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ABSTRACT

As fast forward interplanetary (IP) shocks travel outward in the IP medium, they might encounter planetary bow shocks (BSs) and
then propagate into the magnetosheath. The interaction of an IP shock with a BS could create a new discontinuity, which has been
predicted by theory and simulations, and commonly observed at Earth. Nevertheless, it is still uncertain whether such a phenomenon
occurs at unmagnetized planets like Mars. Here, we present the first experimental observation of a discontinuity-like structure that
follows a transmitted IP shock within the Martian magnetosheath. This event was recorded by the MAVEN spacecraft on March 3,
2015. The comparison of spacecraft measurements with theoretical studies indicates that the discontinuity-like structure is a compound
structure in nature, composed of the slow expansion wave, contact discontinuity, and slow shock, launched by the interaction of a fast
IP shock with the Martian BS. The results shed light on the similarities between magnetized and unmagnetized planets in response to
the passage of IP shocks.
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1. Introduction
When the supersonic solar wind interacts with a planetary obsta-
cle, a bow shock (BS) forms in front of the planetary obstacle.
The BS serves to slow down the flowing solar wind from super-
sonic to subsonic and to heat it. The nature of the obstacle
can be very different, depending upon whether the planet has
a sufficiently large intrinsic magnetic field or a dense enough
ionosphere (Barabash 2012). In the case in which the planet
posseses a strong dipole magnetic field (e.g., Mercury, Earth,
and all giant planets), the dipole field is subject to the solar
wind flow, resulting in the formation of a cavity called the
magnetosphere (Blanco-Cano et al. 2004). The shocked solar
wind flow is deflected around the magnetosphere by the plan-
etary magnetic field and the currents induced by the solar wind
interaction (Ganushkina et al. 2018). The boundary between the
magnetosphere and the surrounding solar wind is the magne-
topause. The region between the BS and the magnetopause is
the magnetosheath. In the case in which the planet has no intrin-
sic global magnetic dipole and but a well-developed ionosphere
(e.g., Venus and Mars), the ionosphere presents the primary
obstacle to the solar wind flow. The resulting interaction induces
electric currents in the ionosphere, which create magnetic field
and then provide sufficient magnetic pressure to slow and deflect
the solar wind, leading to the formation of an induced mag-
netosphere (Intriligator & Smith 1979; Ramstad et al. 2020).
It should be emphasized here that Mars possesses a remnant
crustal magnetic field located mostly in the southern hemisphere
(Acuna et al. 1998, 1999), which adds a complex obstacle to
the solar wind flow. The transition between the interplanetary
(IP) magnetic field and induced magnetic field dominance is
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referred to as the induced magnetosphere boundary, analogous
to the magnetopause in intrinsic magnetospheres. The region
between the BS and the induced magnetosphere boundary is the
magnetosheath.

The size of the planetary obstacle largely determines the size
of the BS relative to the planet. Mars is much smaller and located
at a larger heliocentric distance in comparison to Earth. The
BS at Mars is correspondingly smaller than the one at Earth.
The Earth’s magnetosheath has a scale much greater than solar
wind ion scales. In contrast, the Martian magnetosheath is of
a smaller spatial extent, with a thickness that is comparable to
the gyroradius of the protons (normally about 1000 km) and a
lateral scale only an order of magnitude greater (Halekas et al.
2017a). Specifically, at the subsolar region, the thickness of the
Martian magnetosheath is about 0.38 RM (RM ∼ 3400 km is
the Mars radius); at the terminator region, it is about 2500 km
(Dubinin et al. 1993, 1995). The flowing solar wind could not be
fully thermalized in a much shorter distance downstream from
the Martian BS (Moses et al. 1988). In addition to the small
size, the Martian magnetosheath has other complicating factors
that are not present at Earth. For instance, owing to the weak
Martian gravity, the Martian BS and magnetosheath is immersed
in a dense and extended neutral exosphere. Both heavy ions
(e.g., O+) and cold protons of exospheric origin can modify
the overall ion dynamics within the magnetosheath. Significant
mass-loading of pickup ions takes place within the magne-
tosheath. Moreover, the BS and the magnetosheath structure
could be further complicated by the presence of strong crustal
magnetic fields (Brain et al. 2005).

As fast forward (FF) IP shocks travel outward in the IP
medium, they might encounter planetary BSs. In theory, the
Rankine-Hugoniot jump conditions on discontinuity given by
the contact line of two interacting shock fronts are not satis-
fied. This discontinuity splits up immediately into an ensemble
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of other discontinuities or self-similar waves (Akhiezer 1975).
The solution could be a combination of several discontinuities
and rarefaction waves. Numerous simulation and observational
studies have been devoted to the interaction of an IP shock with
the Earth’s BS. It has been established that a FF IP shock pass-
ing through the Earth’s BS can create a new discontinuity that
follows the modified IP shock (often referred to as the transmit-
ted IP shock) (Grib et al. 1979; Zhuang et al. 1981; Grib 1982;
Yan & Lee 1996; Samsonov et al. 2006; Šafránková et al. 2007;
Pallocchia et al. 2010; Samsonov 2011; Zhang et al. 2012). This
newly created discontinuity is actually a combination of sev-
eral discontinuities, typically including a forward slow expansion
wave, a contact discontinuity, and a reversed slow shock (Yan
& Lee 1996; Samsonov et al. 2006). In the plasma frame, the
slow expansion wave propagates away from the BS toward the
magnetopause, the slow shock propagates toward the BS, and
the contact discontinuity does not propagate. Since the plasma
flow speed is locally below the fast-mode phase speed and above
the slow-mode phase speed, all of these discontinuities or waves
travel toward the magnetopause (Yan & Lee 1996). Their prop-
agation speeds are quite similar, and thus they cannot be clearly
distinguished in the spacecraft data or in results of numerical
simulations (Samsonov et al. 2006), so naturally they are iden-
tified as just one discontinuity (Yan & Lee 1996; Samsonov
et al. 2006; Šafránková et al. 2007; Pallocchia et al. 2010; Zhang
et al. 2012). Immediately after the BS crossing, the IP shock
experiences a deceleration in the magnetosheath; that is, the
transmitted shock is slowed down with respect to the original IP
shock (Koval et al. 2005, 2006; Samsonov et al. 2006; Pallocchia
et al. 2010). The BS begins an inward (earthward) motion and
then an outward motion, giving rise to a “trough” structure on the
BS surface, which proceeds along the BS surface with a slightly
smaller speed than that of the original IP shock propagating in
the IP medium. After propagation through the magnetosheath,
the transmitted IP shock impinges on the magnetopause, result-
ing in a rarefaction wave that propagates toward the BS. At
the same time, the magnetopause experiences an inward motion
(Samsonov et al. 2006; Šafránková et al. 2007; Pallocchia 2013).

The scenario for a FF shock passing through the BS at Mars
may share some similarities with that at Earth, despite general
differences between Mars and Earth mentioned above. As yet,
the similarities remain to be verified observationally. The Mars
Atmosphere and Volatile Evolution (MAVEN) spacecraft was
launched in November 2013 and arrived at Mars in Septem-
ber 2014. It is in an elliptical orbit with a periapsis altitude of
∼150 km and an apoapsis altitude of ∼6500 km, and precesses
in both local time and longitude (Jakosky et al. 2015b). The
measurements by the MAVEN spacecraft provide an opportu-
nity to investigate the IP shock interaction with the Martian BS
with simultaneous monitoring of plasma and the magnetic field.
Our preliminary efforts have been made toward the identifica-
tion of transmitted IP shocks propagating through the Martian
magnetosheath. The results indicate that only three transmitted
IP shocks were encountered by MAVEN inside the magne-
tosheath during the period from October 2014 to February 2023.
They occurred around 18:17:53 UT on March 3, 2015, around
02:52:00 UT on September 13, 2017, and around 08:48:14 UT
on May 9, 2019, respectively. Here, we are primarily interested
in the transmitted IP shock event on March 3, 2015. It is a quasi-
perpendicular fast shock and propagates toward the Mars with a
relatively high speed. About 41 seconds after the shock arrival, a
discontinuity-like structure was detected. The discontinuity-like
structure can be explained as a compound structure composed

of the slow expansion wave, contact discontinuity, and slow
shock that are created by the interaction of the IP shock with
the Martian BS. This paper provides a report on this event.

2. MAVEN data

The MAVEN spacecraft carries nine sensors that measure the
plasma and neutral environment at Mars. The primary data used
in this work were collected from three instruments on board
MAVEN: the Solar Wind Ion Analyzer (SWIA; Halekas et al.
2015), the Solar Wind Electron Analyzer (SWEA; Mitchell et al.
2016), and the Magnetometer (MAG; Connerney et al. 2015).
SWIA is a toroidal energy analyzer with electrostatic deflectors
that measures ions over a broad 360◦ × 90◦ field of view. It pro-
vides 3D velocity distributions of ions over an energy range from
25 eV to 25 keV with a 14.5% energy resolution. SWIA does not
discriminate between ion species. The on-board proton moments
(density, velocity, and temperature) can be derived from the
Coarse 3D data under the assumption that all ions are protons.
However, it is worth noting that even a small heavy ion popula-
tion leads to an artificially high temperature moment due to their
higher energy per charge. On-board-computed ion energy spec-
tra (1D ion energy spectra) with a 4 s time resolution and Coarse
ion energy spectra computed on the ground from the Coarse 3D
data with a 32 s time resolution are utilized. In the Coarse data,
each of the two neighboring energy bins are grouped together,
resulting in 48 energy bins. The 10 fine anodes are binned in
groups of five, resulting in two 22.5◦ bins in the solar wind direc-
tion, which in addition to the 14 coarse anodes create a total of
16 azimuth bins of 22.5◦, and there are four elevation bins with
a resolution of 22.5◦. SWEA measures the energy and angu-
lar distributions of 3–4600 eV electrons, providing the electron
moments and electron energy spectra. The magnetic field data
are from MAG with a cadence of 1s. The MAVEN data are uti-
lized in the Mars Solar Orbital (MSO) coordinate system, where
X is aligned from Mars to the Sun, Z points to the north ecliptic
pole, and Y completes the right-handed system.

3. Observations of shock and discontinuity

Figure 1 illustrates the MAVEN trajectory corresponding to orbit
822 on March 3, 2015, projected onto the principal planes of the
MSO coordinate system and in cylindrical coordinates. MAVEN
passed periapsis (∼152.2 km altitude) around 16:08:21 UT on the
dusk side, and reached apoapsis (∼6227.1 km altitude) around
18:23:36 UT on the dawn side and in the southern magne-
tosheath. We note that orbit 822 did not extend out of the Martian
BS. In this study, we focus on the orbit spanning 18:08-18:28 UT
surrounding the apoapsis. The plasma and magnetic field obser-
vations during this time span are shown in Figure 2. A forward
shock at 18:17:53 UT is clearly visible and is indicated by the
vertical dashed blue line. It is characterized by a sudden increase
in the magnetic field magnitude, abrupt increases in ion den-
sity and velocity, as well as significant broadening of ion and
electron energy spectra across the shock from upstream to down-
stream. An overshoot is present in the magnetic field profile
just downstream of the shock. This shock has been unambigu-
ously identified as a transmitted IP shock propagating through
the magnetosheath. It was launched by the interaction of a FF IP
shock (not recorded in the upstream solar wind region) with
the Martian BS (He et al. 2023). The IP shock was driven by
an IP coronal mass ejection (ICME), passing through Mars on
March 3–4, 2015 (Jakosky et al. 2015a; Thampi et al. 2018), and
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Fig. 1. MAVEN orbit information. (a) MAVEN trajectory (green line)
for the time interval of orbit 822, on March 3, 2015, shown in cylindrical
(CYL) MSO coordinates frame. The blue and red arrows mark the posi-
tions of MAVEN at the arrival times of the transmitted IP shock and
discontinuity-like structure, respectively, (b–d) the same trajectory on
the MSO XY, XZ, and YZ planes. The two dashed black curves in each
panel represent the average locations of the BS and magnetic pileup
boundary.
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Fig. 2. Overview plots of the transmitted shock and discontinuity-like
structure encountered by MAVEN. (a) On-board-computed ion energy
spectra. (b) Ion energy spectra computed on the ground from the Coarse
3D data. (c) Electron energy spectra. (d) Proton density. (e) Proton
velocity components in MSO coordinates and proton bulk speed. (f)
Magnetic field magnitude. (g) Magnetic field components in MSO
coordinates. The vertical dashed blue and red lines correspond to the
transmitted IP shock and discontinuity-like structure, respectively.

thus can be reasonably classified as a FF shock. It is worth men-
tioning here that the most frequently observed shocks driven by
ICMEs are fast shocks (see, Huang et al. 2021).

We have made an effort to estimate several key shock param-
eters, including the shock normal, n, the shock angle, θBn, the
shock velocity, Vsh, and the shock strength. To avoid the large
disturbance of magnetic field direction in the interval of 2 min-
utes before the shock crossing, the upstream interval was chosen
as 18:11:53–18:15:53 UT. Similarly, to avoid a discontinuity-like
structure occurred around 18:18:34 UT (described in detail later),
the downstream interval was chosen as 18:18:00–18:18:25 UT.

The shock normal pointing upstream was calculated by

n = ±
(Bdown − Bup) × ((Bdown − Bup) × (Vdown − Vup))
|(Bdown − Bup) × ((Bdown − Bup) × (Vdown − Vup))|

, (1)

where B is the magnetic field and V is the ion veloc-
ity. Here and hereinafter, the superscripts “up” and “down”
correspond to the upstream and downstream of the shock,
respectively. The upstream and downstream averages for B
are (2.35±1.28, −0.19±1.29, 11.68±1.00) nT and (1.51±3.81,
−2.30±3.70, 28.89±2.80) nT, respectively. The upstream and
downstream averages for V are (−262.45±9.15, −61.39±8.59,
1.39±5.92) km/s and (−419.14±18.49, −118.17±8.11, −25.06±
8.87) km/s, respectively.

Once the shock normal, n, was determined, the shock angle,
θBn, defined as the acute angle between the shock normal and the
upstream magnetic field, was derived from

θBn =
180
π

arccos
(
|Bup · n|
|Bup||n|

)
. (2)

The shock speed in the shock normal direction was derived
from the tangential electric field conservation across the shock
(see Equation (4b) in Russell et al. 2000):

Vsh =
Bl

upVn
up − Bl

downVn
down

Bl
up − Bl

down −
BnVl

up − BnVl
down

Bl
up − Bl

down , (3)

where the subscripts “n” and “l” mean the directions along the
shock normal and the projection of the upstream field on the
shock plane, respectively. The shock strength was calculated in
terms of the ratio of the downstream to upstream magnetic field
magnitude, Bdown/Bup.

It is important to point out that since the proton and alpha
particle distributions are highly mixed in the magnetosheath,
separate proton and alpha particle moments cannot be reliably
determined from the measurements by SWIA with no mass sep-
aration. Here, assuming that all ions are protons, we have derived
the ion density and velocity moments, which are required in
the calculations of the shock parameters mentioned above. Such
an assumption provides a good approximation in deriving the
ion density and velocity moments, but artificially increases the
temperature moment (Halekas et al. 2017b). For this reason, we
made no attempt to calculate other shock parameters that depend
on the temperature, such as the fast magnetosonic Mach number
and upstream plasma beta.

Our calculations suggest that the shock normal is (−0.93,
−0.35, −0.09) in MSO coordinates, the shock angle, θBn, is about
74.82 degrees, the shock velocity, Vsh, is ∼544.59 km s−1, and
the shock strength is ∼2.45. These values indicate that the trans-
mitted shock is a relatively strong quasi-perpendicular shock,
and propagates toward Mars with a high speed relative to those
detected by MAVEN in the near-Mars environment (the average
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Fig. 3. Zoom-in plot of magnetic field and plasma parameters around the discontinuity-like structure. (a) Proton density. (b) Magnetic field magni-
tude. (c) Magnetic field components in MSO coordinates. (d) Proton velocity components in MSO coordinates and proton bulk speed. (e) Magnetic
field components in local LMN coordinates. (f) Proton velocity components in local LMN coordinates. The upstream and downstream averages are
shown as horizontal dashed red lines in the panels of ion density and magnetic field strength. The vertical dashed blue line indicates the transmitted
IP shock. The shaded region bounded by vertical dashed red lines indicates the discontinuity-like structure interval.

shock speeds for ICME-driven shocks and SIR-driven shocks are
375±40 km/s and 338±11 km/s, respectively; see Huang et al.
2019, 2021). It should be emphasized that the selection of the
upstream and downstream time intervals is somewhat subjec-
tive, and thus the calculated shock parameters may have some
uncertainty.

At ∼18:18:34 UT, about 41 seconds after the shock arrival,
we observe a discontinuity-like structure denoted by the verti-
cal dashed red line. It is characterized by a significant jump in
ion density (Figure 2d) and a gradual increase in magnetic field
strength (Figure 2f), accompanied by no visible change in the ion
velocity (Figure 2e). The jump in the ion density corresponds to
a sharp enhancement of the ion flux, which can be seen clearly
in both the on-board and Coarse energy spectra (Figures 2a and
2b). As we shall see later, the lower-energy suprathermal elec-
trons also display significant enhancements in their fluxes. If
the total pressure (the sum of thermal pressure and magnetic
pressure) remains approximately constant on both sides of the
discontinuity-like structure, one would expect to see a distinct
decrease in the ion temperature, or a substantial narrowing of
proton and alpha particle energy spectra. Unfortunately, such a
feature is not totally unambiguous from visualizing the on-board
and Coarse energy spectra (Figures 2a and 2b), partly because
of magnetosheath fluctuations. Figure 3 shows zoomed-in plots
of the magnetic field and plasma jump characteristics. To qual-
ify the relative jump of the averaged physical parameters on the
two sides of the discontinuity-like structure, the time intervals
18:17:53–18:18:34 UT and 18:18:47–18:21:00 UT were selected
as the upstream and downstream intervals, respectively. The
upstream and downstream averages for ion density and magnetic

field strength are shown as horizontal dashed red lines. It is found
that the relative jump in ion density is about 20.7%, and that of
the magnetic field strength is about 16.7%.

In order to examine whether the discontinuity-like structure
could be classified as a tangential discontinuity, we transferred
the magnetic field vector into a local LMN coordinate system
constructed from the minimum variance analysis of the magnetic
field (MVAB) (Sonnerup & Cahill Jr 1967). The MVAB was
performed over the time interval 18:18:33-18:18:48 UT. The L,
M, and N directions represent the maximum, intermediate, and
minimum variance directions of the magnetic field, respectively.
The ratio of the intermediate to minimum eigenvalue, λ2/λ3,
is about 3.13, meaning that the MVAB technique gives a reli-
able normal vector estimate. As can be seen from Figure 3e, the
normal magnetic field component, |Bn|, is very large, reaching
∼90% of the total magnetic field strength. This indicates that the
discontinuity-like structure cannot be considered as a tangential
discontinuity. Also, it cannot be classified as a rotational dis-
continuity, because of the increases in both the ion density and
magnetic field strength. The possibility of being a contact dis-
continuity can be excluded, because the magnetic field strength
is not continuous. In conclusion, this discontinuity-like structure
cannot be classified as a single MHD discontinuity. The nature
of the discontinuity-like structure will be further analyzed below.

4. Generation mechanism of discontinuity
A question arises as to how the discontinuity-like structure gen-
erates. The interaction of the IP shock with the Martian BS
comes to mind immediately as the most probable explanation for
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Fig. 4. Electron omnidirectional differential fluxes and electron PA distribution during the interval 18:16:00–18:21:00 UT. (a) Omnidirectional
differential fluxes of the 3−4627 eV electrons. (b)−(d) PA distributions of suprathermal electrons in the energy range of 15–35 eV, 39–55 eV,
and 62–1000 eV, respectively. The vertical dashed blue line indicates the transmitted IP shock. The two vertical dashed black lines mark the
discontinuity-like structure interval.

the discontinuity-like structure, because of the remarkable sim-
ilarities between the phenomena observed on Earth and Mars.
First, the presence of the discontinuity-like structure preceded
by a fast transmitted IP shock is in agreement with the space-
craft observations at Earth and with predictions of the MHD
theory, which demonstrate that a FF IP shock passing through
the Earth’s BS would create a new discontinuity that follows the
IP shock. The newly created discontinuity is a combination of
several different kinds of discontinuities. As was suggested by
Samsonov et al. (2006), they are composed of three disconti-
nuities: a forward slow expansion wave, a contact discontinuity,
and a reversed slow shock. These three discontinuities propagate
with similar velocities (close to the local bulk flow velocity) in
the magnetosheath, and thus they cannot be distinguished in the
model or in spacecraft data. As a result, they could be identi-
fied as just one discontinuity. Second, the temporal separation
between the shock and the discontinuity-like structure is on the
order of tens of seconds, which matches reasonably well the sce-
nario at Earth, where the transmitted shock propagates faster
than the discontinuity and their temporal separation ranges from
seconds to tens of seconds, depending on the location of the
spacecraft in the magnetosheath. Third, the profiles of the mag-
netic field and plasma parameters across the discontinuity-like
structure are quite consistent with those shown in the spacecraft
observations at Earth and in the MHD simulations; for exam-
ple, the magnetic field strength and ion density increase, and the
velocity remains nearly unchanged (e.g., Samsonov et al. 2006;
Zhang et al. 2012). Taken together, the MAVEN observations
and related theoretical works indicate that the discontinuity-like
structure is a compound structure in nature, composed of the
slow expansion wave, contact discontinuity, and slow shock. This
helps us understand why it cannot be classified as a particular
discontinuity in MAVEN spacecraft data.

We further investigated the electron kinetic properties asso-
ciated with the discontinuity-like structure. Figure 4 shows the
omnidirectional differential particle flux and pitch angle (PA)

distribution of suprathermal electrons (15−1000 eV) during the
interval 18:16:00–18:21:00 UT, containing the discontinuity-like
structure. We can see that the suprathermal electrons with dif-
ferent energies exhibit quite different PA distributions. More
specifically, the 15−35 eV electrons show a relatively complex
PA distribution, but it is clear that more of them distribute at
small PAs (less than ∼60◦). The 39−55 eV electrons exhibit a
bidirectional beam at both ∼0◦ and ∼180◦ PA. The 62−1000 eV
electrons are nearly isotropic and are present at all PAs. It is
interesting to note that, across the discontinuity, the high-energy
suprathermal electrons (62−1000 eV) do not show any apprecia-
ble changes, whereas the lower-energy suprathermal electrons
(15−35 eV and 39−55 eV) display remarkable enhancements in
their fluxes. The electron flux enhancements serve as an addi-
tional discriminative feature for the discontinuity-like structure,
and could be mainly attributed to the newly created contact
discontinuity. According to previous theoretical studies, the vari-
ations in plasma parameters across the slow expansion wave and
slow shock are smaller than those across the contact discontinu-
ity (Grib 1982; Samsonov et al. 2006). They might have resulted
in a relatively small decrease in the electron density, but it is
masked by a stronger increase in the electron density across the
contact discontinuity.

5. Conclusions

In this paper, we report the first observation of a discontinuity-
like structure created by the interaction of a fast IP shock with
the BS at Mars. The transmitted IP shock propagating through
the magnetosheath was encountered by the MAVEN spacecraft
at 18:17:53 UT on March 3, 2015. It is a quasi-perpendicular
shock with shock angle of ∼74.82 degrees and shock strength
of ∼2.45, and propagates toward Mars with a speed of
∼544.59 km s−1. The discontinuity-like structure follows the
transmitted IP shock, and their temporal separation is about
41 seconds. The discontinuity-like structure is characterized by
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an increase in magnetic field strength, remarkable enhancements
in particle fluxes for both ions and lower-energy suprathermal
electrons (15−35 eV and 39−55 eV), and no visible change in ion
velocity. These distinctive features show good agreement with
the predictions of the MHD theory and with the observations
at Earth. The comparison of MAVEN measurements with the-
oretical studies indicates that the discontinuity-like structure is
a compound structure in nature, composed of the slow expan-
sion wave, contact discontinuity, and slow shock. This event
adds new insights to our understanding of the interaction of a
fast IP shock with the BS at unmagnetized planets. It will be
necessary in future studies to investigate the propagation of the
IP shock through the Martian magnetosheath and the interaction
of the IP shock with the Martian magnetopause.
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