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Magnetopause location is an important prediction of numerical simulations
of the magnetosphere, yet the models can err, either under-predicting or
over-predicting the motion of the boundary. This study compares results
from two of the most widely used magnetohydrodynamic (MHD) models,
the Lyon–Fedder–Mobarry (LFM) model and the Space Weather Modeling
Framework (SWMF), to data from the GOES 13 and 15 satellites during the
geomagnetic storm on 22 June 2015, and to THEMIS A, D, and E during a quiet
period on 31 January 2013. The models not only reproduce the magnetopause
crossings of the spacecraft during the storm, but they also predict spurious
magnetopause motion after the crossings seen in the GOES data. We investigate
the possible causes of the over-predictions during the storm and find the
following. First, using different ionospheric conductance models does not
significantly alter predictions of the magnetopause location. Second, coupling
the Rice Convection Model (RCM) to the MHD codes improves the SWMF
magnetopause predictions more than it does for the LFM predictions. Third,
the SWMF produces a stronger ring current than LFM, both with and without
the RCM and regardless of the LFM spatial resolution. During the non-storm
event, LFM predicts the THEMIS magnetopause crossings due to the southward
interplanetary magnetic field better than the SWMF. Additionally, increasing the
LFM spatial grid resolution improves the THEMIS predictions, while increasing the
SWMF grid resolutions does not.

KEYWORDS

magnetohydrodynamics, ring current, modeling, magnetopause, field-aligned currents

1 Introduction

The magnetopause is the boundary between the magnetosphere and the shocked solar
wind in the magnetosheath. The location of the magnetopause is, to first order, determined
by the balance of pressures between the magnetosphere and the magnetosheath; the former
is dominated by magnetic pressure from Earth’s magnetic field, which is much stronger
than the turbulent interplanetary magnetic field (IMF) in the sheath, and the latter by
pressure from the shocked solar wind plasma (Martyn, 1951). Since the position of the
boundary depends on these pressures, it varies with solar wind conditions. As the IMF
and the plasma parameters change, so does the overall pressure from the magnetosheath.
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Under the southward IMF, the magnetopause moves inward
toward Earth in a process known as magnetopause erosion
(Aubry et al., 1970). In the magnetosphere, large-scale currents can
create fringe magnetic fields opposite to the terrestrial magnetic
field, reducing the outward magnetic pressure and allowing the
magnetopause to retreat Earthward. These currents include the
Region 1 Birkeland or field-aligned currents (FACs) and the
cross-tail current, which increase with large negative IMF Bz
(Maltsev and Lyatsky, 1975; Sibeck et al., 1991; Maltsev et al., 1996;
Wiltberger et al., 2003). The conductance of the polar ionosphere
varies spatially and temporally with the number of charge carriers
available, i.e., ionospheric plasma, and plays a major role in
determining the strength of the Birkeland currents.

The ring current can also play a part in the location of the
magnetopause during geomagnetic storms. As the plasma densities
in the inner magnetosphere increase with ring current strength,
they push the magnetopause outward, especially in the post-noon
sectorwith the partial ring current.The toroidal geometry of the ring
current creates a weak magnetic field outside itself in the direction
of the terrestrial magnetic field, which strengthens the outward
magnetic pressure on the magnetopause. The partial ring current
is created as particles are lost when the drift paths of ions in the
inner magnetosphere intersect at the magnetopause, which happens
during the main phase of the storm due to the strong convection
electric field (Daglis, 2006) and closes into the ionosphere with
the Region 2 Birkeland currents. The asymmetry due to the partial
ring current causes the post-noon magnetopause to be pushed
out farther than the pre-noon magnetopause (Dmitriev et al.,
2011). SYM-H is an index that measures the deviation of the
magnetic field at Earth’s surface from its quiet-time value, due in
large part to the increased strength of the ring current during
geomagnetic storms, using magnetometer stations around the
world.

Numerical simulations of various kinds are used to predict
magnetopause location, with physics-based codes generally
outperforming empirical models. For operators of satellites in
an orbit that can be either inside or outside the magnetopause,
depending on conditions, predictions of magnetopause motion
represent an important space-weather product. Spacecraft attitude
adjustment by means of magnetic torque, for example, must
take into account the differences in the magnetic field inside the
magnetosphere and outside in the magnetosheath (Sibeck, 1995).
Additionally, the ability of a model to accurately predict the location
and shape of the magnetopause indicates, on some level, the extent
to which the physics of the solar wind–magnetosphere interaction
is represented in the code. An awareness of the strengths and
weaknesses of the different codes is, therefore, vital to understanding
the appropriateness of each model under various solar wind
conditions. Previous work by Dredger et al. (2023) found that, in
general, magnetohydrodynamic (MHD) models tended to predict
the position of the magnetopause better when the main driver of
its motion was density increase, while a southward IMF turning,
unaccompanied by stronger solar wind plasma pressure, often
resulted in an overprediction of magnetopause erosion, at least
during geomagnetic storms. The same study also saw an overall
improvement in the prediction of magnetopause location with the
coupling of an inner magnetosphere model that adds ring current
physics to the simulation.

FIGURE 1
OMNI solar wind and SYM/H index for the duration of the MHD runs
(plot from CDAWeb).

This study builds on the work of Dredger et al. (2023) by further
investigating one of the four storms considered in that paper, the
storm of 22–23 June 2015, with two different MHD models. We
study the effects of changing the ionospheric conductance model on
the prediction of Birkeland current magnitude and magnetopause
location. We also consider in detail the results of coupling an inner
magnetosphere model to both of the MHD codes during the June
2015 storm. Finally, as a counterexample to the investigation of the
storm event, we compare the ability of the two models to predict the
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FIGURE 2
GOES 15 orbit during the period of interest in this study in GSE coordinates (plot from CDAWeb).

location of the magnetopause during a period of quiet solar wind
and weak IMF. For both storms, we investigate the effect of changing
the spatial grids of the MHD models on the predictions along the
satellite tracks.

2 Methodology

The spacecraft providing the data for this study are the
geosynchronously orbiting GOES 15, operated by the National
Oceanic and Atmospheric Administration (NOAA), and three
THEMIS satellites, A, D, and E. GOES 15 orbits the Earth at
135° west. Each set of GOES magnetometer data is given in a
cylindrical coordinate system in which the Z-component, labeled
HP, roughly corresponds with the Z-component in geocentric solar
ecliptic (GSE) coordinates. The quantity plotted in all the figures
containing GOES data in this study is HP1, that is, the data from
one of two identical magnetometers on the spacecraft. GSE is a
right-handed coordinate system in which positive X points

sunward along the Earth–Sun line; positive Z points northward,
perpendicular to the ecliptic; and positive Y points towards dusk.
The units of GSE coordinates are Earth radii or RE. THEMIS (Time
History of Events andMacroscale Interactions during Substorms) is
a constellation of five spacecraft, two of which, B and C, have been
moved to the lunar orbit and comprise the THEMIS–ARTEMIS
mission.The three spacecraft used in this study orbit the Earth in an
elliptical orbit that precesses from the dayside to themagnetotail and
back again (Angelopoulos, 2008). THEMIS data are given in GSE
coordinates.

Here, we only show the GOES magnetometer data, while for
THEMIS, we also show the corresponding particle data. Although
GOES has energetic particle data, when the magnetopause moves
so far inward as to move past GOES, many particles are lost due to
magnetopause shadowing; thus, these data cannot show the reentry
of the spacecraft into the magnetosphere.

We identify a magnetopause encounter in the satellite
data as the moment when the magnetometer measures Bz =
0 nT in the ambient magnetic field, as the spacecraft passes
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FIGURE 3
Total FACs in the northern and southern hemispheres, as predicted by LFM using several different ionospheric conductance models, compared with
AMPERE. The predicted currents differ somewhat in magnitude, but not in their temporal trends, including their prediction of an increase after 21:00
UT, which was not reflected in the AMPERE currents.

from positive, near-dipolar values inside the magnetosphere
to the turbulent, negative IMF Bz in the magnetosheath. This
method, of course, only works for southward IMF conditions,
like those during a geomagnetic storm. While it is possible
that solar wind density alone can push the magnetopause past
geosynchronous orbit under northward IMF Bz, the density was
so strong that such a situation only occurred twice in the entire
decade of 2010–2020 for a total of 30 min (Collado-Vega et al.,
2023). In this paper, we directly compare the observational
satellite data with the model predictions along the satellite
track, so the exact timing of the magnetopause crossings is less
important.

The solar wind data used to drive the MHD simulations were
obtained from OMNI, a dataset that takes measurements from
several solar wind monitors and propagates them to a nominal bow
shock position. During both events considered here,Wind provided
the observations to OMNI; Wind orbits the first Lagrangian point,
about 200 RE upstream of the Earth. OMNI data are available as
1- and 5-min averages, and the 1-min averaged data were used in
the model runs. Another dataset from the Active Magnetosphere
and Planetary Electrodynamics Response Experiment (AMPERE)
provides the Birkeland current measurements in this study.
AMPERE uses the engineering magnetometer data from the

Iridium satellite constellations to derive FACs (Anderson et al.,
2002; Anderson et al., 2014).

The two MHD models employed in this study are the
Lyon–Fedder–Mobarry (LFM) model and the Space Weather
Modeling Framework (SWMF) from the University of Michigan,
both very successful codes with a long history. All simulation
runs were conducted at NASA’s Community Coordinated Modeling
Center (CCMC).

The LFM model solves the semiconservative MHD equations
on a stretched spherical grid (Lyon et al., 2004). The single-fluid
version implemented at the CCMC offers three different levels
of resolution (r × theta × phi): 53 × 48 × 64, 106 × 48 × 64,
or 106 × 96 × 128 cells. Unless otherwise specified, all LFM
runs in this study have the lowest resolution, known as “double”
resolution ( Pham et al., 2016; Hogan et al., 2020; Pham et al.,
2021). The ionospheric electrostatic potential is calculated by the
built-in Magnetosphere–Ionosphere Coupler/Solver (MIX), a 2D
shell around the Earth at the MHD inner boundary (Merkin and
Lyon, 2010). There are various options for conductance models,
including constant Pedersen and Hall conductances and a semi-
empirical auroral conductance (Wiltberger et al., 2009). MIX can
also couple the LFM model to the Thermosphere–Ionosphere-
Electrodynamic General Circulation Model (TIEGCM), a
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FIGURE 4
GOES 15 data and predictions by LFM using several different conductance models. The predictions are virtually identical among the four runs.

first-principles model of the ionosphere–thermosphere system
(Dickinson et al., 1981; Roble et al., 1988; Qian et al., 2014).
LFM-MIX, together with TIEGCM, is called the Coupled
Magnetosphere–Ionosphere–Thermosphere model, or CMIT
(Wang et al., 2004; Wiltberger et al., 2004; Liu et al., 2021).

The SWMF executes and couples a set of models in different
space physics domains (Tóth et al., 2005; Tóth et al., 2012). The
MHD code employed in the SWMF is the Block-Adaptive-Tree-
Solarwind-Roe-Upwind-Scheme (BATS-R-US), which solves the
conservative MHD equations on an adaptive 3D grid to simulate
the global magnetosphere (Powell et al., 1999). The ionospheric
electrodynamics is calculated by the Ridley Ionosphere Model
(RIM) at about 110 km in altitude (Ridley et al., 2001; Ridley and
Liemohn, 2002; Ridley et al., 2004). At the CCMC, there are several
options given for the conductance model, which are similar to those
available for LFM: constant conductance and semi-empirical auroral
conductance (Ridley et al., 2004).The grid used for most of the runs
in this study is the overview grid with 1,007,616 cells, abbreviated as
“1M” as follows, which is similar to the lower resolution of the two
used in the version of the code at NOAA’s SpaceWeather Prediction
Center (SWPC). For the analysis of the non-storm event, we ran the
SWMF with a high-resolution grid of 9,623,552 cells, abbreviated as
“9M” (See Section 4 for a discussion of the resolutions of the various
runs analyzed here).

The Rice Convection Model (RCM) is a bounce-averaged drift
kinetic model developed at Rice University and is widely used to
simulate the inner magnetosphere, both as a standalone model
and coupled to magnetosphere models to add the effect of the
ring current (Wolf et al., 1982; Toffoletto et al., 2003). LFM can be
coupled to the RCM (Pembroke et al., 2012), although the version

of LFM currently implemented at the CCMC does not allow the
MHD code to be coupled to both the RCM and TIE-GCM at the
same time.The SWMF has also incorporated the RCM into its Inner
Magnetosphere (IM) module (Zeeuw et al., 2004; Tóth et al., 2005;
Tóth et al., 2012).

3 Results

3.1 Description of the 22 June 2015 storm
and GOES magnetopause crossings

On 22 June 2015, around 18:30 UT, the proton densitymeasured
at L1 suddenly increased from about 10 cm−3 to more than 60 cm−3,
accompanied by a steep increase in solar wind speed and intense
IMF values. Bz remained strongly southward for almost an hour
and a half and then went northward until around 21:00 UT, when
it turned southward again. As Bz became positive, By exceeded
30 nT and stayed strongly positive for more than 2 h. This was
a moderate geomagnetic storm; SYM/H reached nearly −150 nT
after the storm’s sudden commencement and did not recover until
after the period under consideration in this study (see Figure 1).
The density increase pushed the magnetopause toward Earth and
over GOES 15, which was on the dayside at the time in the
morning sector. Although proton densities remained high in the
morning of June 23, the later southward turning of Bz did not
cause any more magnetopause crossings at the geosynchronous
orbit, although both LFM and the SWMF predicted false crossings
at GOES 15 in response. By 21:00 UT, GOES 15 was near noon
(see Figure 2).
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FIGURE 5
Total FACs in the northern and southern hemispheres, as predicted by the SWMF using several different ionospheric conductance models, compared
with AMPERE. Similar to the currents in the LFM runs shown in Figure 3, the predicted currents differ somewhat in magnitude but not in their temporal
trends, including their prediction of an increase after 21:00 UT, which is not reflected in the AMPERE currents.

3.2 The effect of ionospheric conductance
models

The “original” runs by both MHD models use the semi-
empirical auroral conductance option to calculate ionospheric
conductances during the event. To investigate the cause of the
spurious magnetopause crossings, the models were rerun using
different conductance models.

Figure 3 shows the total Birkeland currents in the northern and
southern hemispheres for the auroral conductance run, runs with
constant Pedersen conductance of 5 and 10 S and Hall conductance
set to 0, and LFM coupled to TIEGCM, all compared with the
total currents from the AMPERE dataset. All of the runs fall short
of the real current values, especially in the south, and all predict
an increase after 21:00 UT, which does not exist in the AMPERE
data. The predicted currents do differ in magnitude in the north,
with the auroral conductance calculation being the highest and
TIEGCM close behind. All the runs completely fail to capture the
peak of the current in the southern hemisphere. It is possible that
this peak is due to the strong IMF Bx during this period. It is
common in MHD modeling to set IMF Bx to 0 to avoid issues that

arise from the need to keep ∇ ⋅ B⃗ = 0. Since the models capture the
reentry of GOES 15 at this time into the magnetosphere reasonably
well, neglecting IMF Bx does not seem to be a problem. In the
magnetosphere, the four runs predict a spurious magnetopause
crossing at GOES 15, contemporary with the false increase in the
total Birkeland currents. As shown in Figure 4, despite the difference
of magnitude among the predicted currents, the predicted GOES
15 observations from all four LFM runs are almost exactly the
same.

Although the SWMF does not predict spurious magnetopause
crossings, in the simulated GOES 15 data (i.e., the simulation output
along the satellite track), there are two decreases in Bz around 21:00
UT and 22:00 UT that are not reflected in the real data, indicating
that the magnetopause approaches the modeled satellite too closely
at those times. Repeating the conductance experiment with the
SWMF gives results similar to those of LFM. Figures 5, 6 show the
total FAC and GOES 15 predictions from the SWMF with auroral
conductances and with three values of Pedersen conductance, 2, 5,
and 10 S. Like the corresponding LFMpredictions, the currents vary
inmagnitude, but changing the conductancemodel does not change
the overall shape of the lines in Figure 5.The four runs have virtually
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FIGURE 6
GOES 15 data and predictions by the SWMF using three different conductance models. Once again, the predictions are virtually identical among the
three runs.

the same predictions at the location of GOES 15, even for the very
low constant conductance run. Changing the conductance model in
both LFM and the SWMF has almost no effect on the predictions of
magnetopause motion.

3.3 Results of including the RCM

Because the 22 June 2015 magnetopause crossings took place
under storm-time conditions, it is reasonable to include an inner
magnetosphere model such as the RCM in order to better represent
the effect of the ring current. Dredger et al. (2023) present the results
of doing so on the Birkeland currents and GOES 13 predictions
in Figure 14 of their paper. Here, we summarize those results for
convenience. The study found that, for LFM with the RCM, the
magnitude of the total FAC is improved, although the model still
underpredicts the peak in the southern current, while the simulated
GOES 13 no longer crosses the magnetopause. The addition of
the RCM does not, however, remove the spurious peak in the
current at 21:00UT, andGOES 13 still approaches themagnetopause
too closely. For the SWMF with the RCM, the FAC magnitudes
are improved but still fall short of the AMPERE currents. In the
southern hemisphere, especially, the 21:00 UT false current increase
is still prominent. Neither SWMF runs predicted any spurious
crossing of the magnetopause at GOES 13 (Dredger et al., 2023).

Figure 7 shows the predictions of LFM and LFM with the
RCM at the GOES 15 location compared with the real GOES data.
Including the RCM improves the predictions slightly but does not

remove the spurious crossing at 21:00 UT. The SWMF with the
RCM also improves the GOES 15 predictions, as seen in Figure 8.
The original SWMF run did not predict any spurious magnetopause
crossings at GOES 15, but it did predict two magnetopause
approaches, as shown by the two decreases in Bz predicted at 21:00
and 22:00 UT. Those two false dips in Bz are removed in the RCM
run.

The addition of the RCM coupling increased the total FACs for
both models (see Figure 9), but the percent change for the SWMF
run was much more significant than for the LFM run. Figure 10
shows the percent change in total FACs in both the northern and
southern hemispheres for the two models. LFM–RCM reaches a
50% increase at times throughout the run, while the SWMF with
the RCM shows increases of more than 200% from the basic MHD
run. The SWMF FAC increase is most prominent in the southern
hemisphere.

The best way to compare the strength of the ring current
calculated by LFM and the SWMF with the RCM would be
to compare a predicted SYM-H index from both models; LFM,
however, does not include this as an output at the CCMC.Therefore,
for comparison, we take the strength of Bz at X = 3.5 RE and
Y = Z = 0 RE, a value which scales with ring current strength
since the Earth’s magnetic field points northward at that location.
The results are shown in Figure 11. The decrease in Bz starting
around 18:30 UT corresponds to the intense IMF that reached
the magnetosphere at the same time. We can see that the SWMF
responds more quickly to the change in solar wind conditions than
LFM, while also predicting a bigger decrease in Bz. The difference
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FIGURE 7
GOES 15 data and predictions by LFM both with and without the RCM. The inclusion of the RCM improves the predictions somewhat during the
spurious crossings but still leaves significant differences between the real data and the predicted data.

FIGURE 8
GOES 15 data and predictions by the SWMF both with and without the RCM. The inclusion of the RCM removes the two false dips in Bz at 21:00 and
22:00 UT.
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FIGURE 9
Total field-aligned currents for the basic MHD runs and the runs with the RCM coupling, for both LFM and the SWMF, in the northern and southern
hemispheres.

between the two MHD runs and their corresponding RCM runs is
much greater for the SWMF than for LFM, especially during the big
Bz dip.

The spatial resolution of the simulation grid for the LFM runs
shown in Figure 11 is significantly lower than that of the SWMF
runs to which they are compared. The size of LFM cells near the
geosynchronous orbit for the double-resolution runs is about 0.4
RE in each direction, while that of the corresponding SWMF cells
for the 1M resolution run is 0.25 RE. The larger LFM grid cells
could be causing the model to calculate weaker pressure gradients
in the inner magnetosphere, and thus a weaker ring current. To
investigate this possibility, the LFM runs were repeated at the two
higher resolutions available at the CCMC, and those results were
compared with those of the original LFM-RCM and corresponding
SWMF runs. Figure 12 shows that even as the LFM resolution is
increased, there is slight change in the calculated strength of Bz
at X = 3.5 RE. When the RCM is included in the SWMF, the
predicted ring current ismuch stronger than it is for LFM coupled to
the RCM.

Increasing the spatial resolution of the LFM grid also has very
little effect on the predictions of Bz at the GOES 15 location.
Figure 13 shows the data and predictions from the three LFM–RCM
runs along the GOES 15 track. There are no significant differences

between the three runs: GOES 15 still crosses the magnetopause
shortly before 21:00 UT, when the real satellite was far from the
boundary.

3.4 Comparing LFM and the SWMF during
quiet time

The investigation of the 22 June 2015 event raises issues
regarding the models’ prediction abilities during storms, but
conclusions drawn from an analysis of a storm do not necessarily
apply to non-storm events, due to the significant differences between
the state of the magnetosphere during storm time and during quiet
time. It is, therefore, instructive to compare the LFM and SWMF
predictions for 31 January 2013, a period of weak IMF and slow
solar wind. Since the magnetopause only moves as far inward as
the geosynchronous orbit during intense geomagnetic conditions,
we use THEMIS A, D, and E, whose orbits allow them to encounter
the magnetopause much farther sunward of Earth than GOES can.
During the second half of January 31, all three spacecraft crossed
the magnetopause more than once, although at different times. The
THEMIS D and E crossings are not considered here because they
occurred during a period of northward IMF Bz, so the modeled
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FIGURE 10
Percent change in total field-aligned currents between the basic MHD run and the run with the RCM coupling, for both LFM and the SWMF, in the
northern and southern hemispheres.

crossing times are difficult to determine. We, therefore, restrict this
discussion to the THEMIS A crossing.

The IMF Bz turned southward at around 20:55UT and remained
southward for over an hour. The solar wind proton densities were
moderate, remaining between 9 and 10 cm−3 during the same hour
without any significant sudden increases (see Figure 14). In response
to the southward turning of the IMF, even though Bz was weak,
the magnetopause moved inward near the location of THEMIS
A, resulting in several magnetopause crossings by the spacecraft
between 21:15 and 22:05 UT. Figure 14 shows the THEMIS A
observations of Bz and proton density from 20:30 to 22:30 UT
with the predictions by LFM and the SWMF, at two different
resolutions for each model. Comparing the lower-resolution runs
of the two models, we see that LFM predicts an earlier encounter
with the magnetopause, at about 21:40 UT, than the SWMF does
at 22:05 UT.

The total FACs are plotted in Figure 15 for two resolutions of
LFM and of the SWMF, with the AMPERE data for reference. The
integrated FACs from AMPERE are less than 1 MA throughout
the event, apart from brief increases like the one in the northern
hemisphere at 17:00 UT. Neither LFM nor the SWMF reproduces
those increases. The LFM FACs are consistently stronger than

those from the SWMF for all resolutions. In response to the
southward turning of the IMF after 20:55 UT, the total FACs
in both hemispheres increase as IMF Bz remains negative,
when the magnetopause moved inward over the position of
THEMIS A.

Although increasing the spatial resolution of the MHD grid did
not affect the GOES 15 LFM predictions for the 22 June 2015 event,
changing the LFMgrid fromdouble (53× 48× 64) resolution to quad
(106 × 96 × 128) resolution improves the THEMIS A predictions. In
the quad-resolution run, the model captures the crossings around
21:35 UT that it had previously missed. The total FACs predicted
by LFM at quad resolution are stronger than those predicted by the
double-resolution run and also stronger than the AMPERE FACs.
On the other hand, an increase from 1M to 9M cells does not
significantly change the SWMF predictions for either the THEMIS
A location or the integrated FACs.

4 Discussion

For the storm on 22 June 2015, LFM predicts a false
magnetopause crossing by GOES 15, and the SWMF predicts two
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FIGURE 11
Bz at X = 3.5 RE along the Earth–Sun line for LFM and the SWMF, both with and without the RCM, providing a comparison of ring current strength
among the various simulation runs. Both the SWMF runs calculate a stronger ring current than LFM runs; the difference between LFM and LFM with the
RCM is much less than the difference between the SWMF with and without the RCM.

FIGURE 12
Bz at X = 3.5 RE along the Earth–Sun line for LFM–RCM at three different resolutions and the SWMF with the RCM, providing a comparison of ring
current strength among the various simulation runs. Even as the spatial resolution of the LFM grid approaches that of the SWMF run, the LFM
predictions of Bz do not change much and remain much higher than the SWMF predictions.

close magnetopause approaches that are not reflected in the real
observations. LFM and the SWMF were run with several different
ionospheric conductance models, including auroral conductances
and several different values of constant conductance. However,
changing the method by which the conductance is calculated does
not seem to significantly affect the predictions along the GOES
15 track, although it does have a small effect on the magnitude

of the integrated Birkeland currents. Of more interest are the
improvements to the predictions when the MHD models are
coupled to the RCM. LFM shows small improvements in the
GOES 15 predictions but is overall not strongly affected by the
RCM coupling. The GOES 15 predictions from the SWMF, on the
other hand, show significant improvement since the magnetopause
approaches around 21:00 and 22:00 UT are essentially removed. In
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FIGURE 13
GOES 15 data and predictions from LFM-RCM at three different resolutions. Increasing the spatial resolution of the LFM grid does not substantially
change the predictions along the GOES 15 track for this event.

the ionosphere, the integrated FACs from the SWMF have a greater
percent increase than those from LFM, although the LFM currents
have a greater overall magnitude [see Figure 9 of Dredger et al.
(2023)].

The discrepancy between the responses of the two sets of
predictions can be explained by the findings shown in Figure 11.The
strength of the ring current calculated by the SWMFwith theRCM is
much greater than that of LFM–RCM.The ring current’s connection
with the Region 2 FACs means that the SWMF with the RCM
sees a greater fractional increase in the total FACs than LFM does.
The stronger ring current pushes the magnetopause outward and
leaves GOES 15 inside the magnetosphere, where it was observed to
be. For this storm, at least, the SWMF better predicts the location
of the magnetopause than does LFM, most likely because of the
difference in the intensity of the calculated ring current between the
two models.

During the THEMIS A magnetopause crossings on 31 January
2013, the LFM predictions along the THEMIS A track more closely
match the observations than the SWMFpredictions do. Considering
for a moment only the lower-resolution runs of both models,
we see that LFM predicts a magnetosheath entry a few minutes
before 21:45 UT, which corresponds to a real boundary crossing,
while the SWMF does not predict that THEMIS encounters the
magnetopause until 22:05 UT. The integrated Birkeland currents
predicted by LFM are stronger than those predicted by the SWMF,
which seems to have resulted inmore daysidemagnetopause erosion
in the LFM results. The primary driver of magnetopause motion
during this period was the IMF Bz since the solar wind density

was not changing significantly. The SWMF also predicts lower
FAC values than LFM does during the 22 June 2015 storm (see
Figures 3, 5), although the analysis of the predicted FACs for that
event is complicated by the effects of the ring current on the Region
2 FACs.

Unlike the storm event, increasing the spatial resolution of the
LFM grid for the simulation of the 31 January 2013 event makes a
significant difference in the predictions along the spacecraft track.
The quad-resolution run predicts the inward and then outward
motion of the magnetopause over the THEMIS A position at 21:35
UT, improving over the double-resolution predictions at that time,
although still missing several other brief crossings. The predicted
total FACs also increase in magnitude. The SWMF predictions,
however, hardly differ at all between the 1M run and the 9M run,
both at THEMIS and for the total FACs. A primary reason for the
change in the LFM THEMIS predictions but not in the SWMF
predictions is most likely the difference in grid structure for the two
models. When LFM resolution is increased, the spatial resolution
changes globally, affecting all cells on the grid; at THEMIS A, the
cell size ranges from 0.3 RE × 0.57 RE × 0.5 RE (approximately) at
double resolution to 0.1 RE × 0.4 RE × 0.35 RE at quad resolution.
For the SWMF, on the other hand, the MHD grid is block-adaptive,
so naïvely changing the resolution of the grid does not always result
in a different cell size in the region of interest. In this case, the
cell size at THEMIS A is 0.5 RE × 0.5 RE × 0.5 RE for both the
1M cell run and the 9M cell run, although the cell size changes
in other regions of the magnetosphere. Users of the SWMF who
may not be familiar with the grid structure should be aware of
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FIGURE 14
THEMIS A observations and predictions with contemporary solar wind conditions. From the top to bottom: THEMIS A Bz and proton densities, as
observed by the spacecraft and predicted by LFM and the SWMF at two different resolutions each; IMF Bz and solar wind proton density during the
THEMIS A magnetopause crossings.

this when conducting research with the CCMC’s Runs-on-Request
tool.

The discrepancy between the effect of increasing LFM grid
resolution during the June 2015 storm and the January 2013 event
may stem from the fact that the solar wind conditions for the
two events differ greatly in intensity. If solar wind densities are so
strong that the real magnetopause is pushed in all the way past
geosynchronous orbit, a somewhat uncommon situation, the MHD
models will almost certainly predict that the magnetopause moves
very far inward toward Earth. The THEMIS crossings considered
here, on the other hand, take place during weak solar wind and IMF

conditions, and the boundary is not being driven in suddenly by high
densities. Rather, the magnetopause remains within a handful of RE
of the spacecraft for at least an hour, so any small motions back and
forth are observed byTHEMIS.Under such circumstances, a smaller
cell size becomesmore essential for capturingmagnetopausemotion
than during one great push of the boundary across the position of
the spacecraft. It, thus, seems likely that higher LFM grid resolution
is more important, at least from the point of view of predicting
magnetopause motion, for studying events with weak or moderate
conditions than for intense storms, especially those with high solar
wind densities.
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FIGURE 15
AMPERE integrated field-aligned currents for the northern and southern hemispheres, with the predictions from LFM and the SWMF at two different
resolutions. The LFM currents for both runs are significantly higher than those from the SWMF.

5 Conclusion

In this study, we have investigated the performance of two
MHD models, LFM and the SWMF, and their ability to predict
magnetopause motion by comparing simulation results along a
satellite track to the observations of a real satellite that crossed
the magnetopause. We considered two events, a storm on 22 June
2015 and a quiet period on 31 January 2013. During the 2015
storm, GOES 15 crossed the magnetopause, and both LFM and the
SWMF predicted spurious magnetopause approaches to the GOES
15 position. Coupling an inner magnetosphere model, RCM, to the
MHDmodels improves theGOES track predictionsmore noticeably
for the SWMF than for LFM, while changing the ionospheric
conductance model hardly affected the GOES predictions for either
model. The SWMF calculates a stronger ring current than LFM
does, both with and without the RCM coupling, and including the
RCM gives the SWMF a greater fractional increase in the total
field-aligned currents than LFM. During the non-storm event, LFM
better captures the observed magnetopause motion at the location
of THEMIS A and calculates stronger total FACs than the SWMF
does. Increasing the spatial resolution of the LFM grid has little
effect on the GOES predictions during the storm but noticeably

improves the predictions along the THEMIS A track. The increase
in resolution for the SWMF during the quiet time event has no effect
because the grid size at the THEMIS A location does not change
between runs. Overall, with respect to prediction of magnetopause
motion, LFM outperforms the SWMF during the quiet-time event,
while the SWMF is more accurate during the intense geomagnetic
storm.
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