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Abstract17

Simultaneous bursts of EMIC and longer-period ULF waves were observed by the GOES-18

16 magnetometer on the 11 January and the 7 September 2017. No correlation was found19

between the repeat times of pearl EMIC wavepackets and Pc4 ULF wave periods. How-20

ever, the pearl repetition times visually correlated with variations in solar wind dynamic21

pressure (Pdyn). EMIC wavepackets are composed of short duration subpackets and when22

subpackets last >1/2 the ULF wave period, correlation with the ULF wave cycle was strong,23

R2 = 0.6. On 11 Jan., observations suggest the Pc5 ULF waves were in-part directly24

driven by Pdyn. The observed Pc4-5 ULF waves were predominately poloidal. Assum-25

ing high azimuthal m-numbers, the observations as a whole imply that the simultane-26

ous repeating EMIC and Pc4-5 wave bursts were formed by mode cross-coupling through27

a common wave generation free energy source of anisotropic ion distributions created by28

repetitive magnetospheric compressions driven by small Pdyn fluctuations.29

1 Plain Language Summary30

On the 11 January and the 7 September 2017, the magnetometer instrument on-31

board the GOES-16 spacecraft measured variations in the magnetic field of Earth that32

are called plasma waves. Two different types of plasma waves were observed simultane-33

ously as repeating wave bursts. In this letter, we study how the waves interacted and34

the possible ways the two waves may have been created. The results suggest the two wave35

types can interact under certain circumstances, and that variations in the number of par-36

ticles coming from the Sun can regulate the reoccurrence of the waves. The results as37

a whole suggest the energy source needed to generate the two wave types may have been38

the same, even though the two waves are generated by very different mechanisms. Plasma39

waves are thought to play a critical role in determining the number of dangerous par-40

ticles in near-Earth space, and the results of this study indicate that consideration should41

also be given to how these waves interact with each other in space.42

2 Introduction43

Ultra low frequency (ULF) waves in the Pc1-5 (2 mHz-5 Hz) range are among the44

most studied plasma phenomena observed in Earths magnetosphere. The electromag-45

netic ion cyclotron (EMIC) Pc 1-2 waves (∼ 50 mHz - 5 Hz at GEO orbit) can be cat-46

egorized into two types: structured and unstructured (Saito, 1969). The structured EMIC47
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waves are frequency band limited, can last from tens of minutes to several hours at mid48

to high latitudes (Troitskaya, 1961) and are sometimes referred to as pearl pulsations as49

time series magnetograms often show repeating periodic structure that resembles a neck-50

lace pearl pattern (Tepley & Landshoff, 1966). Unstructured EMIC waves generally show51

broadband wave power. EMIC waves are thought to be generated by ion cyclotron in-52

stability with the free energy coming from ∼10 of keV anisotropic ion distributions.53

Lower frequency Pc4-5 ULF waves (∼ 2 − 20 mHz) can be classified in terms of54

external and internal generation mechanisms (e.g. Baddeley et al., 2002). The external55

mechanisms such as Kelvin-Helmholtz instability, solar wind buffeting and solar wind56

pressure variations usually lead to waves with low azimuthal wave numbers, m. High m-57

number waves are thought to be generated through a wave-particle interaction mecha-58

nism such as drift-bounce resonance (Southwood et al., 1969), with the free energy again59

coming from 10s keV particle distributions.60

Previous studies of simultaneous observations of the EMIC waves and lower fre-61

quency ULF waves have often concentrated on determining if there is a correlation be-62

tween EMIC wave pearl wavepacket repetition periods or durations and longer-period63

ULF wave frequencies (e.g. Mursula et al., 1997; Loto’aniu et al., 2009; Usanova et al.,64

2010; Paulson et al., 2017). These studies have shown mixed results with some suggest-65

ing EMIC wave growth rates are modified by the ULF wave cycle varying background66

magnetic field and/or cold plasma density, while other studies show no correlation. Mod-67

eling shows that localized repetitive EMIC wavepackets can be generated through non-68

linear means by gyrophase particle bunching due to oppositely propagating EMIC waves69

(e.g. Omidi et al., 2010). In addition, a similar mechanism may be responsible for EMIC70

wave modulation of higher frequency, VLF wave growth (Colpitts et al., 2016; Usanova71

et al., 2018) which provides an interesting avenue for further cross-frequency wave cou-72

pling at ion and electron time scales.73

In this letter, presented are two plasma wave events observed by the GOES-16 mag-74

netometer where both EMIC and Pc4-5 ULF waves were simultaneously observed. The75

characteristics of each wave event is described, along with visual similarities and corre-76

lations between the two wave modes. Possible generation mechanisms are also discussed.77

Section 3 very briefly explains the datasets used, Section 4 presents results for the two78

wave event periods, and Section 5 states conclusions.79
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3 Instrumentation and Data80

This study utilizes 10 samples/s magnetometer (MAG) data from the GOES-1681

spacecraft (Loto’aniu et al., 2019). Also used are solar wind data measured by the DSCOVR82

satellite. The DSCOVR solar wind data is preferred for this study to NASA-OMNI so-83

lar wind data because of higher resolution, 3-second sampling compared to NASA-OMNI84

∼60-second solar wind particle data. Both the GOES-16 MAG and DSCOVR datasets85

are available via the NOAA-NCEI data portal [https://www.ngdc.noaa.gov/stp/86

spaceweather.html]. In order to minimize contamination from higher frequency space-87

craft magnetic fields, the GOES-16 MAG instrument includes a 5th-order Butterworth88

lowpass filter with a 2.5 Hz cutoff, which introduces a frequency dependent phase shift89

that was removed (See, Loto’aniu et al., 2019, for details on the GOES-16 magnetome-90

ter performance). However, the contamination is not significant in the ULF frequency91

range (Figure 1).92

The waves were extracted from the GOES magnetic field data by first converting93

the data into mean field-aligned (MFA) coordinates. Here, b|| is parallel to the local mean94

magnetic field, defined from a 30-minute running window, bφ azimuthal and positive east-95

ward (b||× r̂, where r̂ is the spacecraft location unit vector from Earth), and br is ra-96

dial away from Earth (bφ × b||). The ULF waveforms are then extracted by bandpass97

filtering the data between 3-30 mHz for the 7 Sept. event and 2-10 mHz for the 11 Jan.98

event, while the EMIC waveforms were extracted by highpass filtering the data with a99

0.1 Hz lower cutoff for both events. All the filtering was accomplished using a 5th-order100

bidirectional Butterworth filter to ensure no phase shift between EMIC and ULF wave101

cycles were introduced.102

The DSCOVR data were ballistically propagated from the satellite location at the103

1st Lagrangian point (L1) to the bowshock at Earth. Solar wind conditions during both104

wave event intervals were mild and therefore ballistic propagation did not introduce sig-105

nificant errors. A known issue on DSCOVR is that density estimates at low values can106

show significant discrepancies from NASA-OMNI L1 observations. However, this is not107

a major issue because for this study solar wind dynamic pressure (Pdyn) variations are108

more important than absolute values. Pdyn is defined the same as NASA-OMNI as 2×109

10−6 · N · Vsw2 nPa [https://omniweb.gsfc.nasa.gov/ftpbrowser/bow derivation.html]110

–4–



manuscript submitted to Geophysical Research Letters

with N the proton number density in numbers/cm−3 and Vsw the solar wind speed in111

km/s.112

4 Results113

The two wave event periods observed by the GOES-16 magnetometer on 11 Jan-114

uary and 7 September 2017 are shown in Figures 1. Starting from the top, panels a and115

b show the azimuthal magnetic field bφ-component time series for both events filtered116

to accentuate the Pc1 EMIC waves, panels c and d show corresponding detrended bφ dy-117

namic power spectra up to 1 Hz, panels e and f show the magnetic field radial br-component118

time series for both events filtered to emphasize the Pc4-5 ULF waves, panels g and h119

show corresponding detrended br dynamic power spectra up to 50 mHz, panels i and j120

display the background magnetic field (bt) for both events, panels k and l show 30-second121

time series solar wind dynamic pressure (Pdyn) measured by DSCOVR and panels m and122

n show 3-second resolution dynamic power spectra of Pdyn. The lines that streak diag-123

onally across the EMIC wave dynamic power spectra (panels b and c) are due to space-124

craft reaction wheel noise. Characteristics of the two wave events are described below.125

4.0.1 11 January 2017 Event126

On 11 Jan., the GOES-16 magnetometer measured simultaneously occurring Pc1127

EMIC waves and lower frequency mainly Pc5 ULF waves between 17-20 UT (∼10.9-13.7128

MLT). The Pc5 ULF waves continue beyond 20 UT, while EMIC waves taper away (See,129

Figures 1a and 1e). EMIC wavepackets are seen in the He+ band (Figure 1c) between130

∼0.2-0.4 Hz and Pc5 ULF wave power is concentrated at 2-10 mHz (Figure 1g), centered131

about 6 mHz. The EMIC wave power was strongest in the transverse direction, with the132

bφ-component shown. The lower frequency Pc5 ULF waves were predominately poloidal,133

with the radial br-component shown. Coupling to the toroidal shear Alfven mode was134

observed but is not shown. The event occurred during a period of extended solar wind135

corotating interaction region (CIR) activity that lasted for many months from 2016 through136

2017. During the event, solar wind velocity was low, ∼450 km/s, as was Dst (-20 nT)137

and Kp (2).138
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Figure 1. GOES-16 magnetometer and DSCOVR solar wind observations for 11 January

and 7 September 2017; (a − d) show the azimuthal magnetic field bφ-component illustrating Pc1

EMIC wave time series and power spectra; (e − h) show the magnetic field radial br-component

times series and power spectra depicting lower frequency Pc3-5 ULF waves; (i , j ) show the total

magnetic field (bt), and (k − n) show 30-second time series and 3-second power spectra solar

wind dynamic pressure (Pdyn) observed by DSCOVR.
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4.0.2 7 September 2017 Event139

The second wave event, illustrated on the right-side panels of Figure 1, occurred140

during the well-studied September 2017 storms (Knipp, 2018). This event was observed141

between 17-22 UT (11.1-16.2 MLT) on 7 Sept., with observed Pc1 EMIC waves in the142

H+ band and frequencies between ∼0.5-0.8 Hz (Figure 1d). The EMIC waves showed143

classic pearl wave packet characteristics (e.g. Loto’aniu et al., 2005). The lower frequency144

ULF waves were predominately observed in the Pc4 range around15-20 mHz (Figure 1h).145

As with 11 Jan. event, EMIC wave power was predominately transverse (bφ shown) and146

ULF wave power was predominately poloidal (br shown) with coupling to the toroidal147

shear Alfven mode (not shown). Unlike the 11 Jan. event, EMIC waves in the H+ band148

on 7 Sept. were observed throughout the period of Pc4 ULF wave observations, and power149

in the Pc4 range began to dissipate around 20:20 UT.150

A coronal mass ejection (CME) arrived at Earth early on 7 Sept. with accompa-151

nying enhanced solar wind speed. However, the wave was observed at the tail end of this152

enhancement where solar wind speed had dropped to ∼500 km/s. The event ended just153

before the arrival of a second stronger CME. As with the 11 Jan. event., geomagnetic154

conditions in terms of Dst and Kp were low (not shown) at the time of the event, but155

they increased dramatically just after the event due to the arrival of the second CME.156

4.1 Relating the Plasma Wavepackets to Different Parameters157

The vertical dotted lines (numbered 1 − 20 ), in Figure 1, emphasize some inter-158

esting features observed in the events. One of these is that bursts of individual Pc4-5159

ULF wavepackets tend to be accompanied by bursts of EMIC wavepackets. This is most160

easily seen when comparing EMIC wave power spectra (Figures 1c and 1d) to correspond-161

ing event Pc4-5 ULF wave time series plots (Figures 1e and 1f ). For example, for 11 Jan.162

event, simultaneous bursts in both wave modes can be seen inbetween vertical lines 1 − 2 ,163

2 − 3 and 3 − 4 , while for 7 Sept. event this feature is observed between adjacent ver-164

tical lines 5 − 10 . Inbetween vertical lines 10 − 13 , there are three distinct EMIC wavepacket165

bursts but the corresponding lower frequency ULF wave time series (Figure 1f) does not166

show the same amplitude modulation pattern and instead is a continuous ULF wavepacket167

that lasts until vertical line 13 . Additional simultaneous bursts in both wave modes oc-168

cur between adjacent vertical lines 13 − 15 . After this there are still further simultane-169
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ous bursts but the frequency of the ULF wave power is more spectrally dispersive (Fig-170

ure 1h).171

Repetitive simultaneous bursts of EMIC and longer period ULF wavepackets, as172

observed within the vertical dotted lines in Figure 1, suggest a close relationship between173

the generation and/or modulation of the two wave modes. The equatorial region often174

provides favorable conditions for EMIC wave generation because of the relatively low am-175

bient background magnetic field that decreases Alfven velocity and proton minimum res-176

onant energy (Criswell, 1969; Gendrin, 1975; Kaye et al., 1979). The GOES-16 satellite177

orbits near the magnetic equator and likely within the EMIC wave generation region.178

During 11 Jan. event, there is a ∼4 nT drop in the main field (bt), as shown in Figure179

1i, around the location of vertical lines 2 and 3 , or close to when the second and third180

major EMIC wavepacket bursts started. However, these background field dips do not181

last the length of the wavepackets, and for 7 Sept. event there was no obvious correla-182

tion between the wavepackets and slow (<< Pc5 ULF wave period) variations in bt.183

The Pc4-5 ULF waves modulate the ambient field, bt, and previous work has shown184

a correlation between Pc4-5 wave period and pearl structured EMIC wavepacket dura-185

tion and/or repetition periods (e.g. Loto’aniu et al., 2009). This idea is based on EMIC186

wave growth rates increasing during the trough cycle of the lower frequency ULF wave187

period by lowering the Alfven speed. This mechanism should result in some phase cor-188

relation between EMIC wavepacket duration and/or repetition periods and ULF Pc4-189

5 wave periods.190

Inspection by eye of Figure 1 shows no obvious phase correlation between EMIC191

wavepacket duration/repetition periods and ULF Pc4-5 wave periods, at least not at the192

resolution shown in the figure. However, each EMIC wavepacket is made up of multi-193

ple short duration bursts referred to as subpackets (See, Figure 2c and 2d). Multiple sub-194

packets grouped together create the observed EMIC wavepacket structure seen in Fig-195

ure 1. Depending on the Fast Fourier Transformation (FFT) length, the subpacket struc-196

tures may or may not show up in the wave dynamic power spectra. A discussion of the197

relationship between EMIC wave subpacket durations and ULF wave periods is left to198

Section 4.2.199

Another favorable condition for generation of EMIC waves near local noon is en-200

hanced Pdyn. An increase Pdyn is thought to support EMIC wave generation by enhanc-201
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ing anisotropic particle distributions due to dayside magnetospheric compression (e.g.202

Olson & Lee, 1983; Anderson & Hamilton, 1993). Usanova and Mann (2016) observed203

enhancements in solar wind dynamic pressure and simultaneous compressions in the mag-204

netic field during which GOES also observed bursts of EMIC waves. They found that205

a ∼4 nPa increase in solar wind dynamic pressure might produce a ∼20% compression206

resulting in a ∼10% increase in proton temperature anisotropy.207

For the 11 Jan. event, Figure 1k shows small variations in Pdyn throughout the wave208

event, while Figure 1m shows that these Pdyn variations are in the Pc5-ULF wave band209

overlapping significant periods when EMIC waves were observed. These Pdyn ULF vari-210

ation amplitudes are very small, for example ∼0.1-0.3 nPa between ∼17-20 UT. How-211

ever, this maybe enough to trigger EMIC wave growth through ion cyclotron instabil-212

ity because the dayside magnetospheric plasma is often close to marginal stability (Anderson213

& Hamilton, 1993). These small pressure variations combined with variations in the am-214

bient magnetic field and cold plasma density due to Pc5 waves would result in modu-215

lation of EMIC wave growth that was complex, and modeling is required to determine216

if growth rates could be maintained in such a scenario to produce the EMIC wavepacket217

structure observed on 11 Jan.218

For the 7 Sept. event, variations in Pdyn are more easily correlated with EMIC waves,219

as illustrated by following the vertical lines from Figure 1 panel d down to panel l. The220

EMIC waves start when Pdyn enhances at line 5 . At line 6 , Pdyn relaxes along with EMIC221

wave power. Immediately after line 6 there is some EMIC wave activity but Pdyn mo-222

mentarily increased by only ∼0.2 nPa. Just after Line 7 new simultaneous Pc4 ULF and223

EMIC wavepackets start but again there is little Pdyn change. At line 8 , Pdyn increases224

significantly along with bursts of EMIC waves. Continuing along in time across the event,225

EMIC wavepackets tend to start/end whenever Pdyn abruptly changes by a few tenths226

of nPa or more. Interestingly, there are wavepackets generated in the trough of the Pdyn227

amplitude variation such as between lines 12 -13 and 15 -16 . In these cases, ULF waves228

may provide additional positive growth through modulation of growth rates. The Pdyn229

variations are small, but nevertheless based on the overall visual correlation between the230

EMIC wavepacket pearl repetitions and Pdyn variations for 7 Sept., the authors believe231

this event is the first observed EMIC wavepacket pearl structured event where pearl rep-232

etitions can be directly associated with variations in solar wind dynamic pressure.233
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Generation mechanisms for the observed lower frequency Pc4-5 ULF waves can be234

both external and internal to the magnetosphere. An external mechanism for genera-235

tion of compressional or poloidal ULF waves is direct driving by solar wind dynamic pres-236

sure variations (e.g. Kepko et al., 2002; Kepko & Spence, 2003). As previously mentioned,237

lower frequency ULF magnetic field wave power for 11 Jan. event was concentrated in238

the Pc5 ULF band (< 10 mHz), shown in Figure 1g. This was also the frequency band239

of observed variations in Pdyn, as indicated in Figure 1m. The small amplitude pressure240

variations between 17-20 UT visually show three main bursts that somewhat align with241

the three Pc5 ULF wavepackets observed in the magnetic field. The Pc5 ULF waves ob-242

served by the GOES-16 magnetometer on 11 Jan. could have been directly driven by so-243

lar wind dynamic pressure, albeit by small Pdyn variations. The frequencies of magne-244

tospheric ULF waves are usually controlled by internal factors, such as magnetic field245

topology and field line lengths, field line mass loading and other factors (Takahashi, 1998;246

Yumoto, 1986). Frequencies where peak wave power are observed in the magnetosphere247

can be different from wave frequencies observed in the solar wind. There is also evidence248

of wave harmonics in Figure 1g, especially around 17:30 UT and 22 UT, and these could249

be harmonic signatures due to driving by the fundamental frequencies of the solar wind250

pressure variations.251

Significant Pdyn variations in the Pc5 frequency range were also observed during252

7 Sept. event, along with harmonics in the Pc3-4 range (See, Figure 1n). At vertical line253

5, around the time when Pc4 ULF waves were first observed in the magnetic field data,254

Pdyn wave power was also observed at ∼16 mHz. However, throughout the entire wave255

event, Pdyn wave power was not consistently observed at the 15-20 mHz range that mag-256

netic field Pc4 ULF waves were observed. The bulk of the persistent Pdyn wave power257

is at lower Pc5 frequencies. The possibility that the Pc4 ULF waves observed in the mag-258

netic field data may have been driven by harmonics of the Pc5 Pdyn variations cannot259

be ruled out.260

Another possible generation mechanism for the lower frequency Pc4-5 ULF waves261

observed on 11 Jan. and 7 Sept. is the internal mechanism of drift-bounce resonance (Southwood262

et al., 1969; Chen & Hasegawa, 1988, 1991). Here, usually high azimuthal m-number ULF263

poloidal waves have periods that resonant with the combined drift-bounce periods of en-264

ergetic non-Maxwellian ring current particle distributions. The non-Maxwellian distri-265
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bution can come from pressure gradients and other factors such as substorm particle in-266

jections.267

Estimations of m-numbers for the observed ULF waves were beyond the scope of268

this study. However, the observations as a whole suggest cross-coupling of the EMIC and269

Pc4-5 ULF wave modes, possibly through a mechanism of free energy gain or loss from270

the same energetic ion distribution. Colpitts et al. (2016) observed cross-coupling be-271

tween EMIC waves and Whistler waves, but not via the mechanism just mentioned be-272

cause Whistlers are generated by energetic electrons. Cross-coupling will be further stud-273

ied in a follow-on paper.274

4.2 Relationship Between EMIC Subpacket Duration and Pc4-5 Wave275

Periods276

As previously mentioned, each EMIC wavepacket is actually made up multiple bursts277

or subpackets. Figure 2 top two panels (a and b) show the two events filtered EMIC and278

ULF wave time series over the time interval when EMIC wavepackets were most intense,279

which was from about 17:00-20:00 UT for the 11 Jan. event and 19:20-21:00 UT for the280

7 Sept. event. The wave components shown are the radial direction (br, orange plots)281

for ULF waves and azimuthal (bφ, blue plots) for EMIC waves. The 11 Jan. ULF wave282

amplitudes were larger than those observed on 7 Sept., with amplitude maximum > ±5283

nT versus ∼ ±2.5 nT, respectively, while the EMIC wave amplitudes were comparable.284

Figures 2c and 2d show example 10 min intervals of the bandpass magnetic field285

time series, where subpacket structure in the EMIC waves can be clearly seen in both286

events. The subpacket structure for the two events shows distinctly different character,287

as illustrated by zooming in further in Figures 2e and 2f. The 7 Sept. EMIC wave sub-288

packets were observed to gradually change amplitude over many EMIC wave cycles, while289

11 Jan. EMIC subpacket amplitudes can change abruptly even doubling in amplitude290

over just one wave cycle. The duration of 11 Jan. EMIC wave subpackets at enhanced291

amplitudes are random but when a spike in amplitude reaches ≥1.5 nT they tend to drop292

back down again to below 1.5 nT just as quickly. Outside these enhanced time periods293

low level EMIC amplitudes of a few tenths of nT can last for many minutes. Hence, the294

reason why the EMIC wave power in Figure 1c for 11 Jan. event shows long duration295

EMIC wave bursts. The 7 Sept. EMIC wave subpackets tend to either merge into an-296
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Figure 2. GOES-16 magnetometer (a)-(b) time series for both events showing ULF (orange)

and EMIC (blue) waves, (c)-(d) zoomed in to about 10 minutes of times series for both events to

show subpacket structure, (e)-(f) further zooming into time series shows difference in how ampli-

tude can change, (g) 7 September event plot of EMIC wave packet duration, ULF wave period

and 1/2 ULF wave period and (h) scatter plot of EMIC wave duration vs. ULF wave period split

into blue dots for duration greater than 1/2 ULF wave period and orange dots for those less than

1/2 ULF wave period.
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other new growing subpacket as observed around 20 UT in Figure 2d, or they have a start/finish297

amplitude that is close to zero nT as illustrated at the beginning of Figure 2f.298

Sudden changes in EMIC wave amplitude like those observed on 11 Jan. usually299

indicates nonlinear wave growth. Omidi et al. (2010) simulated pearl EMIC wavepack-300

ets through nonlinear wave evolution attributed to gyrophase cold particle bunching caused301

by oppositely propagating EMIC waves interacting. The modeled transverse EMIC wavepacket302

durations were <30 seconds, which are more comparable to the subpacket durations il-303

lustrated in Figure 2c and 2d rather than long duration wavepackets shown in Figure304

1 that last minutes. The simulated packets also exhibited gradual amplitude changes more305

in line with 7 Sept. event as opposed to 11 Jan. event subpackets, where no consistency306

in subpacket repetition structure was observed.307

The EMIC subpacket durations were correlated to simultaneous ULF wave peri-308

ods. However, due to the lack of consistent repetitive structure of the EMIC wave sub-309

packets observed on 11 Jan., subpacket duration times were difficult to objectively de-310

termine for that event. Hence, only 7 Sept. event was used to correlate the ULF wave311

period to EMIC wave subpacket durations.312

The 7 Sept. event EMIC subpacket durations and simultaneously observed ULF313

wave periods are indicated in Figure 2g over the time period shown in Figure 2b. The314

orange line indicates 1/2 the observed ULF wave period. Subpackets below 10 second315

duration were not considered in order to place a limit on the number of EMIC wave cy-316

cles required to be considered a subpacket. Results in Figure 2g show that on 7 Sept.,317

EMIC subpacket durations tended to either be close to the corresponding simultaneously318

observed ULF wave cycle period or they tended to last shorter than 1/2 that ULF wave319

cycle period.320

Figure 2h shows a scatter plot of 7 Sept. event EMIC subpacket durations plot-321

ted against ULF wave cycle periods. The orange dots indicate subpacket durations last-322

ing below 1/2 the period of simultaneously observed ULF waves, while the blue dots rep-323

resent EMIC wave subpacket durations lasting ≥1/2 the period of the ULF waves. The324

blue straight line is the line-of-best fit for the blue dots. Considering all subpacket du-325

rations, there is no correlation with ULF wave periods except that the longer period Pc4326

ULF waves seem to set a limit on the duration of the EMIC subpacket. If you consider327
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only the EMIC subpackets lasting ≥1/2 the ULF wave periods, then the subpacket du-328

rations and ULF wave periods show strong correlation, with R2 = 0.6.329

Over the entire simulation period studied by Omidi et al. (2010), they found that330

EMIC wave amplitudes decreased by about 50% after about 1000 proton gyroperiods331

and remained nearly constant thereafter for hours. Using the proton cyclotron frequency332

during 7 Sept. event, 1000 gyroperiods corresponds to ∼9.5 min, which is within the in-333

dividual EMIC wavepacket duration times of 8-12 minutes shown in Figure 1d between334

about 19:20-21 UT. However, for the 7 Sept. event the wave amplitudes inbetween EMIC335

wavepackets usually drop close to zero nT. The possible modulation of anisotropic con-336

ditions through changing Pdyn (as seen in Figure 1l) combined with modulation of Alfven337

speed and cold plasma density from simultaneously observed lower frequency ULF waves338

were not considered in the Omidi et al. (2010) study. Future simulations of EMIC waves339

should take into account the effects of small pressure variations on anisotropic energetic340

particle distributions along with modulation by ULF waves of the Alfven speed and cold341

plasma density that may modify the phase bunching conditions and therefore modify the342

subpacket characteristics.343

5 Conclusions344

The simultaneity of repeated wave bursts in the Pc1 EMIC and Pc4-5 ULF modes345

around local noon presents the intriguing possibility of wave mode cross-coupling through346

having a common free energy source of tens of keV ions. EMIC waves can be generated347

near local noon through ion cyclotron instability as a result of anisotropic particle dis-348

tributions due to magnetospheric compression. The observe Pdyn variations are small349

(a few tenths of nPa in most cases), but this was perhaps enough to trigger EMIC wave350

generation because the dayside magnetospheric plasma is often close to marginal stabil-351

ity (Anderson & Hamilton, 1993; Gary et al., 1993). Small Pdyn variations in the Pc4-352

5 ULF range or sub-harmonics thereof provide seed background noise, while ion drift-353

bounce resonant instability (Southwood et al., 1969; Chen & Hasegawa, 1988, 1991) might354

deliver the mechanism for these small variations to grow into poloidal Pc4-5 ULF waves.355

This latter mechanism usually requires high azimuthal wave m-numbers, which were not356

estimated for the events. In addition, no energetic particle data was presented. Both par-357

ticle observations and m-number estimates will be analyzed in a follow-on study.358
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As far as the authors are aware, results from 7 Sept. where small variations in Pdyn359

visually correlate with the repetition periods of pearl structured EMIC wavepacket bursts360

(See, Figure 1d and 1l), is the first published example of such an event. When EMIC sub-361

packet durations last ≥1/2 the period of simultaneously occurring ULF waves, the sub-362

packet durations correlate with ULF wave periods. One take away from 7 Sept. results363

is that when modeling pearl EMIC waves multiple scale sizes should be considered. There364

are wavepackets that can last minutes and these wavepackets are made up of subpack-365

ets with durations of ∼10s of seconds. These two EMIC wave characteristics are pos-366

sibly produced by different mechanisms and both need to be explained. For the 11 Jan.367

EMIC waves, there is no explanation for why the subpackets are more unstructured or368

what causes the observed sudden changes in subpacket amplitudes over just one or two369

wave cycles.370

At time of writeup, two of the four GOES-R series spacecraft (GOES-16 and GOES-371

17) had been launched. The magnetometers on GOES-R allow higher frequency, up to372

2.5 Hz bandwidth, observations compared to previous GOES satellite series magnetome-373

ters that were limited to 0.5 Hz bandwidth. This broader range allows for observing the374

majority of ULF waves up to the proton cyclotron frequency at geostationary orbit, and375

with the GOES-R series scheduled to be operational until 2036 the GOES-R magnetome-376

ter data should be an important new dataset for plasma wave studies in the magneto-377

sphere.378
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