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Abstract.

We simulate equatorial plasmaspheric electron densities using a physics-
based model (Cold PLasma, CPL; used in the Ring current-Atmosphere in-
teractions Model, RAM) of the source and loss processes of refilling and ero-
sion driven by empirical inputs. The performance of CPL is evaluated against
in situ measurements by the Van Allen Probes (RBSP) for two events: the
31 May - 5 June and 15 - 20 January 2013 geomagnetic storms observed in
the pre- and post- midnight MLT sectors respectively. Overall, CPL repro-
duces the radial extent of the plasmasphere to within a mean absolute dif-
ference of |ALayg|= 0.5 £ 0.1 L. The model electric field responsible for Ex
B convection and the parameterization of geomagnetic conditions (under the
Kp-index and solar wind properties) implemented by CPL did not account
for localized enhancements in the duskward electric field during increased
activity. Rather, it was found to be largely dependent on the measure of the
quiet time background. This property indicates that the agreement between
these simulations and observations does not account for the complete set of
physical processes during extreme (strong or weak) geomagnetic conditions
impacting the plasmasphere. Nevertheless, at the presented resolution of the
model CPL does provide good agreement in reproducing RBSP observations

of plasmaspheric density and plasmapause location.
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Key Points.

1. Simulations of pre- and post-midnight plasmapause encounters achieve agree-
ment with RBSP observations to within 0.5 L absolute error.

2. Solar wind parameterization of convection produces at least 0.5 L deeper
erosion at onset of activity than the Kp-index parameterization.

3. Solar wind parameterization of convection produces at least 0.5 L larger

plasmasphere during recovery than the Kp-index parameterization.
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1. Introduction

The plasmasphere persists as a toroidal region of cold, dense plasma (< 5 eV, 50 — 105
cm™3) sustained by the dayside ionosphere through closed, dipolar magnetic flux tubes
co-rotating with Earth (Lemaire and Gringauz, 1998). Dayside magnetic reconnection
drives a duskward electric field across the inner-magnetosphere that erodes the plasmas-
phere moving plasma toward the magnetopause over the course of hours in response to a
geomagnetic storm (Dungey, 1961; Carpenter and Lemaire, 1997). During extended quiet
periods of several days (Kp < 2), ionospheric outflow refills flux tubes drained by erosion
(Darrouzet et al., 2008). The rate of refilling is dictated primarily by ionospheric and
neutral atmosphere densities and is inversely dependent on ionospheric latitude and L-
value (Rasmussen et al., 1993). An abrupt order of magnitude gradient, the plasmapause,
bounds the radially decreasing profile of equatorial plasma density defining the plasmas-
phere region (Carpenter and Anderson, 1992). Models of E x B motion can approximate
the location of the plasmapause when parameterized by indices of geomagnetic activity
(Goldstein et al., 2006).

Forcing from the inner-magnetospheric electric field governs the morphological evolution
of the plasmapause into plasma plumes and other plasmaspheric density structures (Gold-
stein and Sandel, 2005a; Darrouzet et al., 2009). Ionospheric electrodynamics contribute
to the formation of plumes, the largest scale feature, through annular and asymmetric
erosion produced by intense subauroral ion drifts (SAID) during high geomagnetic activ-
ity (Ober et al., 1997). SAID are localized features of the broader subauroral polarization

streams (SAPS). SAPS arise from feedback in a global electrical circuit between the ring
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DE PASCUALE ET AL.: SIMULATING PLASMASPHERIC DENSITY OBSERVATIONS X-5

current and high-latitude ionosphere, resulting in radially narrow poleward electric fields
(Burke et al., 1998; Foster and Vo, 2002). When mapped from high-latitudes to the inner-
magnetosphere, SAPS account for the radial electric fields producing westward flows in
the plasmasphere (Goldstein et al., 2005b). Test particle simulations of the plasmapause
including the combined effects of SAPS and the duskward electric field better repro-
duce local and global observations of plasmaspheric plumes than can be described by
magnetopause-reconnection-driven convection alone (Goldstein et al., 2005a, b; Goldstein
et al., 2014).

A host of specialized missions have investigated the two-way coupling between the
ionosphere-plasmasphere and plasmasphere-magnetosphere in response to geomagnetic
activity (Ganguli et al., 2000). Early empirical work supplemented ground-based whistler
techniques with space-based plasma wave observations to determine the radial profile
of equatorial plasmasphere electron density (Carpenter and Anderson, 1992; Sheely et
al., 2001). These studies also developed activity-dependent linear representations of the
plasmapause in L-value from limited MLT coverage and variation. Plasmapause E x B
simulations vastly improve activity-dependent descriptions of the plasmapause by includ-
ing the effects of preceding geomagnetic conditions on the evolution of this boundary into
plasmaspheric plumes (Chappell, 1974). Plasmaspheric plasma carried within plumes
towards the magnetopause during erosion is now observed to interact with and modify
regions of magnetic reconnection (Walsh et al., 2014; Fuselier et al., 2016). The origin
of plasma sustaining long-lived plumes that dwell at the magnetopause, exceeding the

lifetimes expected from refilling alone, is still unknown (Borovsky et al., 2014).
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Recent advances have attempted to further adapt plasmapause test particle simulations,
capable of resolving the formation of narrow plasmaspheric plumes, to provide evidence of
the relation between this plasma density boundary and losses of relativistic particles in the
inner-magnetosphere (Goldstein et al., 2016). Cold plasma density in the plasmasphere is
responsible for the collisional loss of ions and controls the presence of plasma waves that
scatter electrons from the surrounding hot (>1 keV) ring current and (>1 MeV) radiation
belts (Lyons et al., 1972; Fok et al., 1991; Jordanova et al., 1996). One-dimensional
profiles of equatorial density fall short of accounting for the observed characteristics of
wave-particle interactions in theoretical investigations of high-energy plasma populations
(Ni et al., 2013; Thorne et al., 2013). The state-of-the-art Ring current-Atmosphere
interactions Model with Self-Consistent magnetic (B) field (RAM-SCB) is an example of
a computational resource applied to the study of energetic particle acceleration, transport
and loss that approaches this problem by implementing a two-dimensional physics-based
plasmasphere model (Jordanova and Miyoshi, 2005; Jordanova et al., 2010a, 2010b, 2014).

The ambient electron density of the low-energy plasmasphere is a critical parameter in
describing the inner-magnetospheric response to geomagnetic activity. Improved model-
ing of the plasmasphere and plasmapause are required to provide accurate environmental
context for interpreting in situ spacecraft measurements. RAM-SCB employs an equato-
rial plasmaspheric density module to evolve the cold plasma distribution and calculate its
impact on high-energy particles (CPL, Rasmussen et al., 1993; Jordanova et al., 2010a).
CPL relies on empirical models to calculate ionospheric outflow into the plasmasphere
and has been compared with good agreement in a case study of refilling to state of the art

SAMI3 ionosphere-plasmasphere simulations under empirical models of E x B convection
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(Krall et al., 2016). SAMI3 is capable of 3D simulations of the plasmasphere based on
first-principles and a fluid physics approach to the calculation of the plasma and chemical
evolution of seven ion species (Huba and Krall, 2013). Krall et al. (2017) recently demon-
strated the validity of utilizing self-consistent electric field simulations derived from the
kinetic physics Rice Convection model (RCM) to solve for the contribution of the ring cur-
rent in influencing the commonly observed features of 1D plasmaspheric density profiles
that develop during a geomagnetic storm.

A series of studies carried out by Liemohn et al. (2004, 2005, and 2006) demonstrated
this approach to 2D plasmasphere simulations by linking RAM to the Dynamic Global
Core Plasma Model (DGCPM) (Ober et al., 1997), which is functionally similar to CPL.
Liemohn et al. (2004, 2005, and 2006) found that calculating a self-consistent inner-
magnetospheric electric field derived from the coupling between the simulated ring current
and ionosphere to drive plasmasphere erosion reproduced plasmapause locations extracted
from global IMAGE EUV observations to within 1 Rg RMS uncertainty, an improvement
over empirical representations of convection. DGCPM solves for the total magnetic flux
tube density supplied by ionospheric outflow in the same manner as CPL, tracking 100,000
flux tubes to achieve a spatial resolution near 0.1 R (Chen and Wolf, 1972; Rasmussen
et al., 1993). CPL is currently optimized to run as a computationally efficient subroutine
of RAM-SCB with modifiable magnetic and electric field specifications at a resolution of
0.25 L by 0.5 MLT; this plasmasphere model is referred to as RAM-CPL when coupled to
RAM. In this paper we utilize CPL alone as empirical E x B plasmasphere simulations can
perform favorably against other computational tools and offer evidence of improvements

required from self-consistent regimes.
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The Van Allen Probes mission, formerly known as the Radiation Belt Storm Probes
(hereafter RBSP A & B), is providing a detailed perspective on the relationship between
the radiation belts, ring current, and plasmasphere. At near equatorial (~10° geographic
inclination) geostationary transfer orbits (period ~9 hrs), the two lapping satellites orbit
from a perigee of ~600 km to an apogee of ~5.8 Rg. This paper will focus on the
performance of CPL by comparing globally predicted plasmaspheric electron densities with
in situ spacecraft measurements. Simulations of CPL are presented for two geomagnetic
storms observed by the Van Allen Probes in order to evaluate the model’s performance.
Empirical models of convective erosion and ionospheric refilling dynamically drive the
simulated plasmasphere providing the evolution of cold plasma density and plasmapause
encounters recorded by virtual RBSP spacecraft trajectories during each geomagnetic
event.

This paper’s subsequent sections are organized in the following manner. Section §2
describes the CPL modeling framework. Section §3 introduces spacecraft observations and
data used in this study. Sections §4 & §5 outline the evolution of plasmaspheric electron
density inferred from simulations and evaluated by measurements for two geomagnetic
storms. Section §6 discusses the impact of empirical E x B parameterizations on the

plasmasphere model’s performance.

2. Modeling Framework and Theory

CPL calculates the two-dimensional evolution of equatorial plasmaspheric electron den-
sity during E x B forcing in response to ionosphere-magnetosphere coupling (Rasmussen
et al., 1993). The origin of plasma in the plasmasphere is approximated by an empirical

rate of ionospheric outflow along magnetic field lines into the inner-magnetosphere. Con-
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vective motion, in response to geomagnetic activity, carries plasma from the corotating
plasmasphere to magnetic flux tubes open at the magnetopause venting the density into
interplanetary space. The predominant ion population of the plasmasphere is H*, which
is produced on the dayside ionosphere through charge exchange with oxygen, contribut-
ing to a limited upward flux of particles that sustains the plasmasphere. In the simplest
scenario, plasma freely returns downward on the nightside back into the ionosphere at
an equal rate as the outflow unless electric fields convect plasma across field lines during
geomagnetic activity.

The ongoing change in plasmaspheric density due to ionospheric outflow for each indi-
vidual magnetic flux tube is modeled with CPL by specifying a rate of refilling defined

as:

aneq Ngat — neq

T (1)

Tref

where the approach of equatorial plasma densities, n.,, towards equilibrium depends on
the variation from the saturation level, ng,, and a timescale, 7,¢. This relation is derived
by integrating the continuity equation along a magnetic field line to describe the average
plasma density, n, in terms of the total number of outflowing ions entering a flux tube.
To obtain Equation 1, we apply the simplifying assumption that n = n., because most of
the volume of a magnetic flux tube is near the equatorial plane where the magnetic field
is lowest. Rasmussen et al. (1993) developed this treatment by showing that equatorial
plasmaspheric densities predicted by the refilling model approach to within 10% of the
average density within a flux tube above 3000 km. A linear saturation profile defining

the maximum density content attainable by magnetic flux tubes in the model is given by
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Carpenter and Anderson (1992) as logl0(ns,) = —0.31L + 3.90, which does not include
annual or solar cycle variation.

The timescale of refilling, 7,.f, is calculated from the differences in outgoing ion flux
into the plasmasphere at hemispheric boundaries using empirical atmosphere models.
Neutral temperatures and densities are obtained from the MSIS-86 thermosphere model
(Hedin, 1987) and charged particle temperatures are obtained from the IRI ionosphere
model (Bilitza, 1986). Richards and Torr (1985) derive the seasonal, diurnal, and solar
cycle dependent diffusion scale height for HT outflow, limited by the concentration of
oxygen ions estimated from MSIS-86 and IRI facilitating charge exchange. We use the
typical solar minimum conditions reported by Richards and Torr (1985) to set default
atmospheric values in CPL and do not utilize contemporary observed solar properties
that may otherwise be necessary for the events under consideration, which occurred in
2013 during the uncharacteristically weak peak of solar cycle 24. Figure 1la displays
the static, diurnal map of the timescale 7,.; in hours at a resolution of 0.25 L by 0.5
MLT that we chose for this study. Depending on L-value, it takes several days during
geomagnetically quiet times for the plasmasphere to fully recover to saturated densities.

During geomagnetically active conditions, a time-variable inner-magnetospheric electric
field will change the steady state density distribution of the plasmasphere. Corotating
magnetic flux tubes are forced to convect on newly open drift paths towards the magne-
topause, eroding the outer plasmasphere in a matter of hours (Nishida, 1966; Chen and
Wolf, 1972; Rasmussen, 1993). The morphology of the plasmapause becomes distorted
with time and can take on a variety of configurations following the preceding pattern of

geomagnetic activity. In this study we specify the electric field driving the dynamics of the
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plasmapause using a semi-empirical approach to describe E x B motion. Volland (1973)
and Stern (1975) provide a model for plasma convection that imposes a semi-empirical
shielding effect on the inner-magnetospheric electric field strength due to the polarization
of the plasmasheet as it approaches Earth. Convection in the equatorial plane (with ¢ =0

at 12 MLT) is characterized by the potential equation
Dyg = —A(t)rsin(¢) (2)

where the exponent at A = 1 corresponds to uniform motion around Earth and at A = 2
approximates the observed shielding (Volland, 1973; Stern, 1975). In this study we use
A = 2 to express Equation 2.

The scaling parameter A(t) in Equation 2 is defined in terms of prevailing geomagnetic
activity as inferred by various indices. Maynard and Chen (1975) empirically fit equatorial
plasmapause positions to the stagnation point of the Volland-Stern inner-magnetospheric

potential model, obtaining a Kp-index dependent parameter Ay;c given by

o 0.045 kv )
MO (1 0.159K, + 0.0093K2)3  \ R%,

where radial units are specified in terms of Earth’s radius, Rg. Equation 2 with the
scaling of Equation 3 was shown to be successful in accounting for detached plasma
regions as the simulated remnants of plasmaspheric plumes, tracked by magnetic field
lines that were closed for at least 6 days prior to erosion and assumed to have substantial
density content (Maynard and Chen, 1975). The Defense Meteorological Satellite Program
(DMSP) produces an “effective” Kp-index from the equatorial edge of the auroral region,
which offers a higher time resolution than the Kp-index published by the World Data

Center for Geomagnetism in Kyoto (Gussenhoven et al., 1983). We use the effective
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Kp-index, hereafter indicated by “eKp”, at a linearly interpolated 5-minute cadence to
parameterize the Volland-Stern model of convection (Equation 2) by the scaling parameter
of Equation 3. This approach has been shown to reproduce plasmaspheric ion densities
observations at GEO resonably well (Jordanova et al., 2007).

The formation of plasmaspheric plumes has been well described first by the Volland-
Stern model and later by modifications to the global pattern of inner-magnetospheric
convection. Goldstein et al. (2005a, 2005b) using IMAGE EUV data employed E x B
motion on an initialized distribution of plasmapause test particles to capture the evolution
of the plasmasphere into plumes for several geomagnetic events. These studies validated

the use of a new scaling parameter, Ag, independent of the Kp-index

kV
E

where E,/ is the estimated influence of the solar wind on the inner-magnetospheric electric
field and the factor of 0.97 is a result of matching the same units as Equation 3 when
following the approach of Goldstein et al. (2003). E7y, is calculated from the assumption
that convection is primarily driven by dayside reconnection during southward turnings
of the interplanetary magnetic field (IMF) and has a finite contribution from the viscous
solar-wind-magnetopause interaction during northward turnings of the IMF (Goldstein et
al., 2003). During southward IMF, indicating the onset of activity, a factor f is applied
to a positive rectified solar wind electric field. This factor also determines the background

conditions during northward IMF where we require that

B f1Esw| By ivur <0 (5)
M f(0.25me_1) BZ,IMF >0
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Goldstein et al. (2005b) report values in the range f = 0.1 — 0.2 when comparing the
agreement between plasmapause test particle simulations and observed locations. In this
study we obtain the solar wind electric field, Esw = Vew Bz mr, at a 5-minute linearly
interpolated cadence from the Advanced Composition Explorer (ACE) under the OMNI
database and choose f = 0.2 to facilitate validation of the CPL plasmasphere model
(Stone, 2004).

Including the phenomena of SAPS resulting from ionosphere-magnetosphere coupling
with the process of convection achieves better results when reproducing observed features
of plasmaspheric plumes on a global (IMAGE EUV) and even local (RBSP) scale (Gold-
stein et al., 2005b, 2014). Goldstein et al. (2005b) derive an empirical expression of
SAPS mapped as an electric potential in the inner-magnetosphere and parameterized by

the Kp-index

Psaps = —F(r,9,1)G(o)V (t) (6)

where the function F(r,¢,t) determines the Kp-dependent radial location and radial
width of SAPS, the function G(¢) determines the azimuthal magnitude, and the function
V(t) = (0.75kV) K, determines the Kp time-dependence of the electric potential strength.
SAPS creates a nightside westward flow channel in the plasmasphere and depresses the
duskward boundary between open and closed equipotential lines producing an asymmetric
convection pattern illustrated by Figure 1b for a geomagnetically active period. Equa-
tion 4 is more effective in modeling geomagnetic events where Kp > 4, but is 50% less
effective on the post-midnight sector than in the pre-midnight sector. The total inner-
magnetospheric electric potential is a combination of ® = ®yg + Pgaps + Pcor, where

®cor represents the corotation electric field.
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In this study we present CPL plasmasphere simulations calculated with an optimized
flux-corrected transport (FCT) algorithm to correct for numerical errors. We parameterize
Volland-Stern convection with either A,;c or Ag as determined from the best reproduc-
tion of Van Allen Probes observations for each geomagnetic storm under consideration.
Analysis of the results begins 6 hours from the simulation start date, allowing CPL to

initialize under prevailing geomagnetic conditions particular to each event.

3. Spacecraft Observations

Two geomagnetic events early in the Van Allen Probes mission are selected to study
the baseline performance of CPL in reproducing equatorial plasmaspheric densities and
spacecraft plasmapause encounters. Moderate activity was observed by RBSP on 15 - 20
January 2013 in the post-midnight MLT sector and a strong storm was observed on 31
May - 5 June 2013 in the pre-midnight MLT sector. Simulations of the events are binned
by 0.25 L and 0.5 MLT for all magnetic local times and from 1.75 L to 6.5 L to cover the
extent of the plasmasphere crossed by RBSP. The L-value location of the spacecraft are
calculated with the Olson and Pfitzer (1977) model and used to obtain virtual output from
CPL along RBSP orbits at a 5-minute cadence matching the input parameters. Unless
otherwise noted, the figures included in this report present the observations of RBSP-A
only due to the close proximity of the Van Allen Probes during the close conjunctions

(having a mean separation of ~0.5L) of 15 - 20 January 2013 and 31 May - 5 June 2013.

3.1. Measurements
The Electric Field and Waves (EFW) instrument on RBSP measures three-axis electric

fields driving plasma dynamics and the spacecraft potential, which serves as a proxy for
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the ambient plasma density (Wygant et al., 2013). A reliable determination of the electron
number density is obtained from the upper-hybrid frequency in spectral data captured
by the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS)
(Kletzing et al., 2013). RBSP data comparisons with CPL simulations are not corrected
for spacecraft orientation, in which the experimental EF'W reference frame can vary over
time with respect to GSE coordinates, nor magnetic latitude, in which EMFISIS electron
densities can differ from equatorial values connected to the same magnetic field lines as
the measurements.

The EFW instrument is composed of two spin-plane boom pairs 100 m across and
two 14 m spin-axis potential probes (Wygant et al., 2013). Measurements of the inner-
magnetospheric electric field are obtained in a modified Geocentric Solar Ecliptic (mGSE)
coordinate system. These coordinates are defined by the following bases: X,,qsg is along
the spin-axis of the spacecraft and points within ~37° of the Earth-Sun line, the spin-
plane Y,,csg and Z,,gsg are mutually orthogonal and processed separately from X,,qsp
to avoid mixing the quality of the signal between the short (less accurate) and long (more
accurate) probes. The spin-fit EFW Y, csp electric field measurements, which are oriented
nearly duskward, will be compared to the calculated dawn-to-dusk electric field driving
CPL after the motional effects of corotation (V x B) are removed. Applying the angular
correction necessary to transform from Y,,csg to Yosg coordinates (assuming no variation
with MLAT) was found to negligibly affect the interpretation between the measured and
simulated duskward electric fields and is left out of the remaining considerations of this

study.
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Signals from the EFW experiment are used to compute plasma wave spectra with EM-
FISIS (Kletzing et al., 2013). Electric field signals from one of the RBSP spin-plane
long wire dipole antennas are analyzed by the High Frequency Receiver from 10 kHz to
500 kHz. In the plasmasphere, and outside the plasmaspause, this receiver measures the
frequencies of the upper hybrid resonance band at f,;,. The electron number density is
accurately computed along the trajectory of the RBSP spacecraft to within a relative
error of 10% derived from the plasma frequency, where n, = (f2, — f2)/8980?, from 3000
cm? and below (Kurth et al., 2015). These density measurements can be mapped to the
inner-magnetospheric equatorial plane along dipolar magnetic field lines using a power law
dependence of the form n., = n.(LRg/R)*. Inside the plasmasphere o can have a value
between 0.2 - 0.9, but when applied to the limited MLAT range of the RBSP spacecraft
EMFISIS density measurements changed by less than 5% warranting a direct unaltered
comparison with CPL (Denton et al., 2002; Denton et al., 2004).

In this report the plasmapause boundary is defined as a change in electron density
by a factor of 5 or more within AL < 0.5, following Carpenter and Anderson (1992), on
outbound and inbound passes of RBSP EMFSIS measured density profiles to compare with
the same feature found in CPL simulated density profiles for the geomagnetic events under
study. Although Goldstein et. al (2014) employ a 20 cm ™~ threshold for plasmapause test-
particle simulations of the January 2013 geomagnetic event, we use the above criteria to
select from candidate plasmapause encounters. A low density threshold is appropriate
when modeling the formation and evolution of a dayside plasmaspheric plume that often
has a smoother boundary than the sharp plasmapause formed on the nightside, where

the RBSP spacecraft are located for the two geomagnetic events presented here. When
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possible, the plasmapause location was chosen to within dL < 0.05 under inspection of
individual density profile plots. However, in cases during the recovery phase of the storm
where multiple remnant plasmapause features were present the outermost candidate was
selected. Evaluating CPL by both observed density values and localized density features

allows for a more robust study than by just using a comparison of density contours alone.

4. Pre-midnight Simulation: 31 May - 5 June 2013

Our first case study is the geomagnetic disturbance of 31 May through 5 June 2013.
During that time enhanced convection caused severe erosion in plasmaspheric density, as
observed by the Van Allen Probes from dusk MLT through several hours past midnight
MLT. Figures 2a and 2b display the prevailing geomagnetic conditions on the inner-
magnetosphere during the first 5 days of June 2013 as inferred from the eKp-index and
solar wind properties respectively. A substantial increase in convection is indicated by
the large ramp up to eKp > 6 shown by Figure 2a at 0600 UT on 1 June. This peak in
eKp-index, and two other local maxima at 0000 UT on 4 June and 0600 UT on 5 June,
are preceded for as much as 6 hours by abrupt southward turnings of the IMF. Figure
2b shows the prescribed contribution of the solar wind electric field (Esw = Vsw Bz 1mr)
to inner-magnetospheric convection with the scaled E7jp; quantity that includes a two-fold
increase in observed solar wind flow speed from 350 to 750 km/s over the first two days
of June that declines to 460 km/s over the remaining three days.

Both the eKp-index and Erj; are inputs for Volland-Stern convection driving plasmas-
phere dynamics in CPL and, for this particular geomagnetic storm, produce a significantly
eroded plasmasphere under sustained activity. Figure 3 presents the global morphology

of the plasmasphere simulated by CPL during 21 hours on June 1. Enhanced convec-
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tion produces a narrowing plume that extends beyond geosynchronous orbit. As recovery
begins, the corotation-convection boundary moves outward to include the plume causing
the dayside plasma extension to rotate westward toward dusk. Figure 2a indicates that
geomagnetic activity diminishes to a plateau around eKp = 3 by the end of 1 June and
for the duration of the following day. By the final hours of the simulation, near a value of
eKp = 2, the plasmasphere rounds off and swells to a dawnside plasmapause at L = 5.5

in recovery (shown in §4.2).

4.1. Plasmasphere Dynamics

Profiles of electron density (black lines) observed by RBSP-A in the pre-midnight sector
are presented in Figure 4a during the last two days of the 1 June 2013 geomagnetic storm.
In this interval a large asymmetry in the plasmapause, between outbound and inbound
passes of RBSP-A, forms briefly. At 1700 UT electron density measurements indicate
that the spacecraft orbit is entirely within the plasmasphere similar to the levels before
the formation of this asymmetric feature. The plasmapause encountered by RBSP-A
is determined from density measurements at the times marked by vertical gray bars in
Figure 4a. Each plasmapause encounter, for both RBSP-A & -B, is recorded in Table 1
with the corresponding crossing times identified in CPL simulations. On 4 June at 0140
UT and 0725 UT the RBSP-A spacecraft encounters an abrupt order of magnitude change
in density from 10! cm™ to 10° cm™3. These sharp density threshold crossings are clearly
identified in Table 1 as P19 & P20 (AL = 0), suggesting a symmetric plasmapause in
the pre-midnight sector.

By the end of 4 June, the pre-midnight plasmapause evolves through partial recovery

at 1210 UT and 1450 UT (P21 & P22 in Table 1) to a distinct asymmetric boundary
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at 2215 UT and early at 0050 UT on 5 June (P23 & P24). The plasmapause is first
encountered near L = 6.5 on the outbound pass (P23 Table 1) and later at L = 4.5 on
the inbound pass (P24 Table 1) as identified by the black points on the RBSP-A orbit in
Figures 4b and 4c respectively. Superimposed on these figures are the traces marking the
simulated plasmapauses obtained from CPL at the time of these encounters for comparison
between the eKp-index (red lines) and solar wind (blue lines) parameterizations of Volland-
Stern convection. Figures 4b and 4c highlight the proximity of the virtual plasmapause
produced by these two trials to the asymmetric RBSP-A crossing at a time of mild activity
(eKp =2, Erpr = 0.2). On the outbound pass the solar wind driven trial is more consistent
with the location of RBSP-A than the eKp-index driven trial as shown by Figure 4a,
while both the eKp-index and solar wind driven trials are similarly equidistant from
the inbound pass plasmapause encounter. In this example the solar wind driven trial
reproduces a clearer asymmetric plasmapause between outbound and inbound passes of
RBSP-A in the pre-midnight sector than the roughly unchanging boundary found by the
eKp-index driven trial.

Figure 4a details the correspondence between density features measured by RBSP-A
and virtual density profiles extracted from the CPL simulation trials (red and blue lines).
At times of mild activity just after 0000 UT 4 June (eKp ~ 3) and on 0000 UT 5 June (eKp
~ 2.5) both simulation trials achieve a plasmasphere configuration that is a reasonable
approximation of the location of the plasmapause (determined from a drop in density
by a factor of 5 or more within AL < 0.5) as the RBSP-A density measurements. The
trials are in close agreement during the first RBSP-A orbit of 4 June, but diverge slightly

during weaker activity on 5 June when the distinct asymmetric plasmapause feature is first
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observed. The solar wind driven trial reproduces a steep density gradient consistent with
outbound passes of RBSP-A densities (at 2200 UT on 4 June and 0630 UT on 5 June),
but on the inbound pass at 0900 UT on 5 June ranges up to an order of magnitude above
both the measurements and the eKp-index driven trial. During low geomagnetic activity,
around eKp = 2, for the June 2013 event the results from the two simulation trials diverge.
At 1200 UT on 4 June RBSP-A encounters a variable plasmapause above L = 6 that is
matched by the eKp-index driven trial, while the solar wind driven trial describes densities
consistently above 10 cm™ for the entire RBSP-A orbit without any steep gradients.
The density profiles of these two simulated configurations are repeated under similar
geomagnetic conditions at 1700 UT on 5 June. Here, RBSP-A measurements indicate
that the spacecraft orbit is entirely within the plasmasphere, demonstrating different
levels of geomagnetic forcing during quiet times not consistently accounted for by the

parameterizations of the model.

4.2. Plasmapause Encounters

Following the analysis of Goldstein et al. (2014), the performance of CPL is character-
ized by the correspondence between actual and virtual plasmapause locations in Figure
5a for the duration of 31 May through 5 June 2013. We display only the eKp-index driven
trial (red points) for clarity in Figure 5a against RBSP-A crossings (black points) as that
trial achieved the best agreement with observations. Both the RBSP-A (solid lines) and
RBSP-B (dashed lines) plasmapause locations are represented in Figure 5a with Figure
5b detailing the L-value difference between paired (model - observed) plasmapause en-
counters for each spacecraft (solid points and dotted points respectively). In Figure 5b

the mean absolute difference between actual and observed plasmapause locations is indi-
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cated by the light gray horizontal bars offset from 0 with the error calculated as the stan-
dard deviation of all the differences from the mean absolute difference. CPL was consistent
with RBSP-A plasmapause identifications on average to within |AL,|= 0.4+ 0.1 L for
convection parameterized by the eKp-index. For comparison, paramaterizing convection
by solar wind properties yields |ALayg|= 0.7 £ 0.2 L in comparison.

At the onset of the storm, from 1800 UT on 31 May to 0800 UT on 1 June in Figure 5a,
the plasmasphere at the location of the RBSP spacecraft contracts from a plasmapause
encountered in the pre-midnight sector at L, = 5.9 to a low density threshold crossing of
L = 2.5. The severe erosion is matched by plasmapause locations produced by CPL and
shown previously as the narrowing of a sunward plasmaspheric plume. RBSP-A & -B
show nearly coincident plasmapause locations with one exception that is offset spatially
by as much as AL = 0.5 and a missed sharp encounter by RBPS-B on 1 June. In the
simulation the virtual spacecraft are both in near complete agreement due to the conjunc-
tion trajectory of the spacecraft. The most significant disagreement between the model
and observed plasmapause locations occurs at the onset of the storm from 0000 UT to
1800 UT on 1 June and over the prolonged moderate activity plateau (2 < eKp < 4) from
1800 UT on 1 June through 1200 UT on 3 June in Figure 5a. CPL over and underes-
timates the observed plasmapause by as much as 1 L in the first interval. In the second
interval the plasmapause is consistently overestimated by AL = 0.4 - 0.8, during which
the pre-midnight boundary is clearly asymmetric between outbound and inbound passes.
After 1200 UT on 3 June the severity of the asymmetric plasmapause encountered by
both RBSP spacecraft increases and is most dramatic just before 0000 UT and after 0600

UT on 5 June as discussed previously. The pair of false positive plasmapause detections
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in Figure 5a after 1200 UT on 5 June do not match any observations, showing that the
model when parameterized by the eKp-index produces a stronger plasmaspheric response
to geomagnetic activity at quiet times than identified in RBSP measurements.

Figure 6a shows the correlation between virtual CPL and actual RBSP-A & -B plasma-
pause encounters as a function of L-value. Overall, the simulation applies weaker forcing
on the plasmasphere when driven by the eKp-index than observed by RBSP when consid-
ering plasmapause locations below Lgpsp = 5 at moderate to high geomagnetic activity.
When the difference between virtual and actual plasmapause locations is organized in
terms of the prevailing eKp-index at the time of the simulated crossing, the majority of
cases where CPL overestimates the extent of the plasmasphere by much more than A L =
0.4 fall above 2 < eKp as illustrated by Figure 6b. The largest errors (over or under) are
found during active times while the smallest errors are mostly organized by quite times.
The most significant differences occur during intervals where the RBSP spacecraft observe
an asymmetric pre-midnight plasmapause that forms after the initial onset of the 1 June

2013 geomagnetic storm.

5. Post-midnight Simulation: 15 - 20 January 2013

Abrupt changes in electron density in the post-midnight sector, just before midnight
through dawn, were observed by the Van Allen Probes from 15 through 20 January 2013
consistent with moderate geomagnetic conditions. Figures 7a and 7b display the pro-
gression of geomagnetic activity in this time frame as inferred from the eKp-index and
solar wind properties respectively. Three 6-18 hour intervals of eKp sustained above a
level of 2 are evident in Figure 7a beginning with a steep ramp to eKp = 4.5 at 1800

UT on 17 January, a small peak at eKp = 3 0200 UT on 19 January, and a broad plateau
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at eKp = 3 from 0000 UT to 1600 UT on 20 January. Prior to these features the eKp-
index averages to a background level of 1.5. Figure 7b shows the contribution of the
solar wind electric field to inner-magnetospheric convection by the scaled Ej,; parameter.
Throughout these 6 days of January the solar wind flow speed remains around a level of
420 km/s and does not increase notably during southward IMF. Though the two largest
peaks in Fjj; are coincident with increasing trends in the eKp-index shown by Figure
7a, the small peak in eKp at 0200 UT on 19 January spans a quiet time of northward
IMF.

The eKp-index and FEy,;, parameterizations of the Volland-Stern model, show a sudden
increase in the strength of convection preceding the start of 18 January in Figures 7a
and 7b. As the level of geomagnetic activity decreases over the course of 18 January the
global distribution of plasmaspheric density becomes dominated by corotation as illus-
trated by Figure 8. A duskside bulge, formed previously from the convective narrowing
of a sunward plasmaspheric plume, rotates in 12 hours to midnight. The region of con-
vection moves further away from Earth allowing the plasmasphere to round off and swell
to nearly L = 6 in the remaining 12 hours of the day. In the final hours of 18 January
a small peak in geomagnetic activity partially repeats this pattern with the tapering and
subsequent recovery of the dayside plasmapause. On 20 January the eKp-index and Epjs
enhance to a sustained geomagnetic disturbance that reduces the nightside plasmapause

to within L = 4 (shown in §5.2).

5.1. Plasmasphere Dynamics
On 16 and 17 January 2013, preceding the onset of geomagnetic activity, post-midnight

profiles of electron density (black lines) observed by RBSP-A in Figure 9a present several
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examples of typical density features of the relatively undisturbed plasmasphere. During
weak erosion the plasmapause moves within the RBSP orbit symmetrically on the night-
side by 1800 UT on 16 January and over 12 hours into 17 January the plasmasphere
recovers to its previous extent. The plasmapause determined from RBSP-A is marked at
the times of the vertical gray bars in Figure 9a. Each plasmapause encounter for both
RBSP spacecraft is recorded in Table 2 with the crossing times for actual and virtual
encounters. If geomagnetic activity persists during recovery the plasmapause can become
variable and indistinct, evident in the first density profile at 0000 UT and second density
profile at 0900 UT on 16 January of Figure 9a. The uncertainty in the location of the
plasmapause at the identified crossings for these RBSP-A orbits (P06 & P07 and P08 &
P09 in Table 2) is found to be as much as AL = 1.

At 1605 UT and 2015 UT on 16 January the RBSP-A spacecraft passes through a
symmetric and steep post-midnight plasmapause (from 10? cm™ to below 107! cm™)
identified in Table 2 as P10 & P11. Figure 9b and 9c show the location of RBSP-A
along its orbit at these times for the outbound pass at L = 5.7 and inbound pass at L =
5.2 respectively. The instantaneous simulated plasmapause (identifed at these times) is
shown as an overplot for the outputs obtained by CPL under eKp-index parameterized (red
line) and solar wind parameterized (blue line) convection. Both trials reproduce similar
plasmapause morphology at a time of mild activity (eKp = 2, Ey = 0.2 mV/m) and are
within A L = 0.5 of the RBSP-A crossing. During quiet times the history of geomagnetic
conditions determines the evolution of plasmaspheric density features formed by erosion

through the refilling and corotation processes of recovery.
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In Figure 9a the virtual density profiles from CPL for each convection parameterization
trial are compared against RBSP-A density measurements. During active times both the
eKp-index parameterized (red line) and solar wind parameterized (blue line) trials show
the presence of steep density gradients associated with the plasmapause, but the observed
extent of the plasmasphere varies in location for each simulation trial. At 1605 UT
and 2015 UT on 16 January CPL reproduces a symmetric plasmapause with reasonable
agreement to RBSP-A. By the following orbit, a slight asymmetry in the post-midnight
plasmapause develops between the outbound pass at 0105 UT (L = 5.1) and inbound
pass at 0530 UT (L = 5.4) on 17 January. The eKp-index parameterized trial retains a
symmetric plasmapause that matches the inward plasmapause of the outbound density
profile while the solar wind parameterized trial captures the outward plasmapause of
the inbound density profile. In general, the simulated density profiles in Figure 9a do
not exhibit any asymmetry or localized density features beyond steep gradients. The
largest discrepancy between density values simulated by CPL under different convection
parameterizations occur during quiet conditions. RBSP-A measures a minimum density
near apogee above 20 cm™ at 0930 UT on 16 January and 1230 UT on 17 January
when the eKp-index parameterized trial produces stronger convection than the solar wind
parameterized trial, which closely matches observations, down to a minimum density near

1 cm ™3 clearly outside the plasmasphere.

5.2. Plasmapause Encounters
Figure 10a displays the performance of CPL in reproducing actual plasmapause loca-
tions with virtual RBSP-A (solid lines) and RBSP-B (dashed lines) encounters from 15 -

20 January 2013. The solar wind parameterized trial (blue points) was found to achieve
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the best agreement with RBSP-A crossings (black points) and is shown independent from
the eKp-index parameterized trial for clarity. Figure 10b details the difference between
corresponding (model - observed) plasmapause locations for each spacecraft (solid points
and dotted points respectively). Light gray horizontal bars offset from 0 indicate the
mean absolute difference, which is determined to be |ALayg|= 0.6 £0.1 L when CPL is
driven by the eKp-index and |ALayg|= 0.5 £ 0.1 L under the solar wind parameterization.
Here the error is calculated as the standard deviation of all the plasmapause differences
from the absolute mean difference, which indicates that the two trials achieved statisti-
cally indistinguishable results during moderate geomagnetic conditions with respect to
plasmapause location.

Over the course of the moderate storm the plasmapause erodes inwards of L = 6 to an
inner boundary at L. = 4 by 0000 UT on 18 January in Figure 10a and again throughout
most of 20 January in the post-midnight sector. In the time periods between succes-
sive erosion events plasmaspheric plumes will begin to corotate around Earth as shown
previously. In general, both RBSP-A & -B encounter very similar plasmapause locations
during close orbit conjunction, although there are a few cases were the plasmapause is
observed to shift by AL= 0.5 between the spacecraft crossings. CPL tends to underesti-
mate the position of the plasmapause in the active time periods after each peak of Epjys
above 0.4 (mV/m) at 0000 UT on 18 January, 0000 UT on 19 January, and 0000 UT on
20 January. The two pairs of false negative plasmapause encounters missed by CPL early
on 15 January occur earlier than the 6 hour lead time required to initialize the simulation.

Figure 11a shows the distribution of virtual CPL and actual RBSP-A & -B plasma-

pause encounters in terms of the correspondence between radial locations. The largest
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errors, when the plasmapause is predicted closer to Earth by CPL, tend to be the product
of stronger convection from the solar wind parameterization than observed after activity
has diminished. Figure 11b attempts to organize the difference between virtual and ac-
tual plasmapause locations by the prevailing activity in Ej,; at the time of the simulated
crossing. There is a large spread of over- and underestimation at Erp = 0.05 (mV/m), the
background level assumed to correspond to a viscous interaction between the solar wind
and magnetosphere during northward IMF. These differences are associated with quiet
times as indicated by the steady viscous interaction of the solar wind, but inspection of
the eKp-index during the 17 January 2013 geomagnetic storm shows that there can still

be mild to moderate fluctuations of activity that can potentially impact the plasmasphere.

6. Impact of Convection Parameterization on Plasmasphere Morphology

We chose the appropriate parameterization of Volland-Stern convection driving CPL
simulations by the best correspondence between actual and virtual RBSP-A & -B plasma-
pause encounters during the strong 31 May - 5 June 2013 and moderate 15 - 20 January
2013 geomagnetic storms. The Volland-Stern model contains a free factor A(t) that we
define using either the Maynard and Chen (1975) eKp-index prescription or the Gold-
stein et al. (2003) Ejjy proxy for the (scaled) contribution of the solar wind to the
inner-magnetospheric dawn-to-dusk electric field. The key differences between these pa-
rameters are that Ep,; tends to provide a more immediate response to peak geomagnetic
activity than the gradual build-up of the eKp-index and that Erj; sustains longer periods
of minimum activity than the eKp-index. In the following subsections we analyze the

impact of these features on driving the simulated distrubution plasmaspheric density and
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account for the performance of CPL in reproducing the plasmapause for each geomagnetic

storm.

6.1. 31 May - 5 June 2013: Evolution of Plasmaspheric Density

Figures 12a-12d present the absolute difference in density (logg-scale) between CPL
simulations and RBSP-A measurements binned to the resolution of the model at 0.25 L by
0.5 MLT for consecutive outbound (Figures 12a and 12b) and inbound (Figures 12c
and 12d) passes of the spacecraft during the strong 31 May - 5 June 2013 geomagnetic
storm. For reference of the extent of plasmaspheric density, each panel includes a magenta
line of the 20 cm ™2 contour encountered by the virtual spacecraft at the connected white
points. Figures 12a and 12c in the first column are the result of eKp-index driven
convection. The largest differences covering a 0.5 L range occur within 1 L of densities
below 20 ecm™ (as expected from the relative correspondence between virtual and actual
plasmapuse locations) outside of the plasmasphere on outbound passes while inside the
plasmasphere on inbound passes owing to the asymmetric plasmapause features discussed
previously. Over the span of the first three days of June the simulated density inside
the plasmasphere differs from observations by as much as an order of magnitude in some
instances. After the start of 4 June geomagnetic activity subsides to mild levels (eKp
< 2) leading to good agreement inside the simulated plasmasphere. The eKp-index trial
performed best in reproducing the observed plasmapause to within |AL,,| = 0.4 £0.1 L.

Figures 12b and 12d in the second column are the result of solar wind parameterized
convection using the Goldstein et al. (2003) application of E;. This trial is distinguished
by a larger plasmasphere extent outward in L than the eKp-index parameterized trial

during the recovery phase after 1 June. The largest differences between CPL and RBSP-A
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observations occur on 3 June above an order of magnitude and over a 1 - 2 L range
inside the plasmasphere when FEj,, under predicts the level of geomagnetic activity in
comparison to the eKp-index. These features are most dramatic on the inbound passes of
Figure 12d, again revealing the inherent density asymmetries formed by this geomagnetic
storm. Within L = 4 both the eKp-index parameterized and solar wind parameterized
simulations achieve similar fidelity against RBSP-A measurements, but the solar wind
trial performed worse at reproducing plasmapause locations with an average deviation of
|ALuve| = 0.7£0.2 L.

In Figure 13 the average extent of plasmaspheric densities above 20 cm ™ in the pre-
midnight sector (18 through 2 hours MLT) is compared for the eKp-index parameterized
(red line) and solar wind parameterized (blue line) trials during the 1 June 2013 geo-
magnetic storm. Solar wind properties are used to derive the Fj,; parameterization of
Volland-Stern convection, which is characterized by two features: (1) a flat background
value that is applied during quiet times and (2) abrupt peak values during active times.
As a consequence, depressions in the average plasmasphere extent produced by Erj; tend
to occur up to 6 hours prior to the location predicted by the eKp-index and, between
instances of erosion, the plasmasphere recovers by as much as 0.5 L away from Earth.
Additionally, the “on/off” nature of Ejp produces more pronounced local minima (at
0600 UT on 1 June, 1200 UT on 2 June, and 0300 UT on 4 June) and local maxima (at
2200 UT on 1 June, 2000 UT on 2 June, 1000 UT on 4 June, and 1600 UT on 5 June).
At the start of the event, both trials agree on the undisturbed extent of the plasmasphere

around L = 6.25, but after the onset of strong activity at 0600 UT on 1 June the eKp-
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index parameterized trial performs closest to the observed RBSP plasmapause encounters

as demonstrated in §4.2.

6.2. 31 May - 5 June 2013: Effect of Sub-Auroral Polarization Stream

Thaller et al. (2015) conducted a detailed examination of RBSP-A & -B EFW obser-
vations during the 1 June 2013 geomagnetic storm and demonstrated the coincidence of
enhancements in the measured dawn-to-dusk electric field across the inner-magnetosphere
with plasmasphere erosion (at a 100 cm™ threshold plasmapause) inferred from potential-
calibrated density measurements. The presence of a greater intensity of the duskward
electric field than on the dawnside of the plasmasphere reported by the authors are consis-
tent with the evident asymmetric plasmapause morphology discussed here. We combined
Volland-Stern convection with a SAPS electric potential in the CPL simulation trials to
incorporate a possible contribution to the formation of this feature. The SAPS model is
parameterized by the eKp-index and is most effective when eKp > 4 but 50% less effective
in the post-midnight sector than in the pre-midnight sector.

Figures 14a and 14b show the result of recording the simulated duskward electric
field (oriented in the Yggp coordinate direction; red lines) used to drive convection and
SAPS in the eKp-index trial compared to the RBSP-A EFW Y),qc5r measured electric
field (black line) for L > 2. Figure 14a highlights the contribution of SAPS to the
strength of convection during the onset of the storm on 1 June. The simulation electric
field driver indicated by the solid red line includes the effect of SAPS while the dashed
red line does not. It is clear that SAPS does not add significantly to the convection
electric field in the pre-midnight sector, even during a time period when the eKp-index

peaks above eKp = 6 after 0600 UT marked by an arrow. We verified the occurrence of
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SAPS during this interval at 0814 UT on 1 June with ion drift meter (IDM) cross-track
velocity measurements from the F17 DMSP spacecraft (orbiting nearly perpendicular to
the sun across the dawn and dusk MLT sectors), which showed a 950 m/s westward
drift at 19 hours MLT and -54 MLAT just equatorward of the auroral zone (Wang and
Lithr, 2013; Wang et al., 2008). (Weaker cross-track velocities consistent with SAPS were
also identified in the January 2013 event). In addition, the SAPS model did not play
an important role in either reproducing plasmaspheric densities or the location of the
plasmapause predicted by CPL for both geomagnetic events under consideration due to
the MLT coverage of the RBSP trajectories and the limited resolution of the simulations.
In Figure 14a a larger time span covering the first 4 days of June is shown with enhanced
peaks in the measured RBSP-A electric field not associated with the SAPS phenomena
apparent in better detail. The large enhancements in the duskward electric field (at 0200
UT and 1100 UT on 1 June, 0600 UT and 1400 UT on 2 June, and 0200 UT on 4 June) are
a factor of 2 or greater in strength than the simulation driver, which does not account for
these features reported to be coincident with severe erosion of the plasmasphere (Thaller

et al., 2015).

6.3. 15 - 20 January 2013: Evolution of Plasmaspheric Density

The absolute difference in density (logjg-scale) between CPL simulations and RBSP-A
measurements during the moderate 15 - 20 January 2013 geomagnetic storm is shown
in Figures 15a-15d for consecutive outbound (Figures 15a and 15b) and inbound
(Figures 15c and 15d) passes of the spacecraft as a function of L-value. The magenta
line of connected white points superimposed on each panel plot represents the virtual

3

spacecraft encounter with the 20 cm™ contour representing the extent of plasmaspheric
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densities. In the first column, Figures 15a and 15c display the result of eKp-index pa-
rameterized convection where the largest differences greater than an order of magnitude
are found to occur just outside and beyond the plasmasphere with a greater disagreement
on inbound passes than outbound ones after the onset of erosion on 18 January due to the
asymmetric erosion of the simulated plasmapause. Inside the plasmasphere (nominally
within L = 4) the simulation achieved better than half an order of magnitude difference
when compared to observations. Under the eKp-index trial CPL produced only grad-
ual changes in the simulated plasmapause and performed worse at reproducing observed
encounters with an average deviation of |AL,y| = 0.6 £ 0.1 L.

The second column including Figures 15b and 15d shows the result of solar wind
parameterized convection. In this trial the plasmasphere is symmetric between outbound
and inbound passes of RBSP-A, but extends further outward in L and is punctuated
by abrupt erosion to L = 4 on 18 and 20 January. The largest differences greater than

3 contour. Inside the

an order of magnitude occur mostly within 0.5 L of the 20 cm™
plasmasphere (L < 4) the solar wind trial performs almost as well as the eKp-index trial
though during the recovery after 18 January the disagreement between simulated and
observed density falls between 0.5 - 1.0 of an order of magnitude on the outbound and
inbound passes. Overall, solar wind driven convection performed best at reproducing
observed plasmapause encounters to within |[AL,y,| = 0.5+ 0.1 L.

To verify the selection of the best performing convection parameterization, Figure 16
presents the average extent of simulated density above 20 cm™ in the post-midnight

sector (22 through 6 hours MLT) under the eKp-index parameterized (red line) and solar

wind parameterized (blue line) trials during the 17 January 2013 geomagnetic storm. The
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eKp-index is characterized by two features: (1) a variable background level as activity
subsides and (2) broad peaks (smoothing over minutes long variations) during the build
up to activity. The consequence of these features is evident in the average extent produced
by the eKp-index where depressions caused by erosion are not as deep as those produced
by Ery and the process of recovery occurs over a longer time span, peaking at least 6
hours later than the solar wind trial. The local maxima from the eKp-index trial (at 0600
UT on 16 January, 1400 on 16 January, 2000 on 18 January, and 2100 on 19 January), due
to the abating of activity, also fall by as much as 1 L further inwards than those present
in the solar wind trial. At the start of the event both parameterizations of convection
disagree in the location of the average plasmasphere extent by 0.25 L, with both over-
and underestimating the observed plasmapause over the first 3 days of January. After the
onset of moderate activity on 18 January it was demonstrated in §5.2 that the solar wind
trial captures the extent of recovery during the following 2 days and underestimates the

depth of erosion at both increases in activity on 19 & 20 January.

6.4. 15 - 20 January 2013: Effect of Viscous Solar Wind Interaction
Goldstein et al. (2014) conducted E x B plasmapause test particle simulations of the
17 January 2013 geomagnetic storm and demonstrated the formation of three plasmas-
pheric plumes, with one persisting for 30 hours, corresponding to consistent features in
RBSP-A & -B density measurements (at a 20 cm™ threshold plasmapause). The authors
reported a mean model versus observations difference in radial location of the plasmapause
at 0.40 £ 0.05Rg under Volland-Stern convection parameterized by the solar wind Ejys
and SAPS parameterized by the 3-hour Kp-index. Though a long-lived plasmaspheric

plume developing after the onset of activity was not reproduced by CPL under the same

DRAFT September 26, 2018, 10:17am DRAFT



648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

X-34 DE PASCUALE ET AL.: SIMULATING PLASMASPHERIC DENSITY OBSERVATIONS

model drivers at the resolution of the simulation (0.25 L by 0.5 MLT), we investigate
the impact of the assumed quiet time background level in Ejj; on the evolution of the
plasmasphere.

Figure 16 also shows the result of increasing the viscous solar wind interaction included
in Erpr on the morphology of the simulated plasmasphere. The default background value
during northward IMF indicative of quiet times chosen for E;; was established previ-
ously at a threshold of E7p; > 0.05 mVm™!. Superimposed on Figure 16 is a dotted blue
line produced by driving CPL under solar wind parameterized convection, but with the
threshold in Ejy; doubled to Ery > 0.1 mVm~!. When the background level of activity
is increased the overall average extent of the plasmasphere is reduced during recovery,
bringing the solar wind trial closer to the eKp-index trial. This indicates that for the
17 January 2013 moderate geomagnetic event the largest discrepancies between the two
parameterizations of convection result from baseline forcing instead of the punctuated
periods increased erosion. There are two factors that must then be considered in ap-
propriately simulating the impact of activity on the plasmasphere under the influence of
convection: (1) the severity of erosion in terms of both location and time as well as (2)

the extent of recovery in terms of prevailing geomagnetic conditions.

7. Summary & Conclusions

We have reported a two event case study of the plasmasphere during the strong 31
May - 5 June and moderate 15 - 20 January 2013 geomagnetic storms. Van Allen Probes
in situ measurements of electron density (from EMFISIS) and electric field (from EFW)
validate the use of E x B-driven plasmaspheric density simulations under CPL, a module

of the ring current-atmosphere interactions suite (RAM-SCB) designed to determine the
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loss-rate of energetic particles from the ring current and radiation belts due to thermal
plasma collisions and plasma waves. The CPL equatorial plasmasphere can provide global
context useful in interpreting local observations of both density dynamics and plasmapause
evolution influenced by large-scale convection in the inner-magnetosphere.

During 31 May - 5 June 2013 RBSP-A & -B observed severe erosion of the plas-
masphere that produced an asymmetric plasmapause in the pre-midnight sector.
The MLT-dependent plasmapause location was best reproduced by CPL to within
|ALavg|= 0.4 £ 0.1 L under the Maynard and Chen (1975) eKp-index parameterization
of Volland-Stern convection. CPL tended to predict larger virtual plasmapause locations
for both RBSP-A & -B than actual observations and virtual density values deviated most
from actual measurements near steep density gradients characteristic of the plasmapause.
Inside the plasmasphere for L. < 4 CPL achieved less than an order of magnitude in dif-
ference between the density simulation and observations. The contribution of SAPS to
convection was considered as a possible source for large enhancements in the duskward
electric field reported by Thaller et al. (2015) to occur coincident with asymmetric ero-
sion of the plasmapause during this geomagnetic event. We found that the SAPS model
developed by Goldstein et al. (2005b) did not account for either of these features when
incorporated into the limited resolution of CPL at 0.25 L by 0.5 MLT for the elevated
geomagnetic conditions during the June 2013 event. These results suggest the investi-
gation of advanced inner-magnetospheric convection models (self-consistent or otherwise)
capable of capturing localized enhancements in the electric field during active times that

impact the evolution of the plasmapause.
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During 15 - 20 January 2013 RBSP-A & -B observed moderate erosion of the plasmas-
phere and a symmetric plasmapause in the post-midnight sector. CPL best reproduced the
plasmapause location to within |[AL,y|= 0.5+ 0.1 L under the Goldstein et al. (2003)
solar wind parameterization of Volland-Stern convection. The simulation achieved less
than an order of magnitude in difference from actual density measurements inside the
virtual plasmasphere, but in a few instances deviated significantly from observations at
the virtual plasmapause. Goldstein et al. (2014) utilized the properties of the incident
solar wind and the contribution of SAPS to drive test particle simulations that showed
the formation of a long-lived plasmaspheric density plume during this geomagnetic event.
We applied the same procedure in these simulations to drive activity at southward IMF
and also considered the importance of the background value defining quiet time periods
at northward IMF. Although a sustained wrapping plume was not created at the limited
resolution of CPL, the effect of doubling the strength of the viscous solar wind interac-
tion with the magnetosphere depressed the simulated average extent of the plasmasphere
during periods of recovery. CPL performed worse in this scenario, which produced plasma-
pause locations closer to the eKp-index trial than observations. These results highlight
the influence that background geomagnetic conditions during quiet times can have on the
extent of the plasmasphere.

The parameterizations of Volland-Stern convection driving the CPL plasmasphere in
this report are differentiated by two characteristics: (1) solar wind parameterized simu-
lations produce deeper erosion of the plasmapause at the onset of activity by at least 0.5
L when compared to eKp-index driven trials and (2) solar wind parameterized simula-

tions produce larger recovery of the plasmapause at quiet times by at least 0.5 L when
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compared to eKp-index parameterized trials. The first point is most evident under severe
geomagnetic activity while the second point is most evident under moderate geomagnetic
activity due to the relative persistence of either erosion or recovery. As many studies of
the plasmasphere still rely on empirical E x B simulations parameterized by variables of
geomagnetic activity to provide both contextual plasmapause locations and global plasma-
spheric density, this report demonstrates the need to characterize plasmasphere evolution
in both the disturbance and recovery periods of a geomagnetic storm over which the

inner-magnetospheric system has different responses.
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Table 1.

DE PASCUALE ET AL.: SIMULATING PLASMASPHERIC DENSITY OBSERVATIONS

Pre-midnight observed plasmapause encounters by EMFISIS from 31 May-5 June

2013. A crossing of a drop in density by a factor of 5 or more within AL = 0.5 was used as a

definition of the plasmapause in this study.

June 2013 RBSP-A RBSP-B
Date Actual Virtual-Kp Virtual-SW Actual Virtual-Kp Virtual-SW
Index  Year Month Day (hh mm) (hh mm) (hh mm)  (hh mm)  (hh mm) (hh mm)
P01 2013 5 31 19 10 19 05 18 07 18 53 - 18 25
P02 2013 5 31 22 04 21 22 21 30 21 45 20 42 21 08
P03 2013 6 1 02 11 02 13 01 54 01 36 01 51 01 42
P04 2013 6 1 08 12 07 48 08 07 —— 07 29 07 48
P05 2013 6 1 10 18 10 50 10 37 10 01 10 21 10 26
P06 2013 6 1 16 30 16 33 16 29 16 14 16 17 16 14
Po7 2013 6 1 21 08 20 08 21 34 19 47 19 51 21 27
P08 2013 6 2 01 43 01 21 00 33 01 30 01 07 00 10
P09 2013 6 2 04 31 05 11 03 45 04 20 04 57 03 30
P10 2013 6 2 10 45 10 15 11 05 10 36 10 05 09 46
P11 2013 6 2 13 57 14 32 15 05 13 48 14 22 15 03
P12 2013 6 2 19 23 18 52 18 08 19 09 18 44 18 01
P13 2013 6 2 23 00 2309 - 22 54 23 03 -
P14 2013 6 3 04 32 04 11 03 02 04 31 04 07 02 59
P15 2013 6 3 10 36 09 07 - 10 38 09 02 - -
P16 2013 6 3 11 59 12 06 - 11 59 12 07 -
P17 2013 6 3 19 18 18 32 19 40 19 19 18 35 19 35
P18 2013 6 3 21 43 21 11 21 39 21 43 2113 2141
P19 2013 6 4 01 38 02 01 01 59 01 40 02 05 02 02
P20 2013 6 4 07 26 07 13 06 53 07 30 07 17 06 58
P21 2013 6 4 12 11 12 23 - — 12 45 12 25 - -
P22 2013 6 4 14 53 14 52 - 15 03 15 03 -
P23 2013 6 4 22 15 2119 - 22 26 21 26 22 12
P24 2013 6 5 00 52 00 15 00 22 01 02 00 27 00 35
P25 2013 6 5 06 23 05 45 06 22 06 34 05 58 06 41
P26 2013 6 5 09 37 09 24 08 30 09 39 09 35 -
P27 2013 6 5 - — 15 29 - - - 15 43 -
P28 2013 6 5 - 17 26 - - 17 43 -
P29 2013 6 5) 23 06 23 24 23 22 23 29 23 41 23 43
Rev, 179, 1, 183-220.
DRAFT September 26, 2018, 10:17am DRAFT



DE PASCUALE ET AL.: SIMULATING PLASMASPHERIC DENSITY OBSERVATIONS

Table 2.

X - 47

Post-midnight observed plasmapause encounters by EMFISIS from 15-20 January

2013. A crossing of a drop in density by a factor of 5 or more within AL = 0.5 was used as a

definition of the plasmapause in this study.

January 2013

RBSP-A

RBSP-B

Date Actual Virtual-Kp Virtual-SW Actual Virtual-Kp Virtual-SW
Index Year Month Day (hh mm) (hh mm) (hh mm)  (hh mm) (hh mm) (hh mm)
P01 2013 1 15 00 33 - - 00 15 - -
P02 2013 1 15 03 54 - - 03 42 - -
P03 2013 1 15 08 32 08 25 07 55 08 11 08 14 07 44
P04 2013 1 15 12 36 12 46 13 00 12 26 12 35 12 48
P05 2013 1 15 17 42 17 34 1721 17 31 17 25 17 12
P06 2013 1 15 22 03 21 48 2210 21 32 21 38 21 59
P07 2013 1 16 01 27 02 22 01 50 01 26 02 25 01 45
P08 2013 1 16 06 22 07 54 08 37 06 20 07 46 08 30
P09 2013 1 16 09 44 10 52 10 13 09 35 10 48 10 01
P10 2013 1 16 16 06 15 46 16 04 16 04 15 42 16 00
P11 2013 1 16 20 13 20 17 20 05 20 13 20 17 20 05
P12 2013 1 17 0104 00 38 01 28 01 02 00 37 01 28
P13 2013 1 17 0429 05 33 04 25 04 30 05 36 04 30
P14 2013 1 17 - — 10 01 - — —— 10 02 ——
P15 2013 1 17 - — 14 18 - — —— 14 25 ——
P16 2013 1 17 17 49 18 06 17 44 17 54 18 11 17 49
P17 2013 1 18 00 09 00 10 00 26 00 20 00 19 00 35
P18 2013 1 18 03 25 03 08 03 11 03 30 03 16 03 23
P19 2013 1 18 07 41 09 05 08 49 08 05 09 17 09 00
P20 2013 1 18 12 42 12 15 14 17 12 46 12 25 14 16
P21 2013 1 18 16 36 17 44 15 30 15 33 18 00 15 58
P22 2013 1 18 20 51 21 42 20 30 21 35 21 57 20 45
P23 2013 1 19 02 43 02 23 03 25 03 04 02 49 03 42
P24 2013 1 19 07 25 06 38 08 04 07 24 06 56 08 21
P25 2013 1 19 10 30 11 30 10 07 10 29 11 49 10 30
P26 2013 1 19 16 31 15 21 16 24 16 36 15 42 16 49
P27 2013 1 19 18 45 20 16 19 15 18 31 20 40 19 43
P28 2013 1 20 00 07 00 40 00 15 00 32 01 03 00 38
P29 2013 1 20 06 06 05 49 06 00 06 28 06 14 06 25
P30 2013 1 20 09 15 09 12 08 40 09 36 09 42 09 06
P31 2013 1 20 14 43 14 57 15 06 15 22 15 23 15 35
P32 2013 1 20 18 35 18 02 18 10 18 56 18 32 18 44
P33 2013 1 20 22 55 23 33 23 10 23 10 - 23 36
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Source and loss models governing the evolution of plasmaspheric densities by CPL.

(a) Calculated (static) timescale of ionospheric refilling into the plasmasphere based on empirical

atmospheric models. (b) Map of the (instantaneous) convection electric potential driving erosion

based on the empirical measurements and parameterized by indices of geomagnetic activity. Sun

to the right, circles at 4, 6, 6.6, and 10 Rg for equatorial projection of GSM coordinate system.
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Figure 2. Geomagnetic conditions on 31 May - 5 June 2013 used to parameterize the convection
model driving erosion of the simulated plasmasphere. (a) DMSP effective Kp-index (eKp) derived
from observations of the equatorward auroral boundary. (b) Contribution of the solar wind to

inner-magnetospheric electric field.
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Figure 3. Selection of CPL density simulation output during 31 May-5 June 2013 showing
the narrowing of a plasmaspheric plume at the onset of geomagnetic activity. Plasmasphere
densities bounded by magenta 20 cm =3 contour. Sun to the right, circles at 4, 6, 6.6, and 10 Rp

for equatorial projection of GSM coordinate system.
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Figure 4. Highlight of virtual and actual density measurements obtained through the simulated
CPL plasmasphere and by the EMFISIS instrument. (a) Density measurements obtained along
RBSP-A orbital trajectories with simulations in red (Kp parameterized convection) & blue (solar
wind parameterized convection) and observations in black to within a 10% relative error. Light
gray vertical bars indicate the EMFISIS measurement near the change in density chosen to define
the plasmapause for outbound and inbound passes. (b) & (c) Contextualization of example
EMFISIS plasmapause crossing on the outbound and inbound orbital pass respectively against

CPL predicted plasmapause locations at the time of observation.
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Figure 5. Comparison of extracted plasmapause locations from the CPL simulation under
the eKp-index parameterization of convection and EMFISIS observations. (a) Virtual (red)
and actual (black) plasmapause crossings (in L-value) for both RBSP-A (solid) and RBSP-B
(dashed). (b) Difference (in L-value) between model and observations with RBSP-A (solid) and
RBSP-B dot indicating a mean absolute difference of |AL,,|= 0.4 L with dashed lines. The

standard deviation of differences from |AL,y,| is £0.1 L.
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Figure 6. Simulated versus observed plasmapause locations during 31 May-5 June 2013. (a)

Model versus RBSP-A (solid) and RBSP-B (dot) plasmapause locations where the dashed lines

show the mean absolute difference from agreement of | AL, |= 0.4 L. (b) Plasmapause difference

versus the effective Kp-index (eKp).
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Figure 7. Geomagnetic conditions on 15 - 20 January 2013 used to parameterize the convection
model driving erosion of the simulated plasmasphere. (a) DMSP effective Kp-index (eKp) derived
from observations of the equatorward auroral boundary. (b) Contribution of the solar wind to

inner-magnetospheric electric field.
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Figure 8. Selection of CPL simulation output showing the rotation of a plasmaspheric
plume after geomagnetic activity subsides. Plasmasphere densities bounded by magenta 20
cm ™3 contour. Sun to the right, circles at 4, 6, 6.6, and 10 R for equatorial projection of GSM

coordinate system.
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Figure 9. Highlight of virtual and actual density measurements obtained through the simulated
CPL plasmasphere and by the EMFISIS instrument. (a) Density measurements obtained along
RBSP-A orbital trajectories with the simulation in red (Kp parameterized convection) & blue
(solar wind parameterized convection) and observations in black to within a 10% relative error.
Light gray vertical bars indicate the EMFISIS measurement near the change in density chosen
to define the plasmapause for outbound and inbound passes. (b) & (c) Contextualization of
example EMFISIS plasmapause crossing on the outbound and inbound orbital pass respectively

against CPL predicted plasmapause locations at the time of observation.
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Figure 10. Comparison of extracted plasmapause locations from the CPL simulation under
the solar wind parameterization of convection and EMFISIS observations. (a) Virtual (red)
and actual (black) plasmapause crossings (in L-value) for both RBSP-A (solid) and RBSP-B
(dashed). (b) Difference (in L-value) between model and observations with RBSP-A (solid) and
RBSP-B dot indicating a mean absolute disagreement of |AL,,|= 0.5 L with dashed lines. The

standard deviation of differences from |AL,y,| is £0.1 L.
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Figure 11. Simulated versus observed plasmapause locations during 15 - 20 January 2013.
(a) Model versus RBSP-A (solid) and RBSP-B (dot) plasmapause locations where the dashed
lines show the mean absolute difference from agreement of |AL,y,|= 0.5 L. (b) Plasmapause

difference versus the solar wind contribution to the inner-magnetospheric electric field.
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Figure 12. Comparison of virtual and actual density measurements plotted as the absolute
logarithmic difference, |log1o(CPL/EMFISIS)|, per outbound (a) & (b) and inbound (c) &
(d) orbital passes of the eKp-index and solar wind parameterized simulations. Magenta line
traces the virtual spacecraft encounters with the 20 cm™2 contour for reference of the extent of

plasmaspheric density.
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Figure 13.  Comparison of average plasmasphere extent defined by a 20 cm™ contour for

multiple trials of CPL. Average extent during 31 May-5 June 2013 between 18 and 2 hours MLT

for eKp-index parameterized (red) and solar wind parameterized (blue) plasmasphere simulations.
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Figure 14. Contribution of SAPS model to overall convective erosion of the plasmasphere. (a)
Multi-day comparison of the calculated simulation driver and EFW electric field. (b) Highlight
window of the calculated electric field model driving convection with (red) and without (dashed
red) contribution of SAPS against the duskward electric field measured by the RBSP-A EFW

instrument (black). EFW measurements are spin-fit in the corotating frame and displayed for L

> 2.
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Figure 15.
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Comparison of virtual and actual density measurements plotted as the absolute

logarithmic difference, |logio(CPL/EMFISIS)|, per outbound (a) & (b) and inbound (c) &

(d) orbital passes of the eKp-index and solar wind parameterized simulations. Magenta line

traces the virtual spacecraft encounters with the 20 cm=2 contour for reference of the extent of

plasmaspheric density.
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Figure 16.  Comparison of average plasmasphere extent defined by a 20 cm
multiple trials of CPL. Average extent during 15-20 January between 22 and 6 hours MLT for

eKp-index parameterized (red) and solar wind driven (blue, blue dashed) plasmasphere simula-

tions.
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