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Abstract Observations from Magnetospheric MultiScale (~8 Re) and Van Allen Probes (~5 and 4 Re) show
that the initial dayside response to a small interplanetary shock is a double-peaked dawnward electric field,
which is distinctly different from the usual bipolar (dawnward and then duskward) signature reported for
large shocks. The associated E X B flow is radially inward. The shock compressed the magnetopause to inside
8 Re, as observed by Magnetospheric MultiScale (MMS), with a speed that is comparable to the E x B flow. The
magnetopause speed and the E x B speeds were significantly less than the propagation speed of the pulse
from MMS to the Van Allen Probes and GOES-13, which is consistent with the MHD fast mode. There were
increased fluxes of energetic electrons up to several MeV. Signatures of drift echoes and response to ULF
waves also were seen. These observations demonstrate that even very weak shocks can have significant
impact on the radiation belts.

Plain Language Summary Very fast moving clouds of charged particles are ejected from the Sun
when it is active. Shock waves often develop at the cloud front as it plows through the solar wind. When
the shock hits the Earth’s magnetic field, it can push the Earth’s magnetic shield inside the distance where
many communication and weather satellites orbit. The energy associated with the shock can also very rapidly
increase the energy of electrons trapped in the Earth’s magnetic field in the Van Allen Radiation belts.
These electrons can damage satellites. We have used four satellites arrayed at different locations on the
dayside of the Earth’s magnetic field to show, for the first time, that small shocks have a different effect than
the large shocks that are usually studied but that even small shocks can produce relativistic electrons.

1. Introduction

The very strong shock observed by CRRES on 24 March 1991 [Wygant et al., 1994] that resulted in the forma-
tion of a new radiation belt has provided the prototypical example of the magnetospheric response to an
interplanetary (IP) shock compression. The electric field, observed on the nightside, had a large (~40 mV/m)
bipolar pulse of ~2 min duration, first dawnward and then duskward, consistent with antisunward flow as
the magnetosphere was compressed and sunward flow in association with the relaxation. The inferred field
near noon was approximately 200 mV/m. Similar bipolar pulses with amplitudes of ~10 mV/m and durations
of several minutes have been reported in association with other shock compressions [Kim et al., 2012; Foster
et al, 2015] and in MHD simulations [Kress et al., 2007; Hudson et al., 2015; Paral et al., 2015]. The bipolar
electric field has been interpreted to be associated with the excitation of a fast mode wave that propagates
primarily azimuthally. Electrons in drift resonance with the fast mode wave electric field are promptly accel-
erated [Wygant et al., 1994; Li et al., 1993], which can result in drift echoes and sometimes the creation of a
new radiation belt.

For a moderate shock on 8 October 2013, Foster et al. [2015] estimated the propagation speed to be about
850 km/s from the observed delay times between the Van Allen Probes spacecraft, which was comparable
to the event simulation [Hudson et al., 2015; Paral et al., 2015]. Schmidt and Pedersen [1988], in a statistical
study of sudden commencements using GEOS data, found radial propagation speeds of ~950 km/s and azi-
muthal speeds of ~1100 km/s. Samsonov et al. [2014], in a study of velocity perturbations in the dayside
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magnetosphere during eight sudden impulse (SI) events, concluded that the observed initial oscillations
were Alfvenic with electric fields of a few to ~9 mV/m, and both the waves and magnetic compressions were
consistent with simulations.

In this letter, we present observations of the initial dayside response of the magnetosphere to a small inter-
planetary shock. Satellites on the dayside measured a double-peaked dawnward electric field, distinctly
different from the usual bipolar field seen for large shocks and in simulations but with a comparable duration.
Energization of electrons is observed but to lower energies and fluxes than for large shocks. This study
demonstrates that it is necessary to understand the magnetospheric response to shocks of all sizes to
characterize radiation belt dynamics. The data sets and event overview are presented timing of propagation,
comparison to fast mode and Alfven speeds, and response of energetic particles are described in section 2.
Discussion and conclusions are in section 4.

2. Data Sets and Event Summary

On 14 December 2015, a small IP shock transited ACE at 12:31 UT, Wind at 12:41 UT, and lunar orbit at 13:10
UT, as observed by ARTEMIS (THEMIS-B and THEMIS-C), respectively, 47 Re and 48 Re upstream of the model
magnetopause location, at a local time of 14:30 LT. Using the OMNI delayed data, the estimated shock impact
on the magnetopause was 13:18. The initial increase in the dynamic pressure was a factor of 3, from 2 to 6 nPa
(see Figure 1b, fifth panel), and was associated with primarily southward interplanetary magnetic field. There
was a brief decrease in the pressure after the initial pulse, followed at 14:30 UT by a larger pressure increase
through 19:00 UT (not shown; occurred after the interval discussed in this report). Herein, we focus on the
initial compression at 13:18 UT. The shock normal had a significant y component at ACE, Wind, and
ARTEMIS, suggesting that the shock may have impacted the magnetosphere at an angle.

Figure 1a plots the locations at 13:20 of the Van Allen Probes, Magnetospheric MultiScale (MMS) and GOES-
13, which were well arrayed to characterize the dayside response to the shock-associated compression. The
MMS satellites were closest to the magnetopause. Van Allen Probe A (VAP-A) and GOES-13 were farther from
the magnetopause. Van Allen Probe B (VAP-B), which was closest to the Earth, entered the plasmasphere at
12:30 UT, where it remained throughout the event. Note that MMS and VAP observed strong electromagnetic
ion cyclotron (EMIC) waves in association with the relaxation of the magnetosphere [Capman et al., 2016], as
has been reported for compressions [Anderson and Hamilton, 1993].

The primary data sets utilized in this study are the quasi-static electric and magnetic field measurements from
the two Van Allen Probes [Wygant et al., 2013; Kletzing et al., 2013] and from the four MMS satellites [Burch
et al., 2015; Russell et al., 2014; Torbert et al., 2015; Lindqvist et al., 2015]. In addition, we examine particle data
from the REPT [Baker et al., 2012], MagEIS (Magnetic Electron and lon Spectrometer) [Blake et al., 2013], and
HOPE [Funsten et al., 2013] particle detectors on the Van Allen Probes [Spence et al., 2013], and the particle
and magnetic field data from GOES-13 [Singer et al., 1996]. Data on the solar wind conditions and interplane-
tary shock were obtained from ACE [Stone et al., 1998], Wind [Lepping et al., 1995], and THEMIS-B and -C
[Angelopoulos, 2008; McFadden et al., 2008].

The initial magnetospheric response on the dayside was observed at ~13:20 by Magnetospheric Multiscale
(MMS) and Van Allen Probe A, ~13:20:20 at Van Allen Probe B, and at ~13:23 at GOES-13 as can be seen in
Figure 1b, which plots the magnitude of the magnetic field from MMS1 (green), VAP-A (blue), and GOES-
13 (purple) in the first panel, the next three panels plot the duskward (E,) component of the electric field from
MMS1, VAP-A, and VAP-B, and the OMNI solar wind dynamic pressure and SYM-H (divided by 10) in the bot-
tom panel. In response to the shock impact, MMS, VAP-A, and VAP-B all observed a dawnward electric field
pulse with a double peaked structure (note the different scale for MMS1), in association with the compression
in the total magnetic field. The sudden drop in the magnetic field observed by MMS was due to the fact that
MMS crossed the magnetopause into the sheath at ~13:23:30 and back into the magnetosphere at ~13:25:15.
Thus, the magnetopause boundary was inside 8 Re (Xgsm of ~7.7 Re) at a LT of ~13. The compression in the
magpnetic field and the decrease in E, at MMS begins at ~13:20:15, followed by the magnetic field compres-
sion and E, signal at VAP-A and VAP-B. The double-peaked E, signal is seen on MMS, while it is still inside
the magnetosphere.

The timing of the pulse, and thus the propagation speed, is most accurately determined from the magnetic
field signatures, because the time resolution of the electric field measurement on VAP-A was reduced due to
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Figure 1. (a) Satellite locations at ~13:20 on 14 December 2015. (b, first panel) Btotal on VAP-A (—80 nT) in blue, on MMS1 in green, and on GOES-13 (—35 nT) in
purple. Note that the rapid change seen on MMS at ~13:25 is a crossing into the magnetosheath and back into the magnetosphere. (b, second panel) £, on
MMST1. (b, third panel) £, on VAP-A (spin period resolution due to loss of one spherical probe). (b, fourth panel) Ey on on VAP-B. (b, fifth panel) solar wind pressure
(purple) and SYM-H (divided by 10, black).
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Table 1. Compression Speed Determination the loss of measurements from one
Method Delay,s  Speed, km/s Normal probe. Note that GOES-13 initially
SC pairs B, *along sep. vector in x-y observed a slight decrease in the
MMS-VAP-A 12-18 1020-1530 In and dusk magnetic field (~2 min after the com-
MMS-VAP-B 12-20 1340-2240 In pression at MMS), followed by the
VAP-A-VAP-B 4-11 1200-3200 In and dawn compression (~4 min after MMS).
4 SC 1250-1500 (—0.9, —0.3, and +0.1)

Table 1 shows the range of delay
times in B, between spacecraft pairs,
and the resulting propagation speeds along the separation vector. The impulse propagation speed and direc-
tion can also be estimated (assuming a plane wave), using magnetic field data (B, and By.) from the four day-
side satellites (MMS-1, VAP-A, VAP-B, and GOES-13), shown in the bottom row of Table 1. Speeds are in the
range of 1200 to 1500 km/s, and generally radially inward and toward dawn. As discussed below, this in con-
sistent with the fast mode speed.

The most accurate density estimates are obtained from the upper hybrid line, which is used to calibrate
the density obtained from the spacecraft potential [Kurth et al.,, 2015]. During the magnetic field compres-
sion, the density ranges from ~10 cm™ to 30 cm™3 on VAP-A and ~100 cm™3 to 120 cm™> on VAP-B. On
both satellites, the ion density (for energies >30 eV) is <~1, indicating that most of the density is cold
plasma. There is significant oxygen (O+/H+ of ~0.2 to 0.4 on VAP-A and ~0.5 to 1 on VAP-B). Using these
values, the range of the Alfven speed is ~700 km/s to 1200 km/s for VAP-A and 600 km/s to 900 km/s for
VAP-B. The Alfven speed at MMS is ~800 to 1200 km/s for n ~ 5 cm™> (based on the upper hybrid line).
Using the observed electron temperatures from HOPE, we can calculate the sound speed (Csa = 540 km/s
and Cgg = 370 km/s), and thus the fast mode speed, ~806 km/s to 1350 km/s on VAP-A and 620 km/s to
950 km/s on VAP-B. Thus, the observed propagation speeds are consistent with fast mode. It should be
noted, however, that there is not a significant difference between the range of fast mode speeds and
the range of Alfven speeds for this event.

The delay time from the estimated time of impact of the shock on the magnetopause to the initial compres-
sion on each satellite is also of interest. Given the 1 min resolution of the OMNI data, the delay between the
shock arrival at the magnetopause and at MMS ranges from ~1 to 2 min. The speeds for a range of model
magnetopause locations, based on solar wind pressures from 0 to 6 nPa, range from ~50 km/s to a few
100 km/s. These speeds are much lower than the Alfven speed and the sound speed. Although the estimated
shock impact time is not well determined, it should be accurate to within ~1 min; even with a shorter delay,
the speeds are subsonic.

The usual interpretation of the observed response to a shock compression is a fast mode wave; therefore, one
would expect to see an increase in density associated with the enhanced magnetic field. Figure 2 (top) shows
that this is not the case. Figure 2 (bottom) shows that density is essentially all due to cold plasma. It is clear
that for most of the large-scale compression, from ~13:23 to ~13:30 when the change in the magnetic field
magnitude is ~20-30 nT, there was a density decrease to ~10 cm . This suggests that the large-scale struc-
ture is slow mode or in pressure balance, although the small-scale waves may be fast mode. Note that there
was an increase in the electron density observed by HOPE. Because VAP-B was inside the plasmasphere dur-
ing the interval of interest, it is difficult to assess the significance of the relationship of the density changes to
the magnetic field changes.

At both Van Allen Probes, there were increases in the energetic electron fluxes, in association with the electric
field signal and compression, as shown in Figure 3a, which plots selected channels of the electrons at 90°
pitch angle from MagEIS for both spacecraft. The top panel shows the ~30 keV and ~54 keV channels; the
bottom panel shows the ~75 keV and ~100 keV. An interesting feature seen on VAP-A is that the enhanced
flux is larger for the 54 keV channel than for the 31 keV channel. This feature is not seen on VAP-B. The 80 keV
channel on VAP-A is also strongly enhanced. MMS (not shown) observed slight increase only in the 40 keV
channel. If the energization from inward electron transport due to the shock-induced electric field pulse is
interpreted to be adiabatic [Wygant et al., 1994], the source population would have been at L = 5.85-6 and
resulted in an energy increase by 1.3-1.6 times, corresponding to an energy of ~35 to 40 keV for the largest
enhancement at 54 keV. The drift speed of particles at these energies is much too low to be resonant with the
azimuthal propagation of the pulse [Li et al., 1993; Wygant et al., 1994].
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Van Allen Probe A: Density and Magnetic Field
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Figure 2. Comparison of magnetic field magnitude and density at VAP-A. (top) The magnitude of the magnetic field—
model field in black and the density from the spacecraft potential in red. (bottom) The density from the spacecraft
potential in red, the density of ions >30 eV from HOPE in green, and the density of electrons >200 eV from HOPE in blue.

Comparison of VAP-A and GOES-13 electrons is presented in Figure 3b. Both satellites observed slight (~60%)
increases in fluxes at high energies (~1 MeV). GOES-13 observed increases in fluxes over the energy range
from ~40 keV to 150 keV, with a weak decrease in fluxes at higher energies (275 and 475 keV). Both Van
Allen Probes observed increases in fluxes at energies up to ~5 MeV. On GOES-13 there were enhancements
to >2 MeV. Drift echoes occurred on Van Allen Probe A, most clearly in energies from about 200 to 500 keV.
Above this energy, there may be drift echoes but they are masked by the larger response to the ULF waves
that occur after the shock impact.

The magnetic field from the four MMS satellites can be analyzed to determine the magnetopause bound-
ary normal and speed at the crossings out of and then into the magnetosphere. For the initial crossing,
the normal was primarily along Xys. with a small negative Ygse component and the speed was ~40 km/s.
This speed is quite comparable to the E x B/B* velocity at MMS during the compression, ~40 to 60 km/s;
it is much slower than the fast mode speed throughout the dayside magnetosphere, suggesting that the
motion of the magnetopause was governed by the plasma flow and pressure balance rather than a fast
mode wave. During the subsequent expansion, the normal was almost totally in the X direction, and the
speed was ~25 km/s. The duration of the magnetic field compression at MMS is ~3.5 min. At 50 km/s, this
would correspond to ~1.6 Re, which is very similar to the distance to the model magnetopause obtained
for an enhanced solar wind pressure of 4 nPa. Thus, the observations are consistent with a picture of the
compression of the magnetopause by a slow piston with the magnetopause location essentially set by
pressure balance. The initial magnetopause current sheet crossing at MMS lasted ~35 s, corresponding
to a scale size of ~0.2 to 0.3 Re.

On all three satellites, the y component (duskward) of the electric field is largest. Because the long (spin
plane) booms make the most accurate measurement of the quasi-static electric field, on the Van Allen
Probes, E, and E, are most accurate, whereas on MMS E, and E, are most accurate. The well-measured E,
(VAP) and E, (MMS) are both ~20% of E, during the initial compression. The size of the magnetic field com-
pressions, i.e., the difference between the observed field and the model magnetic field, is the same (~30 nT)
at VAP-A and -B, and the perturbations in the x and y components were ~1 nT. At MMS, the values were larger,
respectively, ~45 nT, and ~4 to ~6 nT. The electric field perturbation does not scale with the magnetic
field compression.
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Figure 3. (a) Selected energy channels from MagEIS electrons at 90° PA, comparing VAP-A and B (top panel shows ~30
and ~50 keV; bottom shows ~70 and ~100 keV). (b) Comparison of VAP-A and GOES-13 electrons. (b, first panel) The
>0.8 MeV fluxes from GOES-13, (b, second panel) the VAP-A 90° pitch angle fluxes at comparable energies (~0.9 MeV to
~1.6 MeV), (b, third panel) the GOES-13 fluxes at energies of ~40, 75, and 150 keV, and (b, fourth panel) the VAP-A 90° pitch
fluxes at 32, 54, and 80 keV.

3. Discussion and Conclusions

The typically reported signature in the electric field in response to an interplanetary shock compression is a
bipolar pulse, first dawnward and then duskward, usually with comparable amplitudes. This signature is inter-
preted to be due to a fast mode wave associated with the initial compression (tailward flow and Poynting
flux), followed by the relaxation (and sunward flow). The initial signature is often followed by a train of ULF
waves [Wygant et al., 1994] and/or EMIC waves. In contrast, in this small shock, the initial response is a dawn-
ward electric field with a double-peak structure, and there is no comparable size and duration duskward field.
EMIC waves and ULF waves were observed.

A very similar signature in response to a small shock (~4 nPa) was observed on 9 January 2014 by VAP-B at
~13.5 MLT [Halford et al, 2015]. This shock was also highly oblique. The initial field was primarily
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dawnward (~6 mV/m) with a double pulse, followed by a smaller (~2 mV/m) duskward field. The initial mag-
netic field compression was ~5-10 nT, with an increase of ~30 nT over 5 min. The observed perturbations
were consistent with initial fast mode propagation toward the nightside, followed by a rarefaction wave with
return flow. VAP-A, which was at ~15 MLT, saw a single pulse structure. The initial magnetic field compression
was simultaneous on both Van Allen Probes (separated by ~0.8 Re); however, the response in both the elec-
tric and magpnetic field was of longer duration on VAP-A. The duskward electric field, E,, was smaller at VAP-A
(~ —2 mV/m) compared to ~ —6 mV/m at VAP-B.

The initial electric field response to both the 14 December 2015 and 9 January 2014 small shocks was consis-
tent in amplitude and sign of electric field and magnetic field with a GEOS statistical study [Schmidt and
Pedersen, 1988]. The perturbations were also consistent, when scaled by shock size, with simulations. Note
that small shocks can also show a response similar to the typically reported bipolar electric field [Zong
et al., 2009].

Both the 14 December 2015 and 9 January 2014 small shocks resulted in prompt enhancements in energetic
electrons, although much less intense than those observed for moderate and large shocks. This is consistent
with the statistical study of Schiller et al. [2016], who found that the size of the prompt enhancements was
dependent on shock strength.

Simulations by Kim et al. [2009] examined the local time dependence of the electric field response to a mod-
erate shock with an increase of ~10 nPa. They concluded that the bipolar pulse was not due to a compression
followed by rarefaction. Kim et al. [2012] also reached conclusions at variance with usual interpretations.
Utilizing magnetic field data from four widely spaced satellites on the dayside, they found that the propaga-
tion was slower than the fast mode speed.

For the event discussed herein, the compression moved the magnetopause inside 8 Re, so MMS moved into
the magnetosheath and back into the magnetosphere. The speeds of the magnetopause crossings were sub-
sonic, in agreement with previous statistical studies of magnetopause speeds [Elphic, 1988]. The initial com-
pression of the magnetopause was roughly twice as fast as the relaxation.

Analysis of solar wind data from ARTEMIS (THEMIS-B and THEMIS-C), Wind, and ACE indicates that the shock
was inclined and would likely have initially impacted the dawnside of the magnetosphere first, as was the
case for the 7 October 2013 event studied by Foster et al. [2015]. Studies of the effect of shock angle on
the response of the magnetosphere [Takeuchi et al., 2002; Oliveira and Raeder, 2015; Samsonov et al., 2015]
indicate that shock angle can have a significant influence on the magnetospheric response.

Two large-scale MHD models have been run for this event at the CCMC (SWMF v20140611 and LFM
LTR-2_1_15). Both show that the subsolar magnetopause is compressed to ~8.5 Re. Neither replicate the
magnetopause crossing seen by MMS or the double-peaked dawnward electric field. The magnitudes of
the initial dawnward fields are comparable for the two models and VAP-A; however, both models underesti-
mate the electric field on MMS and on VAP-B. Possible explanations are that the models assume that the
shock hits the Earth straight on (shock front is oriented with normal along the Earth-Sun line), whereas the
observed shock was highly inclined, or that the spatial/temporal resolutions are not small enough to capture
these structures, or that the modeled plasmasphere does not properly represent the effect of the real plasma-
sphere for this event. For example, Kress et al. [2007] found that the amplitude of the electric field response
depended on the plasmasphere model. Samsonov et al. [2007] discussed the possible effect of wave reflec-
tion from the inner boundary (plasmapause or ionosphere).

The typical bipolar signature [Wygant et al., 1994; Foster et al., 2015] is also observed in MHD simulations of
shock impacts [Hudson et al.,, 2015]. Simulation of the event described in Foster et al. [2015] by Hudson
et al. [2015] showed that the pressure pulse of ~20 nPa resulted in bipolar pulse of ~8 mV/m comparable
to the observed field. The initial dawnward pulse propagates in the fast mode azimuthally. The simulated
pulse speed is 700 km/s comparable to the observed value of approximately 850 km/s [Paral et al., 2015].
VAP-B, farther from noon than VAP-A, observed a double dawnward pulse that was not replicated by
the simulations.

These observations demonstrate that the response of the magnetosphere to interplanetary shocks can be
highly variable. Even very weak shocks can cause enhancements in energetic electrons. To understand the
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significance of IP shocks on radiation belt, dynamics and magnetic storms will require examination of a large
number of events to assess the relative effect of various shock parameters and preexisting
magnetospheric conditions.
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