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Key Points:15
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between the multiple wave periods and the suprathermal ion proper-21
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Abstract23

The foreshock, extending upstream of Earth’s bow shock, is a region of intense electro-24

magnetic wave activity and nonlinear phenomena which can have global effects on geospace.25

It is also the first geophysical region encountered by solar wind disturbances journey-26

ing towards Earth. Here, we present the first observations of considerable modifications27

of the foreshock wave field during extreme events of solar origin called magnetic clouds.28

Cluster’s multi-spacecraft data reveal that the typical quasi-monochromatic29

foreshock waves can be completely replaced by a superposition of waves with30

a shorter correlation length. Global numerical simulations further confirm31

that the foreshock wave field is more intricate and organized at smaller scales.32

Ion measurements suggest that changes in shock-reflected particle properties may cause33

these modifications of the wave field. This state of the foreshock is encountered only dur-34

ing extreme events at Earth, but intense magnetic fields are typical close to the35

Sun or other stars.36

Plain Language Summary37

Solar storms are giant clouds of particles ejected from the Sun into space during38

solar eruptions. When solar storms are directed towards Earth, they can cause large dis-39

turbances in near-Earth space, for example disrupting communications or damaging space-40

craft electronics. Understanding in detail what happens when solar storms reach Earth41

is crucial to mitigate their effects. Using measurements from the Cluster spacecraft, we42

investigate how solar storms modify the properties of the very first region of near-Earth43

space they encounter when journeying towards Earth. This region, called the foreshock,44

extends ahead of the protective bubble formed by the Earth’s magnetic field. The fore-45

shock is home to intense electromagnetic waves, and disturbances in this region can per-46

turb the Earth’s magnetic bubble. Our study reveals that solar storms modify profoundly47

the foreshock, resulting in a more complex wave activity. Global numerical simulations48

performed with the Vlasiator code confirm our findings. These changes could affect the49

regions of space closer to Earth, for example in modifying the wave properties or the amount50

of solar particles entering the Earth’s magnetic bubble. This needs to be taken into ac-51

count to better anticipate the effects of solar storms at Earth.52

1 Introduction53

Magnetic clouds are strongly geoeffective solar transients, causing the most intense54

geomagnetic storms (Huttunen et al., 2005; Yermolaev et al., 2012). They are charac-55

terized by an enhanced magnetic field (compared to that of the regular solar wind), which56

rotates smoothly for multiple hours as the magnetic cloud passes by Earth. Consider-57

able efforts have been put into determining coupling functions between the magnetic clouds’58

parameters and their effects in geospace, but no one-to-one correspondence has been achieved59

so far, demonstrating that a more thorough understanding of the interaction of magnetic60

clouds with near-Earth space is still needed.61

Located sunward of the bow shock, the foreshock is the first region that incoming62

magnetic clouds encounter when journeying towards Earth. The foreshock is permeated63

with intense electromagnetic waves, generated through instabilities due to the interac-64

tion of shock-reflected particles with the solar wind (Eastwood, Lucek, et al., 2005; Wil-65

son, 2016). It extends upstream of the quasi-parallel sector of the Earth’s bow shock,66

where the θBn angle between the interplanetary magnetic field (IMF) and the bow shock67

normal is below ∼ 45◦ (Eastwood, Lucek, et al., 2005). Foreshock processes can have68

global effects on the Earth’s magnetosphere, causing enhanced wave activity in the down-69

stream magnetosheath (Dimmock et al., 2016) and down to the Earth’s surface (Bier et70

al., 2014), or triggering fast magnetosheath jets, which can cause impulsive penetration71

of plasma into the magnetosphere and trigger magnetic reconnection (Plaschke et al.,72
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2018). Changes in the foreshock properties can therefore significantly affect conditions73

throughout geospace.74

The most common waves in the Earth’s ion foreshock are the so-called 30 s waves75

(Eastwood et al., 2002). They appear as quasi-monochromatic magnetic field fluctua-76

tions at a period around 30 s with a left-hand polarization in the spacecraft frame. Their77

wavelength is about 1 RE (1 Earth radius = 6371 km), while their transverse78

extent is finite and ranges between 8 and 18 RE (Archer et al., 2005). Close79

to the wave vector, the wave front is essentially planar over several RE, and80

the overall shape of the waves is that of an oblate spheroid (Archer et al., 2005).81

They have been identified as fast magnetosonic waves propagating sunward in the plasma82

frame, but advected earthward by the faster solar wind flow (Eastwood, Balogh, et al.,83

2005a). They are excited by backstreaming field-aligned beams (FABs) via the right-hand84

resonant ion-ion beam instability. The cyclotron resonance condition associated85

with this mode is:86

ω = Vbeamk‖ − Ωci (1)

where Vbeam is the beam velocity and Ωci is the ion gyrofrequency (e.g., Eastwood,87

Balogh, et al. (2005a)).88

It is noteworthy that in spacecraft measurements, these waves are not observed in89

conjunction with the FABs that generated them, but with intermediate, gyrating or gyrophase-90

bunched ion distributions, which are thought to have evolved from the FABs (Eastwood,91

Balogh, et al., 2005a; Kempf et al., 2015). Measurements taken shortly before or after92

the spacecraft enters or exits the foreshock wave field have brought quantitative evidence93

of a cyclotron resonance between the FABs and the waves, lending further support to94

the FABs being the source of the waves (Eastwood, Lucek, et al., 2005, and references95

therein). These waves have been extensively studied since their discovery (Greenstadt96

et al., 1968; Eastwood, Balogh, et al., 2005a, 2005b; Palmroth et al., 2015), and it is well-97

established that their period depends on the IMF strength and orientation (Takahashi98

et al., 1984; Le & Russell, 1996).99

Even though magnetic clouds are the most geoeffective solar wind disturbances in100

light of space weather events, there are no studies focusing on the foreshock properties101

during passing magnetic clouds. Recent numerical simulations predict that an increase102

in the IMF strength, as is encountered during magnetic clouds, could strongly affect the103

properties and the large-scale structuring of the foreshock waves (Turc et al., 2018). These104

simulations were however limited to a single set of solar wind conditions, warranting a105

more general observational investigation.106

2 Event identification107

Observations of foreshock waves during magnetic clouds are rare, as these transients108

pass by Earth only about 2% of the time (Yermolaev et al., 2012), and Earth-orbiting109

spacecraft cross the foreshock only sporadically. We concentrate on the early phase (2001-110

2005) of the Cluster mission (Escoubet et al., 2001), when the spacecraft separations are111

similar to the wave characteristic sizes (a few hundred kilometers), which allow us to de-112

termine accurately the wave properties. Using the catalogue introduced in Turc et al.113

(2016), we identify events when Cluster is located in the foreshock wave field during a114

magnetic cloud and divide them into 5-min intervals.115

Foreshock fast magnetosonic waves are mostly transverse and generally propagate116

at a small angle relative to the magnetic field vector (Eastwood, Balogh, et al., 2005b).117

Magnetic field measurements from the fluxgate magnetometer onboard Cluster (Balogh118

et al., 1997) are projected onto a frame where one axis is parallel to the mean magnetic119

field during the 5-min interval and the two others are perpendicular to it, forming a right-120

handed triplet. Then we perform a wavelet transform on the perpendicular magnetic field121
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components and calculate the wavelet phase difference, to check the wave polarization122

(Torrence & Compo, 1998). Intervals of steepened waves and discrete wave packets are123

visually identified and rejected.124

In total, we find six magnetic clouds including observations of foreshock125

waves with polarizations consistent with magnetosonic waves, i.e., left-handed126

in the spacecraft frame (see Table S1 in the supporting information). These127

observations take place several hours after the interplanetary shock preced-128

ing the cloud has passed by Earth, and are therefore not connected to the129

shock-shock interaction taking place at the cloud’s arrival. When their field130

lines are magnetically connected to the bow shock, magnetic clouds provide131

new upstream conditions for the foreshock to develop. These strongly dif-132

fer from typical solar wind conditions, in particular due to the clouds’ large133

IMF strength.134

3 Results135

3.1 A more intricate form of wave activity136

During most magnetic clouds, we find that the foreshock wave field departs signif-137

icantly from its usual state. To facilitate the comparison, Figure 1 shows an example of138

typical fast magnetosonic foreshock waves during quiet solar wind conditions on 18 Febru-139

ary 2003 analyzed in previous studies (Archer et al., 2005; Kis et al., 2007; Hobara et140

al., 2007) (left) together with representative observations during a magnetic cloud event141

on 19 January 2005 (right). In both cases, foreshock waves appear as large-amplitude142

magnetic field oscillations, especially in the two perpendicular components (panels c-d143

and i-j). During quiet conditions, the wavelet power spectrum showcases a rather nar-144

row band of strong wave power around 30 s (panel e), while during magnetic clouds (panel145

k) high fluctuation power is observed at periods between 5 and 30 s. The magenta con-146

tours highlight where the wave power is strongest, and show that the fluctuations are147

left-handed in the spacecraft frame (in blue in the phase difference plot, panel l).148

Cluster’s measurements prior to the observations of the foreshock waves149

allow us to determine which parts of the foreshock the spacecraft is probing.150

Before 13:34 UT on 19 January 2005, Cluster was located just outside the Earth’s fore-151

shock. The rotation of the IMF inside the magnetic cloud results in a progressive change152

of the θBn angle along the field line connecting Cluster to the bow shock from 60◦ at 13:30153

UT to 40◦ at 14:00 UT, according to a model bow shock (Jeřáb et al., 2005). Consequently,154

the spacecraft probe the outer part of the foreshock, populated by FABs, from 13:34 UT,155

and then the foreshock wave field from 13:42 UT. In such a configuration, one would ex-156

pect to observe the usual quasi-monochromatic fast magnetosonic waves. However, the157

power spectra of the left-handed foreshock waves display multiple spectral peaks whose158

periods vary with time (Figure 1k). This intricate spectrum is neither associated with159

right-handed polarization (in red in the phase difference plot), nor with highly steepened160

waves.161

To identify the wave mode, we apply two independent methods, multi-spacecraft162

timing analysis (Schwartz, 1998) (applied to bandpass filtered data to separate the dif-163

ferent wave periods) and multipoint signal resonator (MSR) (Narita et al., 2011), to this164

interval (see supporting information). Their results for the first minutes of the data set165

are given in Table S2 in the supporting information. The timing analysis yields wave vec-166

tors within 30◦ of the magnetic field. With the MSR technique, we find that the power167

distribution in wave vector space maximizes at two different wave vectors, showing the168

coexistence of two waves. The orientation of all wave vectors k towards −x (i.e. earth-169

ward) and the negative wave velocities in the plasma frame Vwave,pl indicate that the waves170

propagate sunward in the plasma frame and are intrinsically right-handed. This rules171
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out the possibility that these are 10 s Alfvén waves, intrinsically left-handed (Eastwood172

et al., 2003). The Alfvén velocity was about 294 ± 158 km/s during this interval, the173

large uncertainties being due to large density fluctuations, as measured by the Cluster174

Ion Spectrometer (CIS) (Rème et al., 2001). The estimated wave speeds are compara-175

ble to the Alfvén velocity, which is close to the fast magnetosonic speed when the IMF176

strength is large. These properties are all consistent with that of fast magnetosonic waves.177

Both wave analysis techniques therefore consistently identify a superposition of fast178

magnetosonic waves at different periods, ranging between 6 and 17 s. These periods, lower179

than the usual 30 s, are due to the magnetic cloud’s large IMF strength, here 11 nT, while180

its average value at Earth is about 5 nT. The frequency of foreshock fast magne-181

tosonic waves changes with the IMF strength because their dispersion rela-182

tion depends on this parameter, among others (?, ?). According to the Takahashi183

et al. (1984) empirical formula, the wave period should be 17 s under these solar wind184

conditions, very similar to the 18 s predicted by the Le and Russell (1996) formula, and185

consistent with the largest periods we observe. However, the lower wave periods are not186

accounted for by these models.187

Highly variable wavelet spectra similar to that shown here are observed during four188

out of the six magnetic clouds under study here (see the third column of Table S1). The189

waves were identified as fast magnetosonic waves during three of these events (22 Jan-190

uary 2004, 19 January 2005 and 22 January 2005). For the 15 May 2005 magnetic cloud,191

the wave mode could not be determined because of the extremely large IMF strength192

and solar wind velocity, resulting in the spacecraft tetrahedron being too large compared193

to the wavelength, thus making it impossible to identify uniquely the wave fronts.194

The remaining two events display smoother wavelet spectra, resembling those ob-195

served during normal solar wind conditions. The nature of the waves could not be con-196

firmed during the 28 March 2001 event because of the poor correlation between the space-197

craft time series, due to one spacecraft being more than 1000 km apart from the others,198

and because of the large uncertainties in the flow velocity due to the very low density199

(' 0.2 cm−3). Both events with smoother spectra were associated with much larger IMF200

cone angles (about 45◦) than the more complex spectra (less than 30◦), where the cone201

angle is measured between the IMF vector and the Sun-Earth line. Larger cone angles202

result in larger wave periods for a given IMF strength (Takahashi et al., 1984; Le & Rus-203

sell, 1996), about 30 s on 23 April 2001. This suggests that the development of more com-204

plex wave activity in the foreshock is linked with shorter absolute wave periods.205

3.2 A possible source for multiple fast magnetosonic waves206

The superposition of fast magnetosonic waves in the foreshock associated with higher207

IMF strength has also been reported in a recent numerical study (Turc et al., 2018). In208

the simulation, the multiple wave periods were attributed to ion velocity distribution func-209

tions (VDFs) with multiple FABs, instead of the single beam which usually generates210

quasi-monochromatic waves.211

During all intervals under study, the ion VDFs have already evolved into interme-212

diate and gyrating ion distributions when foreshock waves are observed, in agreement213

with previous works (e.g., Eastwood, Balogh, et al. (2005a)). Cluster however probed214

the FAB beam region shortly before most of these intervals. We focus here only on those215

intervals for which fast magnetosonic waves were reliably identified (23 April 2001, 22216

January 2004, 19 January 2005 and 22 January 2005). First we checked that the solar217

wind conditions remained essentially steady from Cluster’s observations of the FABs to218

that of the foreshock waves, with the exception of the IMF direction, which causes the219

foreshock wave field to reach the spacecraft. Therefore, we can reasonably assume that220

the FABs we observe in the first place are representative of those generating the waves221

detected a few minutes later.222
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Figure 2. Ion VDFs observed shortly before the foreshock waves. Upper part: 19 January

2005 event. Lower part: 22 January 2005 event. Left column: reduced 2D VDFs, integrated over

the second perpendicular velocity direction. Color-coded is the phase space density. The x- and

y-axis are along and perpendicular to the direction of the magnetic field, respectively. Middle

and right columns: cuts through the reduced distribution functions shown in the left column, at

V⊥ = 0 (middle) and V‖ = Vbeam (right).
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The upper part of Figure 2 displays representative VDFs recorded by the Hot Ion223

Analyzer (HIA) instrument onboard Cluster-1 at 13:41:10 and 13:41:18 UT on 19 Jan-224

uary 2005. The left column shows reduced two-dimensional (2D) VDFs in the (V‖,V⊥)225

plane (relative to the magnetic field vector), integrated over the second perpendicular226

direction. In panels a and b, the solar wind population appears in red in the right-hand227

side, while backstreaming ions are in the left-hand side. The suprathermal population228

consists mostly of a FAB, centered at V‖ ∼ −1500 km s−1. There is no clear evidence229

of multiple distinct FABs during this event, but a second population is observed at a non-230

zero pitch angle, centered around V⊥ ' 1000 km s−1. Panels c-d show the phase space231

density of the suprathermal population along a cut at V⊥ = 0. The beam shape is well232

fitted by a Gaussian (see also Table S3 in the supporting information), most likely be-233

cause the gyrating population is located at about the same V‖ as the FAB. This second234

population appears as a second peak in phase space density on the cuts along V⊥ at V‖ =235

Vbeam (panels e-f), and remain clearly visible for a range of V‖ (not shown). The236

suprathermal population is better fitted by a sum of two Gaussians in these cuts (see237

Table S3), thus confirming that the two peaks are well distinct.238

During the 23 April 2001 event, typical quasi-monochromatic foreshock waves were239

observed, accompanied with typical FABs. During the 22 January 2004 event, a sharp240

rotation of the IMF shortly before 12:00 UT causes a rapid motion of the foreshock bound-241

ary past Cluster’s position. Only 2 to 3 VDFs are recorded when Cluster crosses the FAB242

region, and given the rapid motion of the boundary, it is difficult to draw firm conclu-243

sions regarding the characteristics of the FABs during this event.244

Finally, the 22 January 2005 event brings clear evidence of multiple FABs similar245

to those observed in numerical simulations (Turc et al., 2018), displayed in the bottom246

part of Figure 2. Note that because of the different IMF orientation, the solar wind core247

in panels g and h is at negative parallel velocities during this event. The beams are cen-248

tered around V‖ ∼ 700 km s−1 and 1700 km s−1, respectively, and are well fitted by a249

sum of two Gaussians (panels i-j and Table S3). From these fits and Gaussian fits along250

V⊥ at V‖ = Vbeam1 (panels k-l) and V‖ = Vbeam2, we estimate the temperature anisotropy251

(ratio of the perpendicular to parallel temperatures) of each of the beams (see Table S4).252

They range between 2 and 10, in excellent agreement with previous observations (Paschmann253

et al., 1981). The two FABs evolve progressively from one measured distribution func-254

tion to the next for about a minute. At 01:24:00 UT, the higher energy beam reaches255

its highest phase space density, peaking at about 1.3 s2 m−5, only a factor of three lower256

than the peak of the other beam, at about 4.1 s2 m−5.257

To our knowledge, this is the first time that multiple FABs are observed in con-258

junction with unusual foreshock wave activity. Spacecraft observations of multiple FABs259

in the foreshock have been reported previously (Meziane et al., 2011), but were associ-260

ated with typical quasi-monochromatic 30 s waves. The IMF strength was relatively high261

(9 nT) during the main interval analyzed in Meziane et al. (2011), but was not associ-262

ated with a magnetic cloud. The comparison of the cyclotron resonant speed of the waves263

with that of the FABs revealed that only the main beam was in cyclotron resonance with264

the waves (Meziane et al., 2011).265

The cyclotron resonant speed of the waves, normalized to the solar wind266

speed, is calculated as:267

Pres =
Ωci cos θkV
ωsc cos θkB

(2)

where ωsc is the wave frequency in the spacecraft frame, and θkV (θkB) is the268

angle between the wave vector and the solar wind velocity vector (the IMF269

vector) (Meziane et al., 2011). We calculate Pres for the multiple FABs ob-270

served around 01:24 UT on 22 January 2005, to check whether they are in271

cyclotron resonance with the waves observed from 01:32 UT onwards. We272

find that the velocity of the lower energy beam normalized with the solar wind273
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speed ranges between 1.8 and 1.9, and that of the higher energy beam be-274

tween 3.0 and 3.1. This is in excellent agreement with the cyclotron resonant speeds275

of the waves, which are 1.9 and 3.3 for the two main wave periods determined just af-276

ter the onset of the waves, thus bringing strong support to the multiple FABs being the277

source of the waves.278

3.3 Structuring of the foreshock at smaller scales279

During magnetic clouds, the period of fast magnetosonic waves is shorter, which,280

in the plasma rest frame, translates into a shorter wavelength. Another critical pa-281

rameter for the structuring of the foreshock wave field is the transverse extent of the waves.282

The size of the wave fronts can be estimated using a multi-spacecraft analysis technique283

based on cross-correlations of measurements from pairs of spacecraft (see Archer et al.284

(2005) and supporting information). Here, we are interested in the wave correlation length285

in the plane perpendicular to the wave vector. We divide all our intervals of fast mag-286

netosonic waves into 120-s sections, so that for each interval the wave period and the up-287

stream parameters remain roughly constant while retaining a sufficient number of wave288

periods. We obtain a reliable estimate of the transverse extent of the wave fronts for 35289

intervals, displayed as a histogram in Figure 3a. The transverse extent ranges between290

1 and 10 RE (average 3.5 RE; median 3.2 RE). This is significantly shorter than dur-291

ing quiet solar wind conditions (8-18 RE) (Archer et al., 2005). Moreover, we find that292

the transverse extent of the wave fronts is correlated with the wave period, as evidenced293

by Figure 3b. This implies that the waves retain the same aspect ratio when their wave-294

length varies, i.e., the ratio of their wavelength over their transverse extent is roughly295

constant in the events under study.296

To get a clearer view of what these different transverse extents imply on global scales,297

we examine the foreshock wave field in two global simulations performed with the hybrid-298

Vlasov Vlasiator code (von Alfthan et al., 2014; Palmroth et al., 2018), already studied299

in Turc et al. (2018). In both runs, the simulation domain is two-dimensional (2D) in300

real space and describes the equatorial plane of near-Earth space. The IMF has a 5◦ cone301

angle, the solar wind velocity is VSW = (−600, 0, 0) km s−1 and the ion density nSW =302

3.3 cm−3. The only difference between the two runs is the IMF strength, set to 5 nT in303

Run 1, and 10 nT in Run 2. The former corresponds to regular IMF strength at Earth,304

similar to that in the event studied by Archer et al. (2005), while the latter is compa-305

rable to the 19 January 2005 event (Figure 1, right).306

The out-of-plane (Bz) component of the magnetic field in the simulation domain307

is displayed in panels c (Run 1) and d (Run 2) of Figure 3. For clarity, the regions down-308

stream of the bow shock are not shown. Because the foreshock waves are mostly trans-309

verse, Bz is a good marker of the foreshock wave field. As can readily be seen from these310

plots, the wave fronts are coherent over much larger scales during quiet solar wind con-311

ditions (panel c). The plus signs indicate the barycentric positions of triplets of virtual312

spacecraft, separated by ∼ 1000 km in order to mimic the Cluster constellation in 2D,313

where the transverse extent of the waves was estimated reliably. Since the simulation314

is 2D, only three spacecraft are needed to characterize the shape of the waves in the sim-315

ulation plane. Time series of the magnetic field are extracted at each virtual spacecraft316

location. We apply the same cross-correlation technique as on Cluster data to estimate317

the transverse extent of the waves, albeit only with three spacecraft. The results of the318

analysis are shown as a histogram in panel e. We find that the transverse extent of the319

wave fronts varies significantly depending on the position in the foreshock. We obtain320

values ranging between 3 and 11 RE in Run 1 and between 2 and 6 RE in Run 2, the small-321

est values being encountered closer to the bow shock, especially in Run 1. The average322

transverse extent of the wave fronts is 7 RE in Run 1 and 4 RE in Run 2.323
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a b

c

e

d

Cluster observations

Vlasiator simulations

Figure 3. Transverse extent of the foreshock waves. Upper part: Cluster’s observations during

magnetic clouds. (a) Distribution of the transverse extent of foreshock waves. (b) Wave period as

a function of the transverse extent. Bottom part: global simulations. (c) and (d) Magnetic field

Bz component in Runs 1 and 2 at time t = 500 s from the beginning of the runs, which illustrate

the foreshock wave field. The plus signs indicate the positions of triplets of virtual spacecraft

where the transverse extent of the wave fronts was reliably determined. (e) Distribution of the

transverse extent of the wave fronts.
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These results are in reasonable agreement with Cluster data, supporting the fact324

that the simulated foreshock wave field is representative of the actual foreshock. This325

suggests that during quiet solar wind conditions, the foreshock wave field is composed326

of large-scale coherent wave fronts, that can extend over more than 10 RE in the direc-327

tion perpendicular to the wave vector. When moving closer to the bow shock, the trans-328

verse extent of the wave fronts decreases as they become more irregular. When the IMF329

strength is high, as is the case during magnetic clouds, the foreshock wave field breaks330

down into a multitude of smaller wave fronts, and thus loses its large-scale coherency.331

4 Discussion and conclusions332

We have presented the first observations of the Earth’s foreshock during magnetic333

clouds, revealing that the foreshock can develop while these transients pass334

by near-Earth space. We found that the foreshock properties are strongly mod-335

ified due to the unusual upstream conditions dictated by the clouds. Using336

multi-spacecraft analysis techniques, we have shown that the usually quasi-337

monochromatic fast magnetosonic waves are replaced by a superposition of338

fast magnetosonic waves at different periods. We also found that the coher-339

ence length of the waves is shorter, both along and transverse to the wave340

vector, suggesting that the foreshock is structured over smaller scales. Atyp-341

ical ion velocity distribution functions are observed in conjunction with the unusual wave342

activity. During one event, we find clear evidence of two distinct FABs in cyclotron res-343

onance with the waves observed shortly afterwards, consistent with previous numerical344

works (Turc et al., 2018).345

In another event, we find in many instances a second suprathermal population at346

non-zero pitch angle together with a FAB. The gyrating population might have evolved347

from a second FAB, due to gyrophase trapping (Mazelle et al., 2003; Kempf et al., 2015).348

The lack of observations of multiple FABs during this event could also be due to the space-349

craft being connected to larger θBn values at the bow shock. Using a model bow shock,350

we estimate that the FABs observed by Cluster originate from θBn ∼ 52◦ during this351

event, and from θBn ∼ 43◦ when multiple FABs are observed. We also estimate that352

the dominant beam is associated with θBn ∼ 43◦ in the main interval analyzed in Meziane353

et al. (2011). Local changes of the quasi-perpendicular shock geometry could generate354

multiple field-aligned beams (Meziane et al., 2011), since their energy depends on the355

local shock geometry upon their generation (Paschmann et al., 1980). Foreshock pro-356

cesses are a significant source of local shock deformations (Meziane et al., 2011). There-357

fore, the observations of multiple FABs being more likely at lower θBn values, i.e., closer358

to the foreshock, fits well within this scenario.359

We note here that the second beam in the Meziane et al. (2011) event was not as-360

sociated with intricate wave activity nor with a magnetic cloud. The maximum phase361

space density of the second beam was about two orders of magnitude lower than that362

of the first beam, which could explain why it did not trigger additional fast magnetosonic363

waves, and thus no cyclotron resonance with the foreshock waves was found. On the con-364

trary, on 22 January 2005, the maximum phase space densities of the two beams only365

differ by a factor of three, and both beams can thus generate fast magnetosonic waves366

of comparable amplitudes, as their growth rate increases with increasing beam density367

(Gary, 1991).368

In this study, we have determined the wave properties assuming a lin-369

ear picture, though the large amplitude of the fluctuations compared to the370

background field and the waveforms reminiscent of wave packets suggest that371

the waves have entered the nonlinear regime. Linear methods remain appro-372

priate in this case as the spectral peaks of the waves are well-distinct, allow-373

ing to separate the different wave modes, as done previously in Hobara et al.374
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(2007). Nonlinear wave analysis lies beyond the scope of the present paper,375

but would be an interesting follow-up study.376

Foreshock waves are known to modulate the shape of the shock front (Burgess, 1995).377

Therefore, the smaller wavelength of the fast magnetosonic waves and their smaller trans-378

verse extent could both result in smaller ripples at the shock front during magnetic clouds,379

which in turn can affect particle reflection at the quasi-parallel bow shock (Wu et al.,380

2015) and the formation of magnetosheath high-speed jets (Plaschke et al., 2018).381

IMF strengths above 10 nT are relatively uncommon at Earth, as they are asso-382

ciated with magnetic clouds or other solar transients, but they become typical closer to383

the Sun. For example, at Mercury’s orbit, the average IMF strength is about 20-30 nT384

(Korth et al., 2011). The small size of Mercury’s magnetosphere results however in an-385

other wave mode being predominant in the foreshock, leading to a different organisation386

of its wave field (Le et al., 2013). Outside of our solar system, exoplanets orbiting close387

to their host stars are immersed in intense magnetic fields, and could thus display sim-388

ilar foreshock properties as presented here.389

Acknowledgments390

This project has received funding from the European Union’s Horizon 2020 research and391

innovation programme under the Marie Sklodowska-Curie grant agreement No 704681.392

We acknowledge the European Research Council for Starting grant 200141-QuESpace,393

with which Vlasiator was developed, and Consolidator grant 682068-PRESTISSIMO awarded394

to further develop Vlasiator and use it for scientific investigations. The work leading to395

these results have been carried out in the Finnish Centre of Excellence in Research of396

Sustainable Space (Academy of Finland grant numbers 312351 and 312390). We thank397

the Cluster Science Archive (CSA) (Laakso et al., 2010) and the CIS and FGM PI teams398

for providing Cluster data. The CSC - IT Center for Science in Finland is acknowledged399

for the Pilot run and the Grand Challenge award leading to the results shown here. We400

thank S. von Alfthan for his major contribution in the development of Vlasiator. The401

left panels of Figure 2 were done with the QSAS science analysis system provided by the402

United Kingdom Cluster Science Centre (Imperial College London and Queen Mary, Uni-403

versity of London) supported by The Science and Technology Facilities Council (STFC).404

Data from the Cluster mission is freely available on the CSA. The Vlasiator runs405

described here take several terabytes of disk space and are kept in storage maintained406

within the CSC - IT Center for Science. Data presented in this paper can be accessed407

by following the data policy on the Vlasiator web site.408

References409

Archer, M., Horbury, T. S., Lucek, E. A., Mazelle, C., Balogh, A., & Dandouras,410

I. (2005, May). Size and shape of ULF waves in the terrestrial fore-411

shock. Journal of Geophysical Research (Space Physics), 110 , A05208. doi:412

10.1029/2004JA010791413

Balogh, A., Dunlop, M. W., Cowley, S. W. H., Southwood, D. J., Thomlinson,414

J. G., Glassmeier, K. H., . . . Kivelson, M. G. (1997, January). The415

Cluster Magnetic Field Investigation. Space Sci. Rev., 79 , 65-91. doi:416

10.1023/A:1004970907748417

Bier, E. A., Owusu, N., Engebretson, M. J., Posch, J. L., Lessard, M. R., &418

Pilipenko, V. A. (2014, March). Investigating the IMF cone angle control419

of Pc3-4 pulsations observed on the ground. Journal of Geophysical Research420

(Space Physics), 119 , 1797-1813. doi: 10.1002/2013JA019637421

Burgess, D. (1995). Foreshock-shock interaction at collisionless quasi-parallel shocks.422

Advances in Space Research, 15 , 159-169. doi: 10.1016/0273-1177(94)00098-L423

–12–



manuscript submitted to Geophysical Research Letters

Dimmock, A. P., Nykyri, K., Osmane, A., & Pulkkinen, T. I. (2016, July). Statis-424

tical mapping of ULF Pc3 velocity fluctuations in the Earth’s dayside magne-425

tosheath as a function of solar wind conditions. Advances in Space Research,426

58 , 196-207. doi: 10.1016/j.asr.2015.09.039427

Eastwood, J. P., Balogh, A., Dunlop, M. W., Horbury, T. S., & Dandouras, I.428

(2002, November). Cluster observations of fast magnetosonic waves in the429

terrestrial foreshock. Geophysical Research Letters, 29 , 2046-2050. doi:430

10.1029/2002GL015582431

Eastwood, J. P., Balogh, A., Lucek, E. A., Mazelle, C., & Dandouras, I. (2003,432

July). On the existence of Alfvén waves in the terrestrial foreshock. Annales433

Geophysicae, 21 , 1457-1465. doi: 10.5194/angeo-21-1457-2003434

Eastwood, J. P., Balogh, A., Lucek, E. A., Mazelle, C., & Dandouras, I. (2005a).435

Quasi-monochromatic ulf foreshock waves as observed by the four-spacecraft436

cluster mission: 1. statistical properties. Journal of Geophysical Research:437

Space Physics, 110 (A11), A11219. doi: 10.1029/2004JA010617438

Eastwood, J. P., Balogh, A., Lucek, E. A., Mazelle, C., & Dandouras, I. (2005b,439

November). Quasi-monochromatic ULF foreshock waves as observed by the440

four-spacecraft Cluster mission: 2. Oblique propagation. Journal of Geophysi-441

cal Research (Space Physics), 110 (A9), A11220. doi: 10.1029/2004JA010618442

Eastwood, J. P., Lucek, E. A., Mazelle, C., Meziane, K., Narita, Y., Pickett, J., &443

Treumann, R. A. (2005, June). The Foreshock. Space Science Reviews, 118 ,444

41-94. doi: 10.1007/s11214-005-3824-3445

Escoubet, C. P., Fehringer, M., & Goldstein, M. (2001, October). Introduction The446

Cluster mission. Annales Geophysicae, 19 , 1197-1200. doi: 10.5194/angeo-19447

-1197-2001448

Gary, S. P. (1991, May). Electromagnetic ion/ion instabilities and their conse-449

quences in space plasmas - A review. Space Science Reviews, 56 , 373-415. doi:450

10.1007/BF00196632451

Greenstadt, E. W., Green, I. M., Inouye, G. T., Hundhausen, A. J., Bame, S. J., &452

Strong, I. B. (1968, January). Correlated magnetic field and plasma observa-453

tions of the Earth’s bow shock. Journal of Geophysical Research, 73 , 51. doi:454

10.1029/JA073i001p00051455

Hobara, Y., Walker, S. N., Balikhin, M., Pokhotelov, O. A., Dunlop, M., Nilsson, H.,456
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Mazelle, C., Meziane, K., Le Quéau, D., Wilber, M., Eastwood, J. P., Rème, H.,488

. . . Balogh, A. (2003, October). Production of gyrating ions from nonlin-489

ear wave-particle interaction upstream from the Earth’s bow shock: A case490

study from Cluster- CIS. Planetary and Space Science, 51 , 785-795. doi:491

10.1016/j.pss.2003.05.002492

Meziane, K., Hamza, A. M., Wilber, M., Mazelle, C., & Lee, M. A. (2011, October).493

Anomalous foreshock field-aligned beams observed by Cluster. Annales Geo-494

physicae, 29 , 1967-1975. doi: 10.5194/angeo-29-1967-2011495

Narita, Y., Glassmeier, K. H., & Motschmann, U. (2011, February). High-resolution496

wave number spectrum using multi-point measurements in space - the Multi-497

point Signal Resonator (MSR) technique. Annales Geophysicae, 29 , 351-360.498

doi: 10.5194/angeo-29-351-2011499

Palmroth, M., Archer, M., Vainio, R., Hietala, H., Pfau-Kempf, Y., Hoilijoki, S., . . .500

Eastwood, J. P. (2015). Ulf foreshock under radial imf: Themis observations501

and global kinetic simulation vlasiator results compared. Journal of Geophysi-502

cal Research: Space Physics, 120 (10), 8782–8798. doi: 10.1002/2015JA021526503

Palmroth, M., Ganse, U., Pfau-Kempf, Y., Battarbee, M., Turc, L., Brito, T., . . .504

von Alfthan, S. (2018, August). Vlasov methods in space physics and505

astrophysics. Living Reviews in Computational Astrophysics, 4 , 1. doi:506

10.1007/s41115-018-0003-2507

Paschmann, G., Sckopke, N., Asbridge, J. R., Bame, S. J., & Gosling, J. T.508

(1980, September). Energization of solar wind ions by reflection from the509

earth’s bow shock. Journal of Geophysical Research, 85 , 4689-4694. doi:510

10.1029/JA085iA09p04689511

Paschmann, G., Sckopke, N., Papamastorakis, I., Asbridge, J. R., Bame, S. J., &512

Gosling, J. T. (1981, Jun). Characteristics of reflected and diffuse ions up-513

stream from the earth’s bow shock. Journal of Geophysical Research, 86 ,514

4355-4364. doi: 10.1029/JA086iA06p04355515

Plaschke, F., Hietala, H., Archer, M., Blanco-Cano, X., Kajdič, P., Karlsson, T.,516
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