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Abstract.

The current configuration in the auroral region is known to consist typically

of downward and upward field-aligned current (FAC) sheets, connected in the ionosphere
by meridional Pedersen currents, while divergence free electrojets (EJs) flow azimuthally
as Hall currents. This configuration of the auroral current circuit was introduced by Bostrom
[1964] and labelled as 'Type 2’, while he suggested also an alternative 'Type 1’ config-
uration, with filamentary FACs connected in the ionosphere by azimuthal Pedersen cur-
rents. By using an updated version of the recently developed ALADYN technique, we
investigated the divergence of the auroral electrojets for a few FAST crossings over the
auroral oval in the 20-22 MLT sector, two of which are presented in detail. Although

a precise estimate of the electrojet divergence is difficult, because of several error sources,
the results suggest that this divergence can be significant over certain latitude ranges,
comparable with the FAC density. Direct FAC-EJ coupling appears to contribute to the
ionospheric current closure not only during active times, as already known, but also dur-
ing rather quiet periods. The quiet time FAC-EJ coupling is likely to be achieved in a
mixed 'Type 1/Type 2’ configuration, with the FAC sheet (Type 1) azimuthally connected
to the Pedersen component of the EJ (Type 2). This configuration requires a non-zero
tangential component of the electric field, and is therefore more likely realized inside or
near the Harang region. At the same time, the divergence of the Hall current is presum-
ably negligible, and likewise the ionospheric polarization, consistent with statistical re-
sults published recently. During more active intervals and possible reconfigurations of the
auroral current circuit, our results suggest that the FAC—EJ coupling could be also achieved
by Hall currents. We conclude by exploring a tentative scenario for the integrated evo-
lution of the ionospheric current closure and Cowling mechanism during the substorm
cycle. A systematic examination of more experimental evidence is needed to validate this

scenario.

1. Introduction

Auroral arcs are typically described in terms of 1D stripes
of increased ionospheric conductance. An upward field-
aligned current (FAC) sheet above the arc is connected by
Pedersen current to a downward FAC sheet near the arc,
while a divergence free Hall current electrojet (EJ) flows
along the arc (Fig. 1la). In this simplest case, both the
Pedersen and Hall currents are driven by an electric field
normal to the arc. The 1D arc model, including sometimes
a (fairly small) tangential electric field, is often realized in
the evening and morning sectors of the auroral oval, and was
studied extensively in the past, based on radar, rocket, and
satellite data [e. g. de la Beaujardiére et al., 1977; Mark-
lund, 1984; Sugiura, 1984]. The 1D arc behaves as a partial
Cowling channel, with current continuity achieved by FAC
and ionospheric polarization. The relative proportion of the
two depends on the local efficiency of the Cowling mecha-
nism, discussed most recently by Amm et al. [2011] and Fugii
et al. [2011].

A similar configuration is realized also on oval scale,
where downward and upward (thick) FAC sheets are con-
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nected meridionally by Pedersen currents, driven by merid-
ional electric fields. Following Iijima and Potemra [1976],
the poleward and equatorward FAC sheets are called, re-
spectively, Region 1 (R1) and Region 2 (R2) currents. In the
evening sector the downward R2 current feeds an upward R1
current, and the meridional electric field points poleward,
while in the morning sector the electric field points equa-
torward and the sense of the two FACs is reversed. The
meridional electric field drives an eastward electrojet (EEJ)
in the evening sector and a westward electrojet (WEJ) in
the morning sector. For the electric field and current con-
figuration on oval scale the reader is referred e. g. to the
review by Baumgjohann [1982]. The overlap region of the
evening and morning sectors, before and around midnight,
is called the Harang region (HR). In the HR, the electric
field rotates from poleward to westward and finally to equa-
torward, while the EEJ and WEJ are both present, shifted
in latitude, on a given meridian.

In contrast to the 1D model, real arcs can exhibit also
2D features: the FAC can close not only normal to the arc
but also along the arc, via both Pedersen and Hall cur-
rents, while the electric field can have a significant com-
ponent along the arc (Fig. 1b). By using FAST data and
the newly developed ALADYN technique [Marghitu et al.,
2004, 2009], one can derive the full set of electrodynamic
quantities along the ionospheric satellite footpoint (Peder-
sen and Hall conductance, the two components of the elec-
tric field, field-aligned and ionospheric current) and explore
locally the 3D current closure. In these two papers, referred
in the following as M04 and M09, the electrojets were no
longer assumed divergence free, and average values of the
divergence over certain intervals were derived based on the
measured data.
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Figure 1. 1D (a) and 2D (b) arc models. The conductance, FAC, ionospheric electric field, and iono-
spheric current are indicated by the gray shade, circles, solid arrows, and hatched arrows respectively.
Red and green show the Pedersen and Hall components of the current. The spacecraft trajectory is
indicated as well. For the 1D model, the FAC is closed by Pedersen current, driven by electric field
normal to the arc. The electric field drives as well a divergence free Hall current electrojet. For the 2D
model the FAC is fed by both normal and longitudinal (electrojet) currents, both including a Pedersen
and a Hall component, due to the tilted electric field. The divergence of the electrojet can be related to
variations in the electric field and / or conductance. The reference frames associated with the arc (&, 7)
and satellite footpoint (z,y), are indicated as well. The angle 6 between the two systems is typically

small for satellites on polar orbits.

As suggested by M09, the electric field and current con-
figuration in the HR is particularly suited for 2D effects, on
both arc and oval scale. A closer investigation of the arcs
inside and nearby to the HR may help to a better under-
standing of both arc electrodynamics and substorm physics.
The auroral activity in the HR [e. g. Nielsen and Greenwald,
1979; Zou et al., 2009] is thought to be closely related to the
substorm onset, but the details of this relationship are not
fully understood [Weygand et al., 2008]. While meso-scale
investigations of HR electrodynamics are possible based on
ground data [e. g Amm et al., 2000], high-resolution satellite
data are required for the smaller scale arc studies.

The goal of this paper is threefold: i) First, to develop
the ALADYN technique further, in order to investigate the
electrojet divergence on a ’continuous’ basis, not just for
certain intervals, as done before. i) Second, to check the
updated technique on two events, infer the electrojet diver-
gence, and compare it with the FAC density. i) Third,
to explore the M-I coupling implications of the ionospheric
current closure. While some of the ideas below were intro-
duced in M04 and developed in M09, the approach proposed
here allows for a more systematic evaluation of the data and
extends the examination of the M-I coupling implications.
In Section 2, we briefly summarize the ALADYN technique
and introduce its new features. The ALADYN results for
two FAST events and a discussion of possible error sources
are presented in Section 3. M-I coupling implications of the
ionospheric current closure are examined in Section 4 and a
concise summary concludes the paper in Section 5.

2. The ALADYN method: Summary and
update

The ALADYN method enables a realistic description of
auroral electrodynamics, on both arc and oval scales. AL-
ADYN relies on current continuity at ionospheric level and
on a parametric model that includes the tangential electric
field and the divergence of the electrojet. In arc coordinates
(see Fig. 1), the 1D current continuity writes:

aJ
dg
or, expressing the FAC density, j, by Ampére’s law:

Jn = =0 (1)

d

e =

Je) = 0 (2)

This equation integrates to:
Hy —Je = co (3)

where H, is the integrated FAC fed to the ionosphere, J¢
is the ionospheric meridional current, and co is the constant
difference of the two. One simple step towards a 2D arc
model is to allow a finite but constant (in normal direction)
divergence of the electrojet, 8J,/0n = ci. In this case the
current continuity Eq. (1) becomes:

9

) oJ,
J\\—ng .

877] = C1 (4)

which can be integrated, as before, along &, yielding:
Hy —Je = co+ 1§ (5)

Strictly speaking, in Eq. (5) ¢o and ¢1 can depend on 7,
but this dependence can be neglected if the satellite cross-
ing is normal to the arc / oval, or close to normal (that is, if
the satellite displacement in longitudinal direction is small
compared to the length scale of the electrojet).

By using Ohm’s law to replace Je (with Xp and X the
Pedersen and Hall conductance, respectively), by assuming
that the electric field is uniform in 7 direction, which implies
(via Faraday’s law) that F, is constant, E, = by, and by ex-
pressing F, as the sum of the measured average electric field
(Fo,) plus an unknown expansion in Legendre polynomials
(Gi), Ex = Eo, + Y. aiGy, Eq. (5) can be cast into the
fit equation:

Ci:ja ;aiGi — (3m —Xptanb)bo + co + crzcosd =
. YpEo,
y COS Sin cos O ( )

used to derive the parameters (ai,bo,co,q). As discussed
below, if the tangential electric, by, and the electrojet diver-
gence, c1, are fixed, Eq. (6) provides an approximation of
the unique F, solution and unique ¢y constant. The higher
is the order, n., of the series expansion, the better is the
approximation. In practice, n, depends on the conductance
profile and larger values are needed when the conductance
variability is higher (within the limit imposed by data reso-
lution).
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Figure 2. The logic of the ALADYN method, as introduced in M04 and M09, from the input data to
the ionospheric electric field and current, via the fit equation and the output parameters. The ’Input’
box shows the relation of the input quantities to the measured data, while the ’Output’ box indicates the
significance of the output parameters. The ionospheric electric field and current are finally derived by
using the fitted parameters, as presented in the ’Tonospheric E, J’ box. Note that the updated ALADYN
does not derive ¢; directly, by fit, any more, but indirectly, from the variation of co (see text).

The required input quantities are obtained from the mea-
sured magnetic field, electric field, and particle data. Fig-
ure 2 shows the logic of the ALADYN method, as introduced
in M04 and M09, from the input data to the ionospheric
electric field and current (the updated ALADYN does not
derive ¢; directly, by fit, any more, but indirectly, from the
variation of ¢p). The events of interest are assumed to map
onto the dark auroral oval, where the conductance is mainly
induced by particle precipitation. Estimates of the elec-
tron and proton terms, ¥¢ and XP, are derived according
to Robinson et al. [1987] and Galand and Richmond [2001],
respectively:

. 40E
e - (7 o _ oousg™® ®)
H —0. —_— = .
= 0.45F 2
S Xp

where ®p is the energy flux in mW/m? and E is the av-
erage energy in keV, F = ®g/Py, with &y the number
flux. 'P’ and 'H’ stand for 'Pedersen’ and 'Hall’. The total
conductance is obtained by:

Ypu = V E(?:H + ZZIJ:H (9)

The ALADYN method allows the cross-check of the re-
sults by three different consistency tests. First, the iono-
spheric electric field should be equal to the mapped field
measured by FAST as long as the field-aligned potential
drop below the satellite is zero (that is, as long as ion beams
are not observed). Second, if ALADYN is applied on ad-
jacent sub-intervals (e.g. Region 1 and Region 2 FAC), a
good overall electric field solution should be continuous at
the edges of the sub-intervals, except for cases when polar-
ization charge can support a locally divergent electric field.
Third, according to Eq. (5), Hy, — Je¢, should be constant
if the electrojet is divergence free, ¢c; = 0, namely the co
parameter derived by fit should be constant. Under the as-
sumption of a divergence free electrojet, all the current fed
by the FAC, measured by H,, can only be continued by J¢,
in normal / meridional direction. If the background current
between the sub-auroral region and the polar cap is negligi-
ble, ¢o should be equal to 0. While M04 and M09 made use
of the first and second consistency tests, here we shall con-
tinue to use the first test but replace the second test by the
third test, in a ’continuous’ formulation of ALADYN. The
variation of ¢y, computed over a sliding window along the
investigated interval, will be used to estimate the electrojet
divergence.

When the electrojet divergence, c1, is fixed (including the
case when it is zero), the electric field solution of Eq. 4 is
unique, for a given FAC density, j|, a given tangential elec-
tric field, bo, and a given average electric field, Ey,. Indeed,
with Je = ¥pFE¢ — Xubo, Eq. 4 can be re-written as a first

order differential equation in E:
— C1 (10)

Incidentally, the L.h.s. of Eq. (10) shows the divergence of
the normal Pedersen current, which is fed by the FAC, the
divergence of the normal Hall current, and the divergence
of the electrojet (first, second, and third right term, respec-
tively). If all the right terms are known, the solution of
Eq. (10) is unique, once the value of E¢ at a certain point
o is fixed. Since Eq. (6) is the integral form of Eq. (10),
fixing E¢ at a certain point is equivalent to fixing the in-
tegration constant, cop. Because of its specific formulation,
with F, developed in a series expansion, ALADYN uses a
fixed average electric field, instead of a fixed electric field at
a certain point. This is also more robust from a data per-
spective, since the error of the average is smaller than the
error of a particular value.

The fit equation (6) can be solved assuming a divergence
free electrojet, c1 = 0, for a set of different by values, over
a sliding window to be moved at a certain time step. For
each by one obtains thus a series of fitted electric field solu-
tions, Ef (one solution extending over the sliding window at
a certain time step), that can be compared with the mapped
measured electric field, F;'. Specifically, we shall compute
the quantity §F,, defined as:

n

> (Bl —En)?/n)

i=1

5B, = (11)

where n is the number of data points in the window. One
also obtains a series of cg values, that can be used to check
the divergence of the electrojet, ci1, depending as well on
bo. In this formulation of ALADYN ¢; is no longer obtained
directly by fit, as in M04 and M09, but inferred from the
variation of co, namely ¢1 = Aco/Axcosf. A positive /
negative variation of co indicates a positive / negative di-
vergence of the electrojet. In order to find the most likely
range for the actual value of by, the updated ALADYN relies
as well on the two sets of profiles, §E, and co.

3. FAST observations and ALADYN results

While the ALADYN method takes into account 2D arc
(and oval) features, the assumptions made still require the
elongated arc geometry. Since time dependent effects are
not included in the fit equation (6), ALADYN also requires
a rather stationary configuration over the fit window, there-
fore the width of this window should be small compared to
the time scale of the auroral activity. The geometry and
dynamics of the aurora can be best judged from conjugate
optical data. When optical data are not available, ground
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magnetic data can be used to get information on the dy-
namics, while the in-situ magnetic perturbation enable the
check of the arc geometry.

In the following we shall examine in detail two conjugate
events, FAST orbits 1859 and 1805. The first event, already
investigated in M04 and M09, will be re-visited in order to
validate the new ALADYN features. The second event was
selected from two optical campaigns conjugate with FAST,
carried on in January—February 1997 and 1998 by the Geo-
physical Institute at the University of Alaska, Fairbanks.
Details on these two campaigns can be found in Stenbaek-
Nielsen et al. [1998] and in the Data — Conjunctive Studies
section of the FAST mission site. All the 29 events of these
campaigns were located at 20-22 MLT, presumably many of
them inside or nearby the HR, providing thus a promising
database for future investigations.

3.1. Event 1: FAST Orbit 1859

Figure 3 summarizes the relevant optical and FAST data
for the first event, in the top and middle panels, as well as
the results of the ALADYN processing in the two bottom
panels. Details on the FAST, optical, and geophysical back-
ground data, observed during the growth phase of asmall
substorm, are presented in M09. As compared to M09, the
time interval explored here is a bit longer, 8:19:00-8:23:20
UT, fully encompassing the FAC region (Fig. 3e), and the
electric potential along the FAST footpoint (Fig. 3d) is
corrected for corotation. As discussed already in M04, the
corotation correction does not change the important feature
that the minimum potential is reached at 8:22:04 — there-
fore the electric field / plasma convection reversal (CR) is
located well within the FAC region and close to the FAC re-
versal (FR) from downward to upward. However, the corota-
tion correction is important for Event 2, prompting a similar
treatment for Event 1. As compared to M09, the ionospheric
potential is also extended, by linear interpolation, over ion
beam intervals (when the electric field measured by FAST
cannot be mapped to the ionosphere) and over intervals of
unreliable electric field data (e. g. due to high satellite po-
tential in the low density plasma of the auroral acceleration
region).

The two bottom panels of Fig. 3 reflect the update of the
ALADYN technique, as introduced in Section 2, by showing
§F, and the fit parameter ¢p depending on by. The results
were obtained with a sliding window of 15 s moved in steps
of 1 s (similar results were obtained for windows of 10 and
20 s). Each plot shows a total of 13 lines, with bg in the range
[-40, 20] mV/m, varied in steps of 5 mV/m. The actual
value of the tangential electric field, which is typically zero
or slightly negative, is presumably included in this range.
Apriori, when varying bp from -40 mV/m to 20 mV/m, i.e.
from a large westward to a moderate eastward field, one ex-
pects to see a minimum in §F, corresponding to the actual
value of by (a perfect match between the fitted and measured
electric field would imply a minimum ¢ F, equal to zero, but
in practice this is unlikely to happen).

In Fig. 3f the dependence of §E, on by has the expected
behavior over the periods around 8:22:10 and 8:22:25. At
these times Xy is substantial, up to 28 mho at 8:22:12,
and has large gradients, enabling the normal Hall current,
Jey = Zmpbo, to contribute to the current closure. In be-
tween these times, around 8:22:20, there is little dependence
of E, on by, because of the plateau in the Hall conduc-
tance, X g ~ 10 mho, yielding a constant J¢,, that does not
contribute to the current closure. Consequently, Ef and
further §E, depend only weakly on bg. The same weak de-
pendence on by is seen also over the low conductance regions
before 8:21:00 and after 8:22:40. Because of the small ¥,
the contribution of J¢, to the current closure is small as
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Figure 3. Top: Ground optical data conjugate with
FAST overpass. The four frames show a stationary arc
during the ~1 min FAST overpass, but a gradual devel-
opment on a ~10 min time scale. Middle: FAST data.
(a) Electron and (b) ion time—energy spectrograms; (c)
Pedersen and Hall conductance; (d) ionospheric potential
along the FAST footpoint; (e) magnetic field perturba-
tion. Bottom: ALADYN results. (f) Difference, 0E;,
between the fitted ionospheric electric field and the mea-
sured electric field mapped to the ionosphere, computed
according to Eq. (11) and depending on the tangential
electric field, bo; (g) integration constant co, depending
as well on by. The by step between two consecutive lines
is 5 mV/m, within the range [-40, 20] mV /m.

well, and 6F, is barely sensitive to the change in by. On
the other hand, in these regions the variability of d E, along
the satellite footpoint is probably related to the errors in
conductance, compensated by errors in Ef.

Between 8:21:00 and 8:22:00 one can identify two regions
where the smallest JF, is obtained for the largest positive
bo (the red lines near the bottom of the plot). This feature,
to be observed also for Event 2, can be explained as follows:
Because of the low electron precipitation, the conductance
profile is seen to be more noisy in these regions. As long



MARGHITU ET AL.: ON THE DIVERGENCE OF THE AURORAL ELECTROJETS X-5
Orbit 1859: Mean dEx Orbit 1859: Variability of c, Orbit 1859: ¢, profiles
(a)12_ ‘ T (b)o.zo ‘ 2 (C)DS T T = T
[ = Overall Bam 10
g Upw. FAC Bo=—15
E = 045
> 5
£ g T
= 4; Overall b ‘VEJ
[ Upw. FAC iy
2L I Q.0 I I —0.1 L L L L I
—40 -20 o] 2Q —40 —20 q 20 o] 50 100 150 200 250

b [m¥/m]

bo [mi/m]

Time from &:19:00 [s]

Figure 4. (a), (b): Mean 0E, and X.,, the standard deviation of co, as functions of the tangential
electric field, byp. The black, red, and green lines show results for the whole FAC region, upward FAC,
and downward FAC, respectively. (c¢): The ¢o profile for by = —20, —15, and —10 mV/m.

as bo is negative (westward), Je,, is poleward, same as J¢,
driven by the poleward average field, Fp,. Since X p and
Y are roughly equal, the noisy changes in J¢,, can be com-
pensated by changes in J¢, only for rather large variations
of Ef around FEo,. Because in these regions ET* is rather
constant over the width of the sliding window, and therefore
essentially equal to Fo,, the variations in EY are reflected by
a larger 0F,. When by becomes positive (eastward), J¢,, is
equatorward, opposite to J¢, therefore at comparable noise
fluctuations of Xp and Y i the two components of the cur-
rent vary in opposite directions, and compensate each other
without large variations in F,. Consequently, § £, mini-
mizes for the largest positive b, as indicated by Fig. 3f.

The ¢o profiles in Fig. 3g allow a rough evaluation of
the assumption that the electrojet is divergence free. If
this assumption holds, one should find that cp is essen-
tially constant for a certain by, presumably a by around
the value that minimizes 0 F». In reality, a certain variabil-
ity is always present in cp, not only for the extreme, black
(bo = —40 mV/m) and red (bp = 20 mV/m) lines, but also
for the cyan—green lines in the middle of the plot (bo from
-20 to 0 mV/m). According to Eq. (3), this means that
H,, — J¢ varies along the satellite footpoint, contradicting
the assumption that the electrojet is divergence free. The
variation of ¢o is in the range of 0.1-0.2 A/m, of the same
order as the integrated sheet FAC, and therefore significant.

Based on the variation of cg, the electrojet has, on aver-
age, a positive divergence from about 8:21:00-8:22:00, and a
negative divergence from about 8:22:00-8:23:00, consistent
with M09. Before 8:21:00, co is rather flat, but its value
is seen to depend on by. The flat cp indicates that the as-
sumption of a divergence free electrojet is consistent in this
region, and the FAC closure is achieved based on the grad-
ual increase of the poleward FE., resulting in the increase
of Je¢p. On the other hand, since Je¢,, has little variation
along the satellite footpoint in this region, not contributing
to the current closure, its modification due to the change in
bo is compensated by the change in ¢o. This change becomes
significant (and the lines in Fig. 3g better separated) only
when the conductance raises from the background level to
a few mho, due to proton precipitation at the equatorward
side of the downward FAC region.

The dependence of the fit quality and ¢ variability on bo,
as well as the ¢ profile for three more likely by values, can be
examined closer in Fig. 4. The mean 0 F, in Fig. 4a is com-
puted for each line of Fig. 3f, and the standard deviation of
co in Fig. 4b, o¢,, for each line of Fig. 3g. In both cases we
show three results, over the downward and plateau, upward,
and whole FAC region. The three profiles in Fig. 4c corre-
spond to by between —20 and —10 mV/m, the values where
0co, and 0E; reach their respective minima. Note that the
bo value inferred in M09, of around —12 mV /m, is included
in this range.

Figure 4a indicates that the best E, fit is obtained for
bo ~ —10 mV/m. The mean 0E, is quite sensitive to bo

over the large scale upward FAC, and therefore also over
the whole FAC region. Some sensitivity is seen also over
the large scale downward FAC, but in this case the location
of the minimum mean §FE, at by ~ 0 is less reliable, con-
sidering the weak dependence of E, on by and the larger
errors in conductance, discussed above. The positive (in-
stead of zero) value of the minimum mean §F,, could be,
to some extent, the effect of neglecting the divergence of
the electrojets, which contributes to an imperfect fit. The
variability of ¢o in Fig. 4b, whose minimum standard devi-
ation is around 0.05 A/m, is also consistent with a non-zero
divergence of the electrojets. Again, the variability of ¢o is
barely sensitive to by over the downward FAC, but rather
sensitive over the upward FAC, for example o, = 0.07 A/m
at bp = —10 mV/m, 40 % larger than the minimum value.

The profile of ¢y in Fig. 4c allows a quantitative ex-
amination of the electrojet divergence. For the solid line,
corresponding to the best fit (minimum 6Ex), from 8:21:00
to 8:22:04 (CR) the EEJ has an average positive divergence
of about 0.1 A/m / 180 km, that is some 0.6 A /m?. This
value compares quite well with 0.4 uA/m?, inferred in M09
for the time interval 8:20:30-8:22:04, providing about the
same integrated current. The divergence continues to be
positive a few seconds beyond the CR, indicating that the
meridional current feeds both the upward FAC and the WEJ
— again consistent with M09. While at the CR, the merid-
ional current consists (by definition) of poleward Hall cur-
rent, shortly afterward (as indicated by the sharpness of
the potential change in Fig. 3d), the equatorward Pedersen
current becomes comparable to the Hall current. Except
for the very close neighborhood of the CR, the meridional
current is quite small, but its exact value and sign are dif-
ficult to find, due to the uncertainty in bo. Later on, when
3 peaks, from about 8:22:10-8:22:20, ¢y decreases abruptly
about 0.1 A/m. This value is comparable to the decrease
of the FAC H, in Fig. 3e over the same interval, and cor-
responds to a current density of about 3.3 puA/m?. At this
time Xp ~ 15 mho (Fig. 3c) and with E;, ~ —10 mV/m
one obtains a Pedersen component of the westward tangen-
tial current Jyp ~ 0.15 A/m. If the EJ divergence were
achieved only at the expense of the Pedersen current, its
variation length scale should be roughly equal to 0.15 A/m
/ 3.3 uA/m? that is some 50 km. This length appears to
be quite short and suggests that the Hall component of the
EJ contributes as well to the FAC closure, a point to be
discussed further in Section 4.1.

The average electrojet divergence over the time interval
8:22:04-8:23:00 is about —0.2 A/m / 160 km, that is some
-1.3 pA/m?, to be compared with -1.5 pA/m? inferred in
MO09. Figure 4c shows also that a rather small change in by
can be associated with a significant change in the small scale
current structure in the high conductance region. However,
when averaged over the large scale, dominated by rather low
conductance, the change is less significant.
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To summarize, the application of the updated ALADYN
technique to FAST orbit 1859 provided results consistent
with M09, and enabled in addition a more detailed explo-
ration of the electrojet divergence.

3.2. Event 2: FAST Orbit 1805

Optical and FAST data for Orbit 1805 are presented in
Fig. 5. As indicated by the ground magnetic field (not
shown), the observations were made during a quiet interval.
The frames at the top of the figure, 1 min apart, show a
rather stable double arc, as well as a third arc, that gradu-
ally vanishes over the 3 min between frame 1 and frame 4
(frame 1 appears rotated as compared to the other frames
because of an aircraft maneuver). Similar, to some extent,
to Event 1, the aurora appears to be stable along the satel-
lite footpoint from 8:29-8:30, when FAST crosses above the
double arc, but some variation is visible on a longer, few
minutes time scale. The electron precipitation, Fig. b5a,
and the conductance profile, Fig. 5c, reflect as well the
double arc structure, underlined by the large scale upward
FAC, Fig. 5e, from 8:29:00-8:30:20. The electric poten-
tial, Fig. b5d, reaches its minimum beyond the poleward
boundary of the FAC region, around 8:31:00 (not shown),
but the slope of the potential indicates a sharp decrease in
the electric field around 8:29:00, at the equatorward edge of
the large scale upward FAC. In this case the corotation cor-
rection is essential for the proper location of the potential
minimum and CR boundary.

The data for Event 2 suggest, at first glance, a standard,
Bostrom Type 2 configuration. The downward current until
8:28:00 appears to feed a poleward Pedersen current, un-
der roughly constant conductance conditions, therefore the
electric field — and the slope of the potential — gradually
increases. Note that in Fig. 5c the conductance is computed
only based on proton precipitation until 8:28:45, since the
electron precipitation is too weak and noisy. The current fed
by the downward FAC keeps flowing, apparently as Pedersen
current, until 8:29:00, and the slight increase in the electric
field after 8:28:30 (visible as a slight steepening in the poten-
tial) is associated with the decrease in proton precipitation
and conductance. After 8:29:00 the Pedersen current feeds
the upward FAC, back to the magnetosphere, closing thus
the Type 2 circuit. Over the upward FAC region the con-
ductance is higher and the electric field required to carry the
current is smaller than before, explaining thus the change in
the potential slope at 8:29:00.

While the brief examination of the data above appears to
indicate a typical evening oval and typical auroral arcs, the
application of ALADYN, Figs. 5f and 5g, suggests a more
complex picture. Figure 5f exhibits similar features with
those observed for Event 1. Over the upward FAC region,
where the conductance is high, d F; minimizes for by around
zero. When the conductance is low and mostly smooth, be-
fore 8:28:45 and after 8:30:10, §E, is not very sensitive to
bo. From 8:28:45-8:29:00, where the conductance is low and
noisy (because of the electron contribution), the smallest
0E, is obtained for by = 20 mV/m, the largest eastward
tangential field. Contrary to the expectations based on the
Type 2 configuration, Fig. 5g suggests that the electrojet
divergence is significant also in this case, with variations in
co of up to ~0.2 A/m, again comparable with the total FAC
sheet current.

As before, a better view over the fit accuracy — as ex-
pressed by the mean JE, —, over the variability of ¢o, and
over three ¢ profiles is provided by Fig. 6. This time the
best fit is obtained for by between -5 and 0 mV/m, where
the black line in Fig. 6a reaches a flat minimum, while o,
in Fig. 6b minimizes for by between -5 and -10 mV /m. Like
for Event 1, the dependence of the mean § E, and of o, on
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Figure 5. Top: Optical data by an aircraft borne all-sky
camera, conjugate with FAST overpass. The four frames
are 1 min apart, with FAST crossing over the double
arc structure between frames 2 and 3. The North and
East direction for frames 2—-4 are indicated in frame 4.
Frames 2—4 are rotated with respect to frame 1 because
of an aircraft maneuver. Middle and Bottom: FAST data
and ALADYN results, same layout as in Fig. 3.

bo is more pronounced over the upward FAC region, where
Je, has substantial variations and makes a significant con-
tribution to the current closure.

Turning to the co profiles in Fig. 6c¢, until 8:28:00 co
raises from 0 to more than 0.1 A/m, that is more than half
of the downward FAC, which appears thus to feed the EEJ.
Further on, over the region with no FAC, 8:28:00-8:29:00, co
returns to 0, which means that the EEJ there feeds the pole-
ward ionospheric current. Overall, the ionospheric current
that enters the upward FAC region is equal to the current
supplied to the ionosphere by the downward FAC (that is
20.15 A/m), as for the Type 2 configuration, but the de-
tailed current flow appears to be more complicated. The
same is seen over the upward FAC region, where the main
feature of cp is a steep increase from 8:29:00-8:29:15, fol-
lowed by a steep decrease until 8:29:30 or later, depending
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Figure 6. Mean 0E,, o.,, and co profiles for bp = —10, —5, and 0 mV/m. Same layout as in Fig. 4.

on the profile. For by = 0 and by = —5 mV/m the increase
in ¢o is of ~0.25 A/m and ~0.2 A/m, larger than the cur-
rent fed to the upward FAC region, which is not possible.
This difficulty is cured for by = —10 mV/m, where the in-
crease in co is just ~0.12 A/m, while over the same time
the integrated upward FAC is ~0.02 A/m (see Fig. 5e).
The sum of the two is roughly equal with the overall down-
ward FAC, showing that from 8:29:00-8:29:15 the poleward
current feeds both the EJ and the FAC.

With by = —10 mV/m and given the abrupt decrease
of the meridional electric field at 8:29:00, it is likely that
from this time on the westward Pedersen component of the
EJ is larger than the eastward Hall component — therefore
around 8:29:00 the electrojet changes direction from east-
ward to westward. Thus, the current closure configuration
from 8:29:00—8:29:15 is similar to the one from Event 1 just
poleward of the CR. Later on, until 8:29:50, a decrease of
about 0.15 A/m in the WEJ feeds about 0.07 A/m to the
poleward current and about 0.08 A/m to the FAC, result-
ing in jj ~ 0.08 A/m / 100 km = 0.8 pA/m*. With $p
10 mho and F, ~ —10 mV/m one obtains J,,, ~ —0.1 A/m
and a variation length scale in J,,, of 0.1 A/m / 0.8 yA/m?
= 125 ki, if the FAC is fed by the divergence of .J;,,. While
this length scale is rather short, it is still 2.5 times larger
than obtained for Event 1 (and, in view of the various error
sources to be discussed next Section, it only provides a rough
approximation). From 8:29:45 to the poleward boundary of
the FAC, at 8:30:10, the poleward current feeds once more
both the WEJ and the FAC.

In summary, for Event 2 the large scale downward and
upward FACs are connected by meridional current and the
electrojet is on average divergence free over each of these two
regions. However, the smaller scale current closure remains
rather complicated, similar in this sense to Event 1. An-
other similarity to Event 1 is the slightly negative value of
the tangential electric field. However, unlike for Event 1, we
believe that this time the FAC-EJ coupling is dominated by
the Pedersen current driven by the tangential electric field.

~

3.3. Error sources

In the following we shall explore a number of possible
error sources, that may result in false variations of the pa-
rameter ¢p and therefore false indications on the divergence
of the electrojets. We identified six such error sources, to be
addressed below: (i) errors in conductance; (i) presence of
neutral wind; (%) errors in 6; (iv) arc curvature; (v) electric
field inhomogeneous along 7; (vi) temporal variations.

(i) Errors in conductance. The conductance estimates
provided by Eqs. 7 and 8 are reliable only when the con-
ductance is larger than a few mho. When the conductance
is low, of the same order with the background level, the
above equations are presumably not accurate. Because of
this reason, we regard the results obtained for the upward
FAC region to be in general more reliable, and in Section 4

we shall only concentrate on this region. Even here, time
dependent variations of the conductance at the edges of the
arc may still result in errors if the arc has a proper motion in
the plasma system. However, according to Haerendel et al.
[1993], such motions are quite slow, at speeds of ~100 m/s
or less, and the associated non-stationary behavior is likely
to be confined to rather narrow regions, of a few km — with
small effect on the results.

(i) Presence of neutral wind. As discussed in Section 6.1
of M04, based on the statistical studies by Brekke et al.
[1994] and Nozawa and Brekke [1995], the neutral winds
around 21 MLT are likely to oppose the corotation. The
associated small equatorward correction of the electric field
can result in a change of the CR location equatorward, if
the poleward field south of the CR is small as well. This is
the case in Event 2, where the neutral wind correction may
contribute to a partial decoupling of the large scale down-
ward and upward FACs. Like for Event 1, this would add
an overall positive EEJ divergence over the downward FAC
and an overall negative WEJ divergence over the upward
FAC.

(i3) Errors in 6. An error 66 in 6 makes a false contri-
bution of Hy(1 — cosdf) to the current closure normal to
the arc. As long as 60 < 25°, 1 — cosdf < 0.1, therefore
one can tolerate relatively large errors in the inferred incli-
nation of the current sheets. The errors in # may also have a
second effect, if the longitudinal displacement An becomes
large and ¢p can no longer be assumed as constant. How-
ever, for our two events both effects appear to be negligible.
By using tan 6 = 0, instead of tan# = 0.13 for Event 1 and
tan @ = 0.26 for Event 2, no significant changes of the results
are observed.

(i) Arc curvature. If the arc is folded, the cartesian
geometry is no longer appropriate, and the arc curvature
should be taken into account. By writing the current clo-
sure equation in polar coordinates, Eq. (4) transforms into:

8Je 0y, Jn

9 On Ry

. J,
J = o€ 5

R,

= C1 + (12)

where £ and 7 are the radial and tangential directions, re-
spectively, while R, is the radius of the arc. The term asso-
ciated with the arc curvature, J,/R,, adds to the electrojet
divergence, and can be significant if R,, is small enough. For
example, if J, = 0.5 A/m and R, = 500 km, by working in
cartesian coordinates one would obtain a false electrojet di-
vergence of 1 yA/m?. During relatively quiet times, auroral
arcs are expected to be more or less aligned with magnetic
latitude circles, whose radii in the auroral region are of the
order of 2000 km, therefore arc curvature should not play a
major role. However, actual arc radii can be influenced by
small perturbations in the auroral current circuit, and small
scale folds can be important in particular cases. The gen-
eral conditions and the optical data suggest this is not the
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case for our events, however, we cannot fully exclude such a
possibility.

(v) Electric field inhomogeneous along n. If the elec-
tric field varies along 7, according to Faraday’s law bg
should vary along £. Such variations can be significant in
the upward FAC region, where the conductance is large,
for example if ¥y = 20 mho and dbp = 5 mV/m, then
0Jey; = 0.1 A/m. However, Figs. 4c and 6¢ suggest that in
our events a certain amount of electric field inhomogeneity
along 1 would not make a dramatic difference in the re-
sults. If by were not constant, the actual co profile would
be bounded by the lines corresponding to the minimum and
maximum values of by. Provided that dby is rather small,
the variation of the actual ¢y will still preserve the essential
features discussed for the two events.

(vi) Temporal variations. If the aurora varies on time
scales comparable with the width of the ALADYN sliding
window, namely 10-20 s, temporal variations can introduce
significant errors in the results. However, when the aurora
changes on time scales longer than 1 min, as in our two
events, temporal effects are presumably of minor impor-
tance. A check of AE,/AB, supports this presumption,
indicating in our case values much smaller than the Alfvén
velocity (and comparable to 1/poXp) at fequencies of 50—
100 mHz and below. The higher frequency Alfvénic activity
between the ionosphere and the bottom side of the auroral
acceleration region can also result in a mismatch between
the data measured on FAST and the actual ionospheric val-
ues. However, this mismatch is smoothed out by ALADYN,
since its time scale is significantly shorter than the duration
of the ALADYN window.

While the combined effect of the errors analyzed above
can contribute a significant fraction of the variation in co
and resulting divergence of the electrojets, we believe that
this is more likely to happen for the quiet Event 2. For the
growth phase Event 1, the large scale configuration, with the
CR and FR boundaries close to each other, provides a strong
indication that the inferred divergence of the electrojets is
real.

4. M-I coupling implications of the
ionospheric current closure

The divergence of the auroral electrojets is not surpris-
ing in itself and natural in certain regions — like the HR,
where both the EEJ and WEJ terminate. The relevant ques-
tion with respect to M-I coupling is whether field-aligned
and electrojet currents are coupled to each other, that is, to
what extent the electrojet divergence feeds or is fed by field-
aligned currents. A divergent electrojet does not necessarily
imply FAC-EJ coupling. For example, as shown already by
Kamide [1978], during quiet times the FAC can be weak or
missing in the HR, and the electrojets just couple to each
other by meridional ionospheric currents.

Below we shall concentrate on the case with electric field
uniform in longitudinal direction, and electrojet divergence
driven by variations in the conductance. Since this is the
model assumed by ALADYN, it is important to check that
the results obtained are self-consistent. Our analysis will
only cover the upward FAC, where the electron precipitation
dominates and the higher conductance is more reliable. As-
suming that the polarization is small, we shall first check the
relative contributions of the Pedersen and Hall currents to
the divergence of the electrojet, and further to the FAC-EJ
coupling, depending on electron energy (and implicitly on
the activity level). We shall then integrate the findings with
recent results by Amm et al. [2011] and Fugii et al. [2011]
regarding the Cowling mechanism, and suggest a tentative
scenario for the auroral arc during the substorm cycle. In
retrospect, we shall also check the assumption of small po-
larization and identify substorm stages when it is plausible
that this assumption is fulfilled.
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4.1. Pedersen and Hall contributions to the FAC-EJ
coupling assuming small polarization

As demonstrated by Fig. 11ain M09, for electron energies
above some 5 keV, the divergence of the electrojet relies on
the variation of J,,, — provided that the assumption of an
electric field uniform in longitudinal direction holds. While
this variation can still be compensated by the variation in
Jep» rendering the Hall current divergence free, the Hall cur-
rent should be coupled to the FAC when there is evidence for
the FAC-EJ coupling. One notes that this feature is promi-
nent only at higher electron energies, likely to be associated
with auroral activity, and further with non-steady states of
the auroral current circuit. As discussed in the next Section,
in such cases a certain amount of the FAC carried Poynting
flux can escape the dissipation in the ionosphere and feed
back to the magnetospheric generator regions, contributing
thus to the auroral reconfiguration. The possible FAC cou-
pling with the Hall current appears thus to be consistent
with higher electron energies and auroral activity.

The electrojet divergence and, possibly, FAC-EJ cou-
pling at lower electron energies, as expected for rather quiet
events, can be explored based on Fig. 7. The left panel is
a zoom on the low energy end, 1-5 keV, of Fig. 1la from
M09, showing the Pedersen and Hall components of the elec-
trojet current, while the right panel is similar, but for the
meridional current. It is assumed that in both longitudinal
and meridional direction the field aligned current is uniform,
leaving the electron average energy the only free parameter
to control the induced conductance. While the assumption
of FAC uniformity in longitudinal direction is related to the
arc geometry, the uniformity in meridional direction is sug-
gested by the often smooth profile of AB, (and AB,, when
0 # 0). In such cases, the variations of the field aligned cur-
rent, j), as indicated by the changes in the slope of AB,, are
smaller than the variations in conductance, motivating the
assumption that electron energy has the dominant influence
on the conductance profile (this is the case for Event 1 and
Event 2).

Following M09, if j; and, consequently, the number flux,
® n, are assumed to be constant, the energy flux, ® g, scales
with the average energy, ®r = E®y, and the Pedersen
and Hall conductance induced by electron precipitation,
Egs. (7), become:

—1.5
e 40F 1/2
EP = ﬁq)]\;/
16+ FE
—2.35 (13)
. 18E™ 1)
2H = ﬁq)]\]
16+ FE

If the orientation of the electric field, E,/FEk, is known, the
Pedersen and Hall components of J¢ and J,, have the follow-
ing absolute values:

|[Jep| = Xp|Ee]

|Jer| = Eu|Ee||En/Ee| (14)
|Jnp| = Zp|Ee||En/Ee|

|Jnr| = Sm|E¢l

Assuming, in addition, that the polarization effect, asso-
ciated with the electric field divergence, dE¢/d€, is small,
the relative contributions of the current components to the
current closure can be read directly in Fig. 7. The lines
there, indicating the variation of the respective current com-
ponents with E, are obtained based on Egs. (13) and (14),
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Figure 7. The relative contributions of the Pedersen and Hall components to the longitudinal (left)
and meridional (right) current, depending on electron energy. It is assumed that the FAC (and number
flux) is homogeneous in both directions, therefore the relative intensity of the currents Jep, Jem, Jyp,
and J,m depends only on electron energy and on the ratio E,/E¢. The plots show the absolute values

of the electric field and current.

after dropping the common factors ‘1)11\1/2 and |E¢|. The small
effect of the polarization, dE¢/d¢, is a key assumption, ex-
pected to be fulfilled during quiet conditions (when the Hall
current is likely to be divergence free), perhaps also during
the growth phase and at the substorm onset. This issue will
be discussed further in the next Section.

Figure 7 makes clear that at low energies the variation of
the Hall component of the electrojet is comparable with the
variation of the Pedersen component, with the exact ratio
depending on the the orientation of the electric field, E,/E¢.
Moreover, the variation of J,z can be equal to the variation
of Jem but of opposite sign, rendering thus the divergence of
the vector Hall current equal to zero — as expected during
steady state, quiet conditions.

The discussion on the conductance variation and on the
divergence of the Hall current can be extended by consid-
ering the variation length scales of E in both £ and 1. A
zero divergence of the Hall current implies that |0J¢,, /0&| =
|0Jy, /On|, which can be processed to yield:

M| By

NP | Ee

(15)

provided that the assumptions of constant electric field and
uniform FAC are reasonable. The partial derivatives were
replaced by means of the variation length scales of the elec-

tron energy, 9/9(§,n) ~ 1/)\517. (The reader is cautioned
against possible confusion between the electric field compo-
nents, E¢, F,, and the average energy, E).

If the tangential electric field is much smaller than the
normal electric field, E, < E¢, as expected in the evening
and morning sectors, Eq. 15 shows that for steady state
quiet arcs the longitudinal length scale is much larger than
the meridional one — consistent with the quiet arc geom-
etry. Small scale perturbations in the magnetosphere, that
drive locally the M-I system out of the steady state, could
result in local violations of Eq. (15). Such perturbations
could be related e. g. to bursty bulk flows, and map to
auroral streamers or polar boundary intensifications in the
ionosphere [e. g. Henderson et al., 1998; Lyons et al., 1999].

When the tangential electric field is significant, as ex-
pected in the Harang region, Eq. (15) suggests that steady
state arcs should be less elongated. Alternatively, one can
interpret Eq. (15) in the sense that a mismatch is more
likely, and therefore the Hall current is more likely to be
coupled with the FAC. This interpretation is in good agree-
ment with the dynamic character of the HR, where non-
steady states are more likely to occur.

4.2. The auroral arc during the substorm cycle — a
tentative scenario
In a recent statistical study based on radar and ground

magnetic field data, Amm et al. [2011] obtained indirect ev-
idence that the Cowling efficiency is likely to increase with

substorm intensity (their Fig. 6b). The Cowling efficiency,
ac, can vary between 0 and 1 and is defined by:
V-Jp,=—acV - -Ju (16)
where Jp, is the Pedersen current driven by the secondary
electric fields due to polarization charges. When ac =0 /
ac = 1 the Hall current is fully coupled to the FAC / polar-
ization Pedersen current. Amm et al. [2011] found that the
Cowling efficiency is likely to approach zero at quiet (and
weakly disturbed) times, which means that the polarization
charge vanishes, V-Jp, ~ 0. Since at quiet times the FAC is
not expected to couple to the Hall current, the appropriate
interpretation of this results is that V- Jg ~ 0.

When the auroral activity, as measured by the electrojet
index, increases, a certain amount of FAC coupling to the
Hall current can occur, depending on a¢. According to Fu-
jii et al. [2011] (their Fig. 4), the larger a¢ is, the more
substantial is the fraction of the FAC carried Poynting flux
that feeds Joule heating associated with polarization Ped-
ersen currents. An intriguing question raised by Fig. 4 of
Fugii et al. [2011] is that when ac = 1 the Hall current is
entirely closed by polarization Pedersen currents and fully
decoupled from the FAC. While a detailed consideration of
this question is beyond the scope of the present paper, we
note that the time dependent character of the FAC coupling
to the Hall current is likely to play an important role. In a
time dependent configuration one can imagine e.g. a two-
step process, first some inductive accumulation of the en-
ergy fed by the Hall coupled FAC, followed at a later stage
by resistive dissipation via secondary Pedersen currents. If
ac = 1, at this stage the FAC is no longer coupled to the
Hall current.

The evolution of the ionospheric current closure during
the substorm cycle can be integrated with the evolution of
the Cowling mechanism in the following tentative scenario.
A prime target for this scenario, formulated for the time
being in qualitative terms, is the auroral arc.

1. At quiet times the Hall current is likely to be diver-
gence free, the polarization is negligible, and the FAC is
closed by Pedersen currents. In the evening and morning
sector the Pedersen current is normal to the arc, while in
the Harang region the FAC-EJ coupling can be achieved
in a mixed 'Type 1/Type 2’ configuration. The FAC sheet
(Type 1) is azimuthally connected to the Pedersen compo-
nent of the EJ (Type 2), driven by the westward component
of the electric field. This could be the case for our quiet
Event 2.

2. Assoon as the substorm starts to grow, a small amount
of Hall current divergence becomes available to couple with
the FAC and a fraction of the Poynting flux carried by the
Hall coupled FAC may be stored inductively, contributing to
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a gradual enhancement of the electrojet current system and
a slow change of the auroral current circuit. The FAC-EJ
coupling can thus be partially achieved based on the Hall
current. The polarization is small, if at all. This could be
the case for our growth phase Event 1.

3. At onset and shortly afterwards, when the M-I sys-
tem is far from equilibrium, most of the Hall current diver-
gence may couple with the FAC. Consequently, the Cowl-
ing efficiency and the polarization are low, and the FAC—
EJ coupling can be dominated by Hall currents. At this
stage, the sudden break of equilibrium between magneto-
sphere and ionosphere triggers also Alfvén waves, bouncing
back and forth along auroral flux tubes becasue of the miss-
match between the wave admittance, 34, the ionospheric
conductance, Y p, and the effective conductance of the mag-
netospheric generator, ¢ [Lysak, 1986].

4. Later on during the expansion phase, when some sort
of dynamic equilibrium is achieved, the Cowling channel can
become fully developed and the divergence of the Hall cur-
rent feeds the secondary Pedersen currents. The polariza-
tion plays now a major role. The FAC closure is achieved
by the primary Pedersen currents. As pointed out above,
the energy transfer to the ionospheric circuit that includes
the divergent part of the Hall current and the secondary
Pedersen current requires further examination.

5. During the recovery phase, the M-I system re-
approaches an equilibrium state, therefore the FAC coupling
to the Hall current is likely to be less important. The Cowl-
ing efficiency may remain high but with less and less Hall
current divergence to feed polarization Pedersen currents.
The energy stored inductively during the growth phase is
dissipated and the current system gets back to quiet time
parameters. Eventually, the Hall current divergence gets
back to zero and the Cowling channel dies out.

Before concluding this Section, one should emphasize the
difference between the two unsteady behaviors of the auro-
ral M-I system mentioned above. On one hand, the exam-
ination of the dynamic auroral flux tube and the bouncing
Alfvén waves was typically done by assuming the FAC cou-
pling to Pedersen currents and a divergence free Hall cur-
rent [e. g. Lysak, 1986]. The time scale of reaching the
equilibrium is of the order of minutes, corresponding to a
few Alfvén bounces — with the exact number depending on
the specific parameters of the magnetospheric generator, of
the ionospheric load, and along the flux tube. On the other
hand, the FAC coupling to Hall currents received compara-
tively much less attention, possibly because such a coupling
is difficult to envisage under steady state conditions. In this
case, the time scale should be related to the rise and fall of
the electrojet current system, presumably shorter for a local
activation and longer for a fully developed substorm. This
matter requires further investigation, which is, however, be-
yond the scope of this paper.

5. Summary

The results of this paper can be summarized as follows:

1. The ALADYN technique was updated and allows
now the exploration of the data on a continuous time ba-
sis, providing approximate profiles of the electrojet diver-
gence along the satellite ionospheric footpoint. The tangen-
tial electric field can also be inferred within a certain range.

2. In order to validate the updates, ALADYN was applied
first to an event studied before, FAST Orbit 1859, located
in the Harang region. The new results were found to be
in good agreement with the old conclusion that in this case
both the EEJ and the WEJ are divergent and coupled to
the downward and upward FAC, respectively.

3. The updated ALADYN was then used to investigate
a quiet event in the evening sector, FAST Orbit 1805. This
investigation suggests that the electrojet divergence can still
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be significant over certain latitudinal ranges, a finding that
does not fit with the 1D model of the evening auroral arc.
However, because of the various error sources, this result
should be treated with care. More event studies are needed,
ideally with conjugate optical data, as well as ground radar
and magnetic field data.

4. The examination of the local current closure suggests
that at certain locations the electrojet divergence feeds the
FAC. The FAC-EJ coupling was identified for both events,
but it was found to be more prominent for FAST orbit 1859,
where the close proximity of the convection reversal and
FAC reversal boundaries prevents the standard connection
between the downward and upward FAC sheets. The FAC—
EJ coupling is likely to be achieved mainly by Pedersen cur-
rent, driven by the tangential electric field, for the quiet
Event 2, while for the slightly more disturbed Event 1 the
Hall closure appears to be significant as well.

5. The examination of the current closure depending on
electron energies, confirmed that at low energies the Hall
current is likely to be divergence free, while at higher en-
ergies, associated with active aurora, the FAC-EJ coupling
relies on the Hall current. Important assumptions underly-
ing this result are the longitudinal homogeneity of the elec-
tric field and field-aligned current, as well as the neglect of
the ionospheric polarization. In order to check the longi-
tudinal homogeneity, two measuring points at neighboring
MLTs are required, a setup to be provided systematically
by the upcoming Swarm mission.

6. In agreement with M09, but based this time on a scale
argument, we showed that the FAC coupling to the Hall cur-
rent is more likely in the Harang region, where the tangen-
tial electric field is typically larger. The FAC coupling to the
Hall current is consistent with the more dynamic character
of the Harang region. In general, the actual auroral config-
uration varies from event to event and, even during quiet
periods, small scale perturbations in the magnetosphere can
induce reconfigurations of the auroral current circuit — with
impact on the ionospheric current closure.

7. The findings of the paper were integrated with recently
published results on the Cowling mechanism in a qualitative
scenario that describes, tentatively, the evolution of the au-
roral arc during the substorm cycle. The unsteadiness of the
auroral flux tube due to bouncing Alfvén waves, which does
not require a divergent Hall current, was contrasted with
the rise and fall of the electrojet current system, associated
presumably with FAC coupling to the Hall current. More
experimental evidence and theoretical work are needed to
validate this scenario.
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