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Yet despite decades of research, the magnetospheric source for the aurora 
remains largely unknown.

Aurora are the most visible manifestation of space weather.
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Two issues:
1. Auroral zone often used as 2-d screen of 

magnetospheric motions. When is this valid? 

2. Important to have physics-based understanding of 
magnetospheric dynamics 

Arcs are regions of active MI coupling 
Closure details reveals information about magnetospheric 
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Fig. 8. Simplified picture of a part of the mag- 

netospheric current system in case 2. A current 
flows into the ionosphere on the equatorward side 
of the arc all the way along the are and flows out 
of the ionosphere on the poleward side. 

ance /•B due to a d-km-thick arc at the distance 
r km is 

= 
In case i we find from (18a) 

( ø - 2•r E• • • / 
and in case 2 we find 

t•od *• = • •/(•/ + •.•) (22) 
The height-integrated conductivities are func- 

tions of the height of the are and of the electron 
density within the are. The height dependence is 
somewhat different in ease 1 and ease 2. If the 
height of maximum electron density is changed 
from 115 to 105 km, the effective conductivity 
in ease 1 will be changed from 120 to 230 mho 
and in ease 2 from 50 to 77 mho. For a certain 
height of the are the height-integrated con- 
ductivities will be proportional to the maximum 
electron density n•.•.•. 

The validity of the model could thus be 
examined by simultaneous measurements of the 
magnetic disturbance /•B; the position, height, 
and thickness of the are; and the electron density 
(from luminosity measurements or radio meth- 
ods). In ease 2, E• A must also be proportional to 
the drift velocities along the are. 

According to observations reported by O•uti 
et al. [1902] and Na•ata [1903], both the horizontal 
magnetic disturbance and the maximum electron 
density of auroral sporadic E layers are propor- 
tional to the square root of the auroral luminosity 

in zenith during magnetic bay disturbances. 
Using their values we obtain/•B = 4 X 10-4n ..... 
if/•B is measured in gammas and n ..... per cubic 
centimeter. From our model we obtain, for a 
point just below the arc,/•B = 5.2 X 10-5n 
if we use the value 3 X 104 amp for the current 
in the arc, but we are then computing the 
disturbance from only one arc, while the observa- 
tions refer to the total disturbance from all 
nearby auroral currents. These observations also 
seem to indicate that the driving electric field is 
more or less constant. 

According to measurements of drift velocities 
in auroras, summarized by Nichols [1959] and 
Cole [1963], these increase with increasing mag- 
netic disturbance. According to case 2 of our 
model, we have /•B = 5.4 X 10-•V• if /•B is 
measured in gammas and V• in meters per second. 
The proportionality constant is smaller than the 
observations suggest, but these observations also 
refer to the total magnetic disturbance. 

Measurements by Kim and Volkman [1963] 
show that the magnetic disturbance is in general 
greater when the arcs are thick. 

However, to verify the validity of the model 
it is important to make simultaneous measure- 
ments of all the quantities involved. Presumably 
these measurements cannot be carried out with 
such accuracy so as to distinguish between case 
i and 2. 

A Proposal for a Satellite Experiment 
To decide whether case 1 or 2 is nearest the 

truth, the most suitable empirical approach 
would be an attempt to prove or disprove the 
existence of the considerable sheet currents 
(about 2 amp/m) which in case 2 must exist 
high above the auroral arcs. Possibly this could 
be done by magnetic field measurements using 
a magnetometer on board a polar orbiting 
satellite. If two current sheets of this kind exist 
above each auroral arc, we must then have a 
longitudinal magnetic field disturbance of about 
2000 -y between these current sheets. 

CONCLUSIONS 

The auroral electroiets, which are assumed to 
flow in the auroral arcs, may be driven either by 
winds blowing in the upper atmosphere (iono- 
spheric dynamo) or by electric fields produced 
by the interaction of the solar wind with the 
magnetosphere (magnetospheric dynamo). Using 
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Fig. ?. Simplified picture of the magnetospheric 

current system in case 1. A current flows into the 
ionosphere at one end of the arc and out at the 
other. 

higher than the Pedersen conductivity. Our 
computations, as well as other recent computa- 
tions by Kim and Kim [1962, 1963] show that 
the two conductivities are of the same magni- 
tude. At night, when rather few electrons are 
present in the lower ionosphere, the height- 
integrated Pedersen conductivity will dominate 
over the Hall conductivity in the undisturbed 
ionosphere. In the auroral ionization the situation 
is somewhat different, because the ionization is 
concentrated at the heights where the Hall 
conductivity is rather high. Nevertheless, the 
height-integrated Pedersen conductivity will be 
of the same magnitude as the Hall conductivity. 

In case 2 the current along the arc is a Hall 
current, whereas the current perpendicular to 
the arc is a Pealersen current. If the currents are 
to be essentially confined to the arcs, this Peder- 
sen current must continue as a sheet current 
along the magnetic field lines from the surfaces 
of the arc to the outer magnetosphere, where it 
closes perpendicular to the field lines. In doing 
so it will produce a breaking force on the dynamo, 
i.e. on the motions wlfich give rise to the electric 
fields. A simplified picture of this magnetospheric 
current system is shown in Figure 8. 

A current of this kind between the arcs and 
the outer magnetosphere has also been suggested 
by Cole [1963], who, however, assumes this 
current to be driven by pressure gradients in the 
magnetospheric plasma. 

If the Hall current that flows along the arc is 
free from divergence, which it must be if there 
are no variations of conductivity along the arc, 
then the Pedersen current and the current along 
the field lines will not vary in strength along the 

arc. The latter currents will then give a mag- 
netic flux that is confined to the interior of the 
current loops and. not observable from the 
ground. Of course the flux will leak out at the 
end points of the arcs or at points where the 
conductivity changes. However, the contribution 
from this flux to the magnetic disturbance at 
ground level will be negligible compared to the 
magnetic disturbance from the Hall currents if 
the arcs are fairly homogeneous over lengths of 
the order of some hundred kilometers. The mag- 
netic disturbance at ground level is then only 
due to the Hall currents. Hence, we should not 
draw any conclusions as to the current component 
within and perpendicular to the arcs from the 
observed magnetic disturbances. It should be 
noted that the usual plots of the DP (polar 
storm) current systems are probably only plots 
of the Hall component of the true ionospheric 
currents. 

In Figure 8 only a part of the current system 
is shown. The Hall current that flows along the 
arc must be closed, either by currents in the 
ionosphere (the DP current system) or by 
currents from the end points of the arc to the 
outer magnetosphere. 

The currents are driven by a radial electric 
field of about 1.8 X 10 -3 volt/m in the equa- 
torial plane of the magnetosphere; in the iono- 
sphere this corresponds to the required electric 
field of about 5.6 X 10 -•' volt/m perpendicular 
to the arc. This electric field can be produced by 
a longitudinal motion in the magnetosphere 
with a velocity of about 17 km/sec. 

Rate o• Energy Dissipation 
The rate of energy dissipation in the arcs due 

to ohmic losses is i.E - ap E •- per unit volume, 
or •p E' d per unit length of the arc, where d 
is the thickness of the arc. If the total current 
that flows along the arc is 3 X 104 amp, the 
dissipation will be 740 watts/m in case i and 
1100 watts/m in case 2. If during an auroral 
display we have on an average ten parallel arcs 
of this kind in a 5000-km-long region in each 
hemisphere, the total rate of energy dissipation 
due to ohmic losses can be estimated to be of 
the order of 10 u watts. 

Observations 

If our assumption that the currents are con- 
fined to the arcs is correct, the magnetic disturb- 
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Many types of mesoscale arcs. 
1 theory to fit them all?



Would like to be able to use 
aurora as proxy for 

magnetospheric dynamics

Pulkkinen, 1995 



Primary questions of auroral arcs:

- What creates/sustains the growth phase arc? 
- What causes the growth phase arc to brighten? And what 

does it mean? 
- What creates the (new?) onset arc? 
- Are beads at onset of magnetospheric origin? 
- How do streamers relate to flow bursts? 
- What are multiple, parallel arcs? 
- What sustains long arcs located away from transition 

region? 
- Polar cap arcs?

And 
To what extent is ionosphere modifying this 2-d picture?



Lassen & Danielsen, JGR, 1989

In the late growth phase it is often the case that the onset arc is essentially exactly parallel to the 
constant geomagnetic latitude

FLR arcs (infrequent)



Yang, 2013

Growth phase arc

Several ideas that 
explain single arc.

Fail for multiple growth 
phase arcs



Substorm onset 
(I promise this will not turn into a substorm talk) 

Onset timing is important, because the sequence of energy 
release is inferred from when the arc ‘brightens’ in relation to 

other indicators



Lyons 2012 
onset

Traditional onset 
(Pi2, SCW, etc)

Growth phase arc 
brightening and ripple.

Jan 27, 2007
(Lyons et al., 2012)

0818 0824 0830 0836 08480842

0834:300831:30 0836:00

Little progress Expansion, finally



Lyons 2012 
onset

Traditional onset 
(Pi2, SCW, etc)

0818 0824 0830 0836 08480842

Long delay

FSIM

FSMI What might be termed a 
pseudo breakup



Why it matters:

Lyons 2012 
onset

Traditional onset 
(Pi2, SCW, etc)

0818 0824 0830 0836 08480842

We ascribe significance to (even a little) arc brightening 
But we do not know what sustains the growth phase arc. 

When it brightens (or changes structure)*, is it because: 

1. The underlying *growth phase arc* process intensified or changed? 
or 

2. Unloading has begun and the magnetosphere is changing topology or energy state. 

Those are very different things.

*With the caveat: It might be a new arc entirely 



Arc problem is one of mapping 
Solve the mapping, measurement is (likely) easy



Solution 1: Phenomenological mapping
Electron aurora at poleward shoulder of proton aurora

Caused by pitch-angle 
scattering; located at NETR 

If we regularly knew where 
this boundary was in the 

magnetosphere, we could 
map the electron aurora

which is then 3.3 × 108 W. The much lower kinetic energy
of the outflow is derived from the relaxation of the stretched
magnetic field. This energy and perhaps somewhat more is
spent by doing work against the (assumed) 20 nT field while
squeezing the plasma into a layer, the generator layer, just
outside the mildly stretched dipole field (see Figure 4).
[21] The numbers derived for the intrinsic time scale of

magnetic flux ejection from the central current sheet and for
the depth of that sheet are quite remarkable. They imply that
the effect of this process progresses by ∼6 RE in the course
of 5 min. The resulting thinning of the near‐Earth plasma
and current sheets should be felt out to ∼14 RE a few min-
utes before substorm onset. Indeed, Machida et al. [2009]
derived from geotail data the appearance of a strong dusk-
ward electric field between X = −9 RE and −15 RE during the
last 3 min before onset.
[22] The energy supply to the generator must not only

cover the energy dissipated in the arc and the adjacent
convection channel but also account for the magnetic energy
flowing into the sheared field between the downward and
upward sheet currents (Figure 7). The latter can be evaluated
by using the formalism presented by Haerendel [2007]:

_Wshear ¼ Rw J 2jj; ð3Þ

with the integrated wave impedance:

Rw ¼ 2m0REL

!arcG2 : ð4Þ

RE is the Earth’s radius, L is the magnetic shell parameter,
and G2 is a geometric constant of order unity (∼1.2). Com-
paring this with equation 4 in Haerendel [2009], one can see
that tarc has been set equal to four Alfvénic transit times
between ionosphere and generator. With L = 8, one finds that
1.27 mW/m2 are expended in shearing the field. Adding to
that the dissipated energy of ∼2.05 mW/m2 plus the auroral
energy flux of 5.0 mW/m2 and multiplying with the cross
section in the ionosphere of size, D‘arc · (warc + wch) = 4 ×
109 m2, (warc and wch are the widths of arc and channel)

yields 3.3 × 107 W, or ∼10% of the calculated energy sup-
plied to the generator within a length D‘CS. This is quite
satisfactory because much of the internal energy of the
generator layer must be conserved, the free energy being of
the order of the magnetic energy stored in the shear stresses.
Furthermore, all our estimates are based on rather uncertain
numbers. An inverse ratio of consumed over supplied ener-
gies, on the other hand, would have cast doubt on the pro-
posed concept. Furthermore, not all of the generator’s free
energy content should be consumed over the length D‘arc,
because the flow must continue outside the arc.
[23] With these uncertainties in mind, one can say that

attributing the origin of the growth phase arc to the release
of high‐b plasma from the central current sheet does not
raise any conflicts. The pressure force of that plasma drives
the associated current system and thereby causes the deflec-
tion of an equatorward polar cap flow into a sunward direc-
tion. Our estimates work, of course, as well for the arc on the
evening side.

3. Substorm Onset: “A Cry For Reconnection”

[24] So far, we have concentrated on the growth phase
arcs, specifically on the soft electron arc, which was shown
to deflect the equatorward plasma flow toward the sunward
direction. This has to be seen in a global context, namely,
the attempt of the magnetosphere to replace the magnetic flux
eroded at the frontside by flux moved in from the nightside
[Coroniti and Kennel, 1972, 1973]. The flux transfer from the
daysidemagnetopause to the tail establishes a gradient of total
pressure between the near‐Earth tail and the frontside mag-
netosphere, which is the ultimate driver of the convection
during this phase. Friction with the ionospheric plasma pre-
vents a fast replacement of the missing flux on the frontside.
Only after reconnection has set in can this be accomplished.
[25] During the growth phase, only magnetic flux of

closed, dipole‐like, but possibly somewhat distorted field
can be carried sunward along the oval, because the tail field
is either anchored in the solar wind or trapped between the tail
lobes in the current sheet. Looking at the midnight meridian

Figure 8. Three regions structuring the midnight magnetosphere with (1) trapping region, (2) a transition
region (NETR) of distorted dipole‐like field, and (3) the strongly stretched field of the tail’s plasma sheet.
The latter contains closed field lines in its central part and open ones at higher latitudes.

HAERENDEL: GROWTH PHASE ARC AND SUBSTORM ONSET A07212A07212
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Haerendel, 2010



Solution 2: Bootstrapped mapping / adaptive modeling
Large swarm of small satellites (magcon)

String of pearls of 9 probes 
determines magnetic configuration

Measurements of electron and ion 
distribution functions provides 
necessary measurements for 

identifying the generator 
mechanism(s): electron T steps; ion 
pressure gradient; magnetic shear; 

flow shear; ULF waves



Solution 3: Active mapping
supplemented by small satellite swarm



Open questions & comments
• We need to discover the magnetospheric drivers (plural) of auroral arcs.


• (Another phrasing: find the magnetospheric counterpart to arcs)

• Onset arc is probably separate from growth phase arc.


• Driven by independent processes?

• Possibly nearly co-located, difficult to separate

• This makes interpreting auroral brightenings far more difficult


• A brightening of the growth phase arc could be unrelated to the mechanism 
generating the onset arc

• We do not know what creates the growth phase arc. 

• We do not know what it means when it brightens.


• What powers the onset arc?

• We do not know what creates multiple (or even single!) equatorward drifting 

arcs.

• Are all streamers flow bursts?

And

To what extent is ionosphere modifying this 2-d picture?

Need to solve the mapping problem; need simultaneous, continuous, multi-scale/
wavelength observations (in situ + TREX)


