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Ballooning stability of near-Earth plasma sheet during the
March 23, 2007 THEMIS substorm event: A local analysis
P. Zhu,1 J. Raeder,2 K. Germaschewski,3 A. Bha‘ctachamjee,2 and C. C. Hegna1

In this work, we analyze the ballooning properties of the
near-Earth plasma sheet in the presence of magnetospheric
convection, during the March 23, 2007 THEMIS substorm
event. Using the solar wind data from WIND satellite ob-
servation for the substorm event as an input at dayside, we
reconstructed a sequence of global magnetospheric configu-
rations around the substorm onset by means of OpenGGCM
simulation, which closely matches the observation in terms
of onset timing. An approximate local dispersion relation
for ballooning instability in the presence of flow is evalu-
ated for the tail region when the configuration attains quasi
steady-state conditions. Our analysis of the near-Earth tail
region evolution during this substorm event starts to reveal
the correlation between the breaching of the ballooning sta-
bility condition and the substorm onset, in both time and lo-
cation. The analysis also indicates that the magnetospheric
convection appears to have little direct effect on the bal-
looning instability itself; rather it plays a profound role by
engaging the interaction between ballooning instability and
reconnection in the plasma sheet.

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
and simulations. On the other hand, it appears that the
trigger mechanism may actually involve multiple entangled
processes [ Voronkov et al., 2004]. In this work, we suggest a
particular multi-step process for the substorm onset, where
ballooning instabilities can be induced by reconnection and
convection that steepen the pressure gradient.

Most previous investigations of ballooning instabilities in
the near-Earth magnetotail have been carried out under the
assumption of a magnetostatic magnetosphere that is ab-
sent of either convection 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,
Pu et al., 1997; Bhattacharjee 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 magne-
tosphere exhibits persistent convection and reconnection in
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the tail region, which is often intermittent, as evidenced by
the presence of bursty bulk flows in both observations and
simulations. The three major processes, ballooning, recon-
nection, and convection, each may have contributed indis-
pensably to the onset of a substorm. The roles of each, and
the interactions among them, may hold a key to understand-
ing the trigger mechanism of substorm onset.

Recent observations from the multi-satellite mission
THEMIS and global MHD simulations of the March 23,
2007 substorm event (hereafter referred to as THEMIS sub-
storm event) provide a unique opportunity for us to ex-
amine more closely the roles of ballooning instability and
magnetic reconnection in the presence of magnetospheric
convection in the triggering of a substorm onset. Using
WIND solar wind data for the THEMIS substorm event, a
sequence of global magnetospheric configurations have been
reconstructed around the substorm onset by means of Open-
GGCM simulations [Raeder, 2003; Raeder et al., 2007]. Our
local ballooning analysis of the near-Earth magnetotail con-
figurations revolving around the onset event starts to reveal
the role of magnetospheric convection, the interaction be-
tween ballooning instability and reconnection, and the cor-
relation between the breaching of the ballooning stability
boundary and the substorm onset. In rest of this letter we
briefly report the analysis and findings.

The OpenGGCM simulation in this study covers a spa-
tial domain of  : [20, —500], y : [—36, 36], z : [—36, 36] where
GSM coordinates are used and one unit of length is the
Earth radius ( Rg ). The size of the nonuniform Cartesian
grid is 315 x 100 x 150, with (AZ)min = 0.29, (AY)min =
0.25, (A2)min = 0.16, where (AZ)min, (AY)min, (AZ)min are
the minimum grid spacings in three coordinate directions,
respectively. In order to reconstruct the THEMIS March
23, 2007 substorm event, the solar wind data from satel-
lite WIND near the dayside magnetopause is used to im-
pose the dayside boundary conditions. The ionosphere
boundary conditions are determined by the Coupled Ther-
mosphere Ionosphere Model (CTIM) [Fuller-Rowell et al.,
1996]. Shown in Fig. 1 is the pressure isosurface in the
entire spatial domain in actual scale, together with pres-
sure contours in equatorial and meridional planes at the UT
10:00 from simulation.

Figure 1. Pressure isosurface and pressure contours in
equatorial and meridional planes at UT 10:00 from the
simulation. The bounding box encloses the entire spatial
domain of simulation.



Dphi_max(

[nT]

[nT]

delbt_max
delbr_max]

[nT]

[nT]

delbt_min
delbr_min|

BzGSE
BxGSE

Disc_pre_flux_max

z (Re) 2 (Re) z (Re)
A N O N b

AN o N s

z (Re)
AN o N s

2
8

[
=

03
1500
1000

<500

ByGSE

4 [
, |
; ) |
» |
-4
! 0
5 10 15 20 25 30 35 40

-x (Re)

GEOPHYSICAL RESEARCH LETTERS, VOL. , XXXX, DOI:10.1029/,

2007:03:23:07:00:00.000

th112307x02

8

10

10

10

15

15

15

9

20

20

20

i
10

Time (hours)

Figure 2. Time series of ionosphere parameters during
UT 08:00~12:00 from simulation: Discrete and diffuse
auroral electron precipitation energy flux [mW /m?] (first
panel); maximum Knight potential (second panel); max-
imum (third panel) and minimum (fourth panel) ground
magnetic perturbations; magnetic field at upper stream
location (16,0,0) of bow shock (fifth panel).
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The time series of the discrete auroral electron precip-
itation energy flux from simulation indicates that the au-
rora brightening starts around UT 10:45, consistent with
the substorm onset timing also suggested by the time se-
ries of Knight potential and ground magnetic perturbation
(Fig. 2). The timing of the simulated substorm onset closely
matches the THEMIS ground and in-situ observations of the
event [Raeder et al., 2007]. The northward turning of the
magnetic field upstream of the bow shock occurs slightly
later than the onset time (Fig. 2). We now take a close look
at four representative snapshots of the near-Earth magneto-
tail configurations around the substorm onset. In particular
we focus on the series of pressure and tailward flow patterns
within the domain z : [-5, —40], z : [-5, 5] in the meridional
plane (Fig. 3).

e UT 10:00: The ionosphere and ground magnetic ac-
tivity levels are low, and the near-Earth region (—x ~
5 — 20 Rg ) of the plasma sheet is wide and moderately
stretched, as seen from the pressure pattern. At the same
time, the tailward flow pattern indicates that reconnection is
taking place around z = —31 Rg down in the middle mag-
netotail. The mid-tail reconnection produces a maximum
Earthward flow of about 400 km/s.

e UT 10:43: Asindicated from the ionosphere and ground
magnetic perturbation time series in Fig. 2, substorm onset
starts to initiate. The pressure pattern at that time shows a
substantial thinning and stretching of the near-Earth mag-
netotail. In the meantime, the reconnection site has moved
Earthward to around z = —10 Rg , where the plasma sheet
thinning occurs most. The maximum Earthward flow at this
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Figure 3. Pressure (left column) and tailward flow (right column) patterns in meridional plane at four time slices.
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reconnection site has now reduced to about 100 km/s, due
to the increase of pressure as well as the steepening of the
Earthward pressure gradient. The maximum tailward flow
out of the reconnection is about 500 km/s.

e UT 11:00: A full onset is in progress. In the near-
Earth region the pressure and its Earthward gradient con-
tinue to build up to their maximums during the time se-
ries, whereas the tailward flow due to the reconnection
around * = —10 Rg also almost doubled its magnitude
(~1000 km/s), indicating an enhanced level of reconnection.
The reconnection site has receded tailward to x = —16 Rg ,
and the previously stretched and thin plasma sheet in the
near-Earth region (—z S 10 Rg ) starts to dipolarize.

e UT 11:20: When the event enters the expansion phase,
the pressure and its gradient in the near-Earth region start
to decrease. The magnetotail configuration in that region
(—z S 10 Rg ) becomes further dipolarized. The tailward
flow from the reconnection site, which shifts sightly further
tailward to about © = —17 Rg , remains at the same high
level as earlier at UT 11:00.

The above time series of pressure and tailward flow pat-
terns clearly show the correlation between the plasma sheet
intensification and relaxation and the convection of the re-
connection site. Next we will look into how the ballooning
properties of the near-Earth plasma sheet evolve in that time
series.

For a magnetotail configuration in the presence of convec-
tion along the Sun-Earth (z) direction, its equilibrium can
be described by V(p+ pu2/2) = J x B, and correspondingly
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Figure 4. Interchange drive I'Z, line bending force I'Z.,, and convection contribution I'Z,, along line y = z = 0

near-Earth tail region at four representative times.
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the growth of its ballooning instability may be estimated

using the following relation
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and L;l = |dInp/dz|. Here I'ba is the ballooning growth
rate, ¥ the magnetic flux function defining the configura-
tion, £ the plasma displacement across the flux surface, kv
the normal component of magnetic curvature, p the mass
density, p the pressure, u, the tailward flow velocity, ua
the Alfvén speed, B the magnitude of magnetic field, and
[ the field line length. The line bending parameter I'pen,
interchange parameter I'iny, and the convection parameter
T'con represent the inverse of the time scales associated with
shear-Alfvén wave, interchange force, and convection, re-
spectively. Ballooning instability requires I'f;; > I't,, and
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T2, > T'f,.. The relation in (1) is basically an approxi-
mate local dispersion relation for a ballooning mode of the
magnetotail in presence of convection across flux surfaces.
In the local approximation and near marginal stability, the
influence of ionosphere boundary and the plasma compres-
sion may be ignored. A rigorous derivation of the relation in
(1), and the nonlocal eigenvalue analysis for the ballooning
mode will be reported in forthcoming papers.

‘We examine the overall ballooning properties of the near-
Earth plasma sheet during the substorm onset by evaluat-
ing the criterion (1) for the magnetotail configurations at
the same four representative time slices, as described in ear-
lier section. As the first step, the interchange parameter
I'Z,, the line bending parameter I'?,,, and the convection
parameter I'2,,, are evaluated along the y = 0,z = 0 line in
equatorial and meridional planes, for each time slice. The
results are shown in Fig. 4 and summarized below.

e UT 10:00: At this stage, most of the near-Earth tail
region between x = —7.5 Rg and x = —30 Rg is marginally
unstable. For —z < 7.5 Rg and —z 2 30 Ri , the line bend-
ing force T}, is dominant, whereas in between (—x ~7.5-
30 Rg ), the line bending force T'Z,, significantly drops,
forming a “well” shaped profile for I',,. Within this well
shaped region, the magnitude of I'} ., is comparable to and
slightly smaller than that of the interchange force I'Z,, re-
sulting in a marginally unstable state. The contribution
from convection directly to ballooning growth, as estimated
by T'Z.,., is rather small in the entire tail region considered.

e UT 10:43: Around this time when the onset initiates,
the shape of the well in the field line bending force appears
largely unchanged. The overall balance between Fchn and
I'Z, is similar to the previous time stage, and the near-Earth
tail region remains marginally stable.

e UT 11:00: The ballooning properties of the near-Earth
tail region dramatically change during this full onset phase.
The width of the well in the field line bending force signifi-
cantly shrinks from 22.5 Rg at UT 11:00 to about 7.5 Rk ,
and the center (bottom) of the well shifted from 17.5 Rg to
around 10 Ry , due mostly to the Earthward shift of the
tail-side boundary of the well. Within the well, the inter-
change drive I'Z; rises to peak values (~ 0.01 —0.0375) that
are 2 to 7 times larger than previous time slices (~ 0.005).
Since the direct contribution from convection I'Z,, remains
negligibly low, the surge of the interchange drive I'Z, in the
localized well between 6 Rp and 14 Rg , makes this narrow
region in the near-Earth tail ballooning unstable.

e UT 11:20: In this phase, the well in the field line bend-
ing force has shrunk to a very narrow region around 14 Rg ,
within which the line bending force I'Z; and the interchange
drive I'Z, becomes comparable again. As a result, the near-
Earth tail region becomes stable or marginally stable to bal-
looning instability.

The above development of ballooning properties shows a
close correlation between the breaching of local ballooning
instability criterion and the full onset of the substorm event
in both time and location. Over the entire near-Earth tail
region and its progression, the tailward and Earthward con-
vections do not seem to directly affect ballooning instability
itself.

However, the Earthward convection in magnetotail ap-
pears to play a rather profound role leading to the substorm
onset, by connecting and coupling the middle tail recon-
nection and the near-Earth tail ballooning processes. Our
simulation and analysis indicate that it is the Earthward
convection of the tail reconnection site that leads to the
build-up of the pressure gradient and the surge of inter-
change drive, as well as a weakening of line-bending force in
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the near-Earth region (—z ~ 6 — 14 Rg ). Note that there
is a short time delay of 17 minutes between the arrival of
the reconnection site at about * = —10 Rg at UT 10:43
(Fig. 3) and the surge in interchange drive and ballooning
growth in the 6 — 14 Rg region at UT 11:00 (Fig. 4). It
is conceivable that the Earthward convection of the recon-
nection site as well as the Earthward flow from reconnection
itself has preconditioned the near-Earth tail region for the
rise of ballooning instability in a narrow temporal and spa-
tial window that coincides and may actually lead to the full
onset of the substorm event. The greatly enhanced recon-
nection as indicated by the increased level of tailward flow
from reconnection site at and after the full onset (UT 11:00)
could be one outcome of the sudden rise of ballooning insta-
bility in the 6 — 14 Rg region. It is worth noting that the
observations here on the interaction among convection, re-
connection, and ballooning instability leading to the onset of
substorm is consistent with the similar findings from an ear-
lier ballooning analysis of the magnetospheric configurations
obtained from a 2D Hall MHD simulation of the substorm
onset process [Zhu et al., 2003; Ma and Bhattacharjee, 1998].

In summary, the local marginal ballooning criterion that
crudely takes into account the effects of convection is applied
to the analysis of the near-Earth magnetotail configurations
obtained from OpenGGCM simulations for the THEMIS
substorm event on March 23, 2007. Simulation and anal-
ysis indicate that the full onset event is closely correlated
to the breaching of ballooning criterion in both time and lo-
cation. The Earthward convection in the magnetotail does
not directly affect ballooning instability itself; rather, the
Earthward convection of the reconnection site appears to
help set up a favorable condition for the onset of a robust
ballooning instability by building up the pressure gradient
and weakening the line-bending force in the near-Earth tail
region.

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. Global ballooning analysis by solving
the eigenmode equations along each flux tube under exact
boundary conditions will be reported in subsequent publi-
cations.
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