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The moving Martian bow shock. Credit: ESA/ATG medialab

As the energetic particles of the solar wind speed across interplanetary
space, their motion is modified by objects in their path. A study, based
on data from ESA's Mars Express orbiter, has thrown new light on a
surprising interaction between the planet Mars and supersonic particles
in the solar wind.

Scientists have long been aware that a feature known as a bow shock
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forms upstream of a planet – rather like the bow of a ship, where the
water is slowed and then diverted around the obstacle.

The bow shock marks a fairly sharp boundary where the solar wind
slows suddenly as it begins to plough into a planet's magnetosphere or
outer atmosphere.

In the case of Mars, which does not generate a global magnetic field and
has a thin atmosphere, the main obstacle to the solar wind is the
ionosphere – a region of electrically charged particles in its upper
atmosphere.

Furthermore, the relatively small size, mass and gravity of Mars enable
the formation of an extended exosphere – the outermost layer of the
atmosphere, where gaseous atoms and molecules escape into space and
interact directly with the solar wind.

Observations made by numerous spacecraft over many decades have
shown that variations in the ionosphere and exosphere play a role in
changes in the location of the bow shock boundary.

As expected, the distance of the Martian bow shock from the planet
increases as the dynamic pressure of the solar wind decreases. This is
rather like a weakening of the bow wave ahead of a ship as the water's
flow slows down.

On the other hand, increases in the distance of the Martian bow shock
coincide with increases in the amount of incoming solar radiation at
extreme ultraviolet (EUV) wavelengths. Consequently, the rate at which
ions and electrons are produced from atoms and molecules in the upper
atmosphere increases. This results in increased thermal pressure within
the ionosphere, enabling it to better counteract the incoming solar wind
flow.
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At the same time, newly created ions within the extended exosphere are
picked up and accelerated by the electromagnetic fields carried by the
solar wind. The result is a slowdown in the solar wind and a shift in the
position of the bow shock.

Another possible factor in influencing the bow shock's location is the
orbit of Mars. The planet's distance from the Sun is much more elliptical
than that of Earth, ranging from 206 million km to 249 million km – a
20 percent difference.

A team of European scientists has investigated how and why the bow
shock's location varies during the Martian year. In a paper published
online in the 21 November 2016 issue of the Journal of Geophysical
Research: Space Physics, the team has analysed more than five Martian
years of measurements from the Mars Express Analyser of Space
Plasma and EneRgetic Atoms (ASPERA-3) Electron Spectrometer
(ELS) to identify 11 861 bow shock crossings. This is the first analysis
of the bow shock to be based on data obtained over such a prolonged
period and during all Martian seasons.

As Mars Express crosses the Martian bow shock the ELS instrument
typically registers a sudden increase in flux of electrons across a wide
range of energies (typically up to a few hundred eV).

The scientists discovered that, on average, the bow shock is closer to
Mars near aphelion (the planet's furthest point from the Sun), and
further away from Mars near perihelion (the planet's closest point to the
Sun). The bow shock's average distance from Mars, when measured
from above the terminator (the day-night boundary) reaches a minimum
of 8102 km around aphelion, while its maximum distance of 8984 km
occurs around perihelion. This is an overall variation of approximately
11 percent during each Martian orbit.
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Mars in orbit – aphelion and perihelion. Credit: ESA/ATG medialab

The team also verified previous findings that the bow shock in the
southern hemisphere is, on average, located farther away from Mars than
in the northern hemisphere. However, this hemispherical asymmetry is
small (a total distance variation of 2.4 percent), and the same annual
variations in the bow shock occur irrespective of the hemisphere.

Solar wind density (and, therefore, dynamic pressure), the strength of the
interplanetary magnetic field, and solar irradiation, are all expected to
reduce with distance from the Sun. Since these parameters impact the
bow shock location in different ways, the team wanted to find out which
is the dominant factor throughout the Martian year.

Their somewhat surprising discovery was that the bow shock's location is
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more sensitive to variations in the solar EUV output than to solar wind
dynamic pressure variations.

This may be largely due to the well recognised impact of EUV on the
density and thermal pressure of the ionosphere, and the expansion of the
exosphere (see above). These processes create buffers against the solar
wind.

However, the variations in bow shock distance also correlate with annual
changes in the amount of dust in the Martian atmosphere. The Martian
dust storm season occurs around perihelion, when the planet is warmer
and receives more solar radiation.

"Dust storms have been previously shown to interact with the upper
atmosphere and ionosphere of Mars, so there may be an indirect
coupling between the dust storms and bow shock location," said
Benjamin Hall, lead author of the paper, who was until recently at the
University of Leicester, and is currently a researcher at Lancaster
University, UK.
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The moving Martian bow shock. Credit: ESA/ATG medialab

"However, we do not draw any further conclusions on how the dust
storms could directly impact the location of the Martian bow shock and
leave such an investigation to a future study.

"It seems likely that no single mechanism can explain our observations,
but rather a combined effect of all of them. At this point none of them
can be excluded.

"Future investigations of links between atmospheric dust loading and the
Martian upper atmosphere are needed, involving joint investigations by
ESA's Mars Express and Trace Gas Orbiter, and NASA's MAVEN
mission. Early data from MAVEN seem to confirm the trends that we
discovered."
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"Similar investigations were made by the ASPERA instrument that was
flown on board the Venus Express orbiter, enabling us to compare
physical processes and conditions at two very different planets that both
have weak magnetic fields," said Dmitri Titov, ESA's Mars Express
Project Scientist.

"This demonstrates the value of using the same instrumentation to
explore different worlds."

  More information: B. E. S. Hall et al. Annual variations in the
Martian bow shock location as observed by the Mars Express mission, 
Journal of Geophysical Research: Space Physics (2016). DOI:
10.1002/2016JA023316
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