(Hull et al. 2020), and reconnection along thin, intense,
electron-scale current sheets (Gingell et al. 2019; Liu et al.
2020). Upstream of quasi-parallel supercritical shocks, largescale transient structures can form in the ion foreshock due to
reﬂected ions’ kinetic interactions with the turbulent and
discontinuous incident plasma (e.g., Omidi et al. 2010; Turner
et al. 2018; Schwartz et al. 2018; Haggerty & Caprioli 2020).
Often, new fast magnetosonic shocks form on the upstream
sides of foreshock transient structures as they expand
explosively into the surrounding solar wind and foreshock
plasmas (e.g., Thomsen et al. 1988; Liu et al. 2016).
State-of-the-art simulations remain computationally limited
and not yet capable of capturing both true electron-to-ion mass
ratios and electron plasma to cyclotron frequency ratios in three
dimensions (and thus coupling between those populations is
not necessarily accurate). Meanwhile observations are most
often limited by single-point observations, resulting in
spatiotemporal ambiguity, and/or inadequate temporal resolution. Furthermore, theory and observations (e.g., Morse et al.
1972; Krasnoselskikh et al. 2002; Sundberg et al. 2017;
Dimmock et al. 2019; Madanian et al. 2021) indicate that
supercritical shocks undergo periodic reformation, also known
as nonstationarity, which further complicates discerning details
in single-point observations of well-formed shocks. In this
study, we examined fortuitous multipoint observations during a
single cycle of shock reformation on the upstream edge of a
foreshock transient using NASAʼs Magnetospheric Multiscale
(MMS) mission upstream of Earthʼs bow shock.

2. Data and Observations
Data from NASAʼs MMS mission (Burch et al. 2016a) are
utilized for this study. MMS consists of four spacecraft that are
identically instrumented to study electron-kinetic scale physics of
magnetic reconnection (e.g., Burch et al. 2016b; Torbert et al.
2018). Here, we use data from the ﬂuxgate (Russell et al. 2016)
and search-coil (Le Contel et al. 2016) magnetometers, ion and
electron plasma distributions and moments (Pollock et al. 2016),
and electric ﬁelds (Ergun et al. 2016; Lindqvist et al. 2016).
Typically, the four MMS spacecraft are held in a tight tetrahedron
conﬁguration, with inter-satellite separations of ∼10–100 km.
However, during a ∼1 month period in 2019, the spacecraft were
realigned into a “string-of-pearls” conﬁguration, in which they
were separated by up to several hundreds of kilometers along a
common orbit to study turbulence in the solar wind at ion-kinetic
scales. While in both the tetrahedron and string-of-pearls
conﬁgurations, MMS are ideal for disambiguating spatiotemporal
features in dynamic space plasmas. With this uncommon MMS
conﬁguration, we examined in detail a foreshock transient event
reported in Turner et al. (2020), which showcased an intriguing
evolution of a fast magnetosonic shock.
Figure 1 shows data from the event. Panels (a)–(g) show data
from MMS-1, highlighting the foreshock transient. The transient,
associated with the deﬂection of ion velocity between 04:38:45 and
04:39:28 UT in Figure 1(d), was originally classiﬁed by Turner
et al. (2020) as a foreshock bubble (e.g., Omidi et al. 2010; Turner
et al. 2013), but upon a more detailed investigation for this study,
the event may be a hot ﬂow anomaly (e.g., Schwartz et al. 2000).
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Evidence supporting this diagnosis consists of the orientation of the
associated solar wind discontinuity (normal direction, n = [0.69,
−0.51, −0.52]GSE), which would have already intersected Earthʼs
bow shock (located ∼0.5 Earth radii, RE, from MMS at the time),
and the orientation of the foreshock transient. More detail on this
ion foreshock transient is provided in the next section and the
Appendix. For the interest of this study, it is irrelevant whether this
transient structure was a foreshock bubble or hot ﬂow anomaly,
since here we are only concerned with the compression region and
formation of a fast magnetosonic shock on the transientʼs
upstream edge.
Figures 1(h)–(k) show magnetic ﬁelds observed by all four
MMS spacecraft between 04:39:15 and 04:39:33 UT. MMS-3
was the ﬁrst to pass through the compression region
(characterized by the enhanced magnetic ﬁeld strength and
plasma densities) on the upstream side of the foreshock
transient, followed next by MMS-4, -1, and ﬁnally -2. The four
spacecraft observed notable similarities and differences in the
structure. All four spacecraft observed large-amplitude waves
throughout the compression region; for example, the distinct
peaks in |B| and corresponding oscillations in the B-ﬁeld
components observed by MMS-3 between 04:39:19–04:39:24
UT are also evident at the other three spacecraft. However, the
differences between the four spacecraft observations at the
sharp ramp in magnetic ﬁeld strength (and density) separating
the compression region from the upstream solar wind (e.g.,
around 04:39:24 at MMS-3) are of interest considering
nonstationarity of fast magnetosonic shocks (e.g., Dimmock
et al. 2019). A new compression signature, ﬁrst observed by
MMS-3 at 04:39:24 UT then at MMS-4, -1, and -2 at 04:39:26,
04:39:27, and 04:39:28 UT, respectively, increases in amplitude and duration on the upstream edge. That was the feature
that we focused on in detail for this study.

transientʼs shock) and estimated at within 0.5 RE of the bow
shock when the foreshock transient was observed.
Figure 2(a) shows the relative orientation of the four MMS
spacecraft at 04:39:25UT. MMS-2 was located closest to Earth,
while MMS-3 was furthest sunward. The four spacecraft were
stretched out along the same trajectory with separations ranging
from 152 km (MMS-1 to -4) to 723 km (MMS-2 to -3). Those
separation scales were comparable to the thermal (and suprathermal) proton gyroradii in the magnetic ﬁelds observed around the
features of interest: a 2 eV (50 eV) proton with pitch angle of 90°
had gyroradius, rcp, of 41, 19, and 10 km (204, 93, and 49 km) in
the 5, 11, and 21 nT B-ﬁelds around the “foot,” “ramp,” and
“overshoot” features shown around S = 200, 0, and −50 km in
Figure 2(b), respectively. The corresponding proton gyroperiods
were 13, 6, and 3 s, respectively. With the spacecraft locations
projected onto the shock surface, the maximum separation was
686 km along the shock surface, comparable to the suprathermal
rcp in the “foot.” Note that foreshock transients, like hot ﬂow
anomalies, are on the order of several Earth radii or larger in size
(e.g., Turner et al. 2013; Liu et al. 2016), much larger than the
MMS separation scales. These are relevant scales to consider for
the following analysis and interpretation.
With the shock orientation and speed established, it is possible
to convert the time series observed by each MMS spacecraft into a
spatial sequence, and considering the geometry of the spacecraft
in the system, it is possible to interpret the nature of the observed
spatiotemporal structure. Details for the conversion to spatial
sequence are included in the Appendix. Results of this conversion
for |B|, density, and current density from MMS are shown in
Figure 2, where the distances have been normalized to an origin
aligning the features to the initial ramp observed by MMS-3.
When distances are not normalized to align the common features,
the motion of the trailing edge of the foreshock transient,
estimated at ∼120 km s−1 along the shock normal direction
(relative to the initial ramp at MMS-3), shifts the features further
to the right for each subsequent spacecraft crossing after MMS-3
(see the Appendix). Figure 2(b) shows that each MMS spacecraft
observed similar structure during the crossing and highlights the
spatiotemporal evolution of the feature at 10 < S < 70 km that
rises up and expands to greater S over time (see also Figures 1(h)–
1(k)). We refer to that feature at 10 < S < 70 km as the “new
shock ramp” structure. With the conversion shown in Figures 2,
the original shock ramp was located at S ∼ 0 km for all four
spacecraft. Key details in Figures 2(c)–2(f) include (i) largeamplitude B-ﬁeld waves (note the anticorrelation between |B| and
density) at S < 10 km observed by all four spacecraft; (ii) the
largely correlated |B| and density in the new shock ramp structure
observed by all four spacecraft; (iii) the ∼4× jump in magnitudes
of density and |B| in the new shock ramp compared to the
upstream conditions at S ∼ 250 km observed by MMS-1 and -2;
(iv) oscillations in |B| at 30 < S < 160 km observed by MMS-4,
−1, and −2; and (v) sharp, narrow current density structures
concentrated primarily along the sharpest gradients in |B| and
density and strongest at S = 0 km.
Considering the highly correlated nature and time-sequential
growth of the feature referred to as the “new shock ramp”
observed in sequence by MMS-3, -4, -1, and -2 during their
crossings of this shock, it is highly unlikely that the feature was
simply the result of random ﬂuctuations along the 3D shock
surface. However, we must consider the possibility that it was a
coherent structure such as a shock surface ripple (e.g., Lowe &
Burgess 2003; Johlander et al. 2016; Gingell et al. 2017).

3. Analysis and Results
To properly analyze a shock structure, its orientation and speed
must ﬁrst be established. Using coplanarity analysis (Schwartz
1998) with observations of the ramps in |B| observed by all four
MMS spacecraft (see the Appendix), a boundary normal was
estimated as [0.54, −0.38, −0.74] ± [0.10, 0.10, 0.10] in GSE
coordinates. Comparing that normal direction to the upstream
B-ﬁeld, [1.94, 1.16, 0.30]GSE nT, the foreshock transientʼs shock
was in a quasi-perpendicular geometry with θBN = 80°. From the
multipoint crossing and shock normal, the velocity of the shock
in the spacecraft frame was [−33.5, 23.5, 45.7] ± [2.1, −1.5,
−2.9] km s−1 in GSE, which transforms to [207.5, −1.1,
−20.5]GSE km s−1 in the solar wind rest frame (using the average
upstream solar wind velocity of [−241.0, 24.6, 66.2]GSE km s−1 in
the spacecraft frame). From the four-point observations, the shock
speed was increasing with an acceleration of ∼3 km s-2 , which is
consistent with the explosive nature of foreshock transients (e.g.,
Turner et al. 2020). The propagation speed in the solar wind frame
is consistent with this structure being a fast magnetosonic shock,
since the estimated Mach numbers for that propagation speed were
MAlfvén = 9.9 and Mfast = 4.2. Note that MMS was ∼5RE
duskward of the subsolar point of the bow shock at this time,
and the nominal orientation of the bow shock surface adjacent to
MMS was [0.97, 0.19, 0.13]GSE based on the Fairﬁeld (1971)
model. From the bow shock crossings around the time of interest
(not shown), MMSʼs location was in the upstream region of a
quasi-parallel oriented bow shock (note: not the foreshock
3
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Figure 2. (a) MMS formation in GSE coordinates centered on MMS-1 location, which was at [14.5, 5.1, 2.5] RE in GSE at this time. (b) Magnetic ﬁeld magnitudes
from all four MMS spacecraft (-1: black, -2: red, -3: green, and -4: blue) plotted along the shock normal direction, S. B-ﬁeld magnitudes, plasma density, and current
density from MMS-3 (c), -4 (d), -1 (e), and -2 (f). B-ﬁelds are shown in the respective spacecraft colors, while density and current density are shown in magenta and
light blue, respectively. Note that current density is unavailable for MMS-4. The original ramp location is indicated with the green arrow in (c), while the new shock
ramp locations are indicated with the corresponding colored arrows for MMS-4, -1, and -2 in (d), (e), and (f), respectively. In panel (c), examples of thermal (2 eV,
dark red) and suprathermal (50 eV, purple) proton gyroradii are shown on the upstream (S > 0) and downstream (S < 0) regimes, as are examples of the ion inertial
length scales (orange) in the upstream regime. Example ion inertial length scales are also shown in the upstream and downstream regimes in (f).

Shock ripples reported along Earthʼs bow shock have
wavelengths of ∼100 to ∼200 km and propagate along the
shock surface at speeds of ∼65 to ∼150 km s−1 (Johlander
et al. 2016; Gingell et al. 2017). Those wavelengths are
comparable to the interspacecraft separation of each adjacent
pair of MMS spacecraft in this event. Assuming comparable
propagation speeds, a shock surface ripple would pass between
MMS-3 and -2 in ∼5–11 s (if propagating perfectly along the
interspacecraft separation vector) or longer (for different
propagation directions). The observed timing between the
“new shock ramp” observed at MMS-3 to MMS-2 was ∼5 s
(see Figure 1; however, Lowe & Burgess (2003) and Johlander
et al. (2016) also describe how such surface ripples propagate
along the shock surface and parallel to the upstream magnetic
ﬁeld. Considering that propagation angle, it would have taken
between ∼13 and 30 s for a surface ripple to pass from MMS-3
to -2, much longer than the observed ∼5 s. The ripple
explanation becomes even more unlikely when multiple phase
fronts propagating along the shock surface are considered.
Thus, it is unlikely that the observed feature in question was
either random ﬂuctuations or coherent shock surface ripples.
Interpreting the observed “new shock ramp” as resulting from
shock reformation, it is possible to use the multipoint MMS
observations to calculate the growth rate of the new shock ramp.
Using the tangential component of the magnetic ﬁeld at the
overshoots and the shock speed (see also the Appendix), we found
a shock growth rate of 1.63 nT s−1 (0.026 nT km−1) for the old
shock, and 2.55 nT s−1 (0.041 nT km−1) for the reforming shock.

A faster growth rate of the new, reforming shock is largely driven
by nonlinear steepened waves. These rates have important
implications in constraining numerical simulations, which tend
to yield unrealistic estimates of reformation rates (e.g., Scholer
et al. 2003; Krasnoselskikh et al. 2013).
The large-amplitude waves observed on the downstream side
(S < 0 km) had wavelengths along S comparable to the
suprathermal rcp in this frame, and they intensiﬁed in amplitude
closer to S = 0 km. Around S = 0 ± 10 km, the waves were on
electron scales (<1 ion inertial length, di) and associated with the
intense and thin current layer. Approximately 1 rcp (thermal)
upstream of that current layer, around S = 30 km, was where the
new shock ramp actually formed. The new shock ramp structure
rose up out of the “foot” structure observed by MMS-3 between
10 < S < 200 km, corresponding to within a few thermal rcp
upstream of the steepened, electron-scale waves and intense
current layer. The new shock ramp itself was observed by MMS-4
ﬁrst at a scale of ∼1di and then growing to ∼2di along S by
MMS-2. Once the new shock ramp formed, at MMS-1 and -2 in
particular, new or intensiﬁed electron-scale compressional waves
were observed between 0 < S < 30 km, and large-amplitude
whistler precursor waves (e.g., Wilson et al. 2012) were observed
by MMS-4, -1, and -2 just upstream of the new shock ramp at
30 < S < 160 km. Note those whistler precursors were not
observed by MMS-3. The whistler precursor waves were limited
to within ∼1di upstream of the new shock ramp and exhibited
wavelengths ∼20 km (i.e., <1 di) along S in this frame.
4
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Figure 3. Summary of waves and derived data from MMS-3 (a)–(f) and -2 (g)–(l). For each spacecraft, the following data are plotted: (a) and (g) B-ﬁeld magnitude
(for ease of comparison with other ﬁgures); (b) and (h) low-frequency Bwave (dBi = Bi−〈 Bi〉) from the ﬂuxgate magnetometer data in GSE coordinates (dB-XYZ in
blue, green, red, respectively) and d|B| in black; (c) and (i) high-frequency Bwave from the search-coil magnetometer data in GSE coordinates; (d) and (j) highfrequency Ewave data from the axial and spin-plane double probe data; (e) and (k) ion velocity distributions along the shock normal direction in the shock rest frame; (f)
and (l) ion velocity distributions along a vector perpendicular to the shock normal direction in the shock rest frame, highlighting the incident solar wind beam and
reﬂected ion gyration. Note that several of the corresponding plots for MMS-2 and -3 are on different Y-scales, so horizontal dashed lines have been put at the same
ﬁxed values on both for ease of comparison.

Figure 3 provides an overview of the electromagnetic and
electrostatic waves and reﬂected ions observed by MMS during
this event. Ion acoustic waves were present upstream of the shock
observed by all four s/c (-1 and -4 not shown in Figure 3) after
∼04:39:29UT, at which point MMS-3 was too far upstream to
determine whether the waves were also present before the new
shock ramp formed. Strong broadband electrostatic ﬂuctuations,
corresponding to electron-scale nonlinear waves/structures, were
observed by all four spacecraft, mostly at gradients in B throughout
the downstream regime, particularly near the boundaries at the new
shock ramp and edge of the HFA core (∼04:29:19UT at MMS-3).
The nonlinear waves/structures did not occur simultaneously with
the intense, electron-scale current sheets in the downstream regime.
The electrostatic nonlinear waves/structures at MMS-3 extended
further upstream corresponding with the “foot” structure, whereas
for MMS-4, -1, and -2, the ﬂuctuations were limited to
approximately the same range in the upstream as the whistler
precursors, i.e., within ∼1di of the new shock ramp. In the region
of the new shock ramp, the amplitude of the electrostatic nonlinear
waves/structures was smallest at MMS-3 and largest at MMS-2.
The largest-amplitude electrostatic waves/structures, >100 mV
m−1, likely corresponded to very short wavelengths (<200 m, i.e.,
less than the tip-to-tip boom length of the spin-plane electric ﬁeld
instruments), which is consistent with observed wavelengths in the
shock frame of ∼80–100 m. Those >100 mV m−1 waves were
only observed in the downstream region, S < 0 km, by MMS-3
and -4, not by -1 and -2. Electromagnetic “lion roars” (e.g.,

Giagkiozis et al. 2018) were observed in the downstream regime
by all four spacecraft, though the amplitude of those whistler-mode
waves increased signiﬁcantly after the formation of the new shock
ramp; MMS-3 observed lion roars with amplitudes <100 pT (e.g.,
around 04:39:20.8UT in Figure 3(c)), while MMS-2 observed lion
roars at amplitudes >500 pT (e.g., around 04:39:25.1UT in
Figure 3(i)). Most interestingly, only at MMS-2 were the lion roars
also associated with electrostatic solitary waves (ESWs; examples
of which are shown in the Appendix), which is important since
such nonlinear wave decay represents a distinctly irreversible
energy dissipation process (e.g., Kellogg et al. 2011). In the shock
frame, those ESWs had wavelengths on the order of 100–120 m
along S, approximately one-quarter of the lion roars’ wavelengths
at ∼460 m along S.
Figure 3 also shows ion velocity spectra plotted versus the
shock normal (Vn) and tangential (Vt2) velocity components (e.g.,
Madanian et al. 2021). Note that Vt2 is by deﬁnition perpendicular
to the shock normal and upstream B-ﬁeld vectors. The incident
solar wind beam is the high-density population at Vn and Vt2 < 0.
The Vt2 distributions clearly show the energy dispersion effect of
ions accelerating and reﬂecting at the shock ramp: the peak in
Vt2 > 0 ions corresponds to higher-energy (larger Vt2) ions
completing a half-gyration (after reﬂection from the ramp in
|B| ) at increasingly greater distances upstream of the shock. This
was true for all four spacecraft (see Figures 3(f) and 3(l) for
MMS-3 and −2, respectively), indicating that the shock continues
to reﬂect and accelerate suprathermal ions throughout the
5
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reformation process. Note also the differences in Vn from MMS-3
(more intense suprathermal ions at Vn > 0 around 04:39:30UT,
corresponding to ∼1 suprathermal rcp from the original shock
ramp, in Figure 3(f)) to MMS-2 (more intense suprathermal ions
at Vn < 0 around 04:39:35UT, corresponding to ∼1 suprathermal
rcp from the new shock ramp, in Figure 3(k)), which are possibly
cyclical differences coinciding with the different observed phases
of the shock reformation cycle. Those distributions include a
superposition of ions reﬂected from the transient structureʼs shock
and the main bow shock plus the incident solar wind, and
generation of upstream, ion-scale waves can be associated with
any of these populations plus interactions between them.

precursors just upstream and lion roars throughout the downstream) waves. Throughout the reformation cycle, the enhanced
|B| at the ramp, overshoot, and downstream reﬂects a signiﬁcant
fraction of incident solar wind ions back into the upstream regime,
resulting in the development of the diamagnetic “foot”-like
structure, out of which the new shock ramp formed. During the
reformation process before the new ramp forms, ion-scale waves
steepen and compress in what will ultimately become the new
downstream regime. Critically, the compression of the waves
reaches electron-kinetic scales, where strong energy transfer
then begins along thin, intense current sheets and in the largeamplitude, electron-kinetic-scale waves. The compressed waves
and current-sheet energy transfer at electron scales culminate in
the formation of a new shock ramp, with correlated |B| and
density, out of the preexisting “foot”-like structure upstream of the
most intense, thin current layer. Once formed, the new shock
ramp and “foot” region continue converting energy of the incident
ion and electron populations via whistler-mode precursor and
electrostatic ﬂuctuations within a few di upstream of the shock
ramp, dissipative wave-mode-coupling downstream of the ramp,
and along thin current layers that may also be reconnecting (e.g.,
Gingell et al. 2019; Liu et al. 2020). As we know from many
observations of foreshock transient shocks, the extent of the
shocked plasma then must expand rapidly back up to ion-kinetic
and ultimately MHD scales.

4. Summary and Conclusion
At 04:39 UT on 2019 January 30, MMS was fortuitously
positioned to capture what was likely at least half of the
reformation cycle of a fast magnetosonic shock on the upstream
edge of a transient structure in the quasi-parallel foreshock
upstream of Earthʼs bow shock. Evidence was provided
supporting that it was unlikely that the observed features resulted
from either random ﬂuctuations or shock surface ripples when the
spacecraft separation tangential to the shock normal was also
accounted for. This unique case study offered an opportunity to
study the spatiotemporal nature of early shock development in
microscopic detail. Calculated shock growth rates indicated that
the new shock ramp grew faster (2.55 nT s−1) than the old shock
ramp (1.63 nT s−1). As the new shock ramp formed from the
“foot” of the preexisting shock, several additional distinct
differences were observed down to electron-kinetic scales,
including intensiﬁcation of electron-scale waves, nonlinear
waves/structures, and intense current sheets. It was at those
electron-kinetic scales (<∼1di) that the new shock ramp ﬁrst
formed before expanding back up into the ion scales (>∼1di).
Prior to the shock ramp reforming, the steepened, large-amplitude
ion-scale wavefronts were also affecting electrons, resulting in the
growth of electrostatic and electromagnetic wave modes and thin,
intense current layers. However, once the new shock ramp was
properly established, as exempliﬁed by MMS-2, both the
electrostatic and electromagnetic waves ampliﬁed signiﬁcantly at
the new shock ramp and in the downstream region. The most
intense current layer was observed along the original shock ramp
(around S = 0 km), and the new shock ramp and an overshoot
formed immediately upstream and downstream of that intense,
electron-scale current layer, respectively. Note that the overshoot
on the downstream side of the current layer was likely that of the
original shock ramp, and from the available snapshots of the new
ramp, it is difﬁcult to identify where any new overshoot was
formed. Only after the new shock ramp formed were whistler
precursors in the upstream region and potentially dissipative
wave–wave interactions in the downstream region observed. All
combined, the results indicate that a shockʼs energy conversion
and dissipation processes may also undergo the same cyclical
periodicity as reformation of the shock front.
This special case exempliﬁes the genuine cross-scale coupling
that occurs between the ion- and electron-kinetic physics at
collisionless, fast magnetosonic shocks. The ions, with their large
gyroradii, enable information transfer “very far” (with respect to
electron scales) into both the upstream and downstream regimes,
but the key physics for energy dissipation and heating occur at
least in some relevant part at electron scales via thin, intense,
electron-scale current sheets and large-amplitude, nonlinear
electrostatic ﬂuctuations and electromagnetic (e.g., whistler
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Appendix
Supporting Material
A.1. Calculating the Local Bow Shock Orientation
Local bow shock normal direction from the Fairﬁeld (1971)
model
nbs = [0.974, 0.190, 0.127] in GSE,

Upstream magnetic ﬁeld (average from MMS-1)
B = [2.00, 2.37, 0.35] nT in GSE.

Angle between bow shock normal and upstream B-ﬁeld
q Bn = 38.5.

So MMS were in the quasi-parallel foreshock, consistent with
plasma and ﬁeld observations and the presence of the foreshock
transient structure.
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Average shock speed along shock normal ± 1 standard
deviation

A.2. Calculating the Foreshock Transient’s Shock Normal
Direction and Orientation
Using coplanarity with B and V from Schwartz (1998),

Vsh = - 62.1  1.9 km s-1.

n = (DB ´ DV ´ DB) ∣(DB ´ DV ´ DB)∣
whereDX = Xdownstream - Xupstream , X = BorV .

Note that the shock is apparently accelerating along the shock
normal direction at an average rate of

Table A1
Results from Coplanarity Analysis to Calculate Shock Normal
Downstream
Times
04:UT+

Upstream
Times
04:UT+

MMS-1

39:24.0–39:26.0

39:30.0–39:32.0

MMS-2

39:25.0–39:27.0

39:31.0–39:33.0

MMS-3

39:20.5–39:23.0

39:27.0–39:29.0

MMS-4

39:22.5–39:25.3

39:28.0–39:30.0

Coplanarity
B and V

a = 2.93 km s-2.
n-GSE

Shock velocity in spacecraft frame (GSE)

[0.389,
−0.315, −0.866]
[0.590,
−0.551, −0.620]
[0.670,
−0.338, −0.661]
[0.512,
−0.313, −0.800]

Vsh∣sc = [ - 33.5, 23.5, 45.7]  [2.1, - 1.5, - 2.9] km s-1.

Shock velocity in solar wind frame (GSE)
Vsh∣sw = [207.5, - 1.1, - 20.5]  [2.1, - 1.5, - 2.9] km s-1.

Mach numbers in background solar win are

Average n from all four s/c ± 1 standard deviation on the
mean

MAlfveń = 9.9, Mfast = 4.2.

nsh = [0.540, - 0.379, - 0.737]  [0.104, 0.010, 0.100] in GSE.

A.3. Converting MMS Time Series to Distance along Shock
Normal Vector

Magnetic ﬁeld upstream of the transientʼs shock

VMMS∣sh = VMMS - Vsh: MMS velocity in shock reference frame
vMMS∣sh = VMMS∣ sh.nsh : MMS apparent speed along shock normal

B = [1.94, 1.16, 0.30] nT in GSE.

Angle between transient shock normal and upstream B-ﬁeld
q Bn = 80.3.

t3(0): time at which MMS-3 observed the original shock ramp
(see “Shock Ramp t” in Table A2)

So the transient shock was in a quasi-perpendicular orientation.

Dti = ti (t ) - ti (0) , i = {1, 2, 3, 4},

Table A2
Calculating the Foreshock Transientʼs Shock Speed

Spacecraft
MMS-1
MMS-2
MMS-3
MMS-4

DSi = v MMS∣sh * Dti.

Shock
Ramp t

Location in GSE (km)

Velocity (km
s−1)

04:39:26.320
UT
04:39:27.310
UT
04:39:23.600
UT
04:39:25.550
UT

[92772.145, 32264.144,
16086.952]
[92579.885, 32282.023,
16023.796]
[93264.432, 32218.352,
16248.785]
[92915.644, 32250.873,
16134.104]

[−1.715,
0.155, −0.562]
[−1.719,
0.154, −0.563]
[−1.704,
0.159, −0.560]
[−1.712,
0.156, −0.561]

For each spacecraft, i = {1, 2, 3, 4}, ΔSi is then the distance
along the shock normal direction from the original shock ramp
location; thus, S = 0 is where each MMS spacecraft ﬁrst
observed the original shock ramp.
Note that for the results shown in Figure 2, S was calculated
using ti(0) for each spacecraft. See Figure A1 for example of
the spatial series plotted versus S where all four spacecraft are
referenced to the location (S = 0) of the original shock ramp
when/where it was ﬁrst observed by MMS-3 at t3(0). That
conversion showcases the expansion speed of the foreshock
transient but does not align common features between all four
spacecraft.

* Δt = ΔX. nsh.
Shock speed Vsh

A.4. Foreshock Transient Shock Orientation Sketches

Table A3
Estimates of Shock Speed between Different Spacecraft Pairs
Spacecraft
Pairs
MMS-3
MMS-3
MMS-3
MMS-4
MMS-4
MMS-1

to
to
to
to
to
to

-4
-1
-2
-1
-2
-2

|ΔX|
(km)

Δt
(s)

Shock Speed
(km s−1)

368.6
520.2
723.4
151.6
354.8
203.2

1.94
2.72
3.70
0.78
1.79
0.99

−59.9
−60.5
−61.7
−61.7
−63.6
−65.1

Figure A2 shows a cartoon sketch of the orientation of the
MMS spacecraft with respect to the observed shock. These
viewpoints offer context for how the shock was oriented,
passed over and was observed by each of the four MMS
spacecraft, and some relative scale sizes (e.g., the spacecraft
separations with respect to thermal and suprathermal ion
gyroradii). The bottom portions of Figure A2 also show two
perspectives on how the observed shock was oriented with
respect to the local bow shock location, estimated based on the
MMS observations as described in the main text.
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Figure A1. |B| time series from each MMS spacecraft converted to distance along shock normal direction using t3(0) for all four spacecraft, i.e., instead of ti(0). This
conversion captures the expansion of the foreshock transient but does not align common features along this version of S.
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Figure A2. Sketches of the orientation and relative size scales of the foreshock transient shock and MMS spacecraft and the bow shock.
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Figure A3. Example of possible nonlinear wave decay on electron-kinetic scales. From top to bottom, the three panels show the magnetic ﬁeld vector in GSE (XYZ in
blue, green, and red) and magnitude (black), Bwave in GSE coordinates from the search-coil magnetometer, and Ewave in GSE coordinates from the electric ﬁeld double
probes. The middle panel shows approximately two wavelengths from an electromagnetic whistler-mode “lion roar” observed by MMS-2 in the downstream plasma
regime, while the bottom panel shows three large-amplitude electrostatic solitary waves.
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