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Abstract. On the basis of auroral and polar magnetic sub-phases of auroral substorms. In turn, a better understanding
storm studies, the relationship between the solar wind-of auroral substorms will also be useful in studying the mag-
magnetosphere dynamo (the DD dynamo) current and th@etosphere, because various auroral activities can be the vis-
substorm dynamo (the UL dynamo) current is studied. Theible guide for this endeavor.
characteristics of both ?he DD and UL'CL.ll’rentS reveal WhyKeywords. Magnetospheric physics (Storms and sub-
auroral substorms consist of the three distinct phases after th&orms)
input powers is increased above 1®ergs1. (a) The growth
phase the magnetosphere can accumulate magnetic energy
for auroral substorms, when the ionosphere cannot dissipate
the power before the expansion phase. The expansion 1 Introduction
phasethe magnetosphere releases the accumulated magnetic
energy during the growth phase in a pulse-like manner in gAuroral substorms and polar magnetic disturbances are dif-
few hours, because it tries to stabilize itself when the accuférent manifestations of electrical discharge currents which
mulated energy reaches to about3€rgs L. (c) The recov-  9row and decay during magnetospheric substorms; the au-
ery phasethe magnetosphere becomes an ordinary dissipatora is the optical manifestation, while polar magnetic dis-
tive system after the expansion phase, because the ionosphé#gbaces are the magnetic manifestation. It so happened that
becomes capable of dissipating the power with the rate ofhe general pattern of both auroral substorms and the sub-
1018 ~ 10%erg s 2. storm current system was established coincidentally by Aka-
On the basis of the above conclusion, it is suggested thag0fu (1964) and Bostrom (1964) respectively in 1964; see
the magnetosphere accomplishes the pulse-like release pr&ig- 1. Their results have served as a general guide in study-
cess (resulting in spectacular auroral activities) by producing both phenomena, and their general validity, as a first ap-
ing plasma instabilities in the current sheet, thus reducing thProximation, was confirmed for auroral substorms by Frank
current. The resulting contraction of the magnetic field lines@nd Craven (1988) and for the current system by Akasofu
(expending the accumulated magnetic energy), together wit1992). _
break down of the “frozen-in” field condition at distances of !N this paper, we attempt to examine auroral and polar
less than 1Rg, establishes theubstorm dynamthat gen- ~ Magnetic substorms together in terms of electrical discharge
erates an earthward electric field (Lui and Kamide, 2003;and circuit (Fig. 1), so that we must combine both the optical
Akasofu, 2011). It is this electric field which manifests as @nd the magnetic manifestations in order to learn about the
the expansion phase. A recent satellite observation at a digvhole discharge circuit.
tance of as close as 8Rk by Lui (2011) seems to support [N studying substorms, it is important to recognize that
strongly the occurrence of the chain of processes suggestdfi€y have three distinct phases, the growth phase, the ex-
in the above. pansion phase and the recovery phase. In this regard, we
Itis hoped that although the concept presented here is verflight recall that Chapman (1918) established the present

crude, it will serve in providing one way of studying the three concept of geomagnetic storms, consisting of the storm sud-
den commencement, the initial phase, the main phase and
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Fig. 1. Left: The pattern of the development of auroral substorms (Akasofu, 1964). Right: The substorm current system which consists of the
meridional component and the azimuthal component (Bostrom, 1964).

the recovery phase. It was this morphological concept that
has led the later generations to study each phase in terms of
physics. Chapman interpreted the storm sudden commence-
ment as an impact of isolated plasma clouds, compressing the
earth’s dipole field. The storm sudden commencement is now
understood to be caused by the impact of the interplanetary
shock wave, which propagates ahead of the advancing mag-
netic cloud (ICME). The impact effect is then propagated in
the magnetosphere as the Alfvwaves before reaching the
earth’s surface. Chapman speculated that the main phase is
caused by solar wind particles circulating around the earth,
the ring current (Chapman and Ferrao, 1941). However, the
true nature of the ring current had to wait until the discovery
of the Van Allen belt and of O ions.
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Meridional loop

component and the azimuthal component. It is an equa-
torward directed field that drives both the Pedersen cur-
rent (E x J > 0) and the Hall current{ x J = 0); itis

also thesheetcurrent (carried by downward streaming
electrons) in the meridional component that is directly
responsible for an auroral arc.

2. The only part of the circuit in whiclE x J <0, is lo-

cated in the equatorial part of the meridional circuit.
Thus, the electric fieldE must be located there and be
directedearthward

3. Thus, the dynamo should be able to generateath-

waurd electric field

In a similar way, by recognizing characteristics of each of |n order to find the substorm dynamo which can satisfy the

the three phases, substorm studies are expected to maketf#ee requirements above, it is necessary to identify and de-
new progress, since we are still at an early stage of undertermine, first of all, the substorm (UL, unloading) current
standing auroral/magnetospheric substorms. It is hoped thajy separating it from the solar wind-magnetosphere (DD, di-
this paper will be able to serve in advancing this field. rectly driven) current; magnetometers record the field of the
(DD + UL) current. Sun et al. (1998) succeeded in this sep-
aration process in terms of equivalent current lines (equiv-
alent to electric potential lines and tliex B flow lines of
ionospheric electrons). Based on the method of natural or-
ghogonal components (the MNOC method), the DD current

cess, a study of auroral substorms and polar magnetic distufS denoted by Mode 1 (DD) and the UL current by Mode 2
bances must find a dynamo which can satisfy requirementéUL)' This mathematical separation is possible because the

established by the relevant observations (cf. Akasofu, 2003)UL current is a one-cell current, while the DD current is
a two-cell current. The data based on the six International

1. Bostrom’s current system (Fig. 1) requires only one Meridian Chains (Kamide et al., 1982) were used for this
electric field in the ionosphere for both the meridional purpose. Figure 2 shows the averaged DD and UL equivalent

2 The DD/UL currents and the requirements for the UL
dynamo

Since a current system must be powered by a dynamo pr
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Fig. 2. Left: The solar wind-magnetosphere DD (the two-cell) current. Right: The substorm UL (the one-cell) current; (Sun et al., 1998).
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Fig. 3. From the top, the substorm current in the ionosphere, Mode 1 (DD) current and Mode 2 (UL) current (Sun et al., 1998). The AE index
is shown on the upper left corner.

currents during the maximum epoch of substorms. It can baric field in the dark sector (perpendicular to the Hall current
seen that DD current has a two-cell current pattern (greathfines and also to the equipotential lines).
distorted from an ideal symmetric case), while the UL cur- In Fig. 3, the development of both DD and UL currents,
rent has a one-current pattern. together with the total ionospheric current, are shown for a
The DD current pattern is very similar to the average flow substorm on 19 March 1978. It can be seen that the DD two-
pattern of electrons observed by the SuperDARN networkcell current was clearly detected at about 11:00 UT by the
(Bristow and Jensen, 2007). The UL current pattern showsMNOC method and then intensified after substorm onset at
the electron flow pattern (the Hall current) of the auroral elec-10:40 UT; these facts are crucial in understanding the growth
trojet, indicating also the presence of the equatorward elecphase, as shown in the next section. A rapid growth of the
westward electrojet (the UL current) can be seen at the time
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. Merch 18-19, 1978 be discussed in Sect. 4. Note also that the AE index monitors
ik ] only the (DD+ UL) current.
£, HELTAM p
Power oL : ]
Sfodiad P ] 3 The three phases of auroral substorms
e i 400 e
PP B In order to interpret the results in Figs. 3 and 4, it is use-
% ool | ] ful to introduce the concept dflectrical circuit Figure 5
Mode2 § il 1 /\ . | shows a set of conceptual circuits for the three phases of au-
uL s AT AN A N A W roral substorms, although it is a very crude one. The whole
el T T T T T ] system is driven by the solar wind-magnetosphere (DD) dy-
M(1+2)§ liﬁ?}/\m}M namo. Bostrom'’s circuit (Fig. 1) is represented in the expan-
1YY T S, T ey sion phase circuit, indicated by “substorm (UL) dynamo”.
DD=Directly driven UT (Hour) In attempting to discuss the substorm circuit, we real-
UL=Unloading W. SUN, W.—Y. XU AND 3.-1. AKASOFU [1906] ize that the present physical interpretation of auroral sub-

storms relies almost entirely on the concept of moving mag-
Fig. 4. From the top, the solar wind-magnetosphere dynamo powemetic field lines. However, in as early as 1967, &liv(1967,
¢, the DD two-cell current intensity (Mode 1), the substorm (UL) p. 440) stated, “In some applications we can illustrate essen-
current (Mode 2) and the combination of Mode 1 and Mode 2 (cor-tjg| properties of the electromagnetic state of speitieer by
resp_oncﬁng to an improved AE index, because the total current i”'depicting the magnetic field lines by depicting the electric
tensity is presented). current lines. Almost always the first picture is used exclu-
sively. It is important to note that in many cases the physical
basis of the phenomena is better understood if the discussion
is centered on the picture of the current lines.” In this paper,
of substorm onset. The results shown in Fig. 3 may also servenis is the reason why the “current line” approach is adopted,
as proof of the MNOC method in this application, since the hoping that the circuit concept might throw some light on our
results are in agreement with what we have known qualita-difficult problem from a different point of view.
tively in the past. Further, Alfven (1977, p. 276) emphasized: “Hence, in or-
Figure 4 shows the powei(r), the DIX¢) and UL(r) cur-  der to understand the properties of a current-carrying plasma
rents as a function of time in studying auroral substorms forwe must take account of the properties of Wielecircuit in
two days in terms of electric circuit, 18 and 19 March 1978, which the current flows.”; the word “whole” is italicized by
although it is not possible to monitor the current in the cur- the author for emphasis. In fact, although the current in the
rent sheet (inferred to be proportional to the poweand  current sheet, the field-aligned currents, and the ionospheric
the DD current). In the night side of the polar ionosphere, current are frequently mentioned in the literature, there has
the conductivityo is very low during a quiet period, but not been much discussion of the substorm curcantiit as
increases roughly in proposition to the field-aligned cur-a whole(as well as the three phases of substorms), and fur-
rent intensity/ because the field-aligned current ionizes the ther the terms, such as dynamo, inductabcand Joule heat
ionosphere, so that the Joule heat 1665 7?/0) becomes  dissipation are not very often mentioned in the recent litera-
roughly proportional ta’ (also expected to be roughly pro- ture. This is an indication that substorm studies are somewhat
portional to the UL current). Note also that the magneto-fragmented, concentrating specifically on studies of differ-
sphere and the ionosphere respond clearly to the pewer ent parts of the current circuit. One way to synthesize these
when it becomes above ¥erg st (cf. Akasofu, 1981). studies may be to introduce the concept of current circuit;
The results shown in Figs. 3 and 4 will be discussed fully it provides one of the most important quantities in substorm
in the next section. Here, it is pointed out that the most impor-studies, magnetic energy = (1/2)J2L, which is the source
tant fact is that the Mode 2 (the substorm UL current) showsenergy of the expansion phase of auroral substorms.
a pulse-like change in two typical substorms (one which be-
gan at about 09:00 UT on 18 March and the other which be-3.1  Growth phase
gan at about 11:00 UT on 19 March), very different from the
DD current, indicating that the substorm (UL) dynamo is dis- It is generally agreed that the magnetosphere accumulates
tinctly different from the DD dynamo. In general, the dura- the substorm energy’ = J2L during the growth phase. In
tion of the pulses is about three hours. Further, at the peak afmany ordinary systems, the energy input &t is equal to
the pulse-like change, the UL current is greater than the DDthe energy dissipation ratgr — ), wherez is the system
current, indicating also that the UL current results from thedelay. Such a system tends to dissipate input energy with a
accumulated energy, not simply an enhancement of the Dxertain system delay, so that there occurs little accumulation
current. The substorms started at 21:00 UT on 18 March willof energy.
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Fig. 5. The conceptual circuits for the three phases of auroral substorms.

The first question is then why the magnetosphere can acing its stability, the current in the current sheet must be re-
cumulate the substorm energjy. It is suggested that when duced by developing plasma instabilities in the current sheet.
the ionosphere, the main sink of the input energy, is not con-As a result, the accumulated magnetic energy is released.
ductive enough during the growth phase, it does not allow The accumulated magnetic energy is exhausted in a few
much current to flow there and cannot sufficiently dissipatehours (inferring from the duration of the pulses), because
the input energy produced by In fact, we observed in Fig. 3 a typical dissipation rate is about fergs? = 1011w at
that only a weak DD current started to grow from a little be- about the maximum epoch of substorms (Akasofu, 1985),
fore 11:00 UT and was intensified only after substorm onsetand thusW/$ is about one hour or less in those cases. Both
at 11:40 UT. Therefore, this is an important indication that the quantities¥ and the dissipation ratein individual sub-
the dissipation in the ionosphere was very small until sub-storms are expected to vary somewhat; the optical manifes-
storm onset at 11:40 UT. The growth phase in Fig. 5 showdation of the expansion phase appears to be shorter than the
a thin line between the dynamo and the ionosphere, repreduration of the current pulses. It may also be noted that the
senting this situation; a high resistance (a low conductivity)time constant of the DD circuit is about 50 min (Bostrom,
is shown as a thick resistivity sign. 1974).

Auroral changes during the growth phase is not well estab- The third question is how the magnetic energy is released
lished yet; the equatorward half of the auroral oval appears t@and dissipated for substorms. As a result of the current re-
contract just prior to substorm onset (Akasofu et al., 2010).duction in the current sheet, the “stretched” field lines must
This phenomenon may be related to the thinning of the cur-‘contract.”
rent sheet near the earthward end (Birn et al., 1998). Lui and Kamide (2003) and Akasofu (2011) suggested

On the other hand, the current in the current sheet musthat electrons in the current sheet follow the contracting the
be increased (perhaps in proportionspoduring the growth  field lines, but not protons, because of the breakdown of the
phase, so that magnetic energy is accumulated. This featurérozen-in” field condition. This separation process consti-
is often expressed by stating that the dipole field lines in thetutes a dynamo process; in an ordinary dynar¥ox(B),

dark side are “stretched” during the growth phase. protons and electrons are separatedtay x B force. In
considering the break down of the “frozen-in” field condi-
3.2 Expansion phase tion here, it may be recalled that in as early as 1967, &ifv

(1967, p. 440) noted in his paper titled “The second approach
The second question is why the release process of the a0 cosmical electrodynamics” that “[. . . ] the first new princi-
cumulated energy is pulse-like (as Fig. 4 shows) and alsdple is associated with ‘thaw’ of the frozen-in field lines.”
why the auroral expansion phase lasts only about one hour As a result, this dynamo produces an earthward electric
or so. It is suggested that the magnetosphere tends to béield and when it is communicated to the ionosphere, it be-
come unstable when the accumulated energy reaches aboé®mes an equatorward electric field that drives both the Ped-
W =5x 1022ergsL, a typical substorm energy/ (= 10/ ersen current and the Hall current, as shown by Bostrom’s

amperes and. = 64 H; Horton and Doxas, 1996). In restor-
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current system (Fig. 1). In Fig. 5, the expansion phase circuithere. In this regard, it may be noted that the initial sud-
includes the substorm (UL) dynamo within the DD circuit.  den brightening lasts for a few minutes and tends to occur
In the above consideration based on Figs. 3 and 4, the reat 22:00~ 23:00 MLT, where the two cells of the DD current
quired conditions are: meet in the evening sector (Fig. 2).
) ) The fourth question is why the arcs, after the sudden
1. areduct_lon of_t_h_e current in the current sheet caused b3brightening, advance poleward, together with the auroral
plasma instabilities, and electrojet. This is because the azimuthal component of
Bostrom’s current system (Fig. 1) produces a positiise
field of about 50nT (called “positive bays” in the mid-

Recently, Lui (2011) showed that when a substorm onset wagnd I0\1/v-latitud2es) inside the current loop. The added flux
observed on the ground on 28 February 2009, a satellite at &~ 10 nT km~2) of the current loop can advance the earth-

2. the breakdown of the “frozen-in” field condition.

distance of 8.Rg observed simultaneously: ward edge of the azimuthal component by 600 km or so, cor-
responding to about°sor more in latitude, the extent of a
1. plasma instabilities, large poleward expansion. Without this amount of flux, it is

. o difficult to explain fully the expansion phase. The so-called
2. current reduction of about 12 % in the current sheet,  «gipolarization” cannot provide such a large magnetic flux.

3. the breakdown of the “frozen-in” field condition, and
3.3 Recovery phase

4. the intensity of the observed earthward-directed electric

field was about 10 mv mt. As Fig. 4 shows, the intensity of DD current follows rea-

Thus, combining the inferred processes in the above and thgonably well the power as a function of time after the

observation by Lui (2011), it is possible to infer that the cur- expansion phase. The UL current subsides after the pulse-

7 like change, so that DD current dominates after it during
rent reduction in the current sheet generated an earthwar, : .
e recovery phase. Thus, whenbegins to subside, the

electric field. In addition to Lui’s complete set of observa- . o

: X . . magnetosphere tends to become an ordinary dissipative sys-

tions, there are several other observations in which the cur- . .
: - . tem (namelyg(t) ~ 8(t — 7)) after the pulse-like expansion

rent reduction occurred within 18. The current in the cur- hase. namelv about three hours after substorm onset. After

rent sheet that started atR¢ and propagated outward was b ' y '

observed by Jacquey et al. (1991) and also by Jacquey tge expansion phase, the ionospheric conductivity remains

al. (1993) at 6~ 9 Re. Donovan et al. (2008) reported that the %'gh gnough (as the preC|p|tat|op continues, in particular in
. the wide diffuse aurora surrounding the auroral oval), allow-
expansion phase began earthward of the four THEMIS satel: o .
i ; ing the power can be dissipated as the Joule heat loss in the
lites and evolved radially outward. Based on the Polar space- : : i
. : onosphere without much accumulation of the magnetic en-
craft observation, Frank and Sigwarth (2000) concluded tha : :
) N ergy in the magnetosphere so longas . The time delay
the onset arc is connected to the equatorial distances of 5= . )
7Re is expected to be short. After a brief expansion phase, auroral

Further, the observed electric field is sufficient to drive 2 - segments drift equatorward in the midnight sector and the
Bostrom’é current system: the equatorward electric field inpatches drift eastward along the auroral oval in the morning

the electrojet (20 mV km?) requires an earthward-directed sector, delineating the DD current pattern (Fig. 2).
electric field of about 1.5 mV mt at a distance of % 8 Rg.
The observed earthward-directed electric field (10 3.4 Tests
is sufficient to drive the substorm (UL) current, and thus the
suggested dynamo seems to work. This is the electric fieldn order to test the above chain of thought, it is interesting
that we have been looking for for a long time (cf. Akasofu, to examine cases when a high DD dynamo powes con-
2003). Some substorms have no sharp onset, such as thatstantly maintained for more than 10 h or so during major ge-
21:00UT on 18 Febrary (Fig. 4). Some of the possibilities omagnetic storms. In such cases, there occur successive sub-
are: (a) a successive occurrence of substorms does not allogtorms, as shown in Fig. 6 (cf. Akasofu, 2004). Therefore,
the magnetic energy accumulation, because the ionospheia such a situation, the magnetosphere releases repeatedly
can dissipate; and (b) the absence of the plasma instabili- the accumulated magnetic energy when it reaches the lim-
ties and of the breakdown of the “frozen-in"field condition. ited amount, accumulating magnetic energy by overcoming
The observation by Lui (2011) shows that the develop-the dissipationd > §). Another (long puzzling) case is sub-
ment of the electric field was delayed for about one minutestorms that occur at about time when the IMF turns north-
after the ground-based observation. If this delay would bewardafterthe southward turning (Lyons et al., 2001); in such
confirmed by future observations, it may be that signals ofcases, the northward turning is likely to trigger a reduction of
the current reduction in the current sheet might propagate tehe current in the current sheet when plasma instabilities do
the ionosphere before the earthward electric field can reachot occur.
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Further, we now have, though only as a very crude approx-
EES 3 E imation, the relationship among DD current, UL current
N P as a function of time. Therefore, we have one of the ways of
= ] understanding the nature, more specifically the three phases
THETA E A . . .
- A - \ of auroral substorms, and its relation to magnetospheric sub-
e T 1 storms, and also to the magnetosphere.
uT et b R The aurora is the visible guide of studying magnetospheric
eras/sec 10" L e S = processes. For each phase, there are many fascinating fea-
rors fle il e tures of auroral substorms, such as the poleward expansion,
AU/AL P ] westward traveling surges in the evening sector and the dis-
nT 1000l . integration of the arc structure into drifting “patches” in the
S . morning sector. Each phenomenon must be telling us about

- E"\w physics involved in the magnetosphere-ionosphere coupling

-roof processes. From such a point of view, a number of questions
R T i are listed in Akasofu (2012).
OCT. 30 ,1978
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