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Abstract. In this work, an alternative scenario for the sub-
storm onset process is proposed, based on ideal ballooning
stability analysis of the near-Earth plasma sheet during the
March 23, 2007 THEMIS substorm event. In this scenario,
the ballooning instability is initiated by the magnetic recon-
nection in the near-Earth plasma sheet, which in turn directly
contributes to the trigger of a full onset. Using the solar wind
data from WIND satellite observation for the substorm event
as an input at dayside, we reconstructed a sequence of global
magnetospheric configurations around the substorm onset by
means of OpenGGCM simulation. These simulations have
reproduced most of the salient features, including the on-
set timing, observed in the THEMIS substorm event (Raeder
et al., 2008). The local ballooning instability criterion is eval-
uated for the near-Earth plasma sheet region when the con-
figuration attains a quasi-static equilibrium condition. Our
analysis of the evolution of the near-Earth magnetotail region
during this substorm event reveals a correlation between the
breaching of the ballooning stability condition and the sub-
storm onset in both temporal and spatial domains. The anal-
ysis suggests that the Earthward bulk plasma flow induced by
the reconnection event in the near-Earth plasma sheet, leads
to the pressure build-up and creates a favorable condition for
the initiation of the ballooning instability in that same region.

1 Introduction

Conventional scenarios of the substorm onset event invoke
either current disruptions at the near-Earth magnetotail or
magnetic reconnection processes in the middle magnetotail.
Both scenarios have been built on suggestive but sometimes
ambiguous observational and theoretical evidence (See, for
example, (Lui, 2003)). The ambiguity results in part from
the lack of sufficient resolution in data, in both observations
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and simulations. On the other hand, it appears that the trig-
ger mechanism may actually involve multiple entangled pro-
cesses (Voronkov et al., 2004). In this work, we suggest an
alternative scenario that involves multiple processes for the
substorm onset, based on a ballooning analysis of the near-
Earth plasma sheet during the March 23, 2007 THEMIS sub-
storm event.

Most previous investigations of ballooning instabilities in
the near-Earth magnetotail have been carried out under the
assumption of a magnetostatic magnetosphere that is absent
of either flow or reconnection (Miura et al., 1989; Hameiri
et al., 1991; Lee and Wolf, 1992; Pu et al., 1992; Ohtani
and Tamao, 1993; Hurricane et al., 1995, 1996, 1997; Bhat-
tacharjee et al., 1998; Cheng and Lui, 1998; Lee, 1999; Wong
et al., 2001; Crabtree et al., 2003; Zhu et al., 2003; Cheng and
Zaharia, 2004; Schindler and Birn, 2004; Zhu et al., 2004,
2007). In reality, the magnetosphere exhibits persistent con-
vection and reconnection activities in the magnetotail region,
which is often intermittent, as evidenced by the presence of
bursty bulk flows (BBF) in both observations and simula-
tions. The major processes in the near-Earth plasma sheet,
ballooning, reconnection, and plasma bulk flow, each may
have contributed indispensably to the onset of a substorm.
The roles of each, and the interactions among them, may
hold a key to understanding the trigger mechanism of sub-
storm onset.

Recent observations from the multi-satellite mission
THEMIS of the March 23, 2007 substorm event (hereafter
referred to as the THEMIS substorm event) provide a unique
opportunity for us to examine more closely the roles of bal-
looning instability and magnetic reconnection in the trigger-
ing of a substorm onset in a dynamically evolving magne-
tospheric configuration (Angelopoulos, 2008; Keiling et al.,
2008). Using WIND solar wind data for the THEMIS sub-
storm event, a sequence of global magnetospheric config-
urations have been reconstructed around the substorm on-
set by means of OpenGGCM simulations (Raeder, 2003).
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These simulations have reproduced most salient features of
the observation (Raeder et al., 2008). Our local ballooning
analysis of the near-Earth magnetotail configurations recon-
structed from OpenGGCM simulations starts to reveal the
role of magnetospheric convection and bulk plasma flow, the
interaction between reconnection and ballooning instability,
and the correlation between the breaching of the ballooning
stability criterion and the substorm onset. From those anal-
yses, an alternative scenario has emerged in which the re-
connection process in the near-Earth plasma sheet, through
the resulting Earthward plasma flow, is able to initiate a bal-
looning instability, which in turn directly contributes to a full
disruption of that region.

2 Simulation Setup

The OpenGGCM simulation used in this study covers a spa-
tial domain of x : [20,−500], y : [−36, 36], z : [−36, 36]
where the GSM coordinates are used and normalized by the
Earth radius ( RE ). The size of the nonuniform Cartesian
grid is 630 × 200 × 300. In the near-Earth plasma sheet
region (x : [−5,−40], y : [−5, 5], z : [−5, 5], unit: Earth ra-
dius), which is of primary interest for this paper, the typical
grid spacings are in the ranges of 0.145 < (∆x) < 0.147,
∆y ∼ 0.25, and ∆z ∼ 0.16. The grid spacings minimize
around y = 0 and z = 0 planes, and increase monotonically
in the tailward direction. The major simulation results re-
main qualitatively similar at higher spatial resolution. To re-
construct the THEMIS March 23, 2007 substorm event, the
WIND solar wind data at the upstream of bow shock is im-
posed as the dayside boundary conditions. The ionosphere
boundary conditions are determined by the Coupled Ther-
mosphere Ionosphere Model (CTIM) (Fuller-Rowell et al.,
1996).

3 Simulation Results

The maximum electron precipitation energy flux for dis-
crete aurora from simulation indicates that the start of the
first aurora intensification occurs shortly before 10:45 UT,
consistent with the time series of Knight potential and
ground magnetic perturbation (Fig. 1). Whereas the tim-
ing of the first intensification in simulation is slightly ear-
lier than that recorded by THEMIS ground and in-situ obser-
vations (which is around 10:54 UT), comparisons of many
other features of the event have shown considerable agree-
ment (Raeder et al., 2008). The WIND data upstream of the
bow shock suggests the northward turning of the magnetic
field at the day side magnetopause occurs later at ∼11:10
UT (Fig. 1)(Raeder et al., 2008).

We now take a closer look at four representative snapshots
of the near-Earth magnetotail configurations from 10:10 UT
to 10:43 UT prior to the first aurora intensification. In par-
ticular we focus on the series of pressure and tailward flow

patterns within the domain x : [−5,−40], z : [−5, 5] in the
meridional plane (Fig. 2).

Around 10:10 UT, the ionosphere and ground magnetic
activity levels are low, and the near-Earth region (−x ∼
10− 20 RE ) of the plasma sheet is moderately stretched, as
seen from the pressure pattern. The plasma sheet stretching
and thinning reaches the maximum extent at about 10:15 UT,
with the thinnest point located around 12 RE . Soon after-
ward, the pressure contours at 10:35 UT and 10:43 UT indi-
cate the formation and recession of a plasmoid-like structure
in the tailward direction. Before the formation of the plas-
moid (10:10 UT and 10:15 UT), the pressure profile in the
near-Earth region is flat along x direction, but the peak value
of the pressure starts to increase from 700 pP to 900 pP. Af-
ter the plasmoid formation (10:35 UT and 10:43 UT), there
is a dramatic steepening of the pressure profile in the re-
gion −x <∼ 10 RE , with the peak pressure value reaching
2300 pP.

During the same period, a weak bipolar flow, in both
Earthward and tailward directions, starts to appear at 10:10
UT and becomes prominent at 10:15 UT, with the stagna-
tion site located around x = −10 RE in the equatorial plane,
as seen in the tailward flow contours. The stagnation site,
along with the flow pattern, steadily recedes tailward, reach-
ing x = −17 RE at 10:43 UT. The formation of the bipolar
flow coincides with the thinning of the plasma sheet, and the
initial stagnation site locates at the thinnest section of the
plasma sheet near x = −10 RE . The development of the
bipolar flow pattern and the plasmoid-like structure indicate
that the occurrence of a reconnection event in the near-Earth
plasma sheet around x = −10 RE well before the first sub-
storm intensification.

The initial near-Earth reconnection event at 10:15 UT re-
sults in a partial dipolarization and a tailward flow in the
region −x <∼ 10 RE . One major consequence of the tail-
ward flow induced by the reconnection is a dramatic pres-
sure build-up in that same region at 10:35 and 10:43 UT. As
shown next, that in turn initiates the ballooning instability of
the near-Earth plasma sheet.

4 Ballooning Analysis

We use the conventional local dispersion relation

Γ2 = −Γ2
ben + Γ2

int, (1)

to evaluate the ballooning instability of the near-Earth plasma
sheet at the above four representative times. Here, Γ is the
linear growth rate, Γ2

ben ≡ k2
‖u

2
A

<∼ (uA/RE)2 represents the
line bending strength, Γ2

int ≡ 2ρ−1BκΨ(dp/dΨ) measures
the pressure gradient drive due to unfavorable magnetic cur-
vature (which we refer to as “interchange drive” in the rest
of this paper), Ψ denotes the magnetic flux function defin-
ing the configuration, κΨ the normal component of magnetic
curvature, ρ the mass density, p the pressure, uA the Alfvén
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speed, B the magnitude of magnetic field, and k‖ the parallel
wavenumber.

The local ballooning stability criterion in (1) is valid for
configurations that are quasi-static. An appropriate form of
the quasi-static condition is given by

|J×B−∇p|
ρLeqΓ2

� 1, (2)

the left hand side of which measures the ratio of the insta-
bility growth time to the configuration evolution time. This
condition is well satisfied in the substorm growth phase in
the near-tail region as reconstructed from simulation. Here
J is the plasma current, and Leq ∼ RE is the configuration
scale length. In addition, for a conservative estimation of the
line-bending stabilization, a maximum value of k‖ ∼ R−1

E

is assumed, which indicates a strong localization of the bal-
looning structure along the field line. Hence, the influence
of ionosphere boundary and the plasma compression are ig-
nored in (1).

The interchange drive Γ2
int and the line bending strength

Γ2
ben are evaluated along the y = 0, z = 0 line in the

equatorial and meridional planes, for each of the four time
slices prior to the first substorm intensification (Fig. 3). At
all times, the near-Earth magnetotail is ballooning stable in
the region that is Earthward of the inner plasma sheet edge
(−x <∼ 7.5 RE ) due to strong dipole field and tailward-
increasing pressure profile.

At 10:10 UT, only the region 13 RE
<∼ −x <∼ 17 RE is

weakly ballooning unstable because of an slightly enhanced
interchange drive due to an increased magnetic curvature
of the moderately stretched plasma sheet in the equatorial
plane. At 10:15 UT, the entire near-tail and mid-tail re-
gion becomes marginally stable to ballooning instability, al-
though the balance between interchange and line bending
is different in the near-tail than in the mid-tail. The pre-
vious interchange drive peak at x ∼ −15 RE disappeared
due to pressure profile flattening, while the peak moved to
x ∼ −10 RE due to a slightly steepening of pressure profile
there. However, the line bending strength is enhanced even
more in the x ∼ −10 RE region as the result of a moder-
ate dipolarization. As mentioned earlier, both the pressure
steepening and the dipolarization are induced by the initial
reconnection event.

The interchange drive peaked around x ∼ −10 RE con-
tinues to grow because of the continuing pressure steepening
induced by the Earthward flow. At 10:35 UT, the growth of
the interchange drive starts to surpass that of the line bend-
ing strength in that same near-tail region. By 10:43 UT,
the near-tail region between −7.5 RE and −14 RE becomes
strongly ballooning unstable, where the interchange drive is
significantly enhanced while the line bending strength has
remained at a relatively low level. After 11:00 UT, anal-
ysis indicates the interchange drive (line bending strength)
starts to decrease (increase), and the near-tail region becomes
marginally ballooning stable again.

The above development of ballooning properties shows a
close correlation between the breaching of local ballooning
instability criterion and the initial onset of the substorm event
in both time and location. The Earthward bulk flow in the
near-Earth tail appears to play a profound role by connecting
and coupling the near-Earth tail reconnection and ballooning
processes. Our simulation and analysis indicate that it is the
Earthward flow generated by the near-tail reconnection event
that leads to the build-up of the pressure gradient and the
surge of the ballooning instability. The ensuing full onset
process could be the direct outcome of the sudden rise of
ballooning instability in the −x = 7− 15 RE region.

5 Conclusions

In summary, a local ballooning analysis has been applied
to the near-Earth magnetotail configurations obtained from
OpenGGCM simulations for the THEMIS substorm event
on March 23, 2007. Simulation and analysis indicate that
the full onset event is closely correlated to the breaching
of ballooning criterion in both time and space. The Earth-
ward bulk flow induced by a reconnection event in the near-
Earth plasma sheet region appears to help set up a favorable
condition for the onset of a robust ballooning instability by
building up the pressure gradient in that region. The bal-
looning instability could serve as an immediate trigger of
the near-Earth current sheet disruption and the full onset pro-
cess. Our analysis leads to an alternative scenario that may
resemble both the near-Earth neutral-line model (McPher-
ron et al., 1973) and the near-Earth current- sheet-disruption
model (Lui et al., 1988) for substorm onset. In fact, the new
alternative scenario has also the potential to integrate the two
previous models into a unified near-Earth trigger, in-out ex-
pansion paradigm of substorm onset. It is worth noting that
the initial near-Earth reconnection event in simulation occurs
near a Bz minimum where the Bz is sufficiently weak but
nonzero, and the reconnection process does not have to form
an X-line in that region since a tearing instability can arise
in presence of a weak but finite Bz (Sundaram and Fairfield,
1997; Sundaram, 2008). Only after the reconnection site re-
cedes to the mid-tail region does an X-line start to appear.
That is what has been observed in the highly stretched thin
plasma sheet region near the Bz minimum in our simulation,
which may hold the key to unifying the two previous onset
models. The significance of the formation of a Bz minimum
in the near-Earth plasma sheet was previously noted by Er-
ickson (1992).

The local ballooning analysis in this letter is a first step
aimed at identifying the roles of convection, ballooning, and
reconnection in a substorm onset process, to lowest and
dominant order. The favorable results in this work encour-
age further global ballooning analysis that involves solving
the eigenmode equations along each flux tube under exact



4 ZHU ET AL.: INITIATION OF BALLOONING INSTABILITY BY RECONNECTION

boundary conditions, which will be reported in subsequent
publications.
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Fig. 1. Time series of ionosphere parameters during 08:00 UT
∼14:00 UT from simulation: Discrete and diffuse auroral elec-
tron precipitation energy flux [mW/m2] (first panel); maximum
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mum (fourth panel) ground magnetic perturbations; magnetic field
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Fig. 2. Pressure (left column) and tailward flow (right column) patterns in meridional plane at four time slices prior to the first substorm
intensification.
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