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(1) Back to Akasofu
(2) Some basics everyone agrees on
(3) Where the problem arises (in-out vs out-in)(3) Where the problem arises (in out vs out in)
(4) An example multi-onset event
(5) Challenges
(6) C l i(6) Conclusions 

See also Kepko student sponsored tutorial, substorm sessions 
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Irrefutable: Expansion phase onset is on or near a pre-existing arc.
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“… at the northern boundary of the diffuse auroras …”
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I f t bl [Th i l f b t f hi h] l t iIrrefutable: [There is a class of substorm for which] auroral onset is 
on field-lines threading the “night-side cusp” or region of transition 
between tail-like & dipolar field lines.
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Diffi lt W d t d th b t i h tDifficulty: We understand the substorm expansion phase onset 
represents a magnetotail instability. The auroral onset might mark its 
beginning, or might mark the start of something that is a result of 
expansion phase onset
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expansion phase onset. 



This has long been established and elaborated on in numerous 
subsequent published studies, four of which are listed here…
Samson, J. C., L. R. Lyons, P. T. Newell, F. Creutzberg, and B. Xu, Proton 
aurora and substorm intensifications, Geophys. Res. Lett., 19, 2167, 1992. 
Voronkov I. O., E. F. Donovan, and J. C. Samson, Observations of the 
phases of the substorm, J. Geophys. Res., 108 (A2), 1073, 
doi:10.1029/2002JA009314, 2003. 
Dubyagin, S. V., V. A. Sergeev, C. W. Carlson, S. R. Marple, T. I. Pulkkinen, 
and A. G. Yahnin, Evidence of near-Earth breakup location, Geophys. Res. p p y
Lett., 30(6), 1282, doi:10.1029/2002GL016569, 2003. 
Donovan, E., et al., Simultaneous THEMIS in situ and auroral observations 
of a small substorm, Geophys. Res. Lett., doi:10.1029/2008GL033794, in , p y , ,
press, 2008. 
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Stretching

Di l i tiDipolarization
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InjectionInjection
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Current Wedge
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Ionospheric & Magnetospheric things that happen around onset…
Auroral Brightening -ve H-bay Pi2
AKR SAPS Absorption Spike
Absorption Bay VHF Burst Injection
Pi1B Auroral Breakup BBF
BBF Braking Convection Pulses Dipolarization
C t Di ti C t Di i C t W dCurrent Disruption Current Diversion Current Wedge
NENL Formation Lobe Flux Reconnection
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What causes substorm expansion phase onset?

Near-Earth Neutral Line Current Disruption
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What causes substorm expansion phase onset?

“Out-In” “In-Out”
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What causes substorm expansion phase onset?

“Out-In” “In-Out”

In the TCS away from the 
dipolar region… NENL

In the transition between the 
TCS and the dipolar region… 
CD (CLI) or Ballooning
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CD (CLI) or Ballooning 
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Auroral brightness on 5 magnetic meridians during the onset. Note that the arc that brightens is in fact 
(in this case) a new feature that emerges just equatorward of the growth phase arc as discussed in 
Lyons et al. [2002]. Further, this is not simply a “cycle” in an FLR (based on the behavior of the arc 
for the 15 minutes prior to the onset from 0450 until breakup the arc is NOT oscillating) I amfor the 15 minutes prior to the onset – from 0450 until breakup the arc is NOT oscillating). I am 
convinced that the signature of the dipolarization/PS expansion at TH D/B/A/E marks the times when 
the poleward moving disturbance in the aurora passes those satellites.
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T89 K 6T89 Kp=6Satellite locations mapped to XY plane

Onset “Location”

GSM XY

Eric Donovan – GEM Tutorial – June 26, 2008



Graph is derived from the keogram data shown in the previous slide. Peak brightness shows fading 
followed by linear growth (e-folding time is 30 seconds). There is linear growth for three cycles 
followed by saturation. So there are some interesting features here that answer some questions (at least 
for this event) but that also raise some questions. The arc that brightens (see panel of mosaics above) 
is a “regular shape” – I’m not sure how to describe what I’m getting at but this *proves* that the 
magnetospheric feature that the arc signifies is a boundary/gradient that is either in or against low-
Beta plasma (such a shape could not maintain its integrity in a turbulent high beta plasma) The factBeta plasma (such a shape could not maintain its integrity in a turbulent high beta plasma). The fact 
that the saturation occurs after three e-folding times is completely consistent with the predictions of 
ballooning in the transition region between high and low beta and tail-like and dipolar. Igor’s material, 
though, is for shear-flow ballooning, and I see no evidence of an FLR here. Perhaps ---- perhaps ----
the arc could signify something like the min-B scenario of Galperin, coupled with ballooning. That 
would explain the fading, the growth time, the saturation and the properties of the arc near the time of 
breakup.  
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I it bl N t di i th f t i t t bli hInevitable: Numerous studies in the near future are going to establish 
irrefutable examples of “in-out” and “out-in” expansion phase 
substorms. 

Supposition: The first onset in a multi-onset sequence will be “in-out” 
and the large “final” onset will be “out-in”.

Difficulty: There is an argument against the “in-out” scenario that is y g g
very difficult to refute (and equally difficult to substantiate)… fast 
flows from the NENL cause the breakup (precede the auroral 
brightening) but are narrow and missed by the satellites.
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I it bl N t di i th f t i t t bli hInevitable: Numerous studies in the near future are going to establish 
irrefutable examples of “in-out” and “out-in” expansion phase 
substorms. 

Supposition: The first onset in a multi-onset sequence will be “in-out” 
and the large “final” onset will be “out-in”.

Difficulty: There is an argument against the “in-out” scenario that is y g g
very difficult to refute (and equally difficult to substantiate)… fast 
flows from the NENL cause the breakup (precede the auroral 
brightening) but are narrow and missed by the satellites.

Challenge: What are the ionospheric signatures of NENL formation? 
What are the ionospheric signatures of the fast flow? Is it enough that 
the arcs poleward of the onset are often undisturbed until after the p
breakup?
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Challenge: Mapping between the ionosphere and magnetosphere via 
physics-based models, empirical models, and observations.
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Challenge: The onset arc is in the proton aurora which is the 
ionospheric footprint of the transition between dipolar and tail-like 
field lines. How abrupt is that transition? Where is that transition? 
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Challenge: There are things we have a very poor understanding of, but 
that may be of central importance to our ultimate understanding of the y p g
expansion phase onset. What, for example, is the role of ions of 
ionospheric origin in the expansion phase onset? 

Chappel C T Moore and J Waite The ionosphere as a f ll adeq ate so rceChappel, C., T. Moore, and J. Waite, The ionosphere as a fully adequate source 
of plasma for the earth's magnetosphere, J. Geophys. Res., 92, 5896–5910, 1987.

Eric Donovan – GEM Tutorial – June 26, 2008



Mitchell, D., D. Williams, C. Huang, L. Frank, and C. Russell, Current carriers in 
the near-Earth current sheet during growth phase, GRL, 17(5), 583–586, 1990. 
Cully, C., E. Donovan, A. Yau, and H. Opgenoorth, Supply of thermal 
ionospheric ions to the central plasma sheet, JGR, 108(A2), 1092, 2003. 
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Convection moves mass to, 
thro gh and ltimatel o t ofthrough, and ultimately out of 
the system.

Inner CPS

Mid-Tail

High-latitude CPS
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High latitude CPS



The substorm loading/unloading 
( h i )(growth, expansion, recovery) 
cycle is superposed on the large-
scale convection cycle.Dipolarization

BBF Braking y
Injection

Dipolarization

Current Disruption
Current Diversion

g

Inner CPS

Fast Flow
ReconnectionRarefaction Wave

Current Diversion

Sausage & Kink BBFSausage & Kink 
Modes

BBFs
Reconnection

Plasmoids
Challenge: We have 
inadequate observations of the

Mid-Tail

High-latitude CPS

Flux Ropesinadequate observations of the 
convection electric fields 
during the expansion phase.
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High latitude CPS



Irrefutable: Expansion phase onset is on or near a pre-existing arc.
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Challenge: What is an auroral arc?
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C l i

The substorm problem is difficult
there are a lot of necessary details

Conclusions

- there are a lot of necessary details
- we all bring biases to interpretation of inadequate data
- substorm may encompass more than one phenomena

N GB & i i (THEMIS) b i i ffNew GB & in situ (THEMIS) observations are paying off…
- verification of both substorm scenarios
- tests of models of the onset physics

Clearly, exciting challenges remain…
- convection
- ion outflow

l l t d i ( h t i ?)- auroral electrodynamics (what is an arc?)
- mapping
- ionospheric signatures of magnetospheric dynamics
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