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

On 2 October 2 2013, the arrival of an interplanetary shock compressed
the Earth’s magnetosphere and triggered a global ULF (ultra low frequency)
oscillation. The Van Allen Probe B spacecraft observed this large-amplitude
ULF wave in-situ with both magnetic and electric eld data. Broadband waves
up to approximately 100 Hz were observed in conjunction with, and mod-
ulated by, this ULF wave. Detailed analysis of elds and particle data re-
veals that these broadband waves are kinetic Alfven waves. This event sug-
gests that magnetospheric compression by interplanetary shocks can induce
abrupt generation of kinetic Alfven waves over large portions of the inner
magnetosphere, potentially driving previously unconsidered wave-particle in-
teractions throughout the inner magnetosphere during the initial response

of the magnetosphere to shock impacts.
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X-4 MALASPINA ET AL.: KAW FROM SHOCK IMPACT

1. Introduction

Alfvenic oscillations of the geomagnetic eld can be triggered by interaction with the
solar wind in a variety of ways. The structure of solar wind pressure variation can directly
drive such oscillations [Kepko and Spence, 2003]. Surface waves on the magnetopause can
couple to shear Alfven waves deeper in the magnetosphere [Southwood, 1974; Claudepierre
et al., 2008]. Fast-mode Alfven waves are launched through the magnetosphere following
the sudden compression associated with solar wind pressure pulses, such as those associ-
ated with interplanetary shocks (e.g. Eriksson et al. [2006] and references therein). Each
of these driving mechanisms can excite eld line resonances, where closed magnetic eld
lines, xed on either end by the ionosphere, oscillate at eigenfrequencies appropriate to
their geometry and distribution of plasma mass density along those eld lines [Cummings
et al., 1969].

At su ciently small wavelengths, Alfvenic oscillations become dispersive, develop-
ing electrostatic character and electric elds parallel to the background magnetic eld
[Hasegawa, 1976; Lysak and Lotko, 1996]. Dispersive Alfven waves may be either Kinetic
or inertial, depending on the local plasma conditions. Inertial Alfven waves exist when
the Alfven speed is greater than electron or ion thermal speeds and wave parallel electric

elds are supported by electron inertia. Kinetic Alfven waves exist when the Alfven speed
is smaller than electron or ion thermal speeds and electron pressure gradients support the
wave parallel electric elds [Stasiewicz et al., 2000] . Simulation results predict that in-
ertial Alfven waves will occur near the ionosphere and kinetic Alfven waves will occur

nearer the geomagnetic equator [Lysak and Carlson, 1981].
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MALASPINA ET AL.: KAW FROM SHOCK IMPACT X-5

Dispersive Alfven waves have been observed in the terrestrial magnetosphere at high
latitudes [Lotko et al., 1998; Wygant et al., 2002; Chaston et al., 2005], associated with
bursty bulk ows in the plasma sheet [Chaston et al., 2012; Stawarz et al., 2014; Ergun
et al., 2014], and with plasma injections in the inner magnetosphere [Chaston et al., 2014].
Observationally, kinetic Alfven waves appear as broadband enhancements in electric and
magnetic eld wave power that become increasingly electrostatic at higher frequencies
[Wygant et al., 2002; Chaston et al., 2014]. Doppler shift due to wave propagation past an
observing spacecraft can produce wave frequencies up to hundreds of Hz in the spacecraft
frame [Chaston et al., 2014].

In this work, broadband Alfvenic waves are reported inside the plasmasphere in con-
junction with, and modulated by, ultra-low frequency (ULF) oscillations (mHz in the
spacecraft frame) driven by an impulsive solar wind pressure enhancement. These broad-
band waves are identi ed as kinetic Alfven waves.

In contrast to the vast number of studies addressing the ULF response to impulse solar
wind pressure enhancements (e.g. Sarris et al. [2010] and references therein), little has
been reported about the wave response at higher frequencies (>=> 1 Hz) (Shinbori et al.
[2003] and references therein), largely due to a lack of comprehensive electric and magnetic

eld observations at appropriate frequencies near equatorial latitudes in the inner magne-
tosphere. An exception is Shinbori et al. [2003], who carried out a comprehensive study
of such waves examining 13 years of Akebono spacecraft data, identifying whistler-mode,
lower hybrid resonance, and cyclotron harmonic waves at middle latitude and equatorial

regions associated with impulsive solar wind pressure changes. However, Akebono only
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X-6 MALASPINA ET AL.: KAW FROM SHOCK IMPACT

sampled L < 2 (for Mcllwain L parameter) near the equator and Shinbori et al. [2003]
used only spectral data for wave identi cation above 16 Hz [Tsuruda and Oya, 1991].

The recently-launched Van Allen Probes [Mauk et al., 2012] mission provides multi-point
comprehensive particle and elds measurements throughout the equatorial inner magne-
tosphere, including extended time periods of electric and magnetic eld data recorded at
high sample rates (1,024 Samples/s to 35,000 Samples/s). These data can be used to
analyze in detail the high frequency wave response that accompanies ULF waves driven
by impulsive solar wind pressure enhancements. ldentifying all plasma wave modes and
associated wave-particle interactions driven by the initial magnetospheric shock response
is important because impulsive pressure enhancements, such as those associated with in-
terplanetary shocks, are capable of causing rapid modi cation of particle distributions
within the magnetosphere through wave-particle interactions, including the prompt en-
ergization of electrons to relativistic energies [Vampola and Korth, 1992; Li et al., 1993;
Wygant et al., 1994; Foster et al., 2014].

The following text presents a description of the relevant Van Allen Probes instrumen-
tation and a description of the 2 October, 2013 observations. An analysis of particle and
wave data follows, demonstrating the presence of kinetic Alfven waves and their phase
relationship with the plasma response and simultaneously observed ULF waves. A discus-
sion of the possible global nature of the kinetic Alfven wave response and the implications
of these waves for inner magnetospheric plasma dynamics is presented, followed by con-

clusions.

2. Instrumentation
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81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

MALASPINA ET AL.: KAW FROM SHOCK IMPACT X-7

This work uses data from the MagEIS [Blake et al., 2013], HOPE [Funsten et al.,
2013], and EFW [Wygant et al., 2013] instruments, as well as data from the EMFISIS
instrument suite [Kletzing et al., 2013], on the Van Allen Probes spacecraft. The twin
Van Allen Probes traverse the inner magnetosphere on 9 hour orbits with 5:8Rg apogee
and 1:1Rg perigee, rotating every  10:8 seconds. The spacecraft spin axes point within
20 of the spacecraft-Sun line.

MagEIS and HOPE make pitch-angle resolved observations of electrons with energies
30 keV to 1 MeV and a few eV to 50 keV, respectively, and protons with energies of 50
keV to 1 MeV and a few eV to 30 keV, respectively. MagEIS single-species observations
are made at spin-cadence, while HOPE single-species observations are produced every
two spins. HOPE measures oxygen and helium ions over the same energy range listed for
protons.

The EMFISIS instrument suite includes low (10 Hz to 17 kHz) and high frequency
(10 kHz to 400 kHz) spectral receivers for electric elds and a low frequency receiver for
magnetic eld data, as well as the ability to capture short (6 s) bursts of AC-coupled
> 10 Hz waveform data up to 35,000 Samples/s. EMFISIS includes a uxgate (FGM) and
search coil magnetometer (SCM). The uxgate is continuously sampled at 64 Samples/s.
The EFW instrument includes six voltage probes, four of which are located at the ends
of 50 m wire booms in the spacecraft spin plane (Vi1, V,, V3, and V,4) and two of which
are supported by 7 m rigid axial booms (Vs and Vg). Electric elds are calculated using
di erential voltage measurements (e.g. E;» = (V1 V2)=Les, given an e ective electrical

length Leee). Axial sensor electric eld measurements can be di cult to interpret due
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X-8 MALASPINA ET AL.: KAW FROM SHOCK IMPACT

to short axial boom lengths and periodic shadowing of the anti-sunward voltage probe
by magnetometer booms. EFW receivers produce spectral data for frequencies < 8 kHz,
continuous waveform data including DC-coupled electric elds at 32 Samples/s, and burst
waveform data up to 16,364 Samples/s using either DC- or AC-coupled electric eld
channels as well as SCM channels. EFW burst data can be collected using a scientist-
in-the-loop paradigm where large amounts of data are recorded on board, and a scientist
selects intervals to send back to Earth. This data can be sampled at 16; 384=2N Samples/s
for integer N 15 [Wygant et al., 2013]. This data can provide unbroken burst waveform

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

3. Observations

On 2 October, 2013 near 01:15 UTC the Wind spacecraft, located upstream of Earth
at the rst Lagrange point, observed a solar wind pressure jump associated with an
interplanetary shock. The jump was abrupt (11 nPa dynamic pressure change over <
5 min) and was followed by an extended period of southward solar wind magnetic eld
(not shown). Approximately 40 minutes later, Van Allen Probe B, located in the inner
magnetosphere in the dusk sector (16 hrs magnetic local time (MLT) and 5Rg from
Earth), observed a magnetospheric response.

Figure 1 shows low-frequency electric and magnetic perturbations observed by Van
Allen Probe B just after shock arrival. Data are presented in the modi ed GSE (MGSE)
coordinate system [Wygant et al., 2013] for electric elds using 1,024 Samples/s burst
data (Figures la and 1b) and magnetic elds using 64 Samples/s FGM data (Figures

1c, 1d, and 1le). The MGSE coordinate system isolates data from the axial electric eld
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MALASPINA ET AL.: KAW FROM SHOCK IMPACT X-9

sensors to the X direction. The X MGSE electric eld cannot be accurately estimated by
assuming E B = 0 for this interval because the magnetic eld vector is less than 10 from
the spacecraft spin plane. Electric elds measured parallel to the background magnetic

eld during this interval are 4 mV/m. A large amplitude, 3:6 mHz wave is observed
in the electric eld, damping after 4 cycles. This response is a well-known consequence
of shock impacts in the inner magnetosphere (e.g. Wygant et al. [1994]).

Figure 2 presents the observed particle and high frequency wave response. Figures 2a
and 2b show electron energy ux spectrograms summed over all pitch angles recorded by
the MagEIS and HOPE instruments, respectively. Figures 2c and 2d show proton energy

ux spectrograms, summed over all pitch angles. Figures 2e and 2f show components
of the data from Figure 1 after rotation into magnetic eld aligned coordinates (FAC).
The components E»; and By are shown, where »; is approximately along -Y GSM and
k is approximately along Z GSM. To derive FAC, a 3-minute running average of the full
magnetic eld vector over this time period was used to de ne a background magnetic eld
vector. The observed ULF waves correspond to an oscillatory ion velocity (E= v B)
in approximately the X GSE direction, and the spacecraft is located near the geomagnetic
equator (magnetic latitude 6:5 ), consistent with observation of a fundamental mode
toroidal ULF oscillation (see section 5).

Figure 2g shows electric eld wave power spectra above 80 kHz recorded by EMFI-
SIS/HFR. The upper hybrid resonance cuto is visible throughout this interval, as is
a faint electron plasma frequency resonance line. Electron plasma density can be es-

timated from these frequencies using measurements of the background magnetic eld:
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X - 10 MALASPINA ET AL.. KAW FROM SHOCK IMPACT
!Se = (2ne= oM, and 13, = !Se + 12 where !, Ty, and I are the electron plasma
frequency, the upper hybrid frequency, and the electron cyclotron frequency, respectively.
The electron plasma density is ne, and g., me, and  are the electron charge, electron
mass, and free space permittivity. Approximate plasma densities corresponding to the
plotted frequency range are included to the right of the spectrogram. Because the lo-
cal plasma density is > 300 cm 2 throughout this interval, Van Allen Probe B is likely
inside the plasmasphere. Further, a steep density gradient consistent with an outbound
plasmapause crossing occurs near 04:30 UTC (not shown).

Figures 2h and 2i show wave power spectrograms from EMFISIS for electric elds (E;
and Ez; summed) and magnetic elds (all SCM axes summed). Broadband electromag-
netic wave power is evident, beginning with ULF onset. Enhancements in wave power

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

waves follows.

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 Alfven waves, the broadband
waves in Figures 2h and 2i are shown to be consistent with kinetic Alfven waves. From
Stasiewicz et al. [2000] (equation 48), a treatment of dispersive Alfven waves yields the

following kinetic Alfven wave dispersion relation.

(O] 1
2 2
52 L+IG(F+ D)

Here, E» and B- are the electric and magnetic elds perpendicular to the background

magnetic eld, va is the local Alfven speed, k- is the perpendicular wave number, ; is
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MALASPINA ET AL.. KAW FROM SHOCK IMPACT X -11
the ion gyro radius (m;v»=q;ijBj) and s is the ion sound gyro radius (m;vs=q;jBj). Here,
m; and ¢; are the proton mass and charge, v- is the proton velocity perpendicular to the
magnetic eld, and vs is the local sound speed.

Following Chaston et al. [2012, 2014], it is assumed that k> >> ki (therefore k k)
and Ys. = Kvgow, Where K is the total wave vector and ! is the wave frequency measured
in the spacecraft frame. This second assumption is true when the plasma ow velocity
in the spacecraft frame (Vgiow) IS much smaller than the Alfven speed. The validity of
this condition will be demonstrated later. With these assumptions, assuming an electron
temperature much smaller than the ion temperature (T, << T;), supported by Figures 2b

and 2d, the dispersion relation can be written:
o , 1,1
E') !SC V|
— L =vpa@1+ = A )
B? A ci Vflow

This is equation 1 from Chaston et al. [2014]. Here, i is the ion cyclotron frequency
and v; is the ion thermal velocity.

Van Allen Probe observations give direct measurements of E» and B-» from DC to 512
Hz, as well as i, and va since the plasma density and magnetic eld are well measured
during this interval. Therefore a t of equation 2 to Van Allen Probe data has a single
free parameter: Viatio = Vi=Vsiow. It Will be shown later that the best- t values to this free
parameter further support the interpretation of these waves as kinetic Alfven waves.

To compare the theoretical kinetic Alfven wave dispersion relation with the measured
data throughout this interval, the ratio E» / B- is determined as a function of 1. =2 £y
for two separate frequency ranges. FGM data (64 Samples/s) and 1,024 Sample/s DC-

coupled E- eld data down-sampled to 64 Sample/s are used to determine E,» / B~ for
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low frequencies (fsc < 2 Hz). For high frequencies (fsc > 2 Hz), 1,024 Sample/s search
coil data and 1,024 Sample/s DC-coupled E- eld data are used.

The interval is divided into non-overlapping windows of 1—16 s. For each sub-interval,
wavelet and cross-wavelet analyses are carried out on the low- and high-frequency data
(fsc > 2 Hz) separately. Wavelet power spectra are determined using a continuous wavelet
transform using a Morlet mother wavelet [Torrence and Compo, 1998]. Cross-wavelet
coherence and phase are determined by applying frequency- and time-domain smoothing
following Torrence and Webster [1999]. In all cases, wavelet results are summed over the
time dimension for each frequency, excluding all information from the cone of in uence
[Torrence and Compo, 1998].

Figure 3 shows the results of this analysis for one % s sub-interval. Figure 3a shows the
E-; data from Figure 2e. The red vertical lines indicate the start and end of this sub-
interval. Figure 3b shows E~»; / B, for low frequencies (blue curve) and high frequencies
(black curve). The red dot-dash line shows the best- t prediction for this ratio based on
equation 2, measured values of density and magnetic eld strength, and the t parameter
Vratio USING @ nonlinear least squares t. The theoretical dispersion relation and data show
strong agreement across the frequency band, and both approach the measured Alfven
speed at low frequencies. Figures 3c and 3d show the cross-wavelet coherence and phase
as a function of wave frequency in the spacecraft frame. The coherence remains > 0:6
across nearly all frequencies, while the phase oscillates between 90 at low frequencies
and approaches 0 at high frequencies. This phase behavior is consistent with a standing

Alfven wave at low frequencies and traveling waves at higher frequencies [Chaston et al.,
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2014]. ldentical analysis was applied to the other 1/16 s intervals during the period shown
in Figure 4a.

A wavelet power spectral noise level is de ned using the average of all wavelet power
spectra determined for a short time prior to ULF wave onset (01:48 to 1:53 UTC). A tto
the kinetic Alfven wave dispersion relation and determination of the t parameter Vatio
is carried out for each sub-interval where at least 1/4 of the sub-interval contains wavelet
power is greater than ve times the noise level in both electric and magnetic eld data
(fsc > 2 Hz). These criteria are intentionally strict, excluding most intervals, to limit
dispersion relation ts to only those intervals least in uenced by instrument noise. The
best- t value of v 4, is found to vary in phase with the 3.6 mHz ULF wave (see Figure
4).

Figure 4a and 4b show E~; (as in Figure 2e) and jBj. Vertical lines indicate when
E-; passes through zero. Each time E-»; passes through zero, jBj shows an amplitude
peak or trough. Solid blue lines indicate peaks, red dashed lines indicate troughs. Figure
4c shows a HOPE proton energy ux spectrogram considering only near-90 degree pitch
angle protons (36 to 144 ). The ow velocity of ions past the spacecraft, derived using
E= (vrow B) andassuming Ex =0, is overlaid as a black curve. This agreement is
consistent with the observed modulation of < 100 eV protons indicating plasma advecting
past the spacecraft in response to ULF wave elds. The maximum derived V¢, during
this interval is 90 km/s (15 km/s r.m.s), which is much less than the local Alfven speed
of 300 km/s. Therefore the assumption of 'y = kv¢ o, Which was required for equation

2, is validated by observation.
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Figure 4d shows a HOPE energy ux spectrogram considering eld-aligned protons (0
to 36 and 144 to 180 ). The plasma ow velocity is overlaid as a white curve. Bursts
of eld-aligned protons (and oxygen - not plotted) occur each time E-; becomes small.
These bursts have uxes comparable to the ux of near-90 degree protons, potentially
indicative of ion out ow correlated with the kinetic Alfven wave activity.

The plasma ow velocity becomes small when E~; approaches zero and peaks when the
ULF electric eld is strongest. Figure 4e shows V,4tio determined by nonlinear least squares

ts of the kinetic Alfven wave dispersion relation to observed wave data for each sub-
interval with su ciently high wave power signal to noise (described earlier). Despite sparse
sampling, it is clear that peaks in v 4, 0CCUr when v, becomes small. This demonstrates
that the one free parameter in the comparison between the theoretical kinetic Alfven wave
dispersion relation and wave data varies as expected given a ow velocity of ions past
the spacecraft due to ULF wave elds. This strongly supports the identi cation of the
observed broadband waves as kinetic Alfven waves.

Figure 4f shows magnetic eld spectral power density from Figure 2i, integrated between
10 Hz and 500 Hz as a function of time, as an estimate of kinetic Alfven wave power. This
data is smoothed using a 30-second sliding boxcar average. Local wave power minima
coincide with each passage of E»; through zero. Further, kinetic Alfven wave activity
weakens substantially once the ULF amplitude damps below a few mV/m (after 02:12
UTC). These properties demonstrate modulation of kinetic Alfven wave power by the

ULF uctuation.

5. Discussion and Conclusions
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The ULF oscillation in Figure 1 is consistent with theoretical expectations for a fun-
damental toroidal mode eld line resonance. Solving the toroidal wave equations derived
by Cummings et al. [1969] using plasma density values measured during this event yields
wave frequencies close to the measured frequency ( 3:6 mHz). For density of 300cm 3,
which is approximately valid before 02:01 UTC and after 02:10 UTC (Figure 2g), the
theoretical fundamental toroidal mode frequency is 3.29 mHz. This frequency becomes
2.85 mHz for 400cm 2 (02:04 to 02:10), and 2.32 mHz for 600cm 2 (near 02:02). Here, the
plasma is assumed to be entirely protons and mass density along the eld line is assumed
to be constant, based on the results of Takahashi et al. [2015]. Altering the functional form
of the mass density minimally changes the theoretical frequency. A dipole magnetic eld
was assumed for these calculations. During this event, the magnetic eld was 120% of
the dipolar value at the location of Van Allen Probe B, which would raise the theoretical
frequencies by a factor of  1:2, bringing it closer to the measured value. lon composition
can also a ect the predicted frequencies. A larger fraction of heavy ions will lower the
theoretical frequency, but this is expected to be a small e ect based on Takahashi et al.
[2015] who found that it was a reasonable approximation to assume a proton-dominated

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

It should be noted that v, in Figure 4c falls somewhat below the proton energy ux
peak, suggesting that the X MGSE component of the ULF electric eld (which was not
included when estimating Vo) has an amplitude comparable to the measured Y MGSE
component used to derive Vgon. Comparable X and Y ULF electric eld amplitudes are

also consistent with the observation that all three axes of magnetic perturbations (Figure
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1c-e) show similar amplitudes. Comparable ULF electric eld amplitudes suggest that
the ULF wave has a signi cant poloidal component in addition to the observed toroidal
component.

The ULF wave observed at Van Allen Probe B was global in nature. Figure 5 shows
the horizontal component of the magnetic eld observed by three ground magnetome-
ter stations (Guam, Honolulu, and Puerto Rico) which were widely spaced in local time
(LT) across the day side of the Earth during this event. Observed magnetic perturba-
tions are closely spaced in time and consistent in shape with each other and Figure 2f.
These measurements suggest a global compressional (fast mode) perturbation with low
azimuthal mode number triggered by an interplanetary shock impact. The fundamental
toroidal mode observed here is a consequence of frequency matching between the global
compressional perturbation and the fundamental toroidal mode at the location of Van
Allen Probe B.

Given the observed close correspondence between low and high frequency Alfven waves
(e.g. Figure 4f), the global nature of the ULF response implies that kinetic Alfven waves
are promptly generated throughout the inner magnetosphere in this event.

The phasing of eld-aligned ion enhancements in Figure 4d and kinetic Alfven wave
power in Figure 4f with the driving ULF wave are suggestive of ion out ow in response
to the periodic deposition of kinetic Alfven wave energy into ionospheric plasma. See
Chaston et al. [2004] for discussion of kinetic Alfven waves promoting the escape of iono-
spheric plasma. This interpretation is also consistent with the data in Figure 3d, which

demonstrate that kinetic Alfven waves above 2 Hz in the spacecraft frame are traveling,
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rather than standing waves. However, further detailed analysis is required to con rm this
hypothesis.

These observations demonstrate that the impact of an interplanetary shock on the
magnetosphere produces not only the well-known standing-mode ULF waves associated
with an abrupt compression of the magnetosphere, but also higher frequency kinetic Alfven
waves. Future research will explore how the ULF shock response drives kinetic Alfven
waves and seek to quantify how these newly observed waves modify the near-Earth plasma

environment.
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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.
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Figure 3. (@) 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 Alfven 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. (¢) 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 v 4, derived from ts of the kinetic Alfven 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.

DRAFT August 25, 2015, 2:02pm DRAFT



