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Abstract We present the first simulations of magnetospheric sawtooth oscillations under steady solar
wind conditions that are driven internally by heavy ion outflow from a physics-based model. The simulations
presented use the multifluid Lyon-Fedder-Mobarry magnetohydrodynamics model two-way coupled to the
ionosphere/polar wind model (IPWM). Depending on the type of wave-particle interactions utilized within
IPWM, the coupled simulations exhibit either sawtooth oscillations or steady magnetospheric convection.
Contrasting the simulations that do and do not develop sawtooth oscillations yields insights into the
relationship between outflow and sawtooth oscillations. The total outflow rate is not an adequate predictor
of the convection mode that will emerge. The simulations that develop sawtooth oscillations are
characterized by intense outflow concentrated in the midnight auroral region. This outflow distribution
mass loads the tail reconnection region without excessively mass loading the dayside reconnection region
and leads to an imbalance between the dayside and nightside reconnection rates.

1. Introduction

Magnetospheric sawtooth oscillations are quasiperiodic sequences of energetic particle injections with
periods of 1.5–5 h [Belian et al., 1995; Cai and Clauer, 2009]. In energetic proton flux observations at geosyn-
chronous orbit they appear as sequences of rapid increases followed by slow decreases [Belian et al., 1995].
Individual sawteeth have many features in common with substorms, including the formation of a nightside
current wedge [Kitamura et al., 2005; Clauer et al., 2006] and magnetic dipolarizations observed at geosyn-
chronous orbit [Henderson, 2004; Huang et al., 2005; Cai et al., 2006]. Sawteeth produce energetic particles
at geosynchronous orbit nearly simultaneously across a wide span of magnetic local times (MLT) [Belian
et al., 1995]. For this reason, many authors [e.g., Cai and Clauer, 2009] distinguish sawtooth oscillations from
quasiperiodic substorms by requiring that sawtooth oscillations be quasi-global. Sawteeth are primarily a
storm time phenomenon, but they do not appear in all storms and can appear during any phase of a storm
[Cai et al., 2011].

Sawtooth oscillations tend to be observed during periods of low solar wind magnetosonic Mach number,
but initial attempts to reproduce sawtooth oscillations in these conditions using single-fluid, global magne-
tohydrodynamic (MHD) models were unsuccessful [Borovsky et al., 2004]. Single-fluid Lyon-Fedder-Mobarry
(LFM) global MHD simulations of the observed 18 April 2002 sawtooth event produced several dipolarizations,
but these dipolarizations were more narrowly confined in local time than the observed sawtooth oscillations
[Goodrich et al., 2007]. Also, the simulation did not reproduce the 2–3 h periodicities in the tail observed for
this event. Brambles et al. [2011] first demonstrated sawtooth oscillations by introducing causally regulated
heavy ion outflow into the multifluid Lyon-Fedder-Mobarry (MFLFM) model. While sawtooth oscillations were
first identified using energetic particle measurements, this diagnostic is not available in global MHD models.
The simulated events identified as sawteeth by Brambles et al. [2011] were quasiperiodic magnetic dipolar-
izations distributed across a broad range of magnetic local time, unlike substorms which have a narrow local
time extent centered around 23 MLT in both the observations and simulations. In further analysis of the same
simulations, Ouellette et al. [2013] showed that the oscillations also clearly appeared in the polar cap open flux.
Furthermore, the sawtooth oscillations in these simulations arise from a feedback loop involving heavy ion
modulation of the reconnection rates. Each dipolarization causes a burst of Alfvénic Poynting flux that drives
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a burst of nightside ion outflow. Those ions propagate to the tail causing a reduction of the tail reconnection
rate and stretching of the tail. The resulting imbalance between the dayside merging and tail reconnection
cannot be sustained. The tail resolves this imbalance with another sawtooth event resulting in dipolarization,
the ejection of an O+-rich plasmoid down tail, and another surge in ion outflow.

Some sawtooth events appear to be driven by quasiperiodic features in the solar wind such as pressure
pulses [Lee et al., 2004], but many occur without an obvious external trigger [Huang et al., 2003]. Real
event simulations by Brambles et al. [2013] suggest that two different kinds of sawtooth events exist. For a
stream-interaction region (SIR) driven storm with highly variable solar wind and interplanetary magnetic field
(SW/IMF) driving, both a single-fluid and a multifluid MHD model could reproduce the observed sawteeth.
However, for a coronal mass ejection (CME) driven storm with strong and less variable SW/IMF driving, only
the multifluid model with outflow regulated by Alfvénic Poynting flux could reproduce the sawteeth. In light
of that study, the remainder of this paper will distinguish between externally driven sawtooth oscillations
(EDSO) and internally driven sawtooth oscillations (IDSO). The purpose of this paper is to further examine the
relationship between heavy ion outflow and IDSO.

So far, the only simulations to have created IDSO are the MFLFM simulations with empirical outflow regulated
by Alfvénic Poynting flux [Brambles et al., 2011, 2013; Ouellette et al., 2013]. As such, it is unclear if the outflow
feedback loop is the true cause of IDSO, or if it is somehow an artifact of that particular model. The empirical
relationship used by Brambles et al. [2011] was based on orbit-averaged Fast Auroral SnapshoT (FAST) data that
only spanned 0.0001 to 0.1 mW/m2, yet the LFM will routinely produce bursts of Alfvénic Poynting flux in the
nightside as large as 10 mW/m2 [Zhang et al., 2012]. The empirically regulated MFLFM frequently extrapolates
outside the range of the data on which it was trained. It creates outflow at the inner boundary without any
regard for how much outflow the ionosphere can actually provide. Latency between the input Alfvénic Poynt-
ing flux and the injection of ion outflow at the inner boundary does not occur in this model. Furthermore, all
of the outflow created in the simulations is produced at a fixed velocity and energy.

In order to further test the credibility of the ion outflow feedback loop as the source of IDSO, the present study
aims to simulate IDSO using outflow from a physics-based ionosphere/polar wind model. Comparing and
contrasting runs that do and do not develop IDSO yields insight into the mechanisms responsible. Section 2
summarizes key features of the coupled model. Our companion paper gives more details on the model, val-
idation of its approach with comparisons to kinetic simulations, and comparisons between physically and
empirically specified outflows. Section 3 analyzes and contrasts coupled model runs and discusses the mech-
anisms controlling the simulated sawtooth oscillations. Section 4 summarizes our conclusions and makes
recommendations for future work.

2. Model Descriptions and Coupling Framework

The simulations presented here use a coupled model consisting of three parts: the multifluid
Lyon-Fedder-Mobarry (MFLFM) model of the global magnetosphere [Wiltberger et al., 2010], the
magnetosphere-ionosphere coupler (MIX) model of ionospheric electrodynamics [Merkin and Lyon, 2010],
and the ionosphere/polar wind model (IPWM) of high-latitude plasma transport [Varney et al., 2015]. The
models communicate once every 10 s, and Figure 1 diagrams the exchanges between the models. At each
exchange, the MFLFM passes densities, temperatures, field-aligned currents (FACs), and band-pass-filtered
Alfvénic Poynting fluxes at the inner boundary to MIX. MIX uses these inputs in empirical models to determine
the precipitating number flux and average energy of precipitating electrons [Zhang et al., 2015]. MFLFM
only passes the densities and temperatures of the solar wind fluid to MIX in order to prevent nonphysical
direct coupling between the ionospheric outflow and the precipitation. The model includes three different
types of precipitation: monoenergetic/diffuse, cusp direct entry, and broadband precipitation. MIX uses the
precipitation parameters to compute the ionospheric conductance and solves a boundary value problem
for the electrostatic potential using the conductance and FACs. MIX passes the resultant potential back to
MFLFM to set the inner boundary conditions on the electric field.

MIX also passes the potential, precipitation parameters, and Alfvénic Poynting flux to IPWM. The potential
drives the perpendicular transport in IPWM. IPWM then uses precipitation parameters in empirical relation-
ships to determine the impact ionization and electron heating rates as described by Varney et al. [2015].
The IPWM includes an extra fluid to represent energetic O+ produced by wave-particle interactions (WPI).
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Figure 1. Diagram of the model coupling.

Our companion paper describes the details of the phenomenological model of WPI and its regulation by the
Alfvénic Poynting flux. IPWM assumes that the dominant WPI mechanism is ion-cyclotron resonance heating
(ICRH) by broadband extremely low frequency waves (BBELF), and the corresponding perpendicular heating
rate is [Crew et al., 1990]

Ẇ⟂ =
𝜂q2

i

2mi

⟨|E|2⟩ (
𝜔 = Ωi

)
, (1)

where qi and mi are the ion charge and mass, 𝜂 = 0.125 is the fraction of the BBELF wave power in the left-hand
circular polarization [Chang et al., 1986], and

⟨|E|2⟩ (
𝜔 = Ωi

)
is the BBELF electric field power spectral density

(PSD) at the ion gyrofrequency. IPWM further assumes that the BBELF PSD is a power law of the form

⟨|E|2⟩ (𝜔) = ⟨|E|2⟩ (
𝜔0

)
×
[
𝜔∕𝜔0

]−𝛼
, (2)

the BBELF PSD is zero below the altitude zmin, and the BBELF PSD at a reference frequency of 6.5 Hz scales
linearly with the Alfvénic Poynting flux, S∥:

⟨|E|2⟩ (6.5 Hz) = 𝛾S∥. (3)

The parameters 𝛼, zmin, and 𝛾 can be adjusted to produce different outflow distributions, as discussed in our
companion paper. The simulations presented below vary zmin to produce a variety of examples with different
outflow distributions and different geospace system behaviors.

IPWM passes densities, velocities, and temperatures of outflowing ion species to MFLFM at its 1 RE altitude
inner boundary. As described in our companion paper, the communication between the models is such that
mass is conserved between the IPWM and MFLFM, and no ions that enter the MFLFM can flow back into the
IPWM. The model is two-way coupled in the sense that the state of any individual model element affects all
other elements; however, direct two-way communication of the plasma state across the inner boundary of
the MFLFM is not allowed.
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Table 1. Summary of the Configuration and Results of the Example Simulations

Example Simulations

Run # of Species WPI Min Altitude (km) Mean Hemispheric O+ Outflow Convection Mode

A 1 N/A 0.00 SMC

B 3 None 0.49 × 1026 ions∕s SMC

C 4 600 1.66 × 1026 ions∕s SMC

D 4 600 + 400
(

S
0.1

)−2∕3
1.30 × 1026 ions∕s Sawteeth

E 4 600 + 50
(

S
0.1

)−2
1.79 × 1026 ions∕s Sawteeth

F 4 600 iff S ≥ 0.1 1.66 × 1026 ions∕s Sawteeth

3. Analysis of Example Simulations

This paper provides new insights into the relationships between outflow and IDSO by contrasting simulations
with identical solar wind conditions but different outflow properties. The six illustrative simulations analyzed
herein are the same simulations presented in our companion paper. The runs are named runs A–F and are
summarized in Table 1, reproduced from our companion paper. Run A is a baseline single-fluid LFM run that
only includes the solar wind H+ fluid. Run B is a baseline classical polar wind run with no WPI and for which
the MFLFM includes three fluids: solar wind H+, thermal polar wind H+, and thermal polar wind O+. In runs
C through F, MFLFM includes four fluids: solar wind H+, thermal polar wind H+, thermal polar wind O+, and
WPI-energized O+. Run C uses an aggressive set of WPI parameters designed to produce copious energetic
O+ outflow. For this run 𝛾 = 100 (mV/m)2 Hz−1/(mW/m2), zmin = 600 km, and 𝛼 = 0.6. Run F is identical to
run C, except WPI is only applied when the Alfvénic Poynting flux exceeds 0.1 mW/m2. Runs D and E are
compromises between runs C and F constructed by varying zmin with the Alfvénic Poynting flux. Runs D and
E use the same 𝛾 (PSD per unit input Alfvénic power) and 𝛼 (PSD power law exponent) as run C, but the
transverse ion acceleration starts at higher altitude for lower values of the Alfvénic Poynting flux S∥, thereby
smoothly decreasing the outflow at lower levels of S∥. The mathematical expressions used are given in Table 1.
The model formulations for zmin for runs D and E both approach 600 km when S∥ ≫ 0.1 mW/m2 and ∞ when
S∥ ≪ 0.1 mW/m2. The transition between these two limits is sharper in run E than in run D, meaning run E is
more similar to run F.

All six simulations start at simulation time 04:00 from identical initial conditions as described in our companion
paper and use steady solar wind with a number density of 5 cm−3, an SM X velocity of −400 km/s, no SM
Y or SM Z velocity, and a sound speed of 40 km/s. The SM X and SM Y components of the IMF are always
zero, and only the SM Z component changes in time. The IMF Bz begins at +5 nT from 04:00 to 05:00, then
linearly transitions from +5 to −10 nT over 05:00 to 06:00, crossing through zero at 05:20. It then remains at
−10 nT for another 10 (runs A and B) or 14 h (runs C-F). These SW/IMF conditions correspond to a relatively
low magnetosonic Mach number of 3.8 that should be conducive to the formation of sawtooth oscillations
according to Borovsky et al. [2004].

3.1. Properties of Simulated Sawtooth Oscillations
Figure 2 clearly illustrates the development of sawtooth oscillations in run E. Figure 2 (top) shows the mag-
netic inclination angle, 𝜃 = sin−1

(
Bz∕|B|), on the circle where z = 0.5RE and

√
x2 + y2 = 6.6RE . This is the

same circle used by Brambles et al. [2011] for their superposed epoch analysis, and this part of the simula-
tion domain can be directly compared to magnetic field fluctuations observed by geosynchronous satellites.
Figure 2 (middle) shows the polar cap open flux determined by tracing field lines. The sawtooth oscillations
manifest as 1.5–2 h fluctuations in the magnetic inclination angle and open flux. During the growth phase of
each sawtooth oscillation, the open flux increases and the magnetic inclination angle steadily decreases, indi-
cating a stretching of the tail. Then at substorm onset the field suddenly dipolarizes, the magnetic inclination
increases abruptly, and the open flux reaches a local maximum. Finally, during the expansion phase the open
flux decreases back to a local minimum.

A defining feature of observed sawtooth oscillations is the wide MLT extent of the associated dipolarizations
and particle injections [Cai and Clauer, 2009]. The simulated decreases in magnetic inclination angle cover a
broad range of local times, frequently extending from predusk (15 MLT) all the way to dawn (6 MLT). Further-
more, the dipolarization at onset occurs nearly simultaneously at all MLT. The morphology of these simulated

VARNEY ET AL. SAWTOOTH OSCILLATIONS AND ION OUTFLOW 9691



Journal of Geophysical Research: Space Physics 10.1002/2016JA022778

Figure 2. Illustration of the sawtooth oscillations in run E. The panels show the magnetic inclination angle on the circle
where z = 0.5RE and

√
x2 + y2 = 6.6RE as a function of (top) MLT, (middle) the polar cap open flux, and (bottom) the

reconnection rates. The colored vertical dashed lines indicate the times of the snapshots in Figure 3.

sawteeth are consistent with the superposed epoch analysis presented by Brambles et al. [2011]. The sim-
ulated sawteeth presented here and by Brambles et al. [2011] are strongest in the premidnight sector and
not quite as widely distributed in MLT as observed sawtooth oscillations, although they are certainly much
wider than typical isolated substorms which are typically confined near midnight [Cai et al., 2006]. Why the
MHD simulations do not produce wider MLT distributions may have to do with physics missing from the MHD
simulations, such as a kinetic description of gradient-curvature drifts, and deserves further investigation in
future studies.

Changes to the polar cap open flux indicate imbalances between the dayside and nightside reconnection
rates. Figure 2 (bottom) compares both reconnection rates. The dayside reconnection rate is computed using
a technique described by Ouellette et al. [2010] using the Bz = 0 contour in the XY plane between 4 and 20 MLT

Figure 3. Snapshots of the state of run E during the first sawtooth cycle. (top) The magnetospheric O+ density (colors), the Bz = 0 contours (magenta lines), and
the bulk flow velocities (colored arrows) in the SM XY plane. (bottom) Polar plots of the ionospheric energetic O+ flux at 6300 km altitude with the convection
potential contours superimposed as functions of magnetic colatitude mapped to 100 km and MLT. The contours use 20 kV spacing.
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as an estimate of the dayside reconnection line. This is a reasonable approximation for these idealized simula-
tions with due southward IMF and no dipole tilt. The nightside reconnection rate is inferred from the dayside
rate and the rate of change of the open flux using 𝜙night = 𝜙day − d

dt
ΦPC, as described by Ouellette et al.

[2013]. This analysis demonstrates that the simulated sawteeth are primarily driven by fluctuations in the
nightside reconnection rate. The nightside reconnection rate is reduced below the dayside rate during the
growth phases and jumps above the dayside rate during the expansion phases.

In order to explain how the nightside reconnection rates are modulated periodically, Figure 3 shows four snap-
shots of the state of run E at the times indicated by the vertical dashed lines in Figure 2. The first snapshot
shows the state before the beginning of the sawtooth oscillations. At this time the nightside auroral iono-
sphere is supplying intense O+ outflows. The second snapshot is in the middle of the first growth phase and
shows an accumulation of O+ in the tail relative to the first snapshot. This abundance of heavy ions decreases
the tail reconnection rate [Shay and Swisdak, 2004], leading to enhanced stretching of the tail. This stretching
continues until the sawtooth substorm onset in the third snapshot. In this snapshot the motion of the Bz = 0
contour indicates that the Bz component changes sign in the middle of the tail, indicating the formation of a
plasmoid. This plasmoid is ejected down tail carrying much of the excess O+ with it. The third snapshot is also
the time of the maximum open flux. At this time both the convection reversal boundary and the location of the
strongest O+ outflows have moved equatorward relative to the first snapshot. Finally, the last snapshot shows
the end of the expansion phase. At this time the O+ densities in the tail are comparable to the first snapshot,
but the nightside O+ outflow has reintensified due to the energy released during the expansion phase. Like
the outflow from the first snapshot, this outflow will accumulate in the tail and drive the next growth phase.
Animations of the simulation results show that this sequence of increases in nightside outflow, mass loading
of the tail, and ejections of O+ plasmoids continues throughout the simulation. This mass loading cycle is the
same mechanism invoked by Brambles et al. [2011] and Ouellette et al. [2013] to explain sawtooth oscillations
driven by an empirical outflow model. In all of these snapshots, O+ is the dominant ion in the tail. The regions
of high O+ density correspond to oxygen fractions of 70–90% by number (97–99% by mass).

3.2. Comparison of Runs
Not all of the simulations exhibit IDSO like those described above in run E, and contrasting the runs yields new
insights into the relationship between outflow and IDSO. Figure 4 compares the magnetic inclination angles
on the circle z = 0.5RE and

√
x2 + y2 = 6.6RE for all six runs. It also shows the upper and lower auroral electro-

ject indexes (AU and AL) calculated by simulating the magnetic disturbances on the ground from all currents
in MFLFM and MIX. All six runs show a modest decrease in inclination angle shortly after 06:00, followed by a
dipolarization near 06:30, and an increase in the AU and AL indexes. This interval is the initial substorm associ-
ated with the southward IMF turning. After that the evolutions of the different simulations diverge from each
other as a result of different internal processes. Runs D–F all develop sawtooth oscillations, visible as mag-
netic depressions and subsequent dipolarizations that span a broad extent of MLT. The dipolarizations usually
correspond to increases in AU.

Runs A–C, however, never exhibit sawtooth oscillations. Run A is a typical example of the SMC state in a
single-fluid LFM simulation. Despite the name “steady magnetospheric convection,” the tail exhibits highly
variable dynamics and features many bursty bulk flows (BBFs), narrow channels of fast earthward flows asso-
ciated with transient reconnection [Wiltberger et al., 2015]. The tail dynamics never organize into quasi-global
behaviors. In run B a magnetic depression forms after 08:00 that is as deep as those during the growth
phase of the sawtooth events. The cold polar wind ions accumulate in the inner magnetosphere, increase the
inner magnetospheric pressure, and stretch the tail more than the single-fluid simulation. Glocer et al. [2009a]
observed similar effects of cold polar wind ions to their coupled simulations. Unlike the sawtooth events,
however, this depression relaxes via a series of localized reconnection events visible as finger-like structures
in Figure 4. These fingers are BBFs penetrating into the inner magnetosphere. The differences between runs
A and B are comparable to the effects demonstrated by Garcia-Sage et al. [2015]. The addition of ion outflow
increases the amount of open flux, stretches the tail, and increases the occurrence of BBFs. Nonetheless, Run
B never exhibits a simultaneous dipolarization across a broad extent of MLT.

Run C has the quietest tail dynamics of all the runs even though the amount of open flux in run C is larger than
that in runs A and B comparable to that in runs D through F. Animations of the simulation results show less
BBF activity in the tail in run C than any of the other runs, and the integrated Alfvénic Poynting flux produced
by flow braking is lower than in any of the other simulations. Exactly why the BBF dynamics in run C are so
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Figure 4. Comparison of magnetic inclination angles on the circle where z = 0.5 RE and
√

x2 + y2 = 6.6 RE as functions of MLT and simulation time for all six
runs. Also shown are the AU (cyan) and AL (green) auroral electroject indexes.

different from run B deserves further investigation in a future study. The depth magnetic depressions in run C
are comparable to those in run A. After 14:00 run C starts to develop small periodic oscillations in the magnetic
inclination angle, but these oscillations only appear on the duskside and have a period of ∼45 min, which is
shorter than typical sawtooth oscillations. These oscillations also correlate with oscillations in the open flux
and AU index. Visualization of the simulation state similar to that shown in Figure 3 for this period of run C
(not shown) shows that these oscillations are also related to periodic mass loading, albeit on a much smaller
scale than the sawtooth oscillations in run E.

3.3. Relationship Between Outflow and Sawtooth Oscillations
Table 1 quotes the mean hemispheric outflow rate from 08:00 onward from all of the runs. Runs C through F
are all above 1.09 × 1026 ion/s threshold at which sawteeth appeared in run B from Brambles et al. [2011], and
yet run C does not produce sawtooth oscillations. This behavior indicates that the hemispheric outflow rate
alone cannot predict the magnetospheric convection mode that will emerge; the distribution of the outflow
matters. Figures 5 and 6 summarize the average distributions of Alfvénic Poynting flux and O+ outflow flux
over the period from 08:00 to 16:00 for all six simulations. In all the simulations the Alfvénic Poynting flux
is distributed throughout the entire auroral oval and is strongest on the nightside, but the magnitudes vary
significantly between the runs with run A being the highest and run C being the lowest.
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Figure 5. Averages from 08:00 to 16:00 of (top) Alfvénic Poynting flux, (middle) nonthermal O+ outflow flux, and (bottom) thermal O+ outflow flux at 1 RE
altitude as functions of MLT and magnetic colatitude mapped to 100 km altitude for runs A through C. Note that the outflow panels use identical color scales for
both the nonthermal and thermal outflows.

The thermal O+ outflows in runs B through F are primarily located in the polar cap, especially in runs C through
F where auroral Alfvénic Poynting flux promotes nearly all of the auroral O+ upflows into the nonthermal
fluid. In runs C through F the thermal O+ outflows are smaller than those in run B since some fraction of the
upflowing ions are promoted into the nonthermal fluid before they reach 1 RE altitude, with run C having the
smallest thermal O+ outflow flux of all the runs since its promotion operates at low altitudes all the time. In
runs C through F the nonthermal O+ outflow fluxes are approximately an order of magnitude larger than the
thermal O+ fluxes. In run C nonthermal outflow is relatively evenly distributed over all positions, with com-
parable outflow fluxes coming from the dayside and nightside auroral regions. In runs D through F, however,
the strongest nonthermal outflows come from the nightside auroral region and much less outflow appears
in the polar cap and dayside auroral region. The WPI rules for runs D through F were designed to emphasize
regions of high Alfvénic Poynting flux.

In runs D through F the peak nonthermal O+ flux is located poleward of the peak Alfvénic Poynting flux. The
outflow flux produced depends not only on the WPI heating rates but also on the supply of O+ available
for energization. The latter factor is a complicated function of the Joule heating, precipitation heating, and
convection. As discussed by Varney et al. [2015], the supply of O+ to a heating region depends not only on the
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Figure 6. Same as Figure 5 but for runs D through F.

upflow from below but also on the horizontal transport. As an example, Figure 7 shows averaged distributions
of Joule heating, Alfvénic Poynting flux, thermal O+ upflow at 580 km altitude, and nonthermal O+ outflow at
1 RE altitude from run E averaged over 08:00 to 16:00. Although the largest Alfvénic Poynting fluxes are in the
nightside auroral oval, the largest Joule heating rates are in the dayside cusp. The distribution of soft electron
heating by broadband electrons matches that of the Alfvénic Poynting flux. There is also a spot of intense soft
electron heating in the dayside cusp. All of these sources of heating combined with the convection lead to a
circulation pattern in the topside ionosphere consistent with that observed by Heelis et al. [1992]. The topside
upflows are primarily upward in the cusp and auroral oval and downward over the polar cap. The downward
fluxes over the polar cap are ions that did not reach escape energy in the cusp falling back down after having
been convected horizontally over the polar cap. The total downward flux is less than the total upward flux from
the dayside, indicating that not all the upflow from the dayside comes back down. In this simulation, however,
very little energetic outflow comes directly out of the dayside. A significant fraction of the upflow from the
dayside convects all the way to the nightside auroral oval without falling below 600 km altitude, enters the
nightside auroral WPI heating region horizontally from the poleward edge, is energized to escape energies,
and leaves through the upper boundary of the simulation. That population of outflow is concentrated toward
the poleward edge of the auroral WPI region, not necessarily in the location of maximum WPI heating.
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Figure 7. Averaged distributions of (top left) Joule heating, (top right) Alfvénic Poynting flux, (bottom left) thermal O+

upflow flux at 580 km altitude, and (bottom right) nonthermal O+ outflow flux at 1 RE altitude as functions of MLT and
magnetic colatitude mapped to 100 km altitude for run E.

The simulations featuring sawtooth oscillations have average outflow fluxes in excess of 1 × 109 cm−2 s−1 in
the nightside auroral oval. These fluxes are comparable to the largest fluxes observed by FAST [Strangeway
et al., 2005], although most of those large observations are on the dayside not the nightside. These simula-
tions are for solar maximum conditions (F10.7 = 200) when the supply of ions available for acceleration is
largest. Whether outflow distributions like those presented in Figure 6 ever appear in nature requires further
investigation.

Intuitively, concentrating outflow in the nightside auroral region should be favorable to sawtooth oscillations.
Outflow from the midnight auroral region mass loads the tail reconnection region, leading to a reduction of
the nightside reconnection rate and an imbalance between the dayside and nightside reconnection rates.
Outflow from the cusp or the open polar cap can reach the tail reconnection region, but it can also be lost
down tail instead. The fate and impacts of cusp and polar cap outflows depends on the outflow velocities.
Outflow from subauroral regions and from the dayside auroral region are convected to the dayside mag-
netopause where they slow the dayside reconnection rate. Slowing the dayside reconnection rate means
less energy is coupled into the magnetosphere and should have a stabilizing effect on the entire state of
the magnetosphere. Figure 8 shows the mass density distributions 0.5 RE inside the dayside magnetopause
(Bz = 0 contour in XY plane) along with the dayside reconnection rates. The beginning of run C, in particular,
is characterized by strong mass loading of the dayside and the lowest dayside reconnection rate of any of the
simulations. This behavior may explain why the beginning of run C exhibits the lowest cross polar cap poten-
tial and the least Alfvénic power of any of the simulations. After 08:00, however, the dayside reconnection rate
in run C becomes comparable to the other simulations, and yet the Alfvénic power stays very low for reasons
that require further investigation.
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Figure 8. (first to sixth panels) Mass density 0.5 RE inside the dayside magnetopause as a function of magnetic local time. Also shown are the (seventh panel)
dayside reconnection potentials.

4. Conclusions

Simulations with causally regulated ion outflow from a physics-based ionosphere/polar wind outflow demon-
strate that heavy ion outflows can have profound effects on the magnetospheric convection, and these effects
depend on exactly how the ion energization is regulated. Some of the simulations presented spontaneously
develop internally driven sawtooth oscillations, making them the first demonstration of this effect when out-
flow is produced by a physics-based model. The physics-based model is more realistic than an empirical model
in many important aspects including conservation of mass between the ionosphere and magnetosphere and
realistic limiting of the ion outflow by ion upflow from below. The outflow is simulated as a multistep process,
and hence, the outflow distribution is a complicated function of the energy inputs at low altitudes, the hori-
zontal convection, and the WPI heating at high altitudes. The ability to produce sawtooth oscillations under
these conditions significantly increases the plausibility of the heavy ion outflow feedback mechanism as an
explanation for internally driven sawtooth oscillations.
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Depending on assumptions about the ion energization, particularly the altitude dependence of the energiza-
tion, the simulations may or may not develop sawtooth oscillations. Contrasting the simulations that do and
do not develop sawtooth oscillations yields new insights into the relationship between ion outflows and saw-
tooth oscillations. The hemispheric outflow rate is not an adequate predictor of the convection mode that will
develop. The distribution of outflow strongly affects the simulations. The sawtooth mode is favored by outflow
concentrated in the midnight auroral region where it is effectively transported to near the tail reconnection
region. The sawtooth oscillations demonstrated here and by Brambles et al. [2011] required causally regulated
outflow that increases in intensity after each sawtooth substorm; past studies using noncausal outflow from
a fixed nightside auroral region have not developed sawtooth oscillations [e.g., García et al., 2010]. The details
of the causal relationship between auroral energy input and the energetic outflows are major uncertainties
in the model that require further investigation.

The outflow fluxes from our sawtooth runs feature ion fluxes in excess of 109 cm−2 s−1 concentrated in the
nightside auroral oval, and whether such distributions are ever realistic is unclear from satellite observations.
The dramatic differences between the outflow distributions in the sawtooth and nonsawtooth simulations
suggest that future observational studies should look for a systematic difference in the low-altitude outflow
distributions during sawtooth and nonsawtooth conditions. This objective is challenging from single space-
craft observations; most of what is known about the outflow distribution comes from statistical studies that
average over many different magnetospheric states. In the future, the geospace community needs to inves-
tigate the variations of the outflow distribution between different magnetospheric states in order to better
understand geospace system dynamics.

References
Belian, R. D., T. E. Cayton, and G. D. Reeves (1995), Quasi-periodic global substorm generated flux variations observed at geosynchronous

orbit, in Space Plasmas: Coupling Between Small and Medium Scale Processes, edited by M. Ashour-Abdalla, T. Chang, and P. Dusenbery,
pp. 143–148, AGU, Washington, D. C., doi:10.1029/GM086p0143.

Borovsky, J. E., J. Birn, and A. J. Ridley (2004), BATSRUS/CCMC simulations of the magnetosphere for the solar-wind conditions that drive
global sawtooth oscillations, Eos Trans. AGU, 85(17), Jt. Assem. Suppl., Abstract SM12B-06.

Brambles, O. J., W. Lotko, B. Zhang, M. Wiltberger, J. Lyon, and R. J. Strangeway (2011), Magnetosphere sawtooth oscillations induced by
ionospheric outflow, Science, 332(6034), 1183–1186, doi:10.1126/science.1202869.

Brambles, O. J., W. Lotko, B. Zhang, J. Ouellette, J. Lyon, and M. Wiltberger (2013), The effects of ionospheric outflow on CME and SIR driven
sawtooth events, J. Geophys. Res. Space Physics, 118, 6026–6041, doi:10.1002/jgra.50522.

Cai, X., and C. R. Clauer (2009), Investigation of the period of sawtooth events, J. Geophys. Res., 114, A06201, doi:10.1029/2008JA013764.
Cai, X., M. Henderson, and C. Clauer (2006), A statistical study of magnetic dipolarization for sawtooth events and isolated substorms at

geosyncrhonous orbit with GOES data, Ann. Geophys., 24(12), 3481–3490.
Cai, X., J.-C. Zhang, C. R. Clauer, and M. W. Liemohn (2011), Relationship between sawtooth events and magnetic storms, J. Geophys. Res.,

116, A07208, doi:10.1029/2010JA016310.
Chang, T., G. B. Crew, H. Hershkowitz, J. R. Jasperse, and J. M. Retterer (1986), Transverse acceleration of oxygen ions by eletromagnetic ion

cyclotron resonance with broadband left-hand-polarized waves, Geophys. Res. Lett., 13, 636–639.
Clauer, C. R., X. Cai, D. Welling, and A. DeJong (2006), Characterizing the 18 April 2002 storm-time sawtooth events using ground magnetic

data, J. Geophys. Res., 111, A04S90, doi:10.1029/2005JA011099.
Crew, G. B., T. Chang, J. M. Retterer, W. K. Peterson, D. A. Gurnett, and R. L. Huff (1990), Ion cyclotron resonance heated conics: Theory and

observations, J. Geophys. Res., 95(A4), 3959–3985.
García, K. S., V. G. Merkin, and W. J. Hughes (2010), Effects of nightside O+ outflow on magnetospheric dynamics: Results of multifluid MHD

modeling, J. Geophys. Res., 115, A00J09, doi:10.1029/2010JA015730.
Garcia-Sage, K., T. E. Moore, A. Pembroke, V. G. Merkin, and W. J. Hughes (2015), Modeling the effects of ionospheric oxygen outflow on

bursty magnetotail flows, J. Geophys. Res. Space Physics, 120, 8723–8737, doi:10.1002/2015JA021228.
Glocer, A., G. Tóth, T. Gombosi, and D. Welling (2009a), Modeling ionospheric outflows and their impact on the magnetosphere, initial

results, J. Geophys. Res., 114, A05216, doi:10.1029/2009JA014053.
Goodrich, C. C., T. I. Pulkkinen, J. G. Lyon, and V. G. Merkin (2007), Magnetospheric convection during intermediate driving: Sawtooth

events and steady convection intervals as seen in Lyon-Fedder-Mobarry global MHD simulations, J. Geophys. Res., 112, A08201,
doi:10.1029/2006JA012155.

Heelis, R. A., W. R. Coley, M. Loranc, and M. R. Hairston (1992), Three-dimensional ionospheric plasma circulation, J. Geophys. Res., 97(A9),
13,903–13,910.

Henderson, M. G. (2004), The May 2–3, 1986 CDAW-9C interval: A sawtooth event, Geophys. Res. Lett., 31, L11804,
doi:10.1029/2004GL019941.

Huang, C.-S., G. D. Reeves, J. E. Borovsky, R. M. Skoug, Z. Y. Pu, and G. Le (2003), Periodic magnetospheric substorms and their relationship
with solar wind variations, J. Geophys. Res., 108(A6), 1255, doi:10.1029/2002JA009704.

Huang, C.-S., G. Reeves, G. Le, and K. Yumoto (2005), Are sawtooth oscillations of energetic plasma particle fluxes caused by periodic
substorms or driven by solar wind pressure enhancements?, J. Geophys. Res., 110, A07207, doi:10.1029/2005JA011018.

Kitamura, K., H. Kawano, S. Ohtani, A. Yoshikawa, and R. Yumoto (2005), Local time distribution of low and middle latitude ground magnetic
disturbances at sawtooth injections of 18–19 April 2002, J. Geophys. Res., 110, A07208, doi:10.1029/2004JA010734.

Lee, D.-Y., L. Lyons, and K. Yumoto (2004), Sawtooth oscillations directly driven by solar wind dynamic pressure enhancements, J. Geophys.
Res., 109, A04202, doi:10.1029/2003JA010246.

Merkin, V. G., and J. G. Lyon (2010), Effects of the low-altitude ionospheric boundary condition on the global magnetosphere, J. Geophys.
Res., 115, A10202, doi:10.1029/2010JA015461.

Acknowledgments
This work is supported by National
Science Foundation grant AGS-1555801.
The National Center for Atmospheric
Research is sponsored by the National
Science Foundation. We would like
to acknowledge high-performance
computing support from Yellowstone
(ark:/85065/d7wd3xhc) provided by
NCAR’s Computational and Information
Systems Laboratory, sponsored by
the National Science Foundation.
All source code and model output
are archived on the NCAR High
Performance Storage System and
are available upon request.

VARNEY ET AL. SAWTOOTH OSCILLATIONS AND ION OUTFLOW 9699

http://dx.doi.org/10.1029/GM086p0143
http://dx.doi.org/10.1126/science.1202869
http://dx.doi.org/10.1002/jgra.50522
http://dx.doi.org/10.1029/2008JA013764
http://dx.doi.org/10.1029/2010JA016310
http://dx.doi.org/10.1029/2005JA011099
http://dx.doi.org/10.1029/2010JA015730
http://dx.doi.org/10.1002/2015JA021228
http://dx.doi.org/10.1029/2009JA014053
http://dx.doi.org/10.1029/2006JA012155
http://dx.doi.org/10.1029/2004GL019941
http://dx.doi.org/10.1029/2002JA009704
http://dx.doi.org/10.1029/2005JA011018
http://dx.doi.org/10.1029/2004JA010734
http://dx.doi.org/10.1029/2003JA010246
http://dx.doi.org/10.1029/2010JA015461


Journal of Geophysical Research: Space Physics 10.1002/2016JA022778

Ouellette, J. E., B. N. Rogers, M. Wiltberger, and J. G. Lyon (2010), Magnetic reconnection at the dayside magnetopause in global
Lyon-Fedder-Mobarry simulations, J. Geophys. Res., 115, A08222, doi:10.1029/2009JA014886.

Ouellette, J. E., O. J. Brambles, J. G. Lyon, W. Lotko, and B. N. Rogers (2013), Properties of outflow-driven sawtooth substorms, J. Geophys.
Res., 118, 3223–3232, doi:10.1002/jgra.50309.

Shay, M. A., and M. Swisdak (2004), Three-species collisionless reconnection: Effect of O+ on magnetotail reconnection, Phys. Rev. Lett., 93,
175001, doi:10.1103/PhysRevLett.93.175001.

Strangeway, R. J., R. E. Ergun, Y.-J. Su, C. W. Carlson, and R. C. Elphic (2005), Factors controlling ionospheric outflows as observed at
intermediate altitudes, J. Geophys. Res., 110, A03221, doi:10.1029/2004JA010829.

Varney, R. H., M. Wiltberger, and W. Lotko (2015), Modeling the interaction between convection and nonthermal ion outflows, J. Geophys.
Res. Space Physics, 120, 2353–2362, doi:10.1002/2014JA020769.

Wiltberger, M., W. Lotko, J. G. Lyon, P. Damiano, and V. Merkin (2010), Influence of cusp O+ outflow on magnetotail dynamics in a multifluid
MHD model of the magnetosphere, J. Geophys. Res., 115, A00J05, doi:10.1029/2010JA015579.

Wiltberger, M., V. Merkin, J. G. Lyon, and S. Ohtani (2015), High-resolution global magnetohydrodynamic simulation of bursty bulk flows,
J. Geophys. Res. Space Physics, 120, 4555–4566, doi:10.1002/205JA021080.

Zhang, B., W. Lotko, O. Brambles, P. Damiano, M. Wiltberger, and J. Lyon (2012), Magnetotail origins of auroral Alfvénic power, J. Geophys.
Res., 117, A09205, doi:10.1029/2012JA017680.

Zhang, B., W. Lotko, O. Brambles, M. Wiltberger, and J. Lyon (2015), Electron precipitation models in global magnetosphere simulations,
J. Geophys. Res. Space Physics, 120, 1035–1056, doi:10.1002/2014JA020615.

VARNEY ET AL. SAWTOOTH OSCILLATIONS AND ION OUTFLOW 9700

http://dx.doi.org/10.1029/2009JA014886
http://dx.doi.org/10.1002/jgra.50309
http://dx.doi.org/10.1103/PhysRevLett.93.175001
http://dx.doi.org/10.1029/2004JA010829
http://dx.doi.org/10.1002/2014JA020769
http://dx.doi.org/10.1029/2010JA015579
http://dx.doi.org/10.1002/205JA021080
http://dx.doi.org/10.1029/2012JA017680
http://dx.doi.org/10.1002/2014JA020615

	Abstract
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


