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[1] The magnetic field configuration is crucial to plasma sheet dynamics and
magnetosphere-ionosphere coupling. In this study we established 3-D force-balanced
magnetic fields and investigated configuration changes with Kp and solar wind dynamic
pressure (PSW). Pressure distributions from the empirical model developed in Wang et al.
(2013) were used for obtaining the force-balanced field. Based on our model results, we
found that (1) higher PSW mainly enhances pressure in the tail plasma sheet, while larger
convection during higher Kp drives plasma sheet further earthward, resulting in a pressure
increase closer to the Earth; (2) comparing with the magnetic field changes due to increasing
PSW, theKp associated pressure enhancement causes the azimuthal current density (Jφ) peak
and field-aligned currents (FACs) to move deeper earthward, the magnetic field to decrease
further near Earth but increase more in the tail, and field lines to stretch more significantly;
(3) as Kp and PSW change, the whole plasma sheet remains stable to interchange
instability but may be ballooning unstable in the midnight region at X between �15 and
�10 RE; (4) the force-balanced configurations are characteristically different from the
non-force-balanced Tsyganenko 89 (T89) magnetic field. A region of positive dBz/dz
in the near-Earth region, which has been observed, is seen in our field but not in T89.
On the other hand, a local equatorial Bzminimum is predicted by T89 but not by our model.
Jϕ bifurcation appears in the near-Earth region as a result of our Jϕ configuration being
approximately aligned with field lines, while the T89 Jϕ everywhere decreases
monotonically with increasing Z by construction.
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1. Introduction

[2] In the Earth’s plasma sheet, plasma pressure is compa-
rable to (and many times larger than) the magnetic field pres-
sure. As a result, the magnetic field has a stretched
configuration that generates a magnetic curvature force to bal-
ance the total pressure gradient force. This coupling between
magnetic field and plasma plays a crucial role in the particle
dynamics and energization in magnetosphere-ionosphere
(M-I) coupling, and thus also in the plasma sheet processes
causing geomagnetic disturbances. Better understanding of
these processes relies on knowing more accurately the
magnetic field configuration. The goal of this study is to

establish a realistic 3-D magnetic field configuration that
satisfies the physical constraint of force balance with observed
plasma pressure distributions obtained in the companion
paper [Wang et al., 2013].
[3] Past studies on large-scale plasma sheet pressure

and magnetic field distributions [e.g., Spence et al., 1989;
Kistler et al., 1993; Hori et al., 2000; Kaufmann et al.,
2001] have shown that the structures and the associated
plasma sheet dynamics change significantly under different
solar wind and geomagnetic conditions. The pressure and
magnetic field are closely coupled through force balance.
The magnetic field configuration affects particles in their
motion [e.g., Speiser, 1965] and pitch-angle distributions
[e.g., Sergeev et al., 1983], as well as their energization
[e.g., Wang et al., 2004]. In return the resulting plasma
pressure changes the magnetic field. The coupling may lead
to possible instabilities [Xing and Wolf, 2007; Cheng and
Lui, 1998] that locally and temporarily disrupt the plasma
and magnetic field equilibrium. These processes in the
plasma sheet can connect with ionospheric processes through
magnetic field-aligned currents (FACs). Therefore, magnetic
field models have been widely used for evaluating various
plasma sheet dynamics and instabilities with observations
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and simulations, as well as for mapping plasma sheet fea-
tures to observed ionospheric phenomena [e.g., Sergeev
and Malkov, 1988; Wing and Newell, 1998].
[4] Most of the empirical magnetic field models [e.g.,

Olson and Pfitzer, 1974; Tsyganenko, 1995, 1996] were
established by fitting the model magnetic field generated
from a framework of postulated electrical currents to
numerous observations at different locations and times.
While empirical models provide realistic large-scale fields,
they do not have built-in force balance between field and
plasma pressure, as force balance imposes additional
constraints [Zaharia and Cheng, 2003]. The empirical
models have also been shown [e.g., McCollough et al.,
2008] to perform well only in certain areas or under certain
geomagnetic conditions. These drawbacks certainly lead
to larger uncertainties in the results using these models.
For example, errors in mapping latitudes can wrongly link
an ionospheric phenomenon with an unrelated process or
region in the magnetotail.
[5] As a step toward solving this problem, a first principle

calculation of magnetospheric equilibrium can be utilized to
study the magnetic field configurations under specific solar
wind or geomagnetic conditions. This approach is very im-
portant in regions of large plasma beta (ratio of plasma to
magnetic pressure), such as the plasma sheet, where mag-
netic field and plasma pressure are strongly coupled. Force
balance is valid in the slow flow region of the magneto-
sphere, in which quasi-static equilibrium is believed to exist
most of the time [Wolf, 1983] except for short periods of
explosive activity [e.g., Tsyganenko, 1990]. In equilibrium,
both magnetic field and plasma pressure evolve while
maintaining (approximate) force balance with each other.
Tsyganenko [2010] reconstructed the magnetospheric plasma
pressure distributions in the midnight meridian plane from
four empirical Tsyganenko magnetic field models through
approximate (in a least square sense) force balance equation.
They found that the T89 and T96 models give more realistic
inferred pressure than do TU82 and T87, the inferred pres-
sure being nearly isotropic in the tail, with a moderate

pancake-type anisotropy in the inner magnetosphere, consis-
tent with observations.
[6] Present force balance magnetic field modeling includes

methods using the MHD approach of numerical relaxation
technique [Hesse and Birn, 1993; Toffoletto et al., 2001],
the Biot-Savart approach with magnetic field obtained from
flexible current density distributions [Wang et al., 2002],
and various Euler-potential approaches [Cheng, 1995;
Zaharia et al., 2004; Liu et al., 2006; Gkioulidou et al.,
2011]. In the Euler-potential approach, the magnetic field
B=∇α×∇β is determined by two Euler potentials α and β.
Zaharia [2008] developed a new Euler-potential method for
solving a three-dimensional (3-D) plasma and magnetic field
equilibrium. This new method allows for modeling larger
plasma sheet domains and is less detrimental to numerical
instability than other Euler-potential methods. In this study,
we used this new method to establish the empirical pressure
and magnetic field equilibria.
[7] Here we obtain the force-balanced magnetic field con-

figurations under different levels of Kp and solar wind dy-
namic pressure (PSW) using the observed equatorial isotropic
plasma pressure distribution as an input to the 3-D equilibrium
magnetic fieldmodel of Zaharia [2008]. Our pressure distribu-
tion is statistical (see Figure 1 of Wang et al. [2013]), so we
chose Kp since its 3 h average is more likely to reflect equilib-
rium conditions under different levels of solar wind driving
than other shorter time scale indices that reflect specific distur-
bances.We also chose PSW since it has been shown to strongly
regulate the plasma sheet pressure [Borovsky et al., 1998].
Details of our modeling are described in section 2. In contrast
to the simple pressure input used in Zaharia et al. [2004]
which is based mainly on a quiet time empirical 1-D pressure
profile along midnight, here we use realistic plasma pressure
profiles from an empirical 2-D pressure model established
in Wang et al. [2013] using Geotail and THEMIS observa-
tions. As discussed in Wang et al. [2013], with these more
realistic plasma pressure profiles, we obtained magnetic
field configurations in fairly good agreement with observa-
tions. The characteristics of the force-balanced magnetic
field and how it changes with Kp and PSW are described in
section 3. The stability of the 3-D pressure and magnetic
field configurations and the major differences between our
magnetic field and the non-force-balanced Tsyganenko
89 (T89) magnetic field model [Tsyganenko, 1989] are
discussed in section 4.
2. Modeling

[8] The magnetic field model of Zaharia [2008] obtains the
magnetic field by solving the single-fluid force balance equation
∇P=J×B in terms of Euler potentials as B=∇α×∇β, where P
is plasma pressure. In this model P can be either isotropic or
anisotropic and, as described below, we assumed isotropic P
in this study. The 3-D force balance equation can be decoupled
into two coupled “quasi-2-D” equations in the directions paral-
lel to (B×∇α) and (B×∇β), respectively, as follows:

J�∇α ¼ ∇� ∇αð Þ2∇β � ∇α�∇βð Þ∇α
h i

¼ � ∂P
∂β

(1)

J�∇β ¼ ∇� ∇β�∇αð Þ∇β � ∇βð Þ2∇α
h i

¼ � ∂P
∂α

(2)
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Figure 1. Illustration of achievement of force balance
(plotted is the normalized residual force imbalance at
midnight on the equatorial plane).
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[9] The constant α and β surfaces are found from solving
the equations 1 and 2 numerically, through an alternating
iterative process. Both boundary conditions and the inhomo-

geneous terms on the right-hand sides ∂P
∂α and

∂P
∂β

� �
need to

be prescribed.

[10] Here, the pair of Euler potentials (α, β) are chosen
as below:

α′ ¼ αþ F βð Þ
β′ ¼ β

(a)

(b)

Figure 2. (a) Plasma pressure, Bz and westward Jϕ on the nightside equatorial plane for the four cases.
(b) The midnight radial profiles of equatorial plasma pressure, plasma pressure gradient, Bz, plasma beta,
flux tube volume per unit flux from the equatorial plane to the ionosphere, and westward Jϕ for the four
cases (black: Kp = 1, PSW = 1.5 nPa; blue: Kp = 1, PSW= 3.0 nPa; green: Kp = 3, PSW= 1.5 nPa; red:
Kp = 3, PSW = 3.0 nPa).
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with F(β) to be determined. Here α is defined to be propor-
tional to the poloidal magnetic flux into the Earth, the other
potential β is chosen to be equivalent to the azimuthal angle.
Since β is equivalent to the azimuthal angle, F(β) must be
periodic, that is, F(β + 2π) =F(β). The outer boundary condi-
tion for a′ is obtained by tracing empirical magnetic field
from a prescribed ellipse shape (see Figure 2a, XGSM is from
0 to�30 RE and the maximum |YGSM| is 16 RE) on the equa-
torial plane. Since in this study we investigate the magnetic
field configurations corresponding to different Kp levels,
we use the Tsyganenko 89 magnetic field model (T89)
to prescribe the boundary conditions. By obtaining F(β)
through prescribing an outer contour of α, the freedom of
choosing the inner contour disappears; a more complete de-
scription of this model has been given by Zaharia [2008].
The third coordinate, χ, determines the position along the
field line and completes the nonorthogonal flux coordinate
system (α, β, χ).

[11] The two pressure gradients, ∂P
∂α and ∂P

∂β in 1 and 2 are
prescribed by a given pressure spatial profile. In order to pre-
scribe realistic pressure profiles, in Wang et al. [2013] we
established empirical equatorial pressure distributions using
Geotail and THEMIS observations. Pressure is assumed to
be constant along each field line, which is the case with isotro-
pic pressure. In situ observations have shown that the plasma
sheet is quite isotropic [e.g., Stiles et al., 1978; Baumjohann
and Paschmann, 1989; Nakamura et al., 1991; Kaufmann
et al., 2001], and strong pressure anisotropy is seen only in
the inner magnetosphere [e.g., Lui and Hamilton, 1992; De
Michelis et al., 1999; Wang et al., 2011]. Therefore, we as-
sume isotropic pressure throughout our model domain.
[12] The prescribed pressure is kept spatially fixed on

the equatorial plane and P(α, β) changes at each iteration
as α and β change. The iteration process is repeated until
the α= cont. and β = const. surfaces converge to some
tolerance, that is, when the cumulative difference between

Figure 3. (a) Plasma pressure, Bz, and westward Jϕ in the midnight X-Z plane for the four cases. The
black curves are magnetic field lines. (b) The Z profiles of plasma pressure, Bxy, Bz, plasma beta, and
westward Jϕ at Y= 0 and X=�10 and �20 RE for the four cases (black: Kp = 1, PSW = 1.5 nPa; blue:
Kp = 1, PSW = 3.0 nPa; green: Kp= 3, PSW= 1.5 nPa; red: Kp= 3, PSW= 3.0 nPa).
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α or β between two consecutive iterations decreases to a
specified amount (here set to be 0.5%), indicating force
balance is achieved.
[13] To understand the characteristic differences in the con-

figurations in response to increasing Kp and PSW, we computed
force-balanced magnetic field for Kp=1 and 3 and PSW=1.5
and 3 nPa using the observational pressure distribution model
from Wang et al. [2013]. For the same Kp but different PSW
levels, the same magnetic field boundary conditions were used.
Figure 1 shows that differences between ∇P and J×B for the
four cases are only about 1%, indicating very good force balance.

3. Results

[14] By using the empirical pressure profiles as an input
to our 3-D force-balanced model, equilibrium magnetic field
configurations are obtained. In this section, we examine how
the pressure, magnetic field and current density profile in the
equatorial plane and along the midnight meridian change dif-
ferently with increasing geomagnetic activity (Kp) and solar
wind dynamic pressure (PSW).

3.1. Equatorial Distributions and Midnight Radial
Profiles

[15] Figure 2 shows the observational plasma pressure
model, and the self-consistently modeled Bz and westward

azimuthal current density (Jϕ) in the equatorial plane, for
the four cases. From Figure 2a, the plasma pressure has no
significant azimuthal variation, and Bz is smaller at midnight
than near the flanks while Jϕ peaks around midnight. No
dawn-dusk asymmetry is found. Along the midnight merid-
ian as shown in Figure 2b, plasma pressure, pressure gradi-
ent, and Bz increase, while plasma beta and magnetic flux
tube volume decrease, with decreasing radial distance (r).
The pressure and pressure gradient increase as Kp or PSW

increases. Here flux tube volume has been taken from the
equatorial plane to the ionosphere. However, the Kp effect
dominates in the near-Earth region inside r ~10 RE (compar-
ing the black with green curves or the blue with red curves)
while PSW affects plasma pressure mainly in the tail (compar-
ing the black with blue curves or the green with red curves).
As Kp increases, stronger convection electric field (see
Figure 1f of Wang et al. [2013], the median cross polar-
cap potential is ~30 kV for Kp = 1 and ~70 kV for Kp= 3)
pushes the plasma sheet further inward, resulting in a larger
increase in pressure in the near-Earth region than in the tail.
To maintain force balance with this increased pressure gradi-
ent force, Bz closer to the Earth decreases and increases in the
tail while the Jϕ peak intensifies and moves earthward and Jϕ
in the tail weakens. Accordingly, plasma beta increases in the
inner magnetosphere and decreases in the tail. Additionally,
the Bz changes cause the flux tube volume to decrease in

-10 -20 -30

XGSM(RE) XGSM(RE) XGSM(RE) XGSM(RE)

20

10

0

-10

-20

-10 -20 -30 -10 -20 -30 -10 -20 -30

0

1

2

3

4

5

A
ng

le
 (

 d
eg

re
e)

(a)

(b)

(c)

0
20

10

0

-10

-20

0.01

0.10

1.00

P
V

3/
5  (n

P
a 

(R
E
/n

T
)5/

3 )

20

10

0

-10

-20

Y
G

S
M

(R
E
)

Y
G

S
M

(R
E
)

Y
G

S
M

(R
E
)

Kp=1, PSW=1.5 Kp=1, PSW=3 Kp=3, PSW=1.5

10 F
A

C
 (

10
-6

A
/m

2 )

-1.0

-0.5

0.0

0.5

1.0

Figure 4. (a) The ionospheric FACs mapped to equatorial plane and (b) the magnitude of the angles be-
tween ∇V and ∇Peq for the four cases. (c) PV

5/3 distributions on the equatorial plane.

YUE ET AL.: MODELING FORCE-BALANCED MAGNETIC FIELD

6170



the tail but increase in the near-Earth. As discussed in section
3.4, magnetic field lines become more stretched.
[16] The effect of increasing PSW is global compression of

the magnetosphere. As shown in Figure 3 of Wang et al.
[2013], the effect on the plasma pressure is more significant
in the tail than in the near-Earth region. As a result, there
are overall increases in Bz and Jϕ in the tail (in contrast to
the decreasing Jϕ with increasing Kp) but much smaller
changes in the near-Earth region compared with the Kp ef-
fect. The plasma beta in the tail, on the other hand, remains
similar as PSW increases.

3.2. Variations in the Z Direction

[17] The model results in the midnight meridian plane are
shown in Figure 3a, and their variations with Z at X=�10
and �20 RE are shown in Figure 3b. Plasma pressure de-
creases with increasing Z, since pressure is constant along field
lines and field lines at higher Z map to larger equatorial dis-
tance where pressure is smaller. Bz, on the other hand, does
not decrease monotonically with increasing r and Z. There is
positive dBz/dr at Z≥ ~1 RE beyond X~�10 RE, and this fea-
ture moves earthward as Kp and PSW increase. There is posi-
tive dBz/dz at X~�10 RE in some cases. The positive dBz/dz
has been observed by THEMIS [Saito et al., 2010, 2011];
however, no corresponding local Bz minimum in the equator
plane as predicted by Saito et al. is seen in our magnetic field.
[18] The BXY increases with Z. At the same Z, BXY increases

with increasing PSW regardless of radial distance, but at the
higher Kp, BXY increases at smaller r but decreases at larger
r. As a result of the P decrease and BXY increase, plasma beta
decreases very quickly with increasing Z. Comparing the
Z profiles of the BXY with the Harris current sheet model
[Harris, 1962] shows the current sheet thickness for Kp = 1
decreases from ~ 3 RE just within the outer boundary at
X=�30 RE to ~1.4 at X=�13 and then increases again
slightly to ~1.8 RE at X=�10 RE. The thickness minimum
is collocated with the equatorial Jϕ peak. As the plasma sheet
moves earthward under higher Kp, the minimum also moves
to inside X ~�10 RE while the overall thickness in the tail
increases. The thickness and its X profile do not change
significantly with increasing PSW. Constant Jϕ contours are
approximately aligned with the field lines. Therefore, in the
region earthward of the equatorial Jϕ peak, Jϕ at the same
X is seen to first increase inside Z ~1 RE then decrease with
increasing Z, resembling a bifurcated current structure.

3.3. Field-Aligned Currents

[19] Figure 4 shows the equatorial mapping of integrated
field-aligned current (FACs) density J|| in the one iono-
sphere computed using the Vasyliunas equation [Vasyliunas,
1970, 1984]:

J jj
Biono

¼ Beq

B2
eq

� ∇V � ∇Peq

� �

where the subscripts “iono” and “eq” are referred to the values
in the ionosphere and equatorial plane, respectively. Also
shown is the magnitude of the angle between ∇V and ∇Peq

for the four cases. Note that the FACs close to the Earth (inside
r ~6 RE) are not reliable due to larger uncertainty in the plasma
pressure and its azimuthal gradient. In the tail, there are down-
ward (upward) FACs at the pre-midnight (post-midnight)

MLTs, which is the Region 2 (R2) FACs. There is no
Region 1 FACs generated inside 30 RE, indicating that
the R1 FACs shown in the statistical Iijima and Potemra
[1976a] are likely located along more distant tail (higher
latitudes) and/or open field lines, not covered by our model
domain. In addition, the R2 FACs move earthward together
with the plasma sheet as Kp increases, but their magnitudes
decrease mainly due to the decrease in radial flux tube volume
gradient as well as the angle between ∇V and ∇Peq as shown in
Figure 4b. With increasing PSW, despite a decrease in dV/dr,
the overall FAC magnitudes are enhanced mainly due to an
increase in pressure gradient and the angle between ∇V and
∇Peq as demonstrated in Figure 4b. Additionally, despite little
changes in their equatorial locations, as discussed in section
3.4, their corresponding ionosphere locations do move equa-
torward due to the more stretched field lines. In addition,
as shown in Figure 4c the total entropy PV 5/3 increases with
increasing distance away from the Earth. The overall PV 5/3

has no clear change with increasing Kp. However, it increases
with increasing PSW, suggesting that the changes in pressures
and flux tube volume associated with the PSW effect are not
simply due to adiabatic compression.
[20] Some previous studies have suggested that substantial

R1 FACs could be formed in the plasma sheet [e.g., Wing
and Newell, 2000; Zaharia and Cheng, 2003] However,
Wing and Newell [2000] did not use a force-balanced mag-
netic field, limiting the validity of their results. Zaharia and
Cheng [2003] used an artificial pressure profile having an
assumed azimuthal pressure maximum at midnight closer
to Earth, and an azimuthal pressure minimum farther down
the tail. Their profile thus gives R2 FACs closer to the Earth
and R1 FACs further away. On the other hand, Zaharia
[2008] established 3-D force-balanced magnetic field with a
pressure profile having almost no azimuthal variations and
obtained only R2 FACs in the plasma sheet.
[21] FACs are determined by the angles between the

gradients of V and P. As described in Wang et al. [2013],
our analytical pressure model captures the smooth varia-
tions in the large-scale pressure. It shows azimuthal pres-
sure gradients becoming smaller with increasing radial
distance, but no change in the direction of the gradients
(shown in Wang et al. [2013]). Thus, the R2 FACs are seen
to extend to our tail boundary. However, our prediction of
the directions of FACs at large radial distances is not with
absolute confidence, since the azimuthal variations of the
observed pressure there are very small and the statistical un-
certainty is large as shown in Wang et al. [2013].
[22] Iijima and Potemra [1976b] showed that the R2 FACs

are larger with higher auroral electroject index. However, a
higher auroral electroject can be associated with transient
mesoscale disturbances in the plasma sheet such as bursty
bulk flows (BBFs) The strong effect of BBFs on ionospheric
currents has been seen in observations [Lyons et al., 2013]
and in simulations, such as the RCM-E [Yang et al., 2011],
where BBFs generate mesoscale FACs with magnitudes
comparable to or larger than those of the large-scale FACs.
The BBFs create R2 sense FACs earthward of the BBFs
and R1 sense FACs along the BBFs. BBFs are more frequent
during higher Kp, however, such transient mesoscale varia-
tions are averaged out in our long-term smooth pressure
profiles so their associated mesoscale FACs are not added
into our large-scale FACs.

YUE ET AL.: MODELING FORCE-BALANCED MAGNETIC FIELD

6171



3.4. Field Line Mapping

[23] Magnetic field mapping is one of the most important
applications of a given magnetic field configuration. Figure 5
shows comparisons of magnetic field line mappings for the dif-
ferent Kp and PSW. Figure 5a shows the field lines originating
from different ionosphere latitudes. As Kp or PSW increases,
the magnetic field lines become more stretched with more
significant stretching corresponding to the increasing Kp.
Figure 5c shows the ionosphere mapping of the four equato-
rial line-segment locations shown in Figure 5b. At the
same X, the field lines at smaller |Y| are mapped to lower
ionospheric latitudes due to more stretched field lines at
midnight than other MLTs. For structures along the same
Y, the ionospheric mapping locations are aligned nearly lon-
gitudinally at midnight but become aligned much more lat-
itudinally away from midnight. There is a slight dawn-dusk
asymmetry with lower mapping latitudes at the post-midnight
MLTs. The overall mapping latitudes are up to 0.5° lower as
PSW doubles but can be more than 1° lower as Kp changes
from 1 to 3. It is important to remember that an observed equa-
torward (poleward) motion of ionospheric phenomena, for ex-
ample aurora, does not necessarily correspond to an earthward
(tailward) motion in the equatorial plane, and thus ionosphere
motion may simply be associated with a change in the field
line mapping.

4. Discussion

4.1. Stability

[24] Plasma instability in the Earth’s magnetosphere has been
discussed in many studies, including large-scale interchange in-

(a) (b)

(c)

(d)

Figure 5. (a) Magnetic field lines from different ionospheric latitudes (66°: black curves; 67°: purple
curves; 68°: blue curves; 69°: green curves) for the four cases. (c) Comparisons of the mapping latitudes
between Kp = 1 (the solid curves) and Kp= 3 (the dashed curves) for different equator locations shown in
Figure 5b under (top) PSW= 1 and (bottom) PSW = 3 nPa.
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Figure 6. Illustration of interchange instability. (a) Contours
of constant flux tube volume (Vol) and PV 5/3 in the equatorial
plane and (b) the growth rate for interchange instability for
Kp=3 and PSW=3 nPa case.
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stability [Cheng, 1985; Southwood and Kivelson, 1987; Xing
and Wolf, 2007; Xing, 2008] and localized, explosive bal-
looning instability [Cheng and Qian, 1994; Cheng and
Lui, 1998]. To examine whether our pressure and magnetic
field equilibriums are susceptible to interchange instability,
we computed the growth rate against long wavelength
perturbation r∝� cosαþ βR

2 1þ5
6 βð Þ [Xing, 2008; (X. Xing

and R. A. Wolf, Criterion for interchange instability in
the Earth’s plasma sheet, in preparation for Journal of
Geophysical Research, 2013)] where α is the angle between

∇PV 5/3 and ∇V,R ¼ V
PV 5=3

δ PV 5=3ð Þ
δV

����
����, and β is the plasma beta

averaged over the entire flux tube. Figure 6a shows contour
lines of flux tube volume and PV 5/3 for the Kp = 3 and

PSW = 3 nPa case. The two sets of lines are aligned with
each other near midnight and have angles much smaller
than π/2 in the flanks, implying that the plasma sheet is in-
terchange stable [Xing and Wolf, 2007]. Figure 6b shows
the growth rates estimated under the same conditions, the
growth rates being close to �1 over the entire calculation
domain of the plasma sheet. Similar values for growth rates
are found for all other cases, indicating that the plasma sheet
is interchange stable, consistent with the conclusion of Xing
and Wolf [2007] where nonforce-balanced empirical plasma
pressure and magnetic field models were used.
[25] As discussed in previous studies [e.g., Lui et al., 1992;

Cheng and Lui, 1998; Cheng and Zaharia, 2004], the crite-
rion for the ballooning instability requires high plasma beta
(>50), and the most unstable modes are located in the strong
cross-tail current sheet region [Cheng and Lui, 1998; Cheng
and Zaharia, 2004]. As shown in Figure 2, the high beta
region (beta> 50) is confined in tail region (X<�10 RE)
and around midnight (|Y|< 10 RE) (not shown here). The
peak of cross-tail current is at r from 10 to 15 RE, depending
on activity level and solar wind driving, indicating that this is
the most likely region to be unstable to the ballooning modes.
This is also consistent with Cheng and Zaharia [2004].
However, future studies are needed to investigate the bal-
looning instability in detail.

4.2. Comparisons With the Non-Force-Balanced T89
Magnetic Field

[26] We compare our force-balanced magnetic field con-
figurations with the statistical Geotail and THEMIS magnetic
field profiles in Wang et al. [2013] and find fairly good
agreement. In this section, we investigate if there are any
characteristic differences between our magnetic field and
the T89 field, which is not force balanced. The T89 is built
by fitting the model field generated from a framework of pos-
tulated currents, including the ring current, tail current and
magnetopause current as well as including the effect of
warping the tail current sheet, to observed magnetic fields.
Several studies have evaluated the T89 magnetic field against
observations.Weiss et al. [1997] used a database of magnetic
conjunctions between DMSP at low altitudes and LANL

Figure 7. The T89 Bz in the equatorial plane for (a) Kp = 1
and (b) Kp = 3. The midnight radial profiles of (c) equatorial
Bz and (d) flux tube volume form the T89 model for Kp= 1
(the blue curves) and Kp = 3 (the red curves). The X-Z pro-
files of (e) Bz and (f) westward Jϕ along the midnight merid-
ian from the T89 model for Kp= 1 and Kp= 3. The curves
represent the T89 magnetic field lines from different iono-
sphere latitudes (66°: black, 67°: purple, 68°: blue, 69°: red).
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Figure 8. The mapping ionosphere latitudes versus the cor-
responding equatorial radial distance at midnight for (left)
Kp = 1 and (right) Kp = 3 from the T89 and our model. The
T89 results are shown in red and our results for Kp = 1 in
black and Kp = 3 in blue.
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satellites at geosynchronous orbit to evaluate the accuracy of
T89. They found that T89 is understretched at geosynchro-
nous orbit. In addition,McCollough et al. [2008] did a statis-
tical comparison of commonly used external magnetic field
models and concluded that T89 can only provide gross pic-
tures of magnetosphere during quiet times, and does not pre-
dict well the dayside magnetic field.
[27] Figure 7 shows the T89 magnetic field and Jφ for

Kp = 1 and Kp= 3. From Figures 7a, 7b, and 7d, the equato-
rial Bz profiles and the increase in the tail Bz and decrease
in flux tube volume with increasing Kp are qualitatively
consistent with our results. However, there are three major
differences from our magnetic field. As shown in Figures 7c,
the equatorial dBz/dr becomes positive beyond X ~�15 RE
so that a local Bzminimum can be seen in the equatorial plane
for both Kp levels. Also there is no positive dBz/dz anywhere
in the T89 field as shown in Figure 7e. In addition, the T89
Jϕ contours are not aligned with field lines so that currents
always peak at the equator and monotonically decrease with
increasing Z as shown in Figure 7f.
[28] Figure 8 shows the difference of magnetic field lines

mapping between our field and the T89 for Kp = 1 and
Kp = 3. For Kp = 1, T89 mapping latitudes are very similar
to our results for Kp = 1 and PSW = 1.5 nPa. This indicates
that the T89 can well represent the quiet time magnetic field
configuration, consistent with the evaluation ofMcCollough
et al. [2008]. For Kp = 3, the T89 maps to lower latitudes (up
to 1°) compared with our model, indicating the T89 is over
stretched during higher Kp levels as compared to our model.

5. Summary

[29] A realistic magnetic field configuration is crucial to
understanding plasma sheet dynamics and M-I coupling.
In this study, by using empirical pressure profiles established
from THEMIS and Geotail observations for different Kp and
PSW levels, the 3-D equilibrium magnetic field is obtained
from the 3-D force balance magnetic field model. We have
found the following:
[30] 1. The plasma sheet inner boundary moves earth-

ward as Kp increases, resulting in a substantial pressure
increase near the Earth, while magnetosphere compression
during higher PSW leads to pressure enhancement in the
tail plasma sheet.
[31] 2. In response to the increased plasma pressure during

higher Kp and PSW, enhanced Jϕ decreases (increases) the Bz
in the region earthward (tailward) of the Jϕ peak. Relative to
the changes from increasing PSW, the Kp associated pressure
enhancement causes the Jϕ peak to move further earthward
and the field lines to become more stretched.
[32] 3. In comparison with the non-force-balanced T89

magnetic field, there is no equatorial Bz minimum found for
the considered pressure profiles. There is positive dBz/dz in
the near-Earth region in most of the cases. A similar positive
dBz/dz has been observed by THEMIS. Bifurcation of Jϕ ap-
pears in the near-Earth area as a result of our Jϕ configuration
being approximately aligned with field lines, while the T89
Jϕ decreases monotonically with increasing Z everywhere.
[33] 4. Peaks of the R 2 FACs are near the inner edge of the

plasma sheet, and the FACs increase (decrease) as PSW

(Kp) increases.

[34] 5. Field lines become more stretched and the mapping
latitude of a fixed equatorial location is lower as Kp and PSW

increase, and more significant differences in the stretching
and latitudes are associated with the Kp change. Mapping
latitudes are slightly lower in the post-midnight than pre-
midnight MLTs. In comparison, the T89 mapping latitudes
are higher (lower) than our fields for Kp= 1 (Kp= 3).
[35] 6. The force-balanced pressure and magnetic field

configurations for all Kp and PSW are intrinsically stable to
the interchange instability. However, the region near mid-
night may be unstable to the ballooning modes around
X=�15 to�10 RE due to very high beta and strong cross-tail
current. An actual ballooning stability analysis, beyond the
scope of this paper, would need to be performed to test
this possibility.
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