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An avalanche model of magnetospheric substorms
based on cross-scale coupling in the central plasma
sheet

W. Liu, P. Charbonneau, E. Donovan, and J. Manuel

Abstract: Recent observational evidence has indicated that auaoihlionospheric signatures of substorms exhibit

robust scale-free distributions over several decadeszefraieasures. The suggestion that the substorm is a selfinega
critical (SOC) phenomenon has hence gained considerablency. Whereas the SOC concept offers an interesting and
potentially fruitful approach in substorm study, it is inttant that any SOC-based substorm model be based on physics
believed to operate in the magnetosphere and also consigithnestablished substorm phenomenology. In this paper we
construct a cellular automaton model of the central plashegts we further propose that substorms are energy avaanch
self-organizing in the central plasma sheet so represeiitezlmodel has the following key ingredients: global energy
transport according to the known physics of large-scale@ction, destabilization of an energy-carrying unit (a ftuke)

by known plasma instabilities operating in the central plassheet (ballooning and/or current-driven), and a phifgica
motivated redistribution rule for the energy released fimmunstable site. We make the argument that the behavioeof th
model is controlled by the boundary condition imposed onsyeem, and conjecture how different substorm initiation
theories can be accommodated and tested in the presenttibabframework.

Key words. Complexity, SOC, Cross-Scale Coupling.

1. Introduction Although there is no widely accepted definition of SOC in
relation to the magnetosphere, many believe that it is diffe
ent from a mere turbulent state in that a SOC state is capable
of a system-wide discharge or avalanche. Chapman et al. [7]
constructed a sandpile model to elucidate such behaviots, b
the model itself is quite abstract, and its relevance to tiesh
?nagnetospheric physics is metaphorical.

One avenue to further advance the SOC model is to couple
its universalist perspective with details of magnetosiatprys-
Oirﬁ:s, that is, to construct magnetospheric models wherein dy

amics are globally connected on all scales. Klimas et &l. [1
16] adapted the reduced MHD theory of Lu [20] to the mag-
netotail and found that an anomalous resistivity following
larly those aspects associated with the onset of magnetdsph %?rﬁzrﬁ;%ggg:?/ecdai?] rtir()ar(r)‘r?;g(]:r? e?oggrrr ebrg,r i?]fcizzﬁrrlrg?;]in;gvr\]/gr-
substorms. . law distributions suggested by empirical studies.
_ Bargatze et al. [:.3] showed that the_magnetosphere IS a non- Although the comparison between the hysteretic MHD and
linear system, as its response function to the solar wind deg jnspired data analyses has been encouraging, there re-
pends onthe level of activity. Vassiliadis etal. [34]deda i, 'some doubt whether scale-free distributions obdénve
mathematical model of nonlinear filters to explain the obsdr POLAR auroral images and of geomagnetic indices such as AE

gigaxlgr:égog%ltee%enc}?a{lyggrz;nr?-ssecr;]ezsatﬂil)t/)s'rss'tln-mm can be directly attributed to the hysteretic MHD. Statistic
les| pati P insu ursty magnetic reconnection occurs tailward of 20 Re in the mag-

e e e o e taa 125, whereas he auroral substor expansioyo
t(;D Borovosky e.t al. [5] wh’o showed that the current sheet exaIIy mapsto a d|stance_of 10Re orless [28]. Bursty bulk flows
ists in a permanerit state of turbulence without a well-arder have beer_1 |nv0I_<_ed to link the near_—Earth neut_ral line (NENL)
velocity to aurora |rjten5|f|cat|on [30], but this proposal is uneelt!dmd

: controversial. Many researchers support a point of view tha
posits a different causal relationship.
Received 6 June 2006. In this paper we give the essential outline of a model de-
W. Liu and J. Manuel. Space Science Branch, Canadian Spacescr'bIng multiscale energy transport and release in thqa:len
Agency. pla§ma sheet Earthward of 15 Re. Our survey of 'Fhe literature
P. Charbonneau.Départment de Physigue, Université de Montréalindicates a near-consensus that releasing excessiveyearetg
E. Donovan. Department of Physics and Astronomy, University mass stored in this region is an essential aspect of substorm
of Calgary expansion. Substorm phenomenology from the beginning has

Chang [6] speculated the applicability of self-organizetd c
icality to magnetospheric physics. Recent observatiovidl e
ence has established that the magnetosphere exhibitseaafing
scale-free distributions suggestive of SOC [9, 23, 32, 83, 1
It is generally suggested that SOC is a state of dynamical sy
tems significantly removed from a minimum-energy equilib-
rium; sometimes, the system is referred to as being metastab
Intermittently, global, avalanching instabilities ocaorwhat
is called a systemwide discharge. Although the extension
SOC from abstract mathematical models to a multiscale imult
specie magnetized plasma is not trivial, the concept offiers
new perspective to look at magnetospheric dynamics, partic
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shown that the expansion starts from an equatorward auroral
arc and progresses in ways mimicking an avalanche [1]. The lonosheric Bound

. . pheric Boundary
current controversy is centered on the question of substorm
trigger. Our objective in this paper is to construct a model o \ \
energy transport and release, taking into account of thie bas AN
physics while taking care to instill into the model a proggns \
for avalanche. The model admits, in principle, differeig-tr
gers of energy release and does not have a built-in prefetenc
any. We shall argue that most proposed substorm triggers can X
set off an avalanche in the confine of the model; which trig-
gering mechanism is dominant depends on how the balance
of energy inflow and outflow through this region is affected
by boundary conditions in the magnetotail, dayside magneto
pause, and ionosphere. In this sense, the proposed model can
be used to test various substorm triggering theories indhe ¢
text of global solar wind-magnetosphere interaction.

Central Plasma Sheet

Flank Boundary

Tailward Boundary

Fig. 1. A 2D cellular automaton to model energy avalanches in
the central plasma sheet.
2. Physics of Energy Transport and Release in
the Central Plasma Sheet While the studies cited in the introduction give some eviden
that this might indeed be the case, the proofis not yet canclu

It is generally agreed that the substorm is a result of coup: e The model proposed here brovides a theoretical means to
ling among processes on the global, meso, and microscop| ! . prop P
erify this assertion.

scales. However, relatively few attempts have been made t6 : - C : .
o ) - The model depicted in Figure 1 is rich in potential behaviors
address quantitatively the cross-scale coupling probfant Taking the very simplistic view that each of the 4 boundary

of the problem has to do with the limitation of the prevalentconditions can have only two modes of variation, dp gnd

MHD theory; the rest may be attributed to mental inertia - aniown (), one can see that energy accumulation on the grid will
established point of view takes years to form and a lifetime_ |\ .~2' = 9y gna
xhibit 16 different modes, more than the number of distinct

to abandon. Yet, it has become clear to many that, in order t§ubst0rm triaaering theories!
advance the substorm research, the traditional methoglofog The Iates?gevel% ment of RCM is described by Lemon et
correlation, be them event- or statistically based, musoe- P y

plemented by a mathematically more sophisticated view anal' [17]. In essence, the plasma energy distribution, eque

methodology so that deeper relationships can be probed and terms of the plasma pressure, can be calculated at eath gri

revealed. It is further necessary that borrowed conceats su POINt Subject }or:he boundary ccr)]nd_ltmns. lAn argy. j, t), |
as SOC not become an end in itself but be a device to help d 1S an OUt?Ut ofthe ?CM g|vers], ¢ e_gner_na energy accrlimu a
velop higher-level physical models. Our objective in thagper I(r)gwatlr? ahgggtlggn(\)/ei?()eﬁ ?ﬁttenii?igs r;(::((jmv{/g (:Dal:wr'ggr; eute in
is to couple certain known aspects of magnetospheric pd;lysicgeta“ hcr)Jw (i ' 1) increases with timé P

with several attractive aspects of SOC, in an attempt to #rm Pt J; :

new perspective of substorm physics. 2.2. Micro-scale physics

2.1. Global Physics During periods of the growth phase of the substorm (corres-
: : onding to an state of B1 in Figure 1), energy increases over
Our model region spans the part of the equatorial plane th ; . ; 4 .
coincides with the central plasma sheet active in the suinsto aﬁ]e entire grid. R_ecalllng that each grid point repr_eserlihs;)a
tube, the energy increases generally leads to a tailwagtthtr

The plane is divided into a two-dimensional grid, shown in. i
Fig. 1; each grid point represents a magnetic flux tube thahd of the flux tube. Because the central plasma sheetis an ope

crosses the equatorial plane at that point. system (i.e.Bn # 0), this increase of internal energy does not

The global physics of our model concerns the energy trand2r0Voke an immediate relaxation to a lower-energy statea As
port through the grid and is described quantitatively by thegepgarél;eer; exizeazgzﬁrr:ﬂIlgzelcjjsoistshuemeri?v?i/tﬁoStlgirflgulxn i
Rice Convection Model. The energy inflow into the grid is Con'st'a.billi’t (orgzbstorm) is foreordainedgi]n this case. Wt .ect
trolled by the outer boundary condition (B1). Energy outflow _yd_ idual fl be. the ab L : prmd
from the grid, on the other hand, is determined by three facto to an individual flux tube, the above situation correspomds t

i indefinite stretching, which leads to an indefinite insesaf
A) return flow to the dayside magnetosphere (B2); B) Poynt-an In ' i f
ing flux into the ionosphere (B3), and C) Particle injectiotoi WO Parameters, the plasmiand the current densigwolume

the ring current (B4). The balance between B1, B2, B3, and Bf\_/eraged over the flux tube. Even_tually one or both_qua_annt
determines the state of the central plasma sheet. Sinceattye m Vil €xceed the threshold of local instability. Thiecritical in-
netosphere is perpetually interacting with the solar wirahe ~ StaPility belongs to the family of ballooning modes [12, 29]

of the boundary conditions is nil at any given time. The claimanlOI IS generr]aII]}/ M.';'D ]!n characotle_r. Tbecr:;ucal |n5tab|I|tyd .
that the centrai plasma sheet is in a SOC state implies taat tH€ ongfl to the family o hcurrent- riven modes [21, 22] and is
energy sources and sinks controlling the boundaries kezp ggeneraty non-MHD in character.

A ' i ; Let the threshold values for the above two local criticaéti
energy distribution on the grid always near the “boilingrgbi be 3, and j,, respectively. Whethes, or j, dominates de-

(©2006 ICS-8 Canada



Liu et al. 155

pends on the detail of the stretching and which instabsli,e mean< x >, which can be a global parameter controlling the
excited first. It is quite possible that one of the two will dom avalanche.
inate some regions on the grid, while the other will dominate Since the central plasma sheet is an inhomogenuous me-
the rest; this aspect will be studied in future simulatiolis.  dium, a fast-mode wave will experience any combination of re
important aspect of plasma instability is its hysteretitung, ~ flection, mode-conversion, and absorption. There are tvga po
a point emphasized by Klimas et al. [15, 16] in regard to thesible ways to write the redistributive rule of the effectme-
formation of SOC. The hysteresis consists in the high tholelsh  ergy. In a system that is globally smooth and locally uniform
of onset (3, andj;,) and the lower thresholds of settlemefit (  (i.e., one-scale global distribution), the effective eyygsropag-
andj;). A rudimentary example is a mass resting on an inclinedates as classical MHD fast modes. There is a long series of
plane. Initially, the mass stays stationary even thougiptiiee  theoretical works dedicated to this subject [8, 31, 11, T8
is raised. This lasts until a high threshold height at which  general conclusion from this body of works is that the effect
the static friction is equal to the pull of gravity along thame.  energy will either be spent or escape the system after andista
Once the mass starts moving, it will settle on a low thresholdR comparable to the scale length of global distributionghis
H; = 0, releasing the potential energy into heat and kineticscenario, the cellular automaton in Figure 1 would be max-
energy. imally connected. In the alternative possibility that tleatal

In the present case, the high threshold values can be delasma sheet is globally smooth and locally granulated, (i.e
termined by a detailed analysis of the unstable mode in que$wo-scale distribution, which is consistent with the olvser
tion. For example, Liu [19] showed that the ballooning modetion of Borovsky et al. [5]), the effective energy is likely be
will become unstable when the threshaig = kﬁ/(npnc) is  dissipated before the fast mode has a chance to travel far. In
crossed, wherg is the parallel wavenumber of the perturba- this case, the cellular automaton would be minimally cornec
tion, ands,, and«,. are the pressure scale factor and field lineted. We believe that the second scenario is more realisith, b
curvature, respectively. Similar thresholds can be eistadti  because of the extreme implausibility for the central plasm
for current-driven instabilities. The lower thresholds, the ~ Sheet not to have any localized graininess and of the logic of
other hand, are subject to some indeterminancy because th#ye cellular automaton model: the very fact that a flux tube is
are not instability criteria but some “typical” relaxedtema  treated as an energy storing unit means that two flux tubes are
flux tube is wont to settle in. There are different ways to hand considered different.
this problem. In the case where the high threshold is much
greater than the low threshold, setting the latter to zead-is . . . I
ten acceptable. Alternatively, we can adopt a scheme wherg; Rel_atlonshlp With Existing Substorm
the system always strives to return to its original stae, i. heories
Bi(i, j) = B(i, j,t = 0). We will investigate other possible e stress that our model is not a microscopic substorm trig-
ways in later studies, but the essential point at presehis t gering theory per se. Rather, it represents a differenpgets
once destabilized a flux tube will release a finite amount ef enjve to view the substorm as a global systemic behavior facil-
ergy proporation to the difference of the high and low tha#sh  itated by two-way cross-scale coupling. In the forward clire

(Br — By oOr jin — i) - tion, the enhanced global transport leads to localizedasele
_ of energy by way of small-scale instabilities. In the backiva
2.3. Mesoscale Physics direction, the localized releases can, under certain tiongi

self-organize into an avalanche and trigger a systemwisle di
charge, namely substorm.

A salient point to emphasize, precedent to any specific com-
eoutation, is that for fixed energy redistribution rules atabgl
transport physics, the behavior of substorm onset is cledro

of a backward propagation, namely, small-scale releasgesau by the four boundary conditions indicated in Figure 1. Intfac

an avalanche of collapses and a systemwide discharge.sThis'/€ P€lieve most substorm triggering theories are consisten
our main motivation in this paper with at least one way to change the boundary conditionsisn th

Suppose that, through a local destabilization of a flux tube>eNse the present '.“Ode'. can be used as a quantitative test to
a certain quantity of energx A3 — 8, — 4, is released. arbitrate which possible trigger has the lowest onset tulgs

This energy is propagated in space and perturbs neighbori nce becorr;ﬁ]g]etnggtgzr, foragglen cotndmon. Here v;e d'g"t
flux tubes. An essential factor governing the behavior of th SS Some 0f the Most dISCUSSed onset scenarios and substorm

cellular automaton in Figure 1 is how the released energy i eatures to establish a context for future numerical stidie

distributed over the grid. . .

Without loss of generality, assume thah 3 of the released 3-1- “Internally Driven” Onset: |B1|>[B2|+|B3|+|B4|
energy goes into the Alfvén mode, which carries the energyrhis corresponds roughly to the situation where the IMF per-
to the ionosphere and creates little disturbance to thehreig sists in the southward direction, and the energy inflow froen t
bors. The rest(1 — x)Ap, is in the cross-field propagating tail exceeds the combined outflow for a sufficiently long time
compressive mode, and changes the state of neighboring flg that the overall energy distribution on the grid is driven
tubes; we call this latter release the effective energy.@dre  the critical avalanche point. The term “internally drivesig-
tition of energy among the shear and compressional mode Cf?ésts that the onset is independent of a reconnectioredelat
be done randomly in each individual case, with a statistica; rigger and that the onset is Owing to an instab"iw (eitﬂeor

The above discussion established that energy transpohteon t
global scale can drive individual flux tubes to instabilityda
release part of the potential energy stored therein. Trighea
classical direction of a cascade where inputs from the larg
scale end drive small-scale activities. There is also ailpitibs
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j-critical) internal to the region of energy storage. Theeljk in a time-averaged sense. The phasing among the four condi-
path to this instability is that a localized region of the teh  tions, however, determines whether the solution on theigrid
plasma sheet goes unstable, and the instability avalariches steady-state or quasiperiodic.
space, as the effective energy releases set off a chainaieact  The above discussion is not exhaustive, only to underscore

our principal argument that the route to substorm is not a one
3.2. BBF Onset:|B1| = Output of Hysteretic MHD lane highway, but a manifold of possibilities. The chief eon
Module trolling factor is the boundary conditions governing ernerg

flow and outflow out of the expansion onset region, the cent-
While we believe that the hysteretic MHD model of Klimas et ral plasma sheet. Some of the phenomena such as pseudo-
al. [15, 16] is not spatially conjugate to dominant aurotdl-s  breakup, poleward boundary intensification, and the boryada
storm features, it is possible, however, to connect the itode |ayer model [26] can all be incorporated as part of the model,
SOC-like behavior in auroral substorms by way of bursty bulkwith proper adjustment of the boundary conditions.
flows as described by Shiokawa et al. [30]. Effectively, it is We remind the reader that some of our descriptions of the
asserted that bursty-bulk flows from intermittent and siigti  path to avalanche is different from the view originally asso
localized reconnections in the midtail inject large quéegiof  ated with a particular boundary-condition trigger. Forrayde,
mass and flux to the central plasma sheet; the slowdown of thiae ionospheric trigger theory of Kan et al. [14] involvesmao
BBFs results in a reduction of cross-tail current. In ourspre.  than just choking off energy outflow to the ionosphere. A more
model, we can use the output of the hysteretic MHD, whichaccurate characterization is a redistribution of energy fiat-
exhibits intermittent behavior reminiscent of BBF, as Bk A tern so that the ionosphere actually sends an inflowing flux
the BBFs interact with the internal grid points (flux tubes), (reflected Alfvén waves) to trigger the substorm in the eent
avalanche may result. ral plasma sheet.

3.3. Northward IMF Trigger: 9|B2|/0t < 0

Lyons et al. [24] argued that a northward trending of the IMF
precedes many substorms, and suggested that the substorm jJve have developed a model whereby energy transport and

|F . f

: . : : i release in the central plasma sheet can be studied as acellul
9ssent|allyas_,olar—wmd triggered event. This possjbdén be automaton problem. We have focused on the conceptual as-
incorporated into the present model. As the IMF turns north-

ward, the return flow to the dayside is temporarily suppresse pect of the development, leaving a number of details and the
During this interval, the net energy accumulation on the gri numerical implementation to the future. We believe that the

. > conceptual underpinning of the model represents a potigntia
increases, and an avalanche again may result. new and fruitful approach to substorm research and warrants

o a report in this proceeding, notwithstanding a certain lack
3.4. lonospheric Trigger: 9|B3|/dt < 0 details.

Some authors (see eg., [14]) suggested that the ionospirere c We believe that recent evidence and theoretical argument fo
play a role in triggering a substorm. The basic idea is that du Self-organized criticality in the magnetosphere are natafye

ing periods of enhanced magnetospheric convection, the iftn importation of faddish terms from another field but reveal
crease in the ionospheric conductance can result in a®siti a deep order in what is now commonly accepted as a very

feedback, which has the sense to disrupt the near-Earth Cdp_onllear"magngtosphere; &hebslubst(()jr_md %roblem., as ha “going
rent sheet. In our present model, an increase in ionospherf®®Ncern’, can be most profitably studied by treating the mag-

conductivity will temporarily reduce the Joule heatingerir neygsgr:)erehhoflis”ticqlly. Ac_co_rdling to this dictum, our rebis
a given magnetospheric current (i.e,J2/ ). Choking off ~ 9uided by the following principles:

the ionospheric channel of outflow will lead to an enhanced ;| The substorm problem must be studied by treating the

4., Summary

energy accumulation on the grid. entire region implicated in the process as a whole;

3.5. SMC and Sawtooth eventsx<B1>=<B2+B3+B4> 2. We subspribe to the view that most of the energy re-
lease during a substorm takes place in the central plasma

Steady magnetospheric convection (SMC) [29] refers toiager sheet, and that, based on statistical evidence, reconnec-

of prolonged southward IMF (several hours) during which no tion is not directly involved in tapping the free energy

substorm expansion is observed. Rather, the convectionrs m stored in this region;

intense and moves to more equatorward latitudes. The saw- . ) )
tooth events corresponds roughly to the same solar wind con- 3. Partly in response to the recent evidence suggestive of
dition, but the magnetosphere is marked by a periodic ascill a magnetosphere in SOC, we develop the model with a
tion of injected particle fluxes (see eg. [13]). Many assicia view to a potential for avalanche behavior;

sawtooth events with quasi-periodic recurrence of substor
Since the solar wind driver is the same for the two classes, it
is not illogical to suppose that they are two solutions of the
same problem, under different boundary conditions. We pro-
pose that SMC and sawtooth events correspond to a condition
where the energy inflow and outflow on the grid are balanced

4. We believe, despite the opinion which the elephant may
hold of the blind man, the latter has gotten a part of
the elephant that is real. In other words, a “higher-level”
substorm theory should ideally be “backward-adaptable”
to accommodate more elemental theories, unless there
are good reasons not to include some.
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The conceptual model developed in this paper has the folAcknowledgements

lowing principal features:

1. Magnetic flux tubes in the central plasma sheet are treatg
as the unit of energy sotrage, and a cellular automatog
comprised of the equator-crossing points of the flux tube
form the basis of our model;
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2. The model is driven by known magnetospheric physic‘BeferenceS

on the global, meso, and microscale; 1.

3. Energy deposit on each grid point (flux tube) is determ-
ined quantitatively by the Rice Convection Model or an
equivalent computational model;

4. Each flux tube has an energy-containing threshold above3
which a localize energy release takes place; ‘

5. The local release is hysteretic, whereby the flux tube
settles on to an energy state lower than the threshold;4:
the threshold physics depends on the nature of the in-
stability incorporated; both MHD (ballooning-type) and
non-MHD (current-driven type) can be included;

6. Grid points near a local release are coupled through a
redistributive rule, whose exact form depends on the as-6.
sumption of propagation physics of waves in the mag-
netosphere. We favor a minimally-connected grid, on the
assumption that the central plasma sheet is grainy on
a local scale, but will consider redistributive rules with 7.
longer-range connections;

7. The behavior of the cellular automaton is determined by g
four boundary conditions: a) the energy inflow into the
grid from the tailward boundary; b) the energy outflow
through the flanks to the dayside magnetosphere; c) theg.
energy outflow into the ionosphere; and d) the energy
outflow through the inner edge of the plasma sheet into
the ring current; we believe that the balance of energy;g.
flows at the boundary determines whether or how a sub-
storm as a global avalanche will occur, and which sub- 1.
storm trigger mechanism prevalils.

We discussed some examples how the model can be triggerle%l'
to produce substorms by boundary condition changes. It aprs.
pears that the model is general enough to accommodate-differ
ent trigger theories proposed in the past and, more impibytan
provide a quantitative means to test under which condispn( 14
each can set off energy avalanches in the central plasma shee

As a moral of sort, self-organized criticality offers a new 1g
perspective to studying magnetospheric physics in a ratioer
found way: The magnetosphere is an open system subject to
changing energy fluxes across its boundary. In contrasteto th
classical energy principle analysis appropriate for dosgs-
tems, the substorm problem is controlled by the balance-of en g
ergy flows into and out of the system, not free energy measured
against a global minimum. Although this point may sound ob-
vious, it is not universally realized; SOC and sandpile ni®de
provide an initial glimpse to how a changed perspective can ;.
lead to new insights and a drastic departure from estalalishe
expectations.
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