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Abstract Initial demonstrations of an ionosphere/polar wind model including a phenomenological
treatment of transverse heating by wave particle interactions (WPIs) are presented. Tests with fixed
WPI parameters in a designated heating region on the dayside with time-varying convection show that
the parameters of the resulting nonthermal ion outflow are strongly coupled to the convection. The
hemispheric outflow rate is positively correlated with the convection speed with a time delay related to
the travel time to the upper boundary. Increases in convection increase the thermal plasma access to
the heating region, both by increasing the upflow associated with frictional heating and by increasing the
horizontal transport. The average parallel velocities and energies of the escaping nonthermal ions are
anticorrelated with the convection speed due to the finite dwell time in the heating region. The
computationally efficient model can be readily coupled into global geospace modeling frameworks
in the future.

1. Introduction

The mechanisms that allow heavy ions to escape the ionosphere continue to be an active area of research
(see Yau and André [1997]; Yau et al. [2011], for reviews). The recent advent of multifluid MHD models has
demonstrated that this ionospheric plasma can have substantial effects on magnetospheric dynamics
[e.g., Winglee et al., 2002; Wiltberger et al., 2010; Yu and Ridley, 2013]. A compelling question is what roles
heavy ion outflow can play in magnetosphere-ionosphere feedback loops. Work with the multifluid
Lyon-Fedder-Mobarry model [Brambles et al., 2011, 2013; Ouellette et al., 2013] has suggested that causally
driven ion outflow forms part of a feedback loop in the development of sawtooth oscillations. These
simulations use empirical relationships between O+ outflow flux and DC or AC Poynting flux derived
from FAST measurements to causally regulate the outflow at the inner boundary [Strangeway et al., 2005;
Brambles et al., 2011]. These empirical relationships have several limitations. First, they are local relationships
and thus cannot account for spatiotemporal lags between the magnetospheric inputs and the outflow.
Second, they only give the number flux; other fluid moments are set to constants. Third, the ions enter the
inner boundary of the magnetospheric simulation without any consideration of the flux the ionosphere is
able to supply.

To date, the only polar wind model that has been two-way coupled to a magnetospheric MHD model is
Polar Wind Outflow Model (PWOM) [Glocer et al., 2009], a classical polar wind model with no transverse
acceleration mechanisms. Nonetheless, PWOM produces enough O+ outflow to have significant effects on
the ring current, cross-polar cap potential, and the shape of the magnetosphere [Welling et al., 2011; Welling

and Zaharia, 2012]. Kinetic macroscopic particle-in-cell polar wind models have been created [e.g., Barakat

and Schunk, 2006; Zeng and Horwitz, 2007], but the reliability of these models is still limited by the reliability
of their inputs. In particular, the wave intensities needed to compute the transverse heating rates associated
with WPI are specified empirically [Barakat and Schunk, 2001]. Embedding self-consistent first-principle
models of the coupled wave and particle dynamics in a global simulation remains impractical at this time
due to the disparate temporal and spatial scales involved. The model introduced in this report uses a
phenomenological approach to WPI with tunable parameters and is sufficiently computationally efficient
to be two-way coupled into global geospace modeling frameworks in the future. Simulations with the

model are presented to demonstrate its behavior and sensitivity to inputs.
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2. Model Description

The 3-D ionosphere/polar wind model (IPWM) used for this study is an extension of the 1-D model intro-
duced by Varney et al. [2014]. It solves eight-moment transport equations for thermal H+, He+, and O+ (4S

)
ions and only photochemistry for N+, O+ (2D

)
, O+ (2P

)
, NO+, N+

2 , and O+
2 . The transport is performed on

a nonorthogonal magnetic-centered dipole Eulerian grid defined by altitude, L shell, and magnetic local
time (MLT) coordinates. The lower and upper boundaries are spherical sections at 97 and 8400 km altitude,
respectively. The low-latitude boundary at L = 4 is a hard wall; plasma transport from midlatitudes is
ignored. The colatitude resolution at 100 km altitude is ∼ 1◦. The supporting information of this report
gives more details on the transport equations, grid, and numerics.

Distributions of high-latitude convection and electron precipitation are provided by the Lyon-Fedder-
Mobarry magnetosphere-ionosphere exchange (LFM-MIX) model via a one-way coupling. The
magnetosphere-ionosphere exchange (MIX) module [Wiltberger et al., 2009; Merkin and Lyon, 2010] is the
portion of the Lyon-Fedder-Mobarry (LFM) magnetospheric MHD model [Lyon et al., 2004] that handles
the electrodynamical coupling between the magnetosphere and ionosphere. IPWM takes neutral densities
and temperatures from NRLMSISE-00 empirical thermospheric model [Picone et al., 2002]. The neutral
winds are set to zero. Imposing a convection pattern but ignoring the neutral winds means that IPWM will
usually overestimate the ion-neutral frictional heating [c.f. Thayer and Semeter, 2004]. Occasionally, winds
can be produced in the direction opposite the convection, in which case ignoring the winds results in an
underestimate of the frictional heating [e.g., Carlson et al., 2012]. The precipitation inputs from MIX are
used with a parametrization of electron impact ionization to produce ionization rates [Fang et al., 2008].

For simplicity, the kinetic suprathermal electron transport model is disabled. The suprathermal electron
moments are set to zero, and the photoelectron heating rate as well as the auroral electron heating rates are
computed using the phenomenological model from the SAMI2 ionospheric model [Huba et al., 2000]. The
field-aligned currents (FACs) are ignored when computing the thermal electron velocities. In upward FAC
regions the FAC is primarily carried by precipitating electrons so this assumption does not introduce serious
errors. This assumption does, however, neglect upward electron velocities and associated adiabatic cooling
in downward FAC regions.

IPWM includes an extra ion fluid to represent nonthermal O+. Separating the thermal and nonthermal
populations makes it easy to treat a nonthermal population that is a tiny fraction of the total O+ density, a
case that is commonly observed [e.g., Ogawa et al., 2008]. The transport equations obeyed by this extra fluid
(see supporting information) are as follows:

𝜕
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nj + ∇ ⋅

[
njuj

]
= Υni (1)
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In these equations nj , u∥j , p⊥j , and 𝜖j = nju
2
∥j∕2+p⊥j∕mj are the number density, parallel velocity, perpendicu-

lar pressure, and energy density per unit mass of nonthermal O+ and ni , u∥i , and 𝜖i = niu
2
∥i∕2+(3∕2)pi∕mi are

the corresponding quantities for thermal O+. The vector velocity is uj = u∥j b̂ + E × B∕B2. The first group of
terms on the right-hand side (RHS) of (2) represents the ambipolar electric field, gravity, and the centrifugal
forces. The number densities and number fluxes of the nonthermal fluid are included in the quasineutrality
and current continuity conditions (see supporting information); this ensures that the self-consistent
ambipolar electric field responds to the nonthermal fluid. The term on the RHS of (2) that is proportional to
∇∥ ln B is mirror force lifting. These equations are in the form of conservation laws with source terms and
thus can be solved with the same numerical methods used for the thermal plasma transport equations. The
parallel pressure, heat flow tensor, and all higher-order moments of the nonthermal fluid are neglected in
this formulation; it is the lowest-order approximation which retains transverse acceleration and mirror force
lifting. Neglecting these higher-order moments is tantamount to assuming all the nonthermal particles have
the same energy and pitch angle. This approach ignores the population of particles that are nonthermal but
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are below the mean energy of the nonthermal distribution and not at escape energies. Note that parallel
pressure and heat flow of the thermal ion fluids are still included, and these terms will absolutely affect the
thermal ion upflow.

The nonthermal transport equations include several ad hoc source terms to represent WPI. The promotion
rate, Υ, is the rate at which ions are promoted from the thermal O+ fluid into the nonthermal fluid.
The thermal O+ equations include loss terms ensuring that the act of promotion conserves number density,
momentum density, and energy between the two O+ populations. In all the tests presented below Υ is
constant with altitude. The promotion rate could be made a function of altitude in the future, but its
value near the bottom of the heating region where the density of thermal particles is largest is the most
important. This model treats the promotion rate as a free parameter that is independent of the transverse
heating rate and the properties of the thermal distribution, but in reality it is not. One could simulate an
initially Maxwellian population of test particles subjected to WPI, compute the fraction f of particles above a
threshold energy after an elapsed time t, and define f∕t as an effective promotion rate. The rates estimated
by such experiments would depend on the properties of the initial distribution, the energy threshold
chosen, and the details of the WPI mechanism. The spatiotemporal intermittency of the WPI mechanism
should also be considered when determining a promotion rate. This initial study only considers a range of
promotion rates that give reasonable total outflow rates. By always including some amount of promotion
we are considering a best case scenario where WPI is always effective.

The final term on the RHS of (3) represents transverse heating by waves. Following Bouhram et al. [2004], the
perpendicular heating rate per particle as a function of geocentric radius, r, is set to

Ẇ⊥(r) = 0.3

(
B
(

1.3 RE

)
B(r)

)1.1

eV s−1. (4)

This rate assumes the transverse acceleration mechanism is ion cyclotron resonance heating (ICRH) [Crew
et al. 1990] by waves with wavelengths much longer than the ion gyroradii, which is an acceptable
assumption below 10000 km altitude [Bouhram et al., 2004]. This type of transverse heating represents the
interaction of the particles with a spectrum of broadband extremely low frequency (BBELF) waves [e.g.,
Chang et al., 1986; Retterer et al., 1987; André et al., 1990]. The power law wave spectrum is assumed to be
proportional to 𝜔−1.1. The Monte Carlo simulations from Bouhram et al. [2004] using 0.3 eV s−1 at 1.3 RE and
𝜔−1.1, using 1.0 eV s−1 and 𝜔−0.6 and using 0.1 eV s−1 and 𝜔−1.7 all produce very similar results. Thus, we have
only considered the first combination of parameters for the present study. The perpendicular heating rate
increases with altitude because the ion cyclotron resonance frequency decreases with decreasing magnetic
field strength.

In the simulations described below Υ and Ẇ⊥ are only nonzero in a designated heating region, while the
nonthermal fluid moments can be nonzero outside this region due to convection. Any downward flowing
nonthermal ions crossing the low-altitude boundary of the heating region are demoted into the thermal
population to model collisional rethermalizaton.

3. Simulation Results

The three simulations described below use representative potential and precipitation patterns taken from
a single time during an LFM-MIX simulation of the 5 April 2010 storm (Figure 1). At this time the cross-polar
cap potential reached 225 kV. In the terminology of Wahlund et al. [1992], only type I ion upflows are
important in these simulations because LFM-MIX includes monoenergetic and diffuse precipitation only,
which includes little soft precipitation and is not very effective at producing electron heating and type II
ion upflow.

The simulations are not intended to reproduce the 5 April 2010 event; they use March equinox, F10.7 =140,
and Ap=3.0 conditions for the various empirical models. The simulations are initialized 12 h before t= 0
to allow transients from the initial conditions to disappear. At t = 0 the WPI parameters are switched on
in a designated heating region. This region extends from 10.5 to 13.5 MLT on the dayside, extends from
z0 = 1900 km altitude up to the 8400 km upper boundary along magnetic field lines, and maps to 80.5◦

to 82.5◦ magnetic latitude at 100 km. This example region is ∼ 5◦ poleward of the typical cusp/cleft;
future studies could dynamically determine the heating region using a cusp identification algorithm. The
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Figure 1. MIX input parameters mapped to 100 km altitude. The panels plot the electrostatic potential (without corota-
tion), precipitating electron number flux, and characteristic energy. The dashed white lines are spaced 10◦ in magnetic
colatitude. In each panel 12 MLT is at the top and 6 MLT is to the right.

vertical extent of the region is comparable to the 2000 to 8000 km altitude heating wall simulated by
Knudsen et al. [1994]. The horizontal thickness is much larger than the 30 km wide heating wall considered
by Knudsen et al. [1994], but comparable to the 1◦–2◦ wide heating regions modeled by Dubouloz et al.
[1998] and Bouhram et al. [2004]. After t=0 the promotion rate is set to a constant Υ=3×10−3 s−1 in the
heating region. This value was chosen such that it gives a total outflow rate of ∼ 1025 ion/s. The changes in
the results with changes in Υ and z0 are discussed later. For the convection pattern in Figure 1 flux tubes
take roughly 𝜏=125 s to traverse the 2◦ heating region. This time is short compared to the 500 s residence
time assumed by Bouhram et al. [2004] because the convection speed is so fast.

In order to investigate the variations in outflow with variations in convection, the simulations described
below artificially scale the E × B drifts by a time-dependent scaling factor,

f (t) =
⎧⎪⎨⎪⎩

1 t < 2 h
1 − 0.75

4 h
(t − 2 h) 2 h ≤ t < 6 h

1 − 0.75 cos
[

2𝜋
2 h

(t − 6 h)
]

t ≥ 6 h
. (5)

Simulation 1 consistently uses the scaled drifts in the convection, centrifugal acceleration, and frictional
heating terms. Simulations 2 and 3 are a nonself-consistent numerical experiments in which the scaled drifts
are used in some terms, and the unscaled drifts are used in the other terms. Simulation 2 uses the scaled
drifts in all of the terms except the frictional heating terms, and simulation 3 uses the scaled drifts in only
the frictional heating terms.

All three simulations are identical through t = 2 h. Figure 2 shows parameters of the nonthermal fluid in
the noon-midnight plane at time t = 2 h from simulation 1. Convection drags the energized ions out of the
heating region and creates an ion fountain extending across the pole [c.f. Lockwood et al., 1985]. The highest
perpendicular energies and parallel velocities appear at the upper boundary just poleward of the heating
region. The perpendicular energies downstream of the heating region become small because without
the continued transverse heating, the mirror force quickly transforms perpendicular energy into parallel
velocity. Although the nonthermal ions in the simulation are always outflowing, these are a small fraction
of the total O+ population. The parallel velocities of the thermal O+ ions at 850 km in the simulation (not
shown) are generally upward over the cusp and auroral regions and downward over the polar cap, and thus
in qualitative agreement with statistics on bulk ion flows at 850 km from DMSP [Redmon et al., 2010].

Figure 2. Nonthermal ion parameters in the SM XZ (noon-midnight) plane at t = 2 h. The dayside is to the left. The thick
black lines outline the heating region. Gray regions denote areas where the nonthermal ion density is zero.

VARNEY ET AL. ©2015. American Geophysical Union. All Rights Reserved. 2356
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Figure 3. Nonthermal ion parameters at the upper boundary (8400 km) at different times (different columns) in
simulation 1. (top row) The number flux; (middle row) the parallel velocity; (bottom row) the perpendicular energy per
particle, p⊥j∕nj . In each plot 12 MLT is at the top, 6 MLT is to the right, and the heating region is outlined in thick black
lines. The thin white circles are spaced 5◦ in latitude when mapped to 100 km (∼ 7.5◦ at 8400 km). Gray regions denote
areas where the nonthermal ion density is zero. The outer boundary of each plot maps to 73◦ latitude at 100 km; the
nonthermal ions never reach more equatorward parts of the simulation domain.

Figure 3 plots the nonthermal ion parameters at the upper boundary at three different times from simu-

lation 1. Intuitively, the faster the convection, the more extended the ion fountain becomes. The region

immediately dawnward of the heating region is unpopulated because nonthermal ions leave the upper

boundary before the flux tubes complete a full rotation of the dawn convection cell. The convection pattern

is such that plasma primarily enters the heating region through the equatorward and dawnward sides and

exits through the poleward and duskward sides.

Figure 4 presents several diagnostics from the three simulations. The outflow rate plotted is the nonthermal

O+ flux integrated over the entire model upper boundary. The inflow rates plotted are thermal O+ fluxes

integrated over sides of the heating region. The horizontal rate is the sum of the integrals over the equa-

torward and dawnward sides. The flux through those two faces is unaffected by the heating region since

flux tubes convect into the heating region from the dawnward and equatorward sides and out through the

duskward and poleward sides for this particular convection pattern. The vertical rate is the integral over

the bottom boundary of the heating region. For 0 ≤ t ≤ 2 h the nonthermal outflow rate is 25% of the

total thermal inflow rate because many thermal ions exit the heating region before being promoted. If

the vertical extent of the heating region were infinite then 1 − e−Υ𝜏 = 31% of the entering thermal ions

VARNEY ET AL. ©2015. American Geophysical Union. All Rights Reserved. 2357
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Figure 4. Diagnostics from the three simulations. (a) Nonthermal ion outflow rate through the entire upper boundary;
(b) horizontal thermal ion inflow rate to the heating region; (c) vertical thermal ion inflow rate to the heating region;
(d) flux-weighted average parallel velocities of the nonthermal ions,

⟨
u∥j

⟩
; and (e) flux-weighted average energies of the

nonthermal ions,
⟨

Wj
⟩

. The scaling factor from (5), f (t), is superimposed on each plot to guide the eye (green dashed
curves).

would be promoted. Not all of the particles spend the entire 125 s in the heating region because some
are entering through the bottom or leaving through the top. Finally, the flux-weighted average parallel
velocities and energies plotted in Figures 4d and 4e are defined as

⟨
u∥j

⟩
≡

∫∫ nju∥juj ⋅ dA

∫∫ njuj ⋅ dA
(6)

⟨
Wj

⟩
≡

∫∫
(

1
2

mjnju
2
∥j + p⊥j

)
uj ⋅ dA

∫∫ njuj ⋅ dA
, (7)

where the surface integrals are performed over the upper boundary.

The outflow rate is positively correlated with the scaling factor in all three simulations, albeit with a time
delay of ∼20 min. The correlation is readily understood in terms of plasma access to the heating region.
The nonthermal outflow flux is limited by the supply of thermal ions to the heating region. In all cases
the inflow rates are positively correlated with the scaling factor with varying time delays. The significant
modulation of the horizontal inflow rate demonstrates that ion upflow from local frictional heating is not
the only important process. The horizontal inflow rate is modulated both by modulating the drift velocity
and by modulating the ion upflow into the region upstream of the heating region. Simulation 3 isolates the
latter effect.

Even though the outflow rates are positively correlated with the convection scaling factor, the average
parallel velocities and energies are anticorrelated with the scaling factor due to the finite dwell time of non-
thermal ions in the heating region. In simulation 3, where the horizontal velocities and thus the dwell times
are not being modulated, this anticorrelation disappears and is replaced by a weak correlation. The average
perpendicular energies defined as

⟨
W⊥j

⟩
≡
⟨

Wj

⟩
− 1

2
mj

⟨
u∥j

⟩2
(not shown) exhibit a similar anticorrela-

tion with the scaling factor. The behaviors of parallel velocities and perpendicular energies sampled at fixed
grid points are more complicated than the behaviors of the flux-weighted average quantities. Downstream
from the heating region the parallel velocities and perpendicular energies at a fixed location are positively
correlated with the scaling factor because the central, most energetic part of the fountain moves as the
convection changes.
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Figure 5. Comparison of six different simulations with different promotion rates, Υ, indicated in the legend in units
of s−1. The Υ = 3 × 10−3 s−1 simulation is simulation 1 from Figure 4. (a) Nonthermal ion outflow rate through the
entire upper boundary; (b) flux-weighted average parallel velocities of the nonthermal ions,

⟨
u∥j

⟩
; and (c) flux-weighted

average energies of the nonthermal ions,
⟨

Wj
⟩

. The scaling factor from (5), f (t), is superimposed on each plot to guide
the eye (green dashed curves).

The above simulations were performed with an arbitrarily chosen promotion rate of Υ = 3 × 10−3s−1.
Figure 5 compares simulation 1 to otherwise identical simulations with different promotion rates. The
time-delayed correlation between convection velocity and hemispheric outflow rate and the anticorrelation
between convection and average velocity/energy are observed in all of these simulations. By virtue of
conservation, in steady state the hemispheric outflow rate equals the promotion rate times the total thermal
O+ density in the heating region. At low values of Υ the process of promotion does not significantly deplete
the thermal population in the heating region, and thus, hemispheric outflow rate increases linearly with Υ.
At higher values of Υ the depletion of the thermal population in the heating region limits the outflow rate.
The outflow flux is limited by the amount of plasma the lower ionosphere can supply to the heating region.
The flux limiting by the lower ionosphere is most significant above Υ = 10−2 s−1.

The average velocities and energies are comparable across 2 orders of magnitude of variation in the
promotion rate, and comparisons of individual profiles of velocity and energy show similar behavior. If
noninteracting test particles were simulated, the velocities and energies achieved would be completely
independent of the number of particles being simulated. In these simulations, however, the self-consistent
ambipolar electric field introduces collective effects. In high Υ cases the larger depletions of the
high-altitude densities create larger density gradients between low and high altitudes, and hence larger
upward ambipolar fields. The parallel acceleration from these fields cause the velocities to increase slightly
with increasing Υ. The distance a particle travels across the polar cap before exiting the simulation domain
through the upper boundary depends on the ratio between the convection velocity and the parallel
velocity. The simulations have identical convection velocities and similar parallel velocities, and thus, the
spatial extent and morphology of the resulting ion fountains are nearly independent of the promotion rate.

Additional tests were performed to address the sensitivity of the results to the altitude z0 of the lower
boundary of the heating region, and these tests are summarized in Figure 6. Each of these tests is identical
to simulation 1 in Figure 4 except for the choice of z0. The transverse heating rate is always set according to
(4) even when 1.3 RE is not the lower boundary of the heating region. The hemispheric outflow rate
increases substantially with decreasing z0 both because the volume of the heating region increases and
the thermal O+ density increases exponentially with decreasing altitude. The flux-weighted average
velocities and energies decrease with decreasing z0 because a larger fraction of the total flux is coming

VARNEY ET AL. ©2015. American Geophysical Union. All Rights Reserved. 2359
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Figure 6. Comparison of five different simulations with lower altitude boundaries of the heating region, z0, indicated
in the legend in kilometers. The z0=1900 km simulation is simulation 1 from Figure 4. (a) Nonthermal ion outflow rate
through the entire upper boundary; (b) flux-weighted average parallel velocities of the nonthermal ions,

⟨
u∥j

⟩
; and

(c) flux-weighted average energies of the nonthermal ions,
⟨

Wj
⟩

. The scaling factor, f (t), is superimposed on each plot to
guide the eye (green dashed curves).

from lower altitudes where the transverse heating rate per particle is smaller. Analysis of the morphology
of the ion fountain produced shows that the extent of the fountain across the polar cap increases with
decreasing z0.

4. Conclusions

This report presents first results from IPWM, which includes nonthermal O+ ions obeying the simplest set
of transport equations that includes the combined effects of transverse acceleration and mirror force
lifting. Determining an optimal tuning for the WPI terms is complicated, however, because the nonthermal
ion outflow produced by IPWM depends on many other parameters. The simulations presented here
demonstrate that even with the WPI parameters held constant, the properties of the nonthermal outflow
vary substantially with variations in the convection. The convection transports the nonthermal ions out
of the heating region creating an ion fountain whose extent depends on the convection speed [Lockwood
et al., 1985]. The hemispheric outflow rate is positively correlated with the convection speed due to effects
involving plasma access to the heating region, whereas the flux-weighted average parallel velocities
and energies are anticorrelated with the convection speed due to a dwell time effect. Qualitatively, these
correlations are robust to the changes of the promotion rate, Υ, and lower boundary of the heating
region, z0.

Unlike local empirical outflow relationships, IPWM exhibits spatiotemporal lags and correlations between
the outflow and its drivers. The time delay of ∼20 min between changes in convection and changes in the
hemispheric outflow rate is comparable to the time it takes a particle with an average vertical velocity of
5 km/s to travel the 6500 km vertical extent of the heating region. The modulation of the outflow rate with
changes in convection is not entirely controlled by upflow into the heating region; horizontal transport of
plasma into the heating region is also important. Thus, changes in ion upflow on flux tubes upstream of the
heating region can affect the ion outflow that is ultimately produced.

IPWM also provides moments of the nonthermal fluid other than just the number flux, and these moments
vary dynamically with changes in the driving. The largest parallel velocities and perpendicular energies
appear just poleward of the heating region. The variations in these other parameters are just as important as
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variations in the hemispheric outflow rate because these parameters affect the trajectories of these particles
in the magnetosphere. In idealized multifluid MHD simulations with specified cusp outflow, both Wiltberger
et al. [2010] and Yu and Ridley [2013] observed that the magnitudes of the outflow fluxes are not enough
to determine the outflow’s influence on magnetotail dynamics. The parallel velocity and energy influence
where the outflow will land down the tail, and the landing location is crucially important to determining the
effects of the outflow.

The initial demonstration of IPWM presented here can be improved in several ways. The effects of soft
(few 100 eV) electron precipitation on electron heating and type II upflow [Wahlund et al., 1992] in the cusp
can be studied using LFM’s recently implemented direct-entry and broadband precipitation models [Zhang
et al., 2012]. The magnitude and distribution of the ad hoc source terms representing WPI can be causally
regulated by electromagnetic energy flows from the magnetosphere, e.g., using the simulated Alfvénic
Poynting flux flowing to low altitude [Brambles et al., 2011]. ICRH by BBELF in the dayside cusp region is only
one type of ion acceleration producing nonthermal ion outflows. In principle this model could be extended
to include heating in other regions, such as the nightside auroral oval and use different prescriptions for the
transverse heating rate in the different regions to represent a variety of acceleration processes. For example,
interactions with dispersive Alfvén waves and other waves below the ion gyrofrequency can be important
[e.g., Chaston et al., 2004; Temerin and Roth, 1986]. Lack of empirical knowledge of how low in altitude
transverse heating is initiated, to some extent, undermines the application of models for transversely heated
ions, like the one proposed here. Nevertheless, the model can be used to explore reasonable limits on the
altitude distribution and rates of acceleration for different multistage processes. Despite its limitations,
the fluid-like nature of the model makes it computationally efficient relative to particle simulations. At the
resolution presented here the model runs at approximately 3 times real time on 32 processors. The fixed,
Eulerian grid means that in order to pass outflow from IPWM to a magnetospheric magnetohydrodynamics
model like LFM, interpolation coefficients only need to be computed once. Thus, the IPWM can be readily
coupled into a global geospace modeling framework to provide a dynamic and causal source of ion outflow.
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