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Abstract16

Here we extend the scope of the Gamayunov and Engebretson (2021, hereinafter Paper 1)17

work by analyzing the low frequency ultra-low-frequency (ULF) wave power spectra in18

the Earth’s inner magnetosphere during high speed stream (HSS) and quiet solar wind19

(QSW) driving conditions in the upstream solar wind (SW) and comparing our results20

to the results of Paper 1, where the statistics of ULF wave power spectra during coro-21

nal mass ejections (CMEs) are presented. The most important results of our statistical22

and comparative analyses are as follows. (a) During CMEs, HSSs, and QSW, the mag-23

netic field power spectra of the transverse and compressional fluctuations are well ap-24

proximated by power-laws in the ∼ mHz - Hz frequency range, where on average the pa-25

rameters of power-law fits during CMEs and HSSs are close, and those during QSW dif-26

fer considerably from the respective parameters during CMEs and HSSs. (b) The dom-27

inance of the average compressional power over the average transverse power for the low28

frequency ULF waves during the 0 < SYM/H . 25 nT geomagnetic conditions may29

serve as a proxy of HSSs in the upstream SW, whereas the opposite relation between the30

average powers is an indication of CMEs. (c) Independently of the SW driving condi-31

tions, a turbulent energy cascade from low frequencies in the ULF wave frequency range32

into the higher frequency range exists in the Earth’s inner magnetosphere, supplying the33

nonthermal electromagnetic seed fluctuations needed for the growth of electromagnetic34

ion cyclotron (EMIC) waves (∼ Hz) due to relaxation of unstable distributions of en-35

ergetic magnetospheric ions.36

1 Introduction37

Interaction of the upstream solar wind (SW) with Earth’s magnetosphere leads to38

magnetic field fluctuations in a wide ultra-low-frequency (ULF) range from the frequen-39

cies of Pc 5 pulsations (2 - 7 mHz) up to the frequencies of Pc 1 pulsations (0.2 - 5 Hz).40

ULF waves in the Pc 4 - 5 frequency range (2 - 22 mHz) play an important role in both41

the energization and loss of radiation belt (RB) relativistic electrons during geomagnetic42

storms (e.g., Murphy et al., 2018). Compressional Pc 4 - 5 ULF waves can also affect43

the growth of electromagnetic ion cyclotron (EMIC) waves, which are generated in the44

frequency range of Pc 1 - 2 pulsations (0.1 - 5 Hz), by modulating the background mag-45

netic field and plasma number density (e.g., Mursula et al., 2001). A nonlinear interac-46

tion of transverse ULF waves in the Pc 4 - 5 frequency range can generate a wave en-47
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ergy cascade from large to small spatial scales, and so this cascade controls the level of48

nonthermal seed electromagnetic fluctuations in the frequency range of EMIC waves, where49

EMIC waves can then grow from that nonthermal level if an ion cyclotron instability of50

the energetic ring current (RC) ion distributions takes place (Gamayunov et al., 2014,51

2015). EMIC waves themselves, on the other hand, affect the energetic RC protons (e.g.,52

Gonzalez et al., 1989) and heavy ions (e.g., Thorne & Horne, 1994), thermal electrons53

(e.g., Cornwall et al., 1971) and ions (e.g., Anderson & Fuselier, 1994), and RB relativis-54

tic electrons (e.g., Lorentzen et al., 2000; Sandanger et al., 2007; Gamayunov & Khaz-55

anov, 2007), leading to nonadiabatic particle heating and/or pitch-angle scattering in56

a huge energy range of ∼eV-MeV.57

The upstream SW conditions are responsible for the physical processes occurring58

in Earth’s magnetosphere, and low frequency ULF waves, in particular, are also driven59

by conditions in the upstream SW (e.g., Hudson et al., 2004, and references therein). Rec-60

ognizing this fact and trying to more comprehensively understand and explain observa-61

tions of the low frequency ULF waves in the Earth’s inner magnetosphere, Gamayunov62

and Engebretson (2021, hereinafter Paper 1) recently suggested to analyze the low fre-63

quency ULF waves separately for different SW drivers, and so to systematically study64

the ULF wave properties as a function of SW drivers. Paper 1 suggested first to cate-65

gorize the observed ULF waves according to the upstream SW driving conditions such66

as coronal mass ejections (CMEs), high speed streams (HSSs), and quiet solar wind (QSW),67

then analyze the ULF wave properties in each SW driving category, and finally compare68

wave properties in different categories. Paper 1 was a first attempt to rigorously ana-69

lyze the power spectra of low frequency ULF waves in the Earth’s inner magnetosphere70

versus different driving conditions in the upstream SW, where the authors applied their71

approach to the CME driven events. Paper 1 showed that the spectra of both the trans-72

verse and compressional ULF waves are well approximated by power-laws in a large fre-73

quency range of the Pc 1 - 5 pulsations. This finding is one of the most important ones74

in Paper 1, because it introduces a new paradigm of a turbulent energy cascade to the75

physics of Earth’s inner magnetosphere. A turbulent energy cascade transfers wave en-76

ergy from large spatial scales, where most of energy is usually injected to and/or gen-77

erated in the magnetosphere, to small scales, where the transferred energy is ultimately78

dissipated by plasma (e.g., Gamayunov et al., 2015, and references therein). In partic-79

ular, a turbulent energy cascade supplies the nonthermal electromagnetic seed fluctu-80
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ations into the frequency range of EMIC waves that are needed for EMIC wave growth81

due to possible instabilities of RC ion distributions. Paper 1 also presented a global view82

of the low frequency ULF wave power spectra in the inner magnetosphere during CME83

driving conditions in the upstream SW by providing the most common statistics of ULF84

wave power. However, despite the fact that the findings of Paper 1 are very important,85

that paper has a limited scope because only CME driven events were analyzed there. So86

to fully understand the effects of SW drivers on the ULF wave power spectra, an addi-87

tional analysis of ULF waves during HSS and QSW conditions is needed along with a88

subsequent comparison to the results of Paper 1.89

The overarching purpose of our study is to extend the scope of Paper 1 by analyz-90

ing the low frequency ULF wave power spectra in the Earth’s inner magnetosphere dur-91

ing HSS and QSW conditions in the upstream SW and comparing our results to the re-92

sults of Paper 1 for the CME driven events. Similar to Paper 1, here we also use the database93

of strongest EMIC wave events observed by the two Van Allen Probes during their first94

magnetic local time (MLT) revolution (Gamayunov et al., 2020a, 2020b), except the HSS95

and QSW events are analyzed. This paper is organized similar to Paper 1. In section 296

we analyze the ULF wave spectra during HSSs by presenting the SYM/H index, Kp in-97

dex, AE index, MLT, L shell, and magnetic latitude (MLAT) statistics and comparing98

our results to the respective power spectra during CMEs. In section 3 we analyze the99

ULF wave power spectra during QSW conditions and compare them to the results dur-100

ing both CMEs and HSSs. Then, in section 4 we present the results of our comparative101

analyses of HSS, CME, and QSW events. Finally, in section 5 we summarize the major102

findings of our analyses of the low frequency ULF wave power spectra during CME, HSS,103

and QSW conditions in the upstream SW.104

2 HSS Events: Results and Discussion105

2.1 Magnetic Field Data106

EMIC waves do not affect the low frequency ULF waves, and so the statistics of107

low frequency ULF waves cannot depend on whether or not EMIC fluctuations exist in108

the data analyzed as far as the resulting ULF wave statistics are representative. So for109

our analysis we use the same dataset of the strongest EMIC wave events observed by the110

two Van Allen Probes during their first MLT revolution from October 1, 2012 through111
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June 7, 2014 (Gamayunov et al., 2020a) that was used in Paper 1, except here we an-112

alyze the HSS events. This dataset was presented and analyzed in the paper by Gamayunov113

et al. (2020b), where the magnetic field data with the resolution of 64 vectors/s from the114

Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) obser-115

vations (Kletzing et al., 2013) were used to produce the dataset. Using OMNI data with116

5-min time resolution, Gamayunov et al. (2020b) formulated criteria for CME, HSS, and117

QSW driving conditions in the upstream SW and then categorized EMIC wave events118

according to the upstream conditions preceding the event. The upstream SW state is119

identified as HSS if the SW speed Vsw grows from the slow SW level (. 400 km/s) to120

the fast SW level (∼ 500− 800 km/s) and peaks of Nsw > 10 cm−3, |B| > 10 nT, and121

oscillations of Bz with |Bz| & 10 nT are also observed, and/or Vsw has a quasi-plateau122

at the fast SW level and oscillations in Vsw with & 20 km/s peak-to-peak along with123

oscillations in |B| with & 3 nT peak-to-peak and/or Bz with & 3 nT peak-to-peak are124

also observed, and/or Vsw decreases from the fast to slow SW levels and oscillations in125

Vsw with & 20 km/s peak-to-peak along with oscillations in |B| with & 3 nT peak-to-126

peak and/or Bz with & 3 nT peak-to-peak are also observed within 18 hr preceding the127

end of an analyzed EMIC wave event (see Gamayunov et al., 2020b, for more details).128

The subset of the HSS driven EMIC wave events includes 76 events.129

Each of the 76 events is processed according to the methodology described in Pa-130

per 1. For convenience, here we briefly outline this methodology as well. First, a 10 min131

segment of the EMFISIS magnetic field data is taken, where the EMIC wave fluctuations132

start near the beginning of the segment. The longest wave period that can be identified133

in each data segment is 10 min, and this corresponds to the lowest ULF wave frequency134

of 1.67 mHz. Then we calculate the two magnetic field vectors 〈B1〉 and 〈B2〉, where the135

former vector is obtained by averaging the EMFISIS data over a time window of about136

ten EMIC wave periods starting from the beginning of the 10 min segment, and the lat-137

ter vector is obtained by averaging the EMFISIS data over the entire 10 min segment.138

If the angle between 〈B1〉 and 〈B2〉 is less than one degree, then vector 〈B2〉 is used to139

define local field-aligned coordinates (FACs), and the entire 10 min segment is then an-140

alyzed. Otherwise, the upper boundary of the 10 min segment is decreased in such a way141

that a newly defined angle between vector 〈B2〉 recalculated using a decreased segment142

of data and 〈B1〉 is close to one degree. Then both the recalculated vector 〈B2〉 and de-143

creased segment of EMFISIS data are used for the definition of FACs and the following144
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analysis. Figure 1 shows the histogram of time windows used to calculate the average
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Figure 1. Number of events for each time window used here to calculate the average magnetic

field vectors 〈B2〉 and perform FFT analysis for all the 76 HSS events analyzed.

145

magnetic field vectors 〈B2〉 for all the 76 HSS events analyzed here. As follows from Fig-146

ure 1, 34 events (∼ 45%) have the largest time window of 10 min, 12 events (∼ 16%)147

have the time window of 8 min, 16 events (∼ 21%) have the time window of 6 min, and148

only 1 event (∼ 1%) has the smallest time window of 2 min. The numbers of events with149

other time windows between 2 min and 10 min do not exceed 4 events, totaling to ∼ 17%.150

Second, the segment of the EMFISIS magnetic field data is rotated into the local FACs,151

where the z-axis is parallel to 〈B2〉, the y-axis is perpendicular to the z-axis in the east-152

ward azimuthal direction, and the x-axis is perpendicular to the z-y plane in the radial153

direction. Finally, the background magnetic field variation due to spacecraft orbital mo-154

tion is removed from the 10 min (or less) segment using the least squares fit of a third-155
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order polynomial, and an FFT is separately applied to the detrended Bx, By, and Bz156

time series of data during the entire analyzed segment.157

2.2 Power-Law Spectra of ULF Waves158

Figure 2 shows the magnetic field data in local FACs during the HSS event mea-159

sured by Van Allen Probe-A during UT=21:13 - 21:23 on 14 October 2013. The detrended160

Bx, By, and Bz magnetic field component time series are shown in Figures 2a - 2c. Fig-161

ure 2d shows the power spectrum of fluctuations transverse to the average magnetic field.162

The dotted lines mark the gyrofrequencies of O+ and He+, and the dashed line shows163

the least squares fit to the power spectrum in the frequency range from 1.67 mHz to 0.25 Hz.164

The parameters of the power-law fit and the Pearson correlation coefficient between power-165

law and observation are given in the insert. Note that the separate power spectra of the166

Bx and By transverse components are also well approximated by power-laws, and the167

power-law spectral indices β for the Bx and By spectra are close to each other (Gamayunov168

et al., 2015). For these two reasons and because our study is an initial one, here we only169

analyze the total power spectra of transverse fluctuations, i.e. the sum of the Bx and By170

power spectra. However, more detailed investigations of the ULF wave properties in the171

future may require a separate analysis of the Bx and By power spectra. Figure 2e is the172

same as Figure 2d, except for the compressional component Bz. The power spikes at fre-173

quency ∼ 0.09 Hz and its harmonics are due to the spacecraft spin, and so they are un-174

physical. Similar to CME events analyzed in Paper 1, the spectra during the HSS event175

shown in Figures 2 are also approximated well by power-laws in the large frequency range176

from the lowest frequency of the Pc 5 band up to the Pc 1 band frequencies. Note, how-177

ever, that the spectra in Figures 2d and 2e show the wave energy injection and/or gen-178

eration not only in the frequency region of EMIC waves ∼ 0.25 - 0.6 Hz, which is excluded179

from the power-law fits, but also at the Pc 5 frequencies ∼ 2 - 5 mHz. This means that180

the low frequency ULF waves in the Pc 5 frequency range are discrete (e.g., Murphy et181

al., 2018, 2020). This fact is especially well seen in Figures 2a - 2c, where the long pe-182

riod ULF oscillations are obvious. The power-laws in Figures 2d and 2e are actually ob-183

served in the frequency range between the two injection regions, where one is located in184

the Pc 5 frequency range and another is located at the Pc 1 frequencies. Following the185

methodology of Paper 1, however, here we included the low frequency region of the ULF186

wave energy injection in the calculations of parameters of the power-law fits. For both187
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Figure 2. Magnetic field data in local field-aligned coordinates during a HSS event measured

by Van Allen Probe-A during UT=21:13 - 21:23 on 14 October 2013. (a) - (c) The detrended

Bx, By, and Bz magnetic field component time series. (d) The power spectrum of magnetic field

fluctuations transverse to the average magnetic field. The vertical dotted lines show the gyrofre-

quencies of O+ and He+ at the time of maximum EMIC wave power. The dashed line shows the

least squares fit to the power spectrum in the frequency range from 1.67 mHz to 0.25 Hz. The

parameters of the power-law fit and the Pearson correlation coefficient r are given in the insert.

(e) Same as panel (d), except for Bz.

the transverse and compressional spectra the Pearson correlation coefficients are very188
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high, where r ≈ 0.97 and r ≈ 0.93 for the transverse and compressional fluctuations,189

respectively.190

Our analysis of all the 76 HSS events confirms that power-laws fit well all the ob-191

served spectra in the Pc 1 - 5 frequency range, except one event which we removed from192

the fits due to a very strong distortion of power spectra by the spin induced signal. Sim-193

ilar to Paper 1, in our analysis here we also did not separate fluctuations on the basis194

whether they are discrete or broadband in the low frequency part of the ULF wave spec-195

tra. Note, however, that the majority of the events analyzed are discrete in the Pc 4 -196

5 frequency range, and power-laws are observed in the frequency range between the two197

energy injection regions in the Pc 4 - 5 and EMIC wave frequency ranges, similar to that198

in Figure 2. So the low frequency ULF wave spectra during HSS events can be approx-199

imated by the power-law distributions200

P⊥,|| (f) =
A⊥,||

fβ⊥,||
, (1)201

similar to that for CME events analyzed in Paper 1. The notation used in equation (1)202

is identical to that in Paper 1. Following the methodology of Paper 1, here we also use203

equation (1) to specify the low frequency ULF wave spectra for each event analyzed by204

the power-law spectral density at the frequency fav = 4.5 mHz (we actually use log10 P (fav))205

and the respective spectral index β. In other words, a figure similar to Figure 2 is first206

produced for each event, and then the power-law fits are used instead of the FFT spec-207

tra to describe the ULF wave spectra for that particular event in the low frequency re-208

gion where the power-law fits are valid. Similar to Paper 1, the highest frequency used209

in our calculations of the power-law parameters is usually taken to be the lowest frequency210

in the EMIC wave peak in the event analyzed. However, in 19 of the events analyzed (∼211

25% of analyzed events), that frequency is taken slightly below the spacecraft spin fre-212

quency of 0.09 Hz to remove the effects of spin signal on the power-law parameters. Sim-213

ilar to CME events, observations during HSS conditions show that any of the relation-214

ships between the power-law spectral indices for the transverse and compressional ULF215

wave powers can be found, i.e. β⊥ ∼ β||, β⊥ � β||, and β⊥ � β||. As was shown in216

Paper 1, the situation β⊥ � β|| indicates that the Alfvénic fluctuations dominate, whereas217

the situation β⊥ � β|| is an indication of a dominance of the fast magnetosonic fluc-218

tuations, and the situation β⊥ ∼ β|| is observed if there is no clear dominance of any219

wave mode in the ULF signal.220
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The observed power-law spectra of ULF waves in a large frequency range of the221

Pc 1 - 5 pulsations, in combination with the fact that we did not observe shocks and/or222

discontinuities in the time series of any of the EMFISIS data analyzed, indicates that223

a turbulent energy cascade in the Earth’s inner magnetosphere exists during HSSs, sim-224

ilar to that during CMEs. Despite the well-known fact that the Earth’s plasma sheet shows225

turbulent behavior (e.g., Borovsky et al., 1997; Weygand et al., 2005; El-Alaoui et al.,226

2013, and references therein), we are not aware of any publications on turbulence in the227

Earth’s inner magnetosphere, except the paper by Gamayunov et al. (2015) and Paper 1,228

where a new paradigm of a turbulent energy cascade in the Earth’s inner magnetosphere229

was introduced and discussed for the first time.230

2.3 Statistics on the SYM/H Index231

Following the methodology of Paper 1, we use the 5-min SYM/H index to char-232

acterize the intensity of the magnetospheric RC. Figure 3 presents statistics of ULF waves233

during HSSs on SYM/H. Figures 3a and 3b show log10 P⊥ (fav), where P⊥ is in units234

of nT2/Hz, and spectral index in the power-law spectrum of transverse fluctuations, re-235

spectively. Figures 3c and 3d show the same as in Figures 3a and 3b, except for com-236

pressional fluctuations. The power-law parameters for each event analyzed are shown237

by the “sample” blue points, the average parameters are shown by the “average” red lines,238

and the standard deviations are shown by the two “average±SD” black lines. The −75 nT ≤239

SYM/H < −50 nT and 25 nT ≤ SYM/H < 50 nT bins in Figure 3 include only two240

events and one event, respectively, and so the statistics in these bins are unreliable. We241

show these bins only to specify the SYM/H range in our database of HSS events. In this242

and the following sections, the standard deviation is calculated as the square root of to-243

tal variance. The total variance, on the other hand, is calculated as a sum of two vari-244

ances. The first variance is due to errors in the individual power-law fits and character-245

izes the standard deviation of the average, whereas the second variance is due to scat-246

tering of sample points with respect to the average. The latter variance strongly dom-247

inates the former one in all the reliable bins. Also, here we analyze the SYM/H depen-248

dencies using the average parameters, and our analyses in the following sections focus249

on the average parameters as well.250

In both Figures 3a and 3c, the minima of the average ULF wave powers are located251

in the bin −25 nT ≤ SYM/H < 0, where both powers are close, being 〈log10 P⊥〉 =252
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Figure 3. Parameters of the power-law fits to the magnetic field spectra of ULF waves during

HSS conditions as a function of SYM/H. (a) Logarithm of the power-law spectrum of trans-

verse fluctuations at 4.5 mHz. (b) Spectral index in the power-law spectrum of transverse fluc-

tuations. (c) and (d) Same as panels (a) and (b), except for compressional fluctuations. The

power-law parameters for each event analyzed are shown by the “sample” blue points, the aver-

age parameters are shown by the “average” red lines, and the standard deviations are shown

by the two “average±SD” black lines. Note that the −75 nT ≤ SYM/H < −50 nT and

25 nT ≤ SYM/H < 50 nT bins (they are filled with beige) include two events and one event,

respectively, and so the statistics in these bins are unreliable. We show these bins only to specify

the SYM/H range in our database of HSS events.

0.9 and 〈log10 P||〉 = 0.7. The power maxima in the lowest reliable bin of −50 nT ≤253

SYM/H < −25 nT are also close, where 〈log10 P⊥〉 = 1.2 and 〈log10 P||〉 = 1. The av-254
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erage power of the compressional fluctuations in the highest reliable bin of 0 ≤ SYM/H <255

25 nT, on the other hand, dominates the average transverse power there, where 〈log10 P||〉 =256

1.5 and 〈log10 P⊥〉 = 1. The negative SYM/H indices indicate that an internal mag-257

netospheric source of ULF waves is likely to dominate an external source (see Paper 1258

for details). So, as follows from Figures 3a and 3c, an internal source during HSS con-259

ditions produces the close powers of the transverse and compressional fluctuations, and260

those powers increase with the intensity of the RC. A qualitatively similar situation also261

takes place for an internal source of ULF waves during CME conditions as it follows from262

Figure 4 in Paper 1 (see the region −50 nT ≤ SYM/H < 0 there). An external source263

of ULF waves, which dominates during the positive SYM/H indices, operates differently264

during HSSs and CMEs. During HSS conditions, both the transverse and compressional265

powers increase in the bin 0 ≤ SYM/H < 25 nT, where the compressional fluctuations266

are substantially more powerful than the transverse ones. During CME conditions, on267

the other hand, both the transverse and compressional powers decrease in the bin 0 ≤268

SYM/H < 25 nT (see Figure 4 in Paper 1). The observed qualitative difference in the269

operation of an external source during HSSs and CMEs is mainly due to the fact that270

the SW speed is always at the fast SW level during HSSs, whereas it is frequently at the271

slow SW level during CMEs (e.g., Gamayunov et al., 2020b). As a consequence, the day-272

side magnetopause compression, which leads to the positive SYM/H indices, is caused273

by the fast low density SW during HSSs, whereas compression during CMEs is frequently274

caused by the dense ejecta in the slow SW. So an external source of ULF waves due to275

the Kelvin-Helmholtz instability along the magnetopause flanks is significantly stronger276

during HSSs, when the SW is fast, than during CMEs, when the SW is frequently slow277

(e.g., Takahashi et al., 2012; Murphy et al., 2018). In addition, the contribution from an278

external source during HSS conditions is dominated by the compressional ULF wave power,279

in contrast to that during CMEs. A contribution into the inner magnetosphere ULF waves280

from the external source during CMEs is only seen when a high compression of the day-281

side magnetopause leading to SYM/H > 25 nT takes place (see Figure 4 in Paper 1).282

All those “high compression” CME events take place during an interplanetary shock or283

a combination of shock and ejecta, where the SW speed is below the fast SW level. These284

upstream SW conditions are very different compared to the upstream conditions dur-285

ing HSSs. This may suggest, in combination with the fact that the average powers of trans-286

verse and compressional ULF waves are close during the high compression CME events,287
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that a different mechanism, not related to the Kelvin-Helmholtz instability, is respon-288

sible for an external source of ULF waves during CME driving conditions. Thus we con-289

clude that (a) the profiles of average ULF wave powers in the region −50 nT ≤ SYM/H <290

0 are qualitatively close during HSSs and CMEs, (b) an external source of ULF waves291

during HSSs is clearly seen in the region 0 ≤ SYM/H < 25 nT, where the average com-292

pressional power dominates the average transverse one, whereas an external source dur-293

ing CMEs is only seen in the region SYM/H > 25 nT, where the average transverse and294

compressional powers are close, and (c) the dominance of the average compressional power295

over the average transverse power during the 0 < SYM/H . 25 nT conditions may296

serve as a proxy of HSSs in the upstream SW, whereas the opposite relation between the297

average powers is an indication of CMEs.298

From Figures 3b and 3d, the following three conclusions can be formulated. (a) For299

both the transverse and compressional fluctuations during HSSs, the average spectral300

indices change weakly in the reliable region of −50 nT ≤ SYM/H < 25 nT, where 〈β⊥〉 =301

1.6 − 1.8 and 〈β||〉 = 1.9 − 2.2. So the indices during HSSs are close to the respective302

indices during CMEs shown in Figure 4 of Paper 1. Also similar to Paper 1, the 〈β⊥〉303

index in Figure 3b slightly decreases with SYM/H. In contrast to CMEs, however, the304

〈β||〉 index in Figure 3d increases with SYM/H. It has been shown in Paper 1 that ULF305

waves generated by the external source have on average larger spectral indices compared306

to those generated by the internal source. So an increase of 〈β||〉 in the 0 ≤ SYM/H <307

25 nT bin of Figure 3d is likely due to the fact that an external source during HSS con-308

ditions is strong when SYM/H is positive. The absence of similar behavior in Figure 3b309

may be attributed to a combination of the following two facts. First, the spectral index310

decrease or increase is weak in Figures 3b and 3d and second, the external source dur-311

ing HSSs is dominated by the compressional ULF fluctuations. The second and third con-312

clusions here are qualitatively similar to the respective conclusions formulated in Paper313

1 for the CME driven events. These conclusions are (b) on average the spectral indices314

for compressional power are larger than the indices for transverse power, indicating that315

the fast magnetosonic fluctuations dominate the Alfvénic fluctuations in the observed316

ULF signals, and (c) during the |SYM/H| . 25 nT geomagnetic conditions, the aver-317

age spectral index for the transverse ULF wave power is 〈β⊥〉 = 1.6, which is close to318

the spectral index of 5/3 for the power spectrum of Kolmogorov turbulence.319
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2.4 Statistics on the Kp Index320

To analyze statistics of the low frequency ULF wave power spectra on the Kp in-321

dex, we show in Figure 4 the parameters of power-law fits to the magnetic field spec-
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Figure 4. Same as in Figure 3, except as a function of Kp. The two highest 5 ≤ Kp < 6 and

6 ≤ Kp < 7 bins (they are filled with beige) have only two events and one event, respectively, and

so the statistics in these bins cannot be considered as reliable. We show these bins only to specify

the Kp index range in our database of HSS events.

322

tra of ULF waves during HSSs as a function of the 3-hour Kp. The Kp indices are cal-323

culated here similar to those in Paper 1. Figures 4a and 4b show the parameters of power-324

law fits for transverse fluctuations, and Figures 4c and 4d show the fit parameters for325
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compressional fluctuations. The highest 5 ≤ Kp < 6 and 6 ≤ Kp < 7 bins are re-326

moved from our analysis because the statistics there are unreliable.327

The average powers in Figures 4a and 4c monotonically increase with Kp across328

the reliable Kp < 5 range. The powers here are close to the respective powers during329

CMEs shown in Figure 5 of Paper 1, where a detailed discussion of the power Kp de-330

pendencies is presented. During HSSs, the transverse power dominates the compressional331

power in the lowest Kp < 3 bin, where 〈log10 P⊥〉 = 0.5 and 〈log10 P||〉 = 0.02. So332

similar to CMEs, the average transverse power dominates the average compressional power333

during geomagnetically quiet periods under HSSs (Kp ∼ 3 separates the quiet and dis-334

turbed geomagnetic conditions (e.g., Gamayunov et al., 2020b)). In the highest reliable335

3 ≤ Kp < 5 bin, the average transverse and compressional powers are close, being 〈log10 P 〉 =336

1.3. Thus we conclude that the average transverse and compressional ULF wave pow-337

ers during HSSs are close to the respective powers during CMEs in the moderate Kp <338

5 range shared by the CME and HSS events.339

From Figures 4b and 4d the following three conclusions can be drawn. (a) The av-340

erage spectral indices during HSSs monotonically grow with Kp for both the transverse341

and compressional powers in the reliable Kp range. This growth is qualitatively simi-342

lar to the spectral index growth during CMEs. The average indices here are in the ranges343

of 〈β⊥〉 = 1.6−1.7 and 〈β||〉 = 1.7−2.1. So the average indices during HSSs are close344

to the respective average indices during CMEs shown in Figure 5 of Paper 1. The sec-345

ond conclusion here is also similar to the respective second conclusion for the CME events346

in Paper 1, i.e. (b) the average indices for compressional power are larger than the av-347

erage indices for transverse power, indicating the dominance of the fast magnetosonic348

mode over the Alfvénic mode in the low frequency ULF wave signals during HSSs. The349

third conclusion for HSSs, however, is qualitatively different compared to that during350

CMEs. The third conclusion here is (c) the average spectral index for transverse power351

is 〈β⊥〉 = 1.6 − 1.7 in the entire reliable Kp < 5 region, and it is close to 5/3 for the352

spectrum of Kolmogorov turbulence. Moreover, the average spectral index for compres-353

sional power is also close to the Kolmogorov spectral index, but only in the Kp < 3 bin,354

where 〈β||〉 = 1.7. In contrast to this last conclusion, the Kolmogorov spectral index355

during CMEs is only observed for transverse fluctuations and only during quiet geomag-356

netic conditions when Kp < 3. These qualitative differences suggest that Kolmogorov357

turbulence is more common during HSSs compared to that during CMEs, turbulence is358
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more strongly controlled by the SW driving conditions than geomagnetic conditions, and359

the dominance of the fast magnetosonic mode over the Alfvénic mode during geomag-360

netically quiet times is weaker during HSSs compared to that during CMEs.361

2.5 Statistics on the AE Index362

Figure 5 shows the parameters of power-law fits to the magnetic field spectra of
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Figure 5. Same as in Figure 3, except as a function of AE. Here the 1000 nT ≤ AE <

2000 nT bin (it is filled with beige) has only one event, and so the statistics in this bin cannot

be considered as reliable. We show this bin only to specify the AE range in our database of HSS

events.
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363

ULF waves during HSSs as a function of the 5-min AE index. The AE indices are cal-364

culated here similar to those in Paper 1. Figures 5a and 5b show the parameters of power-365

law fits for transverse fluctuations, and Figures 5c and 5d show the fit parameters for366

compressional fluctuations. The highest 1000 nT ≤ AE < 2000 nT bin has only one367

event, and this bin is removed from the analysis below because the statistics in this bin368

are unreliable.369

The AE dependencies in Figures 5a and 5c are qualitatively similar to the Kp de-370

pendencies in Figures 4a and 4c. The average transverse and compressional powers here371

are close in the 100 nT ≤ AE < 400 nT bin and 400 nT ≤ AE < 1000 nT bin, where372

〈log10 P 〉 = 0.7 and 〈log10 P 〉 = 1.5 − 1.6, respectively. These powers are close to the373

average powers in the respective AE bins during CMEs shown in Figure 6 of Paper 1.374

A strong power increase in Figures 5a and 5c around AE = 400 nT is similar to that375

during CMEs. A qualitative difference between the HSS-driven and CME-driven ULF376

wave powers takes place in the lowest 10 nT ≤ AE < 100 nT bin. Both the average377

transverse and compressional powers during CMEs weakly depend on AE in the region378

of AE < 400 nT (see Figure 6 in Paper 1), whereas a strong power increase between379

the 10 nT ≤ AE < 100 nT bin and 100 nT ≤ AE < 400 nT bin takes place for both380

the transverse and compressional fluctuations during HSSs. The average powers in the381

lowest 10 nT ≤ AE < 100 nT bin of Figures 5a and 5c are 〈log10 P⊥〉 = 0.1 and 〈log10 P||〉 =382

−0.5. The observed qualitative difference between the ULF wave power profiles in the383

region of low substorm activity (AE . 400 nT) during HSSs and CMEs may be caused384

by the electric field of magnetospheric convection, which is larger during CMEs than dur-385

ing HSSs. A larger magnetospheric convection results in an elevated ion injection, and386

so RC enhancement, during CME-driven events. This supports the local generation of387

ULF waves at the low substorm activity level AE . 100 nT during CMEs, in contrast388

to that during HSSs. The average transverse power dominates the average compressional389

power in the lowest AE < 100 nT bin during HSSs, similar to that during CMEs. Thus390

we conclude that the average transverse and compressional ULF wave powers during HSSs391

are close to the respective powers during CMEs in the 100 nT ≤ AE < 1000 nT range,392

whereas the average powers in the range of 10 nT ≤ AE < 100 nT are about 3 − 5393

times lower during HSSs compared to those during CMEs.394
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The average AE dependencies in Figures 5b and 5d are also similar to those in Fig-395

ures 4b and 4d. Here, our three conclusions are formulated as follows. (a) The average396

spectral indices during HSSs grow with AE in all the reliable AE bins, similar to the spec-397

tral index growth during CMEs. The average spectral indices in Figures 5b and 5d are398

in the ranges of 〈β⊥〉 = 1.6−1.7 and 〈β||〉 = 1.5−2.1, respectively. So the average in-399

dices during HSSs are close to the respective indices during CMEs shown in Figure 6 of400

Paper 1. The second conclusion here is also similar to the second conclusion for CMEs,401

i.e. (b) the average indices for compressional power are larger than the average indices402

for transverse power except the lowest 10 nT ≤ AE < 100 nT bin, where 〈β||〉 = 1.5403

is slightly below 〈β⊥〉 = 1.6. The difference, however, is small and only takes place dur-404

ing a low level of substorm activity. So the fast magnetosonic mode usually dominates405

the Alfvénic mode in the ULF fluctuations during HSSs. The third conclusion for HSSs,406

however, is qualitatively different compared to that during CMEs. The third conclusion407

here is (c) the average spectral index for transverse fluctuations is 〈β⊥〉 = 1.6−1.7 in408

the entire reliable 10 nT ≤ AE < 1000 nT region, and it is close to 5/3 for the spec-409

trum of Kolmogorov turbulence. In contrast to this last conclusion, the Kolmogorov spec-410

tral index during CMEs is observed only during quiet geomagnetic conditions when AE .411

400 nT. The last conclusion here is qualitatively similar to the last conclusion regard-412

ing spectral indices in section 2.4.413

2.6 Statistics on MLT414

Figure 6 shows the parameters of power-law fits to the magnetic field spectra of415

ULF waves during HSSs as a function of MLT, where the entire MLT range presented416

in our data set of HSS events is the same as in Paper 1. Figures 6a and 6b show the pa-417

rameters of power-law fits for transverse fluctuations, and Figures 6c and 6d show the418

fit parameters for compressional fluctuations.419

For both the average transverse and compressional powers in Figures 6a and 6c,420

the MLT profiles are qualitatively similar to each other in the 0 - 18 hr MLT region. In421

the highest MLT bin of 18 - 24 hr, however, the average compressional power increases,422

whereas the average transverse power decreases. During HSSs, the average logarithms423

of transverse power are 〈log10 P⊥〉 = 0.7, 0.4, 1.2, and 1.1 in the 0 - 6, 6 - 12, 12 - 18,424

and 18 - 24 hr MLT bins, respectively, and for compressional power the respective av-425

erages are 〈log10 P||〉 = 0.2, 0.2, 0.9, and 1.3. The observed qualitative difference be-426
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Figure 6. Same as in Figure 3, except as a function of MLT.

tween the MLT profiles for transverse and compressional powers in the 12 - 24 hr region427

is likely due to a significant contribution from the external source into the 18 - 24 hr MLT428

bin, because the external source of ULF waves is strongly dominated by compressional429

fluctuations during HSSs (see Figure 3). The MLT profile of compressional power dur-430

ing CMEs is discussed in details in Paper 1. The same physics operates during HSSs,431

except there is an additional contribution into the 18 - 24 hr MLT bin from the exter-432

nal source during HSSs. From comparison of the average MLT profile for the compres-433

sional ULF wave power during HSSs with the respective profile during CMEs in Figure 7434

of Paper 1, we can formulate our first conclusion. (a) The average compressional power435

during HSSs has a maximum in the 18 - 24 hr MLT bin, whereas the average compres-436
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sional power during CMEs has the maximum in the 12 - 18 hr MLT bin. Qualitatively,437

to get the average MLT profile for compressional power during HSSs, we have to take438

the respective average profile during CMEs and then increase the power in the highest439

18 - 24 hr MLT bin by a factor of ∼ 2.5. By comparing the average MLT profile for trans-440

verse power during HSSs with the respective profile during CMEs, we can draw our sec-441

ond conclusion. (b) The average transverse power during HSSs has a maximum in the442

12 - 18 hr MLT bin, similar to that during CMEs. However, there is a difference between443

the MLT locations of the transverse power minima during HSSs and CMEs. Namely, the444

minimum of transverse power during HSSs is located in the 6 - 12 hr MLT bin, whereas445

the power minimum is located in the 0 - 6 hr MLT bin during CMEs. The average MLT446

profile of transverse power during CMEs is discussed in Paper 1, and the same physics447

operates during HSSs as well. To understand the difference in the MLT locations of the448

transverse power minima during HSSs and CMEs, we have to consider the fact that the449

magnetosheath ram plasma βram (the ratio of the ram pressure to the magnetic pressure)450

is observed below unity, i.e. βram < 1 about 50 - 140 times more frequently during CMEs451

compared to that during HSSs (Borovsky & Denton, 2006). In the case βram < 1, the452

magnetosheath plasma flow has difficulty distorting the magnetic field, which is strong453

and does not drape around the magnetopause. The strong magnetic field squeezes the454

magnetosphere, and an asymmetric magnetosheath flow pattern is produced that is very455

different from the case βram � 1 (e.g., Borovsky & Denton, 2006). In the case βram �456

1, on the other hand, the magnetosheath flow is little affected by the magnetic field, which457

is merely convected by the plasma flow. So the magnetosheath flow in the latter case is458

symmetric with respect to the magnetospheric nose, and a draping of the magnetic field459

lines over the magnetopause takes place. As a consequence, during CMEs, when the sit-460

uation βram < 1 is more frequent compared to that during HSSs, the transverse ULF461

wave power downstream of a quasi-parallel bow shock in the prenoon magnetosheath (see462

Paper 1 for details) is primarily transported along the stiff magnetic field lines because463

the Alfvén speed there dominates the flow speed. So the downstream transverse power464

is transmitted into the magnetosphere primarily in the same prenoon MLT sector. Dur-465

ing HSSs, on the other hand, the transverse ULF wave power downstream of a quasi-466

parallel shock is usually convected into the predawn MLT sector by the strong super-467

Alfvénic magnetosheath flow before ULF waves can reach the magnetopause. So ULF468

waves are primarily transmitted into the magnetosphere in the predawn MLT sector. This469
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consideration qualitatively explains the difference between the MLT locations of min-470

ima for the average transverse powers during HSSs and CMEs.471

From Figures 6b and 6d we draw the following three conclusions. (a) Similar to CMEs,472

the average spectral index for transverse power during HSSs has a quasi-symmetric MLT-473

profile with respect to noon, where a maximum of 〈β⊥〉 = 1.7 in the 6 - 18 hr MLT sec-474

tor is observed, and the index minima are 〈β⊥〉 = 1.4 and 1.6 in the 0 - 6 hr and 18 -475

24 hr MLT bins, respectively. The average transverse indices during HSSs are close to476

the respective average indices during CMEs shown in Figure 7 of Paper 1. (b) The av-477

erage spectral index for compressional power during HSSs monotonically grows from 〈β||〉 =478

1.6 in the 0 - 6 hr MLT bin to a quasi-plateau of 〈β||〉 = 1.9 in the 6 - 18 hr MLT re-479

gion, and finally to 〈β||〉 = 2.2 in the highest 18 - 24 hr MLT bin. The major difference480

between the average indices for compressional powers during HSSs and CMEs is the fact481

that the index in the 12 - 18 hr MLT bin is slightly larger during CMEs than that dur-482

ing HSSs. This difference can be understood by considering a combination of the two483

effects. First, the average spectral indices in the inner magnetosphere are larger for the484

low frequency ULF waves that are supplied by the external sources compared to those485

for waves that are produced by internal sources (see Paper 1 for more details). Second,486

the magnetosheath βram is more frequently observed below unity during CMEs compared487

to that during HSSs. So during CMEs the compressional ULF wave power downstream488

of a quasi-perpendicular bow shock in the postnoon magnetosheath (see Paper 1 for de-489

tails) is more frequently transported perpendicular to the magnetic field, and so reaches490

the magnetopause in the same postnoon MLT sector. During HSSs, on the other hand,491

the compressional ULF wave power downstream of a quasi-perpendicular shock is more492

frequently convected into the postdusk MLT sector by super-Alfvénic magnetosheath flow493

before ULF waves can reach the magnetopause. So waves during HSSs are usually trans-494

mitted into the magnetosphere in the postdusk MLT sector. This consideration quali-495

tatively explains the difference between the average indices for compressional powers in496

the 12 - 18 hr MLT bin during HSSs and CMEs. Our third conclusion here is similar to497

the respective third conclusion for the CME events, i.e. (c) during HSSs, the average spec-498

tral indices for compressional power are larger than the average spectral indices for trans-499

verse power.500
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2.7 Statistics on L Shell501

Figure 7 shows the parameters of power-law fits to the magnetic field spectra of
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Figure 7. Same as in Figure 3, except as a function of L shell. Here the 2.5 ≤ L < 3.5 bin

(it is filled with beige) has only two events, and so the statistics in this bin cannot be treated as

reliable. We show this bin only to specify the L shell range in our database of HSS events.

502

ULF waves during HSSs as a function of L shell. In contrast to the CME events analyzed503

in Paper 1, there are no HSS events in the 2 ≤ L < 2.5 bin in our data set. Figures 7a504

and 7b show the fit parameters for transverse fluctuations, and Figures 7c and 7d show505

the same but for compressional fluctuations. The lowest 2.5 ≤ L < 3.5 bin, where only506

two sample points are observed, is unreliable and removed from our analysis.507
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The average L shell profiles for the transverse and compressional powers in the re-508

liable 3.5 ≤ L < 6.5 region of Figures 7a and 7c are similar. There are minima in the509

3.5 ≤ L < 4.5 bin, where the transverse and compressional powers are 〈log10 P⊥〉 =510

0.7 and 〈log10 P||〉 = 0.4. Both powers then grow with L shell to 〈log10 P⊥〉 = 0.9 and511

〈log10 P||〉 = 0.7 in the 4.5 ≤ L < 5.5 bin, and to 〈log10 P⊥〉 = 1.3 and 〈log10 P||〉 =512

1.2 in the 5.5 ≤ L < 6.5 bin. The L shell profiles of average powers during HSSs are513

close to the respective power profiles during CMEs shown in Figure 8 of Paper 1, except514

the 5.5 ≤ L < 6.5 bin, where ULF wave powers during HSSs are about 2 - 2.5 times515

higher compared to those during CMEs. It is likely that the power minima in Figures 7a516

and 7c are located just outside the plasmapause (e.g., Takahashi & Anderson, 1992). This,517

however, cannot be confirmed here because we do not analyze the event locations with518

respect to the plasmapause. So we only conclude that the average transverse and com-519

pressional powers during HSSs are close to the respective powers during CMEs in the520

3.5 ≤ L < 5.5 region, whereas the average powers in the 5.5 ≤ L < 6.5 bin are about521

2 - 2.5 times larger during HSSs compared to those during CMEs.522

The average L shell profiles in the reliable region of Figures 7b and 7d are similar523

to the respective spectral index profiles during CMEs shown in Figure 8 of Paper 1. Dur-524

ing HSSs, 〈β⊥〉 = 1.6 and 〈β||〉 = 1.8 in the 3.5 ≤ L < 4.5 bin, 〈β⊥〉 = 1.7 and 〈β||〉 =525

1.9 in the 4.5 ≤ L < 5.5 bin, and 〈β⊥〉 = 1.6 and 〈β||〉 = 2 in the 5.5 ≤ L < 6.5526

bin. The above indices in the 4.5 ≤ L < 6.5 region are slightly below the respective527

indices during CMEs (see Figure 8 in Paper 1). Similar to CMEs, however, the average528

spectral indices for compressional power are larger than the indices for transverse power529

during HSSs as well. So the fast magnetosonic mode also dominates the Alfvénic mode530

in the low frequency ULF wave signal during HSSs. Thus we conclude that the average531

spectral indices during HSSs are close to the respective average indices during CMEs in532

the 3.5 ≤ L < 6.5 range common to both HSS and CME events.533

2.8 Statistics on MLAT534

Figure 8 shows the parameters of power-law fits to the magnetic field spectra of535

ULF waves during HSSs as a function of MLAT. The MLAT range presented in our data536

set of HSS events is the same as in Paper 1. Figures 8a and 8b show the fit parameters537

for transverse fluctuations, and Figures 8c and 8d show the fit parameters for compres-538

sional fluctuations.539

–23–



manuscript submitted to JGR: Space Physics

−4

−3

−2

−1

 0

 1

 2

 3

 4

L
o
g

1
0
 P

o
w

e
r 

@
 4

.5
 m

H
z
 (

n
T

2
/H

z
)

(a) P⊥
sample
average
average±SD

0

1

2

3

4

−20 −10 0 10 20

S
p
e
c
tr

a
l 
In

d
e
x

MLAT (deg)

(b) β⊥
sample
average
average±SD

(c) P||
sample
average
average±SD

−20 −10 0 10 20

MLAT (deg)

(d) β||
sample
average
average±SD

Figure 8. Same as in Figure 3, except as a function of MLAT.

The compressional power in Figure 8c has a maximum of 〈log10 P||〉 = 1.3 in the540

near equatorial bin −10◦ ≤ MLAT < 0◦, and the power outside the maximum is in541

the range of 〈log10 P||〉 = 0.4 − 0.9. The transverse power in Figure 8a, on the other542

hand, has a minimum of 〈log10 P⊥〉 = 0.8 in the near equatorial bin 0◦ ≤ MLAT <543

10◦, and the power outside this minimum is in the range of 〈log10 P⊥〉 = 1.1−1.2. These544

features in the MLAT power profiles during HSSs are qualitatively similar to those dur-545

ing CMEs shown in Figure 9 of Paper 1. However, a qualitative difference between the546

MLAT power profiles during HSSs and CMEs is also observed. Namely, the north-south547

asymmetry in the near equatorial region during HSSs is opposite to that during CMEs.548

The asymmetry during HSSs is mainly due to the probes’ orbits, because the magnetosheath549

flow pressure during HSSs usually dominates the magnetic field pressure there, and so550
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the flow is symmetric with respect to the magnetospheric nose. As a consequence, the551

near equatorial north-south asymmetry during HSSs reflects a north-south asymmetry552

due to the Van Allen Probes’ orbits, and so that asymmetry is unphysical. During CMEs,553

on the other hand, the magnetosheath magnetic field pressure frequently dominates the554

plasma flow pressure, making it difficult for flow to distort magnetic field. The strong555

magnetic field squeezes the magnetosphere, and an asymmetric magnetosheath flow pat-556

tern is produced that is very different from the case of HSSs (Borovsky & Denton, 2006).557

So the probes’ orbital effect may be overshot by the effect of squeezing of the magne-558

tosphere during CMEs, leading to an opposite near equatorial asymmetry in the MLAT559

power profiles during CMEs compared to that during HSSs. If this is the case, then the560

asymmetry observed during CMEs is physical at least partly, in contrast to the asym-561

metry during HSSs. The physics behind a maximum of compressional power in the near562

equatorial region and a minimum of transverse power there during HSSs is similar to that563

during CMEs (see Paper 1 for details). The near equatorial minima of the average trans-564

verse powers during HSSs and CMEs are close, whereas the maximum of the average com-565

pressional power during HSSs is about two times higher compared to that during CMEs.566

So we conclude that the average MLAT power profiles during HSSs and CMEs are qual-567

itatively similar.568

In Figures 8b and 8d, the average spectral indices depend more strongly on MLAT569

compared to the respective dependencies during CMEs shown in Figure 9 of Paper 1.570

During HSSs, the average indices for the transverse and compressional powers are in the571

ranges of 〈β⊥〉 = 1.5 − 1.9 and 〈β||〉 = 1.7 − 2.1, respectively. Despite the fact that572

these index ranges are about 2 - 4 times wider compared to those during CMEs, the spec-573

tral indices averaged over the entire MLAT range are close during both HSSs and CMEs.574

Also similar to CMEs, the average indices for compressional power dominate the aver-575

age indices for transverse power during HSSs. Thus we conclude that the average spec-576

tral indices during HSSs are qualitatively similar to the respective average indices dur-577

ing CMEs.578

2.9 Nonthermal Seed Fluctuations for EMIC Waves579

For all the 75 HSS driven events analyzed, the ULF wave spectra are well approx-580

imated by power-laws in the Pc 1 - 5 frequency range. Because there are no shocks and/or581

discontinuities in the time series of all the EMFISIS data analyzed, this indicates that582
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a turbulent energy cascade exists during HSSs, similar to that during CMEs. This cas-583

cade supplies the nonthermal electromagnetic seed fluctuations needed for EMIC wave584

growth due to instabilities of the energetic RC ion distributions. To estimate the trans-585

verse seed power in the Pc 1 - 2 frequency range during HSSs, we use all the 75 events.586

The estimated seed power is in the range of P⊥,seed,HSS ∼ 10−5 − 100 nT2/Hz. The587

range of the EMIC wave seed power during CMEs, on the other hand, is P⊥,seed,CME ∼588

10−4−10−1 nT2/Hz (see Paper 1). So we conclude that (a) a turbulent energy cascade589

exists in the Earth’s inner magnetosphere at least in the Pc 1 - 5 frequency range dur-590

ing both HSSs and CMEs, supplying the nonthermal electromagnetic seed fluctuations591

needed for EMIC wave growth due to instabilities, and (b) the range of the EMIC wave592

seed power during CMEs is substantially narrower compared to that during HSSs.593

3 QSW Events: Results and Discussion594

3.1 Magnetic Field Data595

Here we use the same dataset we used in Paper 1 and section 2, except now we an-596

alyze the QSW events. The upstream SW state is identified as QSW if the SW speed597

Vsw . 400 km/s, and there are no interplanetary shocks, and/or ejecta, and/or mag-598

netic clouds during the 18 hr interval before the end of an EMIC wave event analyzed599

(see Gamayunov et al., 2020b, for more details). Categorization of events using the above600

criteria results in the 21 QSW events in our dataset. Each of those events is processed601

according to the methodology described in section 2 and/or Paper 1. Figure 9 shows the602

time windows used to calculate the vectors of the average magnetic field for all the 21603

QSW events analyzed. This figure is similar to Figure 1, except the events during QSW604

are shown here. As follows from Figure 9, there are 13 events (∼ 62%) with a 10 min605

time window, 3 events (∼ 14%) with a 9 min time window, 1 event (∼ 5%) with an 8 min606

time window, 3 events with a 7 min time window, and 1 event with a 5 min time win-607

dow.608

3.2 Power-Law Spectra of ULF Waves609

Figure 10 shows the same as in Figure 2, except during the QSW event from 08:42610

to 08:52 UT on 9 July 2013. The least squares fits to the power spectra in Figure 10 are611

performed in the frequency range of 1.67 mHz−0.5 Hz. Similar to the CME events an-612
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Figure 9. Same as in Figure 1, except for the 21 QSW events analyzed here.

alyzed in Paper 1 and HSS events analyzed in section 2, the power spectra during QSW613

event in Figure 10 are also well approximated by power-laws in the Pc 1 - 5 frequency614

range. Similar to Figure 2, the spectra in Figure 10 have the wave energy injection not615

only in the frequency range of EMIC waves ∼ 0.5 - 2 Hz, but also at the Pc 5 frequen-616

cies ∼ 2 - 5 mHz and the Pc 4 frequencies ∼ 10 mHz. This indicates that the low fre-617

quency ULF waves in the Pc 4 - 5 frequency range are discrete. As before, power-laws618

are observed in the frequency range between the low and high frequency injection regions.619

For both the transverse and compressional spectra in Figure 10 the Pearson correlation620

coefficients are very high, where r ≈ 0.84 and r ≈ 0.94 for the transverse and com-621

pressional fluctuations, respectively.622

Analysis of all the 21 QSW events confirms that power-laws fit all the power spec-623

tra in the Pc 1 - 5 frequency range, except the two events that we removed from the power-624

law fits because of a very strong distortion of spectra by the spin induced signal. As625
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Figure 10. Same as in Figure 2, except during a QSW event from 08:42 to 08:52 UT on 9

July 2013. Note that the least squares fits to the power spectra are performed here in the fre-

quency range of 1.67 mHz− 0.5 Hz.
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before, here we also did not separate fluctuations on the basis whether they are discrete626

or broadband in the low frequency part of the ULF wave spectra. Note, however, that627

the majority of the events analyzed are discrete in the Pc 4 - 5 frequency range, and power-628

laws are observed in the frequency range between the low and high frequency injection629

regions in the Pc 4 - 5 and EMIC wave frequency ranges. Similar to the CME and HSS630

events, the ULF wave spectra during QSW can be also approximated by power-laws in631

equation (1). The highest frequency used in our calculations of the power-law param-632

eters is usually taken to be the lowest frequency in the EMIC wave peak in the event an-633

alyzed. However, in 2 events (∼ 11% of the 19 QSW events analyzed), that frequency634

is taken slightly below the spacecraft spin frequency of 0.09 Hz to remove the effects of635

spin signal on the power-law parameters. Similar to the CME and HSS events, the re-636

lationships β⊥ ∼ β||, β⊥ � β||, and β⊥ � β|| are also represented in the low frequency637

ULF wave observations during QSW.638

We did not observe shocks and/or discontinuities in the time series of any of the639

EMFISIS data analyzed during the QSW events. So the observed power-law spectra of640

ULF waves in a large frequency range of the Pc 1 - 5 pulsations indicates that a turbu-641

lent energy cascade in the Earth’s inner magnetosphere exists during QSW conditions642

as well, similar to that during both CMEs and HSSs.643

3.3 Statistics on the SYM/H Index644

Figure 11 shows statistics of ULF waves during QSW on SYM/H. This figure is645

similar to Figure 3, except the events during QSW are shown. The highest 0 ≤ SYM/H <646

25 nT bin in Figure 11 has only three events, and so the statistics in this bin cannot be647

considered as reliable. We show this bin only to specify the SYM/H index range in our648

database of QSW events. Therefore, only one reliable SYM/H index bin is presented in649

Figure 11, and so the SYM/H index dependencies cannot be analyzed here.650

The average transverse and compressional powers in the reliable bin of Figures 11a651

and 11c are 〈log10 P⊥〉 = −0.2 and 〈log10 P||〉 = −0.6, respectively. Similar to the av-652

erage ULF wave powers in the −25 nT ≤ SYM/H < 0 bin during CMEs and HSSs,653

the transverse power dominates the compressional power during QSW as well. The pow-654

ers during QSW, however, are significantly lower compared to the respective powers dur-655

ing CMEs and HSSs. Thus we conclude that in the −25 nT ≤ SYM/H < 0 region shared656
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Figure 11. Same as in Figure 3, except during QSW. Note that the highest 0 ≤ SYM/H <

25 nT bin (it is filled with beige) includes only three events, and so the statistics in this bin are

unreliable. This bin is shown here only to indicate the entire SYM/H index range presented in

our database of QSW events.

by the CME, HSS, and QSW events the average transverse power dominates the aver-657

age compressional one independently of the SW driving conditions, but the average pow-658

ers during QSW are about an order of magnitude lower compared to the respective pow-659

ers during both CMEs and HSSs.660

The average spectral indices for the transverse and compressional powers in the −25 nT ≤661

SYM/H < 0 bin of Figures 11b and 11d are 〈β⊥〉 = 1.3 and 〈β||〉 = 1.5, respectively,662

and the following two conclusions can be formulated. (a) The average spectral indices663
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for the transverse and compressional ULF wave powers during QSW are considerably664

lower compared to the respective indices during CMEs and HSSs. This is the major dif-665

ference between the average spectral indices during QSW conditions on the one hand and666

CME and HSS conditions on the other hand. (b) The average spectral indices for com-667

pressional power are larger than the average indices for transverse power during QSW.668

This conclusion is similar to the respective conclusions during both CMEs and HSSs.669

3.4 Statistics on the Kp Index670

Figure 12 is the same as Figure 4, except the events during QSW are shown. Sim-
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Figure 12. Same as in Figure 4, except during QSW.
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671

ilar to section 3.3, the Kp index dependencies cannot be analyzed here because only one672

Kp bin is presented. The average ULF wave powers in Figures 12a and 12c are 〈log10 P⊥〉 =673

−0.2 and 〈log10 P||〉 = −0.4, respectively. Similar to the average powers in the 0 ≤ Kp <674

3 bin during CMEs and HSSs, the average transverse power during QSW dominates the675

compressional one. The powers during QSW, however, are lower compared to the respec-676

tive powers during CMEs and HSSs. So here we conclude that in the 0 ≤ Kp < 3 bin677

shared by the CME, HSS, and QSW events the average transverse power dominates the678

average compressional one independently of the SW driving conditions, but the average679

powers during QSW are about 3 - 5 times lower compared to the respective powers dur-680

ing CMEs and HSSs. The average spectral indices in Figures 12b and 12d are 〈β⊥〉 =681

1.3 and 〈β||〉 = 1.6, and our two conclusions here are identical to the respective con-682

clusions in section 3.3.683

3.5 Statistics on the AE Index684

Figure 13 is the same as Figure 5, except the events during QSW are shown here.685

The AE dependencies of the average power profiles in Figures 13a and 13c are qualita-686

tively similar to the AE dependencies during HSSs in the region 10 nT ≤ AE < 400 nT687

shown in Figures 5a and 5c. As we discussed in section 2.5, there is a qualitative differ-688

ence between the average ULF wave power profiles during HSSs and CMEs in the re-689

gion of low substorm activity (AE . 400 nT). A similar qualitative difference is also690

observed between the average AE profiles during QSW and CMEs. The physics that was691

discussed in section 2.5 can be also applied here to explain the qualitative difference be-692

tween the average AE profiles during QSW and CMEs. The average powers in Figures 13a693

and 13c are 〈log10 P⊥〉 = −0.2 and 〈log10 P||〉 = −0.7 in the lowest 10 nT ≤ AE <694

100 nT bin, and 〈log10 P⊥〉 = −0.1 and 〈log10 P||〉 = 0 in the 100 nT ≤ AE < 400 nT695

bin. Now we can formulate the following two conclusions. (a) In the 10 nT ≤ AE <696

400 nT region shared by the CME, HSS, and QSW events, the AE average power pro-697

files during QSW are qualitatively similar to those during HSSs, but not to the profiles698

during CMEs. (b) The average powers in the lowest 10 nT ≤ AE < 100 nT bin are699

smaller during QSW compared to the respective powers during HSSs by less than a fac-700

tor of two. So the average powers during HSSs and QSW are close in the 10 nT ≤ AE <701
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Figure 13. Same as in Figure 5, except during QSW.

100 nT bin, whereas the QSW average powers in the 100 nT ≤ AE < 400 nT bin are702

about 5 - 6 times lower compared to the HSS average powers there.703

The average spectral indices in Figures 13b and 13d depend weakly on the AE in-704

dex, and they are in the ranges of 〈β⊥〉 = 1.3− 1.4 and 〈β||〉 = 1.5− 1.6, respectively.705

Our two conclusions here are again identical to the respective conclusions in section 3.3.706

3.6 Statistics on MLT707

Figure 14 is the same as Figure 6, except the events during QSW are shown. The708

statistics in Figure 14 are reliable only in the 6 - 12 hr MLT bin, and the other bins are709
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Figure 14. Same as in Figure 6, except during QSW. Note that statistics are reliable only in

the 6 - 12 hr MLT bin. The unreliable bins are filled with beige and shown only to specify the

MLT range in our database of QSW events.

shown only to specify the MLT range in our database of QSW events. So the MLT de-710

pendencies cannot be analyzed here because only one reliable bin is presented.711

The average ULF wave powers in the reliable bin of Figures 14a and 14c are 〈log10 P⊥〉 =712

−0.2 and 〈log10 P||〉 = −0.6, respectively. Similar to the average powers in the MLT=6713

- 12 hr bin during CMEs and HSSs, the average transverse power during QSW domi-714

nates the average compressional power. The powers during QSW, however, are substan-715

tially lower compared to the respective powers during both CMEs and HSSs. So we con-716

clude that in the MLT=6 - 12 hr region shared by the CME, HSS, and QSW events the717
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average transverse power dominates the average compressional power independently of718

the SW driving conditions, but the average transverse and compressional powers dur-719

ing QSW are about 4 - 13 times and 6 - 10 times lower, respectively, compared to the720

transverse and compressional powers during CMEs and HSSs.721

The average spectral indices in the reliable 6 - 12 hr MLT bin of Figures 14b and722

14d are 〈β⊥〉 = 1.3 and 〈β||〉 = 1.5, respectively, and our two conclusions here are iden-723

tical to the respective conclusions in section 3.3.724

3.7 Statistics on L Shell725

Figure 15 is the same as Figure 7, except the events during QSW are shown. The726

lowest 2.5 ≤ L < 3.5 bin has only one event, and so the statistics in this bin are un-727

reliable. We show this bin only to specify the L shell range in our database of QSW events.728

The L shell profile of the average compressional power in the 3.5 ≤ L < 6.5 re-729

gion of Figure 15c is qualitatively similar to the respective profiles during both CMEs730

(see Figure 8 in Paper 1) and HSSs (see Figure 7). There is a deep minimum of com-731

pressional power in the 3.5 ≤ L < 4.5 bin, where 〈log10 P||〉 = −0.8 during QSW.732

From this minimum the QSW compressional power gradually increases with L shell, reach-733

ing 〈log10 P||〉 = −0.6 in the 4.5 ≤ L < 5.5 bin, and 〈log10 P||〉 = −0.1 in the 5.5 ≤734

L < 6.5 bin. The L shell profile of the average transverse power in Figure 15a, on the735

other hand, is qualitatively dissimilar to the respective power profiles during both CMEs736

and HSSs. Despite the fact that the average L shell power profiles of the compressional737

and transverse ULF waves are qualitatively similar during both CMEs and HSSs, the738

average transverse power during QSW first decreases from 〈log10 P⊥〉 = 0.1 in the 3.5 ≤739

L < 4.5 bin to 〈log10 P⊥〉 = −0.4 in the 4.5 ≤ L < 5.5 bin, but does not increase as740

in the case of compressional power, and then almost does not depend on L shell. A qual-741

itative disagreement between the L shell profiles of the average compressional and trans-742

verse ULF wave powers during QSW is difficult to explain. Thus we can only formulate743

the following two conclusions for the region of 3.5 ≤ L < 6.5 shared by the CME, HSS,744

and QSW events. (a) The L shell profile of the average compressional power during QSW745

is qualitatively similar to the average compressional power profiles during both CMEs746

and HSSs. The average powers themselves, however, are about 10 - 20 times lower dur-747

ing QSW compared to the respective powers during CMEs and HSSs. (b) The L shell748
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Figure 15. Same as in Figure 7, except during QSW. The 2.5 ≤ L < 3.5 bin (it is filled with

beige) has one event only, and so the statistics in this bin cannot be considered as reliable. We

show this bin only to specify the L shell range in our database of QSW events.

profile of the average transverse power during QSW is qualitatively dissimilar to the av-749

erage transverse power profiles during both CMEs and HSSs, where the CME and HSS750

profiles grow with L shell, whereas the QSW profile first decreases and then almost does751

not depend on L shell. Quantitatively, the average transverse powers during QSW are752

about 2.5 - 4 times and 25 - 50 times lower compared to the average transverse powers753

during CMEs and HSSs in the 3.5 ≤ L < 4.5 and 5.5 ≤ L < 6.5 bins, respectively.754
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The average spectral indices in the 3.5 ≤ L < 6.5 region of Figures 15b and 15d755

depend weakly on L shell, being in the ranges of 〈β⊥〉 = 1.2−1.3 and 〈β||〉 = 1.5−1.6,756

and our two conclusions here are identical to the respective conclusions in section 3.3.757

3.8 Statistics on MLAT758

Figure 16 is the same as Figure 8, except the events during QSW are shown. Here,
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Figure 16. Same as in Figure 8, except during QSW. Note that the −10◦ ≤ MLAT < 0◦ bin

(it is filled with beige) has three events only, and so the statistics in this bin are unreliable. We

show this bin only to specify the entire MLAT range in our database of QSW events.

759

the −10◦ ≤ MLAT < 0◦ bin has only three events, and so the statistics in this bin760
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cannot be considered as reliable. We show this bin only to specify the entire MLAT range761

in our database of QSW events.762

In the reliable bins of Figure 16c, the MLAT profile of the average compressional763

power is qualitatively similar to the respective compressional power profiles during CMEs764

(see Figure 9 in Paper 1) and HSSs (see Figure 8). For QSW, the average compressional765

power has a maximum of 〈log10 P||〉 = 0.3 in the near equatorial bin of 0◦ ≤ MLAT <766

10◦, and the average power minima are 〈log10 P||〉 = −0.5 and 〈log10 P||〉 = −0.7 in767

the −20◦ ≤ MLAT < −10◦ bin and 10◦ ≤ MLAT < 20◦ bin, respectively. The MLAT768

profile of the average transverse power in Figure 16a, on the other hand, is qualitatively769

dissimilar to the respective power profiles during both CMEs and HSSs. During CMEs770

and HSSs, the average MLAT profiles of transverse powers are quasi-symmetric with re-771

spect to the equator with a minimum in the near equatorial region. The average trans-772

verse power during QSW, on the other hand, monotonically decreases with MLAT from773

an off equatorial maximum in one hemisphere to an off equatorial minimum in the op-774

posite one. The average transverse powers in the reliable bins of Figure 16a are 〈log10 P⊥〉 =775

0.3 in the −20◦ ≤ MLAT < −10◦ bin, 〈log10 P⊥〉 = −0.2 in the 0◦ ≤ MLAT < 10◦776

bin, and 〈log10 P⊥〉 = −0.5 in the 10◦ ≤ MLAT < 20◦ bin. A strong north to south777

asymmetry of an MLAT profile for the average transverse power during QSW may be778

caused by a combination of the magnetosheath magnetic field pressure dominance over779

the plasma flow pressure (similar to the situation we discussed in section 2.8 for CMEs)780

and the fact that the ULF wave power is low during QSW. Now we can formulate our781

two conclusions as follows. (a) The average compressional power during QSW has a max-782

imum in the near equatorial MLAT region, similar to that during CMEs and HSSs, and783

the average power maximum and minima are about 5 - 10 times and 8 - 20 times lower784

during QSW compared to the respective power maxima and minima during CMEs and785

HSSs. (b) The MLAT profile of the average transverse power during QSW is qualita-786

tively dissimilar to the average transverse power profiles during both CMEs and HSSs.787

The CME and HSS profiles have near equatorial minima and are quasi-symmetric with788

respect to the equator, whereas the power during QSW has a strong north to south asym-789

metry, monotonically decreasing from the off equatorial maximum in one hemisphere to790

the off equatorial minimum in the opposite one. Quantitatively, the average transverse791

powers during QSW are about 6 - 50 times lower compared to the average powers in the792

respective MLAT bins during CMEs and HSSs.793
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The average spectral indices in the reliable MLAT bins of Figures 16b and 16d are794

in the ranges of 〈β⊥〉 = 1.2− 1.5 and 〈β||〉 = 1.5− 1.8. Despite the fact that the aver-795

age indices here are slightly larger than the indices in sections 3.3 - 3.7 above, our two796

conclusions here are still identical to the respective conclusions in section 3.3.797

3.9 Nonthermal Seed Fluctuations for EMIC Waves798

For all the 19 events analyzed during QSW, the ULF wave spectra are well approx-799

imated by power-laws in the Pc 1 - 5 frequency range. This indicates that a turbulent800

energy cascade exists during QSW, similar to that during both the CME and HSS driven801

events analyzed in Paper 1 and in section 2, respectively. To estimate the transverse seed802

power in the Pc 1 - 2 frequency range during QSW, we use all the QSW events analyzed803

here. The estimated seed power is in the range of P⊥,seed,QSW ∼ 10−4−10−1 nT2/Hz.804

So we conclude that (a) a turbulent energy cascade exists in the Earth’s inner magne-805

tosphere during QSW conditions, similar to that during HSSs and CMEs, and (b) the806

range of the EMIC wave seed power during QSW is similar to that during CMEs, but807

it is substantially narrower compared to that during the HSSs.808

4 Comparison of HSS, CME, and QSW Events809

The results of our comparative analyses of the low frequency ULF wave power spec-810

tra during HSS, CME, and QSW conditions were presented in sections 2 and 3 along with811

the SYM/H index, Kp index, AE index, MLT, L shell, and MLAT statistical analyses812

there. For convenience, we list our major findings below.813

1. The power spectra of the transverse and compressional magnetic field fluctuations dur-814

ing CMEs, HSSs, and QSW are well approximated by power-laws P (f) ∼ 1/fβ in a815

large frequency range of f ∼ mHz - Hz. Because there are no shocks and/or disconti-816

nuities in the time series of any of the EMFISIS data analyzed here and in Paper 1, the817

power-law spectra indicate that a turbulent energy cascade exists in the Earth’s inner818

magnetosphere independently of the SW driving conditions. The average spectral indices819

in the power-law fits to the transverse power spectra during HSSs are close to 5/3 of Kol-820

mogorov turbulence if geomagnetic indices are in the ranges of |SYM/H| . 25 nT, or821

Kp . 5, or AE . 1000 nT. The SYM/H index range here is identical to the SYM/H822

range for Kolmogorov-like turbulence during CMEs, but the above Kp and AE ranges823
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are substantially wider compared to the respective ranges during CMEs. This shows that824

Kolmogorov-like turbulence is more common during HSSs compared to that during CMEs825

and also indicates that the turbulence in the inner magnetosphere is more strongly con-826

trolled by the SW conditions than geomagnetic ones.827

2. For transverse and compressional powers, the averages of the power-law fits at fav =828

4.5 mHz are in the ranges of 0.1 ≤ 〈log10 P⊥,HSS (fav)〉 ≤ 1.6 and −0.5 ≤ 〈log10 P||,HSS (fav)〉 ≤829

1.5 during HSSs, and the respective ranges during QSW are −0.5 ≤ 〈log10 P⊥,QSW (fav)〉 ≤830

0.3 and −0.8 ≤ 〈log10 P||,QSW (fav)〉 ≤ 0.3, where P⊥ and P|| are in units of nT2/Hz.831

So independently of the SW driving conditions (see Paper 1 for CMEs), on average the832

largest transverse and compressional powers are comparable, and the smallest transverse833

power dominates the smallest compressional power. The largest average powers during834

HSSs and CMEs are close, whereas the largest average powers during QSW are about835

16 - 32 times smaller compared to the respective powers during HSSs and CMEs. On836

average, the spectral indices in power-laws are 〈β⊥,HSS〉 = 1.4 − 1.9 and 〈β||,HSS〉 =837

1.5−2.2 during HSSs, and the ranges during QSW are 〈β⊥,QSW〉 = 1.2−1.5 and 〈β||,QSW〉 =838

1.5−1.8. So the average spectral indices during HSSs and CMEs are close, whereas they839

are considerably smaller during QSW compared to those during HSSs and CMEs. In-840

dependently of the SW driving conditions, the average spectral indices for compressional841

power are larger than those for transverse power, indicating that the low frequency ULF842

observations in the inner magnetosphere are dominated by the fluctuations of the fast843

magnetosonic type.844

3. In the −50 nT ≤ SYM/H < 0 region, the average ULF wave powers, 〈log10 P⊥,|| (fav)〉,845

during HSSs and CMEs are close. An external source of ULF waves is clearly seen in the846

region 0 ≤ SYM/H < 25 nT during HSSs, where the average compressional power (〈log10 P||,HSS (fav)〉 =847

1.5) dominates the average transverse power (〈log10 P⊥,HSS (fav)〉 = 1), whereas dur-848

ing CMEs an external source is only seen for SYM/H > 25 nT. The dominance of the849

average compressional ULF wave power over the average transverse power during the850

0 < SYM/H . 25 nT geomagnetic conditions may serve as a proxy of HSSs in the up-851

stream SW, whereas the opposite relation between the average powers is an indication852

of CMEs. In the −25 nT ≤ SYM/H < 0 region shared by the QSW, HSS, and CME853

events, 〈log10 P⊥ (fav)〉 dominates 〈log10 P|| (fav)〉 independently of the SW driving con-854

ditions, where both the average transverse and compressional powers during QSW are855
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about an order of magnitude lower compared to the respective powers during CMEs and856

HSSs.857

4. In the Kp < 5 region shared by the HSS and CME events, the average ULF wave858

powers, 〈log10 P⊥,|| (fav)〉, during HSSs and CMEs are close. In the 0 ≤ Kp < 3 re-859

gion shared by the QSW, HSS, and CME events, 〈log10 P⊥ (fav)〉 dominates 〈log10 P|| (fav)〉860

independently of the SW driving conditions, where both the average transverse and com-861

pressional powers during QSW are about 3 - 5 times lower compared to the respective862

powers during CMEs and HSSs.863

5. In the 100 nT ≤ AE < 1000 nT region, the average ULF wave powers, 〈log10 P⊥,|| (fav)〉,864

during HSSs and CMEs are close, whereas the average powers during HSSs are about865

3 - 5 times lower compared to those during CMEs in the region 10 nT ≤ AE < 100 nT.866

In the 10 nT ≤ AE < 400 nT region shared by the QSW, HSS, and CME events, the867

AE profiles of 〈log10 P⊥,|| (fav)〉 during QSW are qualitatively similar to those during HSSs,868

but not to the profiles during CMEs. Quantitatively, 〈log10 P⊥,|| (fav)〉 during QSW are869

smaller compared to the respective powers during HSSs by less than a factor of two and870

about 5 - 6 times in the 10 nT ≤ AE < 100 nT bin and 100 nT ≤ AE < 400 nT bin,871

respectively.872

6. The average compressional power during HSSs has a maximum of 〈log10 P||,HSS (fav)〉 =873

1.3 in the MLT = 18 - 24 hr bin, whereas the maximum of compressional power during874

CMEs is located in the MLT = 12 - 18 hr bin. This is because of an additional contri-875

bution to the compressional power in the MLT = 18 - 24 hr bin from the external source876

during HSSs. The average transverse power during HSSs has its maximum of 〈log10 P⊥,HSS (fav)〉 =877

1.2 in the MLT = 12 - 18 hr bin, similar to that during CMEs. However, the minimum878

of transverse power (〈log10 P⊥,HSS (fav)〉 = 0.4) is observed in the MLT = 6 - 12 hr bin879

during HSSs, whereas the minimum during CMEs is observed in the MLT = 0 - 6 hr bin.880

In the MLT = 6 - 12 hr region shared by the QSW, HSS, and CME events, 〈log10 P⊥ (fav)〉881

dominates 〈log10 P|| (fav)〉 independently of the SW driving conditions, where the aver-882

age transverse and compressional powers during QSW are about 4 - 13 and 6 - 10 times883

lower compared to the respective powers during CMEs and HSSs.884

7. The average ULF wave powers, 〈log10 P⊥,|| (fav)〉, during HSSs and CMEs are close885

in the 3.5 ≤ L < 5.5 region, whereas the average powers during HSSs are about 2 -886

2.5 times larger compared to those during CMEs in the highest 5.5 ≤ L < 6.5 bin. In887
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the 3.5 ≤ L < 6.5 region shared by the QSW, HSS, and CME events, the L shell pro-888

files of average compressional power, 〈log10 P|| (fav)〉, during QSW, HSSs, and CMEs are889

qualitatively similar, where the average compressional power during QSW is about 10890

- 20 times lower compared to the respective powers during CMEs and HSSs. The L shell891

profile of average transverse power, 〈log10 P⊥ (fav)〉, during QSW, however, is qualita-892

tively dissimilar to the respective profiles during both CMEs and HSSs. The CME and893

HSS transverse power profiles grow with L shell, whereas the QSW profile first decreases894

and then almost does not depend on L shell. The average transverse powers during QSW895

are about 2.5 - 4 and 25 - 50 times lower compared to the average transverse powers dur-896

ing CMEs and HSSs in the 3.5 ≤ L < 4.5 bin and 5.5 ≤ L < 6.5 bin, respectively.897

8. The MLAT profiles of the average ULF wave powers, 〈log10 P⊥,|| (fav)〉, during HSSs898

and CMEs are qualitatively similar. During QSW, the average compressional power, 〈log10 P|| (fav)〉,899

has a maximum in the near equatorial MLAT region, similar to that during CMEs and900

HSSs, where the power maximum and minima during QSW are about 5 - 10 and 8 - 20901

times lower compared to the respective power maxima and minima during CMEs and902

HSSs. The MLAT profile of the average transverse power, 〈log10 P⊥ (fav)〉, during QSW,903

however, is qualitatively dissimilar to the respective profiles during CMEs and HSSs. The904

CME and HSS transverse power profiles have the near equatorial minima and are quasi-905

symmetric with respect to the equator, whereas the average transverse power during QSW906

has a strong north to south asymmetry, monotonically decreasing from the off equato-907

rial maximum of 〈log10 P⊥,QSW (fav)〉 = 0.3 in one hemisphere to the off equatorial min-908

imum of 〈log10 P⊥,QSW (fav)〉 = −0.5 in the opposite one. The average transverse pow-909

ers during QSW are about 6 - 50 times lower compared to the average transverse pow-910

ers in the respective MLAT bins during CMEs and HSSs.911

9. Independently of the SW driving conditions, a turbulent energy cascade supplies the912

nonthermal electromagnetic seed fluctuations required for the EMIC wave growth due913

to relaxation of unstable distributions of the energetic magnetospheric ions. The seed914

transverse powers of EMIC waves in the Pc 1 - 2 frequency range are similar during QSW915

and CMEs, being P⊥,seed,QSW ∼ P⊥,seed,CME ∼ 10−4 − 10−1 nT2/Hz, whereas the916

range of seed power during HSSs is substantially wider, being P⊥,seed,HSS ∼ 10−5−100 nT2/Hz.917
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5 Summary918

Here we have extended the scope of the Gamayunov and Engebretson (2021, here-919

inafter Paper 1) work by analyzing the ULF wave power spectra in the ∼ mHz - Hz fre-920

quency range in the Earth’s inner magnetosphere during HSS and QSW conditions in921

the upstream SW and comparing our results to the results of Paper 1, where the statis-922

tics of ULF wave power spectra during CMEs are presented. This work and Paper 1 are923

the first attempt to rigorously study the ULF wave power spectra in the inner magne-924

tosphere as a function of different driving conditions in the upstream SW, and the ma-925

jor results of our statistical and comparative analyses can be summarized as follows.926

1. During CME, HSS, and QSW conditions in the upstream SW, the magnetic field power927

spectra of the transverse and compressional fluctuations in the inner magnetosphere are928

well approximated by power-laws in the Pc 1 - 5 frequency range of ∼ mHz - Hz.929

2. Independently of the SW driving conditions, on average the largest transverse and com-930

pressional powers are comparable, and the smallest transverse power dominates the small-931

est compressional power. In the spatial and geomagnetic index regions shared by the HSS932

and CME events, the largest average powers and the average spectral indices during HSSs933

and CMEs are close. On the other hand in the spatial and geomagnetic index regions934

shared by the QSW, HSS, and CME events, the largest average powers and the average935

spectral indices during QSW are ∼ 20 - 30 times and up to ∼ 1.6 times smaller com-936

pared to the respective average powers and indices during HSSs and CMEs.937

3. Independently of the SW driving conditions, the average spectral indices for compres-938

sional power are larger than those for transverse power, indicating that the low frequency939

ULF fluctuations in the inner magnetosphere are dominated by the fluctuations of the940

fast magnetosonic type.941

4. The dominance of the average compressional power over the average transverse power942

for the low frequency ULF waves during the 0 < SYM/H . 25 nT geomagnetic con-943

ditions may serve as a proxy of HSSs in the upstream SW, whereas the opposite rela-944

tion between the average powers is an indication of CMEs.945

5. Independently of the SW driving conditions, a turbulent energy cascade from low fre-946

quencies in the ULF wave frequency range into the higher frequency range exists in the947

Earth’s inner magnetosphere, supplying the nonthermal electromagnetic seed fluctua-948
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tions required for the growth of EMIC waves due to instabilities of the energetic RC ion949

distributions.950

6 Open Research951

CDF files of Van Allen Probes EMFISIS data are available at http://emfisis.physics952

.uiowa.edu. The SYM/H index and AE index data are available at https://omniweb953

.gsfc.nasa.gov/form/omni min.html, and the Kp index data are available at https://954

omniweb.gsfc.nasa.gov/form/dx1.html. The events during HSS and QSW conditions955

analyzed here are available in the Gamayunov and Engebretson (2022) dataset.956
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