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Two distinct substorm onsets

V. M. Mishin,' T. Saifudinova,' A. Bazarzhapov,' C. T. Russell,” W. Baumjohann,™*

R. Nakamura®* and M. Kubyshkina5

Abstract. At times, substorms occur in a particular sequence, where a clear growth phase is fol-
lowed by a first onset at lower latitudes and a second one involving all latitudes between 60° and
70°. The second onset is followed by a clear recovery phase. In the present paper we present nine
such sequences in the form of a superposed epoch analysis. Comparison with solar wind data
shows that the second onset occurs when the interplanetary magnetic field turns northward. De-
termination of the change in the open polar cap magnetic flux using the magnetogram inversion
technique method indicates that the first onset occurs during an interval of continuous loading of
the tail with new open flux merged at the dayside. Hence, despite showing clear ionospheric sig-
natures of substorm expansion, this onset likely involves the reconnection of closed plasma sheet
field lines only, while during the second onset and expansion phase, reconnection clearly proceeds

from closed plasma sheet to open lobe field lines.

1. Introduction

The central process of the active phase in the near-Earth neu-
tral line (NENL) model of substorms is reconnection of the open
magnetic flux ¥ and, as a result, tail collapse with severance ofa
large-scale plasmoid [Russell and McPherron, 1973; Hones,
1979; Baker et al., 1996]. Baker et al. [1999] recently concluded,
on the basis of observational and numerical modeling data, that
the global substorm problem has now largely been solved in favor
of the NENL model: the loaded magnetosphere rapidly progresses
to the same reconnection configuration irrespective of the detailed
localized initiation mechanism. This conclusion is supported with
Geotail data by Nagai et al. [1998], who utilized positive bay sig-
natures at Kakioka, with amplitudes greater than 10 nT, as the in-
dicator of substorm onsets. Other methods may give another
result [e.g., Liou et al., 1999]. It has not been shown yet that all
types of ground substorm onsets, including most initial multiple
onsets and those onsets, discussed below, with sources in the in-
nermost plasma sheet, are associated with signatures of NENL
formation in the midtail.

Alternative models have suggested diverse mechanisms for
the principal cause of substorms including current disruption
(CD) with a "cross-tail current partial disruption” [Rothwell et al.,
1988; Lui, 1996; Lui et al. 1998; Kan, 1998; Erickson et al.,
1996; Maynard et al., 1996]. CD models do not presuppose
NENL formation as necessary for a typical substorm, although it
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is not excluded as the result of the CD. The two approaches (CD
and NENL) also differ in the physics of the local plasma insta-
bilities that are responsible for the active phase onset. The NENL
model assumes the tearing mode, with pinching but without tail
current disruption [Zelenyi et al., 1998]. Alternative models as-
sume current-driven instabilities accompanied by a partial current
disruption in the near tail, without the open flux reconnection
[Lui, 1996). The two models also differ in the region of the tail
where the instabilities develop: current disruption (CD) and open
tail reconnection (NENL) develop in the near and middle tail, that
is, in [X|<10 R and [X[>20 Rp, respectively. It is possible that
both processes operate [Vasyliunas, 1998] producing different
types of substorm onsets in two different latitudinal zones corre-
sponding to sources in the near and midtail, and some supporting
results have been published.

Based on data for individual events, Mishin [1991] and
Mishin et al. [1997] have suggested that a typical substorm con-
tains two successive active phases, respectively, without and with
clear signatures of predominant reconnection of open magnetic
flux in the tail lobes. The first active phase (with initial onsets) is
mainly driven. It is observed when the amount of open magnetic
flux in the tail is still growing, the total substorm power Oy is less
than Poynting flux €& from the solar wind in the magnetosphere,
and the longitudinal size of the current wedge is small. In the sec-
ond active phase (with the main expansion onset), unloading pre-
dominates. This phase is associated with a deep decrease in the
open flux; Qr becomes more than €', so that the intramagneto-
spheric energy source predominates; the longitudinal size of the
current wedge is doubled. The initial and total expansion onsets
may be separated in time by 30 min and more.

Other supporting evidence for multiple distinct substorm on-
sets has been presented by several authors. Perhaps the first such
report was by Rostoker [1968, p4217], who showed that “geo-
magnetic bay disturbances occur in two stages,” the first of which
he called the trigger bay and like our onsets were separated by 10
to 30 min. More recently, Taylor et al. [1996] and Maynard et al.
[1997] have inferred that open flux typically did not start to de-
crease until 20 to 40 min after initial substorm onset. Fox et al.
[1999] have reported substorm intervals in which a substorm on-
set involving open flux reconnection follows an onset with only
closed flux reconnection with a 25 min delay. Baker et al. [1993,
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1996] and Pulkkinen et al. [1998a, 1998b] also described two
types of ground substorm onsets that map into the inner and mid-
tail, respectively, being separated in time by 20 to 40 min. The
first type is more spatially localized than the second one and is
observed during open flux growth. The second type is associated
with an open flux decrease. Nevertheless, in the interpretation of
the authors, both types of onsets are initiated by NENL formation
in the midtail.

Thus the hypothesis that two distinct types of substorm onsets
may be successively observed during a typical substorm in two
different latitudinal zones corresponding to sources in the near
and midtail has extensive observational and theoretical support,
but it also meets some opposition. This hypothesis can be tested
directly with data from ground-based magnetometers located in
two regions whose projections are in the inner and midtail, re-
spectively. This direct test is the main motivation for this paper.
As has been mentioned, some supporting results have been pub-
lished earlier based on data for individual substorms. This paper
describes a typical (statistical average) rather than an individual
substorm. We perform a superposed analysis using nine substorm
events. Additional information used is obtained by utilizing the
magnetogram inversion technique (MIT2) [Mishin, 1991; Mishin
et al., 2000]. In particular, MIT2 makes it possible to study the
dynamics (in the course of substorms) of the open magnetic flux
¥ and parameters inferred on the basis of ¥ including €, total
substorm power, QT, and other parameters (see section 4). In the
scenario that we suggest, not only do the two types of substorm
onsets coexist, but they evolve in succession, being linked by the
process of tail stretching and collapse, and they constitute a
global instability.

2. Database

Magnetograms of the two types of substorm onsets and their
MIT2-parameters were obtained with ground-based magnetome-
ters at geomagnetic latitudes higher than 40° (see Figure 1) for the
nine substorms listed in Table 1. The solar wind and interplane-
tary magnetic field (IMF) data for seven of these events were
available from ISEE 3 and IMP 8. Two of nine events, without
solar wind parameters, are marked by asterisks in Table 1 (events
5 and 6 on May 3, 1986). The listed parameters were obtained for

180°

270°

Figure 1. Map of ground-based magnetometers used.
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Table 1. Intervals Studied

Data Time UT
1 March 22, 1979 1012-1242
2 March 22, 1979 1242-1500
3 April 1, 1986 1810-2200
4 April 2-3, 1986 2150-0500
5¢ May 3,1986 0050-0155
6" May 3,1986 0900-1030
7 May 8,1986 1100-1500
8 July 24, 1986 2150-2400
9 Dec. 8, 1990 1315-1620

“ Solar wind data unavailable.

each event under consideration and then averaged by the method
of superposed epochs. Separate averages were created for all nine
events and for the seven with solar wind data. Superposed tracks
of solar wind parameters, AFE, and corrected Dst indices are
shown in Figure 2. Error bars are calculated at key times
throughout the events to show the statistical accuracy of the data.

A few of the individual substorms listed in Table 1 have been
studied earlier and described in great detail, in particular, the sub-
storms on March 22, 1979 (Coordinated Data Analysis Work-
shop, CDAWG6) [McPherron and Manka, 1985, and references
therein], May 3, 1986 (CDAWIC) [Baker et al., 1993, and refer-
ences therein], and July 24, 1986 [Lui et al., 1995]. Some of these
independently obtained earlier results will be used in the present
paper in comparison with the statistical substorm.

3. Magnetograms of Two Basic Types of Substorm
Onsets

A few examples of X component magnetograms for the sub-
storms of Table 1 are shown in Figure 3, based on data from dif-
ferent meridional chains of ground-based magnetometers with
geomagnetic latitudes greater than 40°. Each chain recorded sub-
storm onsets of one of the events when located in the 21-01 mag-
netic local time (MLT) sector.

We selected in each magnetogram the first and last onsets
marked in Figure 3 by one and two asterisks, respectively. The
start time of each last onset was taken to be 7=0. After that we
selected the greatest first and the greatest last onsets. The stations
examined were in the midnight sector, but the station defining on-
set was not always the one closest to midnight. Thus two groups
of magnetograms, each for nine substorms, have been obtained,
one for the greatest first and the other for the greatest last onsets.
For example, in the March 22, 1979 substorm shown in Figures
3a and 3b, the initial onset at 1054 UT was chosen at the sharp
change in slope at the station Meanook. The earlier variation that
has no sharp onset is assumed to be part of the growth phase pat-
tern. The main expansion at 1124 UT can be identified best in the
Arctic Village record.

The following filter was used in the next step. According to
the criterion applied, the interval #<0 should contain the substorm
growth phase without onsets and the first active phase which
contains all onsets excluding the last one (the number of “first”
onsets during one substorm may be greater than unity). The inter-
val 20 should contain the last onset and the recovery. Then, be-
cause the duration of each interval, r>0 or <0, differs from event
to event, a normalization was used to match each of the individual
substorm phases to an average duration over all selected events,
that is, to the duration of the corresponding phase of the average
substorm. Two groups of the magnetograms selected and nor-
malized in such a way are shown in Figures 4a and 4b.
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Figure 2. Superposed epoch traces of AE and Dst indices and
solar wind parameters. Solid and dashed lines correspond to su-
perposition of events 7 and 9, respectively (see text).

After such selection and normalization, the selected magneto-
grams were averaged within each group. For results of this
method of superposed epochs see Figures 4c and 4d. The vertical
lines in this figure mark both the first onset and the last onset.
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Figures 4¢ and 4d show two consecutive and distinct types of on-
sets in the statistical substorm sequence. The first type (the first
onset in the averaged data) is observed in the region 55.2
<®,<69.9°, with an average latitude <®;>=63.4°, and with an er-
ror bar A®,=+2.5°. The onset and expansion of the second type is
observed in the same region, but its maximum range was re-
corded in the region 64.4 <®,< 72.2° that is, in a region with a
higher average latitude <®,>=68.3+2.1%. The sign of difference
@,-®, was positive in all events considered. The corresponding
values of the neutral sheet geocentric distance |x| have been cal-
culated using the T'syganenko [1989] model for Kp=2 and 4, and
values of the dipole tilt equal to 2° and -15°. It was found that |x|
is larger than 30 Rg and less than 10 Rg, respectively, for ®=68
and 63°, in all four above-mentioned cases. Note also that Figures
4¢ and 4d allow us to distinguish four phases in the average sub-
storm sequence: (1) the growth phase without onsets, (2) the first
active phase with the first onsets, (3) the second active phase with
the last onset, and (4) the recovery phase.

Latitudes, which are characteristic for the first type onset
(®)), and the second type (®P,), both are dependent on the par-
ticular solar wind and magnetospheric conditions. However, the
sign of the difference, ®,-®,, is always positive to our knowl-
edge, and the basic properties of two types always differ very
much, as is shown in Figure 9 for 7<0 (the first type) and >0 (the
second type). Since the error bars on Figure 9 are large, we note
that in each of nine studied substorms the plot of each parameter
was similar to the relevant superposed plot in Figure 9 [e.g.,
Mishin, 1991; Mishin et ai., 1997, 2000, and references therein;
Pulkkinen et al., 1998a].

4. Two Types of Substorm Onsets in Terms of
Solar Wind and MIT2 Parameters

MIT?2 parameters are introduced in this section to be used like
solar wind parameters, as characteristic quantities providing the
possibility of distinguishing different types of onsets and phases
of the average substorm sequence. The magnetogram inversion
technique MIT2 is the analogue of the familiar assimilated map-
ping of ionospheric electrodynamics (AMIE) method [Kamide et
al., 1981], which allows the instantaneous spatial distribution to
be calculated in latitude-MLT coordinates of the ionospheric
electric field and currents, including field-aligned currents (FAC).
A detailed description of MIT2 was given recently by Mishin et
al. [2000]. The polar cap boundary can be determined using the
MIT2 spatial distribution of the FAC density as the high-latitude
border of FAC Region 1 by lijima and Potemra [1976] or from
MIT2 data of the ionospheric electric field as the boundary of the
convection reversal. Both methods give results similar within 1°-
3° of latitude as needed in this study. MIT2 gives values of the
polar cap area S compatible with those from other independent
methods. By denoting B (the average value of geomagnetic field
strength in the polar cap ionosphere), one can determine the open
magnetic flux through the polar cap as W=BS. Figures 5a and 5b
allow us to compare ¥ values obtained by MIT2 and the other
two methods. It is seen that MIT2 values of ¥ coincide with those
from direct methods within 10-20%. A few other tests of the
MIT2 method of determining ¥ have been performed by Mishin
et al. [1992] with similar results.

The open flux ¥ can be represented as the sum ¥=¥+¥,,
where ¥, is the quasipermanent part of ¥, determined by MIT2
data for quiet conditions before the substorm, and ‘¥, is a variable
part created by recent dayside magnetopause merging. We as-
sume in this paper that ‘¥, is constant during each substorm under
consideration. Only ¥, values will be used in this paper.



13,108 MISHIN ET AL.: TWO DISTINCT SUBSTORM ONSETS

1054

jﬁﬁﬂ

151324
e 1436

(@)

z

® MLT*
JOP 77.1 0029

2

INK 70.7 0000

AVl 68.2 2323

ﬁ

500 nT
X Component

FYU 66.9 2332

COL 64.9 2331

TLK 62.2 2332

(*UT=1054)

-l 1

10 12 14 16

Universal Time
March 22,1979

Figure 3. (a) Magnetograms of the ground-based magnetometers of the Alaskan chain, which recorded the
substorm onsets of CDAWG6 substorms on March 22, 1979. One and two asterisks, mark the initial and ex-
pansion onsets, respectively.

(b) The same as in Figure 3a, but for the Canadian chain.

(c) Magnetograms of the ground-based magnetometers of the Alaskan and Canadian chains, which recorded
the substorm onsets of CDAWOIC substorm on May 3, 1986. One and two asterisks mark the initial and full
expansion onsets, respectively.

The plot of ¥, for the average substorm is shown in Figure 6 ~ course, the loading and unloading may both be present in each of
together with the superposed magnetograms of two onset types, these phases but with essentially different proportions.
taken from Figures 4b and 4c. One can see that two types of sub- A sharp drop of the open magnetic flux value is the necessary
storm onsets correspond to the stages of growth and decrease of  signature of the classical substorm expansion onset. Hence it fol-
open flux ¥, respectively. These two stages contain, respec- lows from Figure 6 that the last substorm onset, that is, that of the
tively, the loading and unloading phases of the substorm. Of second type, can be called the classical expansion onset, if the
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Figure 3. (continued)
other necessary and sufficient signatures are satisfied. It follows M-R = 2(d¥/dt), (1)
also that the onset of the first type most likely did not involve
open flux reconnection and will be called initial onset herein. where the factor 2 is for the two hemispheres, M is the magnetic

The continuity equation for the variable open magnetic flux ¥ merging rate at the dayside neutral point, and R is the reconnec-
is [Russell, 1979], tion rate at the nightside neutral point.
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Figure 3. (continued)
The equation for M from Kan and Lee [1979] provides a rough The next MIT2 parameter, to be used here, is the Poynting flux
estimate of M: ; into the magnetosphere from solar wind € which is approximately
M =107 &V, 2)

calculated using ¥, and a formula from [Mishin et al., 2000]
where € is the well-known Perreault-Akasofu index. As V has an 2

almost constant value on the scale of the substorm (see Figure 2), &= wv

the plot of the M variation is similar to that of €; see Figure 9. HoSt 3)
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Figure 4. Normalized magnetograms of those magnetometers, which recorded (a) the strongest initial and
(b) full expansion onsets Each plot corresponds to (¢ and d) one of the substorms: Superposed tracks obtained

by data of Figures 4a and 4b, respectively. Two types

of the onsets are clearly seen, and in different latitudes,

<®>~63° and 68°, respectively. Solid and dashed lines correspond to superposition of events 7 and 9, re-

spectively (see text).

where S;=m(R;)* with Ry, the tail’s radius, taken to be equal to
22.5 Rg. The plot of €’ for the average substorm will be presented
and discussed in the next section.

The Poynting flux (3) is used here jointly with a total substorm
power Qr, which is calculated as

Or= Qpr+ 20+ 2 0y @)

0, =4x10°(dD, /dt+D,, I T) s

where Q; and Q, are, respectively, the power of Joule heating and
particle precipitation in the auroral ionosphere, and 1 is the DR-

current decay time that was estimated in this work according to
Clua de Gonzalez et al. [1994]. The values of Q; and Q, were
calculated using the empirical formulas of Ahn et al. [1983].
However, values of T are known with significant uncertainty.
Therefore, to be more convincing, we use yet another method,
which allows us to calculate the total substorm power Qr by
making use of €', Dst, and AE indices, without using 7. This is a
slightly changed version of the method [Mishin et al., 1998],
which is based on the simplifying assumption that the first two
phases of the substorm sequence, that is, the growth phase and
first active phase, are both pure loading phases, with unloading
neglected. This is only an approximation, of course. However,
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1 data [Baker et al., 1994], 4. MIT2 data, spectrum of spherical harmonics; n=26 and m=4; 5, DMSP-F2 data

[Holzer et al., 1986].

this method gives values of Q' close to the values of Qr obtained
using the classical approach with (4) and (5); see Figure 9. There-
fore we will change the values of Qr for 07 and vice versa in
some equations of the next Section and Table 2, which is the sec-
ond goal of using Q" in this paper. The equations for calculating
07 are as follows.

Since our data show that M>R during the loading phase, let us
assume that R is negligible during this phase. Let then 1,, 1, 13,
and ¢4 be, respectively, the start times of the four successive sub-
storm phases, and 5 be the end of the recovery phase. Then, for
the loading stage including the border of this stage, t=t3, the
equation

OT (1 =ke' (0 6)

holds, with k <1 being the unknown coefficient, and the energy,
stored during whole substorm sequence, is

W = (1-k)<e’>(ts - 1,). @)

Angle brackets indicate average over the interval (¢, ¢5) herein.
For two unloading phases we assume a linear dependence of Q7
from both the AE index and the average power W/(ts- 13). The as-
sumed dependence has the form

0" (1) = ke’ (1)+ [Wi(ts - t)]AE@)/<AE> 8

for #3 <t < t5. The same equation is assumed to hold at the border,
t=t3 , but without the first term on the right. Equations (6) to (8),
with the above mentioned boundary condition, comprise the total
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Figure 6. Plot of ¥, variation and superposed normalized X
magnetograms for two types of substorm onsets. Solid and dashed
lines correspond to superposition of 7 and 9 events, respectively.

system with given € (f) and the values of t,, n=1 to 5. Thus the
function Q7 (¢) can be calculated for both, loading and unloading,
substorm phases. The values of the coefficient k were found to
change from event to event between 0.3 and 0.7, being k=0.47 for
the average substorm.

The values of €, O, and Q7 are used to obtain the differences
P=(¢’-Q7) and P’=(¢’- Q"). The sign of P (or P’) indicates which
regime, loading or unloading, predominates at the time interval
under consideration. If P>0 and P’>0, the loading regime pre-
vails, and hence this substorm phase is largely a directly driven
one (although the substorm bursts during this phase are likely
caused by intramagnetospheric instabilities). For P< 0 and P’<0,
quite the reverse is observed: an intramagnetospheric energy
source and an unloading regime are both dominant. Thus the ine-
qualities P>0 (P">0) and P<0 (P’<0) are the signatures of two
loading and two unloading substorm phases, respectively, as well
as of the initial and expansion onsets, respectively.

The values of P and P’ are plotted in Figure 7 together with
two superposed magnetograms from Figures 4b and 4c. One can
see that for the initial onset and the whole interval r<0 the ine-
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qualities P>0 and P’>0 both hold, while for the last onset and the
whole interval <0 the inequalities P<0 and P’<0 hold (within
some minutes). These results also support the above conclusion
that two different physical processes correspond to the initial and
last onset of the average substorm sequence shown here.

Knowing the equivalent current system, the parameter 7, can
be found, that is, the magnetic local time of the western end of the
westward electrojet, which coincides with the Harang discontinu-
ity center. The parameter 7,, serves as an indicator of the type of
equivalent current system: the type is DP 2 when t, =23 MLT,
and 1,, close to 18 MLT corresponds to the DP 1 type. (For a dis-
cussion of the DP 1 (substorm) and DP 2 (convection) current
systems, see Nishida [1971] and Pudovkin [1974]. The DP 2 to
DP 1 transition is the result of the cross-tail current disruption,
which produces a current wedge and thereby strengthens the io-
nospheric westward electrojet [e.g., McPherron et al., 1973, and
references therein]. The overall current system is altered: the
morning current vortex (containing the westward electrojet) is
enhanced, and the evening current vortex is partially suppressed.
The system becomes a quasi-one vortex, which is denoted by the
symbol DP 1.

For an example of the DP 2 to DP 1 transition, see Figure 8.
Here "clean" DP 2 and "clean" DP 1 are observed, respectively,
at 0105 UT and 0140 UT on May 3, 1986. It is evident that the
DP 2 to DP 1 transition is characterized by a change of 7, from
~23 MLT to ~16 MLT. Such variations of t,, are typical of sub-
storm onsets, and, as it follows from the foregoing discussion,
characterize current wedge dynamics.

It is evident in Figure 8 that the DP 2 to DP 1 transition is the
property of both types of onsets, be it the initial or the last onset.
However, this transition, that is, the decrease of the 1, value, ap-
pears only weakly during the initial onset of the average substorm
sequence. The range and the rate of #, decrease as both grow
sharply during the last onset. Thus the plot of #,, values gives fur-
ther support to the fact that the last onset, as distinct from the ini-
tial onset, is a more global one.

To summarize, all above described plots are collected in Fig-
ure 9 with the addition of some other plots obtained by the same
method of superposed epochs. Added are the plots of the Per-
reault-Akasofu index €, dayside merging velocity M (calculated
by (2)), and AE and Dst indices. It is known that the commence-
ment of an expansion onset is observed often, though not always,
to be triggered by a decrease of the dawn-dusk interplanetary
electric field [Russell, 1976; Caan et al., 1977]; therefore it is not
surprising that the start of the € drop is observed in our super-

Table 2. Principal Characteristics of the Two Types of Onsets of the Average Substorm.

Initial Onset

Expansion Onset

Observed in ground magnetograms near ®~63° that correspond to x|<10
Re in the nightside neutral sheet.

Commencement usually spontaneous (while sometimes triggered by a de-
crease of dayside reconnection rate).

Is observed when the open flux ¥, grows.

Tail stretches, although a local dipolarization is observed simultaneously
in the inner region.

P2=€/2-QT >0.

Current wedge has a longitudinal size of ~3 hours.

The threshold values are: ¥=0.28 GWb, and W=1 x 10" Joule in Figure
9.

Average input power <€’>>=1500 GW.

Average power Q=500 GW.

Tail reconnection rate R»=230 kV.

Rate of plasma inflow into reconnection region V,"= (3 to 12) km/s

Relative reconnection rate is M4=0.002-0.012.

Observed between 63° < ®< 70° a range that includes |x[>30 Rp.

Commencement usually triggered by a decrease of dayside reconnection
rate (while sometimes spontaneously).

Is observed when the open flux begins to drop.

Tail collapses.

P3=£/3- Q1<0.

Current wedge has a longitudinal size of ~6 hours.

The threshold values are: ¥1=0.5 GWb, and W=2.7 x 10" Joule in Figure
9.

<€’3>=300 GW.

0;=1000 GW.

R3=330kV.

V3" = (23 to 31) knv/s

M ,3=0.01-0.015.
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Figure 7. Plots of differences between input and consumed en-
ergy fluxes, P,=¢’-Qr and P,=¢’-Q", and superposed normalized X
magnetograms for two types of substorm onsets. Solid and dashed
lines correspond to superposition of 7 and 9 events, respectively.

posed traces as the trigger of the last substorm onset and an
abrupt increase of the AE indices. In contrast, in the average sub-
storm the initial onset and the subsequent first active phase occur
spontaneously, without any correlation with variations of €. Using
data on magnetic field dipolarization at synchronous orbits, Pu-
dovkin et al. [1990a, 1990b] also identified two types of substorm
onsets, the first, spontaneous, and the second, stronger, and trig-
gered by a northward turning of the IMF.

Such are the statistical results. In individual substorms, we
sometimes observed the opposite situation, with initial onsets
triggered by a drop of the € value and spontaneous expansion on-
sets.

The initial onset marks the start of the first active phase in our
average substorm sequence. Note again that in many known indi-
vidual events, the first active phase is known to contain multiple
onsets, all of which refer to the first type. Besides, according to
Rostoker [1998], the pseudobreakups are observed during the
phase of ¥ growth, so that they have the principal signature of
the initial onset. It is known that pseudobreakups are accompa-
nied by an intensification of auroral arcs, an enhancement of the
westward auroral electrojet, Pi2 pulsations, and almost all other
signatures of expansion onset, but the disturbance in the course of
an individual onset is more likely to "quiet down" before it attains
the size of a full expansion onset. This phenomenon of "quench-
ing" is a major outstanding problem.

5. Power and Reconnection Rate

MIT?2 parameters are used in this section to compare the pow-
ers and reconnection rates characteristic of the two above-
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mentioned types of onsets. The Poynting flux from the solar wind
to the geomagnetosphere €', and the reconnection rate at the day-
side magnetopause M, are calculated by (3) and (2), respectively.
The substorm power and stored energy will be calculated using
(6) to (8), and taking into account that, as it was mentioned in the
previous section, 0" = Or. In the following, we will use the sub-
scripts as the substorm phase numbers only. The symbols ¥,, and
O,, will denote, respectively, ¥, and Qrin the mth phase (e.g., ¥5
is the value of ¥, in the second active phase). With these nota-
tions, and in view of the above mentioned formulas, the mean
powers of two active phases or, in other words, of two successive
types of substorm onsets, are respectively

<Qy> = K<&/,> ()
(10)

The mean rates of reconnection in the plasma sheet or partial
cross-tail current disruption are

<Q3> = W/T3.

<R3> = A¥;3/13+<M; > (11

<R,> = <Mk (12)

Assuming that Q,, is produced by the magnetic energy flux
into the reconnection region with the area S, and magnetic field
B,, we have the inflow rate

me = UWoQu/B,S,
My, = Vmin/ Vms

13)
(14)

where V, (km''/s)=22B(nT)Nn(cm™) is the Alfven velocity and
M, is the relative rate of reconnection or cross-tail current partial
disruption.

For estimating V,," and M,,,, we assumed that B, and B; are
the characteristic values of the magnetic field strength on the
midnight meridian, respectively, in the plasma sheet, [x|=5 to 10
Rg, during the growth phase, and in the tail lobe, [x|=20 Ry, during
the expansion phase, Kp=4. According to data from Sergeev and
Tsyganenko [1982, Figure 12] and Pulkkinen et al. [1992, Figure
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Figure 8. Plot of the variation of the parameter ¢,, and super-
posed normalized X component magnetograms of two types of
substorm onsets. Solid and dashed lines correspond to superposi-
tion of 7 and 9 events, respectively.
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6], the values of B, are 40 and 80 nT, respectively. For B the
value 25 nT was assumed. The values of S, and S; are, by defini-
tion, the disturbed areas of the current sheet, characteristic for the
initial onset and expansion onset, respectively. According to
Mishin et al. [1998], the interval 0112 to 0116 UT on May 3,
1986 can be used as a representative of the initial onset, m=2, for
which the data were available by Pulkkinen et al. [1995, Plate 2].
Thus the value of $,=3.2 x 10'® m* was determined, and the value
of §5=25, has been supposed. Using data of Borovsky et al. [1998,
Figure 1] and of Baumjohann and Treumann [1996, Figure 4.2],
the value of 7,=0.7 cm™ was taken as representative of a plasma
sheet density at [x]=10 R, and n;=0.2/30=0.07 cm™ as the repre-
sentative of plasma density in the tail lobes. With 0,=5x10'> W,

03=1.0x10"> W (from Figure 9), the calculated values are given
in Table 2.

6. Discussion

The substorm behavior we describe in this paper appears to
occur frequently and be an important feature of the substorm pro-
cess. We have used well-documented events examined in com-
munity-wide studies such as the March 22, 1979, CDAWG6 event
[McPherron and Manka, 1985], the May 3, 1986, CDAW9C
event [Baker et al., 1993] and the July 24, 1986 event [Lui et al.,
1995]. We have calculated standard error bars and find that the
variations are significant as judged from the probable errors of the
means. While many of the onsets occurred in the Canadian and
Alaskan sectors, which lie to the east of a region sparsely covered
with magnetometers, the fact that we need these stations only for
timing the onsets and do not need to follow the full denouement
of the expansion phase mitigates against the effects of this gap in
coverage. Moreover, we use the MIT2 inversion technique to de-
termine the global behavior of the magnetospheric system from
all available data. These magnetospheric parameters are well cor-
related with our onsets as illustrated, for example, in Figures 6
and 8 where 1, correlates with the initial onset and ¥, with the
main expansion onset. Thus it is reasonable to examine the impli-
cation of these two onsets for our understanding of the substorm
process.

6.1. On Two Different Types of Substorm Onsets

The data of Figure 9 and Table 2 suggest that at times a sub-
storm sequence occurs with the successive development of two
different types of substorm onsets. The first type develops con-
currently with a growth of open flux '¥';. The inequality P,=¢',-Or
>0 holds for this type of onset, indicating that the initial onsets
are likely created without open tail reconnection. The opposite
situation occurs during the second type with P;=¢"3-0;<0. These
substorm onsets are associated with a sharp, profound drop of the
open flux ¥;, which means the global tail collapses with the sev-
erance of the large-scale plasmoid. Data for the average substorm
sequence also demonstrate that the instabilities responsible for
each of these onsets differs by the values of ¥, stored energy W,
and cross-tail current density and intensity during onset.

The short-time substorm intensifications lasting ~10 min have
various names in the literature: trigger bays, substorm onsets, mi-
crosubstorms, multiple onsets, pseudobreakups for the first group

Figure 9. Summary of the average substorm sequence from Fig-
ures 3 to 8. Added are plots of Poynting fluxes € and ¢’, and day-
side reconnection rate M. Solid and dashed lines correspond to
superposition of 7 and 9 events, respectively.
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of intensifications, and expansion onset or full breakup for the
second group. Our data suggest that the first group of intensifica-
tions are typically observed before the last global expansion on-
set, that is, in the loading stage, when ¥ and stored energy W are
growing, the inequality P>0 holds, and the DP 2 type is observed,
rather than DP 1. Thus the term initial onset can supposedly be
considered as a generalization of the whole first group of terms
(though some special breakups may be separated, which are ob-
served in higher latitudes than the initial onsets discussed here).
We emphasize that the two-stage nature of the onset of substorms
was first recognized many years ago [Rostoker, 1968] and attrib-
uted to reconnection first on the magnetopause and then later in
the tail. Our contribution is to make the argument that both onset
points are in the tail and correspond to closed flux and open flux
reconnection. Thus the initial onset may be considered, not as a
trigger, but as a precursor to the classical expansion onset.

If the above postulate is true, one of the known outstanding
questions, which was earlier formulated for the pair of pseudo
and full breakups, may now be reformulated as follows: Why are
the initial onsets quenched without the transition to the regime of
open flux reconnection? Such a question has a special meaning if
it is assumed that the initial and classical expansion onsets have
not only a similar morphology but also similar physics. Such a
view seems to be supported by observations [e.g., Nakamura et
al., 1994; Aikio et al., 1999]. One possible answer is that the two
onsets are caused by different instabilities with different thresh-
olds. Another possible answer has been given by Russell [2000],
who attributes the two onsets to reconnection in the presence and
absence of active reconnection at the distant neutral point and
who discusses how the direction of the IMF can affect the inter-
play between the two neutral points.

6.2. Substorm as a Global Instability

Mishin et al. [1997] assumed that under certain assumptions

(3) can be rewritten as

g = M*LpoS7v. (15)
Hence it follows that when M is constant, that is, under steady
state external conditions, the energy flux to the magnetosphere €’
is controlled by the tail length L. On the other hand, it is known
that the tail length is determined by the strength of the cross-tail
current, which is proportional to stored energy. Hence L grows
with increasing €. This direct dependence, L~ ¢, together with
(15), assumes an exponential growth with time of both parame-
ters, L and €’, even if M is a nonzero constant. The generator of €’
operates in a regime of self-excitation. Indeed, it is apparent from
Figure 9 that the condition M is constant is roughly satisfied over
the interval 0>7>-60 min. The data of Mishin et al. [1998, Figure
1] allow us to assume that L increases in this interval by a factor
of about 2.5. Then € increases ~6 times. Such a growth of €’
when M is constant implies a strong increase of effectiveness of
the primary magnetospheric power generator.

Thus, in the scenario considered, the substorm loading phase
includes the development of global tail stretching, in the course of
which the tail length increase several times. The DP 2 to DP 1
transition and development of the current wedge commence, and
the effectiveness of the primary magnetospheric power generator
increases by several times. Initial onset and associated closed flux
reconnection do not stop the tail stretching. The second onset may
represent a global instability that leads to a change of the global
tail stretching process for the tail collapse and a large-scale rear-
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rangement of the magnetic field and currents. The DP 2 to DP 1
transition and the development of the current wedge are then both
accelerated and completed. For a discussion of how these two on-
sets may be related to changing conditions in the solar wind, see
Russell [2000].

6.3. Substorms and Solar Flares

The scenario considered above contains some basic elements
of two alternative substorm models and, additionally, a nonlinear
global process named the tail stretching instability. Note that a
similar scenario was found to be typical of big solar flares. In this
scenario, two types of flare onsets exist called loop-top flares and
above-loop-top flares [Masuda et al., 1994]. These two types
compose two active phases, which develop successively in the
magnetosphere of the flare-producing region, after the growth
phase, during which the magnetosphere opens and free energy,
sufficient for the flare, is stored in the magnetotail. The first ac-
tive phase develops in the near tail and the second phase in the
middle tail of the flare-producing magnetosphere, and they are
created by processes, respectively, without and with open tail re-
connection [Shibata, 1998; Mishin and Falthammar, 1998, and
references therein].

7. Conclusions

Substorms frequently have two onsets. The first onset is small
and has been referred to as a trigger bay or a pseudobreakup
among other terms. The first onset occurs at lower latitudes than
the second onset and does not disrupt the continued buildup of
tail magnetic flux. The second onset occurs at higher latitudes and
clearly involves the reconnection of open magnetic tail flux. It is
this onset that is triggered by the interplanetary magnetic field
turning northward and it is the main expansion onset. These two
types of substorm onsets are distinct physical events. One of them
can be interpreted within the framework of the classical NENL
model but the other requires a new approach and some modifica-
tion of this model.
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