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Abstract we investigate the magnetospheric MHD and energetic electron response to a Storm Sudden
Commencement (SSC) and subsequent magnetopause buffeting, focusing on an interval following an SSC
event on 25 November 2001. We find that the electron flux signatures observed by LANL, Cluster, and GOES
spacecraft during this event can largely be reproduced using an advective kinetic model for electron phase
space density, using externally prescribed electromagnetic field inputs, (herein described as a “test-kinetic
model”) with electromagnetic field inputs provided by a 2-D linear ideal MHD model for ULF waves. In
particular, we find modulations in electron flux phase shifted by 90° from the local azimuthal ULF wave
electric field (E,) and a net enhancement in electron flux after 1.5 h for energies between 500 keV and

1.5 MeV near geosynchronous orbit. We also demonstrate that electrons in this energy range satisfy the drift
resonance condition for the ULF waves produced by the MHD model. This confirms the conclusions reached
by Tan et al. (2011), that the energization process in this case is dominated by drift-resonant interactions
between electrons and MHD fast mode waves, produced by fluctuations in solar wind dynamic pressure.

1. Introduction

One of the outstanding problems in understanding the dynamic variations in the Earth’s outer radiation
belt has been the determination of observational signatures that can be attributed to a specific dynamical
process. For example, it has been considered that the generation of growing localized peaks in electron
phase space density with L shell must be evidence of a local acceleration process [Green and Kivelson, 2004;
Horne et al., 2005] (i.e., breaking the first adiabatic invariant), because diffusive radial transport [Schulz and
Lanzerotti, 1974] (preserving the first invariant) cannot give rise to a growing localized peak. This has been
shown not to be the case, however, if the radial transport is not diffusive [Ukhorskiy et al., 2006a; Degeling
et al., 2008], as is the case when electrons are transported by drift resonance with narrow-band ULF waves
[Elkington et al., 1999].

On the other hand, the observational signatures suggesting drift resonance, such as coherent modu-
lations of electron phase space density (PSD) over a range of energies, [Claudepierre et al., 2013; Mann

et al., 2013; Ukhorskiy et al., 2006b; Degeling and Rankin, 2008], also need to be interpreted carefully.

For example, how can such modulations be distinguished from drift echoes [Roederer, 1970] (due to a
particle injection unrelated to ULF wave activity), or from nonresonant particle motion in the presence of
local ULF fluctuations? Moreover, does the paradigm of drift-resonant acceleration apply in highly dynamic
situations, such as sudden storm commencement (SSC) events associated with the arrival of transient solar
wind structures, such as shock fronts [Elkington et al., 2013] and ULF fluctuations carried by the solar wind
[Kepko et al., 2002]?

In this paper we model the effect of magnetospheric MHD fast mode waves launched by dynamic pressure
variations in the solar wind on the Earth’s radiation belt electron population. We focus on an SSC event that
occurred on 25 November 2001 [Tan et al., 2011] and seek to identify the characteristics of the solar wind
structure during this event that give rise to observed energetic electron flux signatures measured by LANL
satellites. In particular, we investigate the effectiveness of the first and second solar wind pressure pulses
during this event, compared to the subsequent ULF fluctuations, in launching ULF waves within the mag-
netosphere. This study is carried out using a 2-D linear ideal MHD model for ULF waves and an advective
kinetic model for electron phase space density, using externally prescribed electromagnetic field inputs,
(herein described as a “test kinetic model”) for equatorially mirroring electrons [Degeling et al., 2013].
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60 2, Event Study: SSC on 25
50 a) A November 2001
8 407 1 Before proceeding, it is necessary to
% 301 1 give a short overview of the SSC event
a 20 1 under examination, which occurred
10 1 on 25 November 2001 and has been
0 described in detail by Tan et al. [2011].
At approximately 2025 UT, the first of
w 2000 two pulses in dynamic pressure Pp,,,
E 500 | marked the arrival of a solar wind shock
z front to the vicinity of Earth’s magne-
g 400 | topause. These pulses were separated

in time by about 15 min, the amplitude
300 ' of each pulse was about 10 nPa (mea-
sured by the Geotail satellite, located at
[X,Y.Z] (GSE) =[11.7,-17.1,—0.5] R, i.e,,
close to the magnetopause, but still in
interplanetary space during the event).
Figure 1 shows Geotail observations of
solar wind plasma density and speed

den, (nPa)

20 21 22 (Figures 1a and 1b, respectively) and
UT (hrs) calculated dynamic pressure (Figure 1c).
Figure 1. Geotail satellite solar wind observations during the inter- These plots show that the first pulse in

val from 20 to 22 UT on 25 November 2001: (a) mass density, (b) solar Payn is characterized by a transient jump
wind velocity, and (c) dynamic pressure. The satellite at this time is
positioned at [X,Y,Z] (GSE) = [11.7,—17.1,—0.5] R, i.e., close to the
magnetopause but still in interplanetary space.

in solar wind speed and an increase
plasma density, while the second pulse is
characterized by a transient jump in den-
sity and increase solar wind speed. The
solar wind speed v, following the second pulse was measured to be 600 km/s. The bottom plot also shows
ULF fluctuations in Py, following the first and second pulses.

The immediate geomagnetic effect of these disturbances in the solar wind are to abruptly compress the day-
side magnetosphere and thereby launch a series of MHD fast mode waves within the magnetospheric cavity.
This is evidenced by a sudden increase in equatorial magnetic field strength (60 nT at 6.6 R and 15 MLT
measured by the GOES 8 satellite), sustained ULF wave electric field fluctuations of up to 15 mV/m mea-
sured by the Cluster 3 satellite (about 30° north of the equatorial plane near 12 MLT, crossing L = 6.6), and
correlating ground-based ULF magnetic field fluctuations. By analyzing the phase delay in ground-based
magnetometer signals at various MLT on the dayside, Tan et al. [2011] infers that the solar wind shock pulses
initially impacted the magnetosphere in the early afternoon sector (about 14 MLT).

Fluctuations in electron flux that are phase correlated with ULF wave activity measured on Cluster 3 are
observed for energies up to about 400 keV by the LANL 91 geosynchronous satellite (9-11 MLT), as well

as the Cluster 3 satellite. An enhancement in energetic electron flux is also observed (for energies greater
than 400 keV, measured by LANL 90, LANL 91, and GOES8 satellites), that appears to occur first on a time
scale of a few minutes following the arrival of the SSC, and subsequently on a time scale of several minutes
up to an hour. Unlike the lower energy electron flux, the flux at higher energies remains enhanced after
some initial fluctuations, well after the ULF wave activity has decayed away. The fluctuations in electron flux
at higher-energy channels do not appear well correlated with ULF wave phase. Tan et al. [2011] interprets
the short time scale enhancement in energetic electron flux in terms of the sudden impulsive acceleration
due to a sudden dayside magnetosphere compression, similar to the 24 March 1991 SSC event [Blake et al.,
1992; Li et al., 1993]. However, the observations of high-energy electron flux over longer times scales

are interpreted as evidence for drift-resonant electron energization by magnetospheric MHD fast mode
waves. These ULF waves are interpreted by Tan et al. [2011] to be launched by solar wind dynamic pressure
fluctuations following the SSC.
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3. Model Overview

3.1. ULF Wave Model

We use the 2-D plus t finite element model for linear ideal MHD ULF waves in a box magnetic field geome-
try, described in Degeling et al. [2011], to calculate the wave-like perturbations to the electric and magnetic
field arising from dynamic pressure fluctuations carried by the solar wind. A brief review is given here,
emphasizing some modifications made to the model for the purposes of this paper. The interested reader is
directed to Degeling et al. [2011] for more information.

Low-frequency waves satisfying ideal MHD can be modeled by the following linear equations:

ob

= =~V xE M
1 O0E (uJXb)XB

T =(Vxbh), — %+%Jm 0}
A o

where B, is the unperturbed geomagnetic field, u,J = V X B, is the associated current density, b and E are
the perturbed magnetic and electric fields, respectively, v, is the Alfvén speed and J®* is a perpendicular
current source term for launching waves. The above equations are combined into a single hyperbolic PDE
by taking the time derivative of equation (2) before being solved numerically; therefore, the source term for
ULF waves appearing in the model has the form of 9J®* /4t.

This model describes the propagation across the magnetic field of MHD fast mode waves, (identified by Tan
et al. [2011] as poloidal mode waves with predominantly azimuthal electric field component [Hughes and
Southwood, 1976]) launched by the wave source term 0J** /ot and linear mode coupling to shear Alfvén
waves on field lines where the fast mode wave frequency matches an eigenfrequency for standing waves.
Such locations develop a characteristic peak and associated phase change in the equatorial electric field and
are known as field line resonances (FLRs) [Rankin et al., 2006; Allan and Knox, 1979; Allan and Poulter, 1992;
Samson et al., 1971].

In this investigation, we are interested in the process by which solar wind shock structures and pressure
fluctuations couple to ULF waves in the magnetosphere by buffeting the magnetopause boundary.

We therefore define a parabolic surface representing an outer boundary on which the time-dependent
source term for ULF waves dJ®/dt is localized in our model and consider the arrival of planar wave
fronts with a defined propagation velocity v, onto this surface. For example, if R,,, is a surface along
which the ULF wave source term is localized, then the time delay for the arrival of a signal carried at v, is
At = ((Req —R,) - Vg ) /V2,, Where R, is the point of first contact for the solar wind wave fronts on the

surface R.;.

Equation (2) when crossed with the magnetic field is the ideal MHD momentum conservation equation, in
which the external current term J®* x B, represents the application of an external force. We associate this
term with the force due to perturbations in the solar wind dynamic pressure gradient VP, (t). Therefore,
the ULF wave source term input to the model is set proportional to dPy,, /dt and is directed normal to the
boundary surface.

Solar wind perturbations must first pass across the bow-shock and through the magnetosheath before
reaching the magnetopause, which affects the coupling of solar wind perturbations to ULF waves within
the magnetosphere [Walker, 1998]. This is included to a limited extent in our model by positioning the ULF
wave source along the bow-shock boundary rather than the magnetopause, as used previously [Degeling
et al., 2013]. The bow shock boundary is modeled as a parabola with the same focus as the magnetopause
boundary, with a 5 R, distance separating the two surfaces along the noon meridian.

The magnetosheath plasma is modeled simplistically by a constant mass density. The mass density within
the magnetosphere is specified using the analytic model of Denton et al. [2004], and the transition between
magnetosheath and magnetosphere density is modeled using a smooth transition function across the mag-
netopause boundary (of the form 0.5 (1 = sin (z (x — X, ) /2Ax)), where x is the perpendicular distance
across the boundary located at x, and Ax is the boundary thickness).
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3.2. Equatorially Mirroring Electrons
We take a similar approach to Degeling et al. [2011] and consider the dynamics of equatorially mirroring
electrons, for which the guiding center equation of motion is [Northrop, 1963]

_ExB+MBxVB
B2 qy B2

3)

172 . N . . S
where y = (1 + ZMB/mecz) /2 is the relativistic correction factor and first adiabatic invariant M, charge g,
mass m,, and speed of light c are constants.

The above equation is used to drive a test kinetic simulation for phase space density (PSD) f = f (r, $, M, t)
within the magnetosphere. This is done by assuming an initial distribution of the form f =f, (Lo, M) and
solving the advection equation for PSD:

of

—+v-Vf=0 4

3% (4)
This equation is solved numerically on a fixed polar coordinate grid using operator splitting and a 1-D flux
corrected transport algorithm, with equation (3) calculated using fields interpolated from the ULF wave
model. The initial PSD is given by a Kappa distribution [Livadiotis and McComas, 2013], as a function of
kinetic energy W = m,c? (y — 1), given by

—(k+1)
w
(W) =f, (1 + KWr,,> (5)

where the following constant values are set: f, = 1, k = 4, and the effective thermal energy W,,, = 10 keV.
This functional form implies that the initial PSD at constant M monotonically increases with L (due to the L
dependence of the magnetic field strength), which is expected for diffusion-dominated radial transport in
the absence of internal sinks or sources of electrons. As shown in section 4.2, Figures 5 and 6, these values
give an initial electron flux distribution that scales with energy in a similar manner to the LANL observations
prior to SSC reported in Tan et al. [2011].

We include particle loss through the magnetopause (magnetopause shadowing [West et al., 1972; Shprits
et al., 2006; Turner et al., 2012, 2013]) by simply adding the rule for each time step in the calculation that

f, (LO, M) = 0 for points outside the magnetopause boundary. We account for motion of the magne-
topause boundary by integrating the ideal MHD velocity equation v = (E x B) /B? in order to evaluate
the displacement of points along the magnetopause. This motion is included in the above consideration of
particle losses through the magnetopause. Since the electron transport model deals with guiding center
motion only, the effect of finite Larmor radius on magnetopause shadowing for higher-energy electrons is
not included. Therefore, losses to the magnetopause for higher-energy electrons may be underestimated in
this study; however, this is unlikely to strongly impact the results presented.

4. Results

4.1. Driving the ULF Wave Model Using Solar Wind Dynamic Pressure Fluctuations

Figure 2 shows a series of frames of the magnetosphere equatorial plane, as the modeled shock front and
subsequent ULF fluctuations (derived from the time series shown in Figure 1) impact the magnetosphere
obliquely in the early afternoon sector (first contact at 14 MLT). This figure demonstrates significant ULF
wave activity, particularly following the first and second pulses in dynamic pressure (arriving at 2027 UT and
2038 UT). These frames show the antisunward propagation of MHD fast mode waves (in E,) with reason-
ably low azimuthal wave numbers m (i.e, m < 10) along the flanks and a radial standing wave structure
on the dayside magnetosphere in the afternoon sector. The restriction in m is due to the fact that the MHD
fast mode turning point generally occurs at higher L shell as m is increased [Allan and Poulter, 1992]. For
this reason the excitation of high m ULF waves by an external magnetopause driver is extremely difficult,
even in the case of a compressed magnetosphere, where the breakage in azimuthal symmetry (compared
to a dipole, for example) gives rise to coupling between azimuthal modes [Degeling et al., 2011]. A notable
exception would be the case where a highly MLT-structured plasmaspheric drainage plume exists in the
afternoon sector, because in this case the corresponding Alfvén speed structure would introduce cou-
pling between waves with widely differing azimuthal mode numbers. This is a topic that will be explored
in future work.
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Figure 2. The ULF wave model outputs driven by Geotail dynamic pressure time series shown in Figure 1, showing:
(left) E, (mV/m), (center) E¢ (mV/m), and (right) b, (nT). Time in minutes after 20 h UT is indicated.

The radial electric field (E,) exhibits fine radial structure due to the phase mixing of multiple field line res-
onances (with low m) across a range of L shells from 5 to 8 R;. The positive bias of the 9Py, /dt driving
signal gives rise to a net increase in the perturbed magnetic field b,, indicating compression of the day-
side magnetosphere. Figure 3 shows time series of £, E,, and b, and their corresponding spectral power
density (for E, and E¢), atL =4.4and 6.6, for 9 and 15 h MLT. These figures show that the spectral power is
significantly dependent on L shell. The peak frequency of the E, component increases strongly with decreas-
ing L shell because of the resonant coupling of MHD fast wave power to shear Alfvén modes (with small
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Figure 3. (left column) Time series for the ULF wave fields E, (mV/m), E¢ (mV/m), and b, (nT) (blue, green, and red,
respectively). (right column) Power spectral densities for E, and E¢ (mV/m)2/mHz (blue and green, respectively).

azimuthal mode number m), which have higher frequency fundamental modes as L shell is decreased while
outside the plasmasphere. In the case of MHD fast mode waves, the location of the turning point for these
waves within the magnetosphere varies with the wave frequency [Allan and Poulter, 1992], such that lower
frequency waves are cut off with decreasing L shell, leaving power at higher frequencies.

Ground-based observations using pairs of longitudinally spaced magnetometers were used by Tan et al.
[2011] to estimate a local azimuthal mode number m during the SSC event. Two values were reported based
on the relative phase delay between the pairs of magnetometers:m = —3 close to 12 MLT, and m = +1

at 23 MLT. In order to compare our ULF wave model results against these observations, we estimate the
local azimuthal mode number by analyzing the phase of the ULF wave electric field, using the following
algorithm. First, we take the component (E;) of E parallel to the contours of constant B (since this component
is the most relevant for drift resonance wave-particle interactions, discussed in the next section). We then
model this component as E, (r, ¢, t) = |E,| exp (%), by taking the Hilbert transform of £, in time. The phase
Y (r, ¢, t) is found by taking the angle argument of the complex signal. The local wave vector k can therefore
be estimated by V¥, and the local wave frequency can be estimated by —0¥/dt. Lastly, the local azimuthal
mode number is given by m = V¥ -e . Equatorial maps of ¥ and m evaluated as described above are shown

DEGELING ET AL.
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ULF wave phase ¥ (radians) in Figures 4a and 4b, respectively, taken
3 approximately 5 min after the initia-
tion of the SSC. These figures show that
> m =0 in the post noon and post mid-
night sectors, corresponding to an
axis that is roughly in the direction of
incidence of the solar wind dynamic
pressure pulses. The maximum and

10 minimum local m values are +(5-10),
occurring around 18 MLT and 10 MLT,

Y (Re)

observed values of —3 around 12 MLT,
and +1 around 23 MLT, and indicate that

-1 respectively. The results shown in the
figure roughly correspond with the
the low m value near local midnight is

4
3

because the ULF waves are propagat-
ing tailward in this sector. These model
results confirm the inference made

by Tan et al. [2011], based on obser-

X (R
10 vations of m = —3 waves propagating
8 across the noon sector, that ULF waves
6

g

Azimuthal mode number "m"

10 ‘

are also propagating down the magne-

tosphere flank in the afternoon sector
4 and have positive m values of similar
magnitude (i.e., corresponding to prop-
agation in the direction of the electron
10 drift), allowing the possibility of drift
resonance interactions.

Y (Rg)

L
- 4.2, Electron Response: Comparison
With Observations
) The test kinetic model was run using the
- ULF wave model electric and magnetic
} field data as inputs, for a range of M val-
ues logarithmically spaced between 0.1
2 and 20 keV/nT. In order to directly com-

Figure 4. (a) Equatorial map taken at 2032 UT, showing the angular pare with LANL satellite observations,
phase of the electric field component parallel to the electron drift direc-  the phase space density f (M, L, ¢, t)
tion. (b) The azimuthal mode number “m” calculated from the phase
data shown in Figure 4a.

4
3]
g
;

0

K (R

output from the model was converted
to electron flux J=2m MBf, where

B(L, ¢, t) is the local equatorial magnetic
field strength. The electron flux was then remapped to a function of kinetic energy J=J(W, L, ¢, t) where
W=m,c*(y — 1), and the result averaged over a set of nine energy bins between 50 keV and 1.5 MeV, similar
to the energy channels used on LANL spacecraft.

Figure 5 shows the electron flux for the case driven by ULF waves shown in Figure 2, interpolated to the
approximate location of the LANL91 satellite (L = 6, MLT = 11) during the event. Figure 5 (top) shows the
E, signal interpolated at the same location. The binned electron flux in the lower panel shows an initial
enhancement, corresponding to the passage of the dynamic pressure pulse, followed by a series of mod-
ulations that appear to be synchronized with positive zero crossing in E,, for the first half hour following
the SSC. The electron flux across all energy levels increases above their pre-SSC values in the first 20 min
(peaking soon after the arrival of the second Pgyn pulse); however, the lower energy channels (W<150 keV)
return to roughly the same values after 90 min. On the other hand, the higher-energy channels each
show an average increase in flux over the pre-SSC levels, by a factor of between 2 and 5. Figure 6 shows a
similar plot for binned electron flux interpolated to the approximate location of the LANL9O0 satellite during
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L=6, MLT = 11 the event (L = 6, MLT = 17 h) and shows
' ' similar behavior in the electron flux time
series. These results are qualitatively
similar to the observations reported in
Tan et al. [2011, Figures 9 and 10].

These electron flux results are neces-
sarily dependent on the choice of the
initial PSD f; in the model, given by
equation (5). The LANL observations
prior to SSC were used to constrain k
and W,, in this equation; however, it
is not clear how the initial PSD should

10°

10% scale with L, keeping W constant (since
0.11-0.15 MeV, i LANL observations correspond to a sin-
—_ 0.16-0.22 MeV, 1 gleL). It can be shown that the AE-8
3 10%¢ 3 trapped electron model Vette [1991] is
< 0.23-0.33 MeV/, ] . . .
< broadly consistent with equation (5),
= | ithf, o L=¥ (where v is a positive con-
T~ 102+ 0.33-0.48 MeV, i wi o X L, \% p
@ i stant); therefore, we make this change
0.49-0.7 MeV ] to equation (5). Scanning values of v,
101k A 4 we found qualitatively similar results to
0.71-1 MeV pa\ - ] L
4 N\ .~ 1 those presented in Figures 5 and 6 for
n ol MY N AN\
/) AN RV Yo\ A .
1—isMev ey \ /1 v < 2; however, we found that fluctua-
o A LAY \/ | .
10 i tionsin electron flux in the lowest energy
1 channels became significantly dimin-
; ‘ ‘ ‘ ‘ ‘ ished as v was further increased. This is
107 20 40 60 80 100 due to a reduction in the L scaling of PSD
Time (min) holding M constant, introduced by the

Figure 5. Test kinetic model electron flux output interpolated at L =6, Lo~ acting in opposition to L scaling in
11 MLT (LANL91) (top) £, and (bottom) b, time series. Electron flux time ~ PSD due to the magnetic field. As this
series for energy bins indicated. Vertical-dotted lines mark the positive  trend is not consistent with the obser-
zero crossings in E,. Time is measured from 20 h UT. vations, we maintain a value of v=0

(i.e., constant f,) for the initial PSD.

One systematic difference between our model results and the observations of Tan et al. [2011] is that we
found the electron flux behavior at a lower L shell more closely corresponded with the LANL observations
(i.e, L = 6.0 instead of L = 6.6). We found that the electron flux became considerably depleted for L > 6.3 in
our model, due to magnetopause shadowing during the initial compression of the dayside magnetosphere.
The most likely source of this discrepancy is that our model of magnetopause motion leads to an overes-
timation of the dayside compression due to the solar wind pressure pulses. In this case we expect that the
electron flux depletions predicted by the model for L > 6.3 may be occurring at higher L shells in the actual
event. There is some evidence of magnetopause shadowing in the LANL91 data shown in Figure 10 of Tan
et al. [2011]. This figure shows a number of sharp, momentary depletions of up to a factor of 10 in flux, for
channels up to about 300 keV in energy, occurring between 2100 UT and 2145 UT. This is unlikely to be the
result of the spacecraft crossing the magnetopause boundary, because the flux depletions signifying such a
crossing would occur across all energy channels.

The magnetopause shadowing effect is illustrated in Figure 7, which shows contour plots of the ratio
J(W,L,t) /J(W,L,t = 0) for four different energy bins, for a meridian slice along 11 MLT. The loss (by greater
than a factor of 10 compared to pre-SSC values) for each energy bin due to magnetopause shadowing is
visible for upper L shells in each plot, with a clearly marked interface in L that fluctuates with time. A solid
green line in each figure marks the time-dependent location of the magnetopause in these plots, which
oscillates in time after the initial SSC pulse, in response to the ULF perturbations in solar wind dynamic pres-
sure. These plots show that, for the higher energy ranges, the electron flux levels at high L shell are gradually
repopulated by outward radial transport from lower L shells, over the 2 h interval displayed and that this
refilling toward the magnetopause is more rapid at higher energies. Presumably, this outward transport
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L=6, MLT = 17 would continue to the magnetopause

‘ ‘ in the presence of continued ULF wave
activity. This appears to be consistent
with the observed energy dependence
of magnetopause shadowing loss
reported over longer timescales in other
event studies [Bortnik et al., 2006].

Figure 7 also shows that the qualitative
behavior described earlier for Figure 5,
namely, a transient enhancement for
lower energies and a more sustained
enhancement for higher energies,
spans a range of L values from 5to 7,
depending on the energy bin.

10%F

- 0.16-0.22 MeV
S g0} E The correspondence between our model
S 0-23-0.33 MeV 1 results and the observations of the
2 0.33-0.48 MeV 25 November SSC event are suggestive
'p 107} 3 oftheinterpretation put forward by Tan
0.49-0.7 MeV et al. [2011], that the observed enhance-
10 horimey I\ ’ ments iI:l flux result from drift-resonant
V0™ N interactions between ULF MHD fast
1-1.5 MeV y [V il N N mode waves launched by solar wind
1000 V ’ YU fluctuations associated with the SSC.
However, it could also be the case that
1o ‘ ‘ ‘ ‘ ‘ the observed modulations in flux are
0 20 40 60 80 100 due to the local advection of gradients

Time (min) in electron phase space density as the

Figure 6. Test kinetic model electron flux output interpolated at L =6, ~ ULF waves pass by. If this is the case, then
17 h MLT ( LANL90) (top) E and (bottom) b, time series. Electron flux ~ one would expect that any electron ener-
time series for energy bins indicated. Time is measured from 20 h UT. gization, or change in electron flux at a
given energy, would be the result of local
changes in the magnetic field strength
only. Since we know the initial distribution of electrons in our model, we can simply check whether the flux
changes shown in Figures 7 and 5 are consistent with this null hypothesis.

Assuming constant magnetic moment, it is simple to show that relative changes in magnetic field and
kinetic energy are related by AW/W = 1/2(1+ 1/y) AB/B. From the definition of the Kappa distribu-
tion (equation (5)), it can be shown that an estimate of the relative change in electron PSD Af/f due to the
magnetic field change AB/B s given by

g__(xﬂ)( W/kW,, ><W+2mec2)£

B T+ W/kW,, W+m,2 ) B

f 2 (©)

For example, considering 1 MeV electrons and k =4, this gives Af /f ~—-3AB/B. At L=6 near local noon,
B=180 nT, and AB < 30 nT (according to Figure 5); therefore, we would expect Af/f to be less than 50%.
Figure 5 shows relative changes in electron flux by a factor of between 2 and 5 in the highest two energy
channels (note that the relative change in electron flux in a constant energy channel is equivalent to
Af/f). This indicates that electrons contributing to these enhancements in energetic flux are being trans-
ported from regions where the magnetic field is significantly weaker, which is not consistent with localized
back-and-forth advection that would be expected from nonresonant interactions as the ULF waves pass by.

We now examine the drift resonance hypothesis by considering whether drifting electrons can remain in
phase with the propagating ULF waves for a significant portion of their orbit. In the scenario under consid-
eration, where ULF waves originating from the magnetopause propagate antisunward, this can only happen
in the afternoon/evening sector, since the electron drift direction and wave propagation are aligned in this
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Figure 7. Contour maps showing the ratio J(W, L, t)/J(W, L, t,) (where t, = 20 h UT) as a function of L shell and time,
interpolated along the 11 MLT meridian, with binning in energy over the ranges indicated. The solid green line marks the
time-dependent position of the magnetopause at this meridian.

region. In the following we consider the range of electron energies that are resonant with the waves in this
region, and whether this corresponds with the range of energies and L shells in the model and observa-
tions where enhancements in electron flux are seen. Given the zeroth-order guiding center drift velocity for
electrons (the second term in equation (3)) and estimates of the local ULF wave vectork = V¥, and fre-
quency w = —0¥/at obtained from the ULF wave model in the previous section, the condition for local drift
resonance k - v, — w = 0 may be expressed as follows:

M ¥
VBxB)- V¥ + — =0 7
g (VBXB) VW4 S 7)

This may be rearranged as y2 + Py — 1 = 0, where P = (0¥/0t) / ((m.c?/2qB*) (VB x B - V¥)). Solving
this equation for y, we are able to obtain an estimate of the kinetic energy for electrons satisfying the reso-
nant condition W,,, = m,c? (7, — 1). We restrict our attention to the region where the ULF wave electric
field component in the direction of the electron drift has an amplitude greater than 2 mV/m. The result, plot-
ted as a 2-D map in the equatorial plane for the same time slice as shown in Figure 4 is shown in Figure 8.
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Figure 8. Equatorial map taken at 2032 UT, showing the electron energy that satisfies the drift resonance condition
(equation (7)). Only areas where the amplitude of the electric field component parallel to the drift is greater than 2 mV/m
are shown. Zeroth-order drift trajectories are shown as white dashed lines, and the nominal magnetopause location is
shown by a white solid line.
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Figure 9. (top) Wave packets for £, and £ at L = 6, 12 MLT resulting from the application of two isolated Pyy,

pulses (each of amplitude 10 nPa) at 20.25 and 20.40 UT. (bottom four panels) Contour maps showing the ratio

JW, L, t)/J(W,L,t,) similar to Figure 7 for this case, interpolated along the 12 MLT meridian. The solid green line marks
the time-dependent position of the magnetopause at this meridian.
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This figure shows that electrons with energies in the range between 500 keV and 1.5 MeV are locally drift
resonant with the ULF waves propagating in the afternoon sector between 15 MLT and 18 MLT, on drift
orbits corresponding to L values from 5 to 7.

4.3. The Role of Solar Wind ULF Fluctuations Following the Shock

One of the interpretations put forward by Tan et al. [2011], was that the ULF wave fluctuations carried by the
solar wind following the SSC launched MHD fast mode waves within the magnetosphere, by magnetopause
buffeting, and that these waves were important for electron energization during a 2 h interval following
the SSC. We test this by means of an idealized solar wind Py, (t) signal, which consists of two discrete jumps
of 10 nPa each, separated by a 15 min interval and no other ULF activity carried by the solar wind. All other
ULF wave model parameters are left unchanged from the case studied earlier. This input signal drives an
interval of ULF wave activity similar to that shown in Figure 2, although the duration of wave activity is less
than an hour, as illustrated by Figure 9 (top). The bottom panels in Figure 9 show the change in electron flux
as a function of L shell and time along the noon meridian for the same energy channels used in Figure 7 and
shows a similar pattern of enhancement to that figure. This result indicates that ULF waves launched by the
two initial dynamic pressure pulses dominate the electron energization process. It is important to point out
that this process is not simply the inductive electric field due to the rapid compression of the dayside mag-
netopause. The action of this compression (or, the manner by which this compression takes place) launches
MHD fast mode waves, which appear to be phase coherent for a sufficiently long time to resonantly
interact with the electrons.

5. Conclusion

We have investigated the magnetospheric MHD and energetic electron response to the arrival of an SSC
and subsequent magnetopause buffeting, focusing on a 1.5 h interval following an SSC on 25 November,
2001. We find that the electron flux signatures observed by LANL, Cluster, and GOES spacecraft during this
event can be largely reproduced using a test kinetic electron dynamics simulation that ingests electromag-
netic fields from a 2-D linear ideal MHD model for ULF waves. In particular, we see modulations in electron
flux phase shifted by 90° from local £, and a net enhancement after 1.5 h for energies from 300 keV up to
1.5 MeV. This confirms the conclusion reached by Tan et al. [2011], that the energization process in this case
is dominated by drift-resonant interactions between electrons and MHD fast mode waves. We examine the
notion that the ULF wave fluctuations carried by the solar wind provide a significant contribution to the
energization process by testing the case where they are removed. We find similar levels of enhancement due
to ULF waves launched by the solar wind dynamic pressure pulses only and, therefore, conclude that direct
coupling of ULF wave power from the solar wind to waves in the magnetosphere does not provide a strong
contribution to electron energization in this case.

References

Allan, W., and F. Knox (1979), Effect of finite ionosphere conductivities on axisymmetric toroidal Alfven wave resonances, Planet. Space
Sci., 27(7), 939-950.

Allan, W.,, and F. Poulter (1992), ULF waves—Their relationship to the structure of the Earth’s magnetosphere, Rep. Prog. Phys., 55,
533-598.

Blake, J. B., W. A. Kolasinski, R. W. Fillius, and E. G. Mullen (1992), Injection of electrons and protons with energies of tens of MeV into
L < 3 on 24 March 1991, Geophys. Res. Lett., 19(8), 821-824, doi:10.1029/92GL00624.

Bortnik, J., R. M. Thorne, T. O. O’Brien, J. C. Green, R. J. Strangeway, Y. Y. Shprits, and D. N. Baker (2006), Observation of two
distinct, rapid loss mechanisms during the 20 November 2003 radiation belt dropout event, J. Geophys. Res., 111, A12216,
doi:10.1029/2006JA011802.

Claudepierre, S. G, et al. (2013), Van Allen Probes observation of localized drift resonance between poloidal mode ultra-low frequency
waves and 60 keV electrons, Geophys. Res. Lett., 40, 4491-4497, doi:10.1002/grl.50901.

Degeling, A. W., and R. Rankin (2008), Resonant drift echoes in electron phase space density produced by dayside Pc5 waves following a
geomagnetic storm, J. Geophys. Res., 113, A10220, doi:10.1029/2008JA013254.

Degeling, A. W, L. G. Ozeke, R. Rankin, I. R. Mann, and K. Kabin (2008), Drift resonant generation of peaked relativistic electron
distributions by Pc5 ULF waves, J. Geophys. Res., 113, A02208, doi:10.1029/2007JA012411.

Degeling, A. W., R. Rankin, and S. R. Elkington (2011), Convective and diffusive ULF wave driven radiation belt electron transport,
J. Geophys. Res., 116, A12217, doi:10.1029/2011JA016896.

Degeling, A. W., R. Rankin, K. Murphy, and I. J. Rae (2013), Magnetospheric convection and magnetopause shadowing effects in ulf
wave-driven energetic electron transport, J. Geophys. Res. Space Physics, 118, 2919-2927, doi:10.1002/jgra.50219.

Denton, R. E., J. D. Menietti, J. Goldstein, S. L. Young, and R. R. Anderson (2004), Electron density in the magnetosphere, J. Geophys. Res.,
109, A09215, doi:10.1029/2003JA010245.

Elkington, S., M. Hudson, and A. Chan (1999), Acceleration of relativistic electrons via drift-resonant interaction with toroidal-mode Pc5
ULF oscillations, Geophys. Res. Lett., 26(21), 3273-3276.

DEGELING ET AL.

©2014. American Geophysical Union. All Rights Reserved. 8927


http://dx.doi.org/10.1029/92GL00624
http://dx.doi.org/10.1029/2006JA011802
http://dx.doi.org/10.1002/grl.50901
http://dx.doi.org/10.1029/2008JA013254
http://dx.doi.org/10.1029/2007JA012411
http://dx.doi.org/10.1029/2011JA016896
http://dx.doi.org/10.1002/jgra.50219
http://dx.doi.org/10.1029/2003JA010245

@AG U Journal of Geophysical Research: Space Physics 10.1002/2013JA019672

Elkington, S. R., A. A. Chan, and M. Wiltberger (2013), Global structure of ULF waves during the 24-26 September 1998 geomag-
netic storm, in Dynamics of the Earth’s Radiation Belts and Inner Magnetosphere, edited by D. Summers et al., pp. 127-138, AGU,
Washington, D. C., doi:10.1029/2012GM001348.

Green, J. C, and M. G. Kivelson (2004), Relativistic electrons in the outer radiation belt: Differentiating between acceleration mechanisms,
J. Geophys. Res., 109, A03213, doi:10.1029/2003JA010153.

Horne, R. B, et al. (2005), Wave acceleration of electrons in the Van Allen radiation belts, Nature, 437(7056), 227-230,
doi:10.1038/nature03939.

Hughes, W. J., and D. J. Southwood (1976), Screening of micropulsation signals by atmosphere and ionosphere, J. Geophys. Res., 81,
3234-3240, doi:10.1029/JA081i019p03234.

Kepko, L., H. E. Spence, and H. J. Singer (2002), UIf waves in the solar wind as direct drivers of magnetospheric pulsations, Geophys. Res.
Lett., 29(8), 39-1-39-4, doi:10.1029/2001GL014405.

Li, X., I. Roth, M. Temerin, J. R. Wygant, M. K. Hudson, and J. B. Blake (1993), Simulation of the prompt energization and transport of
radiation belt particles during the March 24, 1991 SSC, Geophys. Res. Lett., 20(22), 2423-2426, doi:10.1029/93GL02701.

Livadiotis, G., and D. J. McComas (2013), Understanding kappa distributions: A toolbox for space science and astrophysics, Space Sci. Rev.,
175, 183-214, doi:10.1007/s11214-013-9982-9.

Mann, I. R, et al. (2013), Discovery of the action of a geophysical synchrotron in the Earth’S Van Allen radiation belts, Nat. Commun.,

4, 2795, doi:10.1038/ncomms3795.

Northrop, T. G. (1963), The Adiabatic Motion of Charged Particles, Interscience, New York.

Rankin, R., K. Kabin, and R. Marchand (2006), Alfvenic field line resonances in arbitrary magnetic field topology, Adv. Space Res., 38(8),
1720-1729, doi:10.1016/j.asr.2005.09.034.

Roederer, J. G. (1970), Dynamics of Geomagnetically Trapped Radiation, Springer, New York.

Samson, J. C,, J. A. Jacobs, and G. Rostoker (1971), Latitude-dependent characteristics of long-period geomagnetic micropulsations,

J. Geophys. Res., 76, 3675-3683.

Schulz, M., and L. J. Lanzerotti (1974), Particle Diffusion in the Radiation Belts, Springer, New York.

Shprits, Y. Y., R. M. Thorne, R. Friedel, G. D. Reeves, J. Fennell, D. N. Baker, and S. G. Kanekal (2006), Outward radial diffusion driven by
losses at magnetopause, J. Geophys. Res., 111, A11214, doi:10.1029/2006JA011657.

Tan, L. C, X. Shao, A. S. Sharma, and S. F. Fung (2011), Relativistic electron acceleration by compressional mode ULF waves: Evidence from
correlated Cluster, Los Alamos National Laboratory spacecraft, and ground based magnetometer measurements, J. Geophys. Res., 116,
A07226, doi:10.1029/2010JA016226.

Turner, D. L., Y. Shprits, M. Hartinger, and V. Angelopoulos (2012), Explaining sudden losses of outer radiation belt electrons during
geomagnetic storms, Nat. Phys., 8(3), 208-212, doi:10.1038/NPHYS2185.

Turner, D. L., S. K. Morley, Y. Miyoshi, B. Ni, and C.-L. Huang (2013), Outer radiation belt flux dropouts: Current understanding and unre-
solved questions, in Dynamics of the Earth’s Radiation Belts and Inner Magnetosphere, edited by D. Summers et al., pp. 195-212, AGU,
Washington, D. C., doi:10.1029/2012GM001310.

Ukhorskiy, A. Y., B. J. Anderson, P. C. Brandt, and N. A. Tsyganenko (2006a), Storm time evolution of the outer radiation belt: Transport
and losses, J. Geophys. Res., 111, A11503, doi:10.1029/2006JA011690.

Ukhorskiy, A. Y., B. J. Anderson, K. Takahashi, and N. A. Tsyganenko (2006b), Impact of ULF oscillations in solar wind dynamic pressure on
the outer radiation belt electrons, Geophys. Res. Lett., 33, L06111, doi:10.1029/2005GL024380.

Vette, J. I. (1991), The AE-8 trapped electron model environment, NSSDC/WDC-A-R and S 91-24, NSSDC and WDC-A-R and S, Goddard
Space Flight Center, Greenbelt, Md.

Walker, A. D. M. (1998), Excitation of magnetohydrodynamic cavities in the magnetosphere, J. Atmos. Sol. Terr. Phys., 60, 1279-1293.

West, H., J. Walton, and R. Buck (1972), Shadowing of electron azimuthal-drift motions near noon magnetopause, Nat. Phys.

Sci., 240(97), 6-7.

DEGELING ET AL.

©2014. American Geophysical Union. All Rights Reserved. 8928


http://dx.doi.org/10.1029/2012GM001348
http://dx.doi.org/10.1029/2003JA010153
http://dx.doi.org/10.1038/nature03939
http://dx.doi.org/10.1029/JA081i019p03234
http://dx.doi.org/10.1029/2001GL014405
http://dx.doi.org/10.1029/93GL02701
http://dx.doi.org/10.1007/s11214-013-9982-9
http://dx.doi.org/10.1038/ncomms3795
http://dx.doi.org/10.1016/j.asr.2005.09.034
http://dx.doi.org/10.1029/2006JA011657
http://dx.doi.org/10.1029/2010JA016226
http://dx.doi.org/10.1038/NPHYS2185
http://dx.doi.org/10.1029/2012GM001310
http://dx.doi.org/10.1029/2006JA011690
http://dx.doi.org/10.1029/2005GL024380

	Modeling radiation belt electron acceleration by ULF fast mode waves, launched by solar wind dynamic pressure fluctuations
	Abstract
	Introduction
	Event Study: SSC on 25 November 2001
	Model Overview
	ULF Wave Model
	Equatorially Mirroring Electrons

	Results
	Driving the ULF Wave Model Using Solar Wind Dynamic Pressure Fluctuations
	Electron Response: Comparison With Observations
	The Role of Solar Wind ULF Fluctuations Following the Shock

	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


