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The fate of flux tube material once it is eroded from of the plasmasphere through a dayside plume remains unknown. The eroded plasmasphere material can be either swept away by the solar wind and lost from Earth’s system, or recirculated into the inner magnetosphere. Recirculating plasmasphere material could plausibly enter the central plasma sheet and contribute to the ring current. This work uses numerical models to explore this possibility. Historically this has been a difficult question to answer due to the fact that solar wind, ionosphere, and plasmaspheric plasmas are all dominated by hydrogen making it difficult to distinguish the source of plasma from observation alone. Recent advances in computing have enabled us to answer this question. Using the Space Weather Modeling Framework (SWMF) to couple the Block-Adaptive-Tree-Solar-Roe-Up-Wind-Scheme (BATS-R-US), Dynamic Global Core Plasma Model (DGCPM), and the Ridley Ionosphere Model (RIM), we can track the motion of the plasmaspheric material once it leaves the plasmasphere in a self-consistent manner.
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1 INTRODUCTION
The plasmasphere is a cold ([image: image] eV) dense (103–104/cm3) region of plasma which corotates with Earth [1]. During extended periods of low activity in the solar wind, the plasmasphere fills up to a saturation density as it reaches a diffusive equilibrium with the ionosphere. During periods of high activity, enhanced dayside reconnection with the Interplanetary Magnetic Field (IMF) causes mass-loaded magnetic flux tubes in the plasmasphere to be advected out to the reconnection region as described by the Dungey cycle [2] during southward interplanetary magnetic field. As the process of magnetic reconnection continues along the dayside magnetopause, a plume of plasmasphere material forms on the dayside. This plume drains plasma from the plasmasphere along the path of the advecting flux tubes. The plasma remains trapped on the field line through the process of reconnection and remains with the field line as it continues through the Dungey cycle. Su et al. 2001, found evidence of plasmasphere material on open field lines with magnetosheath material during periods of Kp ≥ 4 using both the Interball Auroral Probe and Polar satellites [3]. Su did not find as many instances of plasmasphere material on open field lines as they thought they would and among other causes, speculated that plasmaspheric material heating could make it indistinguishable from magnetosheath plasma using their method. Walsh et al. 2014, when studying the impact of the plasmasphere plume on the dayside reconnection rate, found that the cold plume plasma possessed energy around 10 eV enhancing the energy flux at that band as THEMIS D crossed from the magnetosheath into the magnetosphere [4]. After reconnection the field line is no longer closed with both ends on Earth, but is rather an open field line, with one end anchored to Earth and the other connected to the Interplanetary Magnetic Field (IMF). The question at this point is if the velocity of the trapped plasma along the field line is large enough that a significant fraction of it is within the loss cone, to be lost to scattering in the ionosphere, or travel further into the IMF before being trapped by reconnection on the night side. The plasma could recirculate through one of two paths. The first is that the plasma can be transported through the lobes by the advecting magnetic flux tubes and become trapped on closed field lines due to magnetic reconnection on the night side. Alternatively the plasma could recirculate by traveling along the flanks and mixing with the plasma sheet material in the tail through viscous interactions.
The recirculation of the plasmasphere was first proposed by Freeman et al. (1977) [5]. That paper proposed that the plasmaspheric material may either recirculate over the poles and-or around the flanks. Borovsky et al. (1997) [6] estimates that the plasmasphere can provide up to twice the needed material to explain the super dense plasma sheet. A six-step process was proposed by which the plasmaspheric material can recirculate over the poles. Using satellite data from four LANL-MPA instruments, it was demonstrated that plasmaspheric material does undergo the first three steps of the proposed six-step process. However, due to the orbits of the LANL satellites being used it was not possible to demonstrate conclusively that the plasmaspheric material went any further then step three of the six. Borovsky notes that the conditions necessary for the six-step process would also allow the penetration of solar wind into the plasma sheet, making it difficult to determine if observed material in the tail is of plasmasphere or solar wind origin. Daglis et al. (1999) demonstrated ring current ions primarily come from the plasma sheet and the solar wind. However, the plasma sheet is itself fed by the high latitude ionosphere and the solar wind. Thus, the ultimate source of ring current particles is the high latitude ionosphere and solar wind [7]. Su et al. (2001) demonstrated that plasmasphere material could be located on high-latitude open field lines in some cases, finding it twice in a sampling of 21 events using the Interball Auroral Probe and four times over 8 months using Polar [3].
Simulations and models have also been used to investigate this issue. In Elphic et al. (1997) [8], Elphic used the Weber 1996 and Tsyganenko 1989 models to track magnetic flux tubes by following their foot points in the ionosphere [9, 10]. Elphic found that in storm conditions the magnetic field flux tubes representing plasmasphere flux tubes did recirculate over the poles and not around the flank as was thought possible by Freeman. This study was limited as it did not include the recursive effects of the plasma being transported and included only one simulated event. Moore et al. (2008) [11] used the Lyon-Fedder-Mobarry (LFM) model to trace test particles that were given initial velocities and energies representative of the plasmasphere by the coupled Comprehensive Ring Current Model (CRCM). The contribution to the ring current of test particles that recirculated back into the region of the CRCM was then compared to the contribution to the ring current from other populations. It was found that the plasmasphere contributed about the same to the ring current as the polar wind, though its contribution lagged by about an hour, and that the plasmasphere contributed less then the solar and auroral wind sources. The Moore et al. (2008) study was limited by a lack of self-consistency. The plasmaspheric particles in the LFM portion were test particles, and the ionosphere particles in the CRCM portion were not coupling to the LFM model. It was suggested that treating the plasmasphere particles self-consistently and including the ionosphere particles in the LFM/CRCM coupling could substantially change the results.
Using observations to resolve the issue is difficult due to the composition of the plasma from the solar wind, plasmasphere, and ionosphere, which are all dominated by hydrogen as well as the large-scale nature of the problem. Until recently, simulations have not been up to the task of tracking multiple populations of ions in the magnetosphere on a global scale, due both to a lack of computational power and the outer boundary of dedicated plasmaspheric codes typically being placed at 8–10 RE, which is to close to Earth to capture recirculation of the plasma [11–13]. However, recent advancements both in modeling approaches and computing power have made it possible to study the fate of plasmaspheric material on a global scale in numerical simulations.
This study presents two simulations using the Space Weather Modeling Framework in a novel configuration to study the fate of plasmaspheric material during magnetic storms. The simulations approach the recursive relationship of the inner magnetosphere and solar wind coupling from a self-consistent manner. This capability will enable us to address the fate of the plasmasphere once it enters to solar wind, and begin to resolve the outstanding question.
2 METHODOLOGY
2.1 Configuration of the SWMF
It is difficult to design a single model which captures the intricacies of the near-Earth space environment due to the large range in spatial and temporal scales, plasma composition, and complicated physics this entails. The Space Weather Modeling Framework [14] approaches this challenge by coupling together otherwise separate models which are specialized to capture the dynamics of sub regions, or particular processes of space weather. This coupling typically includes passing information about key values, such as the density and temperature of a plasma, between models to ensure that model solutions are similar both temporally and spatially. For this study the SWMF is configured to couple three models: the Block-Adaptive-Tree-Solarwind-Roe-Up-Wind-Scheme (BATS-R-US), the Dynamic Global Core Plasma Model (DGCPM) and the Ridley Ionosphere Model (RIM). BATS-R-US is a multi-fluid multi-species global magnetohydrodynamic (MHD) code [15]. In our case the simulation is configured with two fluids, both hydrogen. The first fluid is defined to be the known sources of the ring current, namely the solar wind and the high latitude ionospheric outflow [16, 17]. For the sake of simplicity we refer to the high latitude ionospheric outflow as the polar wind through out the rest of the report. The second BATS-R-US fluid represents the cold plasmasphere population and is coupled to DGCPM. For each fluid BATS-R-US solves the magnetohydrodynamic equations.
DGCPM is a two dimensional plasmasphere code which solves for flux tube ion content on the ionosphere grid, projected into the equatorial plane [18]. DGCPM is configured within the Space Weather Modeling Framework to have one way coupling with BATS-R-US. Within 10 RE of Earth BATS-R-US will nudge its solution for the mass density of the plasmasphere fluid towards that of DGCPM, such that the solutions converge rapidly [15, 19]. BATS-R-US is coupled to RIM in a two-way manner. BATS-R-US provides field aligned currents to RIM which in turn provides the E × B values at the inner boundary of BATS-R-US to set the velocity of all fluids there [20]. RIM and DGCPM are one-way coupled. DGCPM uses the solution of the electric potential generated by RIM to calculate the electric field in the equatorial plane [18]. For a graphical representation of this configuration refer to Figure 1.
[image: Figure 1]FIGURE 1 | Configuration of the SWMF and coupling between sub modules. Red arrows depict coupling in the SWMF model which currently exists. The yellow arrow depicts coupling to be added to the future, to be discussed later.
Figure 1 summarizes the coupling of BATS-R-US, DGCPM and RIM through the framework of the SWMF. The red arrows in Figure 1 represent the coupling described above that was used in this study. The yellow arrow labeled “Magnetic Field” pointing from BATS-R-US to DGCPM indicates a desired future coupling to be discussed in future work.
Several simplifying assumptions were made in the BATS-R-US simulation. The first assumption is that Earth’s magnetic field can be represented as a dipole. The second assumption is that Earth’s magnetic dipole is parallel to Earth’s axis of rotation. The final assumption is that the axis of rotation is perpendicular to the ecliptic plane. DGCPM assumes a dipole with the same configuration, and thus by using a similar magnetic field configuration in BATS-R-US we minimize the effects of having non-coupled magnetic fields between the two models. The consequence of not having this coupling this will be discussed later.
The novel part of this configuration of the SWMF is that, on closed field lines within 10 RE, the dynamics of the plasmasphere fluid in BATS-R-US are dictated by DGCPM. The DGCPM code has been shown to provide an accurate description of the plasmapause, as long as the ionospheric potential model is itself an accurate representation [18]. In this study we are using the SWMF to provide the ionospheric potential, via coupling to RIM, to drive DGCPM. This configuration has all of the advantages of the best preforming model to drive DGCPM as identified by Ridley et al. 2014 [18]. Therefore this configuration should provide the most accurate simulation of plasmaspheric dynamics to date within the SWMF.
Figure 2 shows a comparison of the plasmasphere in different configurations of BATS-R-US and DGCPM running as sub components of the SWMF. In Figure 2A we see the plasmasphere as produced by BATS-R-US running in a stand alone single fluid configuration. Figure 2B is BATS-R-US in a multi-fluid stand alone configuration with a dedicated plasmaspheric fluid. The difference between the configuration for 2a and 2b is that the inner boundary condition for the plasmaspheric fluid was increased from 28 amu/cc, a value typical of the polar wind, to 500 amu/cc. This inner boundary generates a much denser pseudo-plasmasphere. However, even with the configuration of 2b the plasmasphere and its plume is still very diffuse, lacking a sharply defined plasmapause. Figure 2C is a standalone DGCPM simulation, while Figure 2D is multi-fluid BATS-R-US coupled to DGCPM via the SWMF. As can be clearly seen in Figures 2A,B a global MHD code, even with a dedicated plasmasphere fluid, is a poor representation of the dynamics that a cold dense plasma undergoes near Earth. The standalone DGCPM simulation gives a very detailed plasmasphere (though some features, such as the tendrils visible near midnight, may not be real), but standalone DGCPM lacks the ability to include the effects of the solar wind, plasma sheet and anything beyond 10 RE from Earth. While this gives us a detailed view of the plasmasphere, it limits our understanding of the entire system. Thus by coupling DGCPM to BATS-R-US, we capture the best of both worlds. We are able to see and model the solar wind and the broader near-Earth space environment while maintaining a detailed view of the plasmasphere. Importantly, this enables us to study in a self-consistent manner how plasmaspheric material evolves once it leaves the inner magnetosphere, and whether it is captured by night side reconnection and advected back towards Earth. Appendix A contains information on the input files and the full configuration for the SWMF as it appearers in this work.
[image: Figure 2]FIGURE 2 | Coupling of BATS-R-US and DGCPM. (A) Z = 0 slice of single fluid BATS-R-US in standalone mode. GSE coordinates. (B) Z = 0 slice of two fluid BATS-R-US in standalone mode. GSE coordinates. (C) Standalone DGCPM out to 10 RE. LT and Radius (D) Z = 0 SWMF coupling dual fluid BATS-R-US and DGCPM. GSE coordinates.
2.1.1 Configuration of BATS-R-US
BATS-R-US is a multi-fluid multi-species global MHD code. This type of code solves the magnetohydrodynamic equations for fluid packets, with each fluid able to be a separate species or represent a different population. In the configuration for the following simulations BATS-R-US is configured with two fluids, both of which are hydrogen. The first fluid is the combined solar wind and polar wind, while the second is a dedicated plasmasphere fluid. BATS-R-US handles the bulk of the computational space while the other models, DGCPM and RIM, handle specific components of the inner magnetosphere and ionosphere. BATS-R-US runs on a Cartesian grid in the GSM coordinate system. A key feature of BATS-R-US is the flexible grid size of cells within the region of computation. In the configuration used in this study, the entire inner magnetosphere was resolved to a resolution of 1/8 Earth Radii (RE). The maximum grid size was cubes of 8 RE a side, while the minimum was cubes of 1/16 RE a side. The grid is set with areas of high resolution near the magnetosheath and Earth starting at 1/16 RE cells and stepping down from there. Farther down the tail, the grid is dominated by cells of 8 RE. For a more detailed discussion of the grid see Welling and Liemohn 2014 [21].
Within BATS-R-US, the upstream boundary condition is determined by solar wind and interplanetary magnetic field (IMF) values read from a file. Upstream plasma values must be provided for every fluid in the MHD simulation. This restriction is because the numerical schemes of BATS-R-US cannot handle zero densities or temperatures and must have all the fluids present in the whole computational domain. As such, low values are chosen for non-dominant ions such that their contribution to total density and energies are negligible in the region dominated by the solar wind. The inner boundary is determined by predefined values made to mimic the polar wind. In BATS-R-US, the inner boundary values for the combined solar and polar wind fluid were set to 28 amu/cc at 25,000.0 K. For the plasmasphere fluid, values of 0.01 amu/cc and 25,000 K were assigned. The low amu/cc count of the plasmasphere prevents the inner boundary condition from becoming a significant source of plasmasphere ions.
2.1.2 Configuration of DGCPM
DGCPM is a single species two-dimensional code solving for the flux tube content measured in electrons per Weber [22]. In the filling and emptying of dayside closed magnetic field lines, DGCPM works to drive each flux tube towards its saturation density. The saturation density is defined as the density at which dynamic equilibrium is reached between loss and filling processes on closed magnetic field lines. The saturation density was determined empirically by [23] as,
[image: image]
given in electrons per cubic centimeter where L is the L-shell of the field line in the equatorial plane. On the dayside, closed flux tubes whose density exceeds nsat have their density reduced to the saturation value. If, however, the density on such a field line is less then nsat, a refilling flux is applied up to a pre-defined maximum flux. On open field lines, night or day, the same decay rate is applied. A decay rate is also applied to closed field lines on the night side. Plasma convection is handled by a second-order upwind scheme with a Superbee limiter [18]. While at the core, DGCPM is the same model as from Ober et al. 1997, it has undergone significant modification to be fully integrated in the SWMF [12, 14, 24]. For a more detailed discussion on how DGCPM functions, see Ober et al. 1997 [12].
The temperature of the plasma is fixed to be 1 eV for the purpose of coupling to BATS-R-US. This value is consistent with values given in the literature which range from 0.1 eV to 2 eV [1, 25]. This temperature along with the density of the plasma in DGCPM is used to calculate the pressure of the plasmasphere in BATS-R-US. This pressure is always a small fraction (≤10%) of the total pressure of non-plasmaspheric fluid in BATS-R-US and does not significantly affect the MHD calculation. Therefore, the calculation is fairly insensitive to the choice made for the temperature of the plasmaspheric plasma during coupling. DGCPM assumes a dipole field and does not receive non-dipole values from BATS-R-US. BATS-R-US self-consistently calculates the magnetic field, though it also assumes a dipole for Earth’s magnetic field. The possible consequences of this discrepancy will be discussed in future work.
The initial condition of DGCPM for these runs is one of a dense plasmasphere at or near the saturation density. This initial condition is chosen specifically to give us the best chance at seeing recirculation occur. It is important to keep this in mind when we discuss the results as this may bias us to see recirculation as more of a dominant source relative to the solar and polar winds. However, as the fullness of the plasmasphere does not affect the likelihood of a geomagnetic storm occurring these results represent the recirculation of the plasmasphere when it is at or near saturation.
2.1.3 Configuration of RIM
The Ridley Ionosphere Model (RIM) is a 2D spherical electric potential solver. RIM uses the field aligned currents from BATS-R-US to calculate the electric potential as:
[image: image]
where JR represents the radial currents supplied by BATS-R-US. S is the conductance tensor (comprising both Hall and Pedersen conductance), and Φ is the electric potential in the ionosphere [20]. The currents from BATS-R-US are taken at a fixed altitude near the inner boundary. The current values are then mapped along dipole field lines to the ionosphere. The gradient of the potential yields the electric field which can be combined with BATS-R-US’s magnetic field to yield the E × B value, which is returned to BATS-R-US. In BATS-R-US, the returned E × B values are used to set the tangential velocity of the plasma about the inner boundary. A major challenge for ionosphere models is getting a realistic conductance. Conductance is primarily derived from two sources: ionization due to extreme ultra-violet (EUV) radiation [26] and ionization due to precipitating ions and electrons [27–29]. Conductance caused by extreme ultra-violet radiation is included via an empirical formula, which is a function of solar zenith angle [20]. RIM uses an empirical model based on an Assimilate Mapping of Ionospheric Electrodynamics (AMIE) study to drive the conductance caused by particle precipitation [30]. The Assimilate Mapping of Ionospheric Electrodynamics study produced a simple relationship for the strength of field aligned currents and Hall or Pedersen conductance:
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where Σ0 and A are functions of latitude and longitude. Two sets of coefficients are used, one for upward, and one for downward field aligned currents. For a detailed discussion of how the model works see [19].
RIM is also coupled to DGCPM. In the one way coupling between DGCPM and RIM, DGCPM requests electric field data from RIM. RIM can calculate the electric potential down to the low latitudes and thus provide the electric field to the entire DGCPM domain.
3 ANALYSIS
3.1 Ideal square wave
The first simulation presented for this study is an Ideal Square Wave event. The solar wind has a constant density and velocity of 5/cm−3 and 450 km/s. The Bz component of the interplanetary magnetic field (IMF) begins at +5 nT flipping to -10 nT after 8 h, marking the start of the storm. There is a constant value of By = +2 nT which moves the reconnection line slightly out of the equatorial plane. The Bx component of the solar wind is zero throughout the simulation. Such ideal event conditions are chosen to demonstrate that the recirculation of plasmaspheric plasma is possible. The long period of quiet time preceding the start of the storm allows the simulation to build a dense and saturated plasmasphere. The sudden southward turning and constant negative Bz provides the maximum amount of time for plasmaspheric material to recirculate. Having an extended southward Bz period increases the chances that we see such an affect occur. In addition, the constant negative Bz drives reconnection on the dayside, which in turn drives the formation of the dayside plasma plume. Relatively typical solar wind velocity and density were chosen to demonstrate that our results are not a consequence of rare or unusual solar wind conditions.
Figures 3A–F shows the state of the plasmasphere in BATS-R-US at three key points in the simulation. Figures 3A–C shows 2D slices from the Y = 0 plane, while Figures 3D–F shows 2D slices of the Z = 0 plane. The black and white circle at the origin of each plot represents the Earth. The white half of the circle represents the dayside and the black half the night side of Earth. The light gray circle around the Earth represents the inner boundary of BATS-R-US. The color map of each plot is the density of the plasmaspheric fluid in BATS-R-US at that point in the domain. The yellow arrows represent the magnitude and direction of the velocity vector field for the plasmaspheric fluid. The velocity arrows in the upstream solar wind of each plot are 450 km/s. In subplots A-C in Figure 3, the black contours are closed magnetic field lines, meaning both foot points of the field line are in the ionosphere. The red contour represents the last closed magnetic field line, whereas the white contours represent open field lines. Each column contains slices from a single time in the simulation. The times chosen are 08 Hr 40 Min, 09 Hr 19 Min, and 09 Hr 52 Min, for the left, center, and right columns respectively. Recall that the storm began with a southward turning of Bz at 8 Hr. Thus, the times shown in Figure 3 are from 40 Min, 1 Hr 19 Min, and 1 Hr 52 Min after the storm began respectively. These times show three key moments of plasmasphere recirculation. In Figure 3D, the dayside plume encounters the dayside reconnection line and begins venting plasmaspheric plasma along the dawn flank. This feature is highlighted by the red box in Figure 3D. We see in Figure 3A that the dayside lobes do not contain much plasmaspheric material. There is a strong divergence in the flow pattern on the night side in Figure 3B corresponding to the location of night side reconnection, marked by a red box. We also see that the lobes are beginning to fill, indicating that at this time, plasmaspheric material has not recirculated over the poles. In Figure 3E, we see a good deal of plasma has continued to leak out of the dayside plume and has begun to fill the plasma sheet with recirculated material. This process is aided by the flank biased plume which, when comparing to Figures 3C, 3F, is venting much more material along the flanks then though the dayside lobes. In Figure 3C, we see that the lobes have become saturated with plasmaspheric material, while in Figure 3F, we see that the amount of material vented along the flanks is greatly reduced. This reduction in material recirculating around the flank can be seen comparing the density within the red boxes marked on plots 3E and 3F.
[image: Figure 3]FIGURE 3 | From the BATS-R-US simulation of the Ideal Square Wave Event. Column (A): 8 Hr and 40 Min into the simulation just as the plume arrives at dayside reconnection. Column (B): 9 Hr 19 Min into the simulation, when there is about equal recirculation around the flanks and over the poles. Column (C): 9 Hr 52 Min into the simulation, at the period of maximum relative contribution of the plasmasphere to total fluence across the night side measurement boundary 1. (A)–(F) State of the Plasmasphere at three key times of the Ideal Square Wave Event. The color map corresponds to the density of the plasmasphere fluid in BATS-R-US, while the yellow vector field represents the velocity of the same fluid. (A–C) Y = 0 slices additionally showing the magnetic field configuration. White curves are open magnetic field lines, red is the last closed field line, while black curves represent the closed magnetic field. (D–F) Z = 0 slices. (G–L) Relative contribution of the plasmasphere fluid to the total fluid density. A contribution of 0% means that there is no contribution to the total density from the plasmasphere fluid. A contribution of 50% means that the combined solar and polar wind fluid contributes to the total density equally with the plasmasphere fluid. A contribution of 100% means that there is no contribution to the total density from the combined solar and polar wind. The color map is scaled so that white occurs at 50%. The Black dashed circular arcs mark the where the surface of measurement crosses through the Y = 0 and Z = 0 planes 1. (G–I) Y = 0 slices, (J–L) Z = 0 slices.
Figure 3G–L shows the relative contribution of the plasmasphere fluid to the total fluid density in BATS-R-US. Figures 3G–I contains Y = 0 slices while Figure 3J–L contains Z = 0 slices. We see from the progression of Figures 3G–I that the filling of the dayside lobes with recirculating plasmasphere material takes a significant amount of time. By the time plasmasphere fluid is a significant fraction of the total population in the lobes, we see that the recirculating plasmasphere is already a significant contributor to the population of the plasma sheet (Figure 7B). In agreement with conclusions drawn from Figures 3A–F we see that the around-the-flank recirculation is must faster then over the pole recirculation. By comparing the timing of the lobes becoming dominated by the recirculated plasmasphere to Figure 7 we see that the peak of the relative contribution of the plasmasphere fluid to the total fluence from the plasma sheet into the inner magnetosphere comes during a time when through-the-lobe recirculation is dominant.
Consider the progression shown in all three time slices. We see that early in the storm, material leaks out of the plasmasphere primarily through the dawn flank, not over the lobes. While some plasmasphere material does recirculate through the dusk flank, it is a small amount compared to the recirculation through the dawn flank. This disparity is primarily due to the location of the plasmaspheric bulge being near the dawn flank when the storm began. We see that recirculation along the flanks is relatively fast compared to recirculation over the lobes as the tail begins to fill with plasmaspheric fluid from the flanks before the lobes fill with plasmaspheric material. As the storm progresses, however, we see that plasmaspheric plasma recirculating along the flanks diminishes as the dayside plume moves towards the center of the reconnection line away from the flank. At the same time, the lobes are now full and providing most of the recirculating plasma. Thus, the path that recirculating plasma takes is dependent on the location of the dayside plume and how much time has passed since the storm began. To see an animated movie of Figures 3A–F for the Ideal Square Wave simulation see the Supplementary Materials presented at the end of this paper.
The times, 08 Hr 40 Min, 09 Hr 19 Min, and 09 Hr 52 Min, are also marked on Figures 7, 8 to aid in making comparisons between plot features. These markings will be labeled ‘A.)’, ‘B.)’, and ‘C.)’, corresponding to the columns of Figure 3. In addition to these marked times, the start of the storm at 08 Hr 00 Min is also marked, though it is unlabeled.
Figure 4 shows the pressure of the fluids in BATS-R-US at the same times depicted in Figure 3. Figures 4 A–C and G–I are the pressure of the combined solar and polar wind and the plasmasphere in the Y = 0 slice, receptively. Figures 4 D–F and J–L are Z = 0 slices of the pressure of the same fluids. We see that the pressure of the combined solar wind and polar wind is much greater than that of the plasmasphere. This fact is reflected in Figure 5 where we compare the temperates. We see in Figures 4J–L that as time progresses the recirculated plasma sphere builds pressure in the tail and along the night side inner magnetosphere.
[image: Figure 4]FIGURE 4 | Pressure of Fluids in BATS-R-US for the Ideal Square Wave event. Column (A): 8 Hr and 40 Min into the simulation. Column (B): 9 Hr 19 Min into the simulation. Column (C): 9 Hr 52 Min into the simulation. (A–F) Pressure of the combined solar wind and ploar wind fluid. (A–C) Y = 0 slices, (D–F) Z = 0 slices. (G–L) Pressure of the plasmasphere fluid. (G–I) Y = 0 slices, (J–L) Z = 0 slices.
[image: Figure 5]FIGURE 5 | Temperature of Fluids in BATS-R-US for the Ideal Square Wave event. Column (A): 8 Hr and 40 Min into the simulation. Column (B): 9 Hr 19 Min into the simulation. Column (C): 9 Hr 52 Min into the simulation. (A–F) Temperature of the combined solar wind and ploar wind fluid. (A–C) Y = 0 slices, (D–F) Z = 0 slices. (G–L) Temperature of the plasmasphere fluid. (G–I) Y = 0 slices, (J–L) Z = 0 slices.
Figures 5A–F depicts the temperature of combined solar wind and polar wind fluid. In Figures 5G–L we see the temperature of the plasmasphere fluid. The left, center, and right columns are at the same time as those in Figure 3. The major take away from the plot is the degree to which the plasmasphere is heated during the process of recirculation. Over the entire course of leaving through the dayside plume and recirculating, plasmaspheric material is shown to heat several hundred to several thousand electron volts by the time it reenters the inner magnetosphere. This heating occurs due to several mechanisms. At the day side magnetopause pick up ion heating occurs. The plasmasphere material cools as it travels over the poles and heats again in the tail, mostly through conservation of the adiabatic invariants. Welling and Ridley 2010 discusses this process [31]. For a discussion of heating at the reconnection line Toledo-Redondo et al. 2016 and references therein discuss this [32].
Figure 6 depicts the absolute difference between the temperature of the plasmasphere fluid and the combined solar and polar wind fluid in BATS-R-US. Figures 6A–C shows Y = 0 slices while 6D-F shows Z = 0 slices. Again the left, center, and right columns correspond to 8 h 40 min, 9 h and 19 min and 9 h and 52 min after the simulation began. At all times we see a significant difference between the temperature of the plasmasphere and combined solar and polar wind. This large temperature difference occurs even in regions where the recirculating plasmaspheric plasma has been extremely heated. This difference in temperatures is crucial as it should be detectable by satellite missions such as THEMIS and CLUSTER. This feature indicates that a signature of recirculating plasma could be detected as a secondary population of plasma in the tail whose temperature is several keV below the majority of the detected plasma. The fact that this signature does not rely on tracer species, such as helium or oxygen, greatly expands the number of candidate events that can be studied in the future.
[image: Figure 6]FIGURE 6 | Absolute temperature difference of the plasmasphere fluid and combined solar and polar wind fluid in the BATS-R-US simulation for the Ideal Square Wave event. Column (A): 8 h and 40 min into the simulation. Column (B): 9 h 19 min into the simulation. Column (C): 9 h 52 min into the simulation. (A)–(C) Y = 0 slices, (D)–(F) Z = 0 slices.
The next value which we will look at is fluence, being the integration of flux over a surface. On the dayside of the planet, the surface of integration was a hemispherical shell going from dawn to dusk and spanning ±60° latitude at 6.6 RE, geosynchronous orbit. The boundaries of the integration surfaces are recorded in Table 1. Fluence is calculated through the surface of the shell as a discrete sum of the flux over the area, where fluxr is the radial flux. r is the radius fixed to 6.6 RE on the dayside. θ is the latitude and ϕ is the longitude. dθ and dϕ are the discrete step in theta and phi with values of π/90 radians due to the resolution of data points on the spherical shell. The flux is calculated from the density and bulk flow velocities of the fluids taken from BATS-R-US. On the night side, the boundary through which we measure flux and calculate fluence is a hemi spherical shell of 10 RE going from dawn to dusk and ±30° latitude. This radial distance was chosen due to the coupling between BATS-R-US and DGCPM which occurs at and within 10 RE. This limitation raises an issue which we will discuss later. The choice of 6.6 RE on the dayside is somewhat arbitrary. The dayside surface was chosen to be at that distance because in both simulations the surface was never in the solar wind. Geosynchronous orbit is also were many satellites with plasma detecting instruments sit. Therefore, in the future, geosynchronous orbit is a likely place to look for signatures of plasmaspheric recirculation. Having such data now will allow us to compare directly between this current study and possible future work. On the night side, we are interested only in the fluence of the BATS-R-US fluids towards Earth. Therefore, the calculation of fluence on the night side censors flux which is pointing away from Earth. The case is reversed on the day side, where the flux pointing towards Earth is censored in the fluence calculation. The intersection of these 3D surfaces with the Y = 0 and Z = 0 planes is marked on Figures 3G–I as black dashed arc segments.
[image: image]
TABLE 1 | Limits of the surface of measurement through which fluence is calculated.
[image: Table 1]Figure 7A shows the fluence of the fluids in BATS-R-US as they pass the measurement boundaries. The x-axis of Figure 7 is simulation time. We do not show the first 6 hours after the simulation began, as the early part of the simulation is simply to build a steady state in the inner magnetosphere. The y-axis of Figure 7A shows the fluence of the fluids in BATS-R-US as they pass through the measurement surfaces (Table 1). The vertical line marked ‘Ω.)’ corresponds to the start of the storm. The vertical lines marked ‘A.)’, ‘B.)’, ‘C.)’ correspond to the times: 08 h 40 min, 09 h 19 min, and 09 h 52 min. These times correspond to the left, center, and right columns of Figures 3–7 the bright green curve indicates the flow of plasmaspheric material through the dayside measurement surface, while the remaining three curves show the flow of material through the night side measurement surface. The dark green curve represents the fluence of plasmaspheric material on the night side, and thus, represents the recirculated plasmaspheric plasma. The dark blue curve shows the fluence of the combined solar and polar wind through the night side measurement surface. The dark red curve shows the total fluence of both BATS-R-US fluids through the night side measurement surface. Figure 7A shows that plasmaspheric material flows strongly out the dayside boundary, indicating a strong plume flow. This finding agrees well with observations made in the Z = 0 slices of Figure 3. The value is comparable to ionospheric outflow once the storm begins. By comparing the magnitude of the fluence of plasmaspheric material leaving the plasmasphere on the dayside to the fluence of the plasmaspheric materials crossing the night side boundary, we see that we lose an order of magnitude of material during the process of recirculation. Thus, we can state that most of the material is lost to the solar wind, which agrees well with Moore et al. (2008) [11]. Maximum fluence of the recirculated plasmaspheric material through the night side boundary occurs around 9 Hr 37 Min. Looking back to Figure 3, we see that this is in between the majority of recirculation traveling through the flanks at 09 h 19 min, or the lobes at 09 h 52 min. As might be expected, maximum recirculation occurs when the plasma has the most paths through which to travel. Note that from approximately 09 h 45 min to 10 h 30 m, the dayside plasmaspheric fluence out the plume remains fairly constant. However, at the same time, the fluence of plasmaspheric material on the night side decreases. By comparison to Figure 3, this time indicates a shift from mostly around the flank recirculation to mostly over-the-pole recirculation. Therefore, the fall off in plasmaspheric fluence on the night side indicates that recirculation through the flank is a more efficient path then over-the-pole recirculation. The spike in the solar and polar wind fluid crossing the night side boundary is explained by a build up of cold plasma on the night side due to flow patterns during quiet time. As the storm begins, the magnetosphere is disturbed injecting a large portion of this build up towards Earth as the magnetosphere collapses. After this initial spike, we see that the amount of combined solar and polar wind crossing the night side boundary is comparable to that of the plasmaspheric material which has recirculated. For a more detailed comparison of the fluid crossing the night side boundary, we look to the bottom frame of Figure 7B.
[image: Figure 7]FIGURE 7 | The vertical line marked ‘Ω.)’ corresponds to the beginning of the storm. The vertical lines marked ‘A.)’, ‘B.)’, ‘C.)’ correspond to the times shown in the left, center, and right columns of Figures three to six respectively. (A) Fluence of the BATS-R-US fluids as they cross the measurement boundaries on the day and night side 1. “Dayside Plasmasphere” corresponds to the fluence of the plasmasphere material through the dayside plume. “Total Night Side” refers to the total fluence of all fluids passing through the night side measurement boundary. “Nightside Solarwind/High Lat Ionosphere” refers to the fluence of the combined solar and polar wind across the night side boundary. “Nightside Plasmasphere” refers to the fluence of the recirculating plasmasphere through the night side measurement boundary. (B) Relative contribution of the recirculating plasmasphere to the total fluence crossing the night side measurement boundary in the Ideal Square Wave event 1. At 0% there is no recirculating plasmasphere, at 50% the recirculating plasmasphere is contributing equally to the combined solar and polar wind.
Figure 7B shows what percentage of the material crossing the night side boundary was provided by the recirculated plasmasphere material. The y-axis is the percentage of the total fluence which is provided by the recirculated plasmasphere. At 0% there is no plasmasphere recirculation, at 50% the recirculated plasmasphere contributes equally with the other fluid, which is the combined solar and polar winds. Once the dayside plume has vented a substantial amount of material, we see that the recaptured portion is still more then 10% of the total plasma content crossing the night side for three and a half hours. The maximum contribution of the recirculated material was 25%, with contributions over 20% lasting about an hour. Unsurprisingly, by comparison with Figure 3, we see that the maximum relative contribution occurs during the time when both flank and over-the-pole recirculated plasma was contributing to the total fluence on the night side. Refer to Figure 8 of Welling et al. (2018) [33] which shows the results of an experiment done where O+ was injected into the inner magnetosphere in windows centered around dawn, midnight, and dusk. As the plot there demonstrates, the more dawnward material is injected into the ring current, the more likely it is to remain on a closed drift path and contribute to the ring current. This fact raises a point which we will discuss later.
[image: Figure 8]FIGURE 8 | Relative contribution of the recirculating plasmasphere as a function of local time and simulation time. At 0% there is no recirculating plasmaspheric material. At 50% (white) the recirculating plasmaspheric material is contributing equally to the combined contributions of solar and polar winds. At 100% there is no contribution from the solar and polar winds. The horizontal line marked ‘Ω.)’ corresponds to the beginning of the storm. The horizontal lines marked ‘A.)’, ‘B.)’, ‘C.)’ correspond to the times shown in the left, center, and right columns of Figures three to six respectively.
A consequence of Welling et al. (2018) [33] Figure 8 is that in addition to considering the absolute contribution of the fluids in BATS-R-US to the plasma sheet, we must also consider where those contributions were made in space. Figure 8 shows what percentage of the total fluence crossing the night side measurement surface was provided by the recirculating plasmaspheric plasma, broken down by magnetic local time. The y-axis is simulation time, with the earlier parts of the simulation being at the top of the plot. The x-axis is magnetic local time going from dusk through midnight to dawn. The color map is scaled so that 0% recirculated plasmaspheric plasma corresponds to the darkest blue. At 100%, which would represent only recirculated plasmaspheric material crossing the night side boundary, the color map is the darkest green. The white color indicates 50% where recirculated plasmaspheric fluid and the combined solar and polar wind fluid are contributing equally. What we see here is that, relative to the combined solar wind and polar wind fluid, most of the contribution of the recirculated plasmaspheric material is centered in a window spanning midnight to 2 a.m. local time. The recirculated plasmaspheric plasma goes from being mostly provided by the dawn side flank, to being provided by the over-the-pole recirculation. At the same time, we see the majority contribution of the plasmaspheric plasma flow shift duskward. The duskward shift of the plasmasphere material crossing the night side boundary also corresponds with the dayside plume continuing to sweep from dawn to dusk. The recirculated plasmaspheric plasma has a local maximum contribution of 70% of the total fluence across the boundary in a window spanning midnight to 2 a.m. local time.
3.2 Idealized corotating interaction region
The second event studied for this paper is an idealized corotating interaction region (CIR). The event was constructed by taking a time averaged epoch analysis of 11 storms during solar cycle 23 [34]. For a more detailed discussion of exactly how the anaylysis was preformed see Katus et al. 2015. Figure 9 shows a detailed plot of the IMF conditions used for this simulation. All four panes of Figure 10 share an x-axis with the major ticks being periods of 24 h. Figure 9A, the top panel shows the By and Bz components of the IMF. The y-axis here is the displacement from quiet time averages of the IMF measured in nanotesla (nT). The storm occurs in two phases. The first phase of the storm starts after 6 h and begins as a sharp southward turning in the Bz component of the IMF of about 7.5 nT. After remaining steady for about 4 hours, there is a second southward turning in the Bz component of roughly another 7.5 nT where it remains for approximately 4 hours before beginning to recover. The idealized CIR storm has a long recovery period of 65 h [34]. As this study is only interested in the main phase of the storm, the first 30 h of the ideal CIR storm was simulated. The density of the solar wind, Figure 9B, increases from an average of 12.5/cm−3 up to 22.5/cm−3 before recovering to 12.5/cm−3 at the end of the storm. Figure 9C shows the velocity of the solar wind measured in km/s along the y-axis. The velocity of the solar wind began slower then that of the other simulation at 350 km/s, however, the velocity increased throughout the simulation ending at 525 km/s.
[image: Figure 9]FIGURE 9 | (A) Magnitude of disturbance from quiet time average of the Bz and By components of the IMF. (B) Density of the solar wind as a function of simulation time. (C) Velocity of solar wind as a function of simulation time.
[image: Figure 10]FIGURE 10 | (A) Y = 0 slice showing the density of the plasmasphere fluid, plasmasphere fluid velocity vector field, and magnetic fields. White magnetic field lines are open, black are closed, and red is the last closed magnetic field line. (B) Y = 0 slice showing the relative contribution to the total density of the plasmasphere fluid. (C) Z = 0 slice showing the density of the plasmaspheric fluid, plasmaspheric fluid velocity vector field. Yellow arrows in both plots are the velocity of the plasmasphere fluid. (D) Z = 0 slice showing the relative contribution to the total density of the plasmasphere fluid. All plots are from 11 h into the Idealized CIR event simulation. This time approximately corresponds to the maximum relative contribution of the plasmasphere material to the total fluence on the night side measurement boundary.
Figure 10 reports the state of the plasmasphere in BATS-R-US for the Idealized CIR storm at 11 h. This time corresponds to the period of maximum relative contribution of the recirculated plasmasphere to the total fluence through the night side measurement boundary (Figure 11B). Figure 10A shows a 2D slice from the Y = 0 plane, while Figure 10C shows a 2D slice of the equatorial plane. The color map of Figures 10A,C is the density of the plasmaspheric fluid in BATS-R-US. The yellow arrows represent the magnitude and direction of the velocity vector field for the plasmaspheric fluid. The velocity arrows in the upstream solar wind of each plot are 450 km/s. In Figure 10A, the black contours are closed magnetic field lines (i.e. both foot points in the ionosphere), and the red contour represents the last closed magnetic field line, whereas the white contours represent open field lines. Similar to the plot shown for the Ideal Square Wave event (Figure 3), we see that the majority of the plasmaspheric material is flowing over the poles after the initial phase of the storm. There is virtually no flow of plasmaspheric plasma around the flank by this time. This lack of flow is in part due to the location of the dayside plume. Unlike in the Ideal Square Wave event, there were initially two plumes. The smaller of the plumes was present from early in the simulation venting plasmaspheric material along the dusk flank. The main plume formed as a result of the changing IMF conditions, and first impacted the dayside reconnection line around 7:00 Simulation Time. The central plume remained much broader and denser then the dusk side plume contributing the majority of the fluence on the dayside. The third dawn side plume formed as features from the night side, plasmasphere co-rotating around Earth, became stretched out on the dawn flank as a consequence of dayside reconnection. Again, we see that plasmaspheric materials flows along the flanks well before there is significant flow over the poles into the lobes. However, unlike in the Ideal Square Wave Event, we see that the peak contribution from the plasmasphere comes from a time dominated by over-the-pole flow. Interestingly, despite the dusk side plume venting material into the tail from early in the storm, there is a slight dawnward bias in the MLT where the plasmaspheric material flows down the tail towards Earth. This dawnward bias is clearly seen in Figure 10D. To see an animated movie of Figures 10A,C for the entire storm, see the Supplementary Materials. Figures 10B,D shows the relative contribution of the plasmasphere density to the total fluid density in the Y = 0 and Z = 0 planes. Similar to what we see in Figures 3G–L, by the time we reach peak relative contribution of the recirculating plasmasphere to the total density we see that the lobes are dominated by plasmasphere material. In addition, we also see that over-the-pole recirculation dominates over around-the-flank recirculation at this stage of the storm.
[image: Figure 11]FIGURE 11 | (A) Fluence of the BATS-R-US fluids as they cross the measurement boundaries on the day and night side 1. “Dayside Plasmasphere” corresponds to the fluence of the plasmasphere material through the dayside plume. “Total Night Side” refers to the total fluence of all fluids passing through the night side measurement boundary. “Nightside Solarwind/High Lat Ionosphere” refers to the fluence of the combined solar and polar wind across the night side boundary. “Nightside Plasmasphere” refers to the fluence of the recirculating plasmasphere through the night side measurement boundary. (B) Relative contribution of the recirculating plasmasphere to the total fluence crossing the night side measurement boundary in the Idealized CIR event 1. At 0% there is no recirculating plasmasphere, at 50% the recirculating plasmasphere is contributing equally to the combined solar and polar wind.
Figure 11 shows the fluence of the fluids in BATS-R-US as they pass the measurement boundaries (Table 1). The dashed bright green curve of Figure 11 is the fluence of the dayside plume, the dark red curve is the total fluence across the night side boundary, the dark green curve is the fluence of the recirculating plasmasphere on the night side, while the dark blue curve is the fluence of the combined solar and polar wind on the night side. The fluence of the dayside plume occurred in two major phases. The first phase coincided with the onset of the storm beginning around 6:00 UT. The second phase began around 14:00 UT, which coincides with the occurrence of several sub-storms in the tail. As can be seen in the animated movie included in the Supplementary Materials the relaxing of the magnetic fields after the sub-storms causes a large injection of material into the inner magnetosphere from the tail. As can also be seen by comparing Figure 11 to the animated movie of the Idealized CIR storm, as the storm progress the reconnection line on the night side moves in towards the planet. The movement of the reconnection line causes recirculating plasmasphere material to enter the tail, rather then being injected back into the inner magnetosphere. The shifting nightside reconnection line explains the lack of an increase in the recirculating plasmasphere on the night side following the period of increased fluence out the dayside seen from 14:00 UT to 20:00 UT.
Figure 11 shows the percentage of the total fluence crossing the night side boundary which is provided by the recirculating plasmaspheric plasma. The y-axis for Figure 11 is the percent relative contribution of the plasmasphere fluid. At 0% there is no recirculating plasmaspheric plasma. At 50%, the recirculating plasmaspheric plasma and combined solar and polar winds contribute equally to the fluence across the night side boundary. We note that the recirculated plasmaspheric material began to become a noticeable fraction of the whole much faster than in the Ideal Square Wave event. The relatively early increase in the importance of the recirculated plasmaspheric contribution is explained by the plasmaspheric material leaking out of the plasmasphere through the dusk side plume and into the tail through the flanks. The relative contribution is much higher than in the previous event with a maximum contribution of up to 43%. For a period of 4 hours, starting from 09:00 UT, over 20% over the total material contributing to the plasma sheet is recirculated plasmaspheric material.
Figure 12 shows what percentage of the total fluence crossing the night side measurement surface was provided by the recirculating plasmaspheric plasma, broken down by magnetic local time for the Idealized CIR event (Table 1). The y-axis is simulation time, with the earlier parts of the simulation being at the top of the plot. The x-axis is magnetic local time going from dusk through midnight to dawn. The color map is scaled so that 0% recirculated plasmaspheric plasma corresponds to the darkest blue. At 100%, which would represent only recirculated plasmaspheric material crossing the night side boundary, the color map is the darkest green. The white color indicates 50% where recirculated plasmaspheric fluid and the combined solar and polar wind fluid are contributing equally. Unlike for Figure 8 a filter is applied to the calculated relative contribution. This filter takes the form of a minimum required fluence. If the total fluence in a given cell is below 4E7 particles per second then the value is censored and set to 0% for the purposes of the color bar scale. When the total fluence is low the recirculating plasmasphere can become a significant portion of the total fluence in a cell, even dominating it. This lack of fluence causes random spikes of high contribution of the recirculating plasmasphere to appear all over the plot. Therefore, the minimum fluence requirement is imposed to not give a false sense of importance to the recirculating plasmasphere. Despite the censorship, we see several similarities to Figure 8. The most important similarity is that the majority of the plasmasphere recirculation comes in a window centered around midnight. This fact is true even in the earlier part of the storm where the recirculation was primarily happening through the dusk flank. Though unlike in Figure 8 we see a duskward, rather then dawnward bias.
[image: Figure 12]FIGURE 12 | Relative contribution of the recirculating plasmasphere as a function of local time and simulation time in the Idealized CIR simulation. At 0% there is no recirculating plasmaspheric material. At 50% (white) the recirculating plasmaspheric material is contributing equally to the combined contributions of solar and polar winds. At 100% there is no contribution from the solar and polar winds.
Figure 13 shows the pressure of the fluids in BATS-R-US at the point when recirculating plasmasphere material was at it highest peak. The left column depicts the pressure of the plasmasphere fluid, while the right column depicts the combined solar and polar wind. The top row of Figure 13 contains a Y = 0 slice, while the bottom row contains a Z = 0 slice. Figure 13 shows that in the equatorial plane the combined solar and polar wind fluid has a much higher pressure then the plasmasphere fluid. The most significant source of pressure for the plasmasphere, outside the plasmasphere itself, is a beam of plasma in the night side equatorial tail centered around midnight. This region of relatively high pressure corresponds, by comparison to Figure 10, to a fast, but not dense, flow of recirculating plasma in the tail.
[image: Figure 13]FIGURE 13 | Taken from BATS-R-US at 11 h into the Idealized CIR simulation. (A, C) Y = 0 and Z = 0 slices pressure of plasmasphere fluid respectively. (B, D) Y = 0 and Z = 0 slices pressure of combined solar and polar wind fluid respectively.
Figure 14 shows how the temperature of the fluids in BATS-R-US evolve as a function of location within the environment. The image was generated from a single time corresponding to the storm maximum in the Idealized CIR event simulation. The right column shows 2D slices of the Z = 0 plane, while the left hand column shows 2D slices from the Y = 0 plane. The top row of Figure 14 shows the absolute temperature difference between the combined solar and polar wind fluid, and the plasmaspheric fluid measured in electron volts (eV). The central row depicts the temperature of the combined solar and polar wind fluid, while the bottom row depicts the temperature of the plasmaspheric fluid, both reported in electron volts (eV). In strong agreement with Figures 5, 6 we see that the plasmasphere fluid is heated to several keV in regions outside the plasmasphere. We see that the temperature difference between the combined solar and polar wind and the plasmasphere is on the scale of several keV in regions such as the tail. This finding reinforces the results of Figure 6, demonstrating that the recirculated plasmasphere could be detached independent of the solar or polar winds, with out the need of a tracer species.
[image: Figure 14]FIGURE 14 | (Left Column) Y = 0 Slices, (Right Column) Z = 0 slices. (A, B) Absolute Temperature Difference between the two BATS-R-US fluids. (C, D) Temperature of the combined solar wind and polar wind fluid. (E, F) Temperature of the plasmasphere fluid.
4 DISCUSSION
This work makes large improvements over previous studies such as the Moore et al. (2008) study. The large advancements past previous studies is the inclusion of a self-consistent plasmasphere-global MHD coupling. However, this study is limited in a key way. Due to the coupling between BATS-R-US and DGCPM, it is not possible to say how significant a contributor recirculated plasmasphere material is to the ring current. Referring back to Figure 11, note in the Z = 0 slice the region of low plasmasphere density just inside of 10 RE on the night side. A similar phenomena is also visible in the subplots D-F in Figure 3. There is a clear and sudden fall off of plasmasphere material being injected from the tail into the night side plasmasphere and ring current. This drop of plasmasphere density is due to the nature of the coupling between BATS-R-US and DGCPM. Within 10 RE, BATS-R-US nudges its own solution for the plasmasphere fluid density towards that calculated by DGCPM from the ion flux tube content. In BATS-R-US, once the plasmasphere fluid leaves the plasmasphere DGCPM loses track of it. At this point the dynamics of the plasmaspheric fluid are entirely determined by MHD. Thus, when plasmaspheric plasma recirculates and crosses back into the coupling region with DGCPM, BATS-R-US quickly kills the density of the plasmaspheric fluid to match DGCPM, which is unaware of material at those L-shells and local times.
Given the results of our simulations, we can state that recirculation happens within SWMF. Relative to the solar wind and high latitude ionosphere outflow, the recirculating plasmaspheric plasma is non-negligible. Due to the coupling of BATS-R-US and DGCPM, we cannot state the exact affect the recirculating plasmaspheric plasma has on the ring current. It should be possible to use the results of these two simulations to drive a ring current model. This simulation would allow us to test the magnitude of the contribution provided by recirculating plasmaspheric plasma to the ring current. To serve as a control case, storms both with and without dayside plumes would be required. In keeping with the idea of self-consistency, however, it would be preferable to add a ring current into the SWMF configuration laid out in Figure 1 and have it couple both to the plasmasphere and MHD codes.
5 CONCLUSION
We performed two simulations using the SWMF configured with a global MHD, plasmasphere, and ionosphere models. In each simulation, we saw that material from the plasmasphere does recirculate into the inner magnetosphere and provides anywhere from ten to forty percent of the total material entering the inner magnetosphere from the tail. Therefore, we can state that recirculating plasmaspheric plasma is a non-negligible, possibly significant, contributor to the ring current. Other findings include that most of the plasmaspheric material was lost to the solar wind in both simulations, which is in agreement with the Moore et al. (2008) study. We found that the path of recirculation was dependent on the location of the dayside plume. Additionally, we found that the path of recirculation would evolve as the storm progressed. Early in the storm recirculation around the flanks was favored, while latter in the storm over-the-pole recirculation was dominant. The pre-storm and storm conditions can have a significant impact on the relative contribution of the plasmasphere. We also found that during the process of recirculation the plasmasphere material can be heated anywhere from several hundred eV to several keV, which is a greater heating effect then seen in earlier studies.
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APPENDIX A
Output of the simulations preformed for this paper are to be found at the following repositories:
1) Ideal Square Wave Event
2) Ideal Corotating Interaction Region Event
Parameter files to reproduce the simulations can be found at the following GitHub repository:
SWMF parameter files to change which storm is simulated alter the imf_*.dat file in the #UPSTREAM_INPUT_FILE command of the GM COMP section of both the PARAM. in.ss and PARAM. in.ta files.i.e. change:
#UPSTREAM_INPUT_FILE
T
imf_mf_bzturn_by.dat
0.0
0.0to:
#UPSTREAM_INPUT_FILE
T
imf_cir_katus.dat
0.0
0.0
To change from simulating the ideal square wave event to the simulating the idealized CIR event.
The Space Weather Modeling Framework, BATS-R-US, DGCPM, and RIM, as they were configured for this study can be found at:
SWMF source files
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