
LA-UR-15-27236 (Accepted Manuscript)

Kinetic Alfvén waves and particle response associated with a
shock-induced, global ULF perturbation of the terrestrial
magnetosphere

Malaspina, D
Claudepierre, S.
Takahashi, K
Jaynes, A
Elkington, S
Ergun, R
Wygant, J
Reeves, Geoffrey D.
Kletzing, C

Provided by the author(s) and the Los Alamos National Laboratory (2017-10-17).

To be published in: Geophysical Research Letters

DOI to publisher's version: 10.1002/2015GL065935

Permalink to record: http://permalink.lanl.gov/object/view?what=info:lanl-repo/lareport/LA-UR-15-27236

Disclaimer:
Approved for public release. Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the Los Alamos
National Security, LLC for the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396.
Los Alamos National Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution, however, the
Laboratory does not endorse the viewpoint of a publication or guarantee its technical correctness.



GEOPHYSICAL RESEARCH LETTERS, VOL. ???, XXXX, DOI:10.1029/,

Kinetic Alfv�en Waves and Particle Response1

Associated with a Shock-Induced, Global ULF2

Perturbation of the Terrestrial Magnetosphere3

D R A F T August 25, 2015, 2:02pm D R A F T



X - 2 MALASPINA ET AL.: KAW FROM SHOCK IMPACT

David M. Malaspina, Laboratory for Atmospheric and Space Physics, University of Colorado,

Boulder, Colorado 80303, USA. (David.Malaspina@colorado.edu)

Seth G. Claudepierre, Space Sciences Department, The Aerospace Corporation El Segundo,

California, 90245, USA (seth@aero.org)

Kazue Takahashi, Johns Hopkins University Applied Physics Laboratory Laurel, Maryland,

20723, USA (Kazue.Takahashi@jhuapl.edu)

Allison N. Jaynes, Laboratory for Atmospheric and Space Physics, University of Colorado,

Boulder, Colorado 80303, USA. (Allison.Jaynes@lasp.colorado.edu)

Scot R. Elkington, Laboratory for Atmospheric and Space Physics, University of Colorado,

Boulder, Colorado 80303, USA. (Scot.Elkington@lasp.colorado.edu)

Robert E. Ergun, Laboratory for Atmospheric and Space Physics, University of Colorado,

Boulder, Colorado, 80303, USA. (ree@lasp.colorado.edu)

John Wygant, School of Physics and Astronomy, University of Minnesota, Minneapolis, MN

55455, USA (wygan001@umn.edu)

Geo� D. Reeves, Los Alamos National Laboratory Los Alamos, New Mexico, 87544, USA

(reeves@lanl.gov)

Craig Kletzing, Department of Physics and Astronomy, University of Iowa Iowa City, Iowa,

52242, USA (craig-kletzing@uiowa.edu)

D R A F T August 25, 2015, 2:02pm D R A F T



MALASPINA ET AL.: KAW FROM SHOCK IMPACT X - 3

On 2 October 2 2013, the arrival of an interplanetary shock compressed4

the Earth’s magnetosphere and triggered a global ULF (ultra low frequency)5

oscillation. The Van Allen Probe B spacecraft observed this large-amplitude6

ULF wave in-situ with both magnetic and electric �eld data. Broadband waves7

up to approximately 100 Hz were observed in conjunction with, and mod-8

ulated by, this ULF wave. Detailed analysis of �elds and particle data re-9

veals that these broadband waves are kinetic Alfv�en waves. This event sug-10

gests that magnetospheric compression by interplanetary shocks can induce11

abrupt generation of kinetic Alfv�en waves over large portions of the inner12

magnetosphere, potentially driving previously unconsidered wave-particle in-13

teractions throughout the inner magnetosphere during the initial response14

of the magnetosphere to shock impacts.15

D R A F T August 25, 2015, 2:02pm D R A F T



X - 4 MALASPINA ET AL.: KAW FROM SHOCK IMPACT

1. Introduction

Alfv�enic oscillations of the geomagnetic �eld can be triggered by interaction with the16

solar wind in a variety of ways. The structure of solar wind pressure variation can directly17

drive such oscillations [Kepko and Spence, 2003]. Surface waves on the magnetopause can18

couple to shear Alfv�en waves deeper in the magnetosphere [Southwood , 1974; Claudepierre19

et al., 2008]. Fast-mode Alfv�en waves are launched through the magnetosphere following20

the sudden compression associated with solar wind pressure pulses, such as those associ-21

ated with interplanetary shocks (e.g. Eriksson et al. [2006] and references therein). Each22

of these driving mechanisms can excite �eld line resonances, where closed magnetic �eld23

lines, �xed on either end by the ionosphere, oscillate at eigenfrequencies appropriate to24

their geometry and distribution of plasma mass density along those �eld lines [Cummings25

et al., 1969].26

At su�ciently small wavelengths, Alfv�enic oscillations become dispersive, develop-27

ing electrostatic character and electric �elds parallel to the background magnetic �eld28

[Hasegawa, 1976; Lysak and Lotko, 1996]. Dispersive Alfv�en waves may be either kinetic29

or inertial, depending on the local plasma conditions. Inertial Alfv�en waves exist when30

the Alfv�en speed is greater than electron or ion thermal speeds and wave parallel electric31

�elds are supported by electron inertia. Kinetic Alfv�en waves exist when the Alfv�en speed32

is smaller than electron or ion thermal speeds and electron pressure gradients support the33

wave parallel electric �elds [Stasiewicz et al., 2000] . Simulation results predict that in-34

ertial Alfv�en waves will occur near the ionosphere and kinetic Alfv�en waves will occur35

nearer the geomagnetic equator [Lysak and Carlson, 1981].36
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Dispersive Alfv�en waves have been observed in the terrestrial magnetosphere at high37

latitudes [Lotko et al., 1998; Wygant et al., 2002; Chaston et al., 2005], associated with38

bursty bulk 
ows in the plasma sheet [Chaston et al., 2012; Stawarz et al., 2014; Ergun39

et al., 2014], and with plasma injections in the inner magnetosphere [Chaston et al., 2014].40

Observationally, kinetic Alfv�en waves appear as broadband enhancements in electric and41

magnetic �eld wave power that become increasingly electrostatic at higher frequencies42

[Wygant et al., 2002; Chaston et al., 2014]. Doppler shift due to wave propagation past an43

observing spacecraft can produce wave frequencies up to hundreds of Hz in the spacecraft44

frame [Chaston et al., 2014].45

In this work, broadband Alfv�enic waves are reported inside the plasmasphere in con-46

junction with, and modulated by, ultra-low frequency (ULF) oscillations (mHz in the47

spacecraft frame) driven by an impulsive solar wind pressure enhancement. These broad-48

band waves are identi�ed as kinetic Alfv�en waves.49

In contrast to the vast number of studies addressing the ULF response to impulse solar50

wind pressure enhancements (e.g. Sarris et al. [2010] and references therein), little has51

been reported about the wave response at higher frequencies (>> 1 Hz) (Shinbori et al.52

[2003] and references therein), largely due to a lack of comprehensive electric and magnetic53

�eld observations at appropriate frequencies near equatorial latitudes in the inner magne-54

tosphere. An exception is Shinbori et al. [2003], who carried out a comprehensive study55

of such waves examining 13 years of Akebono spacecraft data, identifying whistler-mode,56

lower hybrid resonance, and cyclotron harmonic waves at middle latitude and equatorial57

regions associated with impulsive solar wind pressure changes. However, Akebono only58
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sampled L < 2 (for McIlwain L parameter) near the equator and Shinbori et al. [2003]59

used only spectral data for wave identi�cation above 16 Hz [Tsuruda and Oya, 1991].60

The recently-launched Van Allen Probes [Mauk et al., 2012] mission provides multi-point61

comprehensive particle and �elds measurements throughout the equatorial inner magne-62

tosphere, including extended time periods of electric and magnetic �eld data recorded at63

high sample rates (1,024 Samples/s to 35,000 Samples/s). These data can be used to64

analyze in detail the high frequency wave response that accompanies ULF waves driven65

by impulsive solar wind pressure enhancements. Identifying all plasma wave modes and66

associated wave-particle interactions driven by the initial magnetospheric shock response67

is important because impulsive pressure enhancements, such as those associated with in-68

terplanetary shocks, are capable of causing rapid modi�cation of particle distributions69

within the magnetosphere through wave-particle interactions, including the prompt en-70

ergization of electrons to relativistic energies [Vampola and Korth, 1992; Li et al., 1993;71

Wygant et al., 1994; Foster et al., 2014].72

The following text presents a description of the relevant Van Allen Probes instrumen-73

tation and a description of the 2 October, 2013 observations. An analysis of particle and74

wave data follows, demonstrating the presence of kinetic Alfv�en waves and their phase75

relationship with the plasma response and simultaneously observed ULF waves. A discus-76

sion of the possible global nature of the kinetic Alfv�en wave response and the implications77

of these waves for inner magnetospheric plasma dynamics is presented, followed by con-78

clusions.79

2. Instrumentation
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This work uses data from the MagEIS [Blake et al., 2013], HOPE [Funsten et al.,80

2013], and EFW [Wygant et al., 2013] instruments, as well as data from the EMFISIS81

instrument suite [Kletzing et al., 2013], on the Van Allen Probes spacecraft. The twin82

Van Allen Probes traverse the inner magnetosphere on � 9 hour orbits with 5:8RE apogee83

and 1:1RE perigee, rotating every � 10:8 seconds. The spacecraft spin axes point within84

20� of the spacecraft-Sun line.85

MagEIS and HOPE make pitch-angle resolved observations of electrons with energies86

30 keV to 1 MeV and a few eV to 50 keV, respectively, and protons with energies of 5087

keV to 1 MeV and a few eV to 30 keV, respectively. MagEIS single-species observations88

are made at spin-cadence, while HOPE single-species observations are produced every89

two spins. HOPE measures oxygen and helium ions over the same energy range listed for90

protons.91

The EMFISIS instrument suite includes low (10 Hz to 17 kHz) and high frequency92

(10 kHz to 400 kHz) spectral receivers for electric �elds and a low frequency receiver for93

magnetic �eld data, as well as the ability to capture short (� 6 s) bursts of AC-coupled94

> 10 Hz waveform data up to 35,000 Samples/s. EMFISIS includes a 
uxgate (FGM) and95

search coil magnetometer (SCM). The 
uxgate is continuously sampled at 64 Samples/s.96

The EFW instrument includes six voltage probes, four of which are located at the ends97

of 50 m wire booms in the spacecraft spin plane (V1, V2, V3, and V4) and two of which98

are supported by 7 m rigid axial booms (V5 and V6). Electric �elds are calculated using99

di�erential voltage measurements (e.g. E12 = (V1 � V2)=Leff , given an e�ective electrical100

length Leff ). Axial sensor electric �eld measurements can be di�cult to interpret due101
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to short axial boom lengths and periodic shadowing of the anti-sunward voltage probe102

by magnetometer booms. EFW receivers produce spectral data for frequencies < 8 kHz,103

continuous waveform data including DC-coupled electric �elds at 32 Samples/s, and burst104

waveform data up to 16,364 Samples/s using either DC- or AC-coupled electric �eld105

channels as well as SCM channels. EFW burst data can be collected using a scientist-106

in-the-loop paradigm where large amounts of data are recorded on board, and a scientist107

selects intervals to send back to Earth. This data can be sampled at 16; 384=2N Samples/s108

for integer N � 15 [Wygant et al., 2013]. This data can provide unbroken burst waveform109

coverage over very long time periods (minutes to hours).110

3. Observations

On 2 October, 2013 near 01:15 UTC the Wind spacecraft, located upstream of Earth111

at the �rst Lagrange point, observed a solar wind pressure jump associated with an112

interplanetary shock. The jump was abrupt (11 nPa dynamic pressure change over <113

5 min) and was followed by an extended period of southward solar wind magnetic �eld114

(not shown). Approximately 40 minutes later, Van Allen Probe B, located in the inner115

magnetosphere in the dusk sector (16 hrs magnetic local time (MLT) and � 5RE from116

Earth), observed a magnetospheric response.117

Figure 1 shows low-frequency electric and magnetic perturbations observed by Van118

Allen Probe B just after shock arrival. Data are presented in the modi�ed GSE (MGSE)119

coordinate system [Wygant et al., 2013] for electric �elds using 1,024 Samples/s burst120

data (Figures 1a and 1b) and magnetic �elds using 64 Samples/s FGM data (Figures121

1c, 1d, and 1e). The MGSE coordinate system isolates data from the axial electric �eld122
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sensors to the X direction. The X MGSE electric �eld cannot be accurately estimated by123

assuming E �B = 0 for this interval because the magnetic �eld vector is less than 10� from124

the spacecraft spin plane. Electric �elds measured parallel to the background magnetic125

�eld during this interval are � 4 mV/m. A large amplitude, � 3:6 mHz wave is observed126

in the electric �eld, damping after � 4 cycles. This response is a well-known consequence127

of shock impacts in the inner magnetosphere (e.g. Wygant et al. [1994]).128

Figure 2 presents the observed particle and high frequency wave response. Figures 2a129

and 2b show electron energy 
ux spectrograms summed over all pitch angles recorded by130

the MagEIS and HOPE instruments, respectively. Figures 2c and 2d show proton energy131


ux spectrograms, summed over all pitch angles. Figures 2e and 2f show components132

of the data from Figure 1 after rotation into magnetic �eld aligned coordinates (FAC).133

The components E?1 and Bk are shown, where ?1 is approximately along -Y GSM and134

k is approximately along Z GSM. To derive FAC, a 3-minute running average of the full135

magnetic �eld vector over this time period was used to de�ne a background magnetic �eld136

vector. The observed ULF waves correspond to an oscillatory ion velocity (E = �v �B)137

in approximately the X GSE direction, and the spacecraft is located near the geomagnetic138

equator (magnetic latitude � 6:5�), consistent with observation of a fundamental mode139

toroidal ULF oscillation (see section 5).140

Figure 2g shows electric �eld wave power spectra above 80 kHz recorded by EMFI-141

SIS/HFR. The upper hybrid resonance cuto� is visible throughout this interval, as is142

a faint electron plasma frequency resonance line. Electron plasma density can be es-143

timated from these frequencies using measurements of the background magnetic �eld:144
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!2
pe = q2

ene=�0me and !2
UH = !2

pe + !2
ce, where !pe, !UH , and !ce are the electron plasma145

frequency, the upper hybrid frequency, and the electron cyclotron frequency, respectively.146

The electron plasma density is ne, and qe, me, and �0 are the electron charge, electron147

mass, and free space permittivity. Approximate plasma densities corresponding to the148

plotted frequency range are included to the right of the spectrogram. Because the lo-149

cal plasma density is > 300 cm�3 throughout this interval, Van Allen Probe B is likely150

inside the plasmasphere. Further, a steep density gradient consistent with an outbound151

plasmapause crossing occurs near 04:30 UTC (not shown).152

Figures 2h and 2i show wave power spectrograms from EMFISIS for electric �elds (E12153

and E34 summed) and magnetic �elds (all SCM axes summed). Broadband electromag-154

netic wave power is evident, beginning with ULF onset. Enhancements in wave power155

appear to be in-phase with ULF amplitude variation. An analysis of these broadband156

waves follows.157

4. Wave Analysis

By comparing the observed ratio of electric to magnetic �eld wave power over a range

of frequencies to a theoretical dispersion relation for kinetic Alfv�en waves, the broadband

waves in Figures 2h and 2i are shown to be consistent with kinetic Alfv�en waves. From

Stasiewicz et al. [2000] (equation 48), a treatment of dispersive Alfv�en waves yields the

following kinetic Alfv�en wave dispersion relation.

E?
B?

= vA

0

@ 1 + k2
?�2

iq
1 + k2

?(�2
i + �2

s)

1

A (1)

Here, E? and B? are the electric and magnetic �elds perpendicular to the background158

magnetic �eld, vA is the local Alfv�en speed, k? is the perpendicular wave number, �i is159
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the ion gyro radius (miv?=qijBj) and �s is the ion sound gyro radius (mivs=qijBj). Here,160

mi and qi are the proton mass and charge, v? is the proton velocity perpendicular to the161

magnetic �eld, and vs is the local sound speed.162

Following Chaston et al. [2012, 2014], it is assumed that k? >> kk (therefore k � k?)

and !sc = kvflow, where k is the total wave vector and !sc is the wave frequency measured

in the spacecraft frame. This second assumption is true when the plasma 
ow velocity

in the spacecraft frame (vflow) is much smaller than the Alfv�en speed. The validity of

this condition will be demonstrated later. With these assumptions, assuming an electron

temperature much smaller than the ion temperature (Te << Ti), supported by Figures 2b

and 2d, the dispersion relation can be written:

E?
B?

= vA

0

@1 +
�!sc


ci

�2
 

vi

vflow

!2
1

A
1=2

: (2)

This is equation 1 from Chaston et al. [2014]. Here, 
ci is the ion cyclotron frequency163

and vi is the ion thermal velocity.164

Van Allen Probe observations give direct measurements of E? and B? from DC to 512165

Hz, as well as 
ci, and vA since the plasma density and magnetic �eld are well measured166

during this interval. Therefore a �t of equation 2 to Van Allen Probe data has a single167

free parameter: vratio = vi=vflow. It will be shown later that the best-�t values to this free168

parameter further support the interpretation of these waves as kinetic Alfv�en waves.169

To compare the theoretical kinetic Alfv�en wave dispersion relation with the measured170

data throughout this interval, the ratio E? / B? is determined as a function of !sc = 2�fsc171

for two separate frequency ranges. FGM data (64 Samples/s) and 1,024 Sample/s DC-172

coupled E-�eld data down-sampled to 64 Sample/s are used to determine E? / B? for173
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low frequencies (fsc < 2 Hz). For high frequencies (fsc > 2 Hz), 1,024 Sample/s search174

coil data and 1,024 Sample/s DC-coupled E-�eld data are used.175

The interval is divided into non-overlapping windows of 1
16 s. For each sub-interval,176

wavelet and cross-wavelet analyses are carried out on the low- and high-frequency data177

(fsc > 2 Hz) separately. Wavelet power spectra are determined using a continuous wavelet178

transform using a Morlet mother wavelet [Torrence and Compo, 1998]. Cross-wavelet179

coherence and phase are determined by applying frequency- and time-domain smoothing180

following Torrence and Webster [1999]. In all cases, wavelet results are summed over the181

time dimension for each frequency, excluding all information from the cone of in
uence182

[Torrence and Compo, 1998].183

Figure 3 shows the results of this analysis for one 1
16 s sub-interval. Figure 3a shows the184

E?1 data from Figure 2e. The red vertical lines indicate the start and end of this sub-185

interval. Figure 3b shows E?1 / B?2 for low frequencies (blue curve) and high frequencies186

(black curve). The red dot-dash line shows the best-�t prediction for this ratio based on187

equation 2, measured values of density and magnetic �eld strength, and the �t parameter188

vratio using a nonlinear least squares �t. The theoretical dispersion relation and data show189

strong agreement across the frequency band, and both approach the measured Alfv�en190

speed at low frequencies. Figures 3c and 3d show the cross-wavelet coherence and phase191

as a function of wave frequency in the spacecraft frame. The coherence remains > 0:6192

across nearly all frequencies, while the phase oscillates between �90� at low frequencies193

and approaches � 0 at high frequencies. This phase behavior is consistent with a standing194

Alfv�en wave at low frequencies and traveling waves at higher frequencies [Chaston et al.,195
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2014]. Identical analysis was applied to the other 1/16 s intervals during the period shown196

in Figure 4a.197

A wavelet power spectral noise level is de�ned using the average of all wavelet power198

spectra determined for a short time prior to ULF wave onset (01:48 to 1:53 UTC). A �t to199

the kinetic Alfv�en wave dispersion relation and determination of the �t parameter vratio200

is carried out for each sub-interval where at least 1/4 of the sub-interval contains wavelet201

power is greater than �ve times the noise level in both electric and magnetic �eld data202

(fsc > 2 Hz). These criteria are intentionally strict, excluding most intervals, to limit203

dispersion relation �ts to only those intervals least in
uenced by instrument noise. The204

best-�t value of vratio is found to vary in phase with the 3.6 mHz ULF wave (see Figure205

4).206

Figure 4a and 4b show E?1 (as in Figure 2e) and jBj. Vertical lines indicate when207

E?1 passes through zero. Each time E?1 passes through zero, jBj shows an amplitude208

peak or trough. Solid blue lines indicate peaks, red dashed lines indicate troughs. Figure209

4c shows a HOPE proton energy 
ux spectrogram considering only near-90 degree pitch210

angle protons (36� to 144�). The 
ow velocity of ions past the spacecraft, derived using211

E = �(vflow �B) and assuming Ek = 0, is overlaid as a black curve. This agreement is212

consistent with the observed modulation of < 100 eV protons indicating plasma advecting213

past the spacecraft in response to ULF wave �elds. The maximum derived vflow during214

this interval is 90 km/s (�15 km/s r.m.s), which is much less than the local Alfv�en speed215

of � 300 km/s. Therefore the assumption of !sc = kvflow, which was required for equation216

2, is validated by observation.217
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Figure 4d shows a HOPE energy 
ux spectrogram considering �eld-aligned protons (0�218

to 36� and 144� to 180�). The plasma 
ow velocity is overlaid as a white curve. Bursts219

of �eld-aligned protons (and oxygen - not plotted) occur each time E?1 becomes small.220

These bursts have 
uxes comparable to the 
ux of near-90 degree protons, potentially221

indicative of ion out
ow correlated with the kinetic Alfv�en wave activity.222

The plasma 
ow velocity becomes small when E?1 approaches zero and peaks when the223

ULF electric �eld is strongest. Figure 4e shows vratio determined by nonlinear least squares224

�ts of the kinetic Alfv�en wave dispersion relation to observed wave data for each sub-225

interval with su�ciently high wave power signal to noise (described earlier). Despite sparse226

sampling, it is clear that peaks in vratio occur when vflow becomes small. This demonstrates227

that the one free parameter in the comparison between the theoretical kinetic Alfv�en wave228

dispersion relation and wave data varies as expected given a 
ow velocity of ions past229

the spacecraft due to ULF wave �elds. This strongly supports the identi�cation of the230

observed broadband waves as kinetic Alfv�en waves.231

Figure 4f shows magnetic �eld spectral power density from Figure 2i, integrated between232

10 Hz and 500 Hz as a function of time, as an estimate of kinetic Alfv�en wave power. This233

data is smoothed using a 30-second sliding boxcar average. Local wave power minima234

coincide with each passage of E?1 through zero. Further, kinetic Alfv�en wave activity235

weakens substantially once the ULF amplitude damps below a few mV/m (after 02:12236

UTC). These properties demonstrate modulation of kinetic Alfv�en wave power by the237

ULF 
uctuation.238

5. Discussion and Conclusions
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The ULF oscillation in Figure 1 is consistent with theoretical expectations for a fun-239

damental toroidal mode �eld line resonance. Solving the toroidal wave equations derived240

by Cummings et al. [1969] using plasma density values measured during this event yields241

wave frequencies close to the measured frequency (� 3:6 mHz). For density of 300cm�3,242

which is approximately valid before 02:01 UTC and after 02:10 UTC (Figure 2g), the243

theoretical fundamental toroidal mode frequency is 3.29 mHz. This frequency becomes244

2.85 mHz for 400cm�3 (02:04 to 02:10), and 2.32 mHz for 600cm�3 (near 02:02). Here, the245

plasma is assumed to be entirely protons and mass density along the �eld line is assumed246

to be constant, based on the results of Takahashi et al. [2015]. Altering the functional form247

of the mass density minimally changes the theoretical frequency. A dipole magnetic �eld248

was assumed for these calculations. During this event, the magnetic �eld was � 120% of249

the dipolar value at the location of Van Allen Probe B, which would raise the theoretical250

frequencies by a factor of � 1:2, bringing it closer to the measured value. Ion composition251

can also a�ect the predicted frequencies. A larger fraction of heavy ions will lower the252

theoretical frequency, but this is expected to be a small e�ect based on Takahashi et al.253

[2015] who found that it was a reasonable approximation to assume a proton-dominated254

�eld line mass density inside the plasmasphere when estimating ULF wave frequencies.255

It should be noted that vflow in Figure 4c falls somewhat below the proton energy 
ux256

peak, suggesting that the X MGSE component of the ULF electric �eld (which was not257

included when estimating vflow) has an amplitude comparable to the measured Y MGSE258

component used to derive vflow. Comparable X and Y ULF electric �eld amplitudes are259

also consistent with the observation that all three axes of magnetic perturbations (Figure260
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1c-e) show similar amplitudes. Comparable ULF electric �eld amplitudes suggest that261

the ULF wave has a signi�cant poloidal component in addition to the observed toroidal262

component.263

The ULF wave observed at Van Allen Probe B was global in nature. Figure 5 shows264

the horizontal component of the magnetic �eld observed by three ground magnetome-265

ter stations (Guam, Honolulu, and Puerto Rico) which were widely spaced in local time266

(LT) across the day side of the Earth during this event. Observed magnetic perturba-267

tions are closely spaced in time and consistent in shape with each other and Figure 2f.268

These measurements suggest a global compressional (fast mode) perturbation with low269

azimuthal mode number triggered by an interplanetary shock impact. The fundamental270

toroidal mode observed here is a consequence of frequency matching between the global271

compressional perturbation and the fundamental toroidal mode at the location of Van272

Allen Probe B.273

Given the observed close correspondence between low and high frequency Alfv�en waves274

(e.g. Figure 4f), the global nature of the ULF response implies that kinetic Alfv�en waves275

are promptly generated throughout the inner magnetosphere in this event.276

The phasing of �eld-aligned ion enhancements in Figure 4d and kinetic Alfv�en wave277

power in Figure 4f with the driving ULF wave are suggestive of ion out
ow in response278

to the periodic deposition of kinetic Alfv�en wave energy into ionospheric plasma. See279

Chaston et al. [2004] for discussion of kinetic Alfv�en waves promoting the escape of iono-280

spheric plasma. This interpretation is also consistent with the data in Figure 3d, which281

demonstrate that kinetic Alfv�en waves above � 2 Hz in the spacecraft frame are traveling,282
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rather than standing waves. However, further detailed analysis is required to con�rm this283

hypothesis.284

These observations demonstrate that the impact of an interplanetary shock on the285

magnetosphere produces not only the well-known standing-mode ULF waves associated286

with an abrupt compression of the magnetosphere, but also higher frequency kinetic Alfv�en287

waves. Future research will explore how the ULF shock response drives kinetic Alfv�en288

waves and seek to quantify how these newly observed waves modify the near-Earth plasma289

environment.290
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Figure 1. ULF wave response to a sudden compression of the magnetosphere, as

observed by Van Allen Probe B. (a,b) DC-coupled electric �elds in Y and Z MGSE.

(c,d,e) DC-coupled magnetic �elds in X, Y, and Z MGSE.
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Figure 2. Particle and wave response observed by Van Allen Probe B on 2 October,

2013. (a,b) Electron energy 
ux as observed by the MagEIS and HOPE instruments,

respectively. (c,d) Proton energy 
ux observed by MagEIS and HOPE. (e) ULF electric

�eld component perpendicular to the background magnetic �eld. (f) Component of the

ULF magnetic �eld along the background �eld direction. (g) High frequency electric

�eld wave power spectra. Density values corresponding to possible values for the plasma

frequency resonance are indicated on the right. (h) Low frequency electric �eld wave

power spectra. (i) Magnetic �eld wave power spectra. White lines in (h) and (i) indicate

half the local electron cyclotron frequency.

D R A F T August 25, 2015, 2:02pm D R A F T



X - 24 MALASPINA ET AL.: KAW FROM SHOCK IMPACT

Figure 3. (a) Electric �eld component of the ULF wave, from Figure 2e. Vertical dashed

lines delineate this sub-interval. (b) Electric to magnetic �eld ratio during this sub-interval

as a function of frequency. The red dot-dash curve indicates a best-�t prediction from the

kinetic Alfv�en wave dispersion relation. (c,d) Coherence and phase, respectively, between

electric and magnetic �eld 
uctuations as a function of frequency. Horizontal dashed lines

indicate a coherence of 0.6 in (c) and 0,�90 in (d). For (b), (c), and (d), blue curves

indicate 64 Sample/s data, black curves indicate 1,024 Sample/s data.
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Figure 4. Phasing between particle and wave responses. (a) Electric �eld component

of the ULF wave from Figure 2e. (b) Magnitude of the magnetic �eld. (c) HOPE proton

energy 
ux spectrogram, restricted to pitch angles close to 90�. (d) Same as (c), for

magnetic �eld-aligned pitch angles. See text for pitch angle ranges used in (c) and (d).

(e) Value of vratio derived from �ts of the kinetic Alfv�en wave dispersion relation to data

(see text). (f) Magnetic �eld wave spectral density integrated below 500 Hz and smoothed

(see text).
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Figure 5. Horizontal magnetic �eld component measured by ground magnetometer

stations widely dispersed in local time across the day side of Earth.
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