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[1]1 In this paper we describe a coupled model of Earth’s magnetosphere that consists

of the Lyon-Fedder-Mobarry (LFM) global magnetohydrodynamics (MHD) simulation,
the MIX ionosphere solver and the Rice Convection Model (RCM) and report some
results using idealized inputs and model parameters. The algorithmic and physical
components of the model are described, including the transfer of magnetic field
information and plasma boundary conditions to the RCM and the return of ring current
plasma properties to the LFM. Crucial aspects of the coupling include the restriction of
RCM to regions where field-line averaged plasma-( < 1, the use of a plasmasphere model,
and the MIX ionosphere model. Compared to stand-alone MHD, the coupled model
produces a substantial increase in ring current pressure and reduction of the magnetic field
near the Earth. In the ionosphere, stronger region-1 and region-2 Birkeland currents are
seen in the coupled model but with no significant change in the cross polar cap potential
drop, while the region-2 currents shielded the low-latitude convection potential. In
addition, oscillations in the magnetic field are produced at geosynchronous orbit with the
coupled code. The diagnostics of entropy and mass content indicate that these oscillations
are associated with low-entropy flow channels moving in from the tail and may be related
to bursty bulk flows and bubbles seen in observations. As with most complex numerical

models, there is the ongoing challenge of untangling numerical artifacts and physics,
and we find that while there is still much room for improvement, the results presented

here are encouraging.
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1. Introduction

1.1.

[2] The need for robust and accurate models of the near-
Earth space environment has been met in part through sim-
ulating the physics of space plasmas from first principles.
Several formulations exist that are tailored for different
domains and plasma properties within the magnetosphere,
depending on which physics are most relevant. Much of the
global morphology has been captured by magnetohydrody-
namics (MHD) simulations: when driven by a solar wind
specification, MHD simulations are capable of producing
shocks, reconnection, as well as storm-time tail and plasma
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sheet configurations. These models include ionospheric
solvers driven by Birkeland currents to determine the con-
vection pattern over the poles. However, close to the Earth,
gradient-curvature drift dynamics play an important role in
the spatial and energy distributions of the plasma. In this
region, ring current models give the most accurate descrip-
tions of the plasma properties. In order to capture both inner
and outer magnetospheric physics, a coupling of ring current
and MHD simulations has been undertaken. We previously
reported on the one-way coupling of the Lyon Fedder
Mobarry (LFM) magnetohydrodynamics (MHD) simulation
of the Earth’s magnetosphere with the Rice Convection
Model (RCM) to capture the drift physics of the inner
magnetosphere, whereby the fields and outer boundary
conditions provided by the MHD model were used to drive
the plasma drift mechanics of the ring current model
[Toffoletto et al., 2004]. This was a crucial first step in
obtaining a fully self-consistent model of the inner and outer
magnetosphere and ionosphere. This paper details the com-
pletion of the coupling strategy for LFM-RCM-MIX, where
RCM-computed pressure and density are returned to the
LFM and the MIX ionosphere model drives the convection
pattern for both models.
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1.2. Global MHD

[3] The equations of ideal single-fluid magnetohydrody-
namics provide a self-consistent description of the Earth’s
magnetosphere and its interaction with the solar wind.

[4] Given a description of the solar wind, MHD models
reproduce the large-scale features of the global electromag-
netic field structure and plasma properties [Fedder and
Lyon, 1987; Raeder et al., 2001; Wiltberger et al., 2005;
Ogino et al., 1985]. The Grand Unified Magnetosphere
Ionosphere Coupling Simulation (GUMICS) [Janhunen
et al., 1996], the Block-Adaptive-Tree Solar wind Roe-
Type Upwind Scheme (BATS-R-US) [Powell et al., 1999;
Powell, 1994; Powell et al., 1995], and the Global Geospace
Circulation Model (OpenGGCM) [Raeder et al., 1998] are
all implementations of global MHD, and vary with respect to
implementation of the boundary conditions, grids, initial
conditions, and even the formulation of the primary equa-
tions. The LFM [Lyon et al., 2004] solves the conservative
MHD equations on a static, deformed spherical mesh with
axis along the Earth-Sun line, using the partial donor method
[Hain, 1987]. The stretched spherical grid allows for high
resolution to be placed near the Earth as well as at the bow
shock.

1.3. Ring Current Models

[s] Single-fluid MHD models can represent the coupling
of the magnetosphere to the solar wind and ionosphere.
However, they only provide a rough approximation for the
physics of the inner magnetosphere, where particle motion
near Earth includes energy-dependent gradient-curvature
drift. This causes the drift paths of earthward-traveling high-
energy particles to be diverted westward (eastward) if the
charge is positive (negative). Conversely, low-energy parti-
cles will first penetrate closer to Earth before the gradient-
curvature drift is strong enough to divert them. The ring
current is composed of both populations, which have suffi-
cient current density to alter the global magnetic field. To
model the inner magnetosphere, ring current (RC) models
require a more detailed representation of plasma defined by
magnetic moments and pitch angle. For example, the Fok
Ring Current Model (FokRC) [Fok et al., 1995] is a bounce-
averaged kinetic ring current model that allows for non-
isotropic pitch angle distributions, while the Comprehensive
Ring Current Model (CRCM) [Fok et al., 2001] uses a self-
consistent electric field to evolve the FokRC distribution
function. Similar to CRCM, the Ring Current-Atmosphere
Interaction model (RAM) [Jordanova et al., 1996] evolves
energy and pitch angle distributions in time, using the Vol-
land-Stern model for the electric potential [Volland, 1973;
Stern, 1975]. More sophisticated versions of RAM include a
self-consistent magnetic field [Zaharia et al., 2006, 2010]
that is in stable force balance with the RAM-computed
pressures.

[6] The Rice Convection Model [Harel et al., 1981; Wolf,
1983; Toffoletto et al., 2003] formulation is similar to other
RC models: it assumes that the plasma is slowly varying in
time, that the plasma pressure is equilibrated along field
lines, and waves are neglected. It further assumes an iso-
tropic pitch angle distribution. The gradient in RCM’s flux
tube content can be related to ionospheric Birkeland currents
via the Vasyliunas equation [Vasyliunas, 1970],and these
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currents drive RCM’s ionospheric potential solver for low
latitudes.

1.4.

[7] The ionosphere plays an important role in both global
MHD and RC formulations. High conductivity in the iono-
sphere permits currents generated in the magnetosphere to
close, and the presence of these currents in turn alters the
conductance and the electric and magnetic fields over the
whole system. MHD models must include a representation
of the ionosphere in order to produce even basic global
features due to the intrinsic coupling. Ionospheric conduc-
tivity may be solved in 3D [Janhunen et al., 1996] or a
height-integrated conductivity model may be used [Ridley
et al., 2004; Raeder et al., 2001] to solve for the 2D elec-
tric potential. In the LFM, the 2D ionosphere solver MIX
[Merkin and Lyon, 2010] serves as a replacement for LFM’s
original potential solver.

1.5. Coupled Models

[8] The ultimate goal of global modeling efforts is to
construct a self-consistent first-principles model of the
magnetosphere capable of accurately capturing both inner
magnetospheric dynamics and outer magnetospheric mor-
phology, such that the bow shock, plasma mantle, magne-
totail, plasma sheet, and ring current are all accurately
represented. In reality, all of these regions are coupled:
sunward of a ring current enhancement, the day side mag-
netic field will increase, pushing the magnetopause bound-
ary outward. Tailward reconnection produces earthward
flows, and these flows can drive the ring current or enhance
the shear flow in the flanks, both of which modify the Bir-
keland current distribution into the ionosphere. Ionospheric
currents alter the electric field, which in turn modifies
magnetospheric convection. A physics-based model typi-
cally solves a subset of the magnetospheric system. To
incorporate missing physics from other regions, coupling
between models is necessary.

[9] RC models can use Birkeland currents to alter the
potential pattern for the inner magnetosphere such that the
electric field is consistent with the plasma. However, in
order for the system to be fully self-consistent, the magnetic
field should also respond to any changes in the pressure.
Several RC models have been augmented to solve for
magnetic fields in force-balance with the plasma [Toffoletto
et al.,, 2003; Lemon et al., 2004; Zaharia et al., 2006;
Ebihara et al., 2008].

[10] The time dependence of the equilibrium-computed
fields comes from the RC pressure distribution and the
boundary conditions, for which there are empirical esti-
mates. To provide more realistic outer boundary conditions,
Zaharia et al. [2010] recently coupled the RAM-SCB
boundary with BATS-R-US. Alternatively, several authors
have used magnetic fields obtained from MHD simulations
to drive RC simulations directly. A theoretical evaluation of
the differences between the ring current formalism of the
RCM and MHD can be found in work by Heinemann and
Wolf [2001], who showed theoretically that the two can be
made equivalent by extending MHD to include the effects of
diamagnetic drifts and collisionless heat flux and also
enforcing a Maxwellian distribution at every grid point and
every time step in the RCM. However, they also
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demonstrated that enforcing a Maxwellian in the RCM
solution can drastically affect the evolution of pressures and
densities. That conclusion was also confirmed using more
realistic conditions by Song et al. [2008]. By coupling the
RCM to the LFM, the effects of energy dependent drifts on
MHD quantities, such as pressure and density, are incorpo-
rated into the LFM without the problems that accompany
artificially enforcing a Maxwellian. In the “one-way” cou-
pling paradigm, the flux tube volume is obtained from MHD
field integrations and passed to the RC model, while MHD
densities are used to populate the RC distribution function at
the high-latitude outer boundary [Hu et al., 2010;
Buzulukova et al., 2010]. The one-way coupling paradigm
was initially used to drive RCM with LFM’s magnetic field
[Toffoletto et al., 2004]. In order to make the plasma distri-
bution consistent with both the electric and magnetic fields,
a “two-way” coupling strategy is employed. In this scheme,
the sum of pressures and densities over the RC distribution
function is used to modify the single-fluid plasma in the
MHD code, and the MHD model responds to the RC pres-
sures and densities by modifying its own fields [Hu et al.,
2009; De Zeeuw et al., 2004].

[11] This work details the two-way coupling strategy for
LFM-RCM-MIX. In Section 2, we give a brief description of
each model and its function within the larger coupling par-
adigm. Section 3 reports the response of the model to driving
with idealized solar wind and ionosphere conditions by
comparing with stand-alone MHD. We examine the effect of
coupling on the ionosphere, MHD pressure, Dy, signatures,
and the distribution of flux tube entropy and mass content. In
Section 4, we discuss the results in relation to flows of
entropy and mass content, ring current pressure, and iono-
spheric shielding. Section 5 summarizes this work and pre-
sents further studies and improvements to the model.

2. Model Descriptions

[12] This section will provide a brief description of the
models incorporated and details of the coupling procedure.
In broad outline there are three components: The LFM
global MHD model, the Rice Convection Model, and the
MIX ionosphere solver. Their roles can be summarized as
follows:

[13] The LFM provides a self-consistent model of the
global magnetosphere, given the assumptions of single-fluid
ideal MHD. The LFM does not include energy-dependent
drifts in fluid velocity in the inner magnetosphere, and it
requires an ionospheric model to set the inner boundary
condition on velocity. Conversely, the RCM solves for the
realistic energy-dependent drifts, but requires a magnetic
field, electric potential, and plasma conditions specified on
its outer boundary. Therefore, the LFM provides the RCM
with a magnetic field model required for plasma convection
and plasma conditions for the outer boundary of the RCM
domain. In return, the RCM supplies the LFM with a more
realistic ring current pressure and density distribution.
Finally, both LFM and RCM receive an electric potential
solution supplied by MIX, which accounts for both high and
low-latitude convection. MIX solves for the ionospheric
potential using the field-aligned current distribution obtained
from the inner boundary of LFM.
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2.1. LFM

[14] The LFM computes the 3D fields and plasma prop-
erties for all magnetospheric regions except for the inner
magnetosphere and ionosphere. A description of the mod-
eling framework of the LFM and its assumption of the
plasma properties motivates the coupling scheme for LFM-
RCM-MIX. A brief overview of the model is provided here,
and more detailed information can be found in work by Lyon
et al. [2004].

[15] The LFM solves the single-fluid MHD equations in
semi-conservative form:

op

Lev () (1)
opv B? BB
Oe B? BB)
—=-V-((e+P)v)—Vv- V- ||l ——— 3
=Tty v (1222 )

B

E=-vxB (5)

V-B=0 (6)
d =V x B (7)
2
v P
e== +771 (8)

where the usual variable definitions hold and v = 5/3 [Lyon
et al., 2004]. Only plasma energy e is tracked, rather than the
total energy; this avoids numerical problems in low-(3
regions where subtraction of magnetic field energy leads to
errors in the plasma pressure. The electric field, E, is stored
on mesh edges and the magnetic flux is stored on faces,
while the magnetic field, B, density, p, pressure, P, and
velocity, v, are stored at cell centers. The staggering of the
fields maintains the divergence-free nature of B [Yee, 1966].
The finite volume method is used to update the conserved
variables, using the total variance diminishing scheme to
represent the fluxes [Lyon et al., 2004]. The equations are
solved on a stretched spherical grid with domain spanning
from the near-Earth at 2.0 R to the distant tail (—300 Rg in
GSM coordinates) and upstream of the bow shock (+30 Rg).
For these results, we have run the LFM in “double” resolu-
tion (53 x 48 x 64), with cell volumes less than 0.2 R}, at
geosynchronous orbit.

[16] In the MHD approximation, the velocity distribution
function is assumed to be Maxwellian in the plasma frame of
reference. The bulk velocity perpendicular to the field is E x
B/B?. This drift is independent of charge and energy. This
assumption becomes invalid as the plasma approaches
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regions of high gradient-curvature drift, which produces
westward currents as the plasma differentially drifts
depending on the constituent charge species and energy
invariants. Therefore, the LFM plasma description is valid
only outside of the regions where gradient-curvature drifts
are large, and within that region LFM requires RCM to
accurately model the plasma motion.

2.2. MIX

[17] The coupled magnetosphere-ionosphere interaction is
managed by the MIX 2D electrostatic solver. The MIX
computation is done on a spherical shell with the pole cen-
tered at the magnetic pole. At its basis is Ohm’s law fol-
lowing from current continuity equation integrated over the
ionospheric height. Combining these concepts,

E=-V.¢, ©)

where V| is the 2D gradient in the ionosphere, yields the
following relation:

VL(EVL(M = —juSiIl([), (10)
where jj is the Birkeland current flowing into the ionosphere,
I is the inclination angle of the magnetic field, and ¥ is the
conductance tensor. The conductance in the model can be
fixed as in the results presented here, or it may include
auroral and EUV effects [Wiltberger et al., 2004]. Given a
Birkeland current distribution over the ionosphere, specified
conductances, and a choice of several low-latitude boundary
conditions, MIX solves for the electric potential [Merkin and
Lyon, 2010]. In the coupled model the LFM supplies the
magnetic field, and the currents are obtained by numerical
differentiation at the LFM inner boundary.

2.3. RCM

[18] The RCM treats the inner magnetospheric plasma as a
bounce-averaged isotropic distribution, which allows the
RCM to solve the system as a 2D advection problem on a
mesh situated in the northern ionosphere. The plasma is
divided into separate species (denoted by subscript i) and
fluid channels (denoted by the subscript k), with 28 fluid
channels for electrons and 62 for protons. Each k-channel is
associated with an adiabatic invariant A, ; given by

N = WiV (x)*? (11)
in units of eV(Rg/nT) >, i 1s a constant for each fluid and
represents the total entropy per particle for that channel.
Here, W; [eV] is the average energy per particle and the flux
tube volume ¥(r) is calculated from a magnetic field model
through the field line integral
[ ds

rin=[ 5. (12)

[19] The integration step length, ds, is measured in Earth
radii and is parallel or anti-parallel to the magnetic field B
[nT]. The integration limits span from the south to north
ionospheres. Integration begins at positions r in the RCM
grid, which is a fixed hemisphere above the northern iono-
sphere with radius 1 Rg.

PEMBROKE ET AL.: DYNAMIC COUPLED MI-RC MODEL

A02211

[20] The energy invariant formalism allows the RCM to
follow the plasma for a given invariant )\, 4, using the partial
flux tube content 7,4, representing the number of particles
for channel k per unit magnetic flux [Toffoletto et al., 2004].
The RCM evolves the spatial distribution of flux tube con-
tent by solving the advection equation

Nik (I’, t)
Tik (r7 t)

<%+ vD(/\i’k’r’ t) ' v>ni,k(r7 t) = - (13)

where the LHS includes all energy-dependent drifts and the
RHS includes losses due to electron precipitation or charge
exchange, through the decay times 7,,. Note that the decay
times for charge-exchange are energy-dependent. Particle
losses may be neglected without substantially changing the
dynamics on timescales considered here, so that n;;, will be
conserved along a path drifting with the plasma at velocity
vp. By performing the RCM transport in the ionosphere the
plasma motion can be characterized by an effective poten-
tial, ®, ;, where the drift velocity is given by

(14)

and

(15)

[21] Inductive effects in the magnetosphere are accounted
for through changes in the magnetic field model (i.e.,
through changes in V). For the results presented here, the
electric potential from MIX is used. Since the drift velocity
depends on the invariant )\, given in (11), the plasma will
separate as each fluid moves along contours of constant &, ;.

[22] The RCM-computed flux tube content is related to the
single-fluid MHD density and pressure. This compatibility is
the basis of the coupling scheme used here, and results from
careful construction of the RCM energy invariant domain.
Suppressing the species index, the energy invariants are defined
by channel centers \; and channel widths A\, given by

ANe = Ney12 = Mo (16)
with
A A
M kmin <k< kma}u
MNer12 =9 ¢ k = kuin, (17)
15X — SNt k= k.

[23] Thus, 7;, represents the total number of particles
within the channel centered on );, and a direct integration
over the individual channels yields the total density p;,
pressure P; and entropy S; for species with mass m;,

1

= (1.5694 x 10716) 2L N7, 18

Pi ( X )mp V; 77l,k ( )

P;= (1674 x 107°) V7% " X, (19)
k

S; = pP,y33 (20)
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Figure 1. Flow diagram for LFM-RCM-MIX exchanges. Green, blue, and purple polygons represent
variables sent from LFM, RCM, and MIX, respectively. Arrow heads indicate the direction of information
exchange. The light blue circle in the LFM represents the LFM inner boundary, while the light blue region

around RCM represents the RCM outer boundary.

where Vis the flux tube volume, the sum is over the fluid index
k, and m;/m, is the ratio of the species and proton masses.

2.4. Coupling Algorithm

[24] The model is part of the Center for Integrated Space
Weather Modeling (CISM) [Goodrich et al., 2004] simula-
tion program, which seeks to develop a complete Sun-to-
Earth model from first-principles. In the CISM architecture,
the constituent models operate as separate executables and
information is exchanged between them using the Inter-
comm runtime library [Lee and Sussman, 2004] together
with Overture [Brown et al., 1997], which manages inter-
polation between overset grids and is built upon the P++
parallel array class library. In general, the CISM approach
attempts to minimize changes to the contributing models.

[25] Inthe LFM-RCM-MIX model, information exchange
occurs on a regular schedule. Figure 1 illustrates the cou-
pling algorithm. Variables are color-coded according to the
model that produces them, while arrows point in the direc-
tion of information exchange. The LFM, represented by the
green cylinder, transmits currents to MIX and plasma prop-
erties to RCM, as denoted by the green boxes. MIX trans-
mits the electrostatic potential (purple) to both the LFM and
RCM. The RCM returns plasma properties (blue) to the
LFM, via field line traces. The rightmost key defines
operations for time averages, field line averages, summa-
tions, and bleeding scheme used in the transfer. The tracer
boxes depict field line integration, utilizing an intermediate
grid (the orange box). Each portion of the diagram is
explained in the following subsections.

2.4.1. Coupling to MIX

[26] LFM and RCM require the potential solution pro-

vided by MIX, while MIX requires a Birkeland current

distribution. Active conductances are disabled in these test
runs, though a data path exists for LFM quantities affecting
conductances, e.g. density and sound speed, to be sent to
MIX. Exchanges with MIX are depicted at the leftmost part
of Figure 1. LFM Birkeland currents are mapped along
a dipole field from the LFM inner boundary (2.2 Rg) to
the height of the MIX ionosphere. From current continuity,
the relative increase in current density is proportional to the
increase in the magnetic field strength, such that

jHion = %j:]\\m (21)
where jy;,, represents the ionospheric current parallel to the
magnetic field, j,, the parallel current at the inner boundary,
and B,,,/B,, the ratio of the magnetic field strengths at the
ionosphere and inner boundary, respectively. The resulting
currents are then interpolated onto the MIX domain, where
they are used to solve for the potential in equation (10). The
potential pattern obtained from MIX is returned to the LFM
inner boundary to drive magnetospheric convection. The
LFM-MIX exchange occurs every 10 s in simulation time.
[27] After a preconditioning interval, which allows the
model to develop a magnetosphere from its initial condition,
coupling to the RCM is turned on (¢ = 0 for all the results
shown here). The potential pattern obtained from MIX is
interpolated onto the RCM’s ionospheric grid, where it is
used in the calculation of gradient and curvature drift. An
option exists to return average energy, energy flux, and
Birkeland currents from RCM to MIX, where the RCM
currents are obtained through the Vasyliunas equation [Wolf,
1983]. However, this option is disabled in these runs.

5 of 21



A02211

Effectively, the feedback of RCM pressures to the iono-
sphere is mediated by the LFM-RCM coupling.
2.4.2. LFM to RCM Transfer

[28] The LFM solves for the time-dependent electric and
magnetic fields and plasma, with adjustments to ring current
pressure and density supplied by RCM. For the first
exchange, the LFM updates the RCM plasma distribution
over the entire RCM domain, assuming a Maxwellian
energy distribution. For all subsequent exchanges, only the
RCM outer boundary (light blue box enclosing RCM in
Figure 1) is updated with LFM plasma. The exchange of
information from LFM to RCM is shown in Figure 1,
moving clockwise away from LFM.

[20] The time averages of LFM pressure, density, and
magnetic field are computed over a 1-minute exchange time
(see Appendix A). Since the MHD code is constantly
evolving between exchanges, the 1-minute exchange time
serves as a compromise between speed and accuracy: more
frequent exchanges may produce more accurate coupling
with respect to capturing the instantaneous LFM, but would
become computationally expensive. Numerical experiments
indicate the results are not sensitive to exchange times in the
I-minute range. This also reduces any high-temporal varia-
tion in LFM to keep consistency with the RCM assumption
that waves are not present.

[30] The minute-averages of density, pressure, and mag-
netic field are interpolated onto an intermediate grid. The
grid is a regular Cartesian mesh and has higher average
resolution than the LFM, such that the LFM results are
captured accurately. The grid spans the domain (—30, 15)Rg
along the Earth-Sun line and £20 Rg in y and z. A search in
this intermediate grid is straight-forward compared to a
similar search in the LFM mesh, so this simplifies the field
line tracer and improves overall speed even when including
the interpolation time. Field line-averaged pressure and
density are obtained from traces initiated from positions in
RCM’s ionospheric grid (rzcy in the figure), given by

/ (P), (p)ds/B

/ds/B ,

where the denominator is the flux tube volume ¥ used in
equation (15) for the RCM effective potential.

[31] Once the time-averaged field-integrated pressures and
densities are specified at the RCM’s ionospheric grid, these
quantities are put in terms of the RCM variable n;; as a
function of the energy invariant )\, ; introduced in section 2.3.
Appendix B describes the decomposition of LFM plasma
into RCM electron and proton distribution functions.

2.4.3. Setting the RCM Boundary Location

[32] The RCM domain consists of a static 2D grid in the
ionosphere and its magnetic projection onto the equatorial
plane. The former is spherical with minimum latitude of 10°,
and the latter is determined by magnetic field mapping onto
the equatorial plane. If an RCM foot point lies along an open
field line or intersects the equatorial plane outside a specified
elliptical boundary, then it is removed from the modeling
domain. The location of the RCM outer boundary ultimately
determines where gradient-curvature drift dynamics are
enforced.

(P.p) = (22)
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[33] Under conditions of steady driving with a southward
IMF the above boundary specification eventually resulted in
the LFM producing large radial flows near the outer edge of
the RCM modeling region, where the equatorial plasma-{3
became much larger than one. The reasons for these flows
are likely due to several factors, including insufficient reso-
lution in the MHD code to balance the large pressure gra-
dients in the inner magnetosphere produced by the RCM. In
the case where the plasma-0 is large, static equilibrium
requires that the pressure gradient be balanced by a large
field-line curvature. If the LFM cannot represent such cur-
vature due to grid resolution, then a numerically driven flow
will likely be produced. Numerical experiments with lower/
higher resolution versions of the LFM resulted in the
appearance of these flows at earlier/later times, which is
consistent with the resolution playing some role in the for-
mation of these flows. Additionally, these flows could be a
manifestation of a physical instability [e.g., Pu et al., 1997].

[34] To prevent the occurrence of non-physical flows,
various options for setting the RCM boundary were
explored. For the results in this paper a criterion was adopted
that restricts the RCM boundary based on flux tube average
plasma-/3, defined by

B /ZMOpds/B3
B= 0 (23)

/ds/B

where the averaging is weighted by 1/B. This weighting
tends to favor the equatorial region, where the field is
weakest. For the cases presented here, 5 < 1 was used as the
criteria for defining the RCM coupling region. While other
criteria for choosing the RCM boundary are also possible,
this criterion produced the most stable results while still
allowing the RCM to operate in a region that encompassed
the peak of the ring current pressure. The choice of a flux
tube averaged (3 restriction has the additional advantage of
restricting the RCM modeling region to where its assump-
tion of quasi-static slow flow is valid. Recent work of Wolf
et al. [2012a, 2012b] comparing the RCM’s quasi-static
slow flow approximation to MHD using a 1-dimensional
filament code found that under conditions where the equa-
torial plasma-3 became larger than one, the MHD code
would often produce wave-like solutions that the RCM does
not represent. The choice of boundary is a compromise: it
allows the LFM to govern the regions of fast flows but
removes much of the potentially important drift physics that
the RCM would otherwise capture. During southward IMF,
the RCM boundary typically lies within 6 Rg.
2.4.4. RCM to LFM Transfer

[35] The transfer of information from RCM to LFM is
shown in Figure 1, moving from the bottom to the top of the
diagram, beginning with RCM. After the RCM has run for a
set time (At = 60s), the sum over the RCM partial pressures
and densities is obtained using equations (18) and (19). In
addition, the RCM density is modified with the addition of a
fit to the static plasmasphere model of Gallagher et al
[2000] (see Appendix C). As a temporary substitute for a
full treatment of the plasmasphere, this has the effect of
providing a cold component of plasma to the inner
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magnetosphere. In future versions of the code a more real-
istic plasmasphere that incorporates the effects of the electric
field and corotation will be included.

[36] The final density and pressure are transferred to the
LFM by tracing field lines from points in the 3D LFM
domain, using the magnetic field stored on the regular
intermediate grid. The intersection of each trace with the
RCM ionospheric grid is used to interpolate the local RCM
pressure and density. At this stage, a mask variable specifies
whether an LFM grid point maps into the RCM domain,
which determines if the LFM density and pressure should be
modified. These RCM quantities do not immediately replace
the LFM variables, but are instead bled into LFM over the
exchange time. This bleed scheme prevents discontinuities
from forming at the boundary of RCM. The modification is
made to the LFM sound speed ¢; s, using

dt

KtR’ (24)

crrm () = crm(t) + (crem — cLrm (1))
where czcyy is the RCM sound speed, dt/At is the ratio of the
current LFM time step to the exchange time interval, and R
is a coupling constant that controls the strength of the cou-
pling. If R = 0, the LFM variables are unchanged and cou-
pling is effectively turned off. For the runs shown here, we
set R = 1. A similar algorithm to equation (24) is used to
adjust the LFM density.

3. Model Results

3.1. Description of Run Setup

[37] With appropriate solar wind conditions, the coupled
magnetosphere-ionosphere-ring current simulation should
produce several features of storm-time dynamics. A ring
current pressure enhancement should occur, in addition to
ionospheric shielding and changes in the magnetopause
location. Without the test runs performed here, it would be
difficult to predict exactly how the system will respond,
given the various competing physical processes at work. For
example, Birkeland currents would modify the potential of
the ionosphere, changing the global convection electric field,
while the change in convection pattern in turn alters the
Birkeland current.

[38] LFM-RCM-MIX was run in two modes: coupled and
uncoupled. In the coupled runs, the full machinery of the
coupling scheme described in 2.4 was used. For the uncou-
pled runs, the bleed rate R in section 2.4.4 was set to zero. In
this mode, RCM densities and pressures do not modify the
LFM parameters. The uncoupled mode will be used to
determine the overall effect the RCM has when combined
with LFM-MIX.

[39] The coupled and uncoupled models were tested with
two idealized solar wind and ionospheric conditions. A
constant solar wind velocity of v, =400 km/s and a constant
pressure and density corresponding to a sonic Mach number
of 10 were used, together with a fixed ionospheric conduc-
tance of 10 S. The only change in the solar wind was from
the time-varying interplanetary magnetic field of B, =
45 nT. The two runs investigated used similar IMF condi-
tions. In the case of the “S IMF” runs, IMF B, was pre-
dominantly southward, except for a northward interval from
02:00-04:00 UT. For the “SN IMF” runs, the same time
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dependence as the S IMF case was used until the second
southward turning, after which the B, direction switched
every 3 hours.

3.2. Overview of Simulation Results

[40] Figure 2 compares the basic response of the coupled
(LFM-RCM-MIX) and uncoupled (LFM-MIX) S IMF and
SN IMF runs. Figure 2a shows the integrated Birkeland
current into the northern polar cap (FACy). In both coupled
and uncoupled runs, the first 2 hours of southward IMF is an
initialization phase used only to prime the magnetosphere.
LFM-RCM-MIX consistently produces stronger Birkeland
currents than LFM-MIX, nearly a factor of 1.5 higher
beginning at 08:00 UT for the S IMF runs. An analysis of the
Birkeland currents revealed that Region-2 currents were
2.5x higher in the coupled S IMF run when compared to the
uncoupled run over the 08:00-16:00 UT period, while the
increase in the region-1 currents was 20% for the same
interval.

[41] Figure 2b shows the cross polar cap potential drop,
which is obtained from the difference of the minimum and
maximum potential in MIX. After the southward turning at
04:00 UT, all four runs reach an initial peak of 80 kV at
04:40 UT. After this initial peak the potential decreases
during the next hour for all the runs while the Birkeland
currents stabilize. At 05:30 UT all four runs show strong
variations in potential that correspond to abrupt changes in
Birkeland current, marking the beginning of substorm onset.
The onset of the rapid variations in Birkeland current occurs
earlier in the uncoupled runs, and a corresponding second
potential peak occurs earlier, at 05:40 UT in the uncoupled
runs while at 06:30 UT in the coupled runs. For the uncou-
pled S IMF case, after 07:00 UT the polar cap potential
remains near 90 kV and does not exceed 100 kV for the
remainder of the run, while in the coupled run the peak
potential is 110 kV (at 08:30 UT) and oscillates around
100 kV for the remainder of the run. 10 kV oscillations
occurring in coupled and uncoupled runs have a period of
about 10 min. These reflect Birkeland current oscillations
with the same period, but they persist for the duration of the
coupled S IMF run, with minima close to a steady potential
obtained by the uncoupled S IMF run. In the SN IMF run,
the polar cap potential and Birkeland currents reach nearly
the same values as the long duration runs, so the northward
interlude did not affect the long-term behavior, at least on
the global scale. Compared to the magnitude of the polar cap
potentials, the potential oscillations are relatively small.
Note that the polar cap potential produced by the various
runs are in the expected range for these solar wind condi-
tions: using the empirical estimate of Boyle et al. [1997]
yields a polar cap potential of 76 kV. However, the poten-
tial obtained from the model is highly dependent on the
ionospheric conductance.

[42] Figure 2c shows the response of the magnetic field
through Dy, which is approximated by averaging the mag-
netic field perturbation near the inner boundary of the LFM.
The initial value of 40 nT Dy, does not bear much physical
significance, since it depends largely on the startup config-
uration of LFM. However, comparing the relative strength
between the runs is an indication of the large-scale changes
in the magnetic field close to Earth. Observing the response
of the S IMF coupled and uncoupled runs (blue and red
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Figure 2. (a) Field-aligned current in MIX for coupled (blue) and uncoupled (red) S IMF runs; coupled
(yellow) and uncoupled (black) SN IMF runs are also shown. (b) Polar cap potential drop in MIX. (c) Dy

measured at inner boundary of LFM.

curves, respectively) shows that the presence of RCM pres-
sures produces a more negative response in the magnetic
field perturbation. This effect becomes noticeable in the
period from 0200-0700 UT, where the Dy, signatures cor-
relate strongly. Here, the uncoupled run begins to diverge
from the coupled case, with a 10 nT gap just prior to the
southward turning at 0400 UT. After southward turning,
the field decreases for both runs. However, at 0700 UT the
uncoupled run minimizes and begins a slow recovery for
the duration of the run, while in the coupled run the mag-
netic field continually decreases. This difference is reflected
in the SN IMF coupled and uncoupled runs (yellow and
black curves, respectively): in the uncoupled run the Dy
tends to reach extrema near the same values, while the
coupled run reaches successively lower extrema. Note that
the coupled SN IMF run approaches the uncoupled S IMF
run from 0730 to 1000 UT. This is most likely coincidental,
since the next northward interval does not return the coupled
run to the same value. Further investigation found that for
the coupled S IMF run, the Dy decreased at a continuous rate
during a 40 hour period of constant southward IMF. How-
ever, when RCM particle losses due to charge exchange and

electron precipitation were enabled, D, reached a minimum
of —40 nT after 10-15 hours.

[43] The Dy signatures indicate that LFM plasma pressure
should be significantly larger in the coupled cases in order to
significantly reduce the average magnetic field in the inner
magnetosphere. Figure 3 examines the influence the RCM
has on the LFM pressure, 12 hours after the first southward
turning. LFM equatorial pressure is shown with the Sun to
the left. The pressure enhancement closest to the Sun on the
day side indicates the location of the bow shock, the inner
edge of the enhancement is a proxy for the magnetopause,
and the magnetosheath lies between the two. Figures 3a and
3b compare results for the uncoupled and coupled S IMF
runs. In the uncoupled run, a diffuse build-up of low pres-
sure (<3 nPa) fills the nightside region close to the Earth and
peaks at the inner boundary of the LFM. On the day side
there is a wedge of depleted pressure spanning from 0800 to
1600 local time; the convection potential prevents the
plasma from filling this region. In Figure 3b, when the RCM
is included, a strong partial ring current develops. This is
signified by a high pressure region on the night side that
peaks at over 60 nPa at a radial distance of 4 Rg.
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Uncoupled

S Runs
log10 Pressure [nPa]

Max: 2.54562 [nPa]

SN Runs
log10 Pressure [nPa]

Max: 1.10461 [nPa]
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Coupled

log10 Pressure [nPa]

log10 Pressure [nPa]

Max: 20.3192 [nPa]

Figure 3. Buildup of ring current in the (a and ¢) uncoupled vs (b and d) coupled runs for S IMF (Fig-
ures 3a and 3b) and SN IMF (Figures 3¢ and 3d). The view is from above the north pole with the sun to the
left at 1600 UT. Peak ring current pressures are listed for each.

[44] Figure 3c shows the uncoupled LFM pressure for the
SN run 3 hours after the last northward turning. Some of the
dayside wedge between 6 and 10 Ry has been filled in with
diffuse pressure, and there is a sharp drop in pressure at the
subsolar point at 11 Rg. This is the point at which the
magnetic pressure dominates, holding off the sheath flow
while the northward IMF prevents reconnection from mixing
magnetosheath and magnetospheric plasma. In contrast,
Figure 3d shows the pressure in the coupled run is again
higher by an order of magnitude. The ring current has
become azimuthally symmetric after 3 hours of northward
IMF. However, the trapped ring current population produces
a pressure a factor of 3 less than the S IMF coupled run, and
this is likely due to the SN IMF run experiencing shorter
periods of southward IMF.

[45] A detailed study of the pressures shown in Figure 3
revealed that the peak pressures are at r =~ 4 Ry for the

coupled runs, with the peak favoring the day side for the
SN IMF run by 2x the night side pressure. Conversely, the
S IMF run has a peak 5x higher on the night side than the
day side. In general, the peak pressures are not aligned with
the noon-midnight meridian.

3.3. Ionospheric Response

[46] One of the characteristics of RC models is the
development of strong region-2 Birkeland currents, which
have an impact on the electric field at low latitudes. In par-
ticular, during steady convection, such as when the IMF B,
is southward, the region-2 currents would be expected to
shield the low-latitude electric field [ Wolf and Spiro, 1983].
Figure 4 shows the polar cap potential with 5 kV potential
spacing and Birkeland currents for the uncoupled (left) and
coupled (right) S IMF runs. Figures 4c and 4d are the
instantaneous values and Figures 4a and 4b show the same
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Figure 4. Thirty-minute averaged Polar Cap Potential (PCP) with 5 kV spacing and 30-minute averaged
Birkeland currents for (a) uncoupled and (b) coupled S-IMF run. The uncoupled exhibits some shielding,
indicated by a drop in electric field intensity as seen from the more widely spaced equipotentials. This
shielding is much more pronounced in the coupled run. Region-2 currents are significantly stronger in
the low-latitude region for the coupled run. (c and d) Instantaneous views of the ionospheric patterns

are shown.

quantities but averaged over 30 min around the time in the
instantaneous values. Both the coupled runs exhibit strong
Birkeland currents and shielding, while the averaged plots
resemble more closely the traditional lijima and Potemra
[1978] Birkeland current patterns. There are instantaneous
features in the Birkeland current that are not seen in the time-
averaged plot, such as the intensification at 25° colatitude,
2200 LT. These transient patterns occur more frequently in
the coupled runs; they tend to propagate from high to low
latitudes on the night side, followed by motion toward dawn
(if the enhancement began in the post-midnight sector) or
dusk (for the pre-midnight sector). The transient patterns then
merge with the extended Region-2 system on the day side.
[47] Figure 5 shows polar cap potential with 5 kV poten-
tial spacing and Birkeland currents for the uncoupled
(Figure 5, left) and coupled (Figure 5, right) SN IMF runs,
40 min after northward turning. The midlatitude potential

peaks at this time, with opposite polarity from the convec-
tion electric field. This “overshielding” response gradually
decays over the next hour. Figure 6 shows undershielding
for the SN IMF uncoupled run (Figure 6, left). At this time
the ring current has yet to fully symmetrize and shielding is
reduced when compared to the coupled run (Figure 6, right).
In this case, the convection electric field is still active in the
inner magnetosphere prior to the build-up of Region-2
currents.

3.4. Magnetic Field at Geosynchronous Orbit

[48] From the basic global responses seen in Figure 2 the
magnetic field in LFM is reduced in response to the ring
current pressures imposed by RCM. Figures 7 and 8 exam-
ine the magnetic field in more detail: the z-component of the
magnetic field at geosynchronous orbit (6.6 Rg) is plotted
for several local times, spanning 1800 to 0600 LT across the
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Figure 5. Polar cap potential with dashed (negative) and solid (positive) potential contours spaced at
5 kV, together with Birkeland currents for the (a) uncoupled and (b) coupled SN IMF run, 40 min after
northward turning. The presence of stronger Region-2 currents produces “over-shielding” in the coupled

run, signified by a reversal of the electric field.

night side. In the uncoupled runs, the magnetic field is
overall larger than in the coupled cases, except for periods
where the coupled run oscillations briefly exceed the rela-
tively steady values seen in the uncoupled runs (the uncou-
pled oscillations are very small, 10 nT in the strongest case).
This affirms the idea that the RCM ring current has reduced
the overall strength of the magnetic field on the night side.
The highest variability occurs for the S IMF coupled run
(blue curves of Figure 7) with oscillations that are sharply
peaked for dawn and dusk and reduce in amplitude closer to
midnight local time. These oscillations begin just before
0600 UT, which is the time of substorm onset seen in the
Birkeland current signature of Figure 2. The coupled SN
IMF run (Figure 8, yellow curve) shows similar behavior to
the S IMF run, but only when the IMF is southward.

a) 1 Unep o
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0.8
0.6
0a ¥
02 2
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0.4 3
-0.6
-0.8
FAC Potential -1.0
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min: -0.6
max: 0.5 00

3.5. Entropy Analysis

[49] In section 3.4, magnetic field oscillations were
observed at geosynchronous orbit in LFM on the night side,
while in section 3.3 transient Birkeland currents were
observed in MIX at low-latitudes, propagating toward the
dawn and dusk flanks and merging with the Region-2 current
system. Several authors have shown that flux tube entropy
and density are useful parameterizations for interpreting the
features of storm time injection [Zhang et al., 2008; Birn
et al., 2009]. Analysis of the flux tube entropy and density
is a useful diagnostic in understanding these oscillations.

[50] The local entropy and particle density should be
conserved along drift paths in MHD. From the frozen-in
condition, it follows that the total entropy and particle
number per unit magnetic flux should also be conserved

Coupled SN IMF
10:50:00

b) 12
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06(40.0
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-0.4
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-0.8
-1.0

18
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FAC 0.7
min: -0.
max: 0.8 00

Potential
min: -38.2
max: 39.7

Figure 6. Same parameters as Figure 5 for (a) uncoupled and (b) coupled NSNS runs, 50 min after south-
ward turning. Characteristic “under shielding” is signified by penetrating electric fields at low latitudes.
Under-shielding is more pronounced in the uncoupled run.
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Figure 7. Response of magnetic field at geosynchronous orbit for coupled (blue) and uncoupled (red) S
IMF runs. B, is sampled on the night side at local times ranging from (top) dusk to (bottom) dawn.

[Wolf et al., 2009; Birn et al., 2009], so these parameters can
be used to track the motion of plasma in the LFM. For the
inner magnetosphere, the physics is more complex: when
particle losses are disabled, the RCM will conserve both the
entropy per particle and the number of particles per unit
magnetic flux through the energy invariant A\. However, the
drift paths of each fluid will depend on the strength of the
gradient-curvature drift, which increases with A and pro-
duces east-west motion. This results in two effects unique to
the coupled code. According to the RCM formulation,
plasma in low-A channels is allowed to propagate closer to
the Earth than in high-\ channels. The second effect is due
to the relative motions of plasma in different A-channels
within the RCM. Even though the entropy in each channel is
conserved, the drift paths of individual fluids can cross.
Therefore, the sum of flux tube entropy and mass content
over all channels will not be conserved locally. The result is
a diffusive effect which will dominate closer to Earth, where

flux tube volume is small. This effect will not contradict
with the LFM description far from Earth where the flux tube
volume is large, since each plasma species will drift together
at the E x B velocity. Summarizing, in the coupled code
entropy and mass content should be conserved far from
Earth where LFM operates. If a low-entropy bubble moves
into the inner magnetosphere, it should diffuse as the con-
stituent plasma species separate in RCM.

[5s1] For the results below, all field line integrations were
performed on the intermediate grid described in section
2.4.2. (Animations for each figure are available in the
auxiliary material.)! The field line tracer used for visualiza-
tion occasionally terminates prematurely before reaching the
inner boundary, causing empty squares to appear in the
figures.

'Auxiliary materials are available in the HTML. doi:10.1029/
2011JA016979.
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Figure 8. Same as Figure 7 but for SN IMF.

[52] Conservation of entropy in the LFM is shown in
Figure 9a, which shows equatorial entropy and velocity
vectors for the uncoupled S IMF run after 12 hours of con-
tinuous southward driving. The regions of low-entropy on
the night side correlate strongly with earthward flow, so that
the entropy gradient is perpendicular to the velocity. This
suggests that entropy is conserved in the LFM, though
deviations from strict conservation may be seen in
Animation S1. These flow channel signatures originate near
the open/closed boundary at —35 R in the tail. Two of the
flow channels interact with the magnetosheath flow, pro-
ducing Kelvin-Helmholtz waves near the dawn and dusk
open/closed boundaries. Figure 9c shows mass content and
contours of entropy, where adjacent contours differ by 40%.
Along with Animation S1 for Figure 9, clearly the bulk of
the mass content lies in the magnetosheath while the IMF is
southward. At this time, the inner magnetosphere is empty
for the uncoupled run, since there is no plasmasphere pro-
viding a source of mass.

[53] Next, we examine the effect of entropy flows on the
ionosphere. Figure 9b shows Birkeland currents and con-
tours of the electric potential for the uncoupled S IMF run,
with the green curve designating the mapping of the open/
closed boundary. Though they do not significantly modify
the potential pattern, faint Birkeland currents can be seen
equator-ward of the open/closed boundary on the night side.
The equatorial flow channels seen in Figure 9a are visible as
cast-west entropy gradients in Figure 9d. The weak R-1
sense currents in the closed field region are clearly correlated
with the longitudinal component of the entropy gradient, and
by extension the entropy flow channels.

[s4] Figure 10a shows field line entropy and velocity
vectors in the equatorial plane for the coupled S IMF run and
at the same time as Figure 9. The X-line is approximately
20 Rg tail-ward from that of the uncoupled run, making the
closed field region of the coupled run significantly larger.
The entropy parameter is higher than in the uncoupled case,
with transient, earthward-flowing low-entropy bubbles
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being more predominant. More flow vortices are produced,
but separate from those created by shear flow near the
flanks: one such vortex can be seen at the head of a low-
entropy bubble at X = —5 Rg, Y = —10 Rg. Directly over
this vortical structure, Figure 10c shows a region of high-
mass/high-entropy content interacting with a low-mass/low-
entropy flow. Such a configuration is typical of the coupled
runs, and several more of these structures can be seen in
Animation S2. Animation S2 also shows the diffusion of
entropy and mass content following bubble injection into the
RCM region.

[s5s] Figure 10d shows Birkeland current and contours of
mapped entropy in the MIX domain for the coupled S IMF
run. For reference, the orange glyph at the post-midnight sec-
tor in Figure 10d is the foot point mapping of the orange glyph
in Figure 10c, at the edge of the (—5,—10) bubble. The
equatorial plane shows a strong vortical structure appear near
the location of the glyph. A corresponding Birkeland current
signature appears at the ionospheric foot point several minutes
later. Similarly, the contours of Figure 10d show strong east-
west entropy gradients (mapped to low-entropy channels)
alongside peaks in Birkeland current. This was observed to a
lesser degree in the uncoupled run and is again consistent with
the idea that some of the Birkeland current structures are
associated with injections of low-entropy flux tubes.

[s6] For both coupled and uncoupled S IMF runs, south-
ward IMF intervals may be associated with transient low-
entropy (bubble) injections, which trigger Birkeland current
signatures in MIX. When the SN IMF runs are examined
during the a northward IMF interval, no entropy flow struc-
tures are observed (see Animations S5 and S6 for coupled
and uncoupled SN IMF runs). Instead, the entropy gradient
relaxes to a smooth radial profile. Small rearrangements of
entropy and density continue to occur, but at low velocities.
From the ionospheric perspective, no low-latitude Birkeland
current signatures were observed during this interval. In the
uncoupled SN IMF run the picture is largely the same, except
that the flux tube content is vanishingly small for the inner
magnetosphere, due to the lack of a plasmasphere model.

[57] An examination of the fields is necessary to relate the
entropy flows to the perturbations seen in the magnetic field at
geosynchronous orbit. Figures 11a and 11b show LFM equa-
torial B, with the dipole subtracted, together with entropy
contours for the uncoupled and coupled S IMF runs, respec-
tively. The magnetic field enhancement occurs within the
entropy channel and is intensified near the head of the channel.
These enhancements reach geosynchronous orbit in the cou-
pled runs. The local times of Figure 7 are marked in
Figure 11a. Comparing several of the field enhancements in
Animation S3 for Figure 11a with the oscillations in Figure 7
shows that the two are strongly correlated. After reaching the
ring current region, these enhancements slowly drift east or
west depending on whether the bubble entered the post or pre-
midnight sector. In the uncoupled code, the field enhance-
ments are similar, but they do not reach geosynchronous orbit;
instead, they immediately propagate toward the flanks and
appear to interact strongly with the boundary layer.

[s8] The presence of field enhancements near the head of
the transient flow suggests that the low-entropy channels
may be associated with field dipolarizations. The plasma-{3
may confirm that the flows are associated with localized
dipolarization of the plasma sheet. Field line-averaged
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plasma-@ for the S IMF uncoupled and coupled runs is
shown in Figures 1lc and 11d, respectively. The low-
entropy channels, which are seen in the distortion of entropy
contours, correspond with regions where plasma-g < 1.
Where plasma-g is low and no flows are present, the gradi-
ent in plasma pressure would be in force-balance with field-
line curvature. Therefore, the presence of earthward flows
with low plasma-( suggests that the flows could be triggered
by tail-ward dipolarizations that reduce field-line curvature,
possibly as a result of reconnection.

4. Discussion

[59] Our initial results suggest that our coupling scheme
for the MHD and ring current model is stable when the outer
boundary of the ring current model actively limits the RCM
to regions of low plasma-3. Using this modification, the
occurrence of high-speed outflows in the LFM was pre-
vented. In the following discussion, we highlight some of
the effects that coupling has had on sub-domains of the
magnetospheric system.

4.1.

[60] The stand-alone MHD runs produced a low, diffuse
pressure that peaks at the inner boundary of LFM
(Figures 3a and 3c). However, observations show that
pressure should peak and drop sharply earthward of 3 Rg
[Spence and Kivelson, 1989]. The coupled runs produce a
similar profile to observations, with peak occurring around
4 Rg (Figures 3b and 3d). Shielding of the low-latitude from
the convection potential (see section 3.3) prevents plasma
from reaching the inner boundary. Instead, gradient-curva-
ture drift enforced by the RCM dominates the flow close to
the Earth and causes the plasma to drift east- and westward
rather than toward the inner boundary. Similarly, the depleted
wedge seen in the uncoupled S IMF run is absent from the
coupled run by the end of the simulation. This is also due to
the gradient-curvature drift introduced by RCM, which
moves plasma that would otherwise escape into the magne-
tosheath onto closed drift paths on the day side.

[61] The intensification of ring current pressure results in a
reduction in the average magnetic field near Earth. This
reduction continues indefinitely unless particle losses are
enabled in the RCM. When losses are enabled, the field
reduction approaches a minimum after 10-15 hours of
southward IMF. This results from a balance of competing
physical processes: particle loss due to charge exchange will
reduce the energy content, while ring current injection causes
intensification. Further studies are needed to investigate this
balance and determine the extent to which low-entropy flows
contribute to ring current pressure. The strength of the ring
current pressure produces a measurable effect on the mag-
netopause location during northward IMF. The magneto-
pause in the coupled SN run is 1 Rg sunward compared to the
uncoupled run. This supports results of Garcia and Hughes
[2007], who suggested that the lack of ring current pressure
would explain why the LFM magnetopause was consistently
earthward of empirical models by 0.5 to 1 Ry at noon.

Ring Current

4.2. Oscillations and Low-Entropy Flows

[62] Under steady driving with southward IMF, both
uncoupled and coupled runs exhibit dynamic behavior
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through the creation and transport of low-entropy bubbles
and high-entropy blobs (Figures 9 and 10). Figure 11 shows
intensifications in the magnetic field at the head of low-
entropy bubbles. If the bubbles reach geosynchronous orbit,
they produce a perturbation in the magnetic field (Figure 7).
This perturbation is characterized by an abrupt peak fol-
lowed by gradual decline. Recent THEMIS observations
show a similar profile for earthward-traveling dipolarization
fronts [Runov et al., 2009]. The observed dipolarization
fronts are defined by a dip in B, before the front, then a sharp
increase, followed by a smooth decline. LFM-RCM-MIX
produces field signatures with an abrupt peak followed by a
slower decline and no prior dip, which is a slightly different
profile from observed dipolarizations. The prior dip is typi-
cally on the ion inertial length scale [Runov et al., 2009].
The code is not resolving such small-scale features due to a
lack of resolution, and it may be missing physics in the ideal
MHD formalism. For example, the Hall electric field, miss-
ing from ideal MHD, becomes important on ion inertial
scales.

[63] The final inward propagation of dipolarization fronts
in LFM-RCM-MIX may differ from those of observations.
Statistically, these fronts are not typically observed inside of
10 Rg [Ohtani et al., 2006]. Dubyagin et al. [2011] found
from THEMIS observations that injection efficiency
depends on the relative entropy of the low-entropy bubble
and the background. Animation S2 for Figure 10 shows that
the dipolarizations in the coupled code tend to reach geo-
synchronous orbit when the bubbles have entropy minimum
at least a factor of 2 lower than the background. Further
parameterizations of injections merit further study, such as
bubble mass, speed, acceleration, and the dependence on
grid resolution.

[64] The profile of magnetic perturbations we observe is
also similar to the signatures found by Taktakishvili et al.
[2007] when using BATS-R-US to drive the FokRC model
with similar solar wind conditions to these S IMF runs
(though with an IMF B, of —15 nT). The oscillations seen in
BATS-R-US were attributed to periodic reconnection events
creating enhancements in the magnetic field that propagate
inward from the tail. They observed oscillations with a
period of 20 min or longer, while the period of oscillations in
LFM is on the order of ten minutes. Though the timescales
may be different, there is some circumstantial evidence that
the oscillations observed in LFM may be similar in origin.
The bubbles are produced during southward IMF just within
the open/closed boundary, suggesting magnetic reconnec-
tion is a factor. However, the injection events occur more
frequently in the coupled vs uncoupled runs though the same
IMF conditions were used, suggesting that the ring current
may be providing a feedback mechanism. One possibility is
that the ring current pressure could be diffusing across field
lines onto higher latitudes, which could supply higher pres-
sures to the tail. Finally, the balance of day and night-side
reconnection could also be involved in promoting low-
entropy injections, since the X-line for the coupled run was
tail-ward from that of the uncoupled run.

4.3. Plasmasphere

[65s] The plasmasphere may give rise to several transient
features that have a lasting effect on the model. Heavily
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loaded flux tubes extend from the edge of the plasmasphere
into the plasma sheet. These create impediments to the entry
of low-entropy bubbles. Whenever a low-entropy bubble
pushes against a flux tube with high mass content, the bub-
ble either squeezes past or gets diverted around the high-
mass region. In either scenario, a strong vortical flow
develops and a low-entropy wake persists for several min-
utes. In Animation S2 for Figure 10, the paths the bubbles
take can be seen to depend on the history of previous
injections. The channels created by injections appear to offer
less resistance. Combined with high-mass flux tubes
impeding the flow, the background entropy and density
configuration is constantly restructuring. Northward inter-
vals apparently restore the plasma sheet entropy and mass
content to a smooth radial profile, thus permitting new
bubbles to flow without interruption.

[66] The addition of the plasmasphere model also has
consequences for plasma transport in the RCM modeling
region. The added mass reduces the temperature of LFM
near the outer boundary of RCM. The corresponding Max-
wellian energy distribution that forms the RCM outer
boundary condition is shifted toward lower energy. Particles
in the lower energy channels of RCM have a reduced gra-
dient-curvature drift, which allows them to drift closer to
Earth. Numerical experiments with LFM-RCM-MIX with-
out a plasmasphere resulted in only a weak ring current.
Without the effect of plasmasphere cooling, the gradient-
curvature drift term is too strong to permit a substantial ring
current to develop. A cold component of the plasma in the
MHD model may allow for ring current injection without the
complexity introduced by the high mass content of the
plasmasphere model. Future work coupling the RCM with
the LFM multifluid code may resolve this issue [Wiltherger
et al., 2010; Garcia et al., 2010].

44.

[67] Vortical flows can induce a twist in the magnetic
field, creating Alfvén waves which propagate to the iono-
sphere as a pair of upward and downward Birkeland current
signatures. Low-entropy bubbles produce vortical flows.
Motion of Birkeland currents in the ionosphere is consistent
with the motion of low-entropy bubbles. The ring current
itself produces a much greater effect on the potential, pro-
ducing shielding and overshielding as expected for the
coupled run. Though the Region-2 current system is stronger
in the coupled runs, the distribution of Birkeland currents is
such that the polar cap potential drop is similar to that of the
uncoupled run. A more detailed analysis of the geometry of
the current patterns should clarify the role the Region-2
system has on the total polar cap potential.

Ionosphere

5. Summary

[68] The aim of this paper has been to describe the coupled
LFM-RCM-MIX code and report some preliminary results
showing the influence of the coupling due to feedback from
the RCM to the LFM. Several factors contributed both to the
stability and response of the code to driving with moderate
solar wind conditions. The two most prominent factors are
the ( switch and grid resolution. The 3 switch keeps
the boundary of RCM consistent with the fundamental
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assumption of quasi-static equilibrium and slow flow. How-
ever, the restricted boundary may be prohibiting the RCM
from operating in regions where drift dynamics are still
important. On the LFM side, some of the flows outside the
coupling region may be due to interchange/ballooning insta-
bility, but it is possible they could be an artifact of grid reso-
lution. Finite grid resolution would ultimately limit the amount
of field line curvature that can be represented by the code as a
response to increased ring current pressures imposed by RCM.
Ruling out the effects of grid resolution is a work in progress.
Apart from these caveats, we believe these results are repre-
sentative of physical processes and not numerical instabilities.
The LEM-RCM-MIX produced the following features that are
not produced in the uncoupled runs:

[69] 1. The presence of RCM significantly improves
shielding of the low latitude from the convection potential.
This helps prevent low, diffuse pressure from reaching the
inner boundary of LFM. The pressure peak near 4 Rg in the
coupled results is consistent with observations. The build-up
of pressure appears to reduce the magnetic field near Earth
as approximated by Dy. If losses due to charge exchange or
precipitation are neglected in the RCM, then the reduction in
the field continues indefinitely as long as IMF B, is south-
ward. If losses are turned on, the Dg; eventually levels off.

[70] 2. During southward IMF, the coupled run initially
has a polar cap potential drop 20% higher than the uncou-
pled run, after which it approaches the uncoupled value over
the course of several hours. This was accompanied by a 20-
30% increase in the Region-1 current system. Region-2
currents were also higher in the coupled run by a factor of 2
and produce stronger shielding of the low-latitude region.
However, the stronger region-2 system does not appear to
affect the cross polar-cap potential significantly. A further
investigation of their geometry will determine how the two
current systems affect the total polar cap potential drop.

[71] 3. Oscillations in the magnetic field were observed at
geosynchronous orbit and were strongest for the coupled
runs near 2100 h and 0300 h LT. These oscillations are
related to injections of low-entropy bubbles coming from the
open/closed boundary in the tail. Since they only occur
during southward IMF, we believe the bubbles are the result
of magnetic reconnection in the magnetotail. Magnetic
reconnection can deplete flux tubes of density and entropy,
but further study is needed to verify if this is the cause. Once
introduced into the stretched field region, the relatively
lower entropy present in the bubbles causes them to migrate
earthward, creating low-entropy channels that persist for
several hours. The low-entropy injection path is highly
dependent on the time history of injections, which occur
approximately every 10 min in the coupled runs.

[72] 4. In the coupled run, the low-entropy injections are
often diverted around high-mass flux tubes that appear to
originate from the plasmasphere. This introduces a twist in
the field that propagates into the ionosphere as an Afvén
wave, resulting in a transient Birkeland current signature.

[73] The coupled LFM-RCM-MIX code provides a more
complete picture of the magnetosphere, by playing off the
strengths of the ring current and MHD formulations. Our
coupling paradigm is most successful when the physical
limitations of the constituent models are respected. The
model produces several features that are not observed in the
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stand-alone MHD runs, and we are confident that continued
efforts will bring the coupled model even closer to reality.

Appendix A: LFM Time-Averaging

[74] The running time averages for LFM pressure, density,
and magnetic field are used to update the RCM. For an LFM
variable ¢, the quantity {(g)y; is the time average for the
next time step in the simulation, and is given by

N
_ Zi:l qidt; + qn1din i

<Q>N+1 = Tn + divo,
Ty — dt, dt
_ (@)n(Tn N+1)+QN+1 N+17 (A1)
Ty Ty

where dt; is the time step of LFM’s solver at step i and is
variable. Ty is the elapsed time from the start of the
exchange up to step N. This formulation requires only the
current time step g+ in order to update the average over the
exchange.

Appendix B: LFM Decomposition

[75] At the RCM outer boundary, it is assumed that the
plasma is Maxwellian as a function of energy, and that
proton and electron densities are the same due to charge
neutrality. It is further assumed the ion and electron tem-
peratures are related by a constant factor a = 7.8, based on
observations by Baumjohann et al. [1989].

P
1= i+ 1) (B

where kg is the Boltzmann constant. For each charge species
i, the energy distribution function f;(W)) is given by

e \32
i ) e WilksT: (B3)

where kp is the Boltzmann constant. Using (11), in the
energy-invariant A-space this can be written

3/2
. m; -2/3
i(Nik) = d AV ks T B4
fi(Nix) ’0(27rkBT,~) e (B4)

Integrating over RCM energy channel limits (\y;, defined
by (17)) yields the RCM flux tube content 7, for each
channel centered at \;,

Nk = pV {Erf(}q) — Erf(x_) — 2 <x+e_x2+ - x_e_xzfﬂ ,

N
(BS)
with
] Aaap
T\ VP, (B6)

19 of 21



A02211

and

Erf(x) = 2 /0 e, (B7)

Appendix C: Gallagher Plasmasphere Model

[76] Given the position rzcy, in the RCM ionospheric grid,
the plasmasphere density pga,(rRCM)[cm%] is obtained from
the radius of the equatorial mapping point L(rzc,)[Rg] and
the function

tog( pyar(racur) ) = £(2:4 = Liracur) /4)

+ (1 =/)(45 = L(rrem)/2), (cn

where

f= % (1 + tanh(10(L(rgrcy) — 4.5))). (€2)

[77] Note that L(rzcy,) is computed in the transfer of field-
line averaged quantities from LFM. This functional form
was determined from a fit to the Gallagher model [Gallagher
et al., 2000, Figure 1].
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