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Abstract. The depression of the horizontal magnetic field at2 Energy content in the magnetosphere

Earth’s equator for the largest imaginable magnetic storm has

been estimated/asyliinas 20113 as—Dst~ 2500 nT, from  The upper limit on-Dst was derived by assuming the energy
the assumption that the total pressure in the magnetospheg®ntentUx of the magnetosphere to be limited ultimately
(plasma plus magnetic field perturbation) is limited, in or- by compression against the Earth’s magnetic dipole field and
der of magnitude, by the minimum pressure of Earth’s dipole@pplying the Dessler—Parker—Sckopke theorem, to obtain
field at the location of each flux tube. The obvious related 2

question is how long it would take the solar wind to supply u-b(0) ~2Ux < — — (1)

the energy content of this largest storm. The maximum rate 27 Re

of energy input from the solar wind to the magnetosphere(,, — dipole moment,Rg = Earth radius). The calculated
can be evaluated on the basis either of magnetotail stress baJnaximum Ak is S|mp|y a fraction ,64 2/27) of the energy
ance or of polar cap potential saturation, giving an estimatén the geomagnetic field above the Earth’s surface,-abst

of the time required to build up the largest storm, which (for is the corresponding fraction of the equatorial surface geo-
solar-wind and magnetospheric parameter values typical ofnagnetic fieldBg (the origin of the factor 2/27 is explained
observed superstorms) is roughly betweeR and~ 6 h. in Vasyliunas 20113. To first approximation, these values
are independent of solar-wind parameters; the lowest-order
corrections to Eq.1) are QRg/Rcp)®, where Rcr is the
Chapman—Ferraro distance defined by

1 Introduction
21

(2)
8rpV?2

The current interest in extreme space weather events such dice® =
the occasional geomagnetic “superstorms” (€gyrutani et

al, 1992 2008 Dal Lago et al. 2006 Echer et al.2008  with p = solar-wind mass density antl =bulk velocity
Gonzalez et al201]) and in particular the historic “Carring-  (Gaussian units are used throughout this paper). The question
ton” storm of September 1859’ ¢urutani et al.2003 has  investigated in this paper can now be stated quantitatively:

led to the concept of the largest imaginable magnetic stormiyhat is the timer required to supply the energy content
“the largest depression of the geomagnetic field that could
. " . . . 1 2
possibly occur” as the result of interaction with the solar ~— " 924107 3
. . . — . Uk 3=92Xx 3
wind, in the formulation byasyliunas(20113, who esti- 27 RRE
mated the maximum depression-aBst~ 2500 nT by pos- EO the magnetosphere from the solar wind?
tulating some (unspecified) super-effective plasma transpor
process that can enhance the total pressure up to maximum
value everywhere in the magnetosphere. The purpose of thig  Energy input rate from the solar wind
paper is to seek an answer to the question mentioned but
left open byVasyliunas(20113: how much time would be The time scale can be estimated as
needed to build up the largest imaginable storm by supplying Uk
energy from the solar wind? T (4)

10 nPa)l/z

~ 3
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20 V. M. Vasyliunas: Time scale of largest storm

whereUg is the energy content given by Edl) (@andP is 4 Estimate of time scale

the energy input rate from solar wind into magnetosphere.

Unlike Uk, which to first approximation depends on terres- Combining Egs. 1), (4), and 6) gives the time scale required
trial parameters onlyP depends sensitively on solar-wind, to build up the largest imaginable magnetic storm as
magnetospheric, and terrestrial parameters. A scaling law for

2 -1
P can be derived by dimensional analysiagyliunas etal. ¢~ i “_3 [} oV31 Ree? ‘I'max] (10)
1982 Vasylitinas 2009: 27 Re® |2
1 i 2 _ 32 _ 6 12
P — EPVBTFRCFZ w ) or, noting thatu“ = (Bg Re°) =21 RcplpV4,
4
v ve 173 21 (E) (E) (11)
~3.4x 108w p w 27 Wmax \ V ) \ Re
18kms? 10 nPa 2/3
0373 (Re Bg? 12)
where T Wnax \ V 8rpV?2 ’
v =y B , 4 Zsz’Q (6) With numerical values folmax from Sect.3, the esti-
VamrpV?2 c mated time scale becomes the following: from Ef.((hag-

. . : : . . netotail stress balance
is a dimensionless function of dimensionless arguments )

(B =magnitude and = direction of interplanetary mag- 13km st r1onpa??
netic field, Xp = Pedersen conductance of ionosphei). 7= [ % } [ 5 ]

. . . pV
represents the magnetospheric energy input normalized to
the flow of solar-wind kinetic energy through a cross- gq. ) (polar cap potential saturation, empirical)
sectional area of radiuRcf; equivalently,r RcF2 W is the
effective cross-section of the magnetosphere for extracting[ N [10 nPa)%/®
energy from solar-wind flow. L pv2 |

For evaluating the time scale of the largest imaginable

storm, the maximum value thdét may assume and its depen-
dence on the dimensionless parameters of méeds to be 10 nPa?/3 p
estimated. The fact that intense storms occur when the inT =~ 5 [
terplanetary magnetic field is directed predominantly south- L AV ]
ward for prolonged periodsGonzalez et al.1994) defines For solar-wind parameters typical of observed very large
the condition ond required for maximumy. The depen- storms, the time scale is about 2 to 6 h (shorter if the solar-
dence on the other parameters and the numerical value ofind dynamic pressure significantly exceeds 10 nPa).
Wmax Can be roughly estimated, by a combination of theoret-
ical and empirical arguments, in several ways. Magnetotail
stress balance (Appendl) gives

140 min, (13)

240 min, (14)

and Eq. 9) (polar cap potential saturation, theoretical)

10mho

} 210-350 min. (15)

5 Conclusions

The rate of energy input from the solar wind, under condi-
tions expected for extreme storms, appears to be sufficient
fglbeit not by an overwhelming margin) to supply the energy
content of the largest imaginable magnetic storm within a
reasonable time (several hours).

1 [103 km 3—1] Not considered here is one remaining open question con-

1
Wmax ~ 2 (7)

a constant, independent of other parameters. Polar cap pote
tial saturation (AppendiB) gives

max ™ % (8) cerning the largest imaginable magnetic storm: can the pos-
tulated super-effective transport process, capable of filling

from the observed saturation level, or the magnetosphere with plasma pressure up to the maximum
1 possible value everywhere, actually occur, and if so, under
Winax ~ } to i 10°km s 10mho (9) what conditions?
6 10 \%4 p

from theoretical models. Since these are estimates of th@ppendix A

maximum values, expected under extreme conditions, it is

not surprising that they are somewhat larger than the val€nergy input estimated from magnetotail stress balance
ues (usually~0.05 to 0.1) found in empirical determinations

(e.g. Gonzalez et al.1989 Gonzalez 1990 Weiss et al.  The net magnetic tension force in the magnetotais¢oe
1992 Koskinen and Tanskane®002 and many others). 1966, exerted ultimately on the Earth, is applied from the
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solar wind, predominantly along open magnetic field lines. Appendix B

The work done by solar-wind plasma flow against this force

is the primary source of energy supply to the magnetosphereinergy input estimated from polar cap potential
as proposed bgiscoe and Cumming4969 (see als®iscoe  saturation

and Crooker1974). The quantitative stress-balance relation

is (Siscoe 1966 Vasyliunas 1987 Vasyliunas 2009 An intuitively obvious estimate of the energy input rate is
B2 P = dpclyv , (B1)
8—T(1—8)AT—SAVx:0 (A1)

T

the product ofdpc, the (so-called) cross-polar-cap potential
where Br = magnetotail (lobe) fieldAr = cross-sectional (actually the potential across much of the magnetosphere and
area of magnetotail at its Earthward bounda$ys- total magnetotail) timedy, the total current flowing across this
plasma mass flow through region of interaction with solar potential in the magnetosphere (not just in the polar cap).
wind (e.g. plasma mantle), antiV, = average slowdown From dimensional analysis
of antisunward flowg = correction term for plasma sheet

. . . K . . 1
and for tail flarl_rlg Biscoe 1972ab; Carovnlgno and Sls_- ®pc= - VB Rcr¥pc. (B2)
coe 1973 Vasyliunas 1987. The corresponding energy in- c
put rate is, quite generally (e.§asyliunas 2009 2010, v = -5 /870V2 Reew B3
P = SV AVy, which combined with Eq.A1) gives M= 4z VOTP CFEL (B3)
1 2B;2 whereWpc and¥; are dimensionless functions of the same
P=SVAV, = EpvsAT(l_S)S—V-’— (A2) dimensionless variables ak in Eq. ). Comparison of
o Egs. 6) and B1) gives the relation
or, comparing with Eq.5),
paring q.9) B 22

2A7(1—8) B2 V=tecl —o— (B4)

W~ T T (A3) 47T,0V

m Rce®  8mnpV?' . :
There are diverse theoretical models dosc and¥; (e.g.

Normally, the bulk of the energy input given by E&\2) Gonzalez and Mozefl974 Kan and Lee1979 Kan et al,
goes down the magnetotail and only a limited fraction goes198Q and others), but more relevant for the purposes of this
into the inner magnetosphergasyliunas 201Q 2011h. To paper are the upper limits on both quantities. The total mag-
obtain an estimate foWmax, | assume that (1) under ap- netospheric current is limited by global stress balance be-
propriate conditions (and as a property of the postulatedween magnetic field and solar-wind dynamic pressure and
super-effective transport process that produces the largesly the size of magnetosphere. The limiting curréatcal-
imaginable magnetic storm), the energy input of B&2)(  culated from a simple hemispherical model of the magne-
can go predominantly into building up the energy con-topause, combined with the Newtonian approximation for the
tent of the inner magnetosphere, (2) the magnetotail paexterior pressure, is given by E®3) with ¥; < 4; numeri-
rameters in Eq.A3) retain, within on order of magnitude, cally,
their typical empirically estimated value$; /7 Rcg? ~ 4,

: 1/3
Br/\/8rpV2~1/3, and § ~0.5t0 07 (Carovillano and o[ pv2
Siscoe 1973 Vasyliunas 1987. Assumption (2) appears Im =2.35x 10°A 10 nPa
reasonable for the first two parameters, which are determined
largely by geometry and by pressure balance; less so perhaps The transition, during intense storms, from pressure bal-
for 8, which depends appreciably on the ratio (plasma sheehnce to dissipative tangential stress is discussegibyoe
cross-sectional areg) r (Carovillano and Siscod973 and (2006 2013).
hence on the ratio of closed to open magnetic fluxinthe mag-  The cross-polar-cap potentidpc is observed to become
netotail — but the increased amount of open flux expected fokatyrated, i.e. independent 6fB (for fixed solar-wind dy-
intense storms should lead rather to a decreaseompared  namic pressure V2) when VB becomes sufficiently large;
to the average value quoted above. With these two assumRsee review byshepherd2007) and references therein. Equa-
tions, Eq. A3) then gives the estimate fdmax in EQ. (7). tion (B2) can be rewritten as

Ppc = [%\/47TPV2RCI{| [VA ‘I’PCi| (B6)

(Va = B//4mp = Alfvén speed in the solar wind), where
all the factors that depend on solar-wind dynamic pressure

(BS)
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(only) have been collected into the first pair of brackets (eas-

ily shown to vary a$p V2]1/3); if saturation occurs, the quan- 82 2
tity in the second pair of bracket¥{ Wpc) must therefore  Wax>~ Yo —— .
be independent of B. This can be used to infalrmayin two w  4mZpV
different ways. With the above calculated values fén, Eq. B10) gives

Empirically, VAo Wpc can be treated (in the saturation the estimates folmax in Eq. ©). (Rigorous application of
regime) as simply a number to be determined by a fit to ob-Eq. (B9) implies the substitution

servations; this provides a limiting potential which, together
with the limiting current, allowsPmax to be estimated with- [10mho} [ o 80km S_l]—l
—

(B10)

out further appeal to dimensional analysitirston et al. = Yo (B11)

_l’_ J—
. . 10mho Va
(2009 report saturation value®pc ~ 200 kV during large
storms, wherp V2 ~ 10 nPa. Multiplying this®ec by I in Egs. @), (15), and 88), showing how upper limits that de-
from Eq. B5) and comparing with the numerical values in pend on ionospheric conductance can be produced by strong

Eq. ©) yiel_ds Wmax given in Eq. @- . interplanetary magnetic fields typical of intense storms).
Theoretically,Va Wpc can be independent df B only if The method of estimating the energy input rate used here
Wpc (a dimensionless function of dimensionless arguments)p, Appendix B is fundamentally equivalent to that in Ap-
has the form pendixA (Vasyliunas et al.1982 but yields lower values of
\/W 2 2 Wnax (hence longer time scales) because it takes into account
Wpe >~ Yg (B7) additional constraints imposed by the ionosphere, manifested

B 4r3pV 4 ZpVa in the phenomenon of polar cap potential saturation.

where Yo = constant. The additional restrictioWpc < 1
(from the observed fact tha®pc is at most a fraction
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