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Abstract In this study we investigate the link between precipitating electrons from the Van Allen
radiation belts and the dynamical plasmapause. We consider electron precipitation observations from the
Polar Orbiting Environmental Satellite (POES) constellation during geomagnetic storms. Superposed epoch
analysis is performed on precipitating electron observations for the 13 year period of 1999 to 2012 in two
magnetic local time (MLT) sectors, morning and afternoon. We assume that the precipitation is due to
wave-particle interactions and our two MLT sectors focus on chorus (outside the plasmapause) and
plasmaspheric hiss (inside the plasmapause) waves. We generate simple expressions based on the
geomagnetic index, Dst, which reproduce the chorus-driven observations for the >30 keV precipitating
electron flux magnitudes. Additionally, we find expressions for the fitted spectral index to describe the flux
variation with energy, allowing a full energy reproduction as a function of distance from the plasmapause.
The hiss-driven precipitating flux occurs inside the plasmapause but is independent of distance from the
plasmapause. In the POES observations the hiss-induced electron precipitation is only detectable above the
instrument noise in the >300 keV and P6 (>800 keV) channels of the flux detection instrument. We have
derived expressions for the storm time variation in flux inside the plasmapause using Dst as a proxy. The
observations show that there is little evidence for >800 keV electron precipitation occurring outside of the
plasmapause, in the MLT sectors studied.

1. Introduction

Energetic electron precipitation (EEP), which is strongest during geomagnetic storms, is of great interest to
radiation belt and atmospheric scientists. The particle energy determines the altitude in the atmosphere
at which the majority of its energy is deposited [e.g., Turunen et al., 2009, Figure 3]. Electrons with ener-
gies ~100 keV cause peak ionization changes at ~80 km altitude while ~1 MeV electron energy peaks at
~62 km altitude. This has major implications for atmospheric chemistry as precipitating charged particles
produce odd nitrogen (NO,) [Newnham et al., 2011] and odd hydrogen (HO,) [Verronen et al., 2011] in the
Earth’s atmosphere. These odd particles can then catalytically destroy ozone due to their longer lifetime at
these altitudes [Thorne, 1977, 1980; Solomon et al., 1982; Brasseur and Solomon, 2005; Verronen et al., 2013]
and have been linked to variability in surface climate [Seppdld et al., 2013]. In particular, Andersson et al.
[2012] reported experimental evidence of electron precipitation producing odd hydrogen changes, during
geomagnetic storms, stretching over the altitude range of ~52 to 82 km, corresponding to electrons from
~100 keV to ~3 MeV. These authors recently showed that atmospheric HO, increases during geomagnetic
storms at atmospheric locations under the radiation belts [Andersson et al., 2014].

In the radiation belts wave-particle interactions can cause pitch angle [Lakhina et al., 2010] and energy
[Meredith et al., 2002] diffusion. For a recent review on wave-particle interaction, see Thorne [2010]. In the
VLF range one important type of wave is whistler mode chorus, while in the ULF range attention tends to
focus on EMIC (electromagnetic ion cyclotron) waves [Horne and Thorne, 1998]. Chorus is observed in the
frequency range of a few hundred Hertz to several kilohertz [Helliwell, 1969] and occurs in the morning mag-
netic local time (MLT) region outside the plasmapause [Summers et al., 1998]. There have been many studies
which have linked chorus waves to intense energetic electron precipitation [e.g., Hikishima et al., 2010; Lam
et al., 2010; Meredith et al., 2011], as expected from the strong wave amplitudes. Plasmaspheric hiss occurs in
the inner magnetosphere over a band between 100 Hz and 2 kHz [Summers et al., 2008]. Hiss-induced elec-
tron precipitation has been shown to be responsible for the formation of the slot region between the inner
and outer radiation belts [Lyons and Thorne, 1973]. Long-lasting plasmaspheric hiss-driven precipitation has

WHITTAKER ET AL.

©2014. American Geophysical Union. All Rights Reserved. 8784


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402
http://dx.doi.org/10.1002/2014JA020446

@AG U Journal of Geophysical Research: Space Physics 10.1002/2014JA020446

been monitored from the ground [Rodger et al., 2007] and shown to be able to produce significant ozone
depletions [Rodger et al., 2010a].

It has long been recognized that there is a link between the dynamical plasmapause location and the
trapped fluxes in the outer radiation belt. Observations of relativistic electrons from SAMPEX showed that
over time periods of weeks to months the plasmapause location was a good indication of the inner edge
of the outer radiation belt [Li et al., 2006]. This correlation demonstrates how differing wave activity inside
and outside the plasmapause strongly determines the long-term variation in the trapped flux magnitudes
and location. The same study, however, demonstrated that this relationship breaks down on shorter time
periods. This is clearest for events where the plasmapause moves inward, allowing chorus to accelerate
electrons to higher energies at comparatively low L shells, and then outward, “stranding” this high-energy
population inside the plasmapause. A particularly dramatic example of this is the recent reports of the “third
radiation belt” observed by the Van Allen Probes [Baker et al., 2013] and subsequently successfully modeled
[e.g., Thorne et al., 2013a]. One should note that this sort of dynamical behavior is not uncommon and can
also lead to electron flux enhancements inside the plasmapause at nonrelativistic energies [Lichtenberger
et al., 2013]. There have also been previous studies reporting links between the plasmapause location and
relativistic electron precipitation caused by chorus [e.g., Johnston and Anderson, 2010] and EMIC waves
[Carson et al., 2013].

Lam et al. [2010] observed using the POES (Polar Orbiting Environmental Satellite) >30 keV electron flux that
the distribution of precipitating flux in this energy range was well correlated with the global distribution

of lower band chorus observed by Combined Release and Radiation Effects Satellite. More recent model-
ing showing the high efficiency of chorus wave-particle acceleration, Li et al. [2013] agree with this result
and was further confirmed with high-resolution electron flux measurements from NASA's Van Allen Probes
[Thorne et al., 2013b]. These observations showed that chorus waves could explain all the observed energy
and angular distribution of relativistic electron fluxes in a particular case study.

The POES (Polar Orbiting Environmental Satellite) network of polar orbiting satellites (formerly known

as Television and Infrared Observation Satellite) are operated by NOAA (National Oceanic and Atmo-
spheric Administration). These satellites have been running from NOAA 05 in 1978 up to the present in
Sun-synchronous orbits at varying equatorial crossing times. European Organisation for the Exploitation of
Meteorological Satellites added the MetOp-02 satellite to the POES network with the same particle instru-
mentation in May 2007. The MEPED (Medium Energy Proton and Electron Detector) instrument is the focus
of our study, and the data have been widely used in previous research on electron precipitation [e.g.,
Callis, 1997; Millan et al., 2010; Carson et al., 2013]. The MEPED instrument is an electron flux detector, which
takes measurements at both 0° and 90° pitch angles for three integral energy ranges. A full description of
the instrument is included in section 2.1. The main advantage of using this instrument for magnetospheric
research comes from the large data sets, which span more than two solar cycles with almost continuous
data coverage.

The goal of our study is to undertake a superposed epoch analysis of precipitating electron flux so that we
can perform fitting techniques to provide an accurate empirical EEP model during geomagnetic storm time.
This model can then be used to give an approximate precipitating electron flux inside and outside of the
plasmapause due to chorus and plasmaspheric hiss.

2. Data Acquisition

To get an average of the electron fluxes around the plasmapause at different geomagnetic conditions, we
use data collected from the long-running POES satellite constellation.

2.1. POES Electron Flux Instrument

The NOAA/POES MEPED sensor provides two kinds of particle count rate measurements including two
directional measurements of protons (0.03 to >6.9 MeV, with six energy steps labeled P1 to P6) and elec-
trons (0.03-2.5 MeV, in three energy ranges, labeled E1 (>30 keV), E2 (>100 keV), and E3 (>300 keV)). There
are two telescopes sampling both protons and electrons pointing in different directions, each with a view-
ing width of +15°. The 0° detector is directed along the Earth-spacecraft radial direction, and the axis of
the 90° detector is perpendicular to this (antiparallel to the spacecraft velocity vector). Modeling work has
established that the 0° telescope monitors particles in the atmospheric bounce loss cone that will enter the
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Earth’s atmosphere below the satel-
lite when the spacecraft is poleward of
L =~ 1.5-1.6, while the 90° telescope
monitors trapped fluxes or those in the
drift loss cone, depending primarily
upon the L shell [Rodger et al., 2010b,
Appendix Al.

The MEPED instrument has been
updated as part of the SEM-2 subsys-
tem, and these changes have been
implemented from NOAA 15 to NOAA
19 and the MetOp-2 satellite. For our
study we consider only observations
made using SEM-2, and hence, only the
satellites listed above are considered.
We use the equations given in Lam

et al. [2010] to convert from instrument
counts to integral electron flux values
Figure 1. A schematic of the wave activity in the radiation belts and plas- ~ With units of cm™2 sr7' s71. The Lam
masphere adapted from Summers et al. [2007, Figure 21]. The angle from et al. [2010] equations also remove

the vertical shows the magnetic local time while the radial distance gives proton contamination for periods

the L shell ve.llue.‘The grey shaded a.rea shows the morning MLT sectc.>r observed outside of the South Atlantic
that we use in this study to determine the chorus-affected zone outside R

the plasmapause, ranging from 01:00 to 08:00. The purple shaded area Magnetic Anomaly (SAMA) and solar
shows the afternoon MLT sector which we investigate to determine the proton events. A full description of
plasmaspheric hiss-induced fluxes inside the plasmapause, with an MLT the SEM-2 system which includes the

range of 11:00 to 16:00. MEPED instrument can be found in
Evans and Greer [2004].

2.2, MLT and L Shell Data Binning

The aim of this paper is to characterize energetic electron fluxes both inside and outside of the plasma-
pause and to do this we sort our data by Magnetic Local Time (MLT). Figure 1 is taken from Summers et al.
[2007, Figure 21], showing a schematic of the plasmapause location including a drainage plume. The main
areas of chorus wave and plasmaspheric hiss activity are also shown, separated by the plasmapause. In this
study we have selected two MLT sectors to determine the effects of each wave type, and to characterize the
resultant electron precipitation occurring inside and outside of the plasmapause. We identify the regions
which are chorus-dominated as spanning 01:00-08:00 MLT (morning) and hiss-dominated as spanning
11:00-16:00 MLT (afternoon). These two regions are shaded in Figure 1 with the grey region showing the
morning sector (chorus wave dominated) and the purple region shows the afternoon sector (plasmaspheric
hiss dominated). We note that both chorus and hiss regions are more extensive than investigated here, but
we use focused regions to identify the main characteristics of the whole region driven by each wave type.

The precipitating electron fluxes measured by the POES 0° pointing telescope between 1999 and 2012 are
binned by both International Geomagnetic Reference Field L shell and time with respective resolutions of
0.2 L and 20 min for each MLT sector and integral energy range. Observations from inside and around the
SAMA are excluded before the measurements are combined. There are 42 bins in L shell ranging from L = 1.8
to L = 10.2; when discussed in this study, each bin will be referred to by its central L shell value (e.g., the first
bin is at L = 1.9). It should be noted that the lowest L shell considered, L = 1.8, is larger than the minimum L
shell required to ensure that the 0° MEPED instrument is observing precipitating electrons (section 2.1). To
maximize the quality and MLT range of the electron flux data, results from all available POES satellites are
combined and the median taken from the available fluxes in each bin.

3. Determination of Storm Epochs

To create an average data set of how electron precipitation varies during geomagnetic storms and the grad-
ual recovery to quiescent conditions, we undertake a superposed epoch analysis for each MEPED energy
channel and MLT sector around an identified geomagnetic storm. To begin our investigation, we create a
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superposed epoch data set ranging from 5 days before to 15 days after a geomagnetic storm allowing both
quiet (prestorm and poststorm) and active (storm time) geomagnetic activity to be compared.

While Kp is commonly used in energetic electron studies [e.g., Meredith et al., 2006; Whittaker et al., 2013],
Dst is chosen as the geomagnetic index for this study as it is continuous, rather than Kp which has specific
discrete values (e.g., 0, 0.3, and 0.7); Simon Wedlund et al. [2014] also showed that Dst was a good proxy for
EEP flux. Dst is a measure of the energy density of the ring current measured at several equatorial stations
around the globe by determining differences in the horizontal component of the Earth’s magnetic field
[Sugiura, 1964] and describes the magnetospheric response to the solar wind [Gonzalez et al., 1994]. These
values are generally negative, and we take a value of Dst < —50 nT as describing geomagnetic storm time
[Borovsky and Denton, 2006] with the local minimum used as the epoch point [Loewe and Prélss, 1997]. To
ensure that a storm only counts once, an extra condition is applied to the Dst detection algorithm. We make
sure that each geomagnetic storm begins in a quiet magnetosphere by producing a “clean” list of storms
as described by Katus et al. [2013]. These authors require a 48 h period with Dst > —50 nT before any Dst
minimum to ensure a list of well-defined, isolated geomagnetic storms. Previous work using Detection of
Electromagnetic Emissions Transmitted from Earthquake Regions (DEMETER) has shown that geomagnetic
storms can affect electron fluxes for longer time periods than this [Whittaker et al., 2013], and so we extend
this prestorm quiet period to 5 days. The total number of acceptable Dst storm epochs identified during the
13 year time period was 164. The POES/MEPED proton data were then checked during each storm event

in order to remove any which include solar proton events (SPEs). The POES/MEPED electron telescopes are
sensitive to proton contamination [Yando et al., 2011], and while a previous study [Whittaker et al., 2014] has
shown that the Lam et al. [2010] proton removal equations give a good approximation of the true electron
flux, the approach fails during solar proton events and inside the SAMA. Hence, we remove any events which
MEPED reports as having a differential proton flux >10 cm=2 sr=! s=1 keV~" in the P5 channel (at an energy
of 2.63 MeV) during any time in the epoch. This SPE detection process removed 61 storms. The remaining
103 events were then combined by taking the median flux within each 12 h time bin and 0.2 L shell bin. The
superposed epoch analysis covers 20 days, beginning 5 days before Dst minimum and giving 41 time bins,
and is performed for 42 L bins, ranging from L =1.8to L = 10.2.

Figure 2a shows the median Dst value taken from these 103 epochs at 12 h intervals. There is a smooth vari-
ation in the Dst values which take approximately 7 days to return to quiet levels (—11 nT) after the storm
peaks at zero epoch (median of —61 nT). We use the model Dst equation for the plasmapause location (L)
given in O’Brien and Moldwin [2003]. We note from Table 1 of the O’Brien and Moldwin paper that using the
minimum of the 12 or 24 h, Dst value works equally well for the models, so we take the minimum of the
Dst in 12 h resolution. The MLT-dependent equation was initially trialed with our data set, producing L,
values which were higher in L during the morning MLT than during the afternoon MLT sector (consistent
with moderate disturbance in O’Brien and Moldwin [2003, Figure 2]). This difference in L is opposite to what
would be expected as the model is unable to reproduce either plume structure or the duskside bulge that
would be expected from such a plume. To recreate the disturbed Dst L,,, O’Brien and Moldwin use a Dst of
~=300 nT, which is an unrealistic index for averaged Dst values to reach. We therefore use the non-MLT
plasmapause location equation for this study. Figures 2b and 2c show the E3 response for the morning and
afternoon MLT sectors. The main features of these panels are the precipitation due to chorus (outside the
plasmapause from Figure 1) at the epoch time (t = 0) and also the precipitation due to plasmaspheric hiss
(inside the plasmapause from Figure 1, t = 2 to 7 days). The solid line in Figures 2b and 2c is the O’Brien and
Moldwin model plasmapause for the Dst shown in Figure 2a. This model plasmapause appears to bisect the
hiss precipitation leaving a significant amount outside the plasmapause. To compensate for this, we pro-
vide a constant addition to the model plasmapause within the error limits defined by O’Brien and Moldwin
(+ 1L). In Figures2b we find that an addition of 0.5 L (dashed line) to the O’Brien and Moldwin Lop values
better enclose the hiss precipitation and still leaves the chorus-induced precipitation outside of the plasma-
pause. When we perform the same shift for the afternoon MLT in Figure 2¢, we find that a constant addition
of 0.75 L performs better at separating the chorus- and hiss-induced precipitation. This difference is consis-
tent with the schematic shown in Figure 1 and illustrates the problem with the MLT-dependent plasmapause
equations. We use the +0.5 L addition to the O’Brien and Moldwin L, plasmapause model for our
morning MLT analysis. As we find no plasmapause relation for the hiss precipitation (only averaged Dst),
the afternoon plasmapause shift of +0.75 L is only shown for completeness.
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Figure 2. (a) The median Dst values associated with the 103 geomagnetic storms identified for our superposed epoch
analysis, after SPE removal. (b) The >300 keV morning MLT epoch plot using a log;, color scale, showing peak precipita-
tion from chorus (t = 0) and hiss (t = 3 to 7 days). The solid line represents the non-MLT-dependent plasmapause location,
and the dashed line shows a +0.5 L offset which separates the chorus- and hiss-induced precipitating flux. (c) The >300
keV afternoon MLT epoch on the same scale and format as Figure 2b. The dashed line represents a +0.75 L offset from
the O’Brien and Moldwin model.

4. EEP Characteristics Outside of the Plasmapause

To determine electron precipitation occurring outside the plasmapause, we investigate the chorus-
dominated morning MLT sector of Figure 1 (01:00-08:00). Figure 3 shows the variation in EEP fluxes around
the storm epoch for all three channels of the MEPED instrument in the morning MLT sector, >30 keV (top
left), >100 keV (top right), and >300 keV (bottom left). A power law fit, previously shown to be the best
type of electron spectral fit to apply [Whittaker et al., 2013], is applied to each L shell and time bin across the
three energies. The spectral index of this fit is shown in Figure 3 (bottom right). The chorus-induced electron
flux is observed outside the plasmapause with the enhancement in flux lasting approximately 7 days. The
hiss-induced precipitation can be seen clearly in the >300 keV channel inside the plasmapause.

The fitting of the flux in the three integral electron channels is performed by applying a linear fit to the
log,, of the energy and flux values (equation (1)), giving a power law fit on linear axes (equation (2)) as
shown below. The fit spectral index is always negative as we are fitting integral energy ranges (i.e., >100 keV
channel has to have lower fluxes than the >30 keV channel).

log,oj = rlog,oE + log;,a (1)
j=aFE’ v

where

j = integral flux at energy E (cm™2sr™' s7")

The previously described plasmapause location fits extremely well to the fluxes of all three energies, describ-
ing the boundary between high- and low-precipitating fluxes. To provide information on precipitating fluxes
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Figure 3. The electron flux variation shown during our superposed epoch analysis for the morning MLT sector 01:00 to
08:00. All precipitating flux panels are shown with units of cm=2 sr=" s~ (top left) The median >30 keV electron flux,
(top right) the >100 keV electron flux, and (bottom left) the >300 keV electron flux; all are shown on a log; color scale.
(bottom right) The spectral index from a power law fitting of the three energy ranges. The modeled plasmapause loca-
tion from Figure 2 has been included on all panels as the dashed black line (O'Brien and Moldwin non-MLT-dependent

Dst model + 0.5 L).

outside the plasmapause, we provide two simulations: > 30 keV and the power law fit spectral index. The
ability to reproduce both of these parameters will allow precipitating electron fluxes of any energy to be
calculated relative to the plasmapause location as a geomagnetic storm progresses.

4.1. The >30 keV Simulation Process

We begin by investigating the >30 keV superposed epoch (Figure 3, top left). The data show that the
highest-precipitating fluxes are in the 12 h bin around storm time, meaning that no delay between Dst and
flux needs to be incorporated. This matching of peak electron flux to the Dst minimum indicates that the
precipitation due to chorus wave interaction occurs within 6 h of the main phase of the storm.

At each 12 h time frame of the >30 keV data, we plot the precipitating electron flux as asfuncztion of the
distance from the plasmapause (S;,) and apply a Gaussian fit in the form of Flux = a.e_(T) . These fits
produced an average adjusted r? (rgd.) value of 0.87 with the lowest correlations (~0.81) occurring at the
maximum Dst plateau before the storm. The variables (a, c and w), which were different at each time frame,
were then compared to the corresponding absolute Dst value and fitted with simple functions. The final
equation for simulating the >30 keV is shown in equation 3 providing flux with units of e-cm=2sr~'s~".
_ ( Spp—c(IDstl) >2
Fluxors = a(|Dst|).e \ waosth

where
a(|Dst|) = 4.53|Dst|>47°
c(|Dst|) = 3.11|Dst| %™
w(|Dst|) = 1.59.e70.0611Pstl 4 .95

Sop = distance from the plasmapause (in L)
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Figure 4. (left column) The >30 keV precipitating electron flux at different distances from the plasmapause (Lpp) are plot-
ted, ranging from the plasmapause (top left) to 3 L outside the plasmapause (bottom left). The dark blue solid line shows
the observed flux after superposed epoch analysis, and the red dashed line shows the model flux from equation (3).
(right column) The spectral index from the power law fit of the three MEPED electron energy channels at the same dis-
tances from the plasmapause as the left column. The blue solid line shows the spectral index observed, and the red
dashed line shows the simulation from equation (4).

The blue solid lines in Figure 4 (left column) show time varying plots of the superposed epoch analyzed pre-
cipitating flux at four different distances from the plasmapause. These distances start at the plasmapause
location and increase to 3 L outside the plasmapause. The black dashed lines in this figure show the aver-
age precipitating flux before the storm at each distance from the plasmapause, and it can be seen that the
fluxes take approximately 7 days to recover, on a similar timescale to Dst. Equation (3) was then tested by
simulating the flux seen at each distance from the plasmapause and has been included as the red dashed
line in Figure 4 (left column); the simulation also has a minimum flux condition applied (to match the instru-
ment noise) which is described in section 4.3 and only affects the value at 12 h before the storm. These
model fluxes match very well to the lines representing observed flux outside the plasmapause (linear cor-
relation coefficient > 0.95) but less well at the plasmapause (linear correlation coefficient of 0.87), with
root-mean-square error (RMSE) values of 391 (L), 2600 (L, + 1), 2589 (L, + 2), and 1180 cm=2sr! 57!
(Lyp + 3). A full simulation of equation (4) is discussed in section 4.3. We conclude that this equation
performs adequately in modeling the >30 keV precipitating electron fluxes outside the plasmapause.

4.2. Flux Spectral Index Simulation
We now investigate the electron flux spectral index (y) for the varying geomagnetic conditions shown in
Figure 3 (bottom right). This is performed in a similar way to the >30 keV flux simulation in section 4.1.
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The spectral index is compared to the distance from the plasmapause for each of the 12 h time bins. Unlike
the >30 keV fitting, a single Gaussian fits poorly. This poor fit arises from a sharp change in spectral index
at low L shells (e.g., L = 3.1 (—0.29) to L = 4.3 (—2.25)); at higher L the increase from minimum takes place
over a larger L space (e.g., L =5.5(—2.89) to L = 6.7 (—2.13) over the same distance in L). Hence, a double
Gaussian was required to accurately simulate the high L response. To be able to fit the coefficients of the
double Gaussian as a function of Dst, we had to include restrictions to the spectral index versus plasma-
pause distance fit. The first condition was to lock the center of the first Gaussian to the minimum index
value, and the second condition was to make sure that the center of the second Gaussian was at a higher
L value than the first center. These conditions ensured a smooth shape and the ability to sensibly fit the
coefficients to the absolute Dst value. The full equation is shown in equation (4).

_( Spp—c1(IDst]) )2 _( Spp—C2(IDst]) )2
Yehorus = a1 (|Dst|).e \ wi(isth + a,(|Dst|).e \ w20bsth (4)
where

a,(|Dst|) = —3.8 x 10*|Dst|?> — 0.0142|Dst| — 0.12 a,(|Dst|) = 1.14.e700920stl _ 1 4

w, (|Dst|) = 6.123|Dst| =03 w,(|Dst|) = 3.66

¢;(|Dst|) = —0.0126|Dst| + 2.074 ¢,(|Dst|) = 0.03|Dst| + 2.6

Spp = distance from the plasmapause (in L)

Figure 4 (right column) shows the observed (solid blue) and simulated (dashed red) spectral index for four
distances from the plasmapause in a similar style to the left column. The thin dashed black line indicates the
average spectral index before the storm. The minimum in spectral index again occurs in the 12 h around
the Dst minimum, with a similar 7 day recovery time. The spectral indices calculated from equation (4) again
show an excellent fit outside the plasmapause with +1 and +2 L from the plasmapause having linear cor-
relation coefficients > 0.9 (RMSE values are 0.231 and 0.129, respectively). The simulation of the spectral
index at +3 L slightly overestimates the data with a linear correlation coefficient of 0.87 (RMSE = 0.254). The
simulation at the plasmapause again overestimates the data with the day before the storm particularly dif-
ferent from the data. The linear correlation coefficient for this plot is 0.64 (RMSE = 0.346). A full simulation
of equation (4) is discussed in section 4.3. We conclude that this equation performs adequately in modeling
the spectral index of precipitating electron fluxes outside the plasmapause.

4.3. Model Confidence

Examination of Figure 4 shows very clearly that the equations do an excellent job of reproducing the fluxes
and spectral index outside the plasmapause. Taking 1 L outside the plasmapause as an example, the aver-
age >30 keV flux difference between the model and observations is 2600 cm=2 sr~' s~ with an interquartile
range of 691, giving a range of between 2 x 10% and 3 x 103 (this average value is 2.3% of the storm time
flux). This range is approximately equal to the average flux during quiet geomagnetic conditions (shown

by the dashed black line). Performing a similar analysis for the spectral index at 1 L outside the plasma-
pause gives a mean absolute difference of 0.23 with an interquartile range of 0.2, resulting in an error up to
a maximum of 0.43, which is small compared to the data values.

As a more complete test of these equations, the >30 keV and spectral index epoch panels from Figure 3 are
recreated using equations (3) and (4). These are shown in Figure 5 with the >30 keV flux variation shown in
the left column and the spectral index variation shown in the right column. When we consider the >30 keV
flux epoch, the simulation (middle left) looks very similar to the data (top left). The biggest source of differ-
ence exists in the quiet period before the storm, where the simulation reports fluxes close to zero and the
data give a maximum flux around 103 cm=2 sr=' s71. There is a background flux in the data which appears
to be L shell dependent, and we can replicate this by determining the minimum flux value at each L shell
and fitting a function to it (shown below in equation (5)). This extra background is unlikely to be represen-
tative of the true precipitating flux and is more likely to be the result of instrument noise and is only used
when comparing to the MEPED instrument fluxes. The simulation with this minimum flux condition applied
is shown in Figure 5 (bottom left) and looks extremely similar to the data in the top left. An analysis of the
difference in data points shows that on average the data are higher than the simulation by less than a factor
of 2 (1.73). It should be noted that the biggest errors are at the very high L shell values (L > 8).

L-7.7

2
Minimum Flux = 789.e_(T> + 100 (5)
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Figure 5. Simulations of the superposed epoch analysis using equations (3) and (4). (left column) The >30 keV flux and
(right column) the spectral index. (top row) The observed data, (middle row) the simulation from equations (3) and
(4), respectively, and (bottom row) the same simulation with a minimum flux (bottom left, equation (5)) and maximum
spectral index (bottom right) filter applied. The black dashed line shows the morning MLT plasmapause position.

When we apply the same analysis of Figure 5 to the spectral index simulation (middle right) and data (top
right), we again see strong similarities between the two. The largest difference between data and simula-
tion is again the day before the storm and at high L values (L > 9). A similar maximum spectral index as a
function of L shell is calculated and applied (shown in Figure 5 (bottom right)). The difference between the
plots is negligible, and the only effect is at the 24 h period before the storm. We therefore base our com-
parison between simulation and data using equation (4) only. The spectral index simulation overestimates
the data by a factor of 1.4 on average; this is mostly due to the high L values and the 24 h on the eve

of the storm.

The simulations in Figure 5 also show that at the highest L shells, the simulations do not seem to rep-
resent the epoch very well. We therefore advise that the model equations are not used beyond L = 8.5,
corresponding to approximately 3 L outside the geomagnetically quiet plasmapause.

5. EEP Characteristics Inside the Plasmapause

To determine electron precipitation occurring inside the plasmapause, we investigate the plasmas-
pheric hiss-dominated MLT sector (11:00-16:00). Figure 6 shows the electron precipitation variation
after a superposed epoch analysis for all three channels of the MEPED instrument, >30 keV (top left),
>100 keV (top right), and >300 keV (bottom left) in a similar manner to Figure 3 and using the same
color scales. In comparison to Figure 3 the fluxes outside the plasmapause in the afternoon MLT sec-
tor are lower in magnitude. This weaker chorus is a result of insufficient electron flux and anisotropy
to drive chorus generation past 15:00 MLT [Bortnik et al., 2007], with a significant weakening of the
chorus past noon as seen in Figure 1. The >300 keV electron fluxes inside the plasmapause are higher
than observed in the morning MLT sector; this indicates that our chosen MLT sectors are behaving

as expected.
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Figure 6. The electron flux epochs for the afternoon MLT sector (11:00 to 16:00). (top left) The median >30 keV elec-
tron flux, (top right) the >100 keV electron flux, and (bottom left) the >300 keV electron flux; all are shown on a log;
color scale. (bottom right) The P6 MEPED telescope superposed epoch analysis; this telescope includes relativistic elec-
trons with energies >800 keV. The modeled afternoon MLT plasmapause location from Figure 2 has been included on all
panels as the dashed black line (O'Brien and Moldwin non-MLT-dependent Dst model + 0.75 L).

5.1. Energetic Distribution of Hiss-Induced Precipitation

In Figure 3 the energy spectra of the chorus-induced electron precipitation are easily observed. However,
this is more difficult inside the plasmapause for the afternoon MLT sector. Examination of Figure 6 shows
that the center of the >300 keV channel flux distribution occurs in the bin 84 h (+ 6 h) after the main
phase of the storm at L = 4.1. This flux enhancement is very difficult to see in the other integral energy
channels even with a narrow color table range indicating there is a lack of any obvious flux enhance-
ment inside the plasmapause in the >30 keV and >100 keV energy channels at this specific time. The
>100 keV channel shows some small precipitation enhancement approximately 36 to 72 h from the main
phase of the storm peaking at an L shell of 4.5. There is no visible effect in the >30 keV channel. This is
consistent with the results from Summers et al. [2008] stating that electron loss due to pitch angle scatter-
ing from plasmaspheric hiss is energy dependent. The typical precipitation time given by these authors
states that 100 to 200 keV electrons are lost in approximately 1 day. For the >30 keV channel this sug-
gests that the losses happen much faster and are probably hidden in our observations by the 12 h time
resolution, with the main hiss-induced loss happening at the epoch time and visually lost among the
chorus-induced precipitation.

As a further test of these results we investigate the P6 proton channel on the MEPED instrument. The geo-
metric factor related to this high-energy proton telescope (>6.9 MeV protons) indicates that it functions
very well as a relativistic electron detector when such protons are not present [Yando et al., 2011]. It should
be noted that there are no high-energy protons present in our analysis as we have removed such epochs
as part of our SPE removal. The superposed epoch analysis of this telescope in the afternoon MLT sector is
shown in Figure 6 (bottom right) with the same log,, color scale as the >300 keV channel. The main pre-
cipitating flux can be seen at approximately 120 h from the main phase of the storm with a narrower L
shell profile and centered at a lower L shell (L = 4.2) than the >300 keV precipitation. The energy of this
channel has been determined in previous studies as approximately >800 keV [e.g., Carson et al., 2013;
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Rodger et al., 2010b], as this is when the geometric factor for the electrons in this channel is greater than
10~3 cm? sr. We can also make an estimate of the upper energy limit. From the geometric factors given in
Yando et al. [2011], the P6 channel would respond more strongly than the >300 keV for electrons above
1.4 MeV. Thus, as the fluxes in the P6 channel are lower than the >300 keV channel from Figure 6, we can
assume that the energy of a high proportion of precipitating electrons detected in the P6 channel are
between 0.8 and 1.4 MeV.

An interesting point of note is that there is no evidence of chorus-induced precipitation in the P6 obser-
vations. The morning MLT superposed epoch analysis was also investigated and showed the same lack of
precipitating flux outside the plasmapause. Horne et al. [2009] showed that electrons with energies >1 MeV
are not precipitated but scattered into the drift loss cone and lost around the SAMA. As we have removed
the SAMA geographical location from our superposed epoch analysis, then it is consistent that we see no
precipitating flux with energy greater than 800 keV outside the plasmapause.

5.2. Hiss-Induced EEP Simulation (>300 keV)
We now proceed to simulate the fluxes inside the plasmapause. From our observations we can only simulate
the >300 and >800 keV (P6) channels and we begin with the >300 keV observations.

The method used to characterize the chorus-induced >30 keV precipitation and spectral index cannot be
used in this case as it is clear that the flux inside the plasmapause does not follow the Dst value directly
(i.e., there is no sharp cut off between prestorm and poststorm). Providing a delay in the Dst does not assist
the analysis due to the rapid change in plasmapause location and gradual change in >300 keV flux. How-
ever, by taking an average of |Dst| over the previous 84 h provides an index that gradually increases to
maximum and then gradually returns to background levels, in a similar manner to the >300 keV flux inside
the plasmapause. We also observed that the distribution of flux does not appear to change in L shell. Our
method of simulation is then to take rows of the data array corresponding to L shell, fitting them to the aver-
aged |Dst| value described above. The fit appears to follow a power law with a constant gradient value of
0.055. The amplitude is fitted to L with a Gaussian, and the full equation providing >300 keV electron flux
with units of cm™2 sr~" 571 is shown below in equation (6).

FluXpisss300 = G(L)lm*_&k0 |0.055 ©

where

1-45 )2

all) = 128e (57

A selection of the >300 keV flux lines can be seen in Figures 7a-7d as the solid blue line. The fluxes are taken
at L = 3.9 (Figure 7a), L = 4.5 (Figure 7 b), L = 4.9 (Figure 7¢), and L = 5.3 (Figure 7d). The dashed red line on
each panel is the simulation calculated from equation (6) at each L. It should be noted that Figures 7b-7d
strongly underestimate the observations at the zero epoch. This is intentional as these L shells have precipi-
tation induced from chorus waves at this time which we do not wish to include. If we ignore the zero epoch
time, the largest difference between the simulation and data in these panels is ~10 cm=2 sr~' s7'; this occurs
at the minimum flux value (L = 4.9, t = +12 days) and contributes 8% of this flux.

Figure 7e shows the >300 keV epoch from Figure 6 on a linear color scale, with the plasmapause shown as
the black dashed line. We then use equation (6) to attempt to replicate Figure 7e. The simulation is shown
in Figure 7f utilizing the same color scale. Using the 84 h averaged Dst gives a simulation which appears to
agree well by eye. We compare the simulation and the observed data between 2.5 < L < 5.9 and between
—1.5days < t <+15 days with the 12 h zero epoch removed. The mean absolute difference between these
arrays is 6.2 cm=2 sr~' s71 which is 4% of the average flux in this region (137 cm=2 sr™" s~') and 16% of the
range between the minimum (120 cm=2 sr~! s7') and maximum (158 cm~2 sr=! s77) flux.

5.3. Hiss-Induced EEP Simulation (>800 keV)

As we have simulated the >300 keV channel, we now move onto a simulation of the >800 keV (P6) chan-
nel. The superposed epoch of the >800 keV channel in Figure 6 (bottom right) is visually very similar to the
>300 keV superposed epoch (bottom left). The main differences between them are the L shell range

of precipitating electrons and the time lag with respect to average Dst, as previously mentioned. We
therefore apply the same simulation technique as used for the >300 keV electron channel (section 5.2)

to the P6 observations.
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Figure 7. (a-d) The afternoon MLT sector (11:00-16:00) >300 keV electron flux observations at L shells of 3.3, 3.7, 4.1, and 4.5. The solid blue line shows the instru-
ment flux, and the red dashed line shows the simulation of the flux at each L shell as calculated by equation (6). (e) The >300 keV storm epoch from Figure 6
(bottom left) on a linear color scale emphasizing the variation in flux inside the plasmapause by reducing the color range scale. (f) The full simulation of the
>300 keV flux inside the plasmapause created using equation (6), on the same color scale as Figure 7e and using a 84 h mean Dst. (g) The P6 observations from
Figure 6 (bottom right) on a linear color scale. (h) The P6 simulation generated from equation (7), on the same linear color scale as Figure 7g working on a 96 h
mean Dst with a 1 day delay. The black dashed line in the epoch plots is the modeled plasmapause from Figure 2.
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The superposed epoch of the >800 keV precipitating electrons is reproduced in Figure 7g shown using a
linear color scale. The superposed epoch analysis flux value at each 0.2 L shell between L =3.3and L=5.5is
taken and compared to the mean Dst value from 5 days to 1 day previously. The data were tested using the
5 day Dst mean, and the fitting did not perform as well as the 4 day average Dst with a 24 h delay. The fitting
equation produced is in the same form as equation (6), with the same power index value of 0.055 used. The
amplitude of the power fit is then calculated with a fitted Gaussian and the coefficients are given below

in equation (7).

FluXpysssgo0 = A(L)IDSE_1 50, -4|%% 7)

where

L-4.2

f(1) = 114" (55)

The simulation of the time variation of the P6 fluxes is shown in Figure 7h and on the same color scale as
the superposed epoch analysis observations in Figure 7g. When we compare the differences between the
observations and the simulation (2.9 < L <5.5,t > 0), we find that the mean difference (using absolute
values) is 3.3 cm™2 sr™! s~ which is 2.8% of the average flux in this region (122 cm™2 sr~' s77) and 8% of the

range between the minimum (100 cm=2 sr~! s77) and maximum (143 cm~2 sr=! s77) flux.

6. Discussion

We now have a complete model description of the POES-observed electron fluxes outside and inside the
plasmapause due to chorus and plasmaspheric hiss. As a confirmation of our results we investigate the
DEMETER (Detection of Electromagnetic Emissions Transmitted from Earthquake Regions) ICE (Instrument
Champ Electrique) instrument observations to determine the wave activity in the lower chorus band using
our superposed epoch analysis. The ICE instrument performs a continuous survey of a wide range of DC and
AC electric fields with a high sensitivity and a 1 s temporal resolution. A full description of the instrument
can be found in Berthelier et al. [2006]. A previous study [Hayosh et al., 2013] has linked electron precipi-
tation to chorus wave activity using ICE and POES data in two case studies. Figure 8a shows a superposed
epoch analysis using the same epochs as we used for the POES analysis but limited to those which occurred
in the DEMETER satellite lifetime of 2006-2011. The limitation of requiring an isolated storm means that the
epochs within this time period (around solar minimum) are limited to 16 events. The model plasmapause, as
calculated in section 3 for the morning MLT, is included as the dashed line on this plot. The color scale indi-
cates the variation in the power of lower band chorus waves. This plot shows that the chorus wave activity
peaks at storm time and is largely contained outside of the plasmapause. This confirms that strong chorus
wave activity is present during the main period when the electron precipitation is enhanced. Note also that
there is enhanced wave power inside the plasmapause for some days after the storm time zero epoch. This
is likely to be caused by plasmaspheric hiss, which can overlap the frequency band of lower band chorus in
that L shell range. The modeling study of Chen et al. [2012] showed that this hiss response is likely formed by
chorus emissions originating at low L during the inward movement of plasmapause location.

To visually show the difference in electron flux enhancement effects between chorus and hiss, we plot
both observations together with the Dst value. Figure 8b shows the peak electron flux for each wave type
(>30 keV for chorus and >300 keV for hiss). The chorus precipitating flux is shown as the blue solid line with
circles, occurs at L = 5.5, and has a peak electron flux of 1.24 x 10° cm=2 sr~' s~'. The peak hiss precipi-
tating flux occurs at L = 4.5 and is shown by the green solid line with crosses; the maximum flux at this

L shell is 158 cm=2 sr=! s71. The Dst value is also shown as the black dashed line for comparison. The rela-
tive difference in precipitating electron enhancements is very clear in this figure with the chorus having an
effect over 3 orders of magnitude larger than hiss. This is an expected result as the average population of
>30 keV electrons is much larger than the average population of >300 keV electrons. A comparison of the
strength of the effects of chorus and hiss can be found by comparing the peak >300 keV flux inside and
outside of the plasmapause. The peak flux outside of the plasmapause for the >300 keV morning MLT pre-
cipitating electrons is 187 cm™2 sr™' s7', and the peak inside the plasmapause is 158 cm=2 sr~' s~'. When
we consider these fluxes as enhancements from the background flux value (100 cm=2 sr~' s~'), we find that
the chorus-induced enhancement has an effect approximately 1.5 times stronger than the hiss-induced
enhancement. Evidently, this is only true for high-energy electrons, as fluxes that are a factor of § of the peak
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Figure 8. (a) A DEMETER ICE superposed epoch analysis of lower band chorus wave power around geomagnetic storms within the operating period of the satel-
lite. The plasmapause model used for the POES data is also shown on this plot. (b) A comparison of the superposed epoch analysis for the morning and afternoon
>30 keV peak electron fluxes. The morning sector peak flux, shown in blue with circles, occurs at L = 5.5 (outside the plasmapause) and the peak afternoon flux,
shown in green with crosses, occurs at L = 4.5 (inside the plasmapause). The Dst value is also included as the solid blue line. (c). A magnified view of the flux axis
for the afternoon MLT peak electron flux, showing the peak occurs 3.5 days after the minimum Dst value. The purple dashed line with plus signs shows the mean
3.5 day Dst value (current time bin inclusive) to illustrate how well this correlates with the afternoon MLT hiss-induced electron flux.

chorus-induced flux inside the plasmasphere would be clearly visible in Figures 3 and 6 at lower energies.
Figure 8c shows just the hiss peak flux on a much reduced and linear y axis range. The Dst delay effect can
be clearly seen as well as the small chorus contamination effect at the time of the storm. The purple dashed
line with plus signs in this plot represents the previous 3.5 day mean Dst to show the similarity between this
index and the flux.

The P6 channel (>800 keV) in the afternoon MLT epoch shows a flux drop out at storm onset. This is com-
monly seen in high-energy electron fluxes during geomagnetic activity and is a result of radial outward
transport of electrons through the magnetopause [Turner et al., 2013]. The flux then returns strongly around
L shells of 3.5 to 5.5; this matches well with the observations seen in Horne et al. [2005]. However, the work
by these authors attributed the high-energy relativistic flux to chorus acceleration just outside the plasma-
pause, increasing the flux by an order of magnitude approximately 24 h later. We attribute our observed
precipitation (with an approximate 10% increase from quiet time) to plasmaspheric hiss which peaks in
wave power at L =4.4 [Li et al., 2014].

Our epochs have been created using the 1 h median Dst value from each event in the statistical model

we have created; this means that our equations have not included any positive Dst values. When used for
comparison in case studies, this is important as the effects of Dst > 0 on the model are unknown. This is
especially true in the case of the >30 keV flux which uses the absolute value of Dst, and hence, a positive Dst
would increase the model precipitation level, rather than reduce it as would be expected.

7. Conclusions

We have performed a superposed epoch analysis of precipitating electron flux taken from the POES/MEPED
instrument. The epoch has been based on the minimum value of Dst during a geomagnetic storm, taken
when Dst drops below —50 nT with a previous 5 day quiet period. Our results have been split into two MLT
regions to focus upon the different enhancement effects of chorus and plasmaspheric hiss waves on the
electron precipitation. From our superposed epoch analysis we have shown that for the morning MLT sector,
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the precipitating electron fluxes outside the plasmapause are greatly enhanced during storm time with this
flux correlating strongly with the Dst value and distance from the modeled plasmapause location. In con-
trast, the noon/afternoon MLT sector shows time-varying precipitating electron flux inside the plasmapause
dependent upon electron energy. The >300 keV channel precipitation peak occurs 84 h after the minimum
Dst value, while the relativistic electron (>800 keV) precipitation peak occurs 120 h after the main phase of
the storm. Neither hiss-induced precipitation profile is dependent upon the plasmapause position.

By taking electron flux values as a function of distance from the modeled plasmapause, we have produced
a model description of the enhancements in flux for the morning MLT sector associated with chorus wave
interaction. The >30 keV electron flux model is given in equation (3), along with the modeled power law
fit spectral index response in equation (4). The combination of these two equations allows us to model the
full precipitating electron energy response during a geomagnetic storm outside the plasmapause, valid
up to L = 8.5. We have also observed that electrons >800 keV are very unlikely to precipitate outside the
plasmapause within our MLT sectors and L shell ranges.

The electron flux enhancements inside the plasmapause in the afternoon MLT sector, associated with
plasmaspheric hiss, have been modeled for electrons with energies above 300 keV. The >300 keV model,
shown in equation (6), depends on the L shell and operates on a mean of the Dst values over the previ-
ous 3.5 days (inclusive of the current time bin). The simulation of the P6 channel fluxes (equation (7)) also
depends on L shell and relies on a mean 96 h Dst value with a 1 day lag, both consistent with the results of
Summers et al. [2008].

The models we have produced can be used to estimate precipitating electron fluxes based on real time
estimates of Dst and plasmapause location. The European Union FP7 funded project PLASMON intends to
assimilate near real-time measurements of plasmaspheric densities into a dynamic plasmasphere model
using whistler waves detected by a VLF ground network (e.g., http://plasmon.elte.hu/, Collier et al. [2011],
and Lichtenberger et al. [2013]). This project complements our EEP precipitation model equations provid-
ing values which can be compared both to satellite measurements (POES, DEMETER, and the more recent
Radiation Belt Storm Probes missions) and ground-based VLF perturbations (e.g., AARDDVARK network,
http://www.physics.otago.ac.nz/space/AARDDVARK_homepage.htm). The combination of the plasmas-
pheric results from PLASMON and our model will allow a near real-time estimate to be made of precipitating
energetic electron fluxes.
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