterns. To demonstrate this for
our event, the M.N type numbering of the convection cells
is applied to the bottom row of Fig. 2 in accordance with
the FAC presentations.

We will compare here, as one typical example, the data
of the top and bottom rows in Fig. 2 for phase 1. One can
see in the top row that the downward and upward FACs of
Regions 1 and 0 form two spirals, one inside of the other,
with both spirals in the morning and evening sectors twist-
ed clockwise. The bottom row shows also two spirals, one
inside the other, twisted clockwise in the morning and
evening sectors. It is obvious that the directions of FACs
and the plasma convection follow the expected above noted
electrodynamic relation. This applies to the two spirals at
large, but also individually to each pair of cells with the
same M.N number. According to the model, cell 1.1� in
the top row (upward FAC) should correspond to a clock-
wise convection vortex in the bottom row. This is indeed
confirmed by the observations. The same holds for the
two cells numbered 0.1� and 0.2� in top and bottom rows.
The cells 1.2+ and 1.3+ in top row (downward FAC) cor-
responds to anticlockwise convection vortices in the bot-
tom row as expected. Comparing the pairs 0.2+, 0.1+,
and 0.3+ in both rows leads to similar results.

To recapitulate, we have examined a typical example of
a substorm and shown that convection patterns contain the
same substructures as the corresponding FAC regions with
their density maxima M.N. For each of the four substorm
phases of the event considered we identified convection
cells or traces of them, which correspond to the FAC cells
with the same symbol M.N as expected from the spatial
FAC density distribution model by Mishin et al. (2003a).
This has not been reported before.

Not all individual cells identified in the FAC density dis-
tribution can also be detected in the convection systems.
Furtheron, the centers of convection vortices in Fig. 2 (bot-
tom) are slightly shifted relative to those of FAC density.
These differences refer to an only qualitative, not quantita-
tive, accordance between heterogeneities in the spatial FAC
density and electric potential distributions. They might be
due to the spatial non-uniformity of ionospheric
conductance.

Further details from Fig. 2 to be noted include the fol-
lowing. The convection intensity is highly variable. It
increases, in particular, during the substorm onset within
the first and second active phases in correspondence with
the AE index increase, and remains at about the same level
during phase IV. The distribution of the electric potential
U deviates from symmetry about the noon–midnight
meridian; a clockwise rotation of the whole convection pat-
tern is observed. This is probably related to the positive
IMF-By component (up to about 6 nT), which is observed
during the most part of this event (not shown). A tendency
of increased rotation with increasing activity is observed.
This tendency is particularly obvious in Region 1 during
phase III.

3. Conclusions

(i) During the substorm events considered here, medium-
scale ionospheric convection vortices are observed
additionally to the two well-known large-scale DP2
convection cells. They are generated by three types
of irregular substructures of FACs in each of the three
regions of the Iijima and Potemra pattern.

(ii) The intensity of the convection vortices as shown in
Fig. 2 increases during the first and second active phas-
es in direct correlation with the AE index increase.

(iii) The potential distribution differs from symmetry
about the noon–midnight meridian: a clockwise rota-
tion of the whole pattern is observed.

(iv) A tendency of increased clockwise rotation with
increasing activity is also observed. This is most obvi-
ous in phase III and in Region 1.

(v) The clockwise rotation mentioned above under item 3
is not only a westward expansion, but also a poleward
shifting of the current jets and of the convection
streams. The increased rotation during the transition
from the first active phase to the second is therefore
interpreted as the transition from the CD regime in
the lower latitude closed parts of the auroral oval to
the NENL regime.
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