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Erosion of the plasmasphere during a storm
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Abstract The erosion of the plasmasphere during a storm is analyzed using the Naval Research
Laboratory Sami3 is Also a Model of the Ionosphere ionosphere/plasmasphere code, coupled to the Rice
Convection Model of the inner magnetosphere and ring current. We reproduce the commonly observed
poststorm plasmasphere profile, with strong erosion outside of a sharp, poststorm plasmapause, and weak
erosion inside the plasmapause. We find that inclusion of the ring current E field sharpens the poststorm
plasmapause. In the case of a weak storm, erosion inside the poststorm plasmapause might not occur. In all
cases, plasma flows are dominated by E × B drifts. For strong storms, we find that erosion, both inside and
outside of the poststorm plasmapause, is caused by outward E × B drifts.

Plain Language Summary The plasmasphere, the extension of the ionosphere into space that
is held in place by Earth’s magnetic field, partially disappears during geomagnetic storms. Where does the
disappearing plasma go? We knew that most of it goes outward into space but were not sure about the part
nearest Earth. We show that plasma goes out into space as well.

1. Introduction

During a geomagnetic storm, the inner magnetosphere is very dynamic [Burke and Maynard, 2000]. The plas-
masphere, the cold plasma held in place near Earth in the geomagnetic field, erodes [Carpenter and Lemaire,
1997]. The magnetospheric dynamo, which is driven by reconnection of geomagnetic and solar wind mag-
netic fields, intensifies [Dungey, 1961]. The ring current, an element of the magnetospheric dynamo that lies
mainly outside of the plasmapause, also intensifies [Daglis et al., 1999].

As first-principles numerical geospace models become more sophisticated, we can address basic questions
related to the coupling of the ionosphere, plasmasphere, ring current, and magnetosphere. One such question
is raised by Park [1973]: “It is not clear, however, how the plasmasphere is depleted during periods of increased
geomagnetic activity and where the ‘lost’ plasma goes.” The purpose of this letter is to report an answer to
Park’s question, based on numerical simulation.

Figure 1, adapted from Park [1973, Figure 1], shows idealized profiles of electron density versus the McIlwain
parameter L [McIlwain, 1961] before and after storm time erosion of the plasmasphere. Key elements are the
sharp, poststorm plasmapause, located at L = 3.5 in this illustration, the large volume of plasma “lost” from
the region outside the poststorm plasmapause (A), and the smaller (in terms of percentage) reduction in the
density inside of the poststorm plasmapause (B).

Figure 1 illustrates the common conception of the plasmasphere profile, with a plasmapause clearly separat-
ing regions outside (A) and inside (B) the poststorm plasmapause. However, measured profiles are not always
so simple, especially in the dusk sector, where plumes are commonly observed. As described by Park [1973]
and others [Carpenter, 1966; Nishida, 1966], these profiles are obtained by recording whistler waves that travel
along the geomagnetic field. These waves are analyzed to determine the electron content (line-integrated
electron density) of field lines at fixed longitude and local time.

2. Simulation Codes

To describe the system, we use the SAMI3 (Sami3 is Also a Model of the Ionosphere) ionosphere/plasmasphere
code [Huba and Krall, 2013], coupled to the RCM (Rice Convection Model) of the ring current [Toffoletto et al.,
2003]. For these runs, SAMI3 and RCM are coupled electrodynamically, with SAMI3 supplying the computation
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Figure 1. Idealized profiles of electron density versus L before (solid) and after (dashed) storm time erosion of the
plasmasphere. Adapted from Park [1973].

of the ionospheric conductance to RCM and RCM supplying a calculation of the electrostatic potential in
the inner magnetosphere to SAMI3 [Huba et al., 2005; Huba and Sazykin, 2014]. Both SAMI3 and RCM are
first-principles models in which basic dynamical equations are solved numerically versus time.

While we have previously simulated storms and poststorm refilling with just SAMI3 [e.g., Krall et al., 2014], we
did not obtain realistic poststorm profiles. In the present runs, with the ring current included, the simulations
are improved. In particular, including the ring current E field sharpens the poststorm plasmapause.

When comparing model results to the idealized conception of Figure 1, we need to consider how best to
obtain the corresponding ne(L) profile from our global simulation and how best to track that profile versus
time. Because ne(L) varies significantly versus local time, simply averaging over all longitudes proved to be
unsatisfactory. Noting that all measurements described by Park [1973, Figure 3] were obtained between mid-
night and noon local time, we obtained ne(L) for the dawn sector by averaging the electron density profile
over the dawn half of the simulation. Because the profile varies versus local time, this diagnostic tends to
smooth out features, such as the sharp plasmapause, that are more clearly seen in profiles at fixed local time.
This issue will be discussed further below.

3. Results

Results are shown in Figure 2 for two storms: 17 March 2015 and 17 March 2013. In each case the simulation
begins on 16 March, day 75 of the year. Profiles of ne(L) are shown before the storm (time tA) and after the
plasmasphere is fully eroded (tD). Figure 2 includes plots of geomagnetic indices Kp and Dst versus time, with
times tA and tD marked on the plots. Maximum erosion occurs, while Kp is still elevated, indicating that the
plasmasphere can reach a fully eroded state while the storm is ongoing. Once the plasmasphere is maximally
eroded (tD), further erosion is balanced by refilling.

These two storms differ in the sense that only the 2015 storm clearly shows erosion Earthward of the poststorm
plasmapause. The feature marked “B” in Figure 1 is present in Figure 2a but not in Figure 2d.

4. ION Fluxes Along and Across Field Lines

To analyze the erosion process, we defined a volume, shown in Figure 3e, bounded by 2.0 < L < 5.8 and by
the altitude z > 1340 km; this altitude has been used to divide the ionosphere from the plasmasphere in two
recent analyses [Lee et al., 2013; Krall and Huba, 2016]. Figure 3 shows ion counts within this volume (a) and
fluxes through its boundaries (b–d). We find that while the plasmasphere is eroding, ion fluxes into and out
of this volume are dominated by E×B drifts (dotted curves), versus field-aligned motions (dashed curves).
Similar analyses of other storms, not shown, confirm that storm time erosion fluxes are dominated by E×B
drifts and that the largest fluxes are outward (red dotted curves).

Of note in Figure 3 is that He+ fluxes closely track H+ fluxes, further confirming the finding of Goldstein et al.
[2003a] that images of the He+ plasmasphere are a good proxy for the H+ plasmasphere. We speculate that
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Figure 2. Profiles of ne versus L before (solid) and after (dashed) erosion of the plasmasphere during storms on
(a-c) 17 March 2015 and (d-f ) 17 March 2013. Geomagnetic indices Kp (Figures 2b and 2e) and Dst (Figures 2c and 2f )
are also shown.

our model plasmaspheric O+ population was initialized out of equilibrium in this simulation, leading to mild,
field-aligned upflows.

We performed further analysis, focusing on ion fluxes carried by E × B drifts. Of particular interest is erosion
Earthward of the poststorm plasmapause. This feature, marked B in Figure 1, is clearly present only in the
2015 storm (Figure 2a). In Figure 4, we consider the plasma flux through the L = 2.7 surface during the 2015
storm (Figure 4a, solid curve). Because any given field line lies within a constant L surface, plasma flow across
a constant L surface is carried by E × B drifts. We select four time values, based on the evolution of ne(L): tA

marks a time just before the beginning of plasmasphere erosion. Between times tA and tB we find erosion of a

Figure 3. (a) Erosion of H+ (solid curve), He+ (long dash), and O+ (dash) versus time. Field-aligned ion fluxes from the
north (dashes) and south (long dashes) and E × B ion fluxes through L = 2 (dotted) and L = 5.8 (red dotted) are plotted
for (b) H+, (c) O+ , and (d) He+ . Negative fluxes in Figures 3b–3d indicate plasma leaving the volume shown in Figure 3e.
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Figure 4. (a) Electron flux through the L = 2.7 surface averaged over all local times (solid curve) is separated into
components through the duskside of this surface (blue dashed) and the dawnside (red dashed). Positive fluxes are away
from Earth. (b–d) Total number of electrons that crossed a given L surface between the times indicated. (e–g) ne(L)
profiles at an earlier time (solid) and a later time (dashed) corresponding to plots (Figures 4b–4d), respectively.

region similar to that marked “A” in Figure 1. Between times tB and tC we find erosion of a region similar to that
marked B in Figure 1. tD marks a time of maximum plasmasphere erosion. These time values are also marked
in Figure 2.

Early in the storm, between times tA and tB, the plasmasphere outside of this surface erodes (Figure 4e), but
there is little net flux through the L = 2.7 surface. The net flux (number of electrons) through a given L shell,
during tA < t < tB, is plotted versus L in Figure 4b. For L < 2.7, the net flux is negative, indicating an Earthward
drift as observed in Carpenter and Park, 1973 [1973, Figure 9]. This feature, which is more pronounced in the
examples below, was found in all four storms modeled for this study. Between times tB and tC , the situation
changes and the flux through L = 2.7 is dominated by outward flow on the duskside, where the “drainage
plume” [Goldstein et al., 2003b] typically occurs. During tA < t < tC , Figure 4c, the net flux is away from Earth
for virtually all L values. Further erosion occurs inside the poststorm plasmapause as the storm continues
(Figures 4d and 4g). Simultaneously, the plasmapause moves outward (Figures 4f and 4g).

A similar analysis of the 2013 storm is shown in Figure 5. Here we focus on the L = 2.5 surface. The key
difference between 2013 and 2015 is that in the 2013 storm, there is never a strong outward E × B drift near
enough to Earth to erode plasma Earthward of the poststorm plasmapause. In Figure 5, times tA –tD were
chosen based on the scheme used for the 2015 storm. While there is some additional erosion Earthward of
L = 2.5 during tB < t < tC , the effect is small. Unlike the 2015 storm, there is never a time when outward flow
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Figure 5. Same format as in Figure 4 but for the 2013 storm.

on the duskside dominates near-Earth erosion. This suggests that the convection pattern that drives plasma
out on the duskside to form a plume was either not extensive enough to affect L < 2.5 or not strong enough
to dominate corotation. In fact, unlike in 2015, there is a net Earthward E × B flux of plasma at low L values.

5. Erosion Inside the Poststorm Plasmapause

In both cases we examined fluxes through a constant L surface just Earthward of the initial erosion. In the 2015
storm, the peak outward flux of plasma through this surface occurs after this initial erosion. Figure 6a shows
the plasmasphere and the E × B drifts at the time of the peak outward flow through L = 2.7, which is marked
in the plot by a black circle. Similarly, Figure 6b shows the plasmasphere during the 2013 storm, at the time
of the peak outward flux through L = 2.5.

In the 2015 case, the direction of E × B drifts, indicated by white contour lines, is Earthward from the left,
eventually exiting the system on the sunward side (to the right). The exceptions are closed contours near Earth,
where near-circular E×B drifts indicate near corotation with Earth. Many of the contour lines cross the L = 2.7
surface, mainly entering in the evening sector and leaving in the afternoon sector. Flux is a combination of
the E × B drift velocity and the local density. At L = 2.7, the highest densities are on the dayside; fluxes in this
region are responsible for the broad peak seen in Figure 4a at around 1500 UT on day 76.

In Figure 6b, we see that the peak outward flux through L = 2.5 is quite different for the 2013 storm. In
the 2015 case, convective plasma motions come very close to Earth, convecting plasma out on the duskside.
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Figure 6. Color contours of log10 ne plotted in the equatorial plane at the time of peak outflow through the marked
constant L surface (black circle) for the 2015 (left) and 2013 (right) storms. Contour lines indicate constant electrostatic
potential.

Figure 7. Same format as in Figure 2 but for the (a–c) 22 June 2015 storm and the (d–f ) 2 September 2012 storm.
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Figure 8. Same format as in Figure 4 but for the 22 June 2015 storm.

In the 2013 case, the plasmasphere inside of the poststorm plasmapause is rotation dominated. Here the peak

outward flux corresponds to a distortion of near-Earth corotating flux tubes.

6. Additional Examples

In addition to the two “Saint Patrick’s Day” storms shown here, we analyzed storms on 22 June 2015 and 2

September 2012. Results are shown in Figure 7. As in Figure 2, profiles of ne(L) are shown before the storm (tA)

and after the plasmasphere is fully eroded (tD). Intermediate times tB and tC are marked on the plots. Figure 7

also includes plots of Kp and Dst versus time. These two storms differ in the sense that only the 2015 storm

clearly shows erosion Earthward of the poststorm plasmapause. The feature marked B in Figure 1 is present

in Figure 7a but is not clearly present in Figure 7d.

The 22 June 2015 storm is analyzed in more detail in Figure 8. The June 2015 storm followed the pattern of

the March 2015 storm, with an initial erosion (tA < t < tB), followed by strong outward near-Earth E × B

drifts and near-Earth erosion (tB < t < tC), followed by further erosion and the sharpening of the poststorm

plasmapause (tC < t < tD). As in the March 2015 storm, peak outward near-Earth E×B fluxes is dominated by

outward flow on the duskside. Also, as in the 17 March 2015 storm, the net E × B flux is outward for nearly all

constant L surfaces, Figure 8d.
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The September 2012 storm is similar to the March 2013 storm. It is relatively weak, does not form a sharp
poststorm plasmapause, and erosion Earthward of the poststorm plasmapause is minimal. The two storms of
Figure 7 generally fit the pattern seen in the two Saint Patrick’s Day storms. Only in the stronger storm does
the near-Earth region experience a convection-dominated period, during which plasma is strongly driven out
on the duskside. In this case, the convection-dominated period corresponds to the first peak in the E × B flux
after time tB.

7. Discussion

We have analyzed storm time erosion of the plasmasphere using the electrodynamically coupled SAMI3/RCM
model. The commonly observed poststorm plasmasphere profile was reproduced, with strong erosion outside
of a sharp, poststorm plasmapause and weak erosion inside the plasmapause. For strong storms, erosion both
inside and outside of the poststorm plasmapause is associated with outward E ×B drifts. In the case of a weak
storm, erosion inside the poststorm plasmapause either does not occur or is very weak. In all cases, plasma
flows associated with erosion are dominated by outward E×B drifts. In other words, the eroded plasmasphere
primarily goes outward into space rather than inward toward Earth.

In this study, we diagnosed the profile by averaging over the dawnside of the simulated plasmaphere (0–1200
local time). This diagnostic tends to blur the sharp poststorm plasmapause so that it is only clearly seen in
strong storms with the ring current included, as in Figures 4 and 8. For example, runs with a simple Kp-driven
Volland/Stern-Maynard/Chen [Volland, 1973; Stern, 1975; Maynard and Chen, 1975] convection potential and
a step-function driver, not shown, produced ne(L) profiles similar to the weaker storms included here, even
when a strong driver (Kp = 9) was used. We note that previous SAMI3 modeling has demonstrated both of the
key features, the erosion inside of the poststorm plasmapause (“B” in Figure 1), and the sharp plasmapause,
but only in profiles at fixed local time [Krall et al., 2014, Figure 7].

While we are interested in mechanisms by which plasma is removed from the plasmasphere, we do not
address questions raised by Freeman et al. [1977] concerning the fate of this plasma. To do so, we would need
to include an energization mechanism for the O+ ions discussed therein and further add particle and field line
tracing diagnostics, similar to Elphic et al. [1997], to the combined SAMI3/RCM code. This is beyond the scope
of our present study.

In an effort to place our work in context, we looked for ionosphere signatures of the various plasmasphere ero-
sion phases identified in Figure 4 but did not find clear correspondences between outward fluxes and specific
ionosphere features, such as a polar “tongue of ionization” (TOI). We note that an analysis of ground-based
and in situ ionosphere data collected during the 2013 storm is provided by Foster et al. [2014]. Comparisons
between ionosphere features identified in that study and plasmasphere fluxes computed here yield only
rough correspondences. For example, Foster et al. [2014] identify a period with an intense TOI feature. This
extends from a time halfway between our tA and tB to nearly tD (in other words most, but not all, of the
erosion time).

In our analysis, we focused on the effect of the storm on the plasmasphere Earthward of the poststorm plasma-
pause, region B in Figure 1. In all four storms, this region was affected by E × B drifts. However, it is only
in the 2015 storms that the convection pattern is strong enough and extensive enough that this near-Earth
region became convection dominated (versus rotation dominated). In this situation, which occurs during tB <

t < tC , the convection pattern drives plasma outward on the duskside, presumably forming or strengthening
a plume.

When considering the fate of near-Earth plasma eroded away to form feature B of Figure 1, Park [1973] consid-
ered an “electromagnetic drift mechanism” (E × B drift) that would carry plasma Earthward. Earthward drifts
are present during the initial erosion stage during each of the four storms that we analyzed; however, we find
that feature B in Figure 1 is formed by outward drifts, not inward drifts. In measurements and analysis of this
same type of feature (in the 25 September 1998 storm), Chi et al. [2000] and Kawano et al. [2006] describe their
results in terms of the dynamics of the plasmapause, which moves radially during the course of the storm
[Carpenter and Park, 1973]. Our simulations show that this is a reasonable way to describe it. However, the con-
vection pattern often expands or contracts too rapidly for a clear plasmapause to form before the convection
pattern changes again. This suggests that a highly variable but relatively weak storm could have a poststorm
profile similar to Figure 1.
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