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Science Objectives

1. Understanding the factors controlling the refilling rate of 
the plasmasphere.

2. Follow the pathways of cold plasma from its source to the 
drainage plume, to the magnetotail and back to the 
plasmasphere region. 

3. Determine the impacts of cold plasma on reconnection 
rates and mass loading in the magnetospheric system.



Methodology

• Simulation study with Multifluid BATSRUS-CIMI-SAMI3 Model

• Model-data comparison with data from RBSP, LANL, MMS, 
THEMIS 
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[1] We investigate the fate of a plasmaspheric plume generated by a discrete period of
southward interplanetary magnetic field (IMF) to assess its contribution to plasma sheet and
ring current pressure and compare with that for other sources. We use test particle
motions in Lyon-Fedder-Mobarry (LFM) global circulation model fields. The inner
magnetosphere is simulated with the Comprehensive Ring Current Model (CRCM) model
of Fok andWolf, driven by the transpolar potential developed by the LFMmagnetosphere. A
variant of the Ober plasmasphere model is embedded within the models and driven by them.
Global circulation is stimulated by a period of southward IMF embedded within a long
interval of northward IMF. This leads to the production of a well-defined plasmaspheric
plume, enhancing the plasma density sunward of the plasmasphere. Test particles are
launched with the properties of plasmaspheric ions on the L = 6.6 RE shell and
weighted with densities as specified by the Ober model, as it responds to convection
imposed by CRCM. Particles are tracked until they are lost from the system
downstream or into the atmosphere, using the Delcourt full equations of motion,
implemented for finite element fields. Results are compared with earlier computations of
polar and auroral wind outflows. The plume produces an enhanced flow of plasma!10 times
the normal polar wind global fluence. However, we find that most of the ‘‘plasmaspheric
wind’’ is lost from the magnetosphere such that its contribution to the ring current energy
density is comparable to that of the normal polar wind for this type of event.

Citation: Moore, T. E., M.-C. Fok, D. C. Delcourt, S. P. Slinker, and J. A. Fedder (2008), Plasma plume circulation and impact in an
MHD substorm, J. Geophys. Res., 113, A06219, doi:10.1029/2008JA013050.

1. Introduction

[2] Observations have increasingly revealed that en-
hanced magnetospheric circulation, driven by the solar wind
and its linked interplanetary magnetic field, results in the
transport of the outer layers of the plasmasphere toward the
dayside subsolar magnetopause, creating ‘‘plasmaspheric
plumes’’ [Grebowsky, 1970; Chappell et al., 1970, 1971;
Freeman et al., 1977; Sandel et al., 2001; Goldstein et al.,
2004; Chandler and Moore, 2003; Chen and Moore, 2004,
2006]. The plasmasphere is supplied by a light ion outflow
analogous to the polar wind, commonly known as ‘‘refilling
flows’’ because they flow on closed low-latitude flux tubes
and build up substantial densities over several days. The
density of cold light ion plasmas at the magnetopause is
especially enhanced during severe compressions of the
magnetosphere by high solar wind pressure periods [Su et
al., 2001a, 2001b], and it has been suggested that this
plasma may be transported through the boundary layers to
the plasma sheet [Elphic et al., 1997; Borovsky et al., 1997;
Borovsky and Denton, 2006] and alter the loading on

reconnection or other processes. This hypothesis seems
natural in view of the known circulation patterns of mag-
netospheric plasmas, which will certainly tend to redistrib-
ute the outer plasmaspheric material to the magnetotail via
either the high-latitude or low-latitude boundary layers,
depending on the orientation of the interplanetary magnetic
field (IMF). By analogy to ‘‘polar wind’’ and ‘‘auroral
wind,’’ we refer to the episodic circulation of plasmaspheric
plume material beyond the plasmasphere as ‘‘plasmaspheric
wind.’’
[3] One of the puzzles that has come out of earlier work

has been a failure to identify a denser version of the polar
wind that might be expected to be associated with periods of
plume generation and delivery to the dayside magnetopause
region. Borovsky et al. [1997] and coworkers have made
such searches using various sources of data, but have never
found a clear ‘‘smoking gun’’ of plasma flow that is
traceable to a plasmaspheric plume. In the ionosphere
proper, there does seem to be such an extended plume,
which has been traced through the polar cap region by
Foster et al. [2004]. In view of this latter observation, it is
indeed puzzling why no clear enhancement of the polar
wind has been found to date.
[4] The purpose of the present work is to quantitatively

assess the above hypothesis by means of theoretical simu-
lations. We use a model of the plasmasphere that is known
to be able to produce reasonable quantitative transport and
resultant spatial distributions of plasmaspheric material
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trapping by gravity ceases as soon as O+ ions are acceler-
ated above 10 eV, their large mass and slow velocity at
given energy remains a significant factor in retaining them
close to Earth. Conversely, geogenic protons reach the
magnetosheath more readily, mixing with solar protons
there.

6. Conclusions

[29] On the basis of our simulations of the full trajectories
of solar and ionospheric ions in 3-D magnetospheric fields
from a global simulation, we conclude the following:
[30] Plasmaspheric plumes should indeed produce densi-

ties of several 10 s cm!3 inside the dayside magnetospheric
boundary layers, exceeding the polar wind efflux by 1 order
of magnitude for even modest enhancements of magneto-
spheric convection associated with isolated substorms.
[31] Because such plasmaspheric plumes are associated

with the release of pent up polar wind outflows that have
been trapped in the equatorial region, we propose the name
of ‘‘plasmaspheric wind’’ for their circulation throughout
the magnetosphere.
[32] On the basis of the motion of plume particles in 3-D

global fields, we conclude that the bulk of the plasma-
spheric wind will escape from the magnetosphere down-
stream, rather than being recycled through the inner
magnetosphere, so its contribution to energetic storm time
plasmas is comparable with that of the polar wind.
[33] In contrast, solar wind entry is enhanced during the

simulated period of southward IMF and strong coupling
with the magnetosphere, so that it contributes the dominant
increment of the resulting ring current.

[34] These results must be qualified by the knowledge
that we have considered only test particles in MHD fields
that are consistent with negligible presence of ionospheric
species. The exception is that within the CRCM inner
magnetospheric simulation, ionospheric plasmas are dy-
namic elements that do alter the global convection pattern.
However, these results could change, perhaps significantly,
and will be superceded by multifluid studies that compute
the influence of ionospheric plasma inertia and pressure in
the outer magnetosphere.

[35] Acknowledgments. We thank Dan Ober for access to his plas-
maspheric simulation code, and Robert Strangeway for his unpublished
parameterization of O+ outflow temperature response to incident Poynting
flux. We also thank Manuel Buenfil, whose mathematics, programming,
database, and visualization mastery made this work possible. We acknowl-
edge support from the NASA Heliophysics Division through the ROSES
program under WBS 370544.01.01, the NASA Polar Mission under WBS
889836.04.05, and NASA’s High Performance Computing Program under
task R0608.
[36] Zuyin Pu thanks Joseph Borovsky and another reviewer for their

assistance in evaluating this manuscript.
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Figure 8. A comparison of plasmaspheric pressure distributions, as indicated by the color bar at the
right, in two orthogonal slices through the simulation space at four times during the simulation, as
indicated.
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Multifluid BATSRUS-CIMI-SAMI3 Model

• BATSRUS MHD Model (Block-Adaptive-Tree-Solarwind-
Roe-Upwind Scheme) 

• CIMI Model (Comprehensive Inner Magnetosphere-
Ionosphere) 

• SAMI3 Model (Sami3 is Also a Model of the 
Ionosphere/Plasmasphere)
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Figure 2. An image showing the mass density of four different ion species from the coupled 
model in the equatorial plane (adapted from results of (Glocer et al., 2020)). Mp/cc = proton 
mass per cm-3 
 
It has been suggested that the presence of  dense plasma near the reconnection site could 
reduce the local dayside reconnection rate (Borovsky & Steinberg, 2006; Walsh et al., 2014; 
Ouellette et al., 2016). This reduction of the reconnection rate can influence the transfer of 
energy from the solar wind to the magnetosphere and also reduce convection. Glocer et al. 
(2020) tested this idea using the CIMI-BATSRUS coupled model described above. They ran 
two simulations, with and without plasmasphere included, and found that there is a reduction 
in the cross polar cap potential (CPCP) in the simulation with a plasmasphere coincident with 
the approximate plume arrival at the dayside magnetopause. Figure 3, adapted from Glocer et 
al. (2020), presents this comparison. The key point is that the local mass loading of the 
magnetopause is associated with a polar cap potential reduction, and is likely the cause of the 
reduced convection and other systematic changes seen in the simulation. In this proposal we 
would adopt a similar approach of using the modeled CPCP to measure the global solar 
wind-magnetosphere coupling.  
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Figure 3. The temporal evolution of the cross polar cap potential (CPCP) in the northern 
hemisphere without (blue) and with (orange) a plasmaspheric fluid included. The vertical 
dashed line indicates the approximate arrival time of the plume at the magnetopause (adapted 
from Glocer et al., 2020). 

The results shown in Figures 2 and 3 are from CIMI-BATSRUS runs with plasmasphere 
refilling rates specified by simple empirical models. For this project, instead, we will use the 
refilling rates calculated from SAMI3. The CIMI-BATSRUS will be run side-by-side with 
SAMI3. The CIMI-BATSRUS provides SAMI3 the ionospheric potential, F. In return, 
SAMI3 provides the CIMI-BATSRUS the ionospheric fluxes (FN and FS in Equation 1). 
Figure 4 describes how the CIMI-BATSRUS and SAMI3 are connected together.    

 

Figure 4. The coupling between the CIMI-BATSRUS and SAMI3. F is the convection 
potential; FN and FS are ionospheric fluxes at northern and southern ionosphere, respectively. 
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confined refilling on the dayside (,%&') and diffusion on the nightside (,(!)*+) with simple 
assumptions (Rasmussen et al., 1993; Fok et al., 2005)  

,%&' =
2,&+ − 2
2,&+

,-&.																																																		(25) 

,(!)*+ = − %-!
6%!//

																																																												(27) 

where 2,&+ is the saturation density (Carpenter and Anderson, 1992), n is the plasma density 
in the flux tube, ,-&.  is the limiting flux from the ionosphere and 6%!//  is the downward 
diffusion lifetime on the nightside. In most of the previous studies with CIMI and its 
predecessors, plasmasphere density is assumed to be constant along a field line. ,-&. was set 
to be 2×1012 particle/m2/s (Chen and Wolf, 1972) and 6%!// was fixed to 10 days (Fok et al., 
2005). For this project, the plasmasphere refilling will be specified by the SAMI3 model. 
The detailed study of refilling rate and its impacts will be described in the following section 
(3.2). 

The CIMI model can be run in empirical models of magnetic field, e.g., T04 model 
(Tsyganenko & Sitnov, 2005) and plasma sheet models (Ebihara & Ejiri, 2000; Borovsky et 
al., 1998; Tsyganenko and Mukai, 2003). We usually call the CIMI code that is linked to 
empirical models as “CIMI Standalone”. The CIMI model can also be coupled with MHD 
models, such as the BATSRUS model (Glocer et al., 2009, 2013; Meng et al., 2013). In this 
investigation, CIMI will be coupled with the multi-fluid BATSRUS model, in which a 
separate plasmasphere fluid is included. The plasmasphere density will be given by 

CIMI in the CIMI domain. Beyond the CIMI domain, the pathways and evolution of 
the plasmasphere fluid will be solved self-consistently by the MHD equations (Glocer et 
al., 2020). More details will be given in Section 3.3 on the coupled CIMI-Core 
Plasmasphere-BATSRUS  model, in short, “CIMI-BATSRUS”. 

3.2 Model of Plasmasphere Refilling Rate with SAMI3 
SAMI3 (Sami3 is A Model of the Ionosphere) is a seamless, three-dimensional, physics-

based model of the ionosphere developed at the Naval Research Laboratory (NRL). It is 
based on SAMI2 (Huba et al., 2000), a two-dimensional model of the ionosphere. SAMI3 
models the plasma and chemical evolution of seven ion species (H+, He+, N+, O+, N2+, NO+ 
and O2+). To our knowledge SAMI3 is the only ionosphere code that models full plasma 
transport for all ion species, including the molecular ions. The temperature equation is solved 
for three ion species (H+, He+ and O+) and for the electrons. Ion inertia is included in the ion 
momentum equation for motion along the geomagnetic field. This is important in modeling 
the topside ionosphere where the plasma transitions from collisional to collisionless. Ion 
inertia allows ion acoustic waves to balance pressure variations along the magnetic field and 
constrain the ion velocity. The E×B drifts are computed to obtain motion transverse to the 
field. Moreover, SAMI3 has seamless transport from low-latitude to high-latitude. The 
neutral composition, temperature, and winds are nominally specified using the empirical 
models NRLMSISE00 (Picone et al., 2002) and HWM14 (Drob et al., 2015) but physics-
based models can also be used (e.g., Huba et al., 2017). SAMI3 includes 21 chemical 
reactions (Huba et al., 2000) and radiative recombination. Lastly, SAMI3 nominally uses the 
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Core Plasma Model with Refilling Rates from SAMI3
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the parameters/proxies for quantifying plasmasphere refilling rate, circulation pathways, 
energization and effects of mass loading. 

Science Objective Proxies 

1. Sources (refilling rate) FN or FS  = ∫ 2 -⁄ ;< 

2. Pathways pressure and temperature maps, fractional loss 

3. Mass Loading Rlocal, CPCP 

Table 1. Science Objectives and physical parameters that can serve as proxies to address the 
corresponding objective. 

 
Run F107 [H], [O] IMF (nT) Clock Ang Vsw (km/s) plasmasphere SO 

1 70 NRLMSIS 8 180˚ 300 yes  
2 180 NRLMSIS 8 180˚ 300 yes 1 
3 70 2×NRLMSIS 8 180˚ 300 yes 1 
4 70 NRLMSIS 4 180˚ 300 yes 1, 2 
5 70 NRLMSIS 16 180˚ 300 yes 1, 2 
6 70 NRLMSIS 8 90˚ 300 yes 2 
7 70 NRLMSIS 8 0˚ 300 yes 2 
8 70 NRLMSIS 8 180˚ 600 yes 2 
9 70 NRLMSIS 8 180˚ 300 no 3 

10 70 NRLMSIS 8 0˚ 300 no 3 
11 70 NRLMSIS 16 180˚ 300 no 3 

Table 2. Runs of idealized events will be performed to address the 3 Science Objectives (SO). 
Run 1 is the base run. The parameters which are different from the base run are highlighted. 

Plan for Case Studies of Selected Events 
We will select 3 real storm events for case study. The selection criteria are discussed in 

the next section (Section 3.5). Basically, events are chosen when there are good data 
coverage from MMS, RBSP and THEMIS satellites. We will conduct simulations with the 
CIMI-BATSRUS coupled model. The simulated pressure and temperature will be extracted 
along the MMS, RBSP and THEMIS orbits for direct comparison and interpretation. This 
multi-parameter analysis of the combined dayside and nightside measurements 
complemented by simulations will allow us to bring closure to our SO2. 
 
3.5 Data Analysis Plan 

The data analysis plan will be divided into two main tasks: task 1: a statistical analysis of 
plasmaspheric plume presence in the dayside boundary layer, and task 2: case studies of the 
recirculation of the plasmaspheric material. Each of these tasks will allow us to investigate 
and address our three SOs in different ways to determine patterns of collective behavior from 
the statistical analysis, as well as details of the interplay of the different processes taking 
place at the same time from the case studies. 



Simulations of Idealized Events
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Data Analysis Plan

• Task 1: a statistical analysis of plasmaspheric 
plume presence
Maps of plume event in (L, MLT, MLAT) binned by 
IMF, clock angle and Vsw
Data: MMS, geosyn s/c

• Task 2: case studies of the recirculation of the 
plasmaspheric material
Study of 3 plume events identified by Task 1
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events, and ion PADs that are not field aligned (to discard possible cold ion beams that have 
been observed in the near-Earth tail) but more isotropic. 

4. Quantification of Uncertainty and Validation of Results  
The validation plan for the proposed work will follow the general guidelines outlined by 

the International Forum for Space Weather Capabilities Assessment 
(https://ccmc.gsfc.nasa.gov/assessment/eval.php). We will evaluate the individual model 
components as well as the coupled model. The flow of the validation tasks is summarized as 
follows: 
1. Determination of the physical parameters for model-data comparison 
2. Designation of observational data sources 
3. Selection of time intervals or events 
4. Identification of sources of uncertainties, e.g., due to external drivers, internal 

assumptions, spatial and temporal resolution, etc., and recommendation of an approach 
to quantify those uncertainties 

5. Choice of a set of metrics relevant for the science needs 
6. Execution of model assessment 

Uncertainties: We will quantify the effects of the spatial and temporal resolution, 
external drivers, internal assumptions, etc., as well as the impact of the sources of uncertainty 
on the model results. Possible sources of uncertainty for the CIMI-BATSRUS model are the 
solar wind inputs, ionospheric conductance, and initial conditions. 

Validation and Metrics: Validation of our simulation results will consist of a 
quantitative comparison with observed data. For each physical parameter, we will employ 
appropriate metrics, such as the mean Absolute Error, RMS Error, Mean Error, Bias, Median 
symmetric accuracy, and Symmetric signed percentage bias (Morley, Brito, et al., 2018; 
Morley, Welling, et al., 2018). 

5. General Plan of Work 
We will perform our simulation study in parallel with data analysis study. On the 

simulation side, we will start with coupling the SAMI3 model with the CIMI-BATSRUS 
model, establishing the proper exchange of information between 2 models (convection 
potential from CIMI-BATSRUS to SAMI3, refilling rate from SAMI3 to CIMI-BATSRUS). 
We then carry out the idealized case runs listed in Table 2 and the 3 real event simulations. 
On the data analysis side, we will start off with statistical study of satellite data and 
classification of plume events and then case study. Results of our simulation studies and data 
analysis will be presented in Focus Science Team meetings, scientific meetings and 
conferences, as well as publications in refereed journals. 
5.1 Key Milestone 

Project Year 1 

• Establish the coupling between CIMI-BATSRUS and SAMI3 
• Perform idealized event runs 1-2.  
• Identify plume events from satellite data. 

Project Year 2 

• Perform idealized event runs 3-5. 
• Establish [L, MLT, MLAT] maps of plume event. 
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• Select the first plume event for simulation and data analysis study. 
• Publish paper on the factors controlling the plasmasphere refilling rate. 

Project Year 3 

• Perform idealized event runs 6-8. 
• Select the second plume event for simulation and data analysis study. 
• Publish paper on the factors controlling the pathways of plasmasphere particles. 
• Publish paper on real event study and data-model comparison.  

Project Year 4 

• Perform idealized event runs 9-11. 
• Select the third plume event for simulation and data analysis study 
• Publish paper regarding the impacts of plasmasphere mass loading on the 

magnetosphere system. 
• Publish paper on real event study and data-model comparison. 

5.2 Management Structure and Personnel Responsibilities 

All team members will have regular meetings, participate in overall analysis, and discuss 
their progress. The following is a list of key personnel and their roles and responsibilities. 
Dr. Mei-Ching Fok (GSFC), PI, is the prime developer of the CIMI model. She is an expert 
in modeling dynamics of the ring current and plasmasphere. She will guide the overall 
project effort, objectives, and investigations. She will serve as the overall lead for the 
coupling of CIMI-BATSRUS and SAMI3 models. In addition, she will be responsible for 
performing the 3 real event runs. 
Dr. Suk-Bin Kang (CUA), Co-I, is an expert in magnetosphere modeling and has extensive 
experiences in running the CIMI-BATSRUS model. Dr. Kang will perform simulations of 
the idealized events and participate in analyzing the simulation results.  
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Dr. Joe Huba (Syntek Tech.), Co-I, is an expert in plasmasphere-ionosphere modeling and 
is the main developer of the SAMI3 model. Dr. Huba will participate in the coupling of 
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