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Huba and Krall, GRL, 2013

Throughout, we will look for interesting unsolved problems



 

I.  What is the plasmasphere? 

The plasmasphere is like a tail being wagged by two dogs: 
ionosphere outflow and magnetosphere convection.



 

Does the plasmasphere matter?

Betabrand

This 2014 advertising 
photo suggests  
increasing 
EM-dependency 

(the actual product is the 
jacket)



 

Magnetosphere convection: open and closed field lines

[Q. Q. Shi et al., Nature, 2013]

Geospace is often 
describes as having 
‘open’ and ‘closed’ field 
lines. Open field lines 
extend far into space.

Closed field lines can be 
‘co-rotating’ (turning 
with Earth) or  
convecting from the tail 
towards the Sun side.

Open field lines convect 
towards the tail.



 

Magnetospheric convection shapes the plasmasphere

Convection can “carve away” the plasmasphere
IMAGE spacecraft EUV



 

Magnetospheric convection

NASA/GSFC

Convection is often described as the movement of field lines. 

It can also be described as the ExB drifts of charged particles. 

Either is fine, even though field lines are not physical objects.



 

ExB drifts

A charged particle in non-parallel E and B fields  
drifts with a velocity v = (E x B)/B2   

Ions and electrons drift together

NASA Scientific Visualization Studio



 

Magnetospheric convection visualized

● E x B drifts (or “magnetic field lines”) follow potential contours
● Potential contours map along magnetic field lines
● Closed contours near Earth are co-rotating flux tubes
● With a dipole field, mapping is inaccurate at large distances 



 

Near-Earth 
plasmasphere 
spins with Earth.

The convection is 
oriented towards 
the Sun.

Weak convection  
allows a bigger 
plasmasphere.

Magnetospheric convection shapes the plasmasphere



 

Magnetospheric convection shapes the plasmasphere

IMAGE EUV (Jerry Goldstein)

The plasmapause is usually defined as the point on the electron 
density radial profile with the largest density gradient



 

Magnetospheric convection shapes the ionosphere

GPS/SuperDARN [Thomas et al., JGR, 2013]

Sun ↑

September 26



 

Open and closed field lines

In simulations, northern and southern convection patterns are often 
quite similar 



 

Open and closed field lines

Actual northern and southern convection patterns can be measured 
and might give clues about open and closed convecting field lines

[Thomas et al., JGR, 2013]



 

SAMI3 is coupled to 
a magnetosphere 
potential model and a 
thermosphere model.

or Non-tilted dipole
or Apex model

[Huba et al., JGR, 2000; Huba and Krall, GRL, 2013]

II.  SAMI3 model



 [Huba et al., JGR, 2000]

NRL SAMI3 Ionosphere/Plasmasphere Model



 

Typically the wind-driven dynamo potential is computed and the 
solar-wind-driven magnetospheric potential is added. 
Models also coupled through conductance, density, etc. 

Typically: 96 longitudes, 120 “field lines”, 300 points per field line

NRL SAMI3 Ionosphere/Plasmasphere Model



 

SAMI3: The NRL Ionosphere/Plasmasphere Model

[Huba et al. JGR (2000, 2017);  Huba & Joyce AGU monograph v201 (2014)]

The SAMI3 grid extends out into 
space to beyond 8 Re

SAMI3 includes zonal ExB drifts

SAMI3 does not use the diffusive approximation, which is valid at 
low altitudes (below 1000 km)



 

Geospace modeling

We have all the pieces, 
and have been coupling 
them together in various 
ways.

We can also use 
empirical models.

Ring Current

Plasmasphere

17 April 2002   1900UT

IMAGE spacecraft



 

III.  Dynamics of a Plasmasphere Plume

In two examples of long-lived storms (> 10 days), a plume was 
observed from a geosynchronous orbit throughout the storm.
An empirical plasmasphere code did not reproduce the result.

[Borovsky et al., JGR, 2014]



 
[Foster et al, GRL, 2002]

The connection between the plume and the tongue of ionization 
have been observed, but not in detail.

The plume and the tongue of ionization 



 
[Reinisch et al., 2009, Space Sci. Rev.]

Plume sharpens when 
potential weakens.

SAMI3 simulation a plasmasphere plume

[Krall et al., GRL, 2018] 



 

SAMI3 simulation a plasmasphere plume

Why does it work? Where does the plume plasma come from? 



 

The spacecraft 
finds a plume on 
every pass.

The ‘plume’ is 
present whether it 
looks like a plume 
or not.

It is considered a 
plume because the 
density is high.

What is a plume? 



 

The VSMC 
potential captures 
the shifting plume 
position to some 
degree.

The pre-peak 
density (2-6 cm-3) 
and the post-peak 
density (1-3 cm-3) 
indicate background 
density.

(smoothed)

Good agreement from peak to peak



 

High-speed outflows feed the plume



 

A plume is always present in 
the sense that the density vs. 
local time has a peak in the 
afternoon sector. The “tongue 
of ionization” is similarly 
always present

The correlation between the 
TOI position and the plume is 
strongest when Kp is high.

Where does the density come from?



 

[Denton et al., 2012]

IV.  Plasmasphere refilling dynamics

Refilling rates from IMAGE database  (red and black curves) are 
lower than in past studies.



 

Plasmasphere refilling dynamics: what is refilling?

The refilling rate is the change in the equatorial number density. 
This can be a global average or the density in a reference flux tube.

In many respects, plasmasphere refilling is not well-understood.

[Obana et al., 2010]



 

[Rasmussen et al., PlanetSpaceSci, 1993]

Refilling is affected by H supply, O+ supply and O+, H+ transport. 
Refilling is slower at solar max because H supply is much lower 
and because O+ transport (O-O+ collisions) is slower. 

The H density in the thermosphere and exosphere is of interest.

Refilling dynamics vary with the solar cycle



 
[Krall et al., Space Weather, 2018] 

- Refilling rate varies nearly linearly with H density
- Nossal et al. JGR (2016): H varies with climate
- We need better models of exospheric H and O

Refilling is affected by the exosphere H density



 

[Krall et al., Space Weather, 2018] 

[Illie et al., JASTP, 2013] 

Bishop [Plan. Space Sci. 1991]: exosphere can be described in terms 
of ballistic, escaping, and orbiting particle populations

Refilling is affected by the neutral H density



 

[Lawrence et al., JGR, 1999]
[Krall & Huba, GRL, 2019]

Early-stage and late-stage plasmasphere refilling 

0. An initial jump, when the two outflow streams cross 
    [Liemohn et al., JGR, 1999]
1. Early stage refilling, when H+ ions are counter-streaming.
2. Late stage refilling, when a single-fluid description is valid.



 

Plasmasphere refilling dynamics: numerical simulations

[Singh and Hwang, JGR, 1987]

One-fluid models found colliding outflows and shocks. 

With a single fluid description of H+, northward and southward 
refilling outflows cannot pass through each other. 

Initial modeling 
included only a 
single field-line, 
artificially 
low-density 
initial conditions 
and, usually, 
only H+ outflow. 



 

[Singh and Horwitz, JGR, 1992] [Guiter et al., JGR, 1995]

Plasmasphere refilling: counterstreaming H+ outflows

A one-fluid model has a shock at 
high altitude (“top-down” refilling). 

A two-fluid model has two shocks at 
low altitude (“bottom-up” refilling). 



 

Kinetic simulation [Singh et al., JGR, 1994]

Plasmasphere refilling: kinetic model of outflow

The graphic shows 
only the outflow 
from the northern 
hemisphere. 

Kinetic  models 
find results similar 
to two-fluid 
results, with two 
shocks at low 
altitude. 



 

Updated SAMI2 has 8 ions 
instead of 7. 

H+ is replaced by:   
H+

N
 created in the north

H+
S
 created in the southH+

N only 
from 
north

H+
S only 

from 
south

[Krall & Huba, GRL, 2019]

Plasmasphere refilling dynamics: two-fluid H+ model



 

H+
S only 

from 
south

H+
N only 

from 
north

Plasmasphere refilling dynamics: two-fluid H+ model



 

SAMI2 is used to 
simulate refilling 
using two H+ species, 
one with a source only 
in the north and one 
with a source only in 
the south.

The two-fluid H+  
model and the the 
usual one-fluid H+  
model produce 
identical results in the 
ionosphere.

Plasmasphere refilling: “Top down” versus “bottom up” 



 

Single-fluid models can describe late-stage refilling.

Plasmasphere refilling dynamics: early-stage and late-stage



 

SAMI2 (2019) SAMI3 (2021)

one fluid H+ one fluid H+two fluid H+ two fluid H+

SAMI3 with 2-fluid H+

[Krall & Huba, FASS, 2021]



 

SAMI3 SAMI3

SAMI3 with 2-fluid H+ 

H+

He+

Without the artificial initial conditions of the older 1D and 2D 
(SAMI2) runs,  SAMI3 produces a weak top-down refilling peak. 

While the two-stream H+ model is needed for studies of early stage 
refilling, it is otherwise not all that impactful.
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In what ways is the plume coupled to the ionosphere?

Peak TEC 
projected

Peak 
TEC 

log
10

(n
e
)TEC 

Extra:  Plume dynamics



 [Foster and Vo, JGR, 2003; Foster et al., JASTP, 2007]

SAPS is a strong westward 
and poleward drift associated 
with the low-density trough. 
Observations suggest that 
SAPS can affect the storm-
enhanced density (SED), 
drawing plasma westward an 
poleward. 

The proximity of low density 
SAPS to the high-density 
SED creates a strong density 
gradient.

Subauroral Polarization Stream (SAPS)



 

Example: SAMI3/RCM modeling of storms

HENA(FUV), EUV image (J. Goldstein)

Ring Current

Plasmasphere

17 April 2002   1900UT

[Huba and Sazykin, GRL, 2014; see also Huba et al., GRL, 2005]



 

The zonal drift is plotted for a 
SAMI3/GITM/RCM run. 

The westward (dawnward) SAPS 
field is the strong negative zonal 
drift (blue/black).

SAPS is a strongest in the pre-
midnight sector, where it 
contributes to the erosion of the 
plasmasphere.  

The peak in TEC is marked at 
each latitude with a symbol.

SAPS

TOI

SED

SAPS and TOI features



 

We will look for cases where the 
SAPS feature is strong, as 
indicated by enhanced density 
and a long dawnward deflection 
of the poleward E x B drift.

Question: Does a strong SAPS 
feature correlate with a change in 
the position of the plasmasphere 
plume?SAPS

TOI

SED

Does SAPS affect plume dynamics?



 

SAPS and plume dynamics: 4 storms



 

SAPS and plume dynamics: 2012 09 03 storm



 

SAPS and plume dynamics: 2013 03 17 storm



 

SAPS and plume dynamics: 2015 03 17 storm



 

SAPS and plume dynamics: 2015 06 22 storm 



 

Discussion

The SAPS E field appears to deflect the plume towards dawn.

As the storm abates, the correlation seems to weaken, as in the 
2015, day 77, 0100 UT case.

Does the plume co-rotate with the plasmasphere?

How well-correlated are TOI and plume densities?

How do plasma and convection time scales (minimizes to hours) 
shape the plume?

Note: in some runs we use SAMI3/RCM 

Does SAPS affect plume dynamics?
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