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Abstract The terrestrial bow shock provides us with a unique opportunity to extensively investigate
properties of collisionless shocks using in situ measurements under a wide range of upstream conditions.
Here we report a statistical study of 529 terrestrial bow shock crossings observed between years 2001 and
2013 by the four Cluster spacecraft. By applying a simple timing method to multipoint measurements, we
are able to investigate their characteristic spatiotemporal features. We have found a significant correlation
between the speed of the bow shock motion and the solar wind speed. We have also compared obtained
speeds with time derivatives of locations predicted by a three-dimensional bow shock model. Finally, we
provide a list of bow shock crossings for possible further investigation by the scientific community.

Plain Language Summary The Sun is continuously emitting a stream of charged
particles—called the solar wind—from its upper atmosphere. The terrestrial magnetosphere forms the
obstacle to its flow. Due to supersonic speed of the solar wind, the bow shock is created ahead of the
magnetosphere. This abrupt transition region between supersonic and subsonic flows has been frequently
observed by the four Cluster spacecraft. Using a timing analysis, we have retrieved speed and directions
of the bow shock motion for a large number of crossings. We have correlated the bow shock speed
with the solar wind speed and predictions of the bow shock locations by the empirical model. A better
understanding of the bow shock kinematics may bring new insights to wave-particle interactions with
applications in laboratory plasmas.

1. Introduction
Collisionless shocks represent a special case of shock waves where the transition between the upstream and
downstream regions is present on a length scale much smaller than a particle collisional mean free path. The
terrestrial bow shock is formed by a continuous interaction between the supersonic solar wind and Earth's
magnetic field (Eastwood et al., 2015; Tsurutani et al., 2011). It has been intensively studied over the last few
decades from both theoretical and experimental standpoints (e.g., Parks et al., 2017, and references therein).
Spreiter et al. (1966) introduced an Magnetohydrodynamic (MHD) model of the interaction between the
solar wind and the magnetosphere. Since then, various models of the bow shock shape and location have
been developed (Farris & Russell, 1994; Formisano, 1979; Jeřáb et al., 2005; Merka et al., 2005; Peredo et al.,
1995). These models are statistically derived from large data sets of bow shock crossings and upstream solar
wind parameters.

Nemecek et al. (1988) studied bow shock dynamics using simultaneous measurements by the Prognoz 10
and IMP-8 spacecraft. They observed a correlation between the bow shock speed and deviations from the
modeled bow shock locations predicted by Formisano (1979). Šafránková et al. (2003) analyzed ∼130 bow
shock crossings observed by the Interball-1 and Magion-4 spacecraft pair—regardless of upstream parame-
ters, geometry, and 𝜃Bn (the angle of the upstream magnetic field to the bow shock normal)—and found that
the bow shock velocities in the spacecraft frame range from 0 to 100 kms−1, but a majority of them (78%) is
less than 40 kms−1.
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Figure 1. An example of a bow shock crossing observed on 19 March 2001. (a) The magnetic field magnitude and
(b) its first time derivatives are displayed for four Cluster spacecraft. The dashed color lines correspond to the shock
crossing times for a particular spacecraft.

Recent multipoint measurements recorded by the four Cluster spacecraft allow us to investigate spatiotem-
poral variations of the terrestrial bow shock under different upstream conditions for a long period of time.
We are listing several preceding studies that are dedicated to bow shock kinematics using a timing method
applied to Cluster observations hereafter. We note that bow shocks are classified as quasiperpendicular and
quasiparallel according to whether 𝜃Bn is greater or less than 45◦, respectively. Horbury et al. (2002) inves-
tigated 48 quasiperpendicular bow shocks from 2000 to 2001. They found that the bow shock speed in the
spacecraft frame is typically ∼35 kms−1. Maksimovic et al. (2003) studied a series of 11 consecutive bow
shock crossings observed on 31 March 2001 by Cluster. These bow shock oscillations were comparable with
the predictions by the Farris and Russell (1994) gasdynamic model. Meziane et al. (2014) investigated the
shape and motion of the bow shock based on 133 bow shock crossings. Meziane et al. (2015) analyzed
381 individual bow shock crossings between years 2000 and 2002. Using averaged solar wind conditions
during this period, they concluded that the ram pressure is a predominant parameter of the bow shock
dynamics.

Recently, Mejnertsen et al. (2018) performed global MHD simulations of bow shock oscillations from 31
March 2001 using the upstream data retrieved by the Advanced Composition Explorer (ACE) spacecraft.
This day was previously analyzed by Maksimovic et al. (2003). They found that the standard deviations of
the simulated bow shock motion are 17.7 and 26.6 kms−1 in the subsolar region (<45◦ from X axis) and the
flanks (>45◦ from X axis), respectively.

In this paper, we examine statistical properties of the terrestrial bow shock with a focus on its kinematics.
In section 2, we show an example of a bow shock crossing to demonstrate our analysis and a method of
bow shock crossing identification. In section 3, we investigate bow shock speeds and locations. Finally, the
summary and conclusions are listed in section 4.

2. Data Analysis
We have investigated a large number of bow shock crossings between years 2001 and 2015 observed by
the four Cluster spacecraft (Escoubet et al., 2001). During this period, the Cluster mission accumulated a
substantial set of multipoint measurements covering a wide range of the bow shock area under various
upstream conditions. For the bow shock identification, we primarily analyzed magnetic field and plasma
measurements recorded by the Flux Gate Magnetometer and Cluster Ion Spectrometry-Hot Ion Analyzer
(CIS-HIA) instrument, respectively (Balogh et al., 2001; Rème et al., 2001). The Cluster data were retrieved
from the Cluster Science Archive (Laakso et al., 2010). We have excluded from our analysis periods when
the ratio between the largest and smallest spacecraft separation distances was larger than 20, and temporal
differences between bow shock measurements at four spacecraft was smaller than 1 s.

As an example from our list of events, we show an analysis of a bow shock crossing from 19 March 2001 when
the four Cluster spacecraft were located at (13.4, − 1.1, 8.4)RE in the Geocentric Solar Ecliptic coordinate
system (1 RE = 6, 378 km). Figure 1a shows the magnetic field magnitude B with a time resolution of 0.2 s.
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Figure 2. (a)–(c) Cluster spacecraft locations in the GPE spherical
coordinate system. GPE = Geocentric Plasma Ecliptic.

We can identify an abrupt jump from 15 to 45 nT at approximately
23:46:15 UT detected by all spacecraft during their transition from
the solar wind to the magnetosheath. We also observe a characteris-
tic increase of magnetic field fluctuations in the downstream of the
bow shock. Variations in plasma parameters recorded by CIS-HIA con-
firm that the Cluster spacecraft crossed the bow shock at that moment
(abrupt jumps in both density and bulk speed; not shown here). Due to
instrumental issues, we used plasma measurements by Cluster-1 only to
retrieve upstream conditions. We used 5-min averages of the Flux Gate
Magnetometer and CIS-HIA data near the bow shock to quantify bow
shock properties. The upstream magnetosonic Mach number was 3 in
this case.

We use the timing method to determine bow shock normals and velocities
along these normals (Horbury et al., 2002; Schwartz, 1998). We assume
that a bow shock can be represented by a moving plane with a constant
velocity, when observed at closely separated four points in space and time.
With the information on a bow shock normal, we can also directly retrieve
𝜃Bn. For a precise identification of bow shock crossing times, we calculate
a numerical derivative of the magnetic field 𝛿B∕𝛿t (Figure 1b). We apply
the low-pass Butterworth filter at 0.55 Hz to improve the signal-to-noise
ratio of 𝛿B∕𝛿t. Next, we identify the maximum of 𝛿B∕𝛿t to retrieve times
ti and consequently locations (xi, yi, zi) of the bow shock crossing for each
spacecraft separately (denoted by dashed lines in Figure 1a). The bow
shock identification is done automatically within a preselected short time
interval (2 min in this case; 23:45:15–23:47:15). With this information, we
can solve the following equation:
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where (nSCx,nSCy, andnSCz) is the bow shock normal and vSC represents
the speed along this normal in the spacecraft frame. We used the sin-
gular value decomposition method to solve the overdetermined set of
equations (1). We note that previous studies employ timing analysis
method based on a determined linear system with a reference satellite
(Horbury et al., 2002; Maksimovic et al., 2003; Meziane et al., 2014, 2015).
In the case of the reference satellite, the inversion results depend on this
choice of the reference spacecraft. Using the overdetermined systems, we
treat all spacecraft contributions equally, and singular value decomposi-
tion provides us with robustness needed for this timing method.

The best solution for this example (in the sense of minimum sum of squares of differences) is nSC =
(−0.90, 0.01,−0.43) and vSC = 54.5kms−1. Next, we calculated an average speed vector of four Clus-
ter satellites vCL to correct our results to a spacecraft constellation speed. Then we obtain the bow
shock speed in the terrestrial frame vBS = nSCvSC − vCL. Finally, the bow shock normal n is
defined as vBS∕|vBS|. This way we retrieved the bow shock normal n = (− 0.91, 0.02, − 0.41) and
the speed along this normal vBS = 55.6kms−1 in the Geocentric Solar Ecliptic coordinate system
(i.e., in the terrestrial frame). By comparing the bow shock normal n with the magnetic field direc-
tion B in the upstream, we found that 𝜃Bn is equal to 84.96◦ confirming that the observed bow shock
is nearly perpendicular. We have also compared 𝜃Bn obtained with the timing method with those
obtained using the magnetic coplanarity (𝜃mc

Bn = 86.26◦) and the mixed mode (𝜃mm
Bn = 86.29◦) methods

(Abraham-Shrauner, 1972; Colburn & Sonett, 1966; Tsurutani & Lin, 1985). We conclude that variations
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Figure 3. Statistical study of the bow shock properties. (a) Distribution of
the bow shock speed vBS, (b) angle between the bow shock normal and the
magnetic field in the upstream 𝜃Bn, and (c) absolute value of relative spatial
bow shock model deviations. Red and green dashed lines denote mean and
median values, respectively.

between these three methods are negligible and below expected precision
of the timing analysis in this case.

3. Statistical Results
We have visually identified 1,943 bow shock crossing intervals observed
by the four Cluster spacecraft between years 2001 and 2015. Next, we have
analyzed only events with an abrupt change in the magnetic field mag-
nitude, when an automated determination of shock parameters could be
reasonably employed. This constraint results in 529 quasiperpendicular
and oblique bow shock intervals only to be included in this study, since
a precise identification of times of quasiparallel bow shock crossings is
not possible. These events occurred between years 2001 and 2013. We
performed the aforementioned analysis on this data set that represents
2,116 individual bow shock crossings as seen by each Cluster spacecraft
(i.e., 529 × 4 = 2, 116 events). Figure 2 shows Cluster spacecraft locations
in Geocentric Plasma Ecliptic (GPE) coordinate system in which the solar
wind velocity is purely radial (Merka & Szabo, 2004). We observed bow
shock crossings at radial distances from the Earth r ranging from 10 RE to
22 RE (Figure 2a). The cutoff at high radial distance is caused by the space-
craft apogee. Majority of our events were located below the ecliptic plane
(𝜃GPE < 0; Figure 2b). This asymmetry can be explained by the highly
elliptical spacecraft orbit with an inclination that preferentially covers
dayside bow shock regions below the ecliptic and magnetotail above the
ecliptic. However, we observed considerably more events on the dusk
side of the magnetosphere (𝜙GPE > 0; Figure 2c). It can be expected
due to a prevailing interplanetary magnetic field direction following the
Archimedean spiral (Parker, 1965) that favors a quasiperpendicular bow
shock to be located on the dusk side, while quasiparallel bow shocks
are more frequently observed on the dawn side of the magnetosheath
(Tsurutani & Rodriguez, 1981).

Figure 3a shows a distribution of the bow shock speed vBS. We have found
that the bow shock has a median speed of ∼20 kms−1, but the distribu-
tion of obtained values has a long tail, with 10% of cases above 63 kms−1.
Our results are comparable to previous statistical studies of Cluster obser-
vations performed by Horbury et al. (2002) and (Meziane et al., 1972,
2015). Surprisingly, we have not observed any significant variations of
vBS between periods of low and high solar activities (the sunspot num-
ber ranged from 0 in 2008 to ∼250 in 2001). However, differences in
the upstream conditions between solar maximum and solar minimum
lie essentially in the average values of the solar wind parameters, such
as the velocity or the interplanetary magnetic field strength, and in the
number of solar transients (e.g., Richardson & Cane, 2012). Generally,
during solar minima, coronal holes form long-lived corotating interaction
regions which are associated with highly fluctuating solar wind param-

eters (Tsurutani et al., 1995). Therefore, the absence of link with the solar cycle may only be due to the
fact that solar wind conditions are always dynamic and that the bow shock never reaches an equilibrium
position and continuously moves to adjust to changing upstream conditions. We calculated the bow shock
median speed for the subsolar region (16.87 kms−1) and the flanks (20.73 kms−1). However, when the speed
is normalized to the radial distance from the Earth, the variation between the subsolar regions and flanks
becomes negligible.

Figure 3b shows a distribution of the upstream 𝜃Bn. The majority of events in our data set can be classified
as quasiperpendicular bow shocks due to our constraint on abruptness of the magnetic field change. We do
not observe any correlation between the bow shock speed and 𝜃Bn. Note that 𝜃Bn uses the normal direction
calculated from timing of bow shock observations by four spacecraft and thus averaged over the time span
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Figure 4. Statistical study of the bow shock speed. (a) 2-D histogram of the number of events as a function of bow
shock speed and the solar wind speed. Solid and dotted lines denote median values and the 25th/75th percentiles,
respectively. A white dashed line shows a linear fit. (b)–(g) Histograms of bow shock speeds for six ranges of the solar
wind speed. Dashed and dotted red lines denote median values and the 25th/75th percentiles, respectively.

KRUPAROVA ET AL. BOW SHOCK 5



Journal of Geophysical Research: Space Physics 10.1029/2018JA026272

of observations and over their spatial separation. For this reason, we have calculated also local 𝜃mc
Bn and 𝜃mm

Bn
using Cluster measurements and compared their values with 𝜃Bn. We have found that median values of
|𝜃mc

Bn − 𝜃Bn| = 7.39◦ and |𝜃mm
Bn − 𝜃Bn| = 6.07◦. Since all three methods of a 𝜃Bn determination provide similar

results, we can conclude that the investigated shocks do not exhibit significant local surface deformation.
Our results suggest that the mixed method provides us with slightly more reliable results when compared
to the magnetic coplanarity method which is consistent with previous studies (Echer, 2018; Tsurutani &
Lin, 1985). We note that during large separation distances the effects of the bow shock curvature may affect
the bow shock normal direction estimated from the timing analysis. However, we obtained similar values
when we included only events with large spacecraft separation distances (>10,000 km, 75 events out of 529
or 14%): |𝜃mc

Bn − 𝜃Bn| = 8.21◦ and |𝜃mm
Bn − 𝜃Bn| = 5.61◦. We thus conclude that the consistency between the

timing method and the magnetic coplanarity and mixed methods is maintained even at very large spacecraft
separations.

In order to find how far is each particular bow shock crossing from the expected average position, we have
analyzed observed bow shock locations using a three-dimensional bow shock model by Merka et al. (2005).
This model is based on the set of approximately 550 bow shock crossings observed by 17 different spacecraft
between 1963 and 1980. The bow shock model relies on average bow shock positions: Multiple nearby bow
shock crossing positions were averaged into a single representative crossing. Therefore, its predictions tend
to represent the (quasi-)stationary (steady and/or slowly changing upstream parameters) bow shock better
than during rapid and significant changes in upstream conditions. It provides us a modeled radial distance
rm in a given direction defined by angles 𝜃GPE and 𝜙GPE parametrized by the upstream Alfvén Mach number
after normalizing for solar wind ram pressure. We have found that about a half of bow shock crossings are in
agreement with this model within a 10% accuracy (i.e., |r∕rm − 1| ≤ 0.1). The accuracy of 20% and 50% are
achieved in 78 % and 99% of cases, respectively. It indicates that the three-dimensional bow shock model by
Merka et al. (2005) predicts well the bow shock locations over a wide range of angles and various upstream
conditions.

We have compared the obtained bow shock speed with several solar wind parameters measured by Cluster-1.
We did not find any significant correlation with the upstream pressure, density, Alfvén Mach number, nor
with the magnetic field magnitude. The only parameter which seems to have a statistical influence on the
bow shock speed is the solar wind speed. Figure 4a shows a 2-D histogram of the bow shock speed versus
the solar wind speed. Our results suggest that the bow shock moves statistically faster during the periods of
faster solar wind (the median and the 25th/75th percentile values follow the positive trend). We have also
calculated a linear fit using obtained statistical parameters (a white dashed line in Figure 4a): |vBS| = (0.04 ±
0.01) × vSW + (1.31 ± 3.86). The Spearman correlation coefficient is 0.73 for this data set (median values).
Figures 4b–4g display histograms of the bow shock speed for the six solar wind speed bins from Figure 4a.
While we do not have many data points for the lowest and highest ranges (i.e., below 300 kms−1 and above
700 kms−1), a reliable coverage is achieved for the four speed ranges in between. Figures 4b–4g confirm that
the bow shock speed variation with the solar wind speed is statistically significant. This can be explained
by different properties of a fast solar wind originating in coronal holes, which has typically low plasma beta
leading to higher magnetosonic speeds. When the bow shock is compressed by some disturbance in the
upstream, the readjustment to equilibrium in a fast solar wind is more rapid due to the higher magnetosonic
speed in the upstream, when compared to the slower one. El-Alaoui et al. (2004) discuss the possibility that
the fast magnetosonic speed could be the upper limit of the bow shock speed during a magnetic cloud event.
We have found that 99% of bow shock crossings are indeed below the upstream fast magnetosonic speed.
However, we do not observe any significant correlation between the bow shock speed and the upstream fast
magnetosonic speed (not shown).

Similar plots of the bow shock speed dependence on the𝜙GPE angle revealed a faster motion of the flank bow
shock (not shown). Additionally, we found that the increase of the bow shock speed toward flanks is about
proportional to its mean standoff distance at a given local time. The differences between bow shock equilib-
rium (model) positions and its recorded locations also increase toward flanks (see, e.g., Merka et al., 2005),
suggesting that the bow shock speed could be correlated to the amplitude of its motion. The relative displace-
ment of the crossing from its model position provides an estimate of the amplitude of the shock motion. For
this reason, we have investigated a relation between the bow shock speed and a relative accuracy of the bow
shock model predictions (Figure 5a). The positive sign of vBS corresponds to the bow shock motion toward
the Earth and vice versa. We have also calculated a linear fit using obtained statistical parameters (a white

KRUPAROVA ET AL. BOW SHOCK 6



Journal of Geophysical Research: Space Physics 10.1029/2018JA026272

Figure 5. Statistical study of the bow shock speed and location. (a) 2-D histogram of the number of events as a function
of the bow shock speed and relative deviations between the observed bow shock radial distances and the modeled ones
by Merka et al. (2005). Solid and dotted lines denote median values and the 25th/75th percentiles, respectively. A white
dashed line shows a linear fit. (b)–(g) Histograms of bow shock speeds for six ranges of relative deviations between the
observed bow shock radial distances and the modeled ones. Dashed and dotted red lines denote median values and the
25th/75th percentiles, respectively. Yellow/green bins represent sunward/earthward bow shock motion.
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dashed line in Figure 5a): vBS = (0.62 ± 0.10) × (r∕rm − 1)% − (0.36 ± 0.62). The Spearman correlation coef-
ficient is 0.66 for this data set (median values). Figures 5b–5g show histograms of the bow shock speed for
the six ranges of the relative bow shock accuracy from Figure 5a. We have a reliable coverage of data points
in all bins suggesting that this variation is statistically significant. We have obtained a significant correlation
between these two parameters. In other words, the bow shock observed closer to the Earth than predicted
moves statistically faster toward the Sun and vice versa. We think that there can be two possible interpreta-
tions of these observations. The model predicts an equilibrium bow shock location. Large deviations of the
observed bow shock from predictions mean that the bow shock is far from the equilibrium due to an abrupt
change of upstream parameters. Our results thus directly confirm a suggestion of Nemecek et al. (1988)
that the bow shock speed is proportional to the magnitude of the jump in upstream conditions leading to
the bow shock motion. On the other hand, broadness of the histograms in Figures 5b–5g do not depend on
the separation between modeled and observed bow shock positions, whereas Nemecek et al. (1988) found a
completely irregular bow shock motion for large jumps of upstream conditions. We believe that our result
is more reliable because it is based on a precise determination of the bow shock speed and a direct mea-
surement of upstream parameters. Our results indicate that the bow shock motion is mostly driven by the
upstream conditions. We use the interplanetary magnetic field and solar wind parameters measured prior
to outward (positive bow shock speeds) and after inbound (negative bow shock speeds) bow shock cross-
ing. Providing that the bow shock motion is a consequence of an upstream pressure jump, we always use
the post-jump pressure for the model position. Our analysis shows that the bow shock moves in the direc-
tion toward the post-jump equilibrium location with the speed proportional to the relative deviation from
the model location (Figure 5). On the other hand, our results reveal that this model has a larger uncertainty
for faster moving bow shocks. It can be related to larger fluctuations of upstream parameters which lead to
bias in predicting the bow shock position. Obviously, such effect is proportionally smaller for slow to steady
bow shocks. We suggest that the bow shock speed can be taken into account as a weighting factor for a new
empirical bow shock location model.

4. Summary and Conclusion
We have performed the timing analysis of 529 terrestrial bow shock crossings observed by the four Cluster
spacecraft between 2001 and 2013 in order to derive their normals and velocities along these normals. We
demonstrate the data analysis using a bow shock detection from 19 March 2001 (Figure 1). Our measure-
ments have a reliable coverage of the bow shock locations (Figure 2). Median value of the bow shock speed
is 20 kms−1, but 10% of cases are found above 63 kms−1 (Figure 3a). Analyzed bow shocks are predomi-
nantly quasiperpendicular due to the selection criteria employed in the study (Figure 3b). Deviations of the
bow shock location from the Merka et al. (2005) three-dimensional bow shock model are about 10% in one
half of the cases (Figure 3c). We have found a significant correlation between the bow shock and solar wind
speeds (Figure 4). Relative deviations from the model bow shock location are correlated with the bow shock
speed with possible implications for improving bow shock location models (Figure 5). Finally, we provide
the bow shock list with retrieved speeds and normals as an Auxiliary material of this paper in JSON format,
that can be used for further investigation by the community (supporting information Data Set S1).
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