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Abstract The boundary separating solar wind plasma from ionospheric plasma is typically thought to
be the magnetopause. A generalization of the magnetopause concept called the geopause was developed
by Moore and Delcourt (1995, https://doi.org/10.1029/95RG00872). The geopause is a surface defined
where solar wind quantities equal the ionospheric quantities. Geopause studies have helped characterize
magnetospheric systems. However, comparative studies between the geopauses to the magnetopause
have not been conducted. In this paper, we analyze the influence of inner boundary composition and
interplanetary magnetic field (IMF) orientation on the steady state terrestrial geopauses and the
magnetopause. This study simulates the Earth's magnetosphere by using the multifluid capabilities of
the Block Adaptive Tree Solar wind Roe-type Upwind Scheme magnetohydrodynamics model within the
Space Weather Modeling Framework. The simulations show that the dayside magnetopause was not
influenced by the presence of oxygen in the outflow for both IMF orientations and was larger than the
other geopauses. In contrast, the nightside magnetopause was sensitive to the conditions in the outflow.
The nightside magnetopause was smaller than the other geopauses with southward IMF. With northward
IMF, the nightside magnetopause was the largest structure in comparison with the plasma-based
geopauses. Our results indicate that no single boundary surface dictates the transition from a solar wind
dominated plasma to ionosphere dominated plasma.

1. Introduction
The first model of a boundary separating the solar wind plasma from the ionospheric plasma was developed
by Chapman and Ferraro (1931). At this boundary, called the magnetopause, solar wind conditions dic-
tate how well the solar wind interacts with the Earth's magnetosphere. During magnetic reconnection, the
Dungey cycle describes how magnetic flux is transported from the dayside to the nightside magnetosphere
(Dungey, 1961). The asymmetric reconnection rate is dependent on conditions in both the magnetospheric
plasma and the solar wind (Cassak & Shay, 2007). The magnetospheric plasma sources include the solar
wind and a nonnegligible ionospheric plasma.

Shelley et al. (1972) observed energetic fluxes of heavy ions in the inner magnetosphere exceeding proton
fluxes in the kiloelectron volt range during a geomagnetic storm. Sharp et al. (1982) used International
Sun-Earth Explorer 1 data collected in the plasma sheet to show that the ionosphere was a dominant source
to the plasma sheet during active periods. Young et al. (1982) used 48 months of ESA-GEOS (Geostationary
Earth Orbit Satellite) 1 data to demonstrate enhanced O+ density in the magnetosphere during geomag-
netic activity. Chappell et al. (1987) concluded that ionospheric outflows were large enough to account for
observed magnetospheric plasma densities without the need for a solar wind.

With mounting evidence that the ionosphere was an important source of ions to the magnetosphere, Moore
and Delcourt (1995) developed the concept of a geopause to help describe magnetospheric regions. The
geopause is a surface defined by equal contributions of the solar wind to the ionospheric plasma. For exam-
ple, the mass density geopause is the surface defined by the mass density of the solar wind equal to the mass
density of the ionospheric plasma. The most well-known example of a geopause is the magnetopause.

However, the geopause is difficult to study directly with satellite data due to the presence of hydrogen ions
in both the solar wind and the ionospheric plasma. Indirectly, Moore et al. (1999) used Polar data to show an
increase in ionospheric plasma number density in response to a coronal mass ejection. This implied that the
density geopause was displaced due to the coronal mass ejection compression. Chandler and Moore (2003)
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also used Polar data to demonstrate the presence of plasmaspheric ions near the equatorial magnetopause
region. This showed indirectly the presence of the dayside number density geopause. Fortunately, simu-
lations circumvent this issue by tracking solar wind plasma and ionospheric plasma separately. Winglee
(1998) used a numerical two-fluid magnetohydrodynamics (MHD) model to track solar wind hydrogen and
ionospheric hydrogen. During northward IMF, the geopause was confined to the inner magnetosphere. Dur-
ing southward IMF, the geopause expanded into the nightside covering the near-Earth neutral line. The
simulations showed that ionospheric plasma was an important source to the current sheet.

In reality, the ionospheric outflow is composed of not only hydrogen but also oxygen (Sharp et al., 1982;
Shelley et al., 1972; Young et al., 1982) and possibly nitrogen (Ilie & Liemohn, 2016). Winglee (2000) cor-
rected this issue by expanding the multifluid MHD (MF-MHD) model to include O+ along with the solar
wind H+ and ionospheric H+ in the plasma. Winglee et al. (2002) used the same three-fluid model to quan-
titatively demonstrate that the mass loading of the ionospheric outflow diminished the cross polar cap
potential by providing a momentum loss source term to the solar wind. Glocer et al. (2009), Wiltberger et al.
(2010), and Ilie et al. (2013) have used MF-MHD (with only two fluids, H+ and O+) simulations to investi-
gate the effects of ionospheric outflow from O+ on the magnetosphere. They also showed a reduction in the
cross polar cap potential.

Xu et al. (2016) applied the concept of geopause to study composition boundaries at Mars. This study was
the first time the concept of the “geopause” was quantitatively applied to another planet. They concluded
that the magnetic lobes are dominated by ions from Mars. This implied that ion escape could occur not only
at the plasma sheet but at the lobes.

So far, studies comparing the geopauses and magnetopauses have not been conducted. In fact, essentially
missing in most of these studies is a direct comparison of the various definitions of geopause. While the
structure and dynamics of the magnetopause are often discussed, the plasma geopauses defined by Moore
and Delcourt (1995) have not been placed into context relative to the magnetopause. This study addresses
this issue with a systematic numerical study of four different geopause definitions, using a MF-MHD model
within a coupled modeling framework. This study focuses on the static configurations of these geopause
locations rather their dynamics. We apply several different inner boundary condition specifications as well
as two standard interplanetary magnetic field (IMF) cases, purely northward and purely southward.

2. Methods
We employ the Space Weather Modeling Framework (SWMF; Tóth et al., 2012) to simulate the magneto-
spheric system. The SWMF is a modular software framework capable of linking different models to simulate
the system reliably and efficiently. It has been used to successfully model processes in Earth's magneto-
sphere, such as storm dynamics (Ilie et al., 2010a, 2010b, 2013; Meng et al., 2012, 2013; Tóth et al., 2007;
Zhang et al., 2007), solar wind mass and energy coupling to the magnetosphere (Ilie et al., 2010a, 2010b,
2013; Ridley, 2007; Welling & Ridley, 2010; Yu & Ridley, 2009), and ionosphere coupling with the mag-
netosphere (Glocer et al., 2009; Ilie et al., 2015a, 2015b; Zhang et al., 2007). The SWMF has also been
systematically validated through several community-wide “challenges” (Pulkkinen et al., 2010, 2011, 2013;
Rastätter et al., 2011, 2013; Shim et al., 2012) and even monthlong simulations (Haiducek et al., 2017) and
multiyear real-time nowcasting validation (Liemohn et al., 2018). Therefore, even though no data-model
comparisons are made in this study, the results from the SWMF have been shown to be realistic, and there-
fore, the systematic trends to be highlighted below are robust. For this endeavor, the two systems coupled
are the global magnetosphere and the ionosphere. The ionospheric electrostatic potential model used is the
Ridley Ionosphere Model (RIM; Ridley & Liemohn, 2002; Ridley et al., 2004), which solves for the 2-D height
integrated potential of the ionosphere. RIM passes information about the potential to the global magneto-
sphere model, while the global magnetosphere model provides field-aligned current information to RIM.
RIM uses a conductance model that includes solar extreme ultraviolet, starlight, and polar cap conductance.

2.1. Global Magnetosphere Modeling
The magnetospheric plasma has a solar wind component and an ionospheric component. To capture the
physics of a multicomponent plasma, we use MF-MHDs. Within the SWMF, the Block-Adaptive-Tree Solar
wind Roe-type Upwind Scheme (Powell et al., 1999) models MF-MHD and enables the tracking of individual
plasma pressures, mass densities, and velocities. For the simulations presented in this study, we use either
a two- or a three-fluid plasma for our simulations. The solar wind plasma is always modeled using H+.
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Table 1
Inner Boundary Conditions

Parameter Name Case 1 Case 2 Case 3 Case 4
No. of fluids 2 2 3 3

Solar wind H+ Solar wind H+ Solar wind H+ Solar wind H+

MHD fluids Ionospheric H+ O+ Ionospheric H+ Ionospheric H+

O+ O+

Percentage composition by number 100% iono H+ 100% O+ 50 % iono H+ 94% iono H+

50% O+ 6% O+

Total number density (/cm3) 28 28 28 14.875
Total mass density (amu/cm3) 28 448 240 28
Ion temperature (104 K) 2.5 2.5 2.5 2.5

The ionospheric plasma is modeled using either H+ or O+, or both. A summary of the different plasma
compositions used can be found in Table 1. For the runs where H+ is present in both the ionospheric plasma
and the solar wind plasma, H+ is distinguished by its source. The equations of MF-MHD are

𝜕𝜌s

𝜕t
+ ∇ · (𝜌sus) = S𝜌s

, (1)

𝜕𝜌sus

𝜕t
+ ∇ · (𝜌susus + Ips) = nsqs(us − u+) × B +

nsqs

nee
(J × B − ∇pe) + S𝜌sus

, (2)

𝜕ps

𝜕t
+ ∇ · (psus) = −(𝛾 − 1)ps∇ · us + Sps

, (3)

𝜕B
𝜕t

− ∇ × (u+ × B) = 0, (4)

Equation (1) is the mass equation, equation (2) is the momentum equation, equation (3) is the pressure
equation, and equation (4) is Faraday's law. 𝜌s, ns, us, qs, and ps, denote the mass density, number density,
velocity, charge, and pressure of the ion species. ne denotes the number density of the electron plasma. e
is the elementary charge. pe is the electron gas pressure. It is taken to be 0.2 times the total ion pressure
(Glocer et al., 2009). I is the unit dyadic tensor. 𝛾 is the adiabatic index and takes the value of 5/3. u+ is the
all-species-averaged velocity defined as

u+ =
Σsqsnsus

ene
. (5)

S𝜌s
, S𝜌sus

, and Sps
are the source terms for the mass, momentum, and pressure ion equations. For Earth

magnetospheric simulations, the mass and pressure source terms are neglected. We assume a collisionless
plasma and neglect mass and pressure source terms as well as chemical reactions. However, the momentum
source term cannot be neglected. The two stream instability limits the relative velocity between ion fluids
parallel to the magnetic field. This instability cannot be resolved directly with our grid resolution. We use
the artificial friction source term introduced by Glocer et al. (2009) to keep the relative velocity between ion
fluids to realistic values. The momentum source term takes the form

S𝜌sus
= 1

𝜏c

∑
i≠s

min(𝜌s, 𝜌i)(ui − us)(
|us − ui|

uc
)𝛼c . (6)

𝜏c, the cutoff time scale, is set to 1,000 s. uc, the cutoff velocity, is set to 100 km/s. 𝛼c, the cutoff exponent, is
set to 2. i is the index denoting the other ion fluids.

For more details on the derivation of the MF-MHD equations see Glocer et al. (2009). The coordinate system
used is Geocentric Solar Magnetospheric. The simulation domain is (X,Y,Z) = [−224, 32] × [−128, 128] ×
[−128, 128]. The simulation time is set to 12 hr. Due to the idealized nature of this study, the Earth's rotation
axis and magnetic dipole are aligned along the Z axis.
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Figure 1. Number density geopause. (a) Meridional cut for northward IMF. (b) Meridional cut for southward IMF.
(c) Equatorial cut for northward IMF. (d) Equatorial cut for southward IMF. IMF = interplanetary magnetic field.

2.1.1. Outer Boundary Conditions
The solar wind is introduced at the outer boundary of the system (X = 32 RE). For the simulations presented
in this study, we use two types of solar wind magnetic field conditions. For all runs, the solar wind velocity,
magnetic field intensity, mass density, and temperature are constant. The velocity of the solar wind is only
in the X direction with a value of −450 km/s. The mass density of the solar wind is 8.7 amu/cm3. The
temperature is set to 1.2 × 105 K. The magnetic field polarity is reversed at a set time. In the south-to-north
IMF case, the solar wind has its IMF Bz component of +10 nT and at 8:00 UT, the solar wind reverses to
−10 nT and the simulation continues for 4 hr. In the north-to-south case, the solar wind has its IMF Bz
component set to −10 nT for the first 4 hr of the simulation; then at 4:00 UT, the solar wind's IMF reverses
to +10 nT for the next 8 hr. This solar wind configuration studied is the same as that used by previous
studies (Liemohn & Welling, 2016; Welling & Ridley, 2010). Note that only the results at the end of the
12-hr simulation will be shown and discussed below. That is, this study focuses on the static structure of
the various geopause locations, rather than the dynamics of these boundaries (that will be the focus of a
follow-on study).
2.1.2. Inner Boundary Conditions
The inner boundary is the source of ionospheric plasma in our simulations. It is a diffusive boundary set at a
geocentric radius of 2.5 RE. For this study, we treat four different inner boundary conditions corresponding
to different ionospheric plasma compositions. The inner boundary conditions are presented in Table 1.

Welling and Liemohn (2014) have discussed the use of steady state boundary conditions in numerical sim-
ulations. Specifically, they examined the use of an inner boundary density specification with no assigned
outflow velocity, allowing the forces within the MHD model to drive the outflow. While these types of
outflows are not physically self-consistent, they can reproduce large-scale structures.

3. Results
We present meridional (X-Z plane, Y = 0) and equatorial (X-Y plane, Z = 0) cuts of the geopause at
12:00 UT. To determine the geopause location, we cycle through each cell, calculating the ratio of the solar
wind quantity to the total plasma quantity at the cell vertices. The cells must encapsulate the value 0.5, the
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Figure 2. Mass density geopause. (a) Meridional cut for northward IMF. (b) Meridional cut for southward IMF.
(c) Equatorial cut for northward IMF. (d) Equatorial cut for southward IMF. IMF = interplanetary magnetic field.

ratio at which the contributions from the solar wind and the ionospheric plasmas are equal. Then, we per-
form a linear interpolation along the cell edges to mark the coordinates of the geopause. The magnetopause
is defined by the last closed magnetic field line (Siscoe et al., 2001; Song et al., 1999). It is found by drawing
iteratively field lines along the Sun-Earth line. The definition of the magnetopause used in this paper differs
from the classical definition which relies on identifying regions in the magnetosphere with large currents.
Identification of the magnetopause using the classical definition is unreliable in cases where the incoming
solar wind is northward.

3.1. Geopause Comparisons From Outflow
Figure 1 shows the number density geopause for the different IMF configurations at 12:00 UT. For northward
IMF (Figures 1a and 1c), the number density geopauses across all outflow conditions are similar. In the
meridional plane, the geopauses have a lobe structure. In the southward IMF case (Figures 1b and 1d), the
number density geopause projections in the meridional and equatorial plane have a larger cross-sectional
area with increasing oxygen content at the inner boundary for the cases with identical number densities
(black, red, and blue lines). When comparing the inner boundaries with equal mass densities (green and
black lines), the number density geopause has a larger projected area with the inner boundary with a higher
particle content.

The mass density geopauses are displayed in Figure 2. The northward IMF cases (Figures 2a and 2c) show
an ordering by the mass density of the ionospheric outflow. In the dayside, the outflows with significant por-
tions of oxygen ions (blue and red lines) have a structure that is ∼2 RE further sunward of the lighter outflow
cases. In the nightside, the mass density geopauses extend more antisunward, with increasing mass den-
sities at the inner boundary. Unlike the equatorial number density geopauses, the equatorial mass density
geopauses do not share the same structure. The equatorial mass densities display an asymmetry across the
X axis. This asymmetry grows with increasing oxygen content at the inner boundary. The southward IMF
cases (Figures 2b and 2d) have a projected surface area in the meridional and equatorial plane that increases
with respect to the mass density at the inner boundary. Similar to the northward IMF case, the dayside mass
density geopause is further along the Sun-Earth line with increasing oxygen content in the outflow.
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Figure 3. Pressure geopause. (a) Meridional cut for northward IMF. (b) Meridional cut for southward IMF.
(c) Equatorial cut for northward IMF. (d) Equatorial cut for southward IMF. IMF = interplanetary magnetic field.

Figure 3 shows the pressure geopause locations for the four outflow cases. The pressure geopauses for north-
ward IMF (Figures 3a and 3c) are not very extensive. In the meridional plane, there is a very small lobe
structure associated with the outflows with oxygen (red and blue lines). In the equatorial plane, the pres-
sure geopauses are at the simulation inner boundary. In the southward IMF case (Figures 3b and 3d), the
pressure geopause size increases with increasing inner boundary mass density. The two cases with mostly
O+ outflow have extremely long pressure geopause tails, extending past the end of the plot at −60 RE and, in
fact, going to ∼ −145 RE for the 50:50 hydrogen-oxygen mix at the inner boundary and to ∼ −165 RE down-
stream of Earth for the pure oxygen inner boundary. Note, however, that the pressure geopause does not

Figure 4. (a) Magnetopause projection in the meridional plane when the IMF is northward. (b) Magnetopause
projection in the meridional plane when the IMF is southward. IMF = interplanetary magnetic field.
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Figure 5. Geopauses for a plasma composed of solar wind and ionospheric hydrogen in the meridional plane. (a)
Northward IMF. (b) Southward IMF. Note that the mass density geopause and the number density geopause are
identical. IMF = interplanetary magnetic field.

extend into the dayside equatorial magnetosphere. For both northward and southward IMF, this is a region
for which the plasma pressure is dominated by solar wind origin particles.

For comparison, let us now consider the last closed field line for the four boundary density cases and IMF
settings. The magnetopause structures of the different outflow cases are very similar for northward IMF
(Figure 4a). In the dayside, the magnetopauses overlap along the Sun-Earth line. In the nightside, the mag-
netopauses of the heavier outflow cases are ∼2 RE closer to Earth than the lighter cases. Similar to the
northward IMF case, the dayside magnetopause for the southward IMF case is nearly the same for all
types of outflow used in this study (Figure 4b). However, the nightside magnetopause structure is larger for
the lighter outflow cases (green and black lines) than the heavier outflow cases (red and blue lines). The
magnetopause formed by the lighter cases are separated by ∼10 RE from the heavier cases.

3.2. Comparisons Between the Geopauses and Last Closed Field Line
In the previous subsection, we have analyzed the influence of inner boundary conditions on the individual
geopause definitions. Now, we are comparing the four geopauses for a given inner boundary case.

Figure 5 presents the four geopause boundaries for Case 1 (solar wind H+ and ionospheric H+), with only
ionospheric H+ set at the inner simulation boundary. For this case, the outflowing particles are all protons,
so the number density of the ionospheric origin plasma is identical to its mass density. Therefore, these two
geopauses are identical and only the mass density curve is visible in the plots. In the northward IMF case,
the magnetopause extends the farthest out from the planet, with the density geopauses next and the pressure
geopause at the simulation inner boundary. The ordering is completely different for the southward IMF

Figure 6. Geopauses for a plasma composed of solar wind hydrogen and ionospheric oxygen in the meridional plane.
(a) Northward IMF. (b) Southward IMF. IMF = interplanetary magnetic field.
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Figure 7. Geopauses for a plasma composed of solar wind hydrogen, ionospheric hydrogen and oxygen in the
meridional plane. (a) Northward IMF. (b) Southward IMF. IMF = interplanetary magnetic field.

case, especially on the nightside, where the density geopauses extend the farthest, followed by the pressure
geopause, and finally the last closed field line closest to the Earth. On the dayside, the magnetopause still
extends the farthest, just beyond the density geopause.

At the other extreme outflow case where O+ is the sole ionospheric species (Case 2), Figure 6 displays the
four geopause boundaries. For northward IMF, the shape and size of the magnetopause and number density
geopause are similar to Case 1. The pressure geopause is still confined to the inner boundary but has a
very small lobe structure. On the nightside, the mass density geopause is the largest structure. The ordering
by extent along the Sun-Earth line is mass density geopause, magnetopause, number density geopause,
and pressure geopause. In contrast for the dayside, the magnetopause is the largest, followed by the mass
density geopause, number density geopause, then the pressure geopause. For southward IMF, the ordering
for longest reach in the nightside is the pressure geopause, the mass density geopause, the number density
geopause, and the magnetopause. At the dayside, the ordering is still the same as it was for northward IMF,
magnetopause, mass density geopause, number density geopause, and pressure geopause.

For a 50:50 H+ to O+ outflow composition (Case 3), the composition boundaries show an intermediate
picture for the mass density geopause in northward IMF (Figure 7). That is, the size and shape of the mass
density geopause are between both Case 1 and Case 2. The pressure geopause has a smaller lobe structure
compared to Case 2. In the nightside, the geopause structure reaching the farthest is the magnetopause,
followed by the mass density geopause, number density geopause, and pressure geopause. In the dayside,
the ordering by largest extent is the magnetopause, mass density geopause, number density geopause, and
the pressure geopause. For southward IMF, the geopause ordering structure by largest extent is the pressure
geopause, mass density geopause, number density geopause, and magnetopause. For northward IMF, in this
case the ordering by largest extent is magnetopause, mass density geopause, number density geopause, and
pressure geopause.

Figure 8 plots the four boundaries for both IMF configurations. For northward IMF, the magnetopause is
once again the most dominant in the dayside and nightside structure, followed by the mass density geopause,
number density geopause, and pressure geopause. For southward IMF, the nightside structure most domi-
nant is the mass density geopause followed by the number density geopause, magnetopause, and pressure
geopause. The dayside structure most dominant is the magnetopause, then the mass density geopause,
number density geopause, and pressure geopause.

For northward IMF, the most dominant boundary in size is the magnetopause (Figures 5a, 6a, 7a, and 8a)
with the number density and pressure geopauses that are confined close to Earth. However, the outflows
with significant amounts of oxygen have a mass density geopause structure comparable in size to the magne-
topause. For southward IMF, while the magnetopause dominates the dayside (Figure 5a, 6a, 7a, 8a), the other
geopauses are much larger in cross-sectional area in the nightside with increasing outflow mass density.
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Figure 8. Geopauses for a plasma composed of solar wind hydrogen, ionospheric hydrogen, and oxygen in the
meridional plane for an inner boundary mass density of 28 amu/cm3. (a) Northward IMF. (b) Southward IMF.

4. Discussion
This study shows that the region of dominance by Earth-origin plasma or magnetic field can be signifi-
cantly different depending on both the composition of the outflowing ions and the direction of the IMF.
These differences in geopause extent matter because of how these parameters (number density, mass den-
sity, plasma pressure, and magnetic field) influence the physics of forces and flows in near-Earth space. In
particular, these parameters appear in specific places within the MHD equations. Let us consider how each
of the four parameters appears in equations (1) through (6) above. Number density, ns, appears twice in the
momentum equation as well as in the species-averaged velocity, u+. This means that number density plays a
critical role in the magnetic induction equation. Mass density, 𝜌s, appears not only throughout the continu-
ity equation but also in the momentum equation and as a multiplier in the momentum source term. Its key
role in S𝜌sus

means that it modulates friction between the species. Plasma pressure, ps, is ubiquitous in the
pressure equation, of course, and also appears in the momentum equation through the electron pressure,
pe (pe = 0.2

∑
sps). Furthermore, it combines with magnetic energy for conservation of energy calculations,

therefore influencing energy transport. Finally, magnetic field, B, appears not only twice in the induction
equation but also twice in the momentum equation, taking part in the flow of plasma through the system.
In summary, it is seen that each term in the MHD equations is influenced by one or more of the parameters
we have examined in our geopause results presented above.

Determining which geopause is the most important depends on the magnitudes of these terms within the
MHD equations. We will not go into a detailed examination of this here because this study focused on ideal-
ized simulations. It is left to a later study to consider real-event intervals and the importance of a particular
geopause location relative to another. One conclusion that can be drawn for now, however, is that there
is no single surface in near-Earth space at which the physics switches from being governed by the Sun to
being governed by the Earth. The differences in the geopauses presented above reveal that there is a tran-
sition from solar to Earth dominance in the physics of geospace. The magnetopause, often considered the
outer boundary of Earth's influence in the solar system, is just one such boundary delineating a switch in
Sun-Earth dominance of the physics. For northward IMF, this boundary is typically the farthest from the
Earth, but for southward IMF, this boundary is typically the closest to the Earth.

Now let us consider the physics governing the shape of the boundaries. Within the momentum equation,
a multiplier factor, nsqs∕(nee), is attached to the J × B and ∇pe terms. For the simulations, this multiplier
factor is simplified to ns∕ne. Due to quasineutrality, the electron number density is equal to the total mag-
netospheric plasma number density. By applying the momentum equation to the solar wind, the multiplier
factor at values of 0.5 becomes the density geopause. The shape and size of the density geopause are sensitive
to the difference between the J × B and ∇pe. During southward IMF, the gradient of the electron pressure
increases at high latitudes due to the increased convection associated with the ionospheric species. This in
turn causes the density geopause to be pushed out in the nightside and expand. In the dayside, the density
geopause reduces in size due to the increased solar wind access through magnetic reconnection. For north-
ward IMF, the reduction in magnetic convection will cause a greater influence from the solar wind in the
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nightside magnetosphere. This results in the number density geopause to shrink in size. Since the mass den-
sity and pressure of the plasma species are related to the number densities of the plasma species, the mass
density and pressure geopauses display similar behavior compared to the number density geopause. That
is, the geopauses reduce in size during northward IMF and increases in size during southward IMF.

During northward IMF, the magnetopause responds poorly to the inner boundary mass density. This can be
attributed to the lack of magnetic flux transport due to reconnection from the dayside to the nightside. The
nightside differences in the magnetopause are due to high-latitude reconnection. During southward IMF,
the dayside magnetopause locations between the different outflows are nearly identical. The different num-
ber density geopauses and pressure geopauses show that the solar wind dominates the magnetopause. Thus,
ionospheric plasma plays a small part in dayside magnetic reconnection. Unlike the dayside magnetopause,
the nightside magnetopause has shown some sensitivity to the composition of the inner boundary. Since the
nightside magnetopause is contained within the number density geopause, the ionospheric plasma takes a
greater part in the reconnection process compared to the dayside. For both IMF configurations, the confine-
ment of the dayside pressure geopause to the inner boundary indicates the inability of MHD forces to enable
outflow of ionospheric ions at lower latitudes. One explanation might be because of to the lack of a causal
outflow model. The other explanation is due to the absence of an inner magnetosphere model that includes
drift physics.

Our simulations have not included a ring current model. Simulations that coupled ring current models to
global MHD models have shown an increase in pressure by an order of magnitude at the inner magneto-
sphere compared to pure magnetospheric MHD runs (De Zeeuw et al., 2004; Glocer et al., 2013; Pembroke
et al., 2012; Welling et al., 2018). Including an inner magnetosphere model will push the dayside pressure
geopause further out of the inner boundary. However, the ring current models currently available in the
SWMF do not distinguish the hydrogen plasma by its solar wind and ionospheric sources. This issue will
be addressed in a future study by coupling BATS-R-US to the Hot Electron Ion Drift Integrator ring current
model (Ilie et al., 2012). With the coupling of Hot Electron Ion Drift Integrator, we expect an expansion in
size of the pressure geopause. One unanswered question relating to this study is, Where do the gyration,
body forces, and friction terms in the momentum equations become prominent? This issue will be addressed
in a future study analyzing the contribution of each term in the simulation region.

5. Summary and Conclusions
We have performed MF-MHD simulations where the ionospheric plasma was distinguished from the solar
wind plasma. In these simulations, we used a passive inner boundary in which we maintained the same
number density and varied the amount of oxygen. For the sake of comparison, we also used an inner bound-
ary composition with oxygen with mass densities similar to a solely hydrogen plasma. We used two different
solar wind conditions where the solar wind mass density, velocity, temperature, and magnetic field intensity
were the same, but the polarities were different.

Our results indicate that the geopause structures formed during steady state was dependent on the abun-
dance of oxygen ions in the ionospheric outflow during southward IMF. For northward IMF, only the mass
density geopause varied with the inner boundary conditions. For the magnetopause in both IMF configu-
rations, the dayside magnetopause did not vary between the different simulated ionospheric outflow cases.
However, the nightside magnetopause was sensitive to the presence of oxygen ions present in the iono-
spheric outflow. In the north IMF case, a significant presence of oxygen in the outflow brings the nightside
magnetopause further in along the Sun-Earth line by a few Earth radii compared to the oxygen poor outflow
cases. In the south IMF case, the nightside magnetopause along the Sun-Earth line is about 10 Earth radii
further in for the oxygen-rich outflow simulations, compared to the oxygen poor outflow simulations.

Within each set of simulations, we have seen that for northward IMF, the magnetopause was the largest
structure in both the dayside and the nightside. This indicates that the solar wind dominated the mag-
netopause. For southward IMF, while the magnetopause still is the largest structure in the dayside,
the geopauses in the nightside are comparable if not larger than the magnetopause. This indicates that
ionospheric plasma can dominate in regions outside of the nightside magnetopause.

We have discussed the ramifications of the differences in these geopause locations which imply that the
physics governing near-Earth space does not have a single surface at which the governing processes switch
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from solar wind dominance to ionospheric dominance. Instead, there is a gradual transition as a set of physi-
cal processes associated with each parameter (number density, mass density, plasma pressure, and magnetic
field) switch at different surfaces. The location of these surfaces strongly depends on both of the controlling
factors considered in this study: the composition of the outflowing particles and the orientation of the IMF.
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