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[1] THEMIS five‐point observations on April 8, 2009 were used to study thinning of the
current sheet in the near‐Earth tail that led to the onset of a small substorm. Taking
advantage of a fortuitous alignment of the five spacecraft near 2300 LT and 11 RE and
within 1.5 RE of the current sheet center, latitudinal gradients are analyzed. A significant
latitudinal pressure gradient is present indicating the necessity of a (J × B)z force to
maintain the pre‐onset equilibrium state. During thinning the total pressure remained
approximately constant at all spacecraft rather than increasing. Within the plasma sheet,
magnetic field strength increased while plasma pressure decreased due to decreasing
temperature. We present a comprehensive explanation for the relationship between the
thinning, the stretched structure, and development of intense current density. Our analysis
of this event suggests that (1) the thinning in this event is an MHD force‐balanced
self‐evolving process and is not a forced process due to an increased lobe field; (2) the
thinning changes flux tube structure in length and curvature but not significantly in
volume; (3) the thinning evolves with a change of the radial plasma pressure profile in the
near‐Earth tail, which is associated with a locally intensified current sheet. The conclusion
is that the increased lobe field strength is not the necessary and the primary cause for
cross tail current sheet thinning but rather thinning can occur within the plasma sheet as a
result of unknown internal processes.
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1. Introduction

[2] The cross‐tail current sheet exists in the magnetotail
as a permanent feature, and it exhibits both slow and rapid
temporal variations. Thinning of the plasma sheet and the
embedded current sheet is revealed as an increasing mag-
netic pressure, and such thinning is known as a typical har-
binger of substorm onset in the magnetotail [e.g., Nishida
and Hones, 1974; Nagai et al., 1997]. These tail signatures
led to the widely accepted scenario that the thinning of the
plasma/current tail is a signature of energy‐transfer from solar
wind into the magnetosphere caused by compression of the
lobe field. In the event described below we will describe a

small substorm where thinning occurs in the absence of an
increasing lobe field strength: an observation that suggests
that an internal plasma sheet process leads to a formation
of a weak equatorial field that may be susceptible to an
instability.
[3] The conventional picture for thinning and its relation-

ship to a substorm is as follows. Southward turning of inter-
planetary magnetic field enhances magnetic reconnection and
polar cap convection as magnetic field lines are transported
to the nightside magnetosphere, increasing the magnetic flux
and the diameter of the tail [Maezawa, 1975]. An increased
component of the solar wind pressure normal to more flared
magnetopause compresses the tail and creates the thinned
current sheet. The thinned current sheet is thought to be sus-
ceptible to magnetic reconnection and substorm onset. This
picture is invoked as our conventional understanding of
growth phase of substorm and has been modeled exten-
sively. Still processes within the plasma sheet have not been
fully revealed nor theoretically explained. One of the critical
and unanswered question is how a global magnetospheric
convection of flux transport leads to the evolution of the
plasma sheet and finally form a weak field regions or a near‐
Earth neutral line at X = −10 to −30 RE.
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[4] Erickson and Wolf [1980] investigated the adiabatic
compression of a magnetotail flux tube convecting earthward
and found that this will result in a greatly enhanced pressure
in the near‐Earth tail. Since such pressures are not observed,
it was concluded that sunward convection must be an unsteady
process. Later, Hau et al. [1989] and Hau [1991] constructed a
steady force‐balanced MHD model in which the magnetotail
has a broad minimum in the equatorial magnetic field strength
in the near‐Earth plasma sheet. In such a model, steady con-
vection becomes possible. Such a profile has been found to
be maintained persistently before the substorm onset [Saito
et al., 2010], proving observational support of the idea that Bz
evolves in a manner that the excess pressure issue is avoided.
During the growth phase, intense cross‐tail current density is
required in the near‐Earth tail to account for the observed
increasingly stretched field [Kaufmann, 1987]. It is often spec-
ulated that increasing plasma pressure due to enhanced con-
vection may account for the increase of the cross‐tail current
density [e.g., Zaharia and Cheng, 2003].
[5] To better understand the physics within the plasma

sheet, we tentatively suggest that during plasma sheet thin-
ning the following changes may or may not be observed:
an increase in the lobe field strength, the development of
plasma pressure gradient in radial direction, and the forma-
tion of the weak field region. A deepening minimum B is
consistent with observations of high beta values of 50 just
prior to onsets [Lui et al., 1992; Saito et al., 2008] which may
importantly influence substorm onset physics. See Samson
and Dobias [2005] for a high beta disruption scenario. A
similar scenario emphasizing the role of the high beta on
closed field lines has also been suggested for solar flares
[Shibasaki, 2003]. The stability of 2D (x, z) magnetotail in a
high beta plasma has been examined both theoretically and
numerically by various authors studying the ballooning insta-
bility [e.g.,Miura et al., 1989; Lee and Wolf, 1992;Hurricane,
1997; Pu et al., 1997; Bhattacharjee et al., 1998; Cheng and
Lui, 1998; Horton et al., 2001; Zhu et al., 2007; Pritchett
and Coroniti, 2010; Raeder et al., 2010] and also the tear-
ing instability [Sitnov and Schindler, 2010]. Collisionless
plasmas in inhomogeneous magnetic fields are subject to
various kinetic effects such as bounce motion of particles.
These effects impose a low frequency limit for the appli-
cability of fluid or MHD description [Pellat et al., 2000;
Le Contel et al., 2000a, 2000b]. Such a fluid or MHD descrip-
tion of the ballooning instability is not a priori valid for
magnetotail plasma but is likely a posteriori verified for the
model magnetotail of |X| < 15 RE for modes with a growth
rate larger than the ion bounce frequency [Miura, 2004].
[6] It has been difficult to study the event‐to‐event var-

iations and the temporal evolution of the spatial profiles of
plasma sheet changes using a single spacecraft measure-
ment. However, if we have multipoint measurements which
allow us to examine the gradient of both field and plasma,
we can track changes of spatial structures in 2D (x, z)
geometry as follows. The tail plasma sheet in a quasi‐steady
slow‐flow state may be approximated by the MHD force
balance equation [cf. Kaufmann et al., 1997]

rP ¼ J� B ð1Þ

where P is plasma pressure, J is current density, and B is
magnetic field. Noting the vector identity 2B × (r × B) =
rB2 − 2(B · r)B where B = |B|, equation (1) can be written
into the relationship between total pressure Pt and magnetic
field structure:

rPt ¼ ��1
0 B � rð ÞB ¼ 2PbK ð2Þ

where Pb = B2/2m0 is the magnetic pressure, m0 = 4p ×
10−7 Hm−1 and K is the curvature of the magnetic field
defined by

K ¼ B � rð ÞB
B2

ð3Þ

Measurements of the gradient in total pressure will provide
the curvature of a magnetic field line. From equation (1),
(J × B) ? B, we also obtain the expression

B � rP ¼ 0 ð4Þ

In MHD force‐balanced conditions, plasma pressure is con-
stant along a magnetic field line. A plasma pressure obtained
at a distance from the equator can be extrapolated to the
equator along magnetic field lines.
[7] Equatorward motion of the aurora is frequently observed

before a substorm onset. It is natural to expect that thinning
of the current/plasma sheet and its associated earthward
motion is a corresponding signature in the magnetotail for
this slow change. Obtaining the spatial profile at the mag-
netic equator is important for solving the long‐standing map-
ping problem between the ionosphere and magnetosphere.
According to the Vasyliunas equation which may be derived
from equation (1) [Vasyliunas, 1970; Zaharia and Cheng,
2003]:

Jk
B
¼ Beq

B2
eq

� rV �rPeq

� � ð5Þ

where V is the magnetic flux tube volume per unit flux. The
left hand side and the right hand side are the quantities in
the ionosphere and in the magnetosphere, respectively. The
field‐aligned current in this equation is due to the three‐
dimensional geometry of the plasma sheet where adjacent
flux tubes support different magnitude of the perpendicular
currents in the equilibrium. The equatorward motion of aurora
during the growth phase may be mapped to the changes of the
equatorial profile of plasma pressure P or the magnetic flux
tube volume per unit flux V.
[8] This study is concerned with the structure and force

balance of the current sheet observed near‐Earth (X ∼ −11 RE)
before and during the thinning of the tail plasma sheet. We
will explain how the thinning of the tail, which occurs without
an increase in lobe field strength, is related to the forma-
tion of intense current density and formation of a weak field
region in the near‐Earth tail. Section 2 presents the model and
parameters computed from gradient measurements. Section 3
discusses the result and their physical meanings that are
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relevant to plasma behaviors during thinning, the formation of
the current sheet, the structure of flux tube, and equatorward
motion of aurora. Section 4 summarizes the conclusions.

2. Model and Equations for Analysis

2.1. Model Assumptions

[9] Any parameter A with spatial variation along a given
direction can be obtained by two‐point measurements along
that direction in a local Cartesian system:

DA ¼ @A

@r
Dr þ @A

@�
D�þ @A

@z
Dz ð6Þ

where ∂A/∂r, ∂A/∂�, and ∂A/∂z represent actual spatial var-
iations. In this study, we examine the thin plasma sheet
observed by multiple spacecraft with separations of Dr ∼
D� ∼ Dz. When the spacecraft have similar r and � posi-
tions, we may assume the pronounced z variations and locally
two‐dimensional geometry:

@A

@z

����
���� � @A

@r

����
���� ð7Þ

@A

@�
’ 0 ð8Þ

The above assumptions are applicable to a thin current
sheet geometry observed for the event to be studied here
and previously shown by Saito et al. [2010], who examined
the spatial profiles of the magnetic field. Both radial and
z components of the magnetic field are well ordered by the
z position of the five spacecraft, while they are not well
ordered by r and �. Under these assumptions, we obtain the
latitudinal (Z) gradient.

2.2. Equations for Analysis

[10] When gradient is available for only one direction z,
two points at zi and zj separated by Dz = zi − zj give the
gradient at zc = (zi + zj)/2. The pressure gradients are

rzP ¼ DP

Dz
ð9Þ

rzPt ¼ DPt

Dz
ð10Þ

The cross‐tail current density and latitudinal component of
the J × B force are calculated as follows. The radial gradient
is not obtained, but we assume it is negligible, which should
be approximately true in thin geometry. The cross‐tail cur-
rent density is given by

J? ¼ 1

�0

@Br

@z
� @Bz

@r

� �
ð11Þ

which can be approximated by

J?;approx: ¼ 1

�0

DBr

Dz
ð12Þ

Similarly,

J� Bð Þz ¼ 1

�0
JxBy � JyBx

� �

¼ 1

�0
By

@Bz

@y
� By

@By

@z
� Bx

@Bx

@z
þ Bx

@Bz

@x

� �
ð13Þ

J� Bð Þz;approx:¼
1

�0
�By

DBy

Dz
� Bx

DBx

Dz

� �
ð14Þ

Assuming the latitudinal MHD force balances, the latitudi-
nal component of the magnetic field line curvature is esti-
mated from the total pressure gradient from equation (2):

Kz ¼ rzPt

2Pb
ð15Þ

The definition of the field line curvature by equation (3) is
different from the one k = (b ·r)b, where b = B/B, however
they are related by

2PbK ¼ 2Pbk þ 1

�0
B � rð ÞB ð16Þ

They represent qualitatively the same field line structure only
when the second term of the right hand side is negligible
and will not change the sign of the z component of the cur-
vature vector. The deduced radius from equation (15), there-
fore, requires caution when reconstructing the actual field
line structure based on that radius when significant presence
of the gradient in the magnetic field strength.

3. Results and Discussion

[11] This analysis uses THEMIS spacecraft data from the
substorm event on April 8, 2009 studied by Saito et al. [2010].
All five THEMIS probes [Angelopoulos, 2008; Frey et al.,
2008] in formation flight with identical instrumentation
are used to reveal the latitudinal profile of the current sheet.
The magnetic field data are from the fluxgate magnetom-
eters on 2 m booms [Auster et al., 2008]. Though their sam-
pling rate is as much as 64 Hz, we use averaged values over
3 s and 5 min. The plasma distributions are calculated by
combining Electrostatic Analyzers (ESA) [McFadden et al.,
2008a] and Solid State Telescopes (SST) data. See appendix
for further details on the plasma moment calculation.

3.1. The Event and Probe Alignment

[12] Figure 1 shows THEMIS five‐spacecraft time series
data of their locations in Geocentric Solar Magnetospheric
System or GSM (thick) and Solar Magnetic or SM (thin
dashed) coordinate systems and magnetic field observations
in GSM coordinates from 6 to 8 UT during the substorm
on April 8, 2009. THEMIS probes, P1, P2, P3, P4, and P5
were located from north to south in this order, all within
1.5 RE of the magnetic equator near X ∼ −11 RE and Y ∼
4 RE. Probes P1 to P4 were located in the northern hemi-
sphere with P4 being the closest to the magnetic equator.
The probe locations of X and Y are virtually identical in both
coordinates. Owing to the dipole tilt angles of −2.6, −1.4
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and 0.25 degrees for 6 UT, 7 UT and 8 UT, respectively,
Z locations show slight differences which vary as function
of time. The THEMIS dipolarization at ∼0700 UT corre-
sponded to a small substorm onset with a negative H per-
turbation at Snap Lake at 71 degrees magnetic latitude that
was near the 2300 MLT of THEMIS. The maximum depres-
sion of 180 nT was much larger than that at any other obser-
vatory and it was the only perturbation during a very quiet
day. The IMF was very weak with Bz ∼ −1 nT in GSM with
almost constant solar wind dynamic pressure of 2 nPa.

3.2. Observation Results

[13] Figure 1 includes the interval before and during the
thinning of the cross‐tail current and the time after the dipo-
larization onset. The interval of interest in this study between

6 and 7 UT has been previously studied by Saito et al. [2010].
They analyzed the spatial profile of Bz and found the forma-
tion of a magnetic field minimum from 0640 UT to 0656 UT.
This is also the interval before the dipolarization onset at
0656 UT when the magnetic field data indicated thinning
of the current sheet. This current sheet thinning was seen by
probes P2, P3, and P5 which showed a systematic increase of
|Bx| from 0640 UT (first vertical line) to 0656 UT (second
vertical line). It is significant that such a |Bx| increase was
absent for P1 in the outer most part (farther from the equator)
of the current sheet and P4 in the inner part (closer to the
equator). This magnetic behavior is not consistent with the
idea that the thinning is caused by the increase of the lobe field
strength. This point will be further investigated with plasma
data and will be elaborated below.

Figure 1. Locations and magnetic field data during the April 8, 2009 substorm observed by five THEMIS
spacecraft. Each color represents values at each probe: P1 (red), P2 (green), P3 (cyan), P4 (blue), and
P5 (magenta). Two vertical lines indicate the interval during thinning (06:40‐06:56 UT).
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[14] Figure 2 shows temporal evolution of the calculated
plasma and magnetic parameters for the five probes for the
same intervals as Figure 1. The colors are the same format
used for Figure 1. Before the dipolarization onset at 0656 UT,
the ion and electron pressures Pi and Pe at various locations
depend on their relative distance from the center of the
plasma sheet. It should be noted that the behavior of various
parameters suggest that this center is actually located at about
0.2 RE south of the solar magnetospheric equator and the
relevant spacecraft positions are between the solar mag-
netic and solar magnetospheric positions in Figure 1. These
assumptions explain why P1 pressure is larger than P5, why
P3 pressure is greater than P5, and why Bx at P4 is signif-
icantly positive. Similarly, magnetic pressures Pb, which are
primarily due to the radial component of the magnetic field,
also vary with respect to the center of the current sheet in an

inverse manner. On the other hand, plasma density depends
less on location both before and during the thinning.
[15] The thinning of the tail current sheet observed by P2,

P3, and P5 was associated with an increase of the magnetic
pressure and a decrease of the plasma pressure, keeping the
total pressure Pt = Pb + Pi + Pe approximately constant.
Therefore the thinning cannot be explained simply as a con-
sequence of the increased magnetic field strength in lobe.
Note that there was no increase in plasma pressure observed
during the thinning. This indicates the intense current cannot
be explained simply by pressure build up due to enhanced
convection, which is thought to result in the increase of
plasma pressure at the earthward edge of the plasma sheet.
The decrease of plasma pressure observed by P2, P3, and P5
during thinning was due to the decrease of temperature,
while density was weakly variable both in time and in

Figure 2. Ion density, temperature and ion, electron, magnetic, and total pressures for five probes. Each
color represents values at each probe. Colors and vertical lines are the same as Figure 1.
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location. The temporally constant density indicates that the
plasma in the tail is incompressible during the thinning of
the cross‐tail current.
[16] The total pressures stayed almost constant in time

for each probe, but probes P1 and P2 with a Z separation of
∼0.5 RE exhibited a significant difference implying a signif-
icant gradient in outer current sheet both before and during
the thinning of the tail. The inner probes P3 and P4 with a
Z separation of ∼0.2 RE showed no gradient in total pressure
at the inner part of the current sheet before the thinning but
showed a gradient during the thinning. In quasi‐static MHD
force‐balanced state, the gradient in total pressure implies a
tension force of the curved field lines (equation 15), which
means that the change of total pressure gradient indicates a
change of the flux tube structure.
[17] Figures 3 and 4 illustrate spatial profiles of the cur-

rent sheet at 0620 UT and at 0650 UT respectively which
represent characteristics before and during the thinning. The
spatial profiles are constructed from 5‐min averages of the
various parameters, which are plotted versus probe locations
in Z. Figures 3 and 4 show that parameters are well ordered
by Z, being consistent with the thin tail‐geometry approxi-
mation. The top panels show densities, temperatures, and

pressures for ions (triangles) and electrons (squares). The
approximately 20% differences between electron and ion
density measurements in Figures 3 and 4 attribute to errors
in both ion and electron detection system. The ion density
observations can be affected by background count and the
assumption that all ions are protons [McFadden et al., 2008b],
while the electron density observations suffer the effects of
photoelectrons and secondary electrons. The middle panels
show magnetic pressure, total pressure, and plasma beta.
The bottom panels show Larmor radii of the thermal ions,
the normal magnetic field components Bz, and the radial

magnetic field components Br =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
x þ B2

y

q
. As noted earlier

and as can be seen in Figures 3 and 4, the spatial profile
of Br is symmetric about the magnetic equator located at Z ∼
−0.2 RE in GSM.
[18] The plots of Br and Bz versus Z were used for exam-

ining the validity of the thin geometry approximation of the
model by Saito et al. [2010]. Various plasma parameters
shown in Figures 3 and 4 also confirm that the spatial profiles
in Figures 3 and 4 can be regarded as the latitudinal
profiles of the current/plasma sheet at X = −11 RE and
Y = −4 RE for the intervals before and during the thinning

Figure 3. Plasma and magnetic parameters as a function of latitudinal location averaged for a 5 min
interval centered at 06:20 UT. These data represent latitudinal profiles before the thinning of the current
sheet.
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of the tail, respectively. Density was found to be weakly
dependent on the latitudinal locations, while plasma and
magnetic pressures showed clear spatial variation that is
consistent with an equilibrium current sheet. The spatial
profiles of the total pressure show that there is a systematic
gradient, indicating that the flux tube geometry has at least
2D geometry.
[19] Figure 5 shows temporal evolution of parameters

derived from the latitudinal gradients from 6 UT to 7 UT.
We use the four THEMIS probes P1, P2, P3, P4 in the
northern hemisphere to obtain the gradient at three center
positions within the current sheet. Figure 5a shows the three
locations where the gradients were obtained using P1 and P2
(green), P2 and P3 (cyan), and P3 and P4 (blue). Figure 5b
shows the cross‐tail current density using equation (12). In
the late stage of the thinning, there was an enhancement
of cross‐tail current at the innermost location (blue), while
the outer part did not show significant increase. Figures 5c
and 5d show latitudinal forces given by equation (9) and
equation (14). At the inner most part of the current sheet, the
negative values of both quantities increased as the cross‐tail
current density developed. Figure 5e shows that their dif-
ference was small for the whole interval, meaning that the
MHD force balance is maintained throughout the interval.
Figures 5f and 5g show the magnetic tension forces and the

curvature of the magnetic field line given by equations (10)
and (15) respectively. Caution should be exercised in inter-
preting the curvature in Figure 5g which is based on the
tension force in Figure 5f (see equation 15). When the mag-
netic tension force is nearly zero (dark blue dotted line from
0600 UT to 0630 UT), the curvature in Figure 5g is not
reliable. In addition, when there is fluctuation in velocity
(from 0630 UT to 0645 UT), both the tension force and the
curvature are not reliable due to a lack of the MHD force
balance (see next section for this explanation). As we have
seen in Figure 2, all panels in Figure 5 show that the inner-
most part of the current sheet (blue) and the outer part of that
(green and cyan) behaved differently. The quantities in outer
part of the current sheet were stable both before and during
the thinning. The magnetic field tension force (Figure 5f) in
the inner part of the current sheet was negligible before the
thinning and became significant during the thinning.
[20] A novel aspect of this analysis is the calculation of

current densities and gradients using the small differences in
measured quantities at nearby spacecraft divided by their
spatial separations. In dealing with such differences the
accurate intercalibration between the identical instruments
on the different spacecraft is particularly important. In par-
ticular, any measurement errors between spacecraft, when
divided by the small spatial separations, should be smaller

Figure 4. Same as Figure 3 except for during thinning of the current sheet at 06:50 UT.
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than the actual gradients. It is difficult to quantify the errors
but the experimenters have expended considerable effort com-
paring data during close encounters at quiet times in order
to minimize such errors. The best evidence of their success
is probably a posteriori verification of the assumptions used
in this study which lead to results such as the approximate
balance between the pressure gradient and J × B forces in
Figures 5c and 5d.

3.3. Validity and Applicability of MHD Force Balance

[21] As discussed in introduction, the MHD force balance
equation is expected to be a basis for describing the quasi‐
static slow‐flow state of the plasma sheet during the growth
phase. Our analysis provided observation‐based validity
of MHD force balance in the near‐Earth tail for the first
time, using the latitudinal components of rP and J × B

forces. We note that this is not a both observationally and
theoretically obvious issue, though a set of MHD equations
with an adiabatic closure equation has been widely used as a
basis for understanding growth phase behavior as mentioned
in introduction. The presence of the low‐frequency limita-
tions of the fluid and MHD approach has been pointed out
for collisionless plasmas confined by magnetic field. The
slowly evolving plasma sheet may be subject to kinetic effect,
which arises from bounce motions of particles. A condition
for a small fraction of resonant particles requires a low fre-
quency limit for the validity of MHD.A self‐consistent kinetic
approach is required for the plasma sheet [Pellat et al., 2000;
Le Contel et al., 2000a, 2000b]. When the curvature radius
of the magnetic field line is of the order of the Larmor radius
of particles, the adiabatic invariants are not conserved.
Isotropization by pitch angle scattering due to the curvature

Figure 5. Properties of the current sheet. Two vertical lines are the same as in Figure 1. Current sheet
parameters are derived from the latitudinal gradients. See text for details.
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effect allows to perform an averaging over the pitch angle or
the magnetic moment [Hurricane et al., 1995]. In this sto-
chastic regime, some MHD behaviors of the low‐frequency
perturbation of the magnetotail could be recovered in spite
of the strong kinetic effects and can be called MHD‐like
evolution [Hurricane et al., 1995].
[22] For the above reasons, one may consider that the

observed MHD force balance could be ostensible, for instance,
the other forces arising from quasi‐neutrality or non‐linear
effects may cancel each other so that the observable param-
eters resemble MHD or fluid behavior. In order to clarify
whether the observed plasma sheet is in the adiabatic regime
or the stochastic regime, further study is required to analyze
magnetic field geometry together with kinetic character-
istics. Though the present study does not guarantee validity
of MHD for the plasma sheet in general, still the observation
showed that two forces evolved in balance.
[23] Using the fact that MHD force balance is good

approximation for the tail plasma sheet before substorm
onset, we can deduce the larger‐scale structure of a flux
tube and the radial profile of pressure. In addition, the force
balance condition can be used to reconstruct the field line
structure by using the total pressure gradient. During tail
current sheet thinning, there were systematic increases of
both forces. Their difference is seen to be small both before
and during the thinning. It is seen that their difference in
Figure 5e (DP/DZ −(J × B)z,approx.) and the total pressure
gradient in Figure 5f show very similar values and temporal
evolution. Below we will argue that this is not due to the
imbalance of the MHD forces.
[24] First, their similarity can be understood by consid-

ering the following two equations:

rPð Þz� J� Bð Þz;approx:¼ Bx
@Bz

@x
þ By

@Bz

@y
� nm

dvz
dt

ð17Þ

rzPt ¼ B � rð ÞBz � nm
dvz
dt

¼ Bx
@Bz

@x
þ By

@Bz

@y
þ Bz

@Bz

@z
� nm

dvz
dt

ð18Þ

Equations (17) and (18) suggests what we see in Figures 5e
and 5f respectively. From equation (17) one can see that most
of the observed difference between two forces rP and J × B
in Figure 5e can be primarily attributable to the approxi-
mate expressions for the (J × B)z term and the imbalance of
MHD forces nmdvz/dt. From equation (18), one can see that
the total pressure gradient is equal to the magnetic tension
force if nmdvz/dt is negligible, and one can see the similarity
of the right hand sides of equation (17) and (18). Since the
only difference is the term Bz∂Bz/∂z between equations (17)
and (18), they showed similar temporal evolution.
[25] Second, MHD force balance or negligible nmdvz /dt

can be a good assumption and appropriate description of
the data, if both |∂v/∂t| and |(v · r)v| are much smaller than
|rP|. Figure 6 shows velocity data from 6 UT to 7 UT for
all probes. The absolute value of |v| was also small com-
pared with both Alfén velocity and sound velocity vs during
the most of the interval. Though there were some variations
in velocity for short intervals, there were no systematic tem-
poral changes in v, which could contribute to significant

|∂v/∂t|. |(v · r)v| is roughly estimated to be 2% of |rP|
if |v| = 0.1 vs.
[26] In order for rPt to be an accurate magnetic tension

force, |v| needs to also be smaller than the Alfvén velocity va
so that |(v · r)v| is negligible compared with |(B · r)B|.
At probe P4, which was relatively near the magnetic equator,
|(v · r)v| may not be negligible so that quantitative assess-
ment of the deduced curvature requires caution. Still the
deduced sign of the curvature is apt to be valid.

3.4. Physical Implications

[27] We analyzed the fortuitous encounter of the near‐
Earth tail current sheet by 5 THEMIS spacecraft which allow
determination of the latitudinal profiles of the current sheet
and how they evolve with time prior to substorm onset. This
temporal evolution can be divided into two parts: before the
thinning and during the thinning of the tail current sheet.
The backbone of the analysis methodology here is utiliza-
tion of the tail approximation where latitudinal variations
are much larger than radial variations. This assumption is
less restricting than the commonly employed assumption of
1D or Harris‐type geometry and can be applicable to other
current sheet analyses. Latitudinal profiles of the current sheet
enabled us to deduce important parameters such as current
density, MHD forces, etc. for understanding the evolution of
the current sheet.
3.4.1. Thinning of the Tail and Pressure Evolution
[28] The thinning of the current sheet is identified by a

gradual increase of the radial or |Bx| components of the mag-
netic field. This increase was observed by three of the five
probes, P2 P3 and P5 from 0640 UT to 0656 UT. The time-
scale of 20 min is consistent with the typical timescale for
auroral equatorward motion before the substorm onset [Liu
et al., 2007]. The static states before the thinning and dur-
ing the thinning are separated by a several minute transition
interval with noticeable field and particle fluctuations. This
increase of |Bx| was only observed ∼1 RE from the magnetic
equator. It is noteworthy that the outermost probe did not
detect the magnetic field signature of the thinning, which is
contrary to the general idea that the tail thinning is associ-
ated with an increasing lobe field strength. This contradic-
tion is further supported by the fact that at a given location
of the current sheet, the total pressure remained almost
unchanged as the thinning of the tail proceeded.
[29] The general picture of the increase of the lobe field

being the cause of the thinning of the tail came from mag-
netic field measurements by single spacecraft [e.g., Fairfield
and Ness, 1970]. Though our multipoint study of one event
produces counterevidence, the generality of this behavior
requires further study focusing on event dependence between
smaller substorms and larger substorms. Other factors may
be location dependence in radial distance from Earth and
local time. Nagai et al. [1997] reported Geotail observations
of a clear increase of both plasma and magnetic pressure in
the plasma sheet at 20–50 RE during the substorm growth
phase for 15 events out of 19. They selected substorms after
clear southward tunings of IMF Bz to clarify the relationship
with the tail compression, while our event occurred during
weak IMF and almost constant solar wind dynamic pressure.
Nagai et al. [1997] showed that the increases in the total
pressure were mainly caused by increases in the plasma
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sheet density whereas our event did not show a systematic
increase of the plasma density.
[30] Another noteworthy observation in our study is a

significant latitudinal gradient in total pressure and its evo-
lution. While all probes were located within 1.5 RE of the
magnetic equator, the total pressures varied from 0.25 nPa to
0.4 nPa with increasing distance from the magnetic equator.
This is consistent with statistical results from Geotail obser-
vations for quiet times and growth phases of substorms
[Wang et al., 2004]. In a quasi‐static state, presence of a
gradient in total pressure means the geometry of current
sheet is not a 1D structure and the curvature of a flux tube
magnetic field line is not zero under the approximation of
MHD force balance.

[31] In the course of thinning, all three probes between the
outermost probe (P1) and the innermost probe (P4) observed
systematic increases of magnetic pressure and decreases of
plasma pressure while having almost unchanged total pres-
sure. This decrease in plasma pressure was mainly caused
by a decrease in plasma temperature. This plasma pressure
decrease can be regarded as an inevitable effect from con-
straints of having constant total pressure and increasing
magnetic pressure. The constant total pressure is consistent
behavior in a quasi‐static current sheet.
3.4.2. Development of Intense Cross‐Tail Current
Density
[32] Utilizing magnetic field measurements from four

probes in the northern hemisphere, we computed cross‐tail
current density (Figure 5b) at ∼0.4 RE, ∼0.6 RE, and ∼1 RE

Figure 6. Velocities detected by all probes. The top three panels are the absolute value, followed by
values normalized values by the Alfvén velocity and sound velocity respectively. The bottom three panels
are three components in GSM coordinate. Colors and vertical lines are the same as Figure 1.
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from the magnetic equator. For the most of the interval both
before and during the thinning, the current density is larger
at the inner location of the current sheet. In the outer part of
current sheet, the current density was 1∼4 nA/m2, and stayed
almost unchanged before and during the thinning. The inner
part of current sheet, however, showed systematic increase
up to 8 nA/m2 late in the interval.
[33] In a two‐dimensional model of the magnetotail

[Kaufmann, 1987], the net dawn to dusk sheet current den-
sity integrated over the latitudinal direction Iy is given by

Iy ¼ 2Bx=�0 ð19Þ

where Bx is lobe magnetic field. This current closes with
magnetopause current of Iy/2 at northern and southern
hemispheres. Our observation of Bx = 30 nT yields Iy =
48 mA/m. There may be two scenarios for growth phase
current depending on whether or not the lobe field increases:
∂Iy/∂t = 0 and ∂Iy/∂t > 0. The former is also consistent with
an association of current/plasma sheet thinning with inten-
sified current density. The current density evolution from
2 nA/m2 to 8 nA/m2 in a uniformly distributed profile
implies a thickness changed from 4 RE to 1 RE. Since the
outer part of the current sheet density remained almost
unchanged, the actual current profile must require an evo-
lution that was structured to have constant net cross‐tail
current. In the latter case where the total current increases,
the lobe field must increase before substorm onset, which
was not observed here. Let us start with cross‐tail current
Iy = 48 mA/m for the time before the thinning. This
48 mA/m came from magnetopause current in the two
magnetotail lobes with the strength 30 nT. The addition of
6 nA/m2 current across the thickness of 0.8 RE gives Iy =
48 mA/m + (6 nA/m2 × 0.8 RE) = 79 mA/m, though it is not
certain how this additional 31 mA/m could close within mag-
netosphere. This indicates assuming uniform current sheet
profile may be wrong and a summation of locally calculated
current densities will fail to observe the larger scale evolu-
tion of the current in the tail.
3.4.3. Changes of the Tail Structure
[34] The observed gradient in total pressure is taken as evi-

dence for a magnetic tension force which enables the deriva-
tion of the curvature of the magnetic field line. Figure 7

shows the relationship between the sign of the latitudinal
component of the curvature and its flux tube structure. From
the sign of the curvature, the structure of a flux tube can
be envisaged. Figure 7 (top) schematically shows the sense
of curvature for positive, zero, and negative values of Kz.
Figure 7 (bottom) places the curvature in a magnetotail con-
text. For both before and during the thinning, the outer part
of the current sheet remained unchanged, while only the
inner part shows the structural changes illustrated sche-
matically in Figure 8a. The relationship between a flux tube
with intensified cross‐tail current at the equator and its
structure can be seen in model studies by Kaufmann [1987].
The flux tube with the intensified cross‐tail current density
has the positive curvature away from the magnetic equator
and has stretched configuration. We draw in Figure 8a how
the flux tube labeled with c changes from almost zero cur-
vature on the left to the positive curvature configuration on
the right.
[35] Additional information from the MHD force balanced

condition is the radial profile of plasma pressure resulting
from equation (4): plasma pressure is constant along the
field line. In Figure 8a we also indicate plasma pressures
with suffixes a, b, and c. They are observed by P1, P3, and
P4, at the different distance from the magnetic equator but
can be extrapolated along the magnetic field lines. The
observed latitudinal profile can be used for estimating the
radial profile at the magnetic equator. Our observation can
be surmised in Figure 8b, which illustrates the qualitative
changes for the radial profile of plasma pressure before and
after the late stage of the thinning. Both the outermost and
the innermost probes showed constant plasma pressure,
while probes at ∼1 RE from the center of the current sheet
showed systematic decrease. At the later stage of the thin-
ning of the current sheet, the steeper pressure gradient
appeared in the near‐Earth tail at 11 RE, which is consistent
with interpreting the observed current density of 8 nA/m2 as
a diamagnetic current with pressure gradient scale of ∼2 RE.
[36] One may think that there is a discrepancy between the

interpretation of the current density. For example, the mea-
sured ion Vy is about 100 km/s on P3 and with ni ∼ 0.6/cc,
which leads to an ion current density of about 10 nA/m2.
This is the order of the maximum deduced value of 8 nA/m2

from this study. However, this ion Vy strongly decreases

Figure 7. Sketch showing the sign of the curvature of the magnetic field line and the structure of the tail
magnetic field flux tube where |Bx| � |Bz| and Bz > 0 in the northern hemisphere of the thin tail geometry.
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as the perpendicular current is found to be maximum. The
likely reason for this discrepancy is due to the fact that the
measured Vy reflects both effect from E × B drift and rP
drift. On the average and general sense, the direction of E × B
drift is earthward in the midtail and dawnward at the inner-
most plasma sheet. However, it should be mentioned that
we still do not completely understand the observed velocity
evolution and their spatial variations.
3.4.4. Equatorward Motion of Aurora
and Field‐Aligned Current
[37] While the thinning of the tail current/plasma sheet is

one manifestation of the growth phase of substorm, equator-
ward motion of aurora is an ionosphere manifestation that is
likely the corresponding consequence of the thinning. It is
expected that a field aligned current system moves earthward
in the low latitude tail and equatorward in the higher latitude
tail. The quasi‐permanent Birkeland current can be under-
stood from the Vasyliunas equation (equation 15) [Vasyliunas,
1970] and this current provides the link between currents into
and from ionosphere and the plasma sheet profile in the equa-
torial plane.
[38] The earthward shift of region of the intense plasma

pressure gradient may explain the equatorward motion of the
Birkland current system as modeled by Zaharia and Cheng
[2003]. Our observed cross‐tail current density of 8 nA/m2

is consistent with that of 10 nA/m2 in their model. As shown
in Figure 8b, our observation shows the appearance of a
pressure gradient region in the near‐Earth tail. It should be
stressed that it is not due to the increase in plasma pressure
but due to the observed decrease in plasma pressure.
[39] Liu et al. [2007] elaborate that there are two scenarios

for equatorward motion of aurora: 1) Earthward displace-
ment of plasma which may lead to pressure buildup and 2)
tailward stretching of field lines where nonadiabatic protons
are pitch angle scattered by the small radius of the magnetic
field line curvature closer to the Earth [Wanliss et al., 2000].
The latter scenario was suggested to account for both equa-
torward motion and fading of proton aurora. Our multipoint
analysis of this event strongly supports the latter scenario.
Using the fact that the positive curvature was identified at

0.4 RE from the equator, we may make an estimation that the
radius at the magnetic field line curvature at the magnetic
equator is not larger than 0.4 RE. The normal magnetic field
at the magnetic equator can be estimated to be in the order
of 3 nT from the spatial profiles of Bz and Br in Figures 3
and 4 by extrapolating the observed trends to the estimated
magnetic equator location. For the magnetic field strength
3 nT and curvature radius of 0.4 RE at the equator, the �
parameter [Büchner and Zelenyi, 1987; Zelenyi et al., 1990]
becomes unity with proton energy of ∼3 keV, meaning that
some fraction of protons can be nonadiabatic owing to local
this small spatial scale, though further study is needed to assess
these aspects.
3.4.5. The Plasma Behavior During Incompressible
Thinning and Formation of the Weak Field Region
in the Near‐Earth Tail
[40] During cross‐tail current sheet thinning, there were

no temporal variations for total pressure and density: dPt ∼ 0
and dn ∼ 0 at various locations in the current sheet. Our
observation is consistent with the result from Cluster
observation studied by Petrukovich et al. [2007] in the sense
that the plasma density was not associated with the
increased current density. There was a particular layer or
flux tube that showed the increased magnetic pressure and
the decreased plasma pressure: dPb > 0 and dP < 0 or dT < 0
with dn ∼ 0 and dPt ∼ 0. The constant total pressure is con-
sistent with a quasi‐static current sheet. The magnetic and
plasma pressure changes are in accord with keeping total
pressure constant. In this way, the plasma sheet can evolve
without changing the rest of the magnetotail, but can evolve
only within a radially limited region of the plasma sheet.
The temperature changes during the thinning can be
understood as an incompressible process. Because the den-
sity is found to be weakly variable of the latitudinal location,
the temporally constant behavior observed for all location
indicates the densities in the flux tubes also stayed constant
during the thinning process. Hence using the multispacecraft
observation, it is possible to diagnose that the changes of the
plasma state in the flux tubewas incompressible. For loss‐less
flux tubes, nV will be constant where V is the flux tube

Figure 8. Sketch showing geometrical changes of three flux tubes a, b, and c at early and late stage of
the thinning of the tail current sheet for (a) flux tube structures and (b) inferred plasma pressure variation
along radial direction assuming MHD force balances. The reduction in pressure at Pb during thinning
can be seen to increase the pressure gradient in the inner magnetotail. The separation between lines in
Figure 8a does not indicate any information on the strength of the magnetic field.
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volume per unit flux. In the process of the cross‐tail current
sheet thinning, it follows that dn ∼ 0 indicates dV ∼ 0. The
flux tubes changed their structure during thinning as
observed by curvature changes, but their volume will not
change dramatically. This constant volume may explain the
formation of the weak magnetic field region in the near‐
Earth tail. Since the latitudinal dimension will be thinner, its
width at the equator may expand to make the equatorial
magnetic field strength weaker. At present we are not able to
suggest any mechanism for the thinning behavior (dPb > 0),
but at least we show that this process is possible without
having compression of the plasma sheet.

4. Conclusion

[41] Understanding the behavior of the plasma sheet in
the magnetotail is essential for understanding energy trans-
fer within the magnetosphere, its stability and instability
problems and magnetosphere‐ionosphere relationships. Five
spacecraft THEMIS measurements during a small substorm
on April 8, 2008 are used to examine the current sheet and
its thinning processes in the near‐Earth tail in terms of struc-
ture and MHD force balance. These measurements, all near
X = −11 and Y = 4 RE, were used to derive the latitudinal
profile of plasma and magnetic pressures and magnetic field
line curvatures within 1.5 RE of the equator.
[42] 1. Plasma sheet magnetic pressure increased during

thinning while temperature decreased and density remained
nearly constant leading to a total pressure that remained
essentially constant both before and during thinning. Such
thinning with constant pressure is in conflict with the con-
ventional picture where adding magnetic flux to the tail lobe
leads to the enhanced tail compression, higher pressure and
current sheet thinning.
[43] 2. There was a significant latitudinal gradient in the

total pressure in the outer part of the current sheet at a dis-
tance 1 RE from the magnetic equator both before and during
the thinning, while the total pressure of the inner part showed
the latitudinal gradient only during the thinning.
[44] 3. The latitudinal component of the magnetic field

line curvature had a positive sign and remained constant in
the outer part of the current sheet both before and during
thinning. The inner part, however, had a zero or negative
sign before the thinning that changed to positive during the
thinning. This change of the geometry indicates the earth-
ward motion of the cross tail current.
[45] 4. The thinning is a MHD force‐balanced self‐evolving

process.
[46] 5. The thinning is a change of flux tube structure in

length and curvature, but not largely in volume.
[47] 6. The thinning changes the radial profile of plasma

pressure, and is associated with the increase in current
density locally in the near‐Earth tail.
[48] In conclusion, our event demonstrates that the cross‐

tail current sheet thinning is not necessarily and not primarily
caused by an increase in lobe field strength as generally
envisioned in the conventional picture of tail evolution during
the growth phase of substorms. The cross‐tail current sheet
thinning before the substorm onset occurs in the near‐
equatorial region of the plasma sheet and can evolve inter-
nally. The observed plasma sheet behavior, spatial changes,
and formation of the intense current density in the near‐

Earth tail can be comprehensively understood as the behavior
of a quasi‐static incompressible plasma sheet. It should be
emphasized that the presence of the incompressible thinning
before substorm onset provides an explanation for the for-
mation of the near‐Earth neutral line and the development of
the high b regions as a result of the thinning.

Appendix A: Plasma Moment Data

[49] The moment data for ions and electrons used in this
study are calculated from the distribution function measured
by ESA and SST instruments. A pair of ESA instruments
obtained the three‐dimensional distribution function over the
energy range 6 eV/q to 25 keV/q for ions and from 7 eV to
30 keV for electrons for every 3 s spin period. SST instru-
ments detect 25 keV to 6 MeV for protons and 25 keV to
∼900 keV for electrons. Four detectors cover out of spin plane
and the three‐dimensional distribution is obtained for every
spin having the spin‐plane angular resolution of ∼20 degree.
[50] Figure A1 shows ion and electron energy‐time spec-

trum from ESA and SST instruments for THEMIS P4, which
was located the closest to the magnetic equator throughout
the substorm. Since the THEMIS plasma data analysis takes
into account the measured spacecraft potential by Langmuir
sensors [McFadden et al., 2008b; Bonnell et al., 2008],
photoelectrons are effectively removed in the electron
moment calculations. Figure A2 demonstrates SST measure-
ments and their contribution to the calculated moment values.
The top two panels are spin‐plane angular spectrums that are
derived by integrating energy fluxes over energies and over
all four detectors at fields of view of ∼30 degree at +55, +25,
−25, −55 degree out of spin plane. Sun pulse contaminations
on SST is seen in the direction of ±180 degree in x‐y plane
in the Despan Sun Oriented L‐oriented or DSL coordinate
system and are removed in calculating moments by masking
all contaminated channels in the relevant direction. Bottom
two panels show comparison of the calculated moment
values with (magenta) and without (black) SST data. It
turned out that before the dipolarization onset at ∼7 UT, the
contribution of the SST to the moment values is small for all
five probes, though we use both instruments to compute
moments for analysis.
[51] In the calculation of the pressure and temperature, it

was assumed that the plasma distribution is isotropic. The
temperatures from ESA and SST data are given by TESA =
(Txx + Tyy + Tzz)/3 and TSST = (Txx + Tyy)/2 respectively in the
Despan Sun Oriented L‐oriented coordinate system. Owing
to the coarse resolution in the z direction of SST, moments
are calculated separately for the distribution function fESA
for the energy range covered by ESA and fSST for energy
range covered by SST, where f = fESA + fSST is the unified
distribution function. The zeroth‐, first‐ and second‐ order
of the moments are by definition

n ¼
Z

fd3u ðA1Þ

nU ¼
Z

u f d3u ðA2Þ

P�� ¼ m

Z
u� � U�ð Þ2f d3u ¼ m

Z
u2� f d3u� mnU 2

� ðA3Þ
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where n is number density, U the average velocity vector,
Paa the diagonal component of pressure tensor, and m is
mass of the species. The diagonal component of the tem-
perature tensor Ta is Taa = Paa/nk, where k is the Boltzman
constant. We have

n ¼
Z

fESA þ fSSTd
3u ¼ nESA þ nSST ðA4Þ

nU ¼
Z

u fESA þ fSSTð Þd3u ¼ nESAUESA þ nSSTUSST ðA5Þ

P�� ¼ m

Z
u2� fESA þ fSSTð Þd3u� mnU 2

�

¼ P��;ESA þ mnESAU
2
�;ESA þ P��;SST þ mnSSTU

2
�;SST � mnU 2

�

ðA6Þ

For the moment calculation, the distribution functions are
averaged for 3 s and 300 s for ESA and SST respectively.
[52] The validity of the isotropy assumption is checked

as follows. We use the ratios between the components of
pressure tensor using the ion ESA distribution function. The
degree of the deviation from the isotropic distributions
Paa/Pb − 1 and Pab/Paa are examined for the interval of the
interest and found to vary within 5% for the most of the
interval for all probes. Particularly from 0600 UT to 0656 UT,
the means of these values are 0 to 2% with standard devi-
ation of 2 to 7%. However, the exception exists in P2 obser-
vation from 0630 UT to 0645 UT. Within this 15 min interval,
Paa/Pbb − 1 was −20% on the average with the standard
deviation of ∼10% in the Despan Sun Oriented L‐oriented
coordinate system. Apart from this observation by P2, the
assumption of the isotropic distribution is valid with the
accuracy of ∼5% for 3 s resolution data.

Figure A1. Energy‐time diagrams for ion and electron obtained by THEMIS P4 that was located at the
closest to the magnetic equator. Each energy‐time diagram consists of SST and ESA measurements.
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