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Abstract We have investigated the dependence of shock parameters (speed vsh, normal bn, and angle θBn)
on the choice of upstream and downstream regions for 51 bow shock crossings inMagnetospheric Multiscale
(MMS) Fast Survey data. We summarize guidelines for selecting stream regions based on the magnetic
field and particle moments. Preferred upstream and downstream combinations were identified by
minimizing Rankine‐Hugoniot conservation errors. Comparing parameters from different
upstream/downstream combinations provided a measure of how stream region choices affect the
parameters. Shifting from the preferred stream region combination to another would cause <5° change in bn
for 90% of shocks, <15 km/s change in vsh of 70% of shocks, and <5° change in θBn for 84% of shocks. All
parameters would shift by more than their standard deviations σ. The most robust is bn, which would change
by <1σ for 22% and <3σ for 86% of shocks, while vsh is the least robust, changing by <3σ for only 12% of
shocks. We provide summary plots and detailed lists of parameters in the supporting information (also
available at https://doi.org/10.5281/zenodo.3583341).

1. Introduction

Early spacecraft observations of collisionless shocks, such as the Earth's bow shock, were limited by low data
sampling rates, which made it natural to concentrate on analysis of the macroscopic features and physics
(e.g., Formisano et al., 1973; Formisano et al., 1973; Formisano & Hedgecock, 1973; Kennel et al., 1985;
Leroy et al., 1982). As instrument technology has advanced, providing increasingly detailed data within
the shock transition, observational studies have expanded to include waves (e.g., Balikhin et al., 2005;
Breneman et al., 2013; Hobara et al., 2008; Hull et al., 2006, 2012; Lobzin et al., 2005; Oka et al., 2017;
Vasko et al., 2018; Walker et al., 2008; Wilson et al., 2014b; Wilson et al., 2017), electric fields (e.g., Bale
et al., 2005, 2008; Bale & Mozer, 2007; Balikhin et al., 2002; Dimmock et al., 2011, 2012; Formisano, 1982;
Hanson et al., 2019; Heppner et al., 1978; Hobara et al., 2010; Lefebvre et al., 2007; Scudder et al., 1986;
Scudder et al., 1986; Scudder, Mangeney, Lacombe, Harvey, Wu, et al., 1986; Walker et al., 2004; Wygant
et al., 1987), and nonstationarity and rippling (e.g., Burgess, 2006; Burgess & Scholer, 2007; Johlander
et al., 2016; Lobzin et al., 2007; Lowe & Burgess, 2003; Ofman & Gedalin, 2013a, 2013b; Winske & Quest,
1988). Missions that have been utilized for collisionless shock studies include International Sun‐Earth
Explorer (e.g., Sckopke et al., 1983), INTERSHOCK (e.g., Walker et al., 1999), Active Magnetospheric
Particle Tracer Explorer (e.g., Balikhin et al., 1999), Cluster (e.g., Artemyev et al., 2013; Bale et al., 2005;
Kis et al., 2013; Krasnoselskikh et al., 2013; Kruparova et al., 2019), Time History of Events and
Macroscale Interactions during Substorms (e.g., Hobara et al., 2010; Wilson et al., 2014a, 2014ab), Polar
(e.g., Bale & Mozer, 2007; Hull et al., 2006, 2012), and Wind (e.g., Wilson et al., 2012; Wilson et al., 2017),
among others. Whether a given study inclines more to the macroscopic or the microscopic view, situating
a given shock within the context of previous work still involves estimation of average plasma parameters
before and after the shock, in the so‐called upstream and downstream regions.

Identification of the upstream and downstream regions in an idealized theoretical context, or even in a self‐
contained simulation environment, is a relatively straightforward matter. From an observational perspec-
tive, the low sampling rates of measurements used in early studies necessitated averaging over long periods
of minutes before and after the shock (e.g., Formisano, Hedgecock, et al., 1973; Newbury et al., 1998).
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Advances in spacecraft measurement technology have resulted in sophisticated measurements at much
higher cadences, with the curious consequence that identifying data appropriate for the upstream and
downstream averages can be a dilemma. Kennel et al. remarked that analysis of jump conditions using
the Rankine‐Hugoniot (RH) relations required choosing two states “separated by a distance greater than
the longest dissipative scale length” (1985), while Viñas and Scudder noted that no standard procedure
existed for selecting data representative of the upstream and downstream states (1986).

In this paper we endeavor to collect and articulate some of the common wisdom behind such choices. We
then put these guidelines into practice by selecting four possible combinations of upstream and downstream
regions for each of a set of 51 shocks observed by theMagnetospheric Multiscale (MMS)mission. By compar-
ing the shock parameters derived from different combinations of upstream and downstream regions, we
seek to estimate the reliability of the parameters as well as the possible consequences of choosing different
stream regions.

This report is organized as follows. In section 2, we provide a description of the MMS data used in our cal-
culations. In section 3, we explain the RH analysis method whereby we obtained the shock geometry and
parameters. In section 4, we give a general guide to selecting the boundaries of the upstream and down-
stream regions with respect to features seen in the summary data. In section 5, we describe the metrics we
used to probe the quality of the results. In section 6, we comment on the shocks comprising the database. In
section 7, we summarize the performance of our RHmethod on the shock database and present our conclu-
sions. Summary plots and detailed parameter tables for each shock are provided in the supporting informa-
tion (also available at https://doi.org/10.5281/zenodo.3583341).

2. Data

Our database consists of 51 bow shock crossings recorded by the MMS mission. MMS is made up of four
spacecraft launched in March 2015 to orbit the Earth in a 3‐D tetrahedral configuration, with

Table 1
Characteristics in Summary Data That Can Guide the Selection of Appropriate Upstream and Downstream Regions for a Shock Observation

Upstream Downstream

∣B∣ We want to see a smooth, nearly flat approach to the ramp.
Small fluctuations are unavoidable and generally innocuous,
but one should avoid plateau‐like formations. Subjectivity enters here
in judging how high is too high for such a plateau.
The gradual increase in ∣B∣ preceding the ramp,
that is, the foot, should also be excluded when visible.

Large‐amplitude fluctuations in |B| are normal, but if
they appear periodic, they may be wave‐like activity rather
than random oscillations. Periodic structures indicate that the
plasma has not yet reached an equilibrium downstream state.
Identifying, and avoiding, any overshoot and undershoot is
likewise not always simple, whence arises some of the value of
comparing multiple downstream options.

B The individual components of B should exhibit a
smooth, flat approach to the ramp.

Any obvious, sustained rotation is to be avoided.

Density The ion and electron densities should be smooth
and flat while nearing the ramp.

The ion and electron densities should have stabilized
into a comparatively flat signal after the ramp.
During the overshoot or undershoot, they may
continue to rise or fall slowly; this remains a
region to avoid.

Energy flux The ion energy flux is particularly useful for
refining the allowed boundaries of the upstream
region. In the upstream, we want to see only the
steady, comparatively narrow beam of the incoming
solar wind. Features to watch out for and exclude are
any significant population outside the solar wind beam
energy range preceding the ramp, such as reflected
ions. A similar caveat applies to the electrons,
but this is rarely an issue.

The ion energy flux should settle into a broader
signal, but concentrated populations of higher‐ or
lower‐energy ions may be visible near or immediately
after the ramp. These will often appear correlated
with irregular behavior in the temperature or density
data but not necessarily with the magnetic field data,
which is why it is important and useful to include
the particle moments when establishing upstream
and downstream boundaries.

Temperature The ion and electron parallel and perpendicular temperatures should be
flat and steady for an extended period preceding the ramp. However,
irregularities rarely occur in isolation: temperature enhancements
ahead of the ramp often accompany nonsolar‐wind populations
in the ion energy flux.

The remarks about the densities are relevant
to the ion and electron temperatures, whose
behavior may appear erratic for a
little while after the ramp.
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interspacecraft separations on the order of tens of kilometers (Fuselier et al., 2016). The elliptical orbit
remains within 25° of the ecliptic plane, with an early apogee of ~12 RE that was later increased to 25 RE

(Fuselier et al., 2016). Originally designed to probe reconnection physics in the vicinity of the Earth, the
MMS mission has yielded a rich abundance of high‐resolution data that lends itself well to probing other
physics (Burch et al., 2016). We selected shock events by their magnetic field magnitude variation, and
the majority of them (48 shocks or ~94%) are reasonably robust, with a few exceptions we retained for the
sake of curiosity. The particle moments were gathered by the Fast Plasma Instrument (Pollock et al.,
2016), while the magnetic field measurements were taken by the Fluxgate Magnetometers (Torbert et al.,
2016). In order to ensure that we had ample flexibility in our choice of upstream and downstream regions
for each shock, we limited ourselves to the Fast Survey particle moments (4.5 s resolution) and magnetic

Figure 1. Summary data from MMS1 for two shocks: 3 February 2018 (left) and 06 December 2016 (right). Each shock includes the following panels from top to
bottom: magnetic field magnitude, magnetic field vector, ion velocity, electron velocity, ion and electron density, ion parallel and perpendicular temperatures,
ion energy flux, electron parallel and perpendicular temperatures, and electron energy flux. Vertical blue (red) lines indicate the two chosen upstream
(downstream) regions, which are adjacent and nonoverlapping. The 3 February 2018 (left) shock shows a good example of a foot in the magnetic fields,
accompanied by gradients in the particle moments, a strong enhancement in the ion perpendicular temperature, and the presence of an ion energy flux population
distinct from and having higher energy than the incoming solar wind. The upstream regions were selected ahead of all these features. After the ramp, the
magnetic fields, particle densities, and electron temperatures of the same shock show an overshoot that overlaps with an enhanced population of high‐energy ions.
It is less clear where the plasma has returned to its new, downstream equilibrium, but the downstream time ranges were selected to avoid the most salient
features of the ramp and overshoot. In the 6 December 2016 (right) data, upstream phenomena are not so prolonged, and the upstream time regions may be situated
closer to the ramp observation. However, fluctuations in the downstream magnetic field look much more likely to be oscillations in this case, so the downstream
regions were chosen after these oscillations fade into a more chaotic signal.
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field data (62.5 ms resolution). Burst data are available for 24 of the 51 shocks, with ion moments at 150 ms,
electron moments at 30 ms, and magnetic field vectors at 8 ms (Pollock et al., 2016; Torbert et al., 2016).

3. Rankine‐Hugoniot Solution Method

The observations from each spacecraft, for each shock, were handled independently. Estimation of the shock
parameters required the magnetic field vector dynamics, particle velocity moment vector, and particle den-
sity. We processed the electron velocity and density, because solar wind electrons form a more isotropic dis-
tribution than the beam‐like solar wind ions and thus can be measured with greater reliability by
electrostatic analyzers (Hanson et al., 2019).

The cadence of the electron moments (4.5 s) is longer than that of the magnetic field vectors (62.5 ms). Two
adjacent groups of 1,000 time stamps (62.5 s each) were then chosen from the upstream side of the shock and
also the downstream side. Thus, there were four combinations of upstream and downstream regions. For a
given combination of upstream and downstream time intervals, the magnetic field minimum variance ana-
lysis normal and the Slavin and Holzer (SH) model (Slavin & Holzer, 1981) normal were computed for com-
parison with the RH result. All these methods of shock normal estimation are meticulously described by
Schwartz in a chapter about shock geometry and parameters (Schwartz, 1998). For the cases we processed,
the normals obtained from minimum variance analysis were similar to those derived from RH analysis. A
limited search area, with angular resolution of 1° in azimuth and polar angles, was defined in order to lessen
the risk that both orientations of the shock normal would be present within the search area, as this could
introduce problematic ambiguity.

For each shock, each spacecraft, each combination of upstream and downstream intervals, and each possible
pair of Geocentric SolarMagnetospheric (GSM) azimuth and polar angles in the search area, a normal vector
was defined by the direction of the given azimuth and polar angle pair. The shock speed vsh for each of 100
ensembles at a given azimuth and polar angle pair was computed from the continuous normal flow con-
straint. We checked the conservation of magnetic field and transverse momentum flux across the shock sur-
face, but we omitted the transverse electric field (from the cross product of velocity and magnetic field)
because it yielded poorly defined minima.

The errors in conservation were normalized by averages taken across both upstream and both down-
stream regions: Errors due to the magnetic field were normalized by the average magnetic field magni-
tude, while errors due to momentum flux were normalized by the sum of the average ion kinetic
energy and magnetic energy. The normalized errors were rescaled to range between 0 and 1 and then
added to yield a total error.

Figure 2. Magnetic field magnitude (top panels) and vector components (bottom panels) fromMMS1 for the same two shocks shown in Figure 1: 3 February 2018
(left) and 6 December 2016 (right). In both plots, the bottom panel presents the magnetic field vector in a coordinate system defined by the shock normal (red) and
the average upstream magnetic field component perpendicular to the shock normal (blue). The third component (green) completes the right‐handed triad.
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The average normal vector and shock speed for the ensemble was determined by identifying the minimum
total error using the averages over the entire upstream and downstream ranges. With these two critical
pieces of information—the shock normal and shock speed—we determined other shock and plasma para-
meters of interest for each pair of upstream and downstream regions, for each spacecraft, and for each shock.

4. Setting Initial Boundaries for Appropriate Stream Times

In order to choose upstream and downstream boundaries, we examined a plot of time series data with the
following panels: magnetic field magnitude, magnetic field vector, ion and electron density, ion energy flux,
ion parallel and perpendicular temperature, electron energy flux, and electron parallel and perpendicular
temperature. For most, but not all, shocks in our database, the ramp was observed within fractions of a

Figure 4. (a, b) Histograms showing the distribution of Alfvén Mach number (a) and downstream‐to‐upstream magnetic field compression ratio (b) for the full
database of 51 shocks. The Alfvén Mach number is calculated in the normal incidence (NI) frame for all ions in the solar wind beam. (c, d) Scatter plots showing
shock angle versus local time (c) and magnetic field compression ratio versus Alfvén Mach number (d).

Figure 3. GSE x and y coordinates of observed bow shock crossings, in units of Earth radii. In the left panel, symbol colors indicate the angle θBn between the
shock normal and the average upstream magnetic field (dark blue: 60–90°, green: 40–60°, and red: 0–40°). In the center panel, symbol colors indicate the
maximum angle of deviation between the SH model normal and the preferred RH normals for each MMS probe (dark blue: 0–10°, green: 10–20°, and red: 20–90°).
In the right panel, symbol colors indicate the standard deviation of the preferred RH normals for the four MMS probes (dark blue: 0–2°, green: 2–4°, and red: 4–20°).
Larger discrepancies between the normals of each probe may indicate nonstationarity or rippling in the shock.
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second by all four spacecraft. In the event that the shock ramp observations do not coincide, special care
must be taken to select upstream or downstream boundaries suitable for the individual spacecraft data.

In the upstream and downstream regions alike, there are certain features that should be captured or avoided.
These features are summarized in Table 1, while examples of the phenomena described are shown in
Figure 1.

5. Algorithm and Metrics

In order to designate the preferred upstream and downstream combination, we judge the RH conservation
error from the magnetic field and the momentum flux. For each probe, the RH conservation errors corre-
sponding to the four upstream and downstream range combinations were compared. The minimum error
and the maximum standard deviation were both identified; all errors within one standard deviation of the
minimumwere identified as contenders to be preferred for that probe. The number of preferred designations
for each upstream/downstream combination (0 if it was not a contender for any probe, or 4 if it was a can-
didate for all probes) were then compared and the maximum number of preferred designations identified.
Two scenarios were possible:

1. Only one upstream/downstream combination had the maximum value, which was at least 2, indicating
that two or more spacecraft were in agreement as to the preferred upstream/downstream combination.

2. Two or more upstream/downstream combinations had the maximum value. Of these competing pre-
ferred combinations, the one chosen was the one that most closely sandwiched the shock ramp (near
upstream and near downstream, if available). In the event that the only two viable preferred options were
the near/far and far/near combinations, the preferred option was the one with the near upstream.

In this way we attempted to establish preferred upstream and downstream regions for each shock. The
shock‐normal magnetic field component can be seen in Figure 2, which shows the magnetic field magnitude
and vector for the same shock crossings as in Figure 1. Here, the components of the magnetic field vector are
defined by the shock normal direction and the average upstream magnetic field perpendicular to the shock
normal, with the third component chosen to complete the right‐handed triad. The normal magnetic field
component stays roughly constant (on average) during the shock crossing, which indicates good estimation
of the shock normal direction. Thereafter it was necessary to estimate the robustness of each shock, which
we did using the shock velocity vsh, θBn, and normal deviation angle. For the shock speed vsh and θBn, we first
computed the average of the absolute differences between the parameter value for the preferred stream

Table 3
The Average Change in Parameters Between the Preferred Stream Combination and the Other Combinations

Average differences

Shock normal bn

<2° 2–3° 3–5° >5°
47.1% 29.4% 13.7% 9.8%
Shock speed vsh
<5 km/s 5–10 km/s 10–15 km/s >15 km/s
11.8% 35.3% 23.5% 29.4%
Shock angle θBn
<2° 2–3° 3–5° >5°
43.1% 17.6% 23.5% 15.7%

Table 2
Standard Deviation of Shock Parameters for the Preferred Stream Region Combinations

Standard deviations

Shock normal bn Shock speed vsh Shock angle θBn

<3° >3° <10 km/s >10 km/s <2° >2°
90.2% 9.8% 94.1% 5.9% 96.1% 3.9%
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combination and the parameter value for the other combinations. The average difference in the normal was
estimated by averaging the deviation angle between the normal vector of the preferred upstream and down-
stream regions and the normal vector of the other stream region combinations. The robustness of any given
parameter was taken to be the average difference normalized by the corresponding standard deviation.

6. Description of Results and Database

We selected 51 bow shock crossings observed by MMS between September 2015 and March 2018. The
vast majority of shocks selected are quasi‐perpendicular. All bow shock crossing locations are shown in
Figure 3, where the symbols are color coded by the angle θBn between the shock normal and the aver-
age upstream magnetic field (left panel), by the maximum angular separation between the SH normal
and the preferred RH normals for the four probes (center panel), and by the standard deviation between
the probes' preferred RH normals (right panel). The distribution of all shocks is illustrated in Figure 4,
where the histograms on the left show the spread of Alfven Mach number (Figure 4a) and the
downstream‐to‐upstream ratio of the magnetic field (Figure 4b). The scatter plots on the right show
shock angle plotted against local time (Figure 4c) and the magnetic field compression ratio plotted ver-
sus Alfvén Mach number (Figure 4d).

In Table A1 of the appendix, we summarize some basic parameters for each shock. More detailed parameter
tables and a summary plot of each shock are given in the supporting information (also available at https://
doi.org/10.5281/zenodo.3583341).

7. Discussion and Conclusions

The values of the parameters are of secondary interest to us in this case; we are most interested in assessing
the robustness. In Tables 2–4, we have assembled a breakdown of the shock statistics by the standard devia-
tion, average differences, and normalized differences for key parameters. The standard deviations are con-
sistently low throughout the database; they are summarized in Table 2. The standard deviation in the
normal vector is less than 3° for 90% of shocks in the database, while for over 90% of shocks, the standard
deviation in the shock speed is less than 10 km/s. The standard deviation in θBn is less than 2° for over
95% of the database. These standard deviations result solely from the analysis and do not account for experi-
mental or instrumental sources of error.

In Table 3, the average difference thresholds are expressed in the dimensions of each parameter, represent-
ing the average shift to be expected from switching from the preferred stream region combinations to any
other combination. The parameters of most shocks in the database would exhibit only modest differences
if a different combination of stream regions were chosen: 90% of all shocks would experience less than 5°
change in the normal vector, 71% would experience less than 15 km/s change in speed, and 85% would
experience less than 5° change in shock angle.

We gain an alternative understanding by normalizing the average differences of each shock's parameters by
their respective standard deviations σ, as shown in Table 4. From this perspective, it is apparent that the
amount by which each shock's parameters might change are generally larger than the standard deviation,
suggesting that, small absolute differences notwithstanding, a shift of the upstream and/or downstream
regions produces a parameter profile that is separate and distinct. This effect is least pronounced in the case
of the normal, which would remain within 1σ for 22% of shocks and within 3σ for 86%. Only 8% (60%) of
shocks exhibit less than 1σ (3σ) change in θBn. The least robust parameter is the shock speed: 78% of

Table 4
The Average Change in Parameters Between the Preferred StreamCombination and the Other Combinations, Normalized by
the Corresponding Standard Deviation of Each Individual Shock

Normalized average differences

<1.0 1.0–2.0 2.0–3.0 >3.0

Shock normal bn 21.6% 49.0% 15.7% 13.7%
Shock speed vsh 3.9% 11.8% 5.9% 78.4%
Shock angle θBn 7.8% 37.3% 15.7% 39.2%
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shocks would change bymore than 3σ if the upstream and/or downstream regions were shifted. The amount
of robustness required in any given parameter depends on the intended topic of study.

Because the angular resolution of the possible normals in the RH analysis is 1°, the standard deviation in the
normals must be at least 1° as well. That such a high proportion of the database has low standard deviations
(less than 3° for the normal, less than 10 km/s for the speed, and less than 2° for the shock angle) provides a
reassuring testimonial to the utility of RH analysis for our purposes. Of greater interest in the context of this
paper are the consistently low average differences in all parameters across the database, which indicate that
little change is to be expected from selecting different preferred stream regions for the majority of shocks in
the database. While this is reassuring, some visual attention is still required when designating boundaries for
upstream and downstream regions, and the strategy outlined in Table 1 may be helpful. Having chosen a
shock for further study, performing RH analysis on an ensemble of randomly chosen points will typically
yield parameters that are self‐consistent within reasonably small errors. Instrumental and systematic effects
must be taken into account separately, while comparison of a few stream region combinations helps not only
to identify optimal upstream/downstream combinations but also to confirm the robustness of the para-
meters. Given that our database is strongly skewed toward quasi‐perpendicular shocks, it could be interest-
ing to repeat a similar investigation on a set of quasi‐parallel shocks.

Appendix A

Table A1 presents asummary of basic parameters obtained by performing RH analysis on the preferred
upstream and downstream regions for each shock in our database.

Table A1
Summary of Parameters for the Preferred Upstream and Downstream Combination for Each of the 51 Shocks

Shock time

bn GSM RH αRH,SH 〈vsh〉 〈θBn〉 Normalized differences

N/A (deg) (km/s) (deg) bn vsh θBn

2015‐10‐07/12:07:12 (0.888, 0.328, −0.321) 5.0 12.7 ± 1.7 73.6 ± 1.0 1.347 3.364 1.347
2015‐10‐21/10:52:50 (0.951, 0.189, −0.246) 4.8 11.6 ± 1.9 83.5 ± 1.0 1.360 15.752 2.751
2015‐11‐03/09:19:58 (0.998, −0.009, 0.070) 8.4 140.4 ± 3.9 38.8 ± 1.0 2.090 3.427 1.244
2015‐11‐13/13:58:25 (0.977, 0.116, −0.178) 8.8 4.5 ± 1.7 80.8 ± 1.0 1.523 11.078 2.724
2015‐11‐29/11:31:48 (0.990, 0.087, −0.109) 1.8 9.5 ± 1.7 82.6 ± 1.0 1.684 2.465 1.470
2015‐12‐10/05:25:39 (0.994, −0.091, −0.052) 1.3 8.9 ± 1.3 87.0 ± 1.0 0.881 15.856 1.221
2015‐12‐20/00:04:56 (0.966, −0.214, −0.143) 6.2 142.2 ± 2.1 74.7 ± 1.0 1.020 12.164 1.206
2015‐12‐20/00:24:57 (0.969,−0.197,−0.148) 6.8 20.1 ± 1.6 76.0 ± 1.0 0.958 5.038 5.390
2015‐12‐20/01:24:53 (0.988, −0.152, −0.031) 6.5 32.5 ± 1.6 74.2 ± 1.0 1.276 3.484 1.813
2015‐12‐22/07:14:44 (0.989, −0.130, −0.065) 3.3 74.5 ± 1.3 59.4 ± 1.0 1.701 16.016 3.403
2015‐12‐28/05:07:17 (0.995, 0.022, −0.096) 14.3 −24.0 ± 1.1 81.4 ± 1.0 5.153 10.166 3.247
2016‐11‐09/12:58:05 (0.971, 0.193, −0.139) 9.6 −20.5 ± 1.2 84.1 ± 1.0 6.763 13.566 5.101
2016‐12‐05/12:46:10 (0.969, 0.228, −0.096) 4.8 4.4 ± 1.5 75.9 ± 1.0 0.736 3.597 1.356
2016‐12‐06/11:18:04 (0.996, 0.091, 0.017) 5.7 30.2 ± 1.6 80.7 ± 1.0 2.535 7.338 5.055
2016‐12‐06/12:04:27 (0.993, 0.100, 0.061) 6.3 256.5 ± 3.8 89.4 ± 1.0 1.338 12.246 2.112
2016‐12‐07/15:16:26 (0.941, 0.338, −0.031) 2.2 −2.4 ± 1.4 72.7 ± 1.0 2.207 4.730 1.652
2016‐12‐09/10:43:20 (0.992, 0.117, 0.035) 2.4 −10.7 ± 1.9 82.6 ± 1.0 1.609 13.887 3.691
2016‐12‐17/12:06:48 (0.980, 0.199, −0.009) 1.5 0.7 ± 1.0 52.0 ± 1.0 2.561 4.333 2.038
2016‐12‐31/06:08:33 (0.998, −0.057, 0.004) 1.3 34.5 ± 6.0 37.9 ± 1.0 1.826 11.725 9.643
2016‐12‐31/12:39:33 (1.000, 0.004, 0.031) 4.9 38.9 ± 1.1 63.8 ± 1.0 3.128 17.829 1.565
2017‐01‐18/05:38:50 (0.990, −0.117, 0.074) 7.2 25.0 ± 1.4 73.6 ± 1.0 3.345 14.581 11.030
2017‐10‐03/20:34:57a (0.923, 0.382, −0.052) 16.9 −110.5 ± 2.7 79.3 ± 1.0 2.268 3.803 2.566
2017‐10‐03/20:52:30a (0.876, 0.481, −0.044) 11.4 −83.6 ± 2.9 82.6 ± 1.0 1.508 3.619 1.011
2017‐10‐09/18:13:51a (0.811, 0.584, 0.035) 7.2 −59.6 ± 4.2 57.4 ± 1.0 1.661 1.772 4.043
2017‐10‐09/19:04:23 (0.805, 0.590, −0.052) 6.0 −48.1 ± 2.9 79.0 ± 1.0 1.405 2.516 3.168
2017‐10‐09/19:54:30a (0.824, 0.566, 0.009) 8.5 −75.1 ± 3.5 86.1 ± 1.0 0.824 2.036 1.334
2017‐10‐09/21:32:54a (0.827, 0.563, 0.004) 9.4 −45.7 ± 3.1 81.9 ± 1.0 1.033 3.207 4.543
2017‐10‐10/08:11:53a (0.860, 0.486, −0.156) 13.9 −87.1 ± 3.5 78.3 ± 1.0 1.020 4.303 7.964
2017‐10‐13/03:08:10a (0.789, 0.611, −0.065) 6.7 −81.2 ± 4.5 73.4 ± 1.0 0.922 1.991 2.696
2017‐10‐18/01:39:37a (0.893, 0.441, −0.087) 10.0 −59.8 ± 2.6 82.2 ± 1.0 1.705 4.124 4.769
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Table A1
(continued)

Shock time

bn GSM RH αRH,SH 〈vsh〉 〈θBn〉 Normalized differences

N/A (deg) (km/s) (deg) bn vsh θBn

2017‐10‐19/00:56:54 (0.880, 0.473, 0.044) 15.8 −87.6 ± 2.6 72.1 ± 1.0 0.874 1.319 2.982
2017‐10‐24/20:03:13 (0.761, 0.558, 0.330) 15.7 279.1 ± 3.8 76.3 ± 1.0 3.288 10.062 3.090
2017‐11‐02/04:26:45 (0.903, 0.430, −0.009) 11.3 −49.3 ± 3.1 68.6 ± 1.0 0.650 1.871 1.193
2017‐11‐02/08:29:22 (0.899, 0.400, −0.178) 13.7 −5.1 ± 2.8 84.8 ± 1.0 1.965 5.020 4.271
2017‐11‐14/19:57:09 (0.958, 0.279, −0.070) 8.9 36.9 ± 2.3 70.4 ± 1.0 3.382 5.465 1.972
2017‐11‐25/01:26:12 (0.945, 0.321, 0.061) 9.0 −23.4 ± 1.9 77.6 ± 1.0 2.033 7.391 4.653
2017‐11‐25/23:40:01 (0.900, 0.183, −0.395) 28.9 5.6 ± 6.8 67.9 ± 2.4 0.116 0.353 0.783
2017‐11‐28/18:00:56 (0.988, 0.156, 0.013) 4.2 −18.1 ± 1.2 81.7 ± 1.0 0.583 6.254 0.248
2017‐12‐23/10:44:52 (0.963, 0.267, 0.035) 8.4 −4.8 ± 1.3 75.0 ± 1.0 2.226 4.046 1.678
2017‐12‐26/22:09:12 (0.986, −0.161, 0.035) 2.4 −7.7 ± 1.1 78.6 ± 1.0 1.614 8.871 3.992
2017‐12‐31/22:09:33 (0.910, 0.331, 0.250) 3.7 19.2 ± 1.7 77.7 ± 1.0 1.269 3.967 1.924
2018‐01‐12/03:22:34 (0.986, 0.052, 0.156) 5.4 −23.7 ± 1.7 86.2 ± 1.0 1.976 4.370 1.414
2018‐01‐18/11:50:38 (0.964, −0.254, 0.074) 3.4 −7.8 ± 1.3 88.5 ± 1.0 1.416 10.142 5.046
2018‐02‐03/19:28:55 (0.987, −0.052, 0.152) 1.5 −8.7 ± 1.4 89.4 ± 1.0 1.121 4.154 0.599
2018‐02‐07/06:50:30 (0.945, −0.325, −0.022) 10.1 −41.9 ± 1.8 72.1 ± 1.0 1.256 4.782 1.905
2018‐02‐09/09:18:58 (0.969, 0.042, 0.242) 7.5 −11.2 ± 1.4 58.0 ± 1.0 4.665 4.615 2.598
2018‐02‐10/01:00:58 (0.887, −0.452, −0.092) 1.9 −13.8 ± 2.0 85.2 ± 1.0 1.720 1.581 1.744
2018‐02‐12/20:02:14 (0.899, −0.419, −0.131) 7.9 −42.6 ± 18.6 80.6 ± 13.5 0.362 0.622 0.161
2018‐02‐14/23:48:09 (0.978, −0.094, 0.187) 7.6 −14.8 ± 1.4 77.5 ± 1.0 0.886 3.292 1.849
2018‐03‐01/01:43:11 (0.977, −0.163, −0.139) 12.6 −8.5 ± 1.3 65.4 ± 1.0 2.139 9.417 3.767
2018‐03‐13/04:52:28 (0.536, 0.773, 0.338) 82.1 −188.6 ± 2.1 74.8 ± 1.4 1.456 1.764 6.277

Note. Columns from left to right hold the shock time; the GSM components of the RH normal, averaged over the four
spacecraft; angle between the RH and SH normals; shock speed; shock angle θBn; and normalized differences of the
normal, shock speed, and shock angle expressed in units of the standard deviations of each parameter. Dates in the first
column are formatted as YYYY‐MM‐DD.
aThe ramp observation time for the four spacecraft differs by more than a few seconds.
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