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Abstract24

Simulations and observations of collisionless shocks have shown that deviations of the25

nominal local shock normal orientation, i.e. surface waves or ripples, are expected to prop-26

agate in the ramp and overshoot of quasi-perpendicular shocks. Here, we identify sig-27

natures of a surface ripple propagating during a crossing of Earth’s marginally quasi-parallel28

(θBn ∼ 45◦) or quasi-parallel bow shock shock on 2015-11-27 06:01:44 UTC by the Mag-29

netspheric Multiscale (MMS) mission, and determine the ripple’s properties using multi-30

spacecraft methods. Using two-dimensional hybrid simulations, we confirm that surface31

ripples are a feature of marginally quasi-parallel and quasi-parallel shocks under the ob-32

served solar wind conditions. In addition, since these marginally quasi-parallel and quasi-33

parallel shocks are expected to undergo a cyclic reformation of the shock front, we dis-34

cuss the impact of multiple sources of non-stationarity on shock structure. Importantly,35

ripples are shown to be transient phenomena, developing faster than an ion gyroperiod36

and only during the period of the reformation cycle when a newly developed shock ramp37

is unaffected by turbulence in the foot. We conclude that the change in properties of the38

ripple observed by MMS is consistent with the reformation of the shock front over a timescale39

of an ion gyro-period.40

1 Introduction41

Collisionless shocks are found in many astrophysical plasma environments, such as42

planetary bow shocks, interplanetary shocks in the solar wind, and supernova remnants.43

These shocks are by necessity kinetic structures, for which particle processes play an im-44

portant role in the dissipation of energy in the transition from super- to subsonic flow.45

One of the principal parameters in determining the shock physics is the angle between46

the shock normal and the upstream magnetic field, θBn. A quasi-perpendicular shock47

has θBn > 45◦, a quasi-parallel shock has θBn < 45◦, and for this study we define a48

marginally quasi-parallel shock as one for which θBn ∼ 45◦. For both quasi-parallel and49

quasi-perpendicular shocks, the reflection of ions at the shock ramp is critical for under-50

standing ion heating and acceleration [Gosling and Robson, 1985].51

Micro-physical processes are known to drive a variety of non-stationary processes52

which affect shock structure, introducing significant temporal and spatial variation at53

scales similar to and below the ion gyro-scales. Given the dependence of shock physics54

on micro-scale processes, particularly in the cross-scale coupling of ion- and electron-driven55

phenomena, we expect shock non-stationarity to have a significant effect on energy dis-56

sipation and particle acceleration [Auer et al., 1962; Morse et al., 1972]. For example,57

non-stationary processes in the shock transition region can modulate the injection of ions58

[Sundberg et al., 2016] and, therefore, affect the efficiency of a shock as a particle accel-59

erator. This study will focus on two sources of non-stationarity in collisionless shocks:60

shock surface ripples, and cyclic reformation of the shock ramp.61

Shock reformation is a process by which the short scale shock ramp structure is pe-62

riodically regenerated upstream of the shock. For quasi-perpendicular shocks, reforma-63

tion can be driven by the reflected ion population [Biskamp and Welter , 1972; Hada et al.,64

2003; Scholer et al., 2003], or by instabilities associated with whistler waves localised in65

the foot region [Scholer and Burgess, 2007]. For quasi-parallel shocks, reformation can66

be driven by instabilities of the backstreaming ion beam in the foreshock and steepen-67

ing of upstream waves with shock-directed group velocity [Burgess, 1989; Krauss-Varban68

and Omidi , 1991; Burgess, 1995]. Reformation is therefore dependent on the solar wind69

plasma parameters such as the ion plasma beta, and shock parameters such as θBn, the70

Mach number, and densities of the reflected and backstreaming ion populations [Burgess71

and Scholer , 2015]. Evidence for shock reformation at Earth’s quasi-perpendicular bow72

shock has been presented both statistically [Mazelle et al., 2010] and in detail for sin-73

gle shock crossings [Lobzin et al., 2007] using observations by the Cluster spacecraft.74
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Shock surface waves, also known as ripples, are periodic and propagating devia-75

tions in the nominal local shock normal orientation first identified in simulations of per-76

pendicular shocks [Lowe and Burgess, 2003]. These ripples can act as sites of electron77

acceleration [Umeda et al., 2009] and have been shown to influence the local ion dynam-78

ics [Yang et al., 2012; Hao et al., 2016]. However, the underlying physical processes which79

lead to the growth of shock surface ripples are not yet understood. The length scales as-80

sociated with ripples are short, typically on the order of a few ion inertial lengths. In com-81

bination with the need for multi-point spacecraft data, observations have therefore been82

limited. The first evidence for a rippled shock was presented by Moullard et al. [2006],83

who utilised a particularly slow crossing of Earth’s bow shock by the Cluster spacecraft.84

More recently, Johlander et al. [2016] have utilised high resolution particle and field data85

from the Magnetospheric Multiscale (MMS) mission [Burch et al., 2016] to reconstruct86

the form of a ripple on a relatively fast crossing of the Earth’s bow shock. In both cases,87

the ripple was observed at a quasi-perpendicular bow shock. The MMS mission enables88

study of the ion and electron phase space at two orders of magnitude greater time res-89

olution than the preceeding multi-spacecraft missions, Cluster and THEMIS. For this90

reason, it is ideal for the study of non-stationary structure such as ripples and shock ref-91

ormation.92

In this paper, we present evidence of a surface ripple observed by MMS. This is a93

phenomenon generally associated with quasi-perpendicular shocks, but is observed here94

at a marginally quasi-parallel shock. To support these observations, we discuss a set of95

two-dimensional hybrid simulations of shocks of varying θBn, and show that quasi-parallel96

and marginally quasi-parallel shocks exhibit clear surface ripples only during certain pe-97

riods of the reformation cycle. Using these simulations, we conclude that the observa-98

tions are consistent with the occurrence of surface ripples modulated by cyclic reforma-99

tion of the shock with a period similar to the time taken by the spacecraft to cross the100

shock.101

2 Observations102

2.1 Overview103

We examine a crossing of Earth’s bow shock by the four MMS spacecraft on 2015104

November 27, 06:01:44 UTC. During this period, the mean spacecraft separation is 14km.105

This shock crossing has been captured in burst mode, with magnetic field data provided106

by the FGM instrument [Russell et al., 2016] within the FIELDS instrument suite [Tor-107

bert et al., 2016]. Ion and electron data have been provided by FPI-DIS and FPI-DES108

respectively [Pollock et al., 2016]. The full three-dimensional ion phase space is sampled109

by FPI-DIS every 0.15s, and the electron phase space is sampled by FPI-DES every 0.03s.110

The sampling frequency of the magnetic field data provided by the FGM instrument is111

128Hz.112

An overview of the event is shown for MMS1 in Figure 1. The shock coordinate113

system we use in this figure, and subsequently in the analysis presented in the paper, is114

described by the shock normal unit vector n̂, and tangential unit vectors t̂1, t̂2, where115

t̂2 = n̂ ×Bu/Bu and t̂1 = t̂2 × n̂. Hence, the upstream magnetic field Bu lies in the116

plane defined by vectors t̂1 and n̂. In Figure 1, the magnetic time series demonstrate117

a transition from a turbulent, shocked plasma in the overshoot to a quiet upstream so-118

lar wind over a period of approximately two minutes.119

The shock normal n̂ is determined by mixed method, using the magnetic field and127

electron bulk velocities upstream and downstream of the shock [Abraham-Shrauner , 1972;128

Schwartz , 1998]. Given the turbulent and non-stationary nature of the shock transition129

layer and the associated differences in the shock profiles, determination of the shock nor-130

mal and velocity by multiple spacecraft timing analysis is not considered reliable for de-131
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Figure 1. Overview of the full shock transition for the 2015/11/27 06:01:44 UTC event in the

shock coordinate system as observed by MMS1. From top to bottom: spacecraft configuration

(where marker size represents position in the t2 coordinate), magnetic field components and mag-

nitude, ion number density, bulk electron velocity components and magnitude, ion temperature

moments, and the ion phase space densities as a function of the tangential and normal velocities,

each integrated over the other two velocity components. Dashed lines mark the time interval

shown in Figure 2.
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Table 1. Shock and solar wind parameters for the marginally quasi-parallel shock crossing by

MMS at 2015/11/27 06:01:44 UTC.

166

167

Parameter Value

Shock angle, θBn 43± 3◦

Alfvén Mach number, MA 11± 1
Fast magnetosonic Mach number, Mfast ∼ 6
Shock normal (GSE), n̂ [0.98 -0.09 -0.15]

Solar wind magnetic field (GSE), Bsw [3.08 -1.80 -3.47] ±0.1 nT
Solar wind density, nsw 26± 1 cm−3

Solar wind velocity (GSE), vsw [-255 12 -50] ±20 kms−1

Upstream ion gyroperiod, tΩ,sw 13.2± 0.7 s
Upstream Alfvén speed, vA,sw 21.8± 0.2 kms−1

Overshoot Alfvén speed, vA,o 100± 5 kms−1

Solar wind ion plasma beta, βi 2.0± 0.5

termining the large scale orientation of the shock. However, these methods will be em-132

ployed to determine local deviations of the shock normal later in this paper. The angle133

between the upstream magnetic field and the shock normal is found to be θBn = 42◦,134

close to the θBn ∼ 47◦ predicted by employing a model of the bow shock [Peredo et al.,135

1995]. We can estimate the shock speed using the crossing time of the shock foot accord-136

ing to the method outlined by Gosling and Thomsen [1985]. For a foot crossing time of137

∆t ∼ 75s, the shock speed is given by vshock,n ∼ 2kms−1.138

The measured shock normal is within the idealized range for which the guiding cen-139

tre motion of specularly reflected ions is directed upstream, θBn < 45◦, but specularly140

reflected ions will always re-encounter the shock as they gyrate in the upstream mag-141

netic field if θBn > 39.9◦ [Schwartz et al., 1983]. If transmission of particles is solely142

dependent upon the normal velocity, this marginally quasi-parallel range 39.9◦ < θBn <143

45◦ represents a region for which ions may be reflected several times and thus remain144

in the vicinity of the shock for an extended period. In reality this range of angles is broad-145

ened by fluctuations in the shock layer and upstream field and by time-dependent pro-146

cesses such as shock reformation; a gradual change in shock properties in the transition147

from quasi-perpendicular to quasi-parallel geometry is expected. The Alfvén Mach num-148

ber for this crossing, based on the upstream bulk velocity, is MA = 11. Other shock149

and upstream solar wind parameters are summarised in Table 1. Upstream parameters150

are determined from the time interval 06:04:00 to 06:04:53 UTC, during which the up-151

stream magnetic field is steady. Downstream parameters are determined from the time152

interval 06:01:44 to 06:02:04 UTC. The solar wind density and velocity moments for these153

periods are provided by the FPI-DES instrument. Since the FPI-DIS instrumentation154

is not designed to monitor the solar wind, the solar wind ion plasma βi given in the ta-155

ble has been provided by NASA/GSFC’s OMNI data set [King and Papitashvili , 2005].156

The time series of the ion phase space densities as a function of the shock tangen-157

tial and normal velocities, shown in the bottom panels of Figure 1, are calculated by in-158

tegration of the full ion phase space density over the orthogonal directions, i.e. f(vn, t) =159 ∫
f(vt1, vt2, vn, t)dvt1dvt2. These phase space densities reveal three distinct populations160

of ions in the upstream region: i) the thin beam of solar wind ions, ii) a thin beam of161

reflected ions, extending from 06:02:18 to 06:02:33 UTC, and iii) the hot, backstream-162

ing ion population visible across the full time interval within the normal velocity range163

0 < vn < 400kms−1. These three ion populations are typical of a quasi-parallel shock,164

though reflection of ions is likely to be intermittent [Gosling et al., 1989].165
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2.2 A Rippled Shock Surface168

In Figure 2, the phase space density as a function of the normal ion velocity is shown169

for the time interval 06:02:14 to 06:02:30 UTC, for all four MMS spacecraft. During this170

period, the spacecraft encounter several holes in the ion phase space with a period of ap-171

proximately 1.5s in the first half of the interval, and approximately 3s in the latter half.172

These ion phase space holes, visible as deficiencies in the ion phase space density at vn ∼173

−50kms−1, are consistent with the spacecraft periodically transitioning between regions174

dominated by shocked plasma in the overshoot and regions dominated by the near-specularly175

reflected ions and incoming solar wind ions upstream of the shock. This pattern may be176

associated with a ripple in the surface of the shock, as previously observed by MMS for177

a quasi-perpendicular shock [Johlander et al., 2016]. Under this interpretation, the holes178

visible in the time series of the ion phase space density (Figure 2) arise from variation179

in the structure of the shock tangential to its normal. That is, the shock appears to move180

periodically upstream and downstream as a surface ripple propagates tangentially past181

the spacecraft.182

On crossing a rippled shock surface, an observer would expect to see a periodic os-186

cillation of the normal component of the magnetic field, Bn [Burgess, 2006]. This has187

been demonstrated in observations of a ripple at a quasi-perpendicular shock [Johlander188

et al., 2016]. Although we do observe strong fluctuations in Bn, shown in Figure 2, these189

fluctuations are not so clearly correlated with the ion phase space holes as in the observed190

quasi-perpendicular cases. This may be a consequence of the turbulent or unsteady shock191

foot observed for quasi-parallel shocks [Greenstadt et al., 1982; Lucek et al., 2008]. How-192

ever, we also note that there are clearer correlations between the edges of the phase space193

holes and peaks in both the magnitude of the magnetic field and the ion density, con-194

sistent with a crossing into a compressed overshoot region.195

In order to more directly assess the change in direction of the shock surface, we can196

employ a four-spacecraft timing method over a short section of the time series of length197

δt, beginning at time t. The local shock normal n̂sh(t) is given by the solution of the equa-198

tion [Schwartz , 1998]:199

 ∆r12
∆r13
∆r14

 · n̂sh(t)

vsh(t)
=

 ∆t12(t)
∆t13(t)
∆t14(t)

 , (1)

where ∆rij is the separation of spacecraft i and j, and ∆tij(t) is the timing difference200

found from correlation analysis of Bn for the range t → t + δt. This analysis can be201

performed for all times t within the selected interval to determine the evolution of the202

direction of the shock normal. This timing analysis assumes that the relevant structure203

is planar on the scale of the spacecraft separation ∆rij . The resulting time dependence204

of n̂sh(t) is shown for δt = 2s in Figure 3, plotted along the trajectory of MMS1 in the205

large scale shock coordinate system described by t̂1, t̂2, n̂. The colours in this figure sep-206

arate the time series into sections corresponding to each ion phase space hole. It becomes207

clear from this figure that the phase space holes are strongly correlated with rotations208

in the local shock normal. The oscillatory change in shock normal direction distinguishes209

this event from a crossing of successive planar structures. For example, whistler wave210

driven instabilities have been shown to generate ion phase space holes [Scholer and Burgess,211

2007], but these structures are not accompanied by local deviations of Bn or n̂sh, and212

are not present in whistler sub-critical shocks (here MA/Mcw = 0.7). Hence, we can213

conclude that these observations are consistent with a shock surface ripple propagating214

past the spacecraft.215

We can estimate the properties of this surface ripple by again performing a four-222

spacecraft timing analysis, as in Equation 1, for the full period during which we observe223
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Figure 3. Top: Direction of the local shock normal plotted on the trajectory the MMS1 dur-

ing the crossing period, in shock normal coordinates. The colours of the arrows correspond to

time periods associated with each ion phase space hole. The larger black arrow corresponds to

the direction of travel. The viewing angle and unequal axis scales are chosen for clarity. Bottom:

the ion phase space density as a function of the normal velocity for MMS1, displaying the time

intervals associated with each arrow colour.
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ion phase space holes. In this case, the velocity of the surface ripple is determined to be224

vr = [84, 94,−70]kms−1 in the spacecraft frame, rotated into shock coordinates [̂t1, t̂2, n̂].225

Accounting for Doppler shift due to the upstream flows, the speed of the ripple is (vr−226

vsw) = [1.2, 65, 175]kms−1. The tangential propagation speed is therefore given by |(vr−227

vsw) · t̂| = 65kms−1. This corresponds to a speed ∼ 3vA,sw in terms of the upstream228

solar wind Alfvén speed, or ∼ 0.7vA,o in the overshoot. For a ripple period of approx-229

imately ∆t = 1.5s, determined by the crossing time for an ion phase space hole, we find230

that the wavelength of the ripple, given by λ = vr∆t, is λ ∼ 110km ∼ 2di, where di =231

vA,sw/Ωi is the upstream ion inertial length. In the latter half of the time interval dur-232

ing which we observe ion phase space holes, the period is increased to ∆t = 3s and hence233

λ ∼ 4di. We can estimate the peak-to-peak amplitude Ar of the ripple given the size234

of oscillations of the normal field ∆Bn which are associated with ion phase space holes235

(seen in Figure 2). Under the assumption that the ripples follow a sine wave profile, the236

amplitude is given by [Johlander et al., 2016]:237

Ar =
λ∆Bn/B0,r

π
√

4− (∆Bn/B0,r)
2
, (2)

where B0,r is the local field magnitude. For ∆Bn = 20nT and B0,r = 21nT, the rip-238

ple amplitude is given by Ar = 19km = 0.4di. The speed, wavelength and amplitude239

of these ripples are in agreement with those found in hybrid simulations exhibiting sur-240

face ripples [Lowe and Burgess, 2003; Ofman and Gedalin, 2013].241

3 Simulations242

In order to better understand the form of the rippled shock surface observed by MMS,243

and the consequences of quasi-parallel and marginally quasi-parallel geometry on rip-244

ple development, we conduct hybrid simulations of shocks with a range of angles θBn.245

Winkse and Quest [1988] present an early example. Our chosen hybrid method combines246

a fully kinetic treatment of the ions with a charge neutralising, massless and adiabatic247

electron fluid. Maxwell’s equations are solved in the low-frequency Darwin limit using248

the CAM-CL algorithm described by Matthews [1994]. Here we use the hybrid code HYPSI,249

as utilised by previous shock studies [Sundberg et al., 2016; Burgess et al., 2016].250

The simulations use a grid in (x, y) of size (Lx, Ly) = (394, 24)di with resolution251

∆x = ∆y = 0.15di where di = vA,sw/Ωi is the ion inertial length. The simulations252

are “2.5D”, such that all three components of the fields and moments may vary on the253

two-dimensional grid, e.g. Bx,y,z(x, y, t). In the generalised Ohm’s law we have used re-254

sistivity η = 10−2µ0v
2
A,sw/Ωi. Distance and time are normalized to units of the ion in-255

ertial length di and inverse ion gyrofrequency Ω−1
i , respectively; velocity is normalized256

to the upstream Alfvén speed vA,sw. In order to reduce noise as far as possible given the257

constraints of the available computational resources, the ion phase space has been sam-258

pled with 100 pseudo-particles per computational cell. The boundaries y = 0, Ly are259

periodic, the boundary x = Lx is reflecting, and the boundary x = 0 is a source for260

inflowing solar wind ions. The initial conditions are homogeneous, with number density261

n = n0, magnetic field B0 = [B0 cos θBn, B0 sin θBn, 0] and bulk velocity vsw = [6vA,sw, 0, 0].262

The interaction of the plasma flow in the +x direction with the reflecting boundary gen-263

erates a shock moving in the −x direction with Mach number MA ∼ 8. The ions and264

electron fluid are initialised with βi,e = 1. We present three different simulations in this265

paper, with θBn = 30◦, 40◦, 60◦, in order to contrast the behaviour of quasi-parallel,266

marginally quasi-parallel and quasi-perpendicular shocks.267

The evolution of the simulations for the three cases is shown in Figure 4. The num-268

ber density is shown as a function of the shock normal coordinate x and time, averaged269

over the y-direction. The position of the shock is visible as a sharp increase in the num-270

ber density travelling in the −x direction at approximately 2vA,sw, indicating that the271
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Mach number of each shock is approximately MA ∼ 8. When the shock is far from the272

the reflection boundary and both the upstream and downstream structure are well de-273

veloped, the θBn = 30◦ and 40◦ shocks are seen to begin a periodic reformation cycle.274

In the marginally quasi-parallel θBn = 40◦ case, for example, the reformation cycle be-275

gins at t = 6.2tΩ. Upstream of the shock ramp, the influence of the backstreaming ion276

beam in the foreshock generates a growing upstream wave with downstream-directed group277

velocity. Within two gyro-periods, this upstream wave steepens and forms a new, fully-278

developed shock ramp. The reformation cycle continues as a second upstream wave be-279

gins to grow and steepen at t ∼ 8tΩ. In the quasi-parallel θBn = 30◦ case, the shock280

surface is seen to begin its reformation cycle at an earlier time, at t ∼ 4tΩ. Hybrid sim-281

ulations have demonstrated that upstream plasma parameters may be strongly y-dependent282

[Dubouloz and Scholer , 1995], and therefore reformation processes dependent upon up-283

stream conditions may also be strongly y-dependent. In such a case, signatures of ref-284

ormation may not be visible in the y-averaged plots shown in Figure 4. However, we can285

confirm that in the quasi-perpendicular case θBn = 60◦ the upstream conditions do not286

significantly vary in the tangential direction, and no reformation signatures are visible287

even in the x− y plane.288

To demonstrate the evolution of the magnetic structure in the shock ramp, we present295

plots of cuts through the simulation in the y-direction moving with the shock ramp, i.e.296

Bx(x = xcut(t), y, t). The x-position of the cut is given by xcut(t) = Lx−〈vsh〉t, where297

〈vsh〉 = 2.2vA,sw for θBn = 40, 60◦, and 〈vsh〉 = 1.8vA,sw for θBn = 30◦. The position298

of the cuts are shown as a function of time as red lines in Figure 4. We note that the299

deviation of the red line from the shock at early times t < 6tΩ in the θBn = 40◦ case300

is due to the change in shock speed observed when the shock reformation cycle begins.301

In the quasi-parallel cases, the position xcut is chosen to intersect with the regions of the302

reforming shocks which generate ripples. The x-component of the magnetic field along303

these cuts, shown in Figure 5, reveal several important differences between the quasi-304

perpendicular and quasi-parallel cases. In the quasi-perpendicular case, a periodic, prop-305
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agating pattern associated with a shock surface ripple is clearly visible after t/tΩ = 5.306

In these figures, the local Alfvén speed is presented as a diagonal black line. This rip-307

ple has a tangential speed of vr = 1.7vA,sw, very similar to the local Alfvén speed shown.308

Given the similarity of this tangential speed to the Alfvén speed in this overshoot, this309

is consistent with simulations presented in previous literature [Lowe and Burgess, 2003].310

These patterns provide a clear representation of the influence of a ripple on the local shock311

structure, and can help determine the time periods at which ripples may be seen in sim-312

ulations which exhibit other sources of non-stationarity. From Figure 5, the wavelength313

of the ripple is approximately λr ∼ 5di. The amplitude, determined by examination314

of the magnetic field strength at the ripple |B(x, y)|, is approximately Ar ∼ 1.5di.315

In the quasi-parallel θBn = 30◦ case, the shock begins a repeating reformation cy-316

cle after t ∼ 4tΩ. After this time, the shock is sufficiently far from the influence of the317

reflecting boundary and can be considered well developed. Unlike the θBn = 60◦ case,318

surface ripples are not visible at all times. For example, ripples with tangential speed319

vr = 3vA,sw can be seen for 7.2 < t/tΩ < 7.6 and 8.2 < t/tΩ < 8.6. These transient320

ripple signatures again propagate at approximately the local Alfvén speed within the over-321

shoot. In this case, the ripple wavelength and amplitude are given by λr ∼ 2di and Ar ∼322

1.5di respectively.323

In the θBn = 40◦ case, the reformation cycle begins at t > 6tΩ. Here, the ripple324

signatures in the normal field are not as clear as the coherent structures of the quasi-325

perpendicular case, nor the transient structures in the quasi-parallel case. However, tran-326

sient structures with tangential speed vr = 3vA,sw are visible at 7.6 < t/tΩ < 8.3. A327

second ripple-like structure with similar speed but longer wavelength is visible at 8.7 <328

t/tΩ < 9.2. Although the structure of the θBn = 40◦ simulation more closely resem-329

bles the other quasi-parallel case than the quasi-perpendicular case, the less prevalent330

ripples in the 40◦ case may be related to the further extension of the foot region down-331

stream of xcut(t) during each reformation cycle. This region is visible in Figure 4 at x >332

xcut(t). For the θBn = 40◦ case, the ripple wavelength and amplitude are given by ap-333

proximately λr ∼ 3di and Ar ∼ 1.5di respectively. This demonstrates the growth of334

shock surface ripples in simulations for which θBn < 90◦, in support of the observation335

discussed in Section 2.2 and previous quasi-perpendicular numerical studies (e.g. Yuan336

et al. [2009]). Hence ripples cannot be considered solely a feature of exactly perpendic-337

ular shocks.338

Given the time intervals at which we expect to observe a ripple from Figure 5, we346

more closely examine the shock structure at these times. The stable ripple visible in the347

θBn = 60◦ case is shown in Figure 6. In the top panel, the surface ripple is clear in both348

the structure of the projected magnetic field and in the normal component of the mag-349

netic field Bx, in colour. Several fields and the ion phase space are shown for the tra-350

jectory given in green in the top panel. We observe oscillations in the normal field Bx351

consistent with a rippled shock, and peaks in the ion number density and magnetic field352

strength, consistent with the transition to the compressed overshoot plasma. In the lower353

panel, an ion phase space hole is clearly visible at ytraj/di = 4. In agreement with Fig-354

ure 5, the scale length of the phase space holes is approximately λ ∼ 5di. In this case,355

oscillations in the components and magnitude of the bulk velocity are not clearly cor-356

related with other ripple signatures.357

A snapshot of the marginally quasi-parallel simulation θBn = 40◦ is shown in Fig-370

ure 7. In this case, the apparent growth of turbulence in the immediate upstream region371

of the shock obfuscates the clear ripple signatures seen for the θBn = 60◦ case. Fur-372

thermore, this simulation exhibits reformation of the shock surface, and ripple-like sig-373

natures are only clearly visible during sections of the reformation cycle for which the shock374

ramp is well developed. From Figure 7 we see that periodic oscillations are visible in the375

field line structure and normal field Bx. However, they are not as clear as for the quasi-376

perpendicular case. Importantly, we do find hole-like structures in the ion phase space377
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Figure 5. Normal magnetic field Bx(y, t) for θBn = 30◦ (left), 40◦ (centre) and 60◦ (right),

showing the evolution of the field within a cut along the y-direction which moves with the shock

front (see Figure 4). Propagating ripples are visible in all cases as structures moving diago-

nally in the +y direction. Black diagonal lines correspond to the local Alfvén speed within that

slice of the simulation, and are closely aligned with the speed of the ripples. Note that while

in the quasi-perpendicular case the ripple is stable over long periods, in the quasi-parallel and

marginally quasi-parallel cases the ripples are transient.

339

340

341

342
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344

345

along the chosen trajectory, on the boundary between the newly developed turbulent up-378

stream region and the reformed shock ramp. We note that these structures are not well379

resolved in the lower density regions of the ion phase space due to the limitations of sam-380

pling the distribution function in a particle in cell code. However, the fields along the381

trajectory shown in Figure 7 in several ways resemble those seen for the shock crossing382

observed by MMS in Figure 2. Both display peaks in the ion number density and mag-383

netic field strength correlated with the overshoot-like edges of the ion phase space holes,384

both display no clear correlations with the components of the bulk velocity, and both385

have a visible, if obfuscated, oscillation in the normal component of the magnetic field.386

A clearer representation of the appearance of holes in the ion phase space is shown387

in Figure 8. Cuts through the ion distribution function f(x, y, vx) show periodic hole-388

like structures confined to the shock ramp. This cut intersects with a ripple in the field389

line structure in the overshoot, as seen in the upper panel. A larger-scale trend resem-390

bling a phase space hole with wavelength 24di is also visible. However, the scale of this391

feature is likely a consequence of the limitations imposed by the size of the simulation392

box. It is important to note that the phase space holes visible in Figures 6, 7 and 8 are393

caused by non-planar shock structure in the tangential y-direction, rather than struc-394

tural variations in the normal x-direction or in time. As such, appearance of these struc-395

tures is strongly dependent on the chosen cut through the simulation. Equivalently, the396

appearance of ion phase space holes in time series of the ion phase density, as in Figure397

2, is strongly dependent on the trajectory of the spacecraft through the shock. In order398

to observe this phenomenon, a spacecraft must have significantly different tangential ve-399

locity to that of the propagating ripple, and spend sufficient time close to the shock ramp400

that multiple ripple peaks and troughs propagate past it.401
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Figure 8. Top: Snapshot of the magnetic structure (black) and normal field Bx (colour) for

the θBn = 40◦ simulation at t = 5tΩ. The green line marks the position x = 121.5di of the cut

shown in the lower panel. Middle: The magnetic field strength |B(x, y)| for this region at the

chosen time step. Bottom: Cuts at x = 121.5di and y = 24di of the ion distribution function

f(x, y, vx), showing several ion phase space holes in the shock ramp.
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4 Discussion407

We have shown using simulations that a fast, propagating ripple can form on a quasi-408

parallel or marginally quasi-parallel shock, with wavelength on the order of several ion409

inertial lengths and tangential speed on the order of the overshoot Alfvén speed, con-410

sistent with the observed ripple properties determined in Section 2.2. However, we have411

also found that for shocks of this kind, we expect temporal evolution of the shock struc-412

ture over a time scale of approximately two ion gyroperiods. For the shock observed by413

MMS, the ion gyroperiod is tΩ ∼ 13.2s, and we therefore expect the shock to have par-414

tially reformed over the 16s period we observe ion phase space holes. Hence, we must415

examine in more detail how the local shock structure changes during each reformation,416

in order to determine how that will affect the observations.417

Snapshots of the major stages of the reformation cycle are shown for the marginally418

quasi-parallel (θBn = 40◦) case in Figure 9. Each panel, from left to right, corresponds419

to stages 1 to 3 in the following list:420

1. a high density of back-streaming ions in the upstream region causes the develop-421

ment of a new shock ramp upstream of the current shock ramp. The new, young422

shock ramp has a thin compression region and exhibits a near-specularly reflected423

ion population. A ripple develops at the newly formed shock surface. One such424

newly developed shock is visible in the left panels of Figure 9. The oscillation of425

the normal magnetic field in the transition layer (x/di ∼ 85), visible in colour426

as red and blue alternating bands, illustrates the presence of a ripple at this timestep.427

The tangential propagation of these ripples is shown in Figure 5. We note that428

in the region in which the ripple develops, the local magnetic field is quasi-perpendicular429

to the shock normal. Importantly, the growth of this ripple occurs over a timescale430

much shorter than the ion gyro-period, implying that the underlying mechanism431

is not dependent upon the return of reflected ions to the shock surface as they gy-432

rate in the upstream magnetic field.433

2. The shock foot develops a turbulent transition region, visible in the top-middle434

panel of Figure 9 for 75 < x/di < 85. Many small magnetic islands have devel-435

oped within this region, which are shown separately in the middle row of panels436

in Figure 9. In this step, the red-blue signature of the ripple in the normal field437

is no longer visible across the full surface of the shock. In those regions where a438

ripple may still be present, it appears to be a longer wavelength than the previ-439

ous snapshot. Within the turbulent region 75 < x/di < 85, the distribution of440

normal ion velocities (lower-middle panel in Figure 9) broadens for both the in-441

cident solar wind and reflected ion population. This heating may be associated442

with transient reconnection, indicated by the change in topology necessary to de-443

velop magnetic islands in the turbulent transition layer [Matsumoto et al., 2015].444

We note that these islands may only appear with the restriction of the simulations445

to two dimensions. Further study of the phenomenon will require fully three-dimensional446

treatments.447

3. A new shock ramp forms upstream, at x/di = 72 in the right panels of Figure448

9. The turbulent magnetic islands in the older shock ramp have coalesced, as shown449

in the right-middle panel of Figure 9, and have travelled downstream in the shock450

frame, visible at x/di = 83. No incoming or reflected ions can be observed close451

to the older shock ramp, and no ion phase space holes can be observed.452

4. A ripple develops at the newly developed shock ramp as in stage 1.453

Given that this cycle occurs over two gyro-periods, we expect that the shock ob-454

served by MMS will have completed a full reformation cycle during the 30s period over455

which we observe reflected ions. Hence, we would expect to observe changes in the rip-456

ple properties and eventual loss of the ripple signatures even when the spacecraft is still457

within the shock ramp and foot. Indeed, the ion phase space density as a function of the458
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471

normal velocities, shown in Figure 2, reveals a lengthening of the period of the ion phase459

space holes in the later half of the crossing (from 06:02:23 UTC) to approximately ∆t ∼460

3s. However, the magnitude of the correlated peaks in the magnetic field strength has461

not reduced during this time. This suggests that the spacecraft have not yet travelled462

far upstream of the shock, and therefore that changes in the properties of the ripples are463

not merely due to distance from the shock ramp, but temporal evolution of the shock464

surface.465

Using MMS, we have identified a marginally quasi-parallel shock (θBn ∼ 42◦) which472

exhibits signatures in ion phase space consistent with a non-stationary shock surface. In473

particular, the observation of holes in the ion phase space density and a locally oscillat-474

ing shock normal indicate the presence of a propagating ripple in the shock surface. These475

short-scale propagating ripples have been typically associated with quasi-perpendicular476

shock, both in simulations [Lowe and Burgess, 2003] and observations [Moullard et al.,477

2006; Johlander et al., 2016]. However, we must now consider their appearance in marginally478

quasi-parallel and quasi-parallel shocks.479

Two-dimensional hybrid simulations have shown that surface ripples are present480

for marginally quasi-parallel and quasi-parallel shocks for the given solar wind conditions.481

However, unlike ripples in quasi-perpendicular shocks which are coherent over long time482

periods under the solar wind conditions discussed here, ripples in marginally quasi-parallel483
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and quasi-parallel shocks have been shown to be transient phenomena, modulated by the484

periodic reformation of the shock surface over timescales on the order of the ion gyro-485

period. However, despite these differences in the timescales over which ripples are ob-486

servable, we note that there are significant structural similarities between the quasi-parallel487

and quasi-perpendicular cases. Perhaps most importantly, ripples in the quasi-parallel488

simulations grow and propagate in regions where the local magnetic field is quasi-perpendicular489

to the shock normal. Hence, the growth of propagating ripples can still be considered490

a quasi-perpendicular phenomenon.491

The timescale over which we observe ion phase space holes in the data has been492

shown to be approximately the same as the expected reformation period. Indeed, we have493

observed changes in the properties of the ripples as the spacecraft pass upstream. In this494

case, we observe an increase in the wavelength of the ripples towards the end of the cross-495

ing period. Using comparisons to our simulations of ripples at quasi-parallel and marginally496

quasi-parallel shocks, we argue that the change in properties of the ripple is associated497

with the development of a turbulent upstream region, and therefore a lack of a coher-498

ent reflection boundary, in the middle of a reformation cycle.499

This study underlines the importance of considering different sources of non-stationarity500

in shock crossings. Here, the combination of surface ripple and cyclic reformation make501

it challenging to separate time and space dependence of shock structure. We have em-502

ployed a combined approach to the analysis, in which observations and simulations play503

an important role in interpreting the data, when each separately are not sufficient to char-504

acterise the shock crossing. For example, the observations suggest that the ripple prop-505

agates in both the t̂1 and t̂2 directions, whereas simulations of the ripple phenomena,506

including those used in this study, are typically 2.5D. Although progress has been made507

with three-dimensional simulation of quasi-perpendicular shocks [Burgess et al., 2016],508

for future efforts in understanding quasi-parallel shock structure we also urge a fully three-509

dimensional approach.510

Finally, the discovery of a transient ripple at a marginally quasi-parallel or quasi-511

parallel shock may have consequences for the characterisation of particle acceleration and512

heating. A ripple may already introduce a modulation of ion heating and electron ac-513

celeration in the shock ramp due to local deviations of the magnetic and electric field514

direction and magnitude. The observed transience of ripples for θBn < 45◦ suggests that515

any steady state treatment of particle acceleration by ripples is likely to incorrectly es-516

timate acceleration and heating.517
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E. A. Lucek, and I. Dandouras (2010), Self-Reformation of the Quasi-603

Perpendicular Shock: CLUSTER Observations, Twelfth International Solar Wind604

Conference, 1216, 471–474, doi:10.1063/1.3395905.605

Morse, D. L., W. W. Destler, and P. L. Auer (1972), Nonstationary Be-606

havior of Collisionless Shocks, Physical Review Letters, 28, 13–16, doi:607

10.1103/PhysRevLett.28.13.608

Moullard, O., D. Burgess, T. S. Horbury, and E. A. Lucek (2006), Ripples observed609

on the surface of the Earth’s quasi-perpendicular bow shock, Journal of Geophysi-610

cal Research (Space Physics), 111, A09113, doi:10.1029/2005JA011594.611

Ofman, L., and M. Gedalin (2013), Rippled quasi-perpendicular collisionless shocks:612

Local and global normals, J. Geophys. Res.(Space Physics), 118, 5999–6006, doi:613

10.1002/2013JA018780.614

Peredo, M., J. A. Slavin, E. Mazur, and S. A. Curtis (1995), Three-dimensional po-615

sition and shape of the bow shock and their variation with Alfvenic, sonic and616

magnetosonic Mach numbers and interplanetary magnetic field orientation, J.617

Geophys. Res., 100, 7907–7916, doi:10.1029/94JA02545.618

Pollock, C., T. Moore, A. Jacques, J. Burch, U. Gliese, Y. Saito, T. Omoto,619

L. Avanov, A. Barrie, V. Coffey, J. Dorelli, D. Gershman, B. Giles, T. Ros-620

nack, C. Salo, S. Yokota, M. Adrian, C. Aoustin, C. Auletti, S. Aung, V. Bigio,621

N. Cao, M. Chandler, D. Chornay, K. Christian, G. Clark, G. Collinson, T. Corris,622

A. De Los Santos, R. Devlin, T. Diaz, T. Dickerson, C. Dickson, A. Diekmann,623

F. Diggs, C. Duncan, A. Figueroa-Vinas, C. Firman, M. Freeman, N. Galassi,624

K. Garcia, G. Goodhart, D. Guererro, J. Hageman, J. Hanley, E. Hemminger,625

M. Holland, M. Hutchins, T. James, W. Jones, S. Kreisler, J. Kujawski, V. Lavu,626

J. Lobell, E. LeCompte, A. Lukemire, E. MacDonald, A. Mariano, T. Mukai,627

K. Narayanan, Q. Nguyan, M. Onizuka, W. Paterson, S. Persyn, B. Piepgrass,628

F. Cheney, A. Rager, T. Raghuram, A. Ramil, L. Reichenthal, H. Rodriguez,629

J. Rouzaud, A. Rucker, Y. Saito, M. Samara, J.-A. Sauvaud, D. Schuster,630

M. Shappirio, K. Shelton, D. Sher, D. Smith, K. Smith, S. Smith, D. Steinfeld,631

R. Szymkiewicz, K. Tanimoto, J. Taylor, C. Tucker, K. Tull, A. Uhl, J. Vloet,632

P. Walpole, S. Weidner, D. White, G. Winkert, P.-S. Yeh, and M. Zeuch (2016),633

Fast Plasma Investigation for Magnetospheric Multiscale, Space Sci. Rev., 199,634

331–406, doi:10.1007/s11214-016-0245-4.635

Russell, C. T., B. J. Anderson, W. Baumjohann, K. R. Bromund, D. Dearborn,636

D. Fischer, G. Le, H. K. Leinweber, D. Leneman, W. Magnes, J. D. Means, M. B.637

Moldwin, R. Nakamura, D. Pierce, F. Plaschke, K. M. Rowe, J. A. Slavin, R. J.638

Strangeway, R. Torbert, C. Hagen, I. Jernej, A. Valavanoglou, and I. Richter639

–20–



Confidential manuscript submitted to JGR-Space Physics

(2016), The Magnetospheric Multiscale Magnetometers, Space Sci. Rev., 199,640

189–256, doi:10.1007/s11214-014-0057-3.641

Scholer, M., and D. Burgess (2007), Whistler waves, core ion heating, and non-642

stationarity in oblique collisionless shocks, Physics of Plasmas, 14 (7), 072103,643

doi:10.1063/1.2748391.644

Scholer, M., I. Shinohara, and S. Matsukiyo (2003), Quasi-perpendicular shocks:645

Length scale of the cross-shock potential, shock reformation, and implication for646

shock surfing, Journal of Geophysical Research (Space Physics), 108, 1014, doi:647

10.1029/2002JA009515.648

Schwartz, S. J. (1998), Analysis Methods for Multi-Spacecraft Data, ISSI Sci. Rep.649

Ser., 1, 249.650

Schwartz, S. J., M. F. Thomsen, and J. T. Gosling (1983), Ions upstream of the651

earth’s bow shock - A theoretical comparison of alternative source populations, J.652

Geophys. Res., 88, 2039–2047, doi:10.1029/JA088iA03p02039.653

Sundberg, T., C. T. Haynes, D. Burgess, and C. X. Mazelle (2016), Ion Acceleration654

at the Quasi-parallel Bow Shock: Decoding the Signature of Injection, Astrophysi-655

cal Journal, 820, 21, doi:10.3847/0004-637X/820/1/21.656

Torbert, R. B., C. T. Russell, W. Magnes, R. E. Ergun, P.-A. Lindqvist, O. LeCon-657

tel, H. Vaith, J. Macri, S. Myers, D. Rau, J. Needell, B. King, M. Granoff,658

M. Chutter, I. Dors, G. Olsson, Y. V. Khotyaintsev, A. Eriksson, C. A. Kletz-659

ing, S. Bounds, B. Anderson, W. Baumjohann, M. Steller, K. Bromund, G. Le,660

R. Nakamura, R. J. Strangeway, H. K. Leinweber, S. Tucker, J. Westfall, D. Fis-661

cher, F. Plaschke, J. Porter, and K. Lappalainen (2016), The FIELDS Instrument662

Suite on MMS: Scientific Objectives, Measurements, and Data Products, Space663

Sci. Rev., 199, 105–135, doi:10.1007/s11214-014-0109-8.664

Umeda, T., M. Yamao, and R. Yamazaki (2009), Electron Acceleration at a Low665

Mach Number Perpendicular Collisionless Shock, Astrophysical Journal, 695,666

574–579, doi:10.1088/0004-637X/695/1/574.667

Winkse, D., and K. B. Quest (1988), Magnetic field and density fluctuations at668

perpendicular supercritical collisionless shocks, J. Geophys. Res., 93, 9681–9693,669

doi:10.1029/JA093iA09p09681.670

Yang, Z. W., B. Lembège, and Q. M. Lu (2012), Impact of the rippling of a per-671

pendicular shock front on ion dynamics, Journal of Geophysical Research (Space672

Physics), 117, A07222, doi:10.1029/2011JA017211.673

Yuan, X., Cairns, I. H., Trichtchenko, L., Rankin, R. and Danskin, D. W. (2009),674

Confirmation of quasi-perpendicular shock reformation in two-dimensional hybrid675

simulations, Geophys. Res. Lett., 36, L05103, doi:10.1029/2008GL036675.676

–21–


