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Abstract

Multi-spacecraft studies of plasma boundaries at Mars by Niklas
Johan Theodor Edberg

We study the solar wind interaction with Mars and the location, shape,
dynamics and controlling factors of the magnetic pileup boundary (MPB)
and the bow shock (BS), which form as a result of this interaction, by using
single as well as two-spacecraft measurements.

By using Mars Global Surveyor (MGS) measurements we produce sta-
tistical models of the shapes of the two boundaries. The influence on the
boundaries from the crustal magnetic fields of Mars is also studied. We find
that the MPB is pushed to higher altitudes depending on the strength of the
underlying crustal fields while the BS is found at higher altitudes over the
entire southern hemisphere of Mars, where the crustal fields are strongest.

By using the simultaneous measurements from Rosetta and Mars Express
(MEX) we study the boundaries during high and low solar wind dynamic
pressure. During low pressure, simultaneous two-spacecraft measurements
provide leverage on the accuracy of the shape of the MPB and BS. Their
previously modelled shapes are found to be in agreement with the shapes
derived from these two-point measurements. During high pressure, we ob-
serve how the boundaries become asymmetric in their shapes, possibly due
to increased plasma outflow over one hemisphere, which lowers the plasma
pressure on that side of the planet and results in an asymmetric shape.

By using MGS and MEX measurements we study the altitude of the
boundaries as functions of solar wind dynamic pressure, solar EUV flux and
crustal magnetic field strength. We also examine the effect of the direction
of the interplanetary magnetic field on the boundaries. We find that the dy-
namic pressure, KUV flux and crustal magnetic fields are the main governing
factors of both the MPB and the BS.
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Chapter

Introduction

The Sun continuously emits plasma into space which forms the solar wind.
The solar wind consists of mainly hydrogen and helium ions and electrons
which propagate radially outward from the Sun. It continues to propa-
gate outward into the solar system until it either encounters the interstellar
medium at the edge of the solar system or it encounters a planetary body.
It is this solar wind’s interaction with planet Mars that is the topic of this

3

Thesis. The average density of the solar wind is on the order of ~2 cm™ at

1. The Sun also pos-

Mars and the average speed on the order of ~400 km s~
sesses a magnetic field which is convected outward by the solar wind forming
the interplanetary magnetic field (IMF'), which at Mars is on the order of ~3
nT.

In this Chapter we will first describe the basic physics of the solar wind
plasma and the general properties of the planet Mars before we summarize

some of the key features which arise from the solar wind interaction with

Mars.
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1.1 Space plasma physics

1.1.1 Magnetohydrodynamics

The equations that describe the properties of the particles, currents and elec-
tric and magnetic fields that exist in the magnetised solar wind plasma are
Maxwell’s equations together with the equations for conservation of mass,
momentum and energy in the so called magnetohydrodynamic (MHD) ap-
proximation. The plasma is then treated as a fluid and kinetic phenomena

cannot be resolved. Maxwell’s equations are given by

V. E=" (1.1)
€0

0B
—=— E 1.2
gV (1.2)

. OE

VxB= Mo + ,1110605 (13)
V-B =0, (1.4)

where E is the electric field, p, is the charge density, € is the permittivity
of free space, B is the magnetic field, ¢ is the time, g is the permeability
of free space and j is the current density. For low-frequency phenomena it
can be assumed that there are no displacement currents and the second term
on the right hand side in Equation 1.3 can be dropped (this condition is not

satisfied for e.g. radio waves).

1.1.2 Frozen-in flow

An important feature of the IMF is that it can be considered to be frozen

into the solar wind plasma and hence travels with the solar wind. In order
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to explain this we need to first consider Ampere’s law

. VxB
j= , (1.5)
Ho

and conclude that the size of the current density is on the order of

B
j o~ ——, 1.6

where L is the scale length on which the magnetic field varies significantly.
Ohm’s law gives

E=-vxB+j/o, (1.7)

where v is the bulk velocity of the plasma and o is the conductivity, and by
taking the curl of this and using Faraday’s law (Equation 1.2) and Ampere’s

law (Equation 1.3) we obtain the induction equation

B
%—t — V x (v x B) + nV*B, (1.8)

where n = HTla The first term on the right hand side of Equation 1.8 describes

convection of B with v (*frozen-in’ flow) and the second term is the magnetic
diffusion. The dimensionless ratio of the first and second term is the magnetic
Reynolds number

L
R, = v foovL, (1.9)
n

which is a very large number (~ 10° — 10'?) for most situations in the solar

wind. On scales L such that R,, is very large then Equation 1.8 reduces to

0B
Fn ~V x (v xB), (1.10)
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and the magnetic field can therefore be considered to be frozen into the

plasma. Ohm’s law (Equation 1.7) then reduces to

E+vxB=0, (1.11)

where is E sometimes called the convective electric field or motional electric
field (note that the same result is obtained if the conductivity in equation 1.7
goes to infinity). As a consequence of Equation 1.10, the solar wind particles
that are fixed within a magnetic flux tube at a certain time will always stay
within that flux tube, as long as the frozen-in condition holds (e.g. across

current sheets).

1.1.3 Parker spiral

Since the IMF' is connected to the rotating Sun the magnetic field forms a
spiral shape in interplanetary space. The magnetic field continuously prop-
agates radially outward, frozen into the solar wind while still connected to
the source region on the Sun, which rotates (with a revolution period of
~24-27 days, depending on latitude). This results in a spiral shape of the
IMF known as the Parker spiral. The Parker spiral shape of the IMF is
shown schematically in Figure 1.1. In particular, this means that at Mars
the IMF is normally oriented in the ecliptic plane with an angle of 57° from

the Sun-Mars line.

1.1.4 Gyro-motion and E x B - drift

There are many drifts and motions of plasma particles in the presence of an

electric field E and a magnetic field B in space. We will not describe them
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Figure 1.1: A schematic representation of the Parker spiral of the IMF.
Mercury, Venus, Earth, Mars and Jupiter and their orbits are also shown
in the figure. Courtesy of NASA.
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all but rather focus on two of them in the following Section.
The Lorentz forces that act upon a single particle with charge ¢ and

velocity v are

F =¢(E+v xB). (1.12)

Applying this to Newton’s second law

F = ma, (1.13)

where m is the mass and a is the acceleration gives

m— = q(E+v x B). (1.14)

Solving the above differential equation in the direction parallel and perpen-
dicular to the magnetic field, gives rise to the two characteristic movements.
First, the perpendicular components results in a motion where the ions and

electrons gyrate around the magnetic field lines with a gyro frequency

qB
. = —, 1.15
“ m (1.15)
and a gyro radius
mu,
= , 1.16
T B (1.16)

where v, is the velocity component perpendicular to the magnetic field.
The second movement comes from the parallel components of Equation

1.14. The particles are accelerated by the electric field, in the direction of the

electric field for the positively charged ions and in the opposite direction of the

electric field for the negatively charged electrons. During one complete gyro-
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cycle the magnetic force, always being perpendicular to the motion of the
particle, averages out. But the electric force is always in the same direction.
This leads to the gyro-motion of the particle not forming a perfect circle.
On one half of each gyration is the particle accelerated by the electric field
and on the other half is it being decelerated such that the particle travels a
longer distance on one half than the other. This leads to a drift motion of

the particles in a direction perpendicular to both E and B

ExB
B2

. (1.17)

VExB =

Ions and electrons, with opposite charge, gyrate in different directions while
their drifts, in a collisionless plasma, are in the same direction independent

of charge ¢ and mass m.

1.1.5 Debye length

In a plasma, a single ion whose electrostatic potential is

q
F(r) —
(r Aregr’

(1.18)

where r is the radial distance, will attract electrons while ions, with their
larger masses, will be only somewhat repelled. This will change the potential

to

d(r) = ge” /AP /(dmegr), (1.19)

where

kT *
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is the Debye length, T is the temperature and k is Boltzmann’s constant.
In a cloud of plasma particles where a Maxwellian distribution of the energy
of the particles can be assumed we get collective behaviour of the plasma
rather than a collection of individual particles. The Debye sphere is then
a shielding sphere of radius A\p outside of which charges and electric fields
are screened off. The Debye length is a useful quantity since it is a measure
of the length over which charge separation can occur and the distance over
which a charge separation influence its surroundings. In the solar wind this
quantity is typically on the order of ~ 10 m. The charge-density separation

between electrons and ions also gives rise to an oscillation of the particles

2\ 1/2
wpsz<ﬂ) . (1.21)

with a plasma frequency

€gm

1.1.6 Thermal, kinetic and magnetic pressure

Finally, there are three types of pressure associated with the solar wind

plasma. First, the thermal gas pressure is
prn = nekTe + nikT, (1.22)

where n; and n. are the ion and electron densities and 7T; and 7, the ion and
electron temperatures, respectively. The magnetic pressure is

BQ

. 1.23
o (1.23)

PB

and the dynamic pressure

PDyn = pvQ, (1.24)
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where p is the mass density.

1.2 The planet Mars

The planet Mars is the fourth planet from the Sun and the second smallest
of all planets in the solar system with a radius of 3397 km and a mass of
6.4 - 10% kg (~ 11% of the Earth’s mass). Consequently, the gravitational

acceleration on Mars is 3.72 m s™2

. The orbit of Mars is more elliptic than
the Earth’s orbit and its distance from the Sun varies between 1.37 AU and
1.67 AU (1 AU = 1.5-10® km = the average Sun-Earth distance). The orbital
period (a Martian year) is 687 days and a revolution period (a Martian day
or a ‘sol’) is 24h 40 min making a Martian year 668 sols. Mars’s revolution
axis is tilted by 25°, which is similar to the Earth’s tilt of 23°, and hence
there are spring, summer, autumn, and winter seasons on Mars as well.

The atmosphere of Mars is very different from that at Earth. The surface
pressure is only 0.007 bars and the main constituents are carbon dioxide,
CO; (95.3%), nitrogen, Ny (2.7%) and argon, Ar (1.6%). There is very little
oxygen, Oy (0.13%) and even less water, Hy0 (0.03%). Clouds can form on
Mars and even snowfall has been detected by the recent Phoenix Mars lander
mission. The polar regions are also covered by water ice and carbon dioxide
ice, which sublimates in the summer and freezes again in the winter.

Mars does not possess a global intrinsic dipole-like magnetic field like
the Earth but it does have strong crustal magnetic sources, which will be
described in more detail in Section 1.3.4.

Over the past 50 years, there have been more than 40 attempts to send

spacecraft missions to Mars. Only about 50% of these reached Mars and
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Figure 1.2: A spacecraft image of planet Mars. Courtesy of NASA.
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could be labelled successful and not all of these successful missions carried
plasma instruments. Out of the ones that did carry plasma instruments
we should mention Phobos 2 (arrived 1989), Mars Global Surveyor (MGS)
(arrived 1997), Mars Express (MEX) (arrived 2003) and Rosetta (swingby

2007), which will all be referred to extensively in this Thesis.

1.3 The solar wind interaction with Mars

When the solar wind encounters a planet or any other major body in the
solar system a complex interaction region is formed. This interaction region
is characterized by various different plasma regimes with distinct boundaries.
The solar wind interaction with celestial bodies is usually divided into three
cases: interaction with a magnetised body, as for the case of Earth and the gas
giant planets such as Jupiter and Saturn, interaction with a non-magnetised
body with no significant atmosphere, as for the Moon and asteroids, and
finally, interaction with a non-magnetised planet with an atmosphere, as for

Venus, comets and Mars.

1.3.1 The ionosphere and the photo-electron boundary

The effective obstacle to the solar wind at Mars is the ionosphere. We will
therefore first describe the features of the ionosphere before we describe its
interaction with the solar wind.

The ionosphere is a thick (~ 200-300 km) region in the upper regions of
the neutral atmosphere where planetary molecules have been ionised to form
a mixture of some ions and electrons and lots of neutral gas. In situ measure-

ments of the Martian ionosphere have only been performed by the two Viking
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Figure 1.3: Modelled ionospheric altitude-density profiles from Fox (1997)
of the most common ion species at Mars computed assuming loss of ions by
upward flux (dashed lines) and no flux (solid lines) and measured profiles
from the Viking landers (dotted lines) Hanson et al. (1977). Reproduced
from Foz (1997).

landers (Hanson et al., 1977). The measurements from the Viking landers in
terms of altitude profiles of the ion density are shown in Figure 1.3 together
with modelled values from Foz (1997). Remote measurements have been
more extensive. In particular, thousands of radio occultation measurements
from MGS and MEX have been performed during the last decade (Hinson
et al., 1999; Pdtzold et al., 2005). Furthermore, active ionospheric sounding
from MEX have also provided data on the ionosphere. Even though CO; is
the most common molecule in the atmosphere, CO3 is not the most common
ion due its slower ionisation rate ( Withers, 2009). The Viking measurements
showed that the most abundant ion species in Mars’s ionosphere is O (Han-
son et al., 1977). The peak density of OF in the ionosphere reaches about 10°

cm ™2 at an altitude of ~130 km, as can be seen in Figure 1.3. The shape of
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the altitude profiles are in reasonable agreement with what is expected from
the commonly used Chapman theory (Chapman, 1931a,b). The density in-
creases exponentially with decreasing altitude up to a point, and the density
of the main peak falls off with solar zenith angle (SZA) (Morgan et al., 2008;
Withers, 2009).

The main ionisation source on the dayside of Mars is photoionisation
by solar EUV photons which creates the main peak in the altitude profiles.
Below the main peak, electron-impact processes and X-ray photons become
more important and form a second layer (Withers, 2009). At even lower al-
titudes, meteoritic impacts can create a sporadic third layer (Pdtzold et al.,
2005). Toward the nightside the ionosphere becomes more and more con-
trolled by electron transport processes from the dayside but since the Mar-
tian ionosphere is generally magnetized this transport is rather weak (Nagy
et al., 2004). This is, however, an area that is poorly investigated and re-
quires further study. Factors that have been shown to affect the properties
of the ionosphere include crustal magnetic fields (Withers et al., 2005) and
solar energetic particles (Espley et al., 2007).

At Venus, for instance, the transition into the ionosphere is usually very
clear. A sharp increase (on inbound passes) in the ion and electron density,
called the ionopause, is clearly visible in spacecraft data. At Mars, this tran-
sition is much more smeared out and the term ‘ionopause’ is not really ade-
quate. There is no sharp transition into an ionosphere. A related boundary
has, however, been observed by the electron spectrometers onboard MGS and
MEX. This is not an ionopause in the normal sense but a boundary where a
strong peak in the observed electron spectrum from photoionised CO, starts

to appear at energies of ~ 20-30 eV. This boundary has been labelled the
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photo-electron boundary (PEB) (Frahm et al., 2006). The PEB is located at
an altitude of about 250 km on the dayside of Mars and extends to at least 10
000 km downstream of Mars (where the farthest downstream measurements
from MEX are made) in a cylindrical shape of approximately the planetary
radius (Frahm et al., 2006). The PEB was, however, also noted in earlier
data from MGS (Mitchell et al., 2001) but due to the low energy resolution
of the electron spectrometer the nature of this boundary remained somewhat

unclear until the arrival of MEX (Frahm et al., 2006).

1.3.2 The bow shock and magnetic pileup boundary

The solar wind interaction with Mars leads to the formation of plasma re-
gions with distinct boundaries which are the main topic in this Thesis. These
boundaries form at altitudes of ~ 1-2 R,; on the dayside and at even higher
altitudes toward the nightside. For the case of an interaction with an unmag-
netized body with an atmosphere, such as Mars, the main three boundaries
are the bow shock (BS), the magnetic pileup boundary (MPB) and the photo-
electron boundary (PEB). Figure 1.4 shows a schematic representation of the
global plasma environment of Mars with the main boundaries and regions.
The BS is the boundary where the supersonically flowing solar wind rapidly
slows down to subsonic speeds and was first detected at Mars by the Mariner
4 spacecraft (Smith et al., 1965). The velocity of the solar wind is faster than
the compressional waves (magnetosonic waves) that travel in it and when the
flow hits the planet a shock wave must form unless the planet completely ab-
sorbs the flow (Mazelle et al., 2004). As the flow slows down the plasma
density and magnetic field strength increase to satisfy the conditions of con-

servation of mass, momentum and energy. Beneath the BS follows a region
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Figure 1.4: A cartoon of the Martian plasma environment showing the
location of the various plasma boundaries and regions. A part of the MGS
spacecraft trajectory is shown as a black line. Reproduced from Crider

et al. (2003).
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of shocked solar wind called the magnetosheath, characterized by heated and
more turbulent solar wind plasma. The Mach number (sonif, magnetosonic
and Alfénic) in the solar wind determines how much deceleration and heating
takes place at the BS (Mazelle et al., 2004). The Martian exosphere, which
is the uppermost region around Mars where upward travelling molecules can
either escape into space if the velocity is high enough or be pulled back to the
planet by the gravity, is rather extended outside the BS compared to Venus
and Earth due to the low gravity on Mars. This is important as it affects
the amount of waves upstream of the BS (Mazelle et al., 2004).

The magnetosheath, downstream of the BS, is separated from the plan-
etary plasma and the magnetic pileup region (MPR) by the MPB. At the
MPB the IMF starts to pile up, since it cannot penetrate efficiently into
the ionosphere, and drapes around the planet before it slips past around the
sides of the obstacle (Nagy et al., 2004). This boundary has been named
the planetopause, magnetopause, protonopause or ion-composition bound-
ary depending on which spacecraft sampled it and which instruments it used
to measure the characteristics of the boundary ( Trotignon et al., 2006). The
plasma population differs across this boundary, with mainly solar wind ions
in the magnetosheath and planetary ions in the MPR.

Several spacecraft have sampled the Martian plasma environment and the
amount of data has increased significantly during the last decade (from 1997)
with the measurements from MGS and MEX. Slavin and Holzer (1981) pre-
sented early work on the shape of the BS at Mars using data from the early
‘Mars’ series of spacecraft. The BS has also been studied using Phobos 2
measurements by Schwingenschuh et al. (1990) and Trotignon et al. (1991,

1993), while the MPB has been studied, referred to as the magnetopause
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by Lundin et al. (1990), the planetopause by Trotignon et al. (1996) and
the protonopause by Sauer et al. (1992) among others. The instrumentation
on board Phobos 2 was more extensive than on MGS, but Phobos 2 did not
complete as many orbits and did not provide data with such good spatial cov-
erage as MGS. Also, Phobos 2 had its periapsis at 850 km which was too high
to decisively determine the nature of the dayside MPB. The Martian plasma
environment could therefore be more extensively studied with the MGS mis-
sion. Phobos 2 is the only spacecraft which have carried an instrument for
studying electric fields at Mars, which, for instance, showed how the plasma
turbulence increased when the BS was crossed and the magnetosheath was
entered (Grard et al., 1989).

The coordinate system that has been used to examine the location of the
boundaries is the Mars solar orbital (MSO) system, where the z-axis points
toward the Sun, the y-axis points approximately opposite to Mars’ orbital
motion, and the z-axis is directed parallel to the orbital angular momentum
vector of Mars (Slavin and Holzer, 1981). This coordinate system is rotated
by 4° about the z-axis to account for the aberration of the solar wind flow
direction by the planetary orbital motion. The method used to determine
the shape of the two boundaries developed by Slavin and Holzer (1981) has

been to fit a conic section

L
= — 1.2
Ty ecos(0) (1.25)

to the crossings, where r and 6 are polar coordinates with origin at X,
referenced to the z-axis, and L and € are the eccentricity and semi-latus

rectum, respectively (Slavin and Holzer, 1981).
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Since the arrival of MGS the shape and structure of both the MPB and
BS have been studied in more detail. Vignes et al. (2000) published results
on the boundary shapes using data from the first year of the pre-mapping
phase of the mission. The average position of the boundaries could be deter-
mined with more accuracy using the MGS measurements due to the many
more crossings than obtained by Phobos 2. Trotignon et al. (2006) combined
MGS and Phobos 2 data to produce a more realistic boundary shape farther
downstream. The models of the BS and MPB from the study by Trotignon
et al. (2006) are shown in Figure 1.5. Bertucci et al. (2005) on the other hand
used a minimum variance technique to estimate the local normal vector at
each MPB crossing to confirm the shape derived by Vignes et al. (2000). Due
to the orbit configuration of MGS, no crossings of the MPB were observed
below a SZA of ~20°. This introduced an error in the fitting of a conic
section to the boundary when using MGS boundary crossings. The standoff
distance at the subsolar point (SZA = 0°) of the empirical models were in
fact larger than the distance at SZA = 45° which does not seem reasonable.
MEX on the other hand, could later on sample the boundary at lower SZAs
and hence correct the problem.

There are a number of factors controlling the location of the MPB and BS.
Rosenbauer et al. (1994) provided first experimental evidence, using Phobos
2 data, that the magnetic pressure in the Martian tail balanced the upstream
solar wind dynamic pressure. Verigin et al. (1993) used the same data set
to study the influence of the upstream dynamic pressure and magnetic field
strength on the boundary locations. Crider et al. (2003) used MGS data and
studied the variation of the magnetic field strength inside the MPB in the

MPR and stated that this could be used as a proxy for upstream dynamic
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Figure 1.5: Martian BS (black rings) and MPB (purple rings) crossings
from Phobos 2 as well as crossings of the BS (red crosses) and MPB (blue
crosses) from MGS shown in cylindrical MSO coordinates. Best fit conic
section models of the BS (black line) and MPB (blue line) are also shown.
Reproduced from Trotignon et al. (2006).
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pressure. The dynamic pressure as measured upstream of the planet was
confirmed, by MEX measurements, to be one of the controlling factors of the
location of the MPB when the magnetic pressure of the piled up field in the
MPR was shown to balance the dynamic pressure of the solar wind (Dubinin
et al., 2006). In between the MPR and the solar wind is the magnetosheath
where the thermal pressure balances the magnetic pressure from the inside
and the dynamic pressure from the outside (Dubinin et al., 2008a). The large
data set from MEX enables a further statistical study of the dependence on
upstream solar wind dynamic pressure on the plasma boundaries which is
one of the topics in this Thesis (see Chapter 5).

The 11-year solar cycle dependence has proved to be weak since the lo-
cations of the MPB and BS were not found to be significantly different in
Phobos 2 and MGS measurements which sampled the boundary in different
parts of the solar cycle. Phobos 2 sampled the boundaries during the in-
creasing phase of the solar cycle and MGS sampled the boundaries during
solar minimum. MEX started sampling the boundaries during the declining
phase of the solar cycle as well but will have the opportunity to sample them
during solar maximum if it stays alive for another 5 years or so.

The effect of the IMF orientation has been studied and shown to influence
the BS location ( Vignes et al., 2002). The explanation for this is that the IMF
direction determines the direction of the convective electric field (Equation
1.11), which causes magnetosheath ions to move in the direction of the electric
field and electrons the opposite way, creating an asymmetry which also causes
the shape of the boundary to become asymmetric. However, in the study by
Vignes et al. (2002) only a small subset of the crossings were used when the

IMF was steady. This decreased the number of data points significantly.
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As stated above, there are a number of factors that potentially influence
the position and shape of the plasma boundaries, such as solar wind dynamic
pressure, IMF direction and thermal pressure inside the BS. Added to that
list are the crustal magnetic fields of Mars, which will be introduced in Section
1.3.4. All these factors are more or less important, which will be further
investigated in Chapter 5, and when they mix with each other it becomes
challenging to determine the cause of the dynamics of the boundaries, which

will be discussed in Chapter 4.

1.3.3 The tail region

As the IMF piles up at the MPB, the field lines drape around the planet
to form the induced tail and central plasma sheet behind the planet. The
draped field lines, which are orientated according to the IMF direction on the
dayside (Brain et al., 2006), form two lobes of oppositely directed orientation
when they meet again behind the planet and a Harris current sheet can form
(Halekas et al., 2006; Halekas and Brain, 2009). The plasma sheet is oriented
according to the IMF direction. This tail extends far behind the planet with
BS crossings being observed by Phobos 2 and Mariner 4 at a distance of
15 Ry downstream of Mars (Slavin et al., 1991). This was the farthest
downstream BS crossing until Rosetta arrived at Mars (see Section 4). MEX
data have revealed that the tail region is also characterized by outflowing
heavy planetary ions (Barabash et al., 2006), which will be discussed further
in Section 1.3.6. One regime of lighter planetary ions are located adjacent to
the MPB and gain energies greater than 2000 eV before gradually decreasing
in energy downtail, while heavier ions occupy the region in the optical shadow

of Mars and are accelerated to the energy of the solar wind (Fedorov et al.,
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2006).

1.3.4 Crustal magnetic fields

Even if we have classified the Mars solar wind interaction to be that of an
unmagnetized body with an atmosphere, analysis of MGS data has indicated
that Mars is not totally unmagnetized. MGS measurements did lead to
the final conclusion that Mars does not posses an intrinsic global dipole-like
magnetic field. However, strong crustal magnetic fields were discovered over
large areas of the planet’s surface (Acuna et al., 1998). Strong peaks (~100-
1500 nT at an altitude of 400 km) observed in the magnetic field data, often
in association with multiple reversals of the magnetic field direction were
identified as magnetic fields originating from the crust of the planet (Acuna
et al., 1998, 1999; Mitchell et al., 2001). As the measurements of magnetic
fields around the planet proceeded, global maps of the planetary magnetic
fields were produced and in Figure 1.6 we show such a map from Connerney
et al. (2005). Such magnetic anomalies could be found over much of the
planet’s surface, while occurring most frequently in the southern hemisphere,
with highly varying field strength. The field strength from the crustal sources
was also shown to be largest at southern latitudes in the longitude range
90° — 270°. Brain et al. (2003) studied the relative contributions from the
IMF and the crustal magnetic field and concluded that there is a transition
altitude (about 1300-1400 km over the strongest crustal field in the southern
hemisphere) at which the IMF dominates above, and the crustal field below.
Brain et al. (2003) also stated that the Martian pressure balance altitude
(solar wind pressure balances the magnetic pressure) varies with location

over the planet depending on the location of the crustal fields.
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Figure 1.6: A map of the global distribution of the crustal magnetic fields
of Mars. The colour shows the median radial magnetic field at 400 km
from the filtered MGS measurements in each 1° x 1° latitude/longitude
bin. Reproduced from Connerney et al. (2005).

Subsequently, global models of the crustal magnetic fields have been pro-
duced (Purucker et al., 2000; Cain et al., 2003; Arkani-Hamed, 2004; Langlais
et al., 2004). These models are all based on the MGS measurements but use
different methods. Cain et al. (2003) and Arkani-Hamed (2004) used spher-
ical harmonics up to the 90th order fitted to the data to describe the crustal
fields whereas Purucker et al. (2000) and Langlais et al. (2004) used binned
MGS data directly. The measured MGS data which are used in each model
(for either binning or for fitting to the spherical harmonic coefficients) are a
combination of IMF and crustal fields which introduces an error. The IMF
cannot be removed perfectly from the data. Secondly, the measurements
from MGS are performed at a certain altitude and consequently the crustal

field models are optimised for that altitude. Extrapolating to other altitudes
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is not trivial and introduces further errors.

The crustal fields were subsequently shown to play a role in the structure
of the Martian plasma environment. Crider et al. (2002) used MGS data to
provide the first results that showed a latitude dependence of the altitude
of the MPB. The altitude of the MPB was shown to be higher for crossings
that occurred at high southern latitudes. In addition, within the longitude
range 90° — 270° where the crustal fields are strong, the distribution of the
terminator distances of the MPB was shown to be more scattered than for
crossings that occurred outside this longitude range (Crider et al., 2002).
Mazelle et al. (2004) used the same data set and discussed the possibility of
the crustal fields also affecting the BS but could not readily show it. The
effect of the crustal fields on the Martian plasma boundaries could be studied
further by using a larger data set from the MGS mission and by studying the
altitude of the BS as a function of the crustal field strength. This is a major
part of Chapter 3 and will also be touched upon in Chapters 4 and 5.

From MEX data, it was also determined that the altitude of the MPB
in terms of the altitude of magnetosheath electrons was dependent on the
crustal field strength (Frdnz et al., 2006b). In addition, Dubinin et al. (2008b)
detected a north-south asymmetry in the BS location. The BS in the south-
ern hemisphere was found to be located farther out than in the northern
hemisphere, independent of IMF direction. The asymmetry was assumed to
be caused by the crustal magnetic fields which pushed the boundary farther
out in the southern hemisphere.

Simulations of the solar wind interaction with Mars that include the
crustal sources do not appear to show any global changes in altitude of the

BS, but on a smaller scale it can make a difference, whereas the MPB seems
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to be affected more, and especially over strong crustal sources where it forms

more of a magnetopause-like structure (Harnett and Winglee, 2007).

1.3.5 Global models of the Martian plasma environ-

ment

The global three-dimensional modelling of the Martian plasma environment
has been quite extensive in the past. This has helped in understanding the
solar wind interaction with Mars to a large extent. While spacecraft data
give invaluable information of the plasma system, simulations of the system
with global models help in testing theories of how the system is believed to
function. Spacecraft data can reveal small scale (spatial or temporal) features
while models tend to have much coarser spatial and temporal resolutions
due to computer limitations. But models have the advantage of giving a
view of the entire global picture at once, and it can also be used to study
the dependence of upstream solar wind conditions in a more straightforward
way, by changing the model’s boundary conditions.

There are essentially two types of models being used at present. MHD
models, which use the magnetohydrodynamic equations to describe the physics,
treating the plasma as a fluid (Ma et al., 2004; Terada et al., 2009). Hybrid
models, on the other hand, treating the electrons as a fluid while the ions
are treated as individual, kinetic particles (Modolo et al., 2006; Brecht and
Ledvina, 2006; Harnett and Winglee, 2007; Kallio et al., 2008; Boesswetter
et al., 2009).

No model can perfectly accurately reproduce the picture of the Martian
plasma environment that has risen from actual measurements. Figure 1.7

show an example of results from a simulation using the hybrid model of
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Modolo et al. (2006) and Figure 1.8 shows an example of the results from a
simulation using the MHD model of Ma et al. (2004). Both Figures show a
map of the magnetic field strength around Mars, with the Vignes et al. (2000)
models of the BS and the MPB superposed as black dashed and solid black
lines. In both models the MPB and the BS are reproduced at approximately
the same location as the empirical models suggest. The hybrid model takes
into account kinetic effects, due to the finite ion gyro radius, which includes
the asymmetry of the global environment caused by the convective electric
field. The magnetic field strength is much larger in the MHD model than in
the hybrid model in this case.

A recent study by Brain et al. (2009) shows the results of the first community-
wide comparison of all the above mentioned models when using the same
input conditions. The comparison shows a fairly large difference in terms of
where the plasma boundaries are located even though the input conditions
were the same. This reveals a weakness in the models in terms of their accu-
racy in describing the plasma system. The general picture was the same but

large differences in details were also reported.

1.3.6 Erosion of the atmosphere

Since Mars does not have a strong global magnetic field the atmosphere is
not shielded from the solar wind flow. This means that the ionosphere, con-
sisting mainly of CO;, O and O, could continuously be eroded and swept
away by the solar wind. This leads to an eventual erosion of the entire at-
mosphere. To what extent and through which exact processes this occurs
has been studied extensively. The first measurements of plasma escape came

from the Phobos 2 spacecraft where the oxygen ion escape rate was esti-
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Figure 1.7: Maps of the magnetic field strength in the Martian plasma en-
vironment as results of a three-dimensional hybrid simulation. The results
are shown in the (a) x — y plane and (b) x — z plane. The black lines
show the model position of the (solid line) BS and (dashed line) MPB from
Vignes et al. (2000). Reproduced from Modolo et al. (2006).

Z (R}



CHAPTER 1. INTRODUCTION

28

Figure 1.8: Maps of the magnetic field strength in the Martian plasma
environment from a three-dimensional MHD simulation. The white lines
indicate the magnetic field orientation. The dashed lines indicate the model
position of the BS and MPB from Vignes et al. (2000). Reproduced from
Ma et al. (2004).
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mated to be on the order of ~3 - 10% s7!, corresponding to a loss of the
present atmosphere in less than 100 million years (Lundin et al., 1989). The
physical process suggested for this escape to occur was ion pickup resulting
from the mass-loading of the solar wind in the plasma environment, as well
as ion beams from upward acceleration processes like those occurring in the
Earth’s auroral regions. Other possible processes that have been suggested
later are thermal (Jeans) escape, sputtering, ion outflow from crustal mag-
netic field cusps and bulk plasma removal (e.g. detached ionospheric clouds
caused by Kelvin-Helmholtz instabilities), see Carlsson et al. (2008) and ref-
erences therein. Subsequently, more studies have been performed and after
the arrival of MEX the estimated escape rates have been adjusted downward
to be only on the order of ~3-10* s7!, significantly less than the first esti-
mated values (Barabash et al., 2007). Figure 1.9 shows a map from Barabash
et al. (2007) of these integrated fluxes at Mars from MEX measurements. It
was then suggested that water reservoirs, if there ever were any, could still
be present on Mars or alternatively, unknown escape channels could exist.
Solar forcing has been shown to increase the outflow as the observed ion es-
cape increases during periods of high dynamic pressure and high solar EUV
flux (Lundin et al., 2008) and the convective electric field has been shown to
govern in which hemisphere the outflow mainly takes place (Fedorov et al.,
2006). Sporadic outflow through ion beam events, when escaping planetary
ions are observed over a short time and in a narrow angle (beamed), also
predominantly occur in the hemisphere of locally upward convective electric
field (Carlsson et al., 2008). This can also be seen in Figure 1.9 where the
ion fluxes are higher in the hemisphere of the locally upward electric field.

Measurements of outflow at Mars have only been performed by MEX and
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Figure 1.9: A map of the measured integrated fluxes of heavy planetary
ions at Mars, averaged over -0.8 Ry; < y < 0.8 Ry in the x — z plane in a
coordinate system relative to the direction of the convective electric field.
Reproduced from Barabash et al. (2007).
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to some extent also by Phobos 2, but Phobos 2 did not have an adequate
coverage of measurements. MEX on the other hand does not carry a mag-
netometer which is important for determining the direction of the outflow.
It rather had to rely on magnetic field measurements from MGS during the
time of mission overlap. Also, far downstream and far off the Mars-Sun line,
measurements of the outflow have not been performed, which might be im-
portant for the total outflow rate. The measured outflow rates have been
compared with modelled values but since the latter span an order of mag-
nitude depending on which model is being used, this comparison does not
really provide much information (Brain et al., 2009). Measurements of the
outflow are needed from when simultaneous magnetic field data are present.
Also, estimates of the outflow rates during solar maximum are unknown and
need to be determined. Neither MEX nor Phobos 2 sampled the Martian
plasma environment during solar maximum. The cold ion population is not
detectable by the ion mass analyzer instrument on MEX which could mean
that a significant portion of the potentially escaping cold plasma is being

missed.



Chapter

Instrumentation

In this Thesis we have used data from eight instruments onboard three space-
craft. These instruments will be described in this Chapter together with their

host spacecraft and the spacecraft’s orbital geometry.

2.1 Mars Global Surveyor: magnetometer and
electron reflectometer

MGS arrived at Mars in September 1997 and stayed operational in orbit for
9 years, until November 2006. During the initial (pre-mapping) phase of the
mission, which lasted from September 1997 until January 1999, MGS used
an aerobreaking technique to slowly alter the spacecraft orbit. The orbit
evolved from highly elliptical and precessing in local time to become almost
circular, polar and fixed at 02h-14h local time when the 7.5 year long mapping
phase began. Periapsis during the pre-mapping phase was at a minimum of
~100 km and apoapsis at a maximum of ~17 Ry, (1 Ry = 3397 km) and

the nearly constant altitude during the mapping phase was ~400 km. The

32
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orbital coverage during the pre-mapping phase and mapping phase is shown
in Figure 2.1 in MSO coordinates.

Relevant for plasma studies, MGS carried a magnetic field investigation
(MAG) (Acuna et al., 1998) and an electron reflectometer (ER) (Mitchell
et al., 2001). The MAG instrument consisted of two fluxgate magnetometers
mounted on the tips of the solar panels, about 5 m from the main spacecraft
bus. It provided vector measurements of the magnetic field at a rate of 2 Hz —
16 Hz, depending on telemetry rate, in the range 4 nT — £65, 536 n'T (Acuna
et al., 1998). The ER instrument measured the local electron distribution
function in 30 energy levels in the range ~1 eV — 20 keV with a maximum time
resolution of 0.5 Hz and energy resolution of 25% . The instrument had a field
of view of 360° x 14° divided on 16 sectors (Mitchell et al., 2001). Plasma
moments (density, velocity and temperature) can usually not be reliably
calculated from the electron distribution measured by ER due to the poor

energy resolution.

2.2 Mars Express: ASPERA-3 and MARSIS

MEX arrived at Mars in late 2003 and is still operational in orbit (as of 2009).
It had almost three years of overlapping data coverage with MGS, until MGS
died in late 2006. The orbit of MEX is highly elliptical and precessing in local
time with periapsis at ~250 km and apoapsis at ~3 Rj;. To get a rough idea
of the orbital coverage during these years, the position of MEX every 3 hour
is plotted in MSO coordinates in Figure 2.2.

MEX carries two instruments that have been used in this Thesis, the

Analyzer of Space Plasmas and Energetic Atoms (ASPERA-3) (Barabash
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Figure 2.1: The position of MGS every 1 hour in MSO coordinates during
the pre-mapping phase from September 1997 until January 1999 plotted
in (a) cylindrical coordinates as well as in Cartesian coordinates projected
onto the (b) x —vy, (¢) x—z and (d) y — z plane. The position every 4 hours
during the mapping phase is plotted in (e) cylindrical coordinates and (f)
projected onto the y — z plane. The average BS (red line) and MPB (blue
line) position from Trotignon et al. (2006) are shown in panels (a) and (e).
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Figure 2.2: The position of MEX every 3 hours in MSO coordinates from
2004 until 2008. The position is shown in (a) cylindrical coordinates to-
gether with the average position of the BS (red line) and MPB (blue line)
from Trotignon et al. (2006) and in Cartesian coordinates projected onto
the (b) x —y, (¢) x — z and (d) y — z planes.
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et al., 2006) and the Mars Advanced Radar for Subsurface and Ionospheric
Sounding (MARSIS) (Gurnett et al., 2005). Related to space physics, MEX
also performs radio occultation measurements of the ionosphere through the
MaRS experiment and measures UV spectra with the SPICAM instrument,
but data from these have not been included in this Thesis. ASPERA-3
includes four sensors out of which two have been used in this Thesis, the
electron spectrometer (ELS) and the ion mass analyzer (IMA). ELS is similar
to ER on MGS and measures the electron distribution in the energy range 10
eV — 20 keV, but with a higher energy resolution (8%) and a time resolution of
0.25 Hz. The field of view is 4° x 360° divided into 16 sectors. IMA measures
the local ion distribution function in the energy range 10 eV/q — 36 keV/q
for the main ion species, H", Hy , He™ and O and for the molecular group of
ions in the mass per charge range 20 < amu/q < 80. It has a time resolution
of 192 s and a field of view of 90° x 360°. Density, velocity and temperature
moments can be calculated from both IMA and ELS, as descried by Frdnz
et al. (2006a).

MARSIS is a 40 m long dipolar antenna designed for subsurface as well as
ionospheric sounding. However, it can occasionally also measure local plasma
density and magnetic field magnitude, respectively, from observed harmonics
of the electron plasma oscillations and electron cyclotron echoes seen in the
radargrams (Gurnett et al., 2005; Duru et al., 2008). Since MEX does not
carry a magnetometer and since ASPERA-3 cannot measure the cold plasma
population very well, these extra properties of the sounder have become very

valuable.
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2.3 Rosetta: The Rosetta Plasma Consortium

Rosetta is not a dedicated Mars mission but merely flew past Mars on its
way to a comet. The Rosetta Mars swingby took place in February 2007 with
closest approach (CA) to Mars of ~260 km at 01:58 UT on 25 February 2007.
The geometry of the swingby is shown in Figure 2.3. Rosetta approached
Mars from upstream, passed by Mars on the dawn side and proceeded out
through the magnetosheath in an antisunward direction. Rosetta performed
measurements from about two days before CA to almost three days after,
with a partial data gap between CA - 1.5 hours to CA + 1 hour because of
spacecraft power reasons during the planetary eclipse. Only magnetic field
measurements were made during the time of CA. All other measurements
stopped before the BS was crossed inbound and started again only minutes
before the outbound MPB crossing far downstream of Mars. However, mea-
surements were conducted in the solar wind both upstream and downstream
of Mars which could be used for monitoring the solar wind while MEX per-
formed measurements of the plasma environment close to the planet.

Rosetta carries a suite of seven plasma instruments out of which four are
used in this Thesis. The Langmuir probe (LAP) (Eriksson et al., 2007), the
ion and electron sensor (IES) (Burch et al., 2007) and the magnetometer
(MAG) (Glassmeier et al., 2007) are all part of the Rosetta Plasma Con-
sortium (RPC), and are placed on the main spacecraft bus. The fourth
instrument, the magnetometer (ROMAP) (Auster et al., 2007), is placed on
the lander Philae which will ultimately touch down on the comet.

All RPC instruments increased their telemetry rates to what is known as
burst mode (BM) data rate for the last four hours before the eclipse data

gap as well as for the first four hours immediately following this gap, with
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Figure 2.3: The trajectory of Rosetta and MEX from 22:38 U'T on February
24, 2007, until 05:28 UT on February 25, 2007, plotted as blue and red lines
in MSO coordinates. The projections of the trajectories and the planet on
the x—y, x—z and y—z planes are shown as black lines. Rosetta approaches
Mars from the dayside and proceeds out along the magnetic tail. The start
is indicated by a blue star. The gap in the Rosetta RPC data is shown as
a cyan line.

normal mode (NM) sampling at a lower rate outside this interval. The LAP
instrument operated in bias current mode during the swingby, measuring the
probe-to-spacecraft potential V,,; at 57.8 Hz in BM and 0.9 Hz in NM. LAP
consists of two probes, of which only probe 1, mounted on the slightly longer
boom, has been used in this Thesis, as probe 2 was mostly in eclipse and
could therefore not be used for V,,; measurements. MAG sampled the three-
axis magnetic field at 20 Hz in BM and 1 Hz in NM. RPC-MAG data are
more reliable than ROMAP data when other instruments are in operation
since the MAG sensor is placed on a boom and thus farther away from the
spacecraft body. During CA all other instruments were switched off and
the ROMAP data were not disturbed. Magnetic field data from ROMAP

thus exist for the entire Mars flyby, at a sampling rate of 32 Hz around
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CA and then at a sampling rate of 1 Hz a few hours before and after the
CA interval time. TES recorded electron and ion energy spectra with a time
resolution of 128 s in BM. The combined (ion and electron) IES telemetry
rate is 253 bps in BM and 50 bps in NM. Due to field of view limitations
(27 steradians around the instrument equator) combined with having the
instrument behind the spacecraft as seen from the Sun, the full solar wind
ion flow was not accessible to IES, meaning that a useful plasma density
estimate cannot be readily produced from the IES ion data. However, the
energy information in IES data can be directly interpreted, and can be used
to show the presence and speed of the solar wind even though only a part of

the flow can be detected.

2.4 Moments from ion and electron measure-
ments

The spectra measured by electron and ion instruments give useful information
about the plasma but of further interest are the values of the density, velocity
and temperature of the plasma. These quantities can be derived from the
spectrograms and in this Section we will briefly describe how.

The particle instruments used in this Thesis measure single electrons and
ions at a certain energy F (and sometimes masses for the ions), over a certain
solid angle €2, at a certain position r and at a time ¢, which is a quantity
called differential flux J(E, €, r,t). The relation between the differential flux

and the local phase-space distribution function f(r,v,t) is

2

JEQr,t) = —f(x,v,1), (2.1)
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where m is the mass and v is the velocity. The density n, bulk velocity vector
V and pressure tensor P moments can be calculated from the distribution

function as

n(r,t):/f(r,v,t)d3v, (2.2)

n(r,t)V(r,t) = /vf(r,v,t)d3v, (2.3)

v

and

P(r,t) = /mvvf(r,v,t)d3v. (2.4)

The temperature can then be calculated as T = P/nk, where k is Boltz-
mann’s constant.

Another way of obtaining the plasma moments is to assume that the
phase-space density of the particles has a Maxwellian distribution in velocity
space. Then the density and thermal energy can in principle be obtained
by fitting a Maxwellian curve to the measured spectra. A more thorough
description of how the moments are calculated from the ELS and IMA can be
found in Frdnz et al. (2006a). The spacecraft potential, which mostly affects
low-energy electrons, and the geometric factor (sensitivity of the detector
surface multiplied by solid angle) also needs to be taken into account to

produce accurate moments.
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2.5 Rosetta and Mars Express density cross-
calibration

The Rosetta LAP instrument measured probe-to-spacecraft potential V
during the Mars flyby. This is assumed to be related to plasma density
which is of further interest in Chapter 4 of this Thesis, and we have un-
dertaken a first basic calibration of the Langmuir probe density estimates
using density measurements from MEX ELS. The material presented in this
Section is published in Edberg et al. (2009c).

To calibrate the measurements of Vs by Rosetta LAP to MEX ELS
plasma density moments, we need reliable comparison data. Figure 2.4 shows
MEX ELS electron density moment and Rosetta LAP V,, data in the solar
wind for the days following the Rosetta flyby. During this period, Rosetta
was in the solar wind downstream of Mars and MEX, so that similar solar
wind conditions can be reasonably assumed, at least on a statistical basis. To
produce directly comparable datasets, the ELS data have been time shifted
to the time line of Rosetta by adding a solar wind propagation time based on
the difference in the MSO x-coordinate between the two spacecraft and the
solar wind velocity derived from the energy at the peak in the IMA spectra.
For most of this period, the attitude of Rosetta was stable, except for one
change of about 40° of the solar aspect angle (SAA), i.e. the angle between
the spacecraft z-axis and the direction to the Sun. This corresponds to a
rotation about the y-axis which is parallel to the solar panels. The SAA was
however never more than 50° from its value during the period of main sci-
entific interest, i.e. around the time of CA, which is necessary for a reliable

calibration. For this reason, we do not include data from the days preceding
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Figure 2.4: Time series of data used for the density inter-calibration be-
tween Rosetta and MEX in Figure 2.5. The top panel shows the electron
density N, measured by the ELS instrument on board MEX, time shifted
to Rosetta’s time line as explained in the text. The middle panel shows Vs
measured by the LAP instrument on board Rosetta and the lower panel
shows the SAA of Rosetta. The grey areas indicate when data have been
excluded from the inter-calibration as explained in the text.
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the Rosetta flyby in the calibration since the SAA was very different then.
The solar wind does not show any significant variability during the days be-
fore the flyby either, which is necessary for this type of calibration. Small
structures in the solar wind are not easily observed at two very distant (up
to 300 Ry in this case) positions in space and would only bias the calibration
by adding a lot of data points around one specific value. We point out that
this will be an approximate calibration but still reasonably good.

Periods during which the Rosetta attitude is changing rapidly, and where
there are data gaps in the MEX data or when MEX is not in the solar wind,
have also been excluded from the data sets, and are shaded in Figure 2.4.
While some details differ, as expected in the dynamic solar wind, it is clear
that the main features in the two data sets are the same, including a signif-
icant decrease in plasma density before noon on February 26 as well as the
general trends in the data.

The measurements are combined in Figure 2.5, where the time-shifted
electron density N, from the ELS instrument is plotted versus V,, as mea-
sured by Rosetta, down sampled (using linear interpolation) to the ELS time
resolution of 4 s. The data points are separated into stars and plus-signs
which correspond to different SAAs of Rosetta. We also show three lines
resulting from linear fits to, first, the data points where the SAA had a
constant value of —25° (dotted line) and secondly to the data points where
the SAA had a constant value of —62° (dashed line). Since the two fits for
different SAAs are reasonably close to each other, we feel confident about
merging the data points and perform a calibration from the full data set
in this time interval. This is shown as the solid line, given by the relation

N [em™3] = 3.98V),s[V] +5.22. The coefficient of determination for this curve
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Figure 2.5: The electron density N, measured by the ELS instrument on
MEX plotted versus probe-to-spacecraft potential V,, measured by the
LAP instrument on Rosetta. Stars and plus-signs denote different SAAs of
Rosetta (—25° and —62°, respectively). The data were taken from intervals
as described in Figure 2.4. The solid line is a fitted curve to all of the data
whereas the dotted and dashed lines are a fits to the data obtained when
the SAA of Rosetta was —25° and —62°, respectively. The linear relation
of the solid curve between Vys and N. (Ne[em ™3] = 3.98V,s[V] + 5.22) is
used to estimate the density from LAP V), measurements.
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1s 0.95.

While the linear fit to the data points is quite good, with an inevitable
spread caused by the dynamic and inhomogeneous nature of the solar wind,
the spacecraft potential is usually expected to be a logarithmic function of the
plasma density, as the photoelectrons emitted are usually assumed to have an
exponential distribution with energy. This is indeed close to what is observed
on Earth-orbiting satellites equipped with long wire booms extending far
from the perturbations caused by the spacecraft body ( Thiebault et al., 2006;
Pedersen et al., 2008). However, for the short booms of Rosetta (2.24 m and
1.62 m), we can expect to see only a fraction of the spacecraft potential.
To this fraction should be added important contributions from the potential
fields generated by the solar panels and also the potential drop over the probe
sheath: the latter is on the order of a volt, which clearly is of the same order
as the measured V),;. Hence, we cannot expect to find a logarithmic relation,
valid for a large range of potentials. The observed good linear correlation in
Figure 2.5 should therefore not be extrapolated far outside the given interval,
and should be interpreted rather as a linear expansion of a full N.-V,,, relation
in the interval shown. As the details of this relation also depend on, for
example, the UV intensity (Pedersen et al., 2008; Eriksson and Winkler,
2008), the validity outside the flyby interval is further reduced. Nevertheless,
the statistical correlation seen in Figure 2.5 as well as the obvious co-variation
in Figure 2.4 shows that the linear calibration can be used for the data we
are interested in, accurate to a factor of about 2 for V), in the range -0.7 V
to +0.5 V, assuming that the density from MEX is correct. We do not say
that this is the final calibration that will be used when Rosetta reaches the

comet but simply that it gives a rough estimate of the density for now.



Chapter

Mars Global Surveyor measurements

of the influence of the crustal magnetic

fields

In this Chapter we examine the shape and location of the BS and MPB using
the data set from the MGS spacecraft. We also study the influence of the
crustal magnetic fields on these two boundaries as well as study the magnetic
field strength inside the MPB. Some of the material presented in this chapter
is published in Edberg et al. (2008).

3.1 Introduction

Mars has been considered to be a mainly unmagnetized body in the past
and the solar wind interaction with Mars have therefore been expected to be
very similar to that of Venus and comets. However, the discovery of strong
crustal magnetic fields on localized places on Mars, by the MGS spacecraft,

have somewhat changed this view. As MGS orbited Mars during the first 1.5
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years after arrival in late 1997 it repeatedly crossed the BS and the MPB in
the Martian plasma environment. This large data set of crossings can be used
to produce statistical best-fit models of the boundaries as well as to study the
variation of the boundaries with the crustal magnetic fields. The boundary
shapes have already been studied in the past but with smaller subsets of the
data and the influence of the crustal magnetic fields have only been touched
upon briefly. In this Chapter we will complement the previous studies by
using the full data set and study the influence of the crustal magnetic fields
in more detail. We start off by introducing one example of boundary crossings
in the MGS MAG/ER data set. We then use all similarly observed boundary
crossings in order to model the shape of the boundaries and to determine the

influence of the crustal magnetic fields.

3.2 Data analysis

Figure 3.1 shows an example of a time series from MGS. The orbit at this time
was highly elliptical, nearly polar and close to the terminator plane. The top
two panels show the magnetic field measurements from the MAG instrument.
The following panel shows differential energy flux from the ER instrument.
The bottom two panels show SZA of the spacecraft and altitude above the
surface of Mars. The inbound BS crossing is identified in the MAG/ER data
as an increase in magnetic field fluctuations together with an increase in
electron fluxes at around 02:10 UT. The spacecraft then entered the magne-
tosheath, characterized by heated plasma and more turbulent magnetic field.
The crossing of the MPB is identified by three simultaneous features in the

data at 03:22 UT. The most obvious signature is a fairly sudden increase in
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the magnitude of the magnetic field. In addition, the strong fluctuations in
the magnetic field which occur in the magnetosheath inside the BS stop at
this boundary and thirdly, the electron flux decreases compared to values in
the magnetosheath. A fourth signature can sometimes also be seen, which is
the beginning of the draping (rotation of the field direction) of the field lines
around the planet. After the inbound MPB crossing MGS is inside the MPR
until 03:48 UT followed by a period close to crustal magnetic field sources.
The MPR is entered again at 04:02 UT, the outbound MPB crossing occurs
at around 04:09 UT and the outbound BS crossing at 04:35 UT. We have
examined the entire MAG and ER data set from the pre-mapping phase of
the mission in search of such crossings of the MPB and BS. We found a total
of 993 and 619 crossings, respectively. The reason for the fewer BS crossings
is that the MAG and ER instruments only operated around CA after the
first 12 months, such that the MPB could be observed, but not the BS which
was too far out. The number of crossings found in this study differs from
that by Trotignon et al. (2006) (573 BS crossings and 860 MPB crossings)
and Bertucci et al. (2005) (1149 MPB crossings), who also used the entire
data set. This is explained by the fact that the boundaries can be difficult to
determine in some cases, e.g. when the orbit is tangential to the boundary
surface or when the crossings occur close to strong crustal anomalies. Some
crossings might be included in some studies and ruled out as too uncertain
in others. Unusual solar wind conditions can also disturb the appearance of

the boundaries, thus making them hard to identify.
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Figure 3.1: A time series of MGS MAG and ER data. The panels show
(a) magnetic field strength, (b) magnetic field components in MSO, (c)
differential energy flux in units of em™2s 'sr=teV =1, (d) SZA of MGS
and (e) altitude above the surface of Mars. The location of the MPB, BS
and the inner edge of the MPR are indicated by vertical black lines.
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Table 3.1: Best fit conic section parameters of the MPB obtained in this
study, with and without a fixed subsolar standoff distance, as well as for
the studies by Vignes et al. (2000) and Trotignon et al. (2006). The un-
certainties are calculated differently here (see text for explanation), which
explains the large difference in uncertainty values compared with the stud-
ies by Vignes et al. (2000) and Trotignon et al. (2006). N is the number of
data points. See Section 1.3.2 for explanations of Xy, € and L.

Study by Xo € L Rss N

[Rum] [Ra] [Ra]
This study 0.8640.11 0.9240.03 0.90+0.06 1.33+0.15 993
This study, fixed Rggs 0.731+0.11 0.904+0.03 0.984+0.06 1.25 993
Vignes et al. (2000) 0.7840.01 0.90+0.01 0.96+0.01 1.2940.04 488
Trotignon et al. (2006) (z > 0)  0.6440.01 0.7740.01 1.084+0.03 1.2540.03 901
Trotignon et al. (2006) (z < 0) 1.60 1.00940.003  0.5284+0.012 901

3.2.1 Shape of bow shock and magnetic pileup bound-

ary

In the upper two panels of Figure 3.2 all observed crossings of the BS and
MPB are plotted in a cylindrical coordinate system. The horizontal axis is the
aberrated MSO z-axis, while the vertical axis is the perpendicular distance
from the z-axis = \/3/2—1—7z2 . The variability of the crossing position is large,
and larger on the night side than on the day side. In order to determine
the best fit shape of the BS and MPB we use in principal the same method
as Vignes et al. (2000) and fit a conic section to the data points, with the
difference that we use the entire data set and not just the first year of data
as used in Vignes et al. (2000). This is done for both the MPB and for
the BS. In the lower panels (c and d) of Figure 3.2 are shown the best fit
conic sections determined here (solid line) together with the fits obtained by
Vignes et al. (2000) (dashed line) and Trotignon et al. (2006) (dashed-dotted
line). The dotted line in panel (d) shows a constrained fit to be described in
more detail later in this subsection. The parameters of the fits are shown in

Table 3.1 for the MPB and in Table 3.2 for the BS.
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Figure 3.2: All (a) BS and (b) MPB crossings found from the pre-mapping
phase of the MGS mission plotted in aberrated cylindrical MSO coordinates
together with fits of conic sections from this study (solid line). The bottom
panels show a comparison of fits between this study (solid line), the best
fit from Vignes et al. (2000) (dashed line) and the best fit from Trotignon

et al. (2006) (dashed-dotted) for the (c) BS and (d) MPB crossings. For

the MPB is also shown the best fit from this study with a fixed sub-solar

point value of 1.25 Ry (dotted line), see text for further explanations.
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Table 3.2: Best fit conic section parameters for the BS obtained in this
study, as well as in the studies by Vignes et al. (2000) and Trotignon et al.
(2006). N is the number of BS crossings.

Study by Xo € L Rss N

[Ra] [Rum] [Ra]
This study 0.554+0.12 1.05+0.04 2.104+0.09 1.58+0.18 619
Vignes et al. (2000) 0.6440.02  1.030.01 2.0440.02  1.64+0.08 450
Trotignon et al. (2006) 0.6 1.0264+0.002 2.0814+0.006 1.63£0.01 700

A difference that is introduced here compared to Vignes et al. (2000) is
that we define the outer surface of the MPB and BS to be the actual position
of the boundary crossing. This makes it necessary to calculate the uncertainty
of the fit in a different way. Vignes et al. (2000) repeated the fitting method
a great number of times, and because different random locations within the
boundary were used for the position of each crossing each time, an uncertainty
could be estimated. In this study, we calculate the uncertainty by varying
the fit parameters individually from the best fit value, until the root mean
square deviation of the data points changed by 5%. The uncertainty is then
chosen as the difference between the best fit parameter value and the value
that makes the RMS deviation change by 5%. The uncertainty estimates
obtained in this way are larger than those obtained by Vignes et al. (2000),
but since they are calculated differently they cannot be easily compared with
each other.

From Figure 3.2, panel (d), it can be seen that the best fit to the MPB
data from this study agrees well with the previous study by Vignes et al.
(2000), who only used a subset of the data. However, there are some differ-

ences. The subsolar standoff distance, calculated as

L

Rgs = X
SS o+1+€

, (3.1)
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is found to be 0.04 Rj; larger than in the study by Vignes et al. (2000)
(1.33 Ry compared with 1.29 Rjy). The tail radius at X = —4 R, is found
to be 0.10 Ry, larger than in the study by Vignes et al. (2000) (2.30 Ry,
compared with 2.20 R);). Here we use almost twice as many data points
in our fit, so that the average boundary location should be determined with
more accuracy. However, the larger standoff distance could also be explained
by the fact that we have used the outer surface of the boundary as the position
of the crossings. On the other hand, the tail radius should in that case also
be larger rather than smaller. The smaller tail radius could be explained by
the fact that MPB crossings far downstream are much harder to identify, and
the uncertainty in their location then becomes larger.

It is worth noting that the fitted MPB curve has its closest point to the
planet not directly upstream of the planet but at a SZA of about 45° from
the x-axis. This is due to the fact that the data coverage is poor close to the
planet below a SZA of ~40° (Brain et al., 2003), and there are no crossings
observed below a SZA of about 20°. Hence, the fit is not well represented at
low SZAs, such that the subsolar standoff distance may not be realistic. This
feature also occurred in the studies by Vignes et al. (2000) and Trotignon
et al. (2006). In order to account for this we introduce a new criterion in
the fitting routine, which fixes the subsolar distance of the conic section to
1.25 R,. This value is taken from the closest distance of the initial fit to the
MPB surface (at a SZA of 45°), and it is also the subsolar standoff distance
from the fit by Trotignon et al. (2006). We therefore assume that this is
a reasonable value based on present evidence. The fitting is then done in
the same way as before. The new fit is shown in panel (d) of Figure 3.2

by the dotted line. This fit is more realistic in the sense that the smallest
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radial distance is at the subsolar point while the tail radius does not deviate
significantly from the previous fit.

The best fit to the BS crossings, shown in Figure 3.2 panel (c), is in good
agreement with the previous studies by Vignes et al. (2000) and Trotignon
et al. (2006). However, the average standoff distance is found to be 0.06 Ry,
smaller compared with the standoff distance from Vignes et al. (2000) (1.58
Ry compared with 1.64 Ry;), and the tail radius to be 0.05 Ry, larger at
X = —6 Ry (5.90 Ry, compared with 5.85 Rjs). Again, we use more data

points and should have better accuracy.

3.2.2 The influence of crustal magnetic fields

The observed scatter in the position of the MPB and BS in Figure 3.2 is
extensive and there are a number of factors controlling it. Solar wind pa-
rameters and the IMF direction are included in these factors. However, here
we investigate the influence of the crustal magnetic fields on the location of
both the MPB and BS, as seen by the MGS measurements.

We use the extrapolated terminator distances to examine the dependence
of the location of the crossings on the crustal magnetic fields of Mars. The ex-
trapolated crossings of the MPB were first divided into three regions depend-
ing on the planetocentric longitude at which they were observed: 0° — 120°,
120° — 240° or 240° — 360°. The crossings within each longitude range are
then divided into whether they were observed over strong crustal fields or
weak crustal fields by comparing the location of the crossings with a map of
the crustal magnetic fields, such as that of Connerney et al. (2005) in Figure
1.6. Roughly, in the longitude range 0° — 120° the crustal fields are strongest

in the latitude range —45° to 45°, in the longitude range 120° — 240° they
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Table 3.3: Average extrapolated MPB terminator distances and standard
deviations in units of Rys divided into three longitude ranges and subdi-
vided into whether they are observed over weak or strong crustal fields, as
described in the text.

Longitude range
0° —120° 120° — 240° 240° — 360°
Strong crustal fields 1.48+0.18 1.5540.24 1.4840.18
Weak crustal fields  1.38+0.12 1.43+0.15 1.41+£0.12

are strongest in the latitude range —90° to 0° and in the longitude range
240° — 360° they are again strongest in the latitude range —45° to 45°.

In Figure 3.3 the extrapolated terminator distance is plotted as a function
of Martian longitude. The mean terminator distance is shown in each of the
three longitude sections for crossings that occurred over strong crustal fields
(solid lines) and for crossings that were observed over weak crustal fields
(dashed lines), based on the latitude and longitude limits given above. The
figure shows that the MPB is on average located farther out when there are
strong crustal sources underneath. The scatter of the terminator distances
is again extensive. However, the differences in the averages for crossings
observed above strong and weak crustal fields are statistically significant
in each of the three longitude sections, according to a Student’s t-test at
a 95% confidence level. The average altitudes and corresponding standard
deviations for the MPB crossings are shown in Table 3.3. Our results are
in agreement with the results obtained by Crider et al. (2002) who showed
that the MPB was located farther out for high southern latitudes. The study
reported here shows that it is not only in the southern hemisphere where the
MPB altitude is raised by the crustal sources, but rather that the boundary

is affected more locally and appears to be pushed outward to higher altitudes
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Figure 3.3: The extrapolated terminator distance of all MPB crossings
plotted versus planetary longitude. Crossings over all SZAs are included.
The filled circles indicate crossings over strong crustal fields while open
circles indicate crossings over weak crustal fields. The solid and dashed lines
indicate the average distances over regions with strong and weak crustal
fields, respectively. The regions of strong crustal fields were chosen as:
longitude 0° — 120°, latitude —45° — 45°; longitude 120° — 240°, latitude
—90° — 0°; and longitude 240° — 360°, latitude —45° — 45°.
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over the specific regions where the crustal sources are locally stronger. Brain
et al. (2005) also confirmed that the MPB is located at higher altitudes over
crustal fields by using electron data from the 400 km altitude mapping orbit
and identified time periods when MGS was in or below the sheath region.
Since the altitude of the spacecraft was more or less constant, detection of
sheath electrons implies that the MPB was pushed downward and this was
observed more frequently over regions without strong crustal sources.

The crustal magnetic fields are rotating with the planet and thus intro-
duce a time varying parameter that influences the MPB. If all other factors
that influence the position of the MPB stay constant, the boundary would
move up and down as the planet rotates. The additional magnetic pressure
from the crustal sources pushes the boundary farther out. This cannot be
distinguished from only one orbit, since there are many factors involved, but
on average it can be detected since the other factors, such as solar wind con-
ditions, average out in the statistics. The existence of mini-magnetospheres
has been suggested by Acunia et al. (1998) and Mitchell et al. (2001), and
appear to be likely features of the Martian plasma environment.

In Figure 3.4 we show evidence that the crustal fields also affect the
Martian BS. The extrapolated BS terminator distance is again plotted as a
function of longitude. Only BS crossings that are observed on the dayside of
Mars are included now because there are essentially no nightside BS cross-
ings in the northern hemisphere and we want an even spatial distribution
of BS crossings in the northern and southern hemisphere. The average dis-
tance over the southern and northern hemisphere of Mars is shown in three
longitude ranges. The average distances of the BS crossings observed over

the southern hemisphere in the same three longitudinal sections (the solid
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Table 3.4: Average extrapolated BS terminator distances and standard de-
viations in units of Ry divided into three longitude ranges and subdivided
into southern and northern hemisphere.

Longitude range
0° —120° 120° — 240° 240° — 360°
Southern hemisphere 2.7140.27 2.76£0.24 2.68+0.27
Northern hemisphere 2.2740.18 2.284+0.17 2.29+0.17

lines in Figure 3.4) are clearly located farther out than the crossings that
occur over the northern hemisphere (the dashed lines). We point out again
that the strongest crustal fields are observed in the southern hemisphere.
The values of the average altitudes and standard deviations are shown in
Table 3.4. This result is more surprising since the strength of the crustal
fields decreases rapidly with altitude and hence would be expected to have
a smaller effect on the location of the BS. The influence of the crustal fields
does, however, appear to be significant. This result does contradict the re-
sults of Vignes et al. (2002) who claimed that the crustal fields did not have
any significant effect on the location of the BS. However, Vignes et al. (2002)
did not separate crossings into whether they were observed over southern
or northern latitudes but simply took the average altitude in longitude bins
of 20° each, independent of latitude. Mazelle et al. (2004) did find a small,
but not insignificant, asymmetry in BS distance between ecliptic north and
south and claimed that it was larger downstream of the planet. In our study,
where we look at dayside BS crossings only, the BS does not appear to have
a significant maximum for the longitude range 120° — 240° where the crustal
fields are strongest. Instead, the BS in the entire southern hemisphere ap-
pears to be affected globally and pushed outwards by the strongest crustal
fields.
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Figure 3.4: The extrapolated terminator distance of all dayside BS cross-
ings plotted versus planetary longitude. The filled circles indicate crossings
over the southern hemisphere while open circles indicate crossings over the
northern hemisphere. The solid and dashed lines indicate the average dis-
tances over the southern and northern hemisphere, respectively. There is
no separation to indicate strong or weak crustal fields as is done in Figure
3.3. The figure shows that the BS crossings observed over the southern
hemisphere are on average farther out than BS crossings observed over the
northern hemisphere.
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Dividing the BS crossings into the same regions as the MPB crossings
does not provide the same clear results. The BS crossings in the southern
hemisphere in the longitude range 120° — 240° are farther out than in the
northern hemisphere in the same longitude range, but the low (< 120°)
and high (> 240°) longitude crossings over weak crustal sources are actually
slightly higher in the mid-latitudes. Other factors such as dynamic pressure
or IMF direction seem to be governing in these mid-latitude regions which
could explain the relatively lower BS altitude. It appears as if the BS is not
affected enough by the mid-latitude crustal fields but only by the strongest
crustal fields in the southern hemisphere and there it is being affected over
large scales across the southern hemisphere.

Also, dividing the MPB crossings simply into northern and southern hemi-
sphere crossings gives an insignificant difference in the average distance of
southern and northern crossings in the longitude range from 0° to 120° as
well as in the longitude range 240° — 360°. This is expected since the strong
crustal sources are located in the mid-latitudes in these longitude ranges and
thus affects the southern and northern hemispheres equally.

The north-south asymmetry of the BS found in this study using MGS
MAG/ER data has been supported by MEX ASPERA-3 measurements (Du-
binin et al., 2008a). They found that in the longitude range 130°—240° in the
southern hemisphere the crustal sources provide essential additional pressure
and lift the MPB upward by 400 — 500 km. The asymmetry in the obsta-
cle shape (the MPB) to the solar wind in turn causes an asymmetry in the
BS location (Dubinin et al., 2008a). A hybrid model simulation of the solar
wind interaction with Mars, which includes the crustal fields, do not show

any global changes in altitude of the BS, whereas the MPB seems to be af-
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fected more, and especially over strong crustal sources where it forms more
of a magnetopause-like structure (Harnett and Winglee, 2007).

We have also studied the upstream IMF direction in the 10 min interval
upstream of each crossing, and searched for any preferred orientation that
could explain the north-south asymmetry. However, we do not find any such
IMF orientation for the BS crossings in either of the two hemispheres that
could add to the asymmetry in altitude. It should be said that determining
the orientation of the IMF from the upstream field is difficult. The spacecraft
field can cause errors in the measurements (Crider et al., 2001), and the 10
min averages also introduce an error since the orientation of the field can
change rapidly. Vignes et al. (2002) did indeed find that the upstream IMF
affected the position of the BS but they only used a small portion of the
data points when there was a very steady field orientation. In this study we
use all the data points and not just the ones with a steady upstream IMF
and find that, independent of IMF orientation, the southern BS is almost
always farther out than the northern BS. There does not appear to be any
orbital effect that could account for this asymmetry, either. There are more
BS crossings in the southern hemisphere than in the northern hemisphere
due to orbit geometry but otherwise they do not have any preferred location
relative to the planet that could account for the observed asymmetry in BS

location.

3.2.3 Magnetic field strength at the magnetic pileup

boundary

The MPB is the outer boundary of the MPR which develops as the IMF

drapes around the planet (Nagy et al., 2004). The upper panel of Figure 3.5
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shows the mean magnitude of the magnetic field (|B]|) in the inner part of
the MPB (that is the outer part of the MPR) as a function of SZA and the
error bars show the standard deviation of the data ojp. The lower panel
shows o5 normalized to (|B|) as a function of SZA so that the relative
values can be seen. The data are binned into 5° bins ranging from a SZA
of 25° up to 130°. Brain et al. (2003) examined the relative magnitudes of
the IMF and the planetary crustal field, whereas Crider et al. (2004) studied
only the IMF contribution to the magnitude of the draped field. However,
these studies binned data based on altitude, local time, SZA and geographic
location. Since the plasma environment is highly dynamic and the boundaries
move back and forth with time, that binning method results in data being
taken from different regions of the plasma environment. This study focuses
instead on the field magnitude in the MPB by binning the data after checking
where the MPB is actually located during each orbit. This ensures that we
bin data solely from the boundary region. We use the maximum magnetic
field strength during each MPB crossing in our binning. Crossings that occur
where the crustal field exceeds 5 n'T are excluded. This is checked by using the
crustal field model by Cain et al. (2003). As expected, the field magnitude
in Figure 3.5 is higher compared with values obtained in the studies by
Brain et al. (2003) and Crider et al. (2004), by about 25 — 50%, since we
do not sample any sheath magnetic field which is on average lower than the
maximum magnetic field in the MPB. The magnitude of the magnetic field
in the MPB is found to be around 40 nT on the dayside of the planet, and
to decrease almost linearly with SZA towards the nightside where it is on
average around 15 nT. The draped flux tubes within the MPB are thus most

strongly compressed in the subsolar region, as expected, but expand around
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Figure 3.5: The upper panel shows the mean magnetic field strength at
the inner surface of the MPB as a function of SZA, binned in 5° bins.
The error bars show plus or minus one standard deviation o|p| about the
average values. The lower panel similarly shows o | normalized to the
mean |B| value in each 5° bin, versus SZA.
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the planet into the nightside. While the magnitude of the mean magnetic
field strength decreases towards the nightside, the relative variation of the
field strength actually increases towards the nightside.

In Figure 3.6 the mean field strength variation with altitude within the
dayside MPB is shown in four altitude sections and sub-divided into high
(> 60°) and low (< 60°) SZA. The altitude sections are chosen as 0.0 — 0.1
and 0.1 — 0.2 Ry, above and below the average location of the MPB (the
dashed lines in Figure 3.6 indicate the four regions) and the SZA division is
at an angle of 60°. The field strength in the MPB is clearly seen to increase
as the MPB moves toward the surface of the planet, implying that when the
solar wind dynamic pressure pushes the boundary closer to the planet the
magnetic flux piled up in front of the planet must be stored in a smaller
volume and the magnetic field strength thus increases. The field strength in
the outer region (higher altitude) is of order 70% of that in the inner region
(lower altitude), for both high and low SZAs.

3.3 Summary and conclusions

We have analyzed the full pre-mapping data set from the MGS MAG and
ER instruments. The study has focused on the shape and location of the
two boundaries as well as on the effects of the crustal magnetic fields on
the location of the MPB and BS. We also study the magnetic field strength
inside the MPB.

The pre-mapping data set contains sixteen months of data with good cov-

erage in SZA, local time, and altitude. We use this to search for crossings

of the MPB and BS and find 993 and 619, respectively. The MPB appears
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etc.
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as a permanent boundary in the Martian plasma environment, and is the
boundary where the IMF starts to pile up upstream of the obstacle. Its loca-
tion is to a large extent governed by the pressure balance between magnetic
pressure on the inside and solar wind dynamic pressure on the outside. In
a time series from MGS MAG/ER it is identified by a sudden increase in
magnetic field magnitude together with a drop in field fluctuations as well
as a drop in electron flux. The increase in field magnitude is larger on the
dayside than on the nightside and the scatter in position of the boundary is
more extensive on the nightside.

The shape and location of the MPB and BS are found to be in agreement
with previous studies but with some smaller differences in stand-off distance
and tail radius. We introduce a new fitting technique which gives a more
realistic MPB shape by making sure that the lowest altitude of the boundary
is at the subsolar point.

The crustal fields are shown to play an important role in the location
of the MPB as well as the BS. The additional magnetic pressure from the
crustal sources forces the MPB to higher altitudes over the large scale regions
where there are stronger crustal fields. By extrapolating each MPB crossing
to the terminator line and dividing them into whether they are observed
over regions of weak or strong crustal fields we find that the crossings that
occur over regions with intense crustal magnetic fields are on average located
farther out. We have repeated this division in three longitude ranges and
obtained the same result in all three regions. For the MPB, the extrapolated
terminator distances are on average farthest away in the longitude range
120°—240° within the latitude range from —90° to 0°, which is coincident with

where the strongest crustal fields sources are located. This clear distinction
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between weak and strong crustal field regions is not seen for the BS crossings.
This is at least partly expected since the magnitude of the crustal fields falls
off with altitude and it gets more and more disturbed by the surrounding
plasma environment. However, on a global scale the crustal field still appears
to make a large difference since the BS crossings observed over the southern
hemisphere are located significantly farther out than the northern hemisphere
crossings. The BS does not seem to be affected by the intermediate crustal
field strength in the mid-latitude regions and that indicates that there might
be a threshold crustal field strength required to lift the BS. It has not been
possible to relate this asymmetry to any particular upstream IMF orientation
or orbit geometry effect. The observed asymmetry in both the MPB and BS
altitude is supported by measurements from MEX.

The magnetic field strength at the inner edge of the MPB is found to be
about 40 nT on the dayside (no crossings could be observed below a SZA of
20° due to orbit constraints), and decreases to about 15 nT on the nightside.
The decrease toward the nightside agrees with what is expected from a gas-
dynamic modelling: as the obstacle surface becomes more tangential to the
solar wind flow, more and more magnetic flux slips by the obstacle and hence
the flux decreases (Spreiter and Stahara, 1980). The flux tubes also expand
downstream of the subsolar point and the field magnitude thus decreases.
The variation in field strength is quite large and the uncertainty of the average
values becomes large. The field strength is shown to increase rapidly with
decreasing altitude. A MPB crossing observed closer to the planet implies,
in general, a larger magnetic field strength in the MPB and a MPB crossings

observed at higher altitude implies smaller field strength.



Chapter I

Rosetta and Mars Express

simultaneous measurements of the
effects of low and high solar wind

pressure

In this Chapter we analyze the measurements made by the Rosetta spacecraft
during its swingby of Mars together with the simultaneous measurements
made by MEX. The data analysis is divided into two parts. First, we perform
a two-spacecraft near-simultaneous plasma boundary study at Mars by using
both Rosetta and MEX measurements during quiet solar wind conditions.
Secondly, we examine the effects of a high pressure solar wind region on
the Martian plasma environment by using Rosetta as a solar wind monitor
while MEX samples the plasma environment over several days. Some of the
material presented in this Chapter is published in Edberg et al. (2009¢) and
included in Edberg et al. (2009a).

68



CHAPTER 4. ROSETTA AND MARS EXPRESS SIMULTANEOUS
MEASUREMENTS OF THE EFFECTS OF LOW AND HIGH SOLAR
WIND PRESSURE 69

4.1 Introduction

As the Rosetta spacecraft performed a flyby of Mars on February 25, 2007,
the rare event of a two-spacecraft investigation of the Martian plasma envi-
ronment, together with MEX, became possible. Out of all the past missions
to Mars, with plasma instruments onboard, only two have been in operation
at the same time: MGS and MEX. Results from a study using MGS and
MEX are presented in Chapter 5.

Hence, the Rosetta Mars flyby is the first opportunity for coordinated
plasma measurements near the Martian BS and MPB. The Rosetta and MEX
trajectories during the Mars flyby are presented in Figure 2.3 as blue and

red lines, respectively.

4.2 Simultaneous observations during low so-
lar wind pressure

To enable us to find the locations of the BS, MPB and PEB, which are our
prime targets in this study, Figure 4.1 shows the Rosetta ROMAP magnetic
field data from the inbound leg of the Rosetta Mars flyby. Data are shown
as total field strength and z, y and z-components in MSO coordinates. The
expected crustal magnetic field strength from a model by Cain et al. (2003)
is also shown as well as the altitude of Rosetta. For the outbound leg, a sum-
mary of RPC data are shown in Figure 4.3. The MEX measurements during
this interval are presented in Figure 4.4. These plots form the basic material
for the following Sections where we will first describe the Rosetta plasma

boundary crossings and then the simultaneously occurring MEX boundary
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Figure 4.1: Time series of Rosetta data from around CA of Rosetta. The
panels show (a) the magnetic field strength, (b, ¢ and d) the MSO z, y
and z-components of the magnetic field, (e) the expected crustal magnetic
field from the Cain et al. (2003) model and (f) altitude of Rosetta. The
BS is observed at 01:51 UT, the MPB at 01:54 UT, the PEB at 01:55 UT
and a signature of a passage into the ionopause at 01:57 UT, all indicated
by black vertical lines. The grey shaded area indicates where the crustal

magnetic fields are observed.



CHAPTER 4. ROSETTA AND MARS EXPRESS SIMULTANEOUS
MEASUREMENTS OF THE EFFECTS OF LOW AND HIGH SOLAR
WIND PRESSURE 71

crossings.

4.2.1 Dayside bow shock crossing

The increased magnetic field strength and level of turbulence occurring in
a wide interval around 01:51 UT (Figure 4.1, panel a - d) is identified as
the BS. The upstream IMF in Figure 4.1 has a field strength of ~2 nT and
is directed slightly tailward and toward the positive y-hemisphere and to-
ward ecliptic north, which is in agreement with the normal Parker spiral
configuration. With some caution for possible magnetic field offsets, this
magnetic field direction together with the flyby geometry (Figure 2.3) sug-
gests that we should encounter a quasi-parallel BS, (the 0, angle, i.e. the
angle between the IMF and the normal to the BS, is close to 0). While the
separation into quasi-parallel and quasi-perpendicular shocks is less relevant
for Mars than for Earth for several reasons (e.g. small obstacle scale size
with respect to the ion gyro radius and substantial exospheric ionization, see
Mazelle et al. (2004) for a review), a quasi-parallel shock nature is indeed
consistent with the gradual increase in magnetic field strength seen around
01:51 UT, which we will see contrasts drastically to what we observe on the
outbound leg (Section 4.2.4). The fluctuations seen from around 01:49 UT
cannot be taken as an indication of interaction of the solar wind with back
streaming ions upstream of a quasi-parallel shock as such activity at Mars is
found also upstream of the quasi-perpendicular BS, presumably because of

the ionization of exospheric neutrals (Mazelle et al., 2004).
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4.2.2 Dayside MPB and PEB crossings

The major rotation of the magnetic field at 01:54 UT, in combination with
a decrease in fluctuations of the magnetic field at the same time, is inter-
preted as the MPB crossing. The MPB can normally be identified by three
specific signatures in magnetic field data: a sudden increase in field strength,
a decrease in field fluctuations and an enhanced draping of the field lines
around the planet (Brain et al., 2005). Here we only see two of those signa-
tures, a decrease in field fluctuations and a draping (or change in orientation,
mainly of the B, and B, component) of the field lines. The increase in field
magnitude is less clear in the data.

The lack of an actual piling-up of magnetic field during this event could
be associated with a change of the boundary location. One minute before the
MPB crossing, at 01:53 UT, there is another signature in the magnetic field
data suggesting an additional plasma region or perhaps more likely, an effect
of a temporal and spatial change in the plasma environment. The character-
istic magnetosheath fluctuation of the magnetic field does not stop at 01:53
UT but rather at 01:54 UT and Rosetta should still be in the magnetosheath
by 01:53 UT. However, there could have been a first MPB crossing occurring
at 01:53 UT, followed by a moving in of the MPB which should then have
passed by Rosetta inward. A slow decrease in field magnitude should then
be observed, and there is also in fact a short interval between 01:53 UT and
01:54 UT where the field strength decreases. The MPB is then finally crossed
again at 01:54 UT. However, since we do not have two-point measurements,
we can only speculate upon this.

An analysis of how the z-component of the magnetic field (B,) varies with

the cylindrical radial component perpendicular to the z-axis (B,), as used
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by Israelevich et al. (1994) and Bertucci et al. (2003), displays the draping
effect of the magnetic field around the planet. This helps in determining
different spatial regions in the plasma environment and especially the differ-
ence between the MPR and magnetosheath. The results are shown in Figure
4.2. Panel (a) shows a shorter time series from the ROMAP measurement
from when Rosetta is just inside the BS until Rosetta is well within the MPB.
Panel (b) shows B, as a function of B, for the interval marked in red in panel
(a) when Rosetta is in the magnetosheath and there is no strong correlation.
However, between second 100 and 145 in panel (b) there is a tendency of a
correlation, which would correspond to the interval when the MPB moves
inward as discussed in the previous paragraph. A fit to this interval (blue
line) using linear regression only yields a coefficient of determination of 0.54
and a fit to the interval from 0 to 100 seconds (red line) gives a coefficient
of determination of only 0.02. Panel (c¢) shows B, as a function of B, for
the green interval in panel (a) when Rosetta is clearly inside the MPR. The
green line is a fit to this data. The coefficient of determination for this line
is 0.78. This reveals how the draping of the IMF is enhanced after 01:54 UT
and thus makes us confident that we are really inside the MPB at this time.

At 01:55 UT in Figure 4.1 the field strength starts to decrease slowly.
Having no electron measurements at this point it cannot be said for sure but
the location of Rosetta when this decrease starts suggests that it is in fact
the crossing of the PEB. The position of the crossing is in good agreement
with where MEX crosses this boundary (see Section 4.2.5 and Figure 4.5). A
sharp change of the magnetic field occurs at 01:56:30 UT at an altitude of 360
km. This could possibly be a signal of a passage into the ionosphere. The two

peaks in the field strength that then follow at 01:57 UT and 01:58 UT could
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Figure 4.2: A shorter time series than that is shown in Figure 4.1 of the
ROMAP data is displayed in panel (a). Panels (b) and (c) show the radial
component of the magnetic field plotted as a function of the x-component
for two time intervals indicated by the red and green colours in panel (a),
which correspond to the magnetosheath and the MPR, respectively. The
red, blue and green lines are fits to different intervals as explained in the
text.
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be signatures of crustal magnetic fields. Looking at the crustal field model
by Cain et al. (2003), the two peaks observed in the ROMAP data are close
to what is expected, except for a short time difference of about 1 minute,
which may well be due to plasma effects which are specifically excluded from
the Cain model. The Cain model was restricted to only use data from below
200 km altitude and only from the dayside. The measured magnetic field
is a combination of draped IMF and crustal fields and hence the magnitude
of the Cain model is expected to be less than the measured values. Even
though the morphologies of these signatures are somewhat different from
what was measured by MGS we believe that it is likely that these are indeed
crustal magnetic fields. Boesswetter et al. (2009) used the second version of
the crustal field model from (Purucker et al., 2000) and also found a clear

crustal magnetic field signature in the de-trended ROMAP data.

4.2.3 Flank MPB crossing

Figure 4.3 shows a time series of measurements by the Rosetta IES, MAG
and LAP instruments on the outbound leg from 02:55 UT, just after the
payload turn-on following the shut-down period around CA, until 04:30 UT.
The altitude above Mars and the spacecraft SAA are also displayed in the
Figure. The SAA is of interest as it determines the perturbation on the
LAP V,; measurement from the solar panels, and also determines if the solar
wind enters the IES field of view. The density data in panel (f) in Figure
4.3 was produced by using the calibration function between Rosetta LAP
and MEX ELS as described in Edberg et al. (2009¢). The IES instrument
was behind the spacecraft (with respect to the solar wind flow) during this

interval and thus did not see the entire distribution of streaming solar wind
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Figure 4.3: Time series of the measurements made by three of the RPC in-
struments during the outbound leg of the Rosetta flyby. The panels of the
figure show (a) electron and (b) ion omni-directional energy spectrograms
from the IES instrument, (c) the relative ion and electron densities calcu-
lated from the IES instrument, (d) the magnetic field strength as measured
by MAG, (e) the z, y and z-components of the magnetic field in MSO, (f)
the plasma density as measured by LAP (calibrated as described in Edberg
et al. (2009c)), (g) the SAA and (h) altitude. The outbound MPB is ob-
served at 03:10 UT and the three outbound BS crossings are observed at
04:04 UT, 04:07 UT and 04:09 UT, all indicated by black vertical lines.
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and magnetosheath particles. For IES, we therefore only present the relative
changes in the ion and electron number density, from density moments of
the ion and electron distribution. While the flowing ions are hidden from
the instrument, the electrons have higher thermal speed and can more easily
reach the instrument, giving a more reliable density moment. The IES energy
spectrograms changes energy resolution at about 03:03 UT which is clearly
seen in the data. After this change, the electron and ion fluxes are seen
to drop sharply at 60 eV since the first energy channels goes up to this
energy level. Both spectrograms were generated by summing counts over all
elevations and azimuth angles and hence the direction information is lost in
the energy spectrogram. It should be noted that there is good covariation
between the LAP and IES electron density variations, giving confidence in
the measurements.

The Rosetta trajectory was close to tangential to the plasma boundaries
during the outbound leg. This may explain the gradual magnetic field gradi-
ent at the start of the interval, which we interpret as a stretched MPB. We
note that the significant change at 03:02 UT is likely to be an artefact intro-
duced by the changing attitude. The MPB position is thus not fully clear,
but on moving from inside the MPB to outside, the decrease in magnetic
field magnitude is gradual but with a distinct minimum at 03:10 UT where
there is again a rotation of the field direction, an effect of the IMF draping

around the obstacle, and we therefore identify this as the MPB.

4.2.4 Flank magnetosheath and bow shock crossings

Throughout the first hour in Figure 4.3, there is a gradual increase in the V),

which has been translated to number density Npap (Figure 4.3, panel (f))
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Table 4.1: Results from the MVA on the three outbound leg BS crossings.
The three components of the normal vector (eigenvector with smallest cor-
responding eigenvalue) are given for each BS crossing as well as the three
eigenvalues of the covariance matrix. ¢ is the angle between the MVA nor-
mal vectors and the expected local boundary normal from Trotignon et al.
(2006), given by (0.26,0.97,0.0).

D VD VD VR
BS1 050 0.87 -0.07 0.004 0.027 054 15°
BS2 -0.27 0.86 0.43 0.005 0.045 0.14 40°
BS3 025 096 0.1 0.020 0.053 0.39 6°

according to the cross-calibration in Edberg et al. (2009¢) (see also Section
2.5). As Rosetta continues out through the magnetosheath there is a con-
tinuous increase in probe-to-spacecraft potential and electron density. This
could be interpreted as an increase in plasma flow through the Martian mag-
netosheath at this time, due to a hypothetical increase in the solar wind flow
(see discussion in Section 4.3). The density increase is observed to continue
until the BS is crossed outbound at 04:04 UT. The crossing of the BS is con-
sistently observed in LAP, MAG and IES data. Possibly due to the changing
plasma conditions, the BS moves outward again and passes by Rosetta at
04:07 UT. At 04:09 UT, after an additional 2 minutes in the magnetosheath,
the BS is once again crossed.

A minimum variance analysis (MVA) (Bertucci et al., 2005) is used to
find the local normal to the three BS crossings, in order to get a sense of the
shape of the boundary in comparison to models. The z, y and z-components
of the normal vectors from the MVA for the three BS crossings are shown in
Table 4.1, together with the eigenvalues Ay, Ay and A3 of the eigenvectors of
the covariance matrix in the MVA.

The angle ¢ between the normal vector obtained from the MVA to the
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expected boundary normal from Trotignon et al. (2006) is also shown. During
the first and third crossings on the outbound leg, the normal direction is very
close to parallel to the local normal to the conic section, assumed to represent
the average surface boundary ( Trotignon et al., 2006), in the z — y plane and
with a small z-component, which is expected. However, for the second of the
three outbound BS crossings, the normal obtained from the MVA analysis is
tilted in the downstream direction and with a larger z-component, suggesting
that the BS moved outwards in a wave motion propagating downstream. We
note that the magnetic field direction in the solar wind (Figure 4.3) and the
BS normal directions at the two outbound crossings are consistent with a
quasi-perpendicular BS. This is also indicated by the discontinuous nature of
the observed BS crossings, in distinct contrast to the dayside BS (Figure 4.1).
However, as discussed in Section 4.2.1, the smeared-out nature of the inbound
BS may be more due to its proximity to the planet, putting it inside the
Martian exosphere, rather than to the effects of its normal direction with

respect to the IMF (Mazelle et al., 2004).

4.2.5 Mars Express observations

The MEX orbit on February 25, 2007, was close to the terminator plane
with periapsis of ~310 km altitude in the +y/-z-hemisphere and apoapsis
of about ~10000 km altitude in the -y/4z-hemisphere. A time series of the
ion and electron measurements from IMA and ELS at this time is plotted in
Figure 4.4 together with the velocity and density moments. The solar wind

! with a density

is slightly slower than average at this time, below 300 km s~
of ~1-2 cm 3. Meanwhile, the ROMAP data from Rosetta indicates that the

IMF strength is quite ordinary and aligned with the expected Parker spiral
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Figure 4.4: MEX ASPERA-3 measurements from 25 February, 2007. The
panels show (a) electron and (b) ion omni-directional energy spectrograms,
(c) ion and electron density moments, (d) plasma velocity and (e) altitude.
The inbound BS, MPB and PEB crossings occur at 02:44 UT, 03:13 UT
03:22 UT, respectively, while the outbound PEB, MPB and BS occur at
03:50 UT, 03:55 UT and 04:30 UT, respectively (black vertical lines).
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direction, see Section 4.2. During the inbound crossing of the BS and the
MPB by Rosetta at 1:51 UT and 1:53 UT, respectively, MEX was in the
solar wind. Figure 4.4 shows that the solar wind was quiet for a long period
before the Rosetta CA at 01:58. Based on the MEX observations it is rea-
sonable to assume that the upstream conditions during the Rosetta inbound
leg were constant. Rosetta ROMAP data (Figure 4.1) and Rosetta MAG
data (Figure 4.3) show that the IMF has changed sign of the z-component
from before the flyby until after the flyby, while the field strength has not
changed significantly.

During the full orbit of MEX, the spacecraft encountered several regions
and boundaries in the Martian plasma environment, as can be seen in Figure
4.4. First, MEX was in the solar wind until 02:44 UT when the spacecraft
crossed the BS, and was thereafter located in the Martian magnetosheath.
The magnetosheath was clearly identified by the appearance of solar wind
electrons heated at the BS crossing. A similar signature was observed in the
ion spectrogram. At 03:13 UT a significant change in the ion and electron
fluxes occurred. The sudden disappearance of magnetosheath electrons is
interpreted as a crossing of the MPB. At 03:22 UT the PEB is crossed,
detected in the ELS data by the appearance of a spectral line at energy
of 20 - 30 eV. MEX stayed inside the Martian PEB for 28 minutes, until
03:50 UT when the spacecraft crossed the PEB outbound. The MPB was
crossed outbound at 03:55 UT and again the magnetosheath was entered
before finally the solar wind region was reached after having crossed the BS

at 04:30 UT.
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4.3 Shape and location of the plasma bound-
aries

The positions and times of all MPB, PEB and BS crossings observed by
Rosetta and MEX, as reported in the previous sections, are indicated in
Figure 4.5, on two different scales. Also shown are the orbits of MEX and
Rosetta in cylindrical MSO coordinates and the average BS and MPB loca-
tions from Trotignon et al. (2006) plotted as solid green and red lines. We use
the model of Trotignon et al. (2006) since it has been specifically developed
to model the boundaries far downstream which is where we have some of our
boundary crossings in this study. The dashed green line is a conic section fit
to the three BS crossings closest to the planet that were observed by both
Rosetta and MEX and the dashed blue line is a fit to the three PEB cross-
ings. The inbound MPB crossing by MEX and the outbound MPB crossing
by Rosetta are only separated by 3 minutes in time. The outbound BS cross-
ing by Rosetta is observed approximately 20 minutes before the outbound BS
crossing of MEX. This makes these measurements the first near-simultaneous
two-spacecraft measurement of plasma boundaries at Mars. The observations
of the PEB by Rosetta and MEX are separated 1.5 hours in time making
them far from simultaneous. The time-scales on which these three bound-
aries move significantly can be anything between a couple of seconds up to
perhaps hours depending on solar wind variability. During the time off the
Rosetta flyby the solar wind conditions are steady and slow, when observed
by either of the two spacecraft. What happens to the solar wind during the
time when both spacecraft are inside the BS is unknown, but considering

the stable situation before and after this interval, a reasonable assumption
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Figure 4.5: The trajectories of Rosetta and MEX on 25 February 2007
plotted in cylindrical MSO coordinates and shown in two scale sizes. The
green and red solid curves are the average positions of the BS and MPB
from Trotignon et al. (2006). The positions of the boundary crossings
observed by Rosetta and MEX are displayed as green (BS), red (MPB)
and blue (PEB) stars and plus signs. Stars refer to Rosetta observations
and plus signs to MEX. The time, in UT, of each crossing is also indicated.
The dashed green line is a fit to the three BS crossings closest to the planet
(see text for further details on the fitting) and the blue dashed line is a fit
to the PEB crossings.
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is that the solar wind does not vary very much, except for a change in the
sign of B,. However, this leaves unexplained the observed continuous den-
sity increase (as indicated from the probe potential measurements and also to
some extent from the TES electron moment) seen during the outward passage
through the magnetosheath (Figure 4.3 and Section 4.2.4). There is of course
the possibility of a short-time change in the solar wind in the time-interval
between the last Rosetta MPB crossing and the last Rosetta BS crossing
which could cause the density increase. The increase is less than a factor of
two in Np4p which is within the error margins of the density calibration so
there is also the possibility of the increase being unphysical. However, even
though the calibration has an error margin, the individual V,s measurements
should not have a time-dependent error that would cause a factor of two
increase over about one hour, which suggests that the increase is indeed real.
There is also a simultaneous increase in the magnetic field strength at this
time which supports the interpretation of this being physical.

We compare our measurements of the MPB and BS with previous models
of the shape of the two boundaries. For the BS, a conic section is fitted to
the three farthest upstream BS crossings (dashed curve in Figure 4.5). The
fitting is done by altering the semi-latus rectum of the conic section from the
best fit value of Trotignon et al. (2006) until the root mean square of the
distances from each BS crossing to the proposed fit reaches a minimum, as
described in Section 3.2.2. However, this fit does not agree with the farthest
downstream BS crossing. This suggests that the shape of the BS may well
be represented by a conic section but the entire boundary does not seem to
move like a rigid body but rather alters its shape somewhat. In this case, it

becomes more compressed in the far downstream region. For the MPB on
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the other hand, all crossings are reasonably close to the average position of
the boundary, even far back in the tail. The PEB fit is done assuming that
the boundary has the same shape as the MPB on the dayside.

The location of the BS at this time differs from the average location. The
entire BS seems, based upon point measurements, to be compressed during
these 2.5 hours even though the solar wind speed is slow and the density
moderate. This may seem unexpected since an increase in dynamic pressure
should cause the boundary to be pushed farther inward.

It has been shown by Mazelle et al. (2004) and Edberg et al. (2008) that
the dayside BS is on average closer over the northern hemisphere of Mars
than it is over the southern hemisphere by about 0.4 R,;, presumably due
to the influence of the crustal magnetic field. This is in agreement with the
location of the inbound Rosetta BS crossing and the outbound MEX BS
crossing, which are both observed in the northern hemisphere. The inbound
MEX BS crossing, which is observed in the southern hemisphere, is still
closer in than average but is the most distant crossing of these three. It is
however only about 0.2 R, farther out than the other two, if extrapolated to
the terminator plane. The crossing by Rosetta far down tail is also located
farther in than average but is observed close to the orbital plane of Mars and
at a large distance in the y-direction.

The location of the MPB is found close to its average position at all times
during the Rosetta flyby which indicates that it is not governed by the same
factors (such as solar wind dynamic pressure and IMF orientation) as the
BS, or at least does not move on the same timescales when a change of these
factors occur, considering that the BS is compressed during the entire flyby

interval.
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4.4 Simultaneous observations during high pres-
sure solar wind

Rosetta only stayed within the Martian plasma environment for a couple
of hours when it could perform simultaneous in situ measurements together
with MEX, which we have focused on in the previous Sections. However, the
plasma instruments on Rosetta were switched on for 5 days around the time
of the flyby, which enabled further possibilities in terms of two-spacecraft
studies at Mars. In the following Sections we will present a study where we
use Rosetta as a solar wind monitor while MEX samples the Martian plasma
environment in order to study the influence of high solar wind dynamic pres-
sure on the plasma boundaries around Mars.

The orbit geometry of MEX and Rosetta is shown in Figure 4.6 for a
longer interval during the time of the Rosetta Mars swingby. Also shown
are the positions of all the MPB and BS crossings as observed by MEX
from 00 UT on 24 February 2007 until 24 UT on 27 February 2007 together
with empirical models of the two boundaries from Edberg et al. (2008) and
Trotignon et al. (2006). The position of each crossing, which are identified
in the ELS data, is adjusted to account for the mean 4° aberration of the
solar wind direction caused by the orbital motion of the planet while the
MEX orbit (black solid line) is not adjusted. Note that the inbound and
the outbound boundary crossings occurred on almost opposite sides of the
planet. MEX was at this time, as stated previously, in an elliptical 6-hour
orbit very close to the terminator plane of Mars. It hence crossed the MPB
and the BS both inbound and outbound on every orbit and completed 14

orbits during these four days. The local time is ~17h on the inbound passes
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Figure 4.6: Boundary crossing locations and orbital geometry during the
Rosetta Mars swingby. The top panels show all BS (diamonds) and MPB
(stars) crossings observed by MEX during 24-27 February 2007, shown pro-
jected onto (a) the y — z plane and (b) in cylindrical coordinates together
with the average BS (dotted line) and MPB (dashed line). Panel (c) shows
the trajectory of Rosetta in cylindrical coordinates (black solid line) to-
gether with best fits of the MPB (dashed line) and BS (dotted line) from
Trotignon et al. (2006). A part of the MEX orbit is shown in panel (a)
and (b) (black line). The vertical bars in panel (b) indicate the mean ex-
trapolated terminator distance and standard deviation of the BS and MPB
crossings from Edberg et al. (2008). The positions of the crossings are ad-
justed to account for the 4° aberrated solar wind flow caused by the orbital
motion of the planet with respect to an average solar wind speed of 400

km s 1.
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and ~05h on the outbound passes. In panel (c) we show the trajectory of
Rosetta, which had its CA to Mars at 01:58 UT on 25 February 2007 and
then proceeded out through the magnetosheath on the nightside, crossed the

BS outbound at 04:04 UT and continued downstream in the solar wind.

4.4.1 Plasma boundary asymmetries

A plot of combined Rosetta and MEX measurements from the time around
the Rosetta Mars swingby is shown in Figure 4.7. The data gap around CA
as well as the BS crossing by Rosetta during its outbound leg are indicated
in the Figure. Also indicated is a region of high solar wind pressure (yellow
field), which will be detailed in the following Section and zoomed in on in
Figure 4.8, as well as three intervals which we will be studied in more detail
in Figure 4.11.

During the time after the CA of Rosetta, a high pressure solar wind
region was observed by both MEX and Rosetta as indicated by the yellow
field in Figure 4.7. This can be seen in more detail in Figure 4.8 where we
show a time series of Rosetta IES/LAP/MAG and MEX ELS/IMA data for
the two day interval around the time of CA of Rosetta, starting at 00 UT
on 25 February and lasting to 24 UT on 26 February 2007. The Rosetta
LAP probe-to-spacecraft potential V,, can, as described earlier, be used as a
proxy for the plasma density for time periods when the spacecraft attitude
(i.e. the SAA angle) is constant. The SAA is important for determining
the pointing of IES and also for the location of the LAP instrument in the
potential field of Rosetta. An IES mode change at 05:00 UT on 25 February
caused electrons below 500 eV not to be sampled afterward. An unfavorable

spacecraft attitude also affected the IES measurements with lower fluxes as
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Figure 4.7: Overview of the data which will be analyzed in the next Sections
of this Chapter. The plot shows a time series of (a) Rosetta LAP probe-
to-spacecraft potential V,s, Rosetta MAG (b) magnetic field magnitude
and (c) components in MSO coordinates, (d) MEX ELS omni-directional
electron energy spectra and (e) MEX IMA omni-directional ion energy
spectra. The yellow interval marks a region of high solar wind pressure,
which will be detailed in Figure 4.8, and the three green intervals will be
studied in more detail in Figure 4.11. The data gap around CA of Rosetta
is marked in red and the outbound BS crossing is marked by a black line.
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Figure 4.8: Time series of (a) Rosetta IES omni-directional electron spec-
tra, (b) Rosetta LAP probe-to-spacecraft potential V,; measured at a rate
of 0.9 Hz (blue) and Rosetta SAA (green), Rosetta MAG (c) magnetic
field magnitude and (d) components in MSO coordinates, (e) MEX ELS
omni-directional electron energy spectra, (f) MEX IMA omni-directional
ion energy spectra as well as (g) MEX IMA ion density and (h) total ve-
locity. The interval of high pressure is marked by red lines, while the CA
of Rosetta and the outbound BS crossing are marked by black lines. The
thick bars in panel (e) mark the CA of MEX during each orbit.
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a result.

In Figure 4.8, at 11:49 UT on 25 February 2007 as indicated by the left
red vertical line, IMA onboard MEX observed a sudden solar wind density
increase from ~1 cm™ to a maximum of ~10 cm™3. The MEX ELS instru-
ment also observed an increase in electron fluxes at the same time. This was
followed by a gradual increase in velocity from ~350 km s™! to a maximum
of ~500 km s™!. For details regarding the moment calculation from IMA, see
Section 2.4 and Frdnz et al. (2006a). At 12:02 UT on 25 February 2007 the
IES, LAP and MAG on Rosetta observed an increase in electron flux in the
energy range 60 —100 eV, a sharp increase in Vs, and an increase in magnetic
field variability, respectively. Rosetta was downstream of Mars at a distance
of 83 Ry, at this time. The spatial difference between where Rosetta starts
to observe the high pressure solar wind and where MEX observes it divided
by the difference in arrival times at the two spacecraft gives a velocity in the
MSO —z-direction of ~360 km s~ (83 Ry, divided by 13 min).

The density increase observed by MEX lasted until 11:22 UT on 26 Febru-
ary 2007, indicated by the right red vertical line, while the higher velocity
lasted longer, at least until a data gap started on 28 February 2007. At
Rosetta, Vs dropped suddenly (corresponding to a decrease in plasma den-
sity) at the same time as the magnetic field variability signatures stopped
and the electron fluxes decreased at 11:53 UT on 26 February 2007 at a
distance of 277 R,; downstream of Mars. The difference in time between
these signatures in the data of the two spacecraft give a velocity in the MSO

1

—x-direction of ~510 km s~ . The solar wind velocity measured by MEX

IMA agrees very well with the velocities derived from arrival times of similar

1

features at the two spacecraft (~350 km s™! compared to ~360 km s~! and
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~510 km s~! compared to ~500 km s~!). The velocity does not change across
the boundaries between regions of high and low pressure regions, as would
be expected from interplanetary shocks or corotating interaction regions, and
they rather resemble convected structures propagating outward in the solar
system. This observed high pressure solar wind region and its effect on the
Martian plasma environment is the topic for the rest of this Chapter.

To illustrate how the BS and MPB respond to the high pressure solar
wind region, we plot their altitudes as a time series together with the MEX
and Rosetta measurements in Figure 4.9. The time series shows four days of
combined Rosetta and MEX measurements starting at 00 UT on 24 February
2007. In panel (a) we show solar wind dynamic pressure derived from MEX
IMA and in panel (b) the Alfvénic Mach number M4 based on a combination
of the magnetic field strength from Rosetta MAG, time-shifted to the time

1 and

frame of MEX assuming a constant solar wind velocity of 350 km s~
the solar wind plasma density from MEX IMA. Panel (c¢) shows the angle
OB, between the IMF, as measured by Rosetta and time-shifted to the time
frame of MEX, and the local normal to the BS, for each inbound (squares)
and outbound (triangles) BS crossing by MEX. The local normal to the
BS was calculated from the statistical best fit shape of the BS from FEdberg
et al. (2008) at the point closest to the observed BS crossing. Inbound and
outbound crossing data are displayed as squares and triangles, respectively,
throughout the Chapter. Panel (d) shows the distance of each BS crossing
from the center of the planet, for inbound and outbound crossings separately
and panel (e) shows the distance of the MPB crossings.

The inbound crossings occur at lower solar SZA than the outbound ones

and should therefore be at lower distances but this is evidently not always
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Figure 4.9: Time series of (a) the MEX IMA dynamic pressure, (b) Rosetta
MAG/MEX IMA Alfvénic Mach number, (c) 0p,, distance of each (d) BS
and (e) MPB from the center of the planet as well as L-value of each (f)
BS and (g) MPB together with error bars. Inbound 0p,, distances and
L-values are displayed as squares and connected by solid lines while the
outbound ones are displayed as triangles and connected by dashed lines.
Filled symbols indicate that there is an asymmetry present between the
inbound and outbound boundaries. The values of L from Fdberg et al.
(2008) are indicated by dash-dotted lines in panels (f) and (g). The black
vertical lines mark the interval of the high pressure solar wind.
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the case. The inbound crossings are sometimes at larger distances than
the outbound crossing during the same orbit. Hence the boundaries are
asymmetric in their shapes. In order to properly compare the distances of
inbound crossings with the distance of the outbound crossings, which occur
at different SZAs, we need a measure of their distances which is independent
of the SZA at which they occur. Panel (f) therefore shows the value of the
semi-latus rectum L from fits of conic sections to each single BS crossing.
The fits are done in the same way as described in Crider et al. (2002), where
the values of € and X (from (Edberg et al., 2008)) are fixed, and only L is
varied. L is hence a linear measure of the distance of a crossing for which the
SZA dependence has been removed. Panel (g) shows the same as panel (f)
but for the MPB instead of the BS. Due to the orbit configuration, upstream
waves and also the movement of the boundaries, the two boundaries do not
always appear as sharp boundaries but are at times more or less smeared out
in a time series. This gives an uncertainty to where the boundary crossings
actually occur. The uncertainty bars in panel (f) and (g) represent where
the spacecraft is well within/without the BS and the MPB, as seen in a time
series of data, and hence are estimates of the thicknesses of the boundaries,
or their variability in position during each crossing.

The position of each crossing is adjusted to account for the 4° aberration
caused by the planets orbital velocity. The average values of L for the BS
and MPB from FEdberg et al. (2008) are shown for reference purposes by the
horizontal dash-dotted lines in panel (d) and (e). The inbound and outbound
crossings of both the BS and the MPB are at approximately similar altitudes
(L-values) up until the high pressure solar wind appears. They are also closer

than average to the planet in the time interval preceding the high pressure
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solar wind. During and after the high pressure solar wind the altitude of the
inbound and outbound crossings deviate significantly from each other, by up
to 0.7 Ry, for the BS and 0.4 R, for the MPB and hence properly indicate
that both boundaries have become asymmetric. The inbound boundaries
move outward first and the outbound boundaries follow later on.

The asymmetry of the MPB starts during the same orbit as the high pres-
sure solar wind feature is observed and the BS asymmetry starts during the
following orbit. The shape asymmetry lasts until about two orbits after the
solar wind feature has passed. As reported by Pérez-de-Tejada et al. (2009),
the exosphere of Mars, as seen in X-ray images from the XMM/Newton
satellite, is also very asymmetric during this interval. The X-ray emissions
from the exosphere are more intense over the poles and also indicate that
the exosphere over the poles is tilted in an anti-sunward direction. Note also
that there is a short-lived BS asymmetry during the last orbit on 24 Febru-
ary 2007. Throughout this Chapter, filled symbols indicate that there is an

asymmetry present between the inbound and outbound crossings.

4.4.2 Cause of the asymmetries

Factors that could be responsible for the asymmetry include whether the
boundaries are quasi-perpendicular or quasi-parallel, the direction of the solar

wind convective electric field E = —v x B and the crustal magnetic fields.

1. The quasi-parallel (quasi-perpendicular) effect could cause increased
(decreased) upstream wave activity which increases (decreases) the ap-
parent thickness of the boundaries. This has already been accounted
for to some extent by including the error bars in Figure 4.9 but it is

possible that the boundaries also move outward or inward as a whole
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due to this.

2. The convective electric fields determines in which way the ions move.
On one side of the planet they will move into the planet and on the
opposite side they will move out into the solar wind and cause increased
massloading which could cause the boundaries to move outward due to

the increased plasma pressure.

3. The crustal magnetic fields provide additional magnetic pressure which
disturbs the pressure balance across the boundaries and would cause
the boundaries to move outward. Since the crustal magnetic fields
are strongest and most frequently observed at southern latitudes the

boundaries should be at higher altitudes over the southern hemisphere.

In Figure 4.10 we show the results of tests of the above factors that could
possibly cause the asymmetry. In panel (a) and (b) we show the value of
the semi-latus rectum L from fits to each observed BS and MPB crossing,
respectively, as a function of 6p, together with linear least-square fits to the
inbound (solid line) and outbound (dashed line) crossings. The difference in
mean value of the semi-latus rectum of all quasi-parallel (0, < 45°) and all
quasi-perpendicular (fg, > 45°) BS crossings (1.77 and 1.62, respectively) is
statistically significant according to a Student’s t-test at a 90% confidence
level. However, if a Student’s t-test is done separately for inbound and
outbound BS crossings, then only the inbound crossings show a significant
difference in mean values of L at a confidence level of 90%. An equally
significant difference between mean values of the semi-latus rectum is not
found for the MPB. There is a trend of a closer in boundary for higher 65,

in panel (a) and panel (b), but only for the crossings that occur when the
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Figure 4.10: The distance displayed in terms of L-value (see text for expla-
nation) of (a) the BS and (b) the MPB crossings as a function of §g,, with
linear fits to the inbound (solid) and the outbound (open) crossings. The
position (c) of all BS and (d) MPB crossings rotated into a frame where Y
is aligned with the IMF and Z' with the convection electric field. Average
distances are shown for inbound (solid line) and outbound (dashed line)
crossings in the +F and —E hemispheres in panels (c) and (d). The posi-
tion (e) of all BS and (f) MPB crossings projected onto a map of the crustal
magnetic field strength (the position data being coloured red in order to
make them more visible).
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boundary is asymmetric and not for the other crossings. This rather tells us
that the crossings that occur during the asymmetric boundary interval and
are on the inbound side also happen to be quasi-parallel and vice versa but
not that it is the 6, angle that determines the altitude of the boundaries.
In panel (c¢) and (d) of Figure 4.10 we show all BS and MPB crossings
rotated into a reference frame where Y’ is aligned with the instantaneous
IMF direction, as measured by Rosetta MAG, and Z’ with the convection
electric field direction, in order to determine the effect of the convection
electric field. Average distances are displayed for inbound (dashed line) and
outbound (solid line) crossings in both the 4+ E-hemisphere, where the electric
field is directed locally upward, and in the —F hemisphere, where the electric
field is directed locally downward. If asymmetric massloading occurred and
was the main factor which controlled the location of the boundaries, then the
boundaries in the +FE-hemisphere, where the ions move out into the solar
wind, would be at higher altitudes than the ones in the —F-hemisphere,
where the ions move toward the planet. However, no such trend is observed
for either the BS or the MPB, neither during high nor low pressure periods.
We do, however, observe that in the —F-hemisphere the inbound cross-
ings, in the southern/dusk hemisphere, are farther out than the outbound
crossings. The difference is statistically significant according to Student’s
t-test at a 95% confidence level for the BS and at a 90% confidence level
for the MPB. This asymmetry is not visible for the +F-hemisphere. Since
the evolution of the IMF orientation with distance is unknown, there could
be a difference in IMF orientation between the location where Rosetta mea-
sures the magnetic field and the location where MEX measures the plasma

boundaries.



CHAPTER 4. ROSETTA AND MARS EXPRESS SIMULTANEOUS
MEASUREMENTS OF THE EFFECTS OF LOW AND HIGH SOLAR
WIND PRESSURE 99

In panels (e) and (f) of Figure 4.10 we show, respectively, the BS and
MPB crossings projected on a map of the crustal magnetic field strength to
see if the observed asymmetry is caused by the fact that some crossings occur
over strong crustal fields and others not. However, the asymmetric boundary
crossings occur over a wide range of longitudes and the inbound crossings, at
southern latitudes, do not occur directly over the strong crustal fields, which
could have caused them to move to higher altitudes by providing additional
magnetic pressure. The crustal magnetic fields do not therefore seem to be
responsible for causing an asymmetry in this case. In fact, neither of the
factors tested in Figure 4.10 give a clear result as to whether they affect the

location of the boundaries to become asymmetric or not.

4.4.3 Ion outflow and exosphere asymmetry

Figure 4.11 shows MEX measurements from three consecutive orbits begin-
ning on 25 February 2007 which occur during equally long intervals centered
at the time of the MEX CA to Mars on each pass (the intervals are marked
by green fields in Figure 4.7). In panel (a), (d) and (g) of Figure 4.11 we
show IMA omni-directional ion energy spectrograms of heavy planetary ions
together with MEX altitude (red line), in panel (b), (e) and (h) we show
ELS omni-directional electron energy spectrograms together with MARSIS
measured local electron density (short black line between 30 cm™ and 70
cm™?) and in panel (c), (f) and (i) we show Rosetta MAG magnetic field
measurements time-shifted to the time frame of MEX. The time-shifts are
~11 min, ~20 min and ~29 min for each orbit, respectively, if using the
measured solar wind velocity of 350 km s™! from Figure 4.8, panel h. If

assuming a ~10% error on the measured velocity the error on the time-shifts
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are +1 — 2min. There are only MARSIS density measurements during ~5
min on the outbound part of the first orbit, ~5 min during both the inbound
and the outbound part of the second orbit and only ~5 min during the in-
bound part of the third orbit, but these are still important since they provide
a measure of the local plasma density. IMA and ELS can also provide values
of the density but do not always measure the full density, especially not the
colder population, which MARSIS does.

Panels (d) and (e) of Figure 4.11 show the same data as presented by
Pérez-de-Tejada et al. (2009) (their Figure 2). From 17:10 until 17:40 UT in
panel (d) a distinct population of heavy ions (mainly CO5, OF and OT) are
seen in the energy range 100 eV - 10 keV, around the time of the outbound
MPB crossing, which are interpreted as being heavy planetary ions escaping
from the planet. These ions show a clear trend of increasing in energy as
MEX measures them at higher and higher altitudes and they reach velocities
far higher than the required escape velocity (Pérez-de-Tejada et al., 2009).

Not reported by Pérez-de-Tejada et al. (2009) is that such escaping plan-
etary ions are also visible on the following orbit, in almost exactly the same
location but with an order of magnitude less intensity. These are seen in
panel (g) from 23:55 UT on 25 February until 00:15 UT on 26 February,
again as a distinct population which gain in energy, from 100 eV up to 1
keV, while MEX measures them at higher altitude. The population of escap-
ing ions during this orbit is now harder to distinguish from the background
measurements but still visible.

It is during these two orbits, when escaping planetary ions are observed,
that the solar wind pressure increases to high values of ~1.0-1.5 nPa as

can be seen in panel (a) of Figure 4.9. The magnetic field measurements
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Figure 4.11: Time series of MEX and Rosetta measurements. The panels
show (a, d and g) MEX heavy planetary ion omni-directional spectrograms,
(b, e and h) MEX electron omni-directional spectrograms and (c, f and i)
Rosetta magnetic field measurements during three consecutive MEX orbits.
The downstream Rosetta measurements are time-shifted to the time frame
of MEX. The altitude of MEX is superposed on the ion spectrograms (red
line, same scale as for the ion energy) and the local electron density from
MARSIS is superposed on the electron spectrograms (short black line, same
scale as for the electron density). The MARSIS data is only available during
~ 5 min on each orbit and pointed out by black arrows. The time of the

BS and MPB crossings by MEX are shown as vertical black lines.
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show that the IMF was mainly northward during these orbits which gives
a convective electric field direction mainly in the MSO —y-direction. The
convective electric field is in the same direction, roughly, as MEX moves in
when the escaping planetary ions are observed (see MEX trajectory in Figure
4.6, panel (a)). As the ions are observed to gain in energy we can conclude
that they are accelerated by the convective electric field. At the same time
as the magnetic field changes its orientation at 17:40 UT (Fig. 4.11, panel
(d)) the escaping ions cease being observed in the ion spectrogram. Pérez-
de-Tejada et al. (2009) also noted this sharp drop but suggested that it
was caused by momentum transport between the planetary ions and the
solar wind ions. But with the magnetic field measurements from Rosetta we
now suggest that the sharp drop is caused by a change of direction of the
convection electric field, rotating from —y to +z, such that the outflowing
ions start to move northward while MEX moves farther westward and ceases
to observe the outflowing ions. During the second orbit when these ions
are observed, the IMF direction is still mainly northward but more variable
which could explain why the measured flux rates are lower than during the
previous orbit.

The local electron densities measured by MARSIS just inside the MPB on
the first orbit in Figure 4.11, panel (b), are ~70 cm™3. During the following
orbit, in panel (e), at the same altitudes on the outbound pass as in the
previous orbit, the density had dropped to values of ~30 cm~3. Also during
the inbound pass of the second orbit the densities, at approximately the same
altitudes, vary around 30 cm~3. During the third orbit, on the inbound leg in
panel (h), the average density had increased to around 70 cm ™3 again. These

limited measurements from MARSIS indicate, in the same way as shown by
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Dubinin et al. (2009) but for a different interval, that the ionospheric densities
inside the MPB decreased when the high pressure solar wind impacted Mars
and therefore the ionosphere was being scavenged as a result.

As shown in Figure 4.9, the boundaries start to become asymmetric during
this interval. This can be clearly seen in Figure 4.11 as well. The inbound BS
moves to increasingly higher altitudes during the three orbits shown, from
an L-value of 1.51 Ry, to 1.78 Rys to 1.90 Ry, even though the dynamic
pressure increases and should push the boundary closer in. The inbound
MPB follows the same trend roughly, or at least within the error bars, and
moves from an L-value of 0.70 Rys to 0.98 Ry to 0.92 Rjy;. The outbound
MPB does, however, move inward during these three orbits, from 0.82 Ry,
to 0.76 Ry to 0.65 Rys. The outbound BS first moves outward, from 1.53
Ry to 1.73 Ry, like the inbound BS, but only to move inward again during
the third orbit to 1.46 R,;, when the solar wind dynamic pressure decreases.
These data clearly show that the dynamic pressure is not always the only

important factor in determining the location of the plasma boundaries.

4.5 Boundary asymmetry linked to the iono-
spheric outflow

Below, we try to explain the observations of the asymmetric boundaries by
discussing the various factors involved. According to Figure 4.10, panel (a)
and (b), the BS and MPB asymmetries are generally only present when the
inbound crossings are quasi-parallel and the outbound crossings are quasi-
perpendicular. We cannot, however, conclude that the effect of the difference

between quasi-parallel and quasi-perpendicular crossings is the only reason
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for the asymmetry. We can only conclude that when there is an asymme-
try present, the inbound and outbound crossings have significantly different
values of 0p,. Other factors could still be important.

In Figure 4.10, panel (c¢) and (d), we have shown that asymmetric mass-
loading is not the single responsible factor for causing the boundary asym-
metries. The boundary crossings that occur in the 4+ FE-hemisphere are not at
higher altitudes than the crossings observed in the —E-hemisphere, on aver-
age. We do, however, note that the boundaries in the southern and northern
hemispheres of Mars react differently to different directions of the convec-
tion electric field, possibly due to the presence of the southern crustal fields
or, alternatively, due to whether the boundaries are quasi-perpendicular or
quasi-parallel.

In Figure 4.10, panels (e) and (f), we do not find a direct correlation be-
tween the crustal field strength at the exact position of the BS/MPB crossings
and the boundary distances. However, it is in the southern hemisphere that
the boundaries are at higher altitudes but since the MEX crossings occur at
a range of longitudes it would imply a global influence of the crustal fields,
if they are indeed responsible.

The Alfvénic Mach number and dynamic pressure variation do not di-
rectly explain the asymmetry, either. These quantities could possibly vary
in resonance with the boundary sampling rate, which is unlikely and indeed
not the case here since the solar wind parameters do not vary with the same
frequency as the boundaries move up and down. A comparison between the
altitudes of all crossings and the solar wind dynamic pressure and Alfvénic
Mach number reveals no obvious trend for the set of crossings in this interval.

Since none of the above factors have been clearly shown to be the single
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main factor that causes the asymmetry we suggest that the high pressure so-
lar wind and the ion outflow are also connected to the observed asymmetries.
The ion outflow can disturb the normal balance between factors that would
be expected to control the location of the boundaries, i.e. the solar wind dy-
namic pressure, the IMF direction, the plasma pressure, magnetic pressure
and the crustal fields and we can therefore only provide a suggestion for a
possible explanation to the observations. The MPB and BS in the southern
hemisphere, quite counter-intuitively, move outward when the high pressure
solar wind reaches Mars as can be seen in Figure 4.11 and which we try to
illustrate by the sketch in Figure 4.12. We interpret the outward moving of
the boundaries as the plasma pressure and/or magnetic pressure inside the
MPB and BS are significantly increasing during the high pressure solar wind
and more so than the solar wind dynamic pressure, resulting in an outward
motion of the boundaries. The pressure on the inside could increase due to an
increased massloading over a longer time period on that side of the planet in
combination with increased massloading over the crustal fields on the other
side, and possibly as an effect of plasma heating through reconnection events
when the varying IMF direction reaches the crustal fields.

The convective electric field is directed toward the planet in the south-
ern/dusk hemisphere and the ions consequently move in that direction. In
the opposite northern/dawn hemisphere the convective electric field is di-
rected away from the planet and the ions can escape the planet and the
plasma pressure on the inside of the MPB and BS decreases, which leads to
an eventual inward motion of the plasma boundaries. The BS during the
outbound part of the orbit immediately after the high pressure region has

reached Mars does, however, initially move outward, which could be an effect



CHAPTER 4. ROSETTA AND MARS EXPRESS SIMULTANEOUS

MEASUREMENTS OF THE EFFECTS OF LOW AND HIGH SOLAR

WIND PRESSURE

106

oo
w

0@

MPB outflow

e

Figure 4.12: Sketch of the position of the plasma boundaries in the termi-
nator plane as seen from the Sun. In each panel are the boundaries at one
specific time in the time history of the boundary positions illustrated. The
movement resulting from the encounter of the high pressure solar wind as
observed during the last three orbits on 25 February 2007 and when the
high pressure solar wind region had passed. The thick black solid lines
represent the BS and MPB, while the thin black lines in each panel repre-
sent the BS and MPB as they were in the previous panel. The boundaries
go from being symmetric in panel (a) to asymmetric in panels (b) and (c)
when ion outflow is observed, to finally become symmetric again in panel
(d) when the high pressure solar wind has passed.
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of massloading of the solar wind by the outflowing planetary ions. The BS
therefore first moves outward but after the ionosphere has eroded during the
time of at least one orbit the pressure on the inside of the BS has decreased
so much that the boundaries then can move inward on that side of the planet
and the boundary become asymmetric. When the high pressure region has

passed the boundaries become symmetric again.

4.6 Summary and conclusions

The Rosetta flyby adds to the growing number of spacecraft that have sam-
pled the Martian plasma environment. We have performed a rigorous analy-
sis of the simultaneous measurements performed by the Rosetta instruments
and the MEX measurements during the time of the Rosetta Mars flyby in
February 2007. First, we have analyzed the measurements around the time
of CA of Rosetta when both Rosetta and MEX sampled the plasma bound-
aries. Secondly, we have analyzed the measurements when Rosetta acted as
a solar wind monitor and MEX sampled the plasma boundaries alone.
When both spacecraft sampled the plasma environment simultaneously
we could perform the first near-simultaneous two-spacecraft study of the
shape and location of the BS, MPB and PEB. At this time, the solar wind
appeared to be quiet and slow and so the global plasma environment could be
assumed to be more or less steady. The shape of the plasma boundaries were,
for the first time, experimentally compared to previous models (Figure 4.5).
The far downstream triple BS crossings observed by Rosetta at approximately
04:04 UT are also the most distant BS crossings ever observed at Mars: at

~18 Rj; behind the planet.
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The BS is generally found to be located closer to the planet than average
compared to what models would suggest for all crossings in this time interval,
even though the upstream solar wind speed is low and the density and IMF
are moderate. For two of the BS crossings (the inbound Rosetta crossing
and the outbound MEX crossing), this can be explained by the fact that
they are observed over the northern hemisphere of Mars where the BS has
been observed to be closer to the planet. The inbound MEX BS crossing
is observed over the southern hemisphere and is the crossing observed the
farthest out. Another explanation could be that the thermal plasma pressure
in the magnetosheath is lower than average at this time, and the effective
solar wind obstacle thereby smaller, which puts the BS closer in than average.
The shape of the BS is still reasonably well represented by a conic section.
The MPB is observed very close to its average position and also seems to be
well represented by a conic section in its shape.

The PEB crossings observed seems to form the same shape as the MPB
on the dayside. However, the crossings of this boundary takes place very
distant in time and close in space which makes it hard to determine the
shape accurately and we have not put any focus on the shape of the PEB in
this Chapter.

When Rosetta acted as a solar wind monitor, both Rosetta and MEX
show measurements of a high pressure (dynamic, magnetic and thermal, as
can be inferred from Figure 4.8) solar wind region that passed by Mars during
a 24 hour interval. At the same time as the high pressure solar wind passed
by, the Martian plasma boundaries as well as the exosphere are found to
become asymmetric in shape. Also, an outflow of planetary ions was observed

over the northern polar region of Mars in the same interval. During 4-5
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orbits following the impact of the high pressure solar wind region, the BS
and MPB as observed inbound by MEX, in the southern/dusk hemisphere,
were much farther out than the BS and MPB observed outbound, in the
northern/dawn hemisphere. As reported by Dubinin et al. (2009) and Nilsson
et al. (2009) the ion outflow from Mars increases during high pressure solar
wind and this has also been confirmed by models, see e.g. (Kaneda et al.,
2009). Planetary ion outflow was, in fact, also remotely observed to occur
during the time of the Rosetta swingby (Pérez-de-Tejada et al., 2009). In
this Chapter, we have combined these results and further strengthened the
evidence that high pressure solar wind causes an increase of planetary ion
outflow from Mars. The high pressure solar wind, observed by MAG and LAP
on Rosetta and IMA and ELS on MEX, penetrated down to the ionosphere
and eroded it, as observed by MARSIS on MEX, and planetary plasma was
observed to escape from the planet, as observed by IMA on MEX. The solar
wind plasma could also penetrate down to the ionosphere more easily during
this interval since both the BS and MPB were generally located closer in
than average on the orbits preceding the high pressure solar wind. The
escaping ions, as observed by MEX, gained in energy in the direction, as
indicated by Rosetta MAG measurements, of the convective electric field.
The exosphere was extended over both poles and the ion outflow was observed
over the northern hemisphere (Pérez-de-Tejada et al., 2009). There have
been a number studies modelling the outflow of planetary ions from Mars,
see e.g. Bdfwetter et al. (2004); Modolo et al. (2006); Kallio et al. (2008),
which also show that an increased solar wind dynamic pressure compresses
the plasma environment to some degree. However, little modelling has been

done in terms of asymmetric outflow and how that would cause the plasma
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boundaries to become asymmetric. Kallio and Janhunen (2002) did however
show that both the MPB and the outflow is asymmetric and takes place
mainly in one hemisphere, which was determined by the direction of the
convective electric field.

In summary, the boundaries are well represented by conic sections, as
determined by near-simultaneous measurements. We conclude that the high
pressure solar wind enables the increased erosion of the ionosphere of Mars
at this time. At the same time as the high pressure solar wind impacts on
Mars are the boundaries observed to become asymmetric in their shapes. We
suggest that since no clear factor has emerged that causes the asymmetry, it
is possible that the observed outflow also disturbs the equilibrium pressure
balance and significantly influences the location and shape of the plasma

boundaries.



Chapter

Mars Express and Mars Global

Surveyor measurements

In this Chapter we use MEX and MGS simultaneous and non-simultaneous
measurements to study the Martian plasma environment. In particular, we
derive quantitative expressions for the altitude of the terminator BS and
MPB as functions of solar wind dynamic pressure, crustal magnetic fields
and solar EUV flux. We also study the influence of the IMF direction. Some

of the material presented in this Chapter is included in Edberg et al. (2009Db).

5.1 Introduction

MGS and MEX form a unique pair of spacecraft that have made simultane-
ous and continuous measurements of the Martian plasma environment. MGS
arrived at Mars in 1997 and performed measurements until late 2006, while
MEX arrived in late 2003 and is still gathering data as of 2009. Hence the two
spacecraft obtained almost three years of simultaneous measurements. There

have been many missions to Mars in the past equipped with plasma instru-
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ments which have individually studied Mars, but these spacecraft are the only
two that have been in orbit at the same time, thus enabling two-spacecraft
studies. In this Chapter we will present results from case studies as well as
statistical studies of simultaneous and non-simultaneous two-spacecraft mea-
surements of the solar wind interaction with Mars. The aims of this study
are to determine what effect the solar wind dynamic pressure, the IMF direc-
tion, the solar EUV flux and the crustal magnetic fields have on the location

of the BS and MPB and to determine their relative importance.

5.2 Measurements of and proxies for the dy-

namic pressure, IMF direction and solar

EUV flux

In order to statistically determine the effects of the above factors (dynamic
pressure, IMF direction and EUV flux) we will use direct measurements as
well as proxies for them. Crider et al. (2003) and Brain et al. (2005) have
developed proxies for both the solar wind dynamic pressure and the IMF
direction from MGS/MAG measurements. The proxies have been formulated
in terms of measurements of the average magnetic field strength and draping
azimuth (direction of the field) at 400 km altitude at latitudes between 50°N
and 60°N where the crustal magnetic fields are weak. The magnetic field
strength in the MPR is assumed to balance, and therefore be a proxy for,
the solar wind dynamic pressure. The magnetic field draping azimuth is
assumed to be roughly the same as the clock angle of the IMF and is defined

to be 0° when the field is directed locally eastward and 90° when locally
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northward. The pressure proxy is given by the magnetic field strength B,ozy

. . B2
which can be converted to magnetic pressure Pg = —£~*%,

2p0

A solar EUV flux proxy has also been developed and is determined from
the F10.7 radio flux at 2-200 nm measurements at Earth extrapolated to
Mars. The technique has been used by Mitchell et al. (2001) and here we use
the proxy developed in that study.

The solar wind (proton) velocity v and density n moments can be cal-
culated from MEX/IMA measurements outside of the BS which is a more
direct measurement of the solar wind dynamic pressure Py, = m,nv*, where
m,, is the proton mass. Proton velocity and density moments are calculated
from the nominal proton line in the IMA spectrogram for energies above 1
keV, and below that energy from a signal caused by protons scattered inside
the IMA sensor. For details regarding the moment calculations, see Section
2.4 and Frdnz et al. (2006a). The pressure determined from MEX that we
will use in this Chapter is calculated as a mean over 10 min of measurements
exterior to a BS crossing.

The time resolution of both the MGS proxies are normally 2 hours (one
value per orbit) whereas the time resolution of the dynamic pressure mea-
sured by MEX is normally 2 samples per 6 hours (one value inbound and
one value outbound) and the time resolution of the EUV flux proxy is 1 to
2 hour.

In Figure 5.1 we show a comparison between the MGS proxy for the
solar wind dynamic pressure and the measured solar wind dynamic pressure
from MEX. In panel (a) the MGS pressure proxy values are interpolated
to the time of the MEX measured values and only data points during the

overlapping mission time are included. There is a visible linear trend in the
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Figure 5.1: (a) Measured solar wind dynamic pressure from MEX/IMA
plotted vs. the MGS proxy for solar wind dynamic pressure and (b) dis-
tributions of the MGS proxy and the measured dynamic pressure from

MEX/IMA.
plot which indicates that the proxy is in reasonably good agreement with the
measured values. However, there also seems to be a smaller population with
high measured values from MEX while the MGS proxy shows low values,
which could be explained by the fact that not every high dynamic pressure
event reaches down to MGS. The distributions of the measured values and the
proxy values in panel (b) are similar but with slightly different mean values.
The mean of all pressure proxy values is 0.74 nPa while the mean of the
measured MEX/IMA pressure values over all 10 min intervals exterior to BS
crossings during the entire overlapping mission is 0.80 nPa. The difference is
not unexpected since we compare measurements with a proxy and they both

have inherent uncertainties.
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5.3 Mars Express and Mars Global Surveyor
observations

Since MEX is in a highly elliptical orbit with a low altitude periapsis it usu-
ally crosses both the MPB and the BS both inbound and outbound once
every orbit. The BS is, however, not always observed since the orbit of MEX
is precessing and therefore MEX stays inside the BS during the entire or-
bit in some seasons. The BS is observed inbound as a sudden increase in
fluxes of both electrons and ions in the ELS and IMA data sets. The MPB
is observed inbound as a sudden decrease of magnetosheath electron and ion
fluxes (examples of which will be presented in Figures 5.3-5.5 below). The
higher time resolution of ELS makes it easier to identify the exact location
of the boundaries from that data set. The variability of the boundaries in
combination with unfavorable orbit geometry makes it hard to identify the
exact boundary location for many of the orbits and many crossings are there-
fore excluded. However, we have analyzed the entire set of MEX/ELS and
MEX/IMA data from 2004 until 2009 and have identified 5014 MPB cross-
ings and 3277 BS crossings. The number of crossings during the overlapping
mission time between MGS and MEX (Feb 2004 - Nov 2006) decreases to
2500 and 1840, respectively, which is still twice as many as MGS observed
from 1997 until 1999 when MGS was in an elliptic orbit similar to the orbit
of MEX (Vignes et al., 2002; Trotignon et al., 2006; Edberg et al., 2008).
It should be noted that we can only get values of the measured solar wind
dynamic pressure when the BS is crossed, meaning that we do not know the
upstream pressure for all the 5014 MPB crossings.

During the overlapping mission time, MGS orbited Mars at 400 km, well
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within the average MPB location and does not normally cross it. However,
the variability of the magnetosheath is large and Brain et al. (2005) showed
that for 5 — 20% of the time, magnetosheath electrons are in fact observed
at the altitude of MGS, such that the MPB had moved to altitudes below

400 km.

5.4 Case studies with simultaneous measure-
ments

Using two-spacecraft simultaneous measurements we will show three case
studies of how the solar wind dynamic pressure affects the position and shape
of the Mars BS and MPB. Later, in Section 5.5, we will present results from
statistical studies of how various factors influence the boundaries.

For the case studies, we have chosen an interval when the solar wind
dynamic pressure starts at low values of ~0.3 nPa before increasing to higher
values of ~1-2 nPa for approximately two days before decreasing again to
low values. This interval is suitable for case studies of the influence of the
dynamic pressure for several reasons. There are simultaneous measurements
from MEX and MGS with all instruments running while crossings of the
MPB and the BS by MEX occur at different SZA which give an indication of
the shape of the boundaries. There are also times when MGS is at low SZAs
and has a chance of seeing the MPB being pushed inward at the same time as
MEX crosses the boundaries at other SZAs, which gives further indications of
the shape of the boundaries. Furthermore, the varying solar wind conditions
during this interval enables observations of the response of the boundaries

respond to the different solar wind conditions while the EUV flux is steady.
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Figure 5.2: Time series of (a) MEX measurements of solar wind dynamic

pressure, (b) the MGS pressure proxy, (c) the MGS magnetic field draping

direction and (d) solar EUV flux proxy. Three case studies of the variability

of the MPB and BS are performed in Figures 5.3-5.5 during the intervals

indicated by the black vertical lines.
No boundary crossings occur over the strongest crustal fields where they can
be significantly pushed upward. The BS and MPB crossings by MEX occur
close to the plane which contains the IMF so that the convection electric field
E..n, = —v x B should have a small effect on the boundary location.

Figure 5.2 shows a seven day time series of data from MEX measurements
of the solar wind dynamic pressure, MGS proxies for the dynamic pressure
and IMF direction as well as a proxy for solar EUV flux. The general agree-

ment between the pressure measured by MEX/IMA, in panel (a), and the

pressure proxy, converted to magnetic pressure from MGS, in panel (b), is
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quite good, with a correlation coefficient of 0.8 if the MGS values are inter-
polated to the time of the MEX values. We note that the MGS pressure
proxy values during the interval in Figure 5.2 are generally higher than the
measured values from MEX/IMA. The three intervals on 3 July, 4 July and
5 July 2004 indicated by vertical black lines in Figure 5.2 have been studied
in more detail in Figure 5.3 - 5.5, respectively.

Figure 5.3 shows a time series of MGS and MEX measurements and orbit
geometry from the interval indicated as Case 1 on 3 July 2004 in Figure 5.2.
During this interval the solar wind dynamic pressure is higher than normal
as indicated by both MEX and MGS measurements in Figure 5.2. MEX
crosses the BS and MPB inbound at 06:39 UT and 07:18 UT, respectively,
and outbound at 08:22 UT and 08:01 UT, respectively. The position of both
boundaries are farther in than average. In between the inbound MPB cross-
ing and the outbound BS crossing by MEX MGS observes magnetosheath
electrons, from 07:45 UT until 08:10 UT, indicating that the MPB has moved
to altitudes below 400 km. The two dashed lines in panel (e) show possi-
ble shapes of the boundaries based on the two BS crossings by MEX and
the three MPB crossings by MGS and MEX that happen closest together
in time. We have not taken into account the position of the MEX inbound
MPB crossing since we assume that the boundaries move on a time scale
less than 20 min and the inbound MPB crossing by MEX occurs 27 min
earlier than the next crossing. Since we only have two BS crossings, we are
left with including both of them. Obviously, we cannot produce statistical
fits based on three or four crossings. The dashed lines have therefore been
produced simply by manually adjusting conic sections so that they fit with

the crossings of the MPB and BS and have similar shapes to the statistical
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Figure 5.3: MGS and MEX data for Case 1: time series of (a) MGS/MAG
magnetic field strength, (b) MGS/ER omni-directional electron spectro-
gram, (c) MEX/IMA omni-directional ion spectrogram, (d) MEX/ELS
omni-directional electron spectrogram and the orbits of MGS (squares)
and MEX (crosses) in (e) cylindrical MSO coordinates and in (f) the MSO
y — z plane, colour coded by time. The black vertical lines in panels (a-
d) indicate when MGS or MEX crosses the BS and MPB. The position of
those crossings are shown as large plus signs in panel (e) and (f). The black
solid lines in panel (e) show the average location of BS and MPB (Vignes
et al., 2000) and the black arrow indicate the direction of the magnetic
field draping from MGS measurements. The black dashed lines indicate
possible shapes of the BS and MPB based on the observed crossings in this
case.
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Figure 5.4: As for Figure 5.3 except for Case 2.

best fits. They are hence only to be taken as indications of what the shape
of the boundaries might look like at this time.

Figure 5.4 shows data from the Case 2 interval on 4 July 2004 in Figure
5.2 in the same format as Figure 5.3. During this interval the pressure drops
drastically from high (~2 nPa) to low (~1 nPa) values as shown in Figure
5.2. The dynamic pressure during the inbound leg of MEX is higher than in
Case 1, such that the BS crossing observed by MEX at 02:56 UT and the
subsequent MPB crossing at 03:33 UT consequently also occurs closer in than

in Case 1. The outbound MPB crossing at 04:11 UT and BS crossing at 04:31



CHAPTER 5. MARS EXPRESS AND MARS GLOBAL SURVEYOR
MEASUREMENTS 121

UT are, however, located only slightly closer in compared to the outbound
crossings in Case 1. The pressure during the outbound leg as observed by
MEX had in fact also dropped to only slightly higher values compared to the
values from the outbound leg in Case 1. MGS also observed magnetosheath
electrons during this interval, starting at 03:19 UT and ending at 03:51 UT.
These magnetosheath observations started at roughly the same position in
the y — z plane as in Case 1 (compare panel (g) in Figures 5.4 and 5.3)
but stops much earlier in this case, at a lower SZA, probably due to the fact
that the upstream pressure decreased and the magnetosheath moves outward
again.

Figure 5.5 shows data from the Case 3 interval on 5 July 2004 in Figure
5.2 in the same format as Figure 5.3 and 5.4. At this time the pressure of
the solar wind had decreased to lower values of ~0.2 nPa as shown both by
the MGS pressure proxy and the MEX measurements in Figure 5.2. The
inbound BS crossing and MPB crossing observed by MEX at 05:45 UT and
06:15 UT, respectively, are still located farther in than average but have
moved out compared to Case 2. The inbound BS crossing actually still oc-
curs slightly farther in compared to the inbound BS crossings in Case 1, which
indicates that factors other than solar wind dynamic pressure are involved
in determining the position of the boundary such as magnetosheath plasma
pressure, crustal fields (possibly on a more global scale since neither of the
crossings occurs directly over strong crustal fields) or EUV flux. The out-
bound MPB crossing at 07:13 UT and BS crossing at 07:32 UT have moved
outward significantly and are now located at larger radius than their average
positions. The outbound MPB and BS crossings by MEX also occur in the

—Eono-hemisphere and are still farther out than average, indicating that the
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Figure 5.5: As for Figure 5.4 except for Case 3.
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convective electric field has a weak influence on the boundary locations in
this case. MGS observes no magnetosheath plasma at all during this interval.
Evidently, the pressure was simply not high enough to push the MPB and
the magnetosheath down to the altitude of MGS.

To summarize, both the MGS pressure proxy and MEX measurements
indicate that the solar wind undergoes changes in dynamic pressure during
the interval. The boundaries are observed to response in such a way that they
are pushed inward when the dynamic pressure is high, as shown in Figure
5.3. When the dynamic pressure is even higher, as during the inbound part in
Figure 5.4, the boundaries are even farther in. The magnetosheath is in fact
pushed inward to below the 400 km altitude of MGS. But when the pressure
drops, which happens sometimes between 03:51 UT and 04:11 UT in Figure
5.4, the boundaries respond and move outward quickly and we can conclude
that the response time of the plasma environment of Mars to new solar wind
conditions is at least less than 20 min. From Figure 5.5, we conclude that
the boundaries can either take asymmetric forms since the boundaries, during
steady solar wind conditions, are farther out over one hemisphere than the
other, or, that the shape of the boundaries do not follow the average best
fit conic section shape in this case since the inbound and outbound crossings
also occur at different SZAs. The ’asymmetry’ does not seem to depend on
the direction of the convective electric field, which could be a factor which
causes asymmetry. Neither do the boundary crossings take place over strong
crustal fields over which they could be significantly pushed upward. This

leads us to believe that the latter of the two explanations is correct.
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5.5 Statistical studies with simultaneous mea-

surements

5.5.1 Influence of the solar wind dynamic pressure

In Figure 5.6 we show the result of a statistical study of how the radial
distances of the BS and the MPB vary with solar wind dynamic pressure. We
have used all the crossings observed by MEX during the overlapping mission
time with MGS and extrapolated them to the terminator plane in order
to remove the SZA angle dependence. The boundaries tend to be at higher
altitudes at higher SZAs and in order to compare crossing with each other we
need to remove this dependence and we therefore extrapolate the positions of
all the crossings to the terminator plane. The extrapolation is done using the
same method as described in Vignes et al. (2002) and Crider et al. (2002).
First, the crossings are rotated by 4° about the MSO z axis to account for the
perpendicular movement of Mars relative to the solar wind flow direction. A
conic section is then fitted to each crossing of the BS and MPB in the MSO
(x, \/m) plane by using the best fit values of the eccentricity € and X
from Edberg et al. (2008), varying only the semi-latus rectum L. For each
conic section the terminator distance is then calculated. This method is
not perfect, since the eccentricity of the boundaries can possibly also change
when the governing factors change, but it remains the best we can do for now
in order to remove the SZA dependence. Fitting curves by varying only € or
only X, does not give reasonable curves. Crossings that occur either much
closer in than average or far downtail tend to produce fitted curves that pass
through the planet. Varying L and keeping the other parameters fixed gives

more reasonable curves in this sense. We therefore assume ¢ and X, to be
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Figure 5.6: The extrapolated terminator distance of all (a) BS and (b)
MPB crossings observed by MEX from Feb 2004 until Nov 2006 plotted as
a function of solar wind dynamic pressure measured outside of the BS by
MEX/IMA and the extrapolated terminator distance of all (c¢) BS and (d)
MPB crossings as a function of the MGS pressure proxy linearly interpo-
lated to the time of the crossings. The curve in panel (a) is a least square
linear fit to the data and the curves in panels (b) and (d) are least square
exponential fits to the data. The error bars show standard error on the
mean.
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constant.

Figure 5.6, panel (a), shows the extrapolated terminator distances Ry
of the BS crossings as a function of upstream solar wind dynamic pressure
Payn.1va as measured by MEX/IMA. The crossings are binned into 0.05 Ry,
bins and the mean values of the dynamic pressure upstream of all crossings
in each bin is calculated. The error bars show standard error on the mean
(standard deviation divided by number of samples in each bin). There is a
trend to smaller radial distance for higher dynamic pressure, with a corre-
lation coefficient of -0.51, and we fit an exponential curve (solid line) of the
form Ry = abfn + ¢, where a, b and c are free parameters, to the data
points. In panel (b) we show the terminator radius of the MPB as a func-
tion of Py, rara. Again, there is a clear trend to smaller radial distances
for higher Py, a4, with a correlation coefficient of -0.74, and we fit the
same type of exponential curve to the data points. The error bars at low
radial distance increase which could be an effect of the stronger influence of
the crustal fields at lower altitudes. However, it could also be an effect of
fewer data points in these bins. These two results clearly show that the solar
wind dynamic pressure has an influence on the location of the boundaries,
as would be expected.

We also compare these results to those obtained when we use the MGS
pressure proxy rather than Py, 1ap74. Panel (c¢) and (d) show the terminator
radius of the BS and MPB, respectively, as a function of the MGS pressure

proxy Birory The pressure proxy values are linearly interpolated to the time

2

2p0

of the boundary crossings. Surprisingly, there is no obvious trend for the
variation of the BS radius (correlation coefficient of -0.41) whereas the trend

for the MPB is very similar to that in panel (b) (correlation coefficient of
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-0.93). The lack of a trend for the BS crossings could be explained by the
time difference between the time of the pressure proxy measurement and the
BS crossings, which can be as long as 1 hour. The BS is expected to move on
time scales much shorter than that. The error bars are quite large, however,
and including them, then the results are not so discrepant. For the MPB we
should have the same problem with the time difference but the results in panel
(b) and (d) are still very similar, which rather disproves the argument above,
if we assume that the BS and MPB move on the same timescales. It is also
likely that the MPB and the BS can simply respond differently to changes
in the solar wind dynamic pressure. The pressure proxy and the measured
pressure values do not match up perfectly and this could be an indication
of an unknown compression factor between the solar wind dynamic pressure
outside the BS/MPB and the magnetic pressure inside the MPB.

It is also possible that when the BS is at very low radial distances the
crustal magnetic fields become more important while at the same time the
dynamic pressure becomes less important. The dynamic pressure can only
push the boundary down to a certain altitude before the magnetic pressure
from the crustal fields together with the plasma pressure inside of the BS be-
come too high and the trend of a lower radial distance for a higher dynamic
pressure vanishes. Similarly, when the BS is at very high radial distances
the IMF direction could become more important while at the same time
the dynamic pressure becomes less important. Inclusion of crossings that
occur when other parameters, such as IMF direction, solar EUV flux and
crustal magnetic fields, are kept approximately constant would be a way to
decrease the error bars and get clearer trends. Unfortunately, the number

of data points in each bin drops drastically by doing those selections. How-
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Figure 5.7: Same as Figure 5.6, panel (a) and panel (d), but now only
including a subset of crossings such that the contribution from the solar
EUV flux and the crustal magnetic field can be assumed approximately
constant. The selected crossings fulfill the conditions of solar EUV flux
and crustal magnetic pressure as shown in the Figure.
ever, the trends are still similar as can be seen in Figure 5.7 where we have
only included crossings which occur when the solar EUV flux is between 30
107 2Wm2Hz ' and 40 10722Wm~2Hz~! and at the same time the mag-
netic pressure from the crustal magnetic fields is in between 0 nPa and 0.4
nPa. The two panels should be compared to panel (a) and panel (d) of Fig-
ure 5.6. The fewer number of crossings makes it necessary to bin the data in
wider bins. The same drastic decrease in number of data points happens if
we try to match MEX crossings with MGS proxy values that occur closer to-

gether in time. We therefore choose to include all crossings when examining

the influence of each factor throughout this Section.

5.5.2 Influence of the IMF direction

In Figure 5.8 we show the result of a statistical study of the effect of the IMF

direction on the boundary locations. The convective electric field E = —vxB
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should cause the ions to go out into the solar wind and cause massloading of
solar wind on one side of the planet thereby lifting the boundaries upward,
whereas the ions on the other side go back into the planet. In panels (a) and
(b) the distribution of the radial distances of BS crossings at northern and
southern latitudes of Mars, respectively, are shown, divided into whether
the crossing occur during locally upward (+F) or locally downward (—F)
convective electric field. The direction of the magnetic field is obtained from
the MGS draping proxy. In panel (c¢) and (d) the distribution is shown
for the MPB. The radial distances of the crossings are extrapolated to the
terminator plane. In panel (a), the mean value of Ry for the BS crossings
that occur in the +F-hemisphere and at northern latitudes is 2.484+0.01 Ry,
(plus or minus standard error of the mean) and is ~135 km higher compared
to that in the —F-hemisphere at northern latitudes, 2.44 + 0.01 Rjy;. The
mean values are significantly different according to a Student’s t-test at a
95% confidence level. This difference is also observed for the crossings that
occur at southern latitudes, in panel (b), and the difference is also significant
according to a Student’s t-test at a 95% confidence level. The southern
latitude mean distances are 2.45+0.01 R, in the +F-hemisphere compared
to 2.41 +0.01 R, in the —F-hemisphere, a difference of ~135 km.

For the MPB, Figure 5.8, panel (c), there is also a significant (according
to a Student’s t-test at a 95% confidence level) difference of ~135 km be-
tween the mean values of the +F and —FE hemisphere crossings at northern
latitudes, 1.41 +£0.01 Rjy; compared to 1.37£0.01 R,;. But for the crossings
that occur at southern latitudes, in panel (d), the situation is reversed. The
+FE hemisphere crossings have a ~200 km lower mean value than the —F

hemisphere crossings, 1.40+0.01 R,; compared to 1.46+£0.01 Rj;. The south-
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Figure 5.8: Distribution of the extrapolated terminator distance of BS
crossings in the (a) northern and in the (b) southern hemisphere and MPB
crossings in the (c) northern and in the (d) southern hemisphere observed
by MEX from Feb 2004 until Nov 2006. In each panel, the distributions
are subdivided into whether they occur when the convective electric field
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ern hemisphere MPB apparently reacts differently to an upward/downward
convective electric field compared to the northern hemisphere, on average.
It should be noted that the scatter in the extrapolated terminator distances
is large and there are uncertainties involved in this study, e.g. the IMF di-
rection is not determined perfectly, but only through a proxy and the time
difference between the proxy value and the crossing has not been taken into

account.

5.6 Influence of the crustal magnetic fields

In order to investigate the influence of the crustal magnetic fields we only
use MEX measurements. The crustal fields have previously been shown to
influence the boundaries by using MGS measurements and also MEX mea-
surements on their own (Crider et al., 2002; Brain et al., 2005; Frinz et al.,
2006b; Edberg et al., 2008). However, no previous study has used such a large
data set of crossings as we have in this study and we can now for the first
time produce global maps of the radial distances of the boundaries. Panel
(a) and (b) in Figure 5.9 show two global 10° x 10° longitude-latitude maps
colour coded by the radial distances of the BS and MPB, respectively. All
crossings from Feb 2004 until Jan 2009 from the dayside of Mars are used and
the mean of the radial distances of all crossings within each bin are shown.
Bins with less than two crossings are coloured black. Note that the strongest
crustal fields are located in the southern hemisphere at longitudes between
90° and 270° (Connerney et al., 2005). The map of the BS crossings, panel
(a), shows no distinct influence of the crustal magnetic fields on the altitude

of the boundary, i.e. there is no specific region where the boundary is at



CHAPTER 5. MARS EXPRESS AND MARS GLOBAL SURVEYOR

MEASUREMENTS 132
311 a
2.97
& 271732
o =
o 251 4
E 231
2.1
1.97
200
Longitude [°]
176 b
1.67
&l 1.59 3
o —
° 1.50 o
s =
§ 1.42 &
1.33
1.25
200
Longitude [°]

Figure 5.9: Longitude-latitude maps colour coded by the extrapolated ter-
minator distance Rr of the (a) BS and (b) MPB. Only dayside crossings
were used. Black bins means that there were less than two crossings in
that region.
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larger radial distance than elsewhere and which also corresponds to a region
of strong crustal fields. There are, unfortunately, many empty bins at south-
ern latitudes where the crustal fields are strongest. However, the mean value
of Ry of all the dayside BS crossings in the northern hemisphere is 2.45 Ry,
compared to 2.49 R, in the southern hemisphere and in the bottom rows of
panel (a), at southern latitudes, there is a weak tendency that the crossings
are at higher distances. The difference is statistically significant according
to a Student’s t-test at 95% confidence level. This difference is smaller than
the difference presented in Edberg et al. (2008) where MGS crossings where
used. The accuracy in this study should, however, be better due to the much
larger data set.

The influence of the crustal magnetic fields on the MPB is much clearer.
In panel (b) of Figure 5.9 there is a large area at southern latitudes between
longitudes from ~90° to ~270°, where the MPB at occurs larger radial dis-
tances than elsewhere. This region corresponds very closely to the region
where the strongest crustal fields are located. Also, at latitudes above —30°
and at longitudes between 0° and 90° there is a less prominent but still visible
area of higher MPB which corresponds to a region of intermediately strong
crustal fields.

In Figure 5.10 we show the extrapolated terminator distances of all the
dayside crossings of the BS and MPB plotted as functions of magnetic pres-
sure contributed from the crustal anomalies. The magnetic field strength is
estimated by using the model from Cain et al. (2003) and calculate the field
strength at 100 positions evenly spaced on a 10° x 10° longitude-latitude grid
centered radially below each crossings at 400 km. The mean over these 100

values are then taken as the field strength for each individual crossing. We
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Figure 5.10: Extrapolated terminator distance of all the (a) BS and (b)
MPB crossings observed by MEX from Feb 2004 until Jan 2009 plotted
as a function of the magnetic pressure from the crustal magnetic field as
calculated from the model by Cain et al. (2003). The solid lines are fitted
curves to the data points and the error bars show standard error on the
mean values.

choose this method since the crustal field has a high spatial variability and
just calculating the crustal field value at the exact location of the crossing
will not necessarily give a correct estimate. The crossings are then binned in
0.15 nPa bins and the mean value of the distance for all crossing within each
bin is calculated. For the BS, we fit a linear least-square curve to the data
points, as given by the equation in the figure. There is, as indicated before,
a trend of a larger distance for higher crustal magnetic pressure for values of
the crustal magnetic field pressure up to 1.0 nPa but for higher values of the
crustal fields strength there are not enough data points. For the MPB, the
linear increase of the distance with increasing crustal magnetic pressure is
equally clear such that the crustal magnetic pressure has a strong influence
on the MPB location. It should be mentioned that the scatter in position of

crossings is extensive and the data presented are only mean values.
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Figure 5.11: Extrapolated terminator distance of the (a) BS and (b) MPB
crossings observed by MEX from Feb 2004 until Nov Jan 2009 plotted as
a function of solar EUV flux proxy. The solid lines are fitted curves to the
data points and the error bars show standard error on the mean values.

5.7 Influence of the solar EUV flux

In Figure 5.11 we show how the solar EUV flux affects the location of the BS
and MPB. The crossings are divided into 2.0 10"2Wm2Hz~! bins and the
mean of the radial distances for all crossings within each bin is calculated.
There is a clear trend of a larger BS radius for a higher EUV flux and it
seems to increase exponentially. For the BS we therefore fit an exponential
curve of the form Ry = ab’» + ¢, where a, b and ¢ are free parameters as
shown in panel (a). The MPB on the other hand clearly decreases in radius
when the solar EUV flux increases and it seems to decrease linearly as the
fit in panel (b) shows. Modolo et al. (2006) used hybrid simulations to study
the influence of the EUV on the plasma boundary and found that the BS
was pushed outward at the subsolar point but moved in at the terminator
plane when going from solar minimum to maximum conditions, while the

MPB only moved inward at the terminator, in agreement with this study.



CHAPTER 5. MARS EXPRESS AND MARS GLOBAL SURVEYOR
MEASUREMENTS 136

The data used in this study are all taken during the declining phase of the
solar cycle and during solar minimum (years 2004 - 2009) and we cannot yet

determine how the EUV flux at solar maximum will affect the boundaries.

5.8 Summary and conclusions

We have shown case studies and statistical studies using single as well as two-
spacecraft simultaneous and non-simultaneous measurements of how the solar
wind dynamic pressure, the IMF direction, the crustal magnetic fields and
the solar EUV flux affects the BS and MPB. We have produced expressions
for how these factors influence the boundaries which enables us to determine
their relative importance. We have not been able to study the influence of
the solar wind magnetosonic Mach number since we do not have upstream
magnetic field measurements. At Venus for instance, the magnetosonic Mach
number has been shown to be of importance in determining the position of
the BS (Russell et al., 1988) and it is reasonable to assume that it should
play a role at Mars too.

The case studies (Figures 5.3 - 5.5) employ simultaneous MEX and MGS
measurements during an interval when the solar wind dynamic pressure
changes from high to low and the dynamic pressure is assumed to have the
main influence on the boundary locations. The effect of the high pressure
solar wind on the boundaries is indeed observed to be an inward movement
of both boundaries. The MPB is in fact pushed closer to the planet than
the altitude of MGS (~400 km). Both BS and the MPB remains compressed
until the solar wind dynamic pressure has decreased back to lower values. We

can provide an upper limit of ~20 min for how long it takes for the Martian
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plasma environment to adapt to new upstream solar wind conditions (Figure
5.4). The shapes of the boundaries seem to alter during this time as well
as indicated by near-simultaneous measurements of the MPB by MEX and
MGS (Figure 5.4, panel (f)). The BS, which is only observed by MEX and
separated in time from the inbound to the outbound by ~1.5 hours, making
it far from simultaneous, might also change its shape (Figure 5.3 and Figure
5.6, panel (f)). However, the BS is expected to move on time scales much
shorter than this and this shape estimate is therefore very uncertain.

A statistical study of how the position of all MEX boundary crossings
during the time of the mission overlap with MGS (Feb 2004 - Nov 2006)
varies with solar wind dynamic pressure has also been performed (Figure
5.6). The boundaries are, on average, found to decrease exponentially in
altitude with increasing pressure. Very similar results are produced when
using the solar wind dynamic pressure as determined from a proxy from
MGS data and by direct measurements from MEX. The statistical studies
in Figure 5.6 also provide confidence in the accuracy of the MGS and MEX
measurement, which independently give very similar result. However, for the
BS the method of using the MEX measurements give a seemingly clearer
result to how the radial distance decrease with increasing dynamic pressure.
If the MGS pressure is used, the trend is less clear but still visible. The
BS could possibly move on shorter time scales than the MPB and the MGS
pressure proxy has a too poor time resolution which would mean that the
MGS proxy is not suitable for studying the variation of MEX BS crossings
with dynamic pressure. Also, the trend for the MPB appears clearer if the
MGS pressure proxy is used rather than if the MEX/IMA measurements are

used. These results indicate that the BS and MPB do not respond in exactly
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the same way when facing changes in the upstream solar wind conditions.

A statistical study of how the boundaries react to different directions of
convective electric field has also been performed (Figure 5.8) by using two-
spacecraft measurements. We show that the BS has a 135 km larger average
radial distance in the hemisphere of locally upward convective electric field
compared to that in the hemisphere of locally downward convective electric
field. The same difference is valid for the MPB but only in the northern
hemisphere where the boundary during locally upward convective electric
field has a 135 km larger average radial distance compared to when locally
downward. In the southern latitudes, the situation seems to be reversed and
the MPB is closer to the planet in the hemisphere of locally upward electric
field, by 200 km on average. The difference is possibly due to the influence of
the crustal magnetic fields, which are strongest in the southern hemisphere
and disturb the (weak) effect of asymmetric massloading. Overall, the IMF
direction has a weak influence on the boundaries if compared to other factors.

We also confirm observations, by using MEX measurements only, that
the crustal fields affect both the MPB and the BS strongly by providing
additional magnetic pressure. The radial distances of the BS and the MPB
increase linearly with the crustal magnetic pressure.

The EUV flux, which ionises neutrals in the extended exosphere of Mars
and increases the plasma pressure, is also shown to have a strong influence
on both boundaries. The BS radius increases exponentially with increasing
EUV flux while the MPB radius is observed to decrease linearly with increas-
ing EUV flux. An explanation for this could be that the plasma pressure in
the magnetosheath, in between the BS and the MPB, could be significantly

increased with increasing EUV flux which could cause the BS to move out-
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ward and the MPB to move inward. We have not found a correlation between
solar EUV flux and high dynamic pressure which could have explained the
result for the MPB.

There are several sources of error involved in this study, which causes
scatter in the location of the boundaries. These errors include the time delay
between MGS proxy values/upstream MEX measurements and the boundary
crossings, the unknown xz-component of the magnetic field and the unknown
upstream magnetosonic Mach number. A sheared solar wind flow would also
distort the results. The solar EUV proxy could also introduce an error since it
is extrapolated from Earth and so can also the extrapolation of the boundary
distances to the terminator plane do.

We can compare our observations of which factors control the location the
plasma boundaries to models. The IMF direction is generally shown to be of
importance in hybrid models which take kinetic effects in to account (Bdfwet-
ter et al., 2004; Modolo et al., 2006), but is not really important in this study.
Other factors seem to be more important. However, the IMF direction is, as
stated before, not directly measured but rather determined through a proxy,
which introduces errors. The dynamic pressure dependence is in reasonable
agreement with models, both hybrid and MHD models (Bdfwetter et al.,
2004; Modolo et al., 2006). The crustal fields have not been studied exten-
sively in models but will most likely become included in most future studies.
Harnett and Winglee (2003) have performed such a study and showed that
the MPB is affected to a large extent, which is in agreement with the results
presented here, while the BS was not affected, which is in disagreement. The
solar EUV flux dependence has been studied by Modolo et al. (2006) who

found a weak dependence, in contrast to the results here. It should be noted
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that almost all models obtain very different results in terms of plasma escape
rates as well as boundary locations, when the same input conditions are used
(Brain et al., 2009).

In summary, quantitative expressions for the main factors the affect that
BS and the MPB have been produced. The factors that mainly affect the
MPB include the solar wind dynamic pressure, crustal magnetic fields and
solar EUV flux while the IMF direction has a weaker influence. For the BS,
the crustal magnetic fields, the solar wind dynamic pressure and the solar
EUV are again the main controlling factors while the IMF direction plays a

minor role.



Chapter

Conclusions & future work

6.1 Conclusions

This Thesis has focused on the solar wind interaction with Mars and the
boundaries and regions that form as a result of that interaction. We have
studied the location, shape and dynamics of the MPB and BS and also which
parameters that influence the properties of the boundaries. Throughout these
studies we have used single spacecraft measurements as well as simultaneous
and non-simultaneous two-spacecraft measurements.

In Chapter 3 we have used MGS data to produce best-fit statistical models
of the average shape of both the MPB and BS. We have also studied the
influence of the crustal magnetic fields on the two boundaries and found that
the MPB is pushed upward over specific regions where the crustal magnetic
field of Mars is particularly strong. Where the crustal magnetic fields are even
stronger, the MPB is pushed to even higher altitudes. The BS was found to
be at higher altitudes over the entire southern hemisphere, where the crustal
magnetic fields are mainly located, but there was no observable difference

between strong or intermediately strong crustal magnetic field regions.
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The average shapes of both boundaries take the form of conic sections
which has previously been determined. We have, however, extended the
previous studies by including more data points which has increased the sta-
tistical accuracy as well as constrained the shape of the MPB by introducing
a new method for performing the fitting. The new method takes into account
the fact that there are no MPB crossings at low SZAs which otherwise intro-
duces an error in the fitting technique. The previous models have had their
lowest altitudes at a SZA of ~45° rather than at 0° which would have been
expected. We therefore perform a fitting where we fix the subsolar altitude
to a value based on the lowest altitude of the previous fits. The result is a
more realistic model of the MPB. We have also studied the magnetic field
strength inside the MPB and found that it increases toward the dayside as
well as when the MPB is pushed closer to the planet.

In Chapter 4 we have used simultaneous measurement from Rosetta and
MEX to study the behavior of the MPB and BS during low and high solar
wind pressure. The Rosetta swingby of Mars, which took place in Febru-
ary 2007, enabled the first near-simultaneous two-spacecraft study of plasma
boundaries at Mars as well as an opportunity for using Rosetta as a solar
wind monitor while MEX sampled the MPB and BS. The near-simultaneous
BS and MPB measurements took place within an interval of ~3 hours, dur-
ing which the solar wind was quiet and slow with a normal density. We use
the near-simultaneous boundary crossings to confirm the previously mod-
elled shapes and find that both the MPB and the BS shape are in reasonable
agreement with the models. The MPB is found at its average location as
would be expected during quiet solar wind conditions. The BS is, however,

significantly compressed during this interval, but still with a conic section



CHAPTER 6. CONCLUSIONS & FUTURE WORK 143

shape.

A day after the CA of Rosetta a high pressure solar wind region is observed
to pass by Mars during a ~24 hour interval. As Rosetta monitors the solar
wind and the IMF downstream of Mars, MEX observes how the MPB and BS
become asymmetric in shape. The observed boundary in the northern/dawn
hemisphere is closer in than the observed boundary in the southern/dusk
hemisphere. We test various factors which could cause the asymmetry, such
as the IMF direction and crustal magnetic fields, without finding a good
explanation. The BS altitude clearly increases on one side of the planet even
though the solar wind pressure increases which is rather unexpected. At the
same time, a significant fraction of ionospheric ions are observed to accelerate
away from the planet in the hemisphere where the boundaries are at lower
altitudes. We therefore suggest that the observed boundary asymmetry is
related to the ionospheric outflow as the thermal plasma pressure decreases
when plasma is swept away.

In Chapter 5 we use both simultaneous and non-simultaneous two-spacecraft
measurements from MEX and MGS to study some factors which have been
suggested to control the altitude of the MPB and BS. First, we introduce
previously produced proxies of the solar wind dynamic pressure and IMF
direction based on MGS measurements as well as a proxy of the EUV flux
based on F10.7 measurements at Earth. We compare the solar wind dynamic
pressure proxy with the measured solar wind dynamic pressure from the IMA
instrument onboard MEX and find that they are in reasonable agreement.
We use the proxies to present a case study during an interval when the solar
wind dynamic pressure is observed to be the governing factor of the move-

ment of the MPB and BS. The boundaries move to lower altitudes as the
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solar wind dynamic pressure increases and subsequently to higher altitudes
when the pressure decreases. This case study also gives an indication of the
time scale of which the plasma boundaries move when the dynamic pressure
changes, which is found to be less than 20 min.

Furthermore, by using the three proxies and the measured upstream dy-
namic pressure, we produce analytical expressions of the altitude of the
boundaries, in terms of terminator distance, as functions of solar wind dy-
namic pressure, solar EUV flux and crustal magnetic fields. We also study
the influence of the IMF direction. The result shows that both the MPB and
the BS are mainly controlled by the solar wind dynamic pressure, crustal
magnetic fields and solar EUV flux while the IMF direction plays a minor

role.

6.2 Future work

What is left for the future in terms of studies of plasma boundaries at Mars
include determining in more detail the pressure balance between the MPB
and the underlying MPR and how that effects the BS location. Also, the
boundaries have not yet been studied during solar maximum and their be-
havior during very high solar EUV flux is unknown. Related to this is the
time scale on which these boundaries, and regions, adapt to changing solar
wind conditions. This time scale is expected to be on the order of minutes,
or even seconds, and has not been properly explored. We do touch upon
the subject in Chapter 4 and 5 but not in any great detail. Seasonal effects
have not been studied in any detail in this Thesis and have been left for the

future. Since the Mars rotation axis is tilted, the boundaries could possibly
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be located farther in over the summer hemisphere compared to the winter
hemisphere.To produce a functional fit of the boundaries is also desired. The
published models of the boundaries have so far only involved producing best-
fit statistical shapes but to have a model as a function of solar wind pressure,
crustal magnetic field strength and solar EUV flux, for instance, would be
even better. This is something that could be extracted from the quantitative
expressions presented in Chapter 5 in a future study.

While the location and shape of the Martian plasma boundaries have been
extensively explored by several single spacecraft missions in the past, there
has not been any dedicated multi-spacecraft mission for studies of the plasma
boundaries. For the future, such missions would be very advantageous in the
study of the solar wind interaction with Mars. At Earth, multi-spacecraft
missions such as Cluster and Themis have been very successful as they can
resolve spatial from temporal variations in the plasma environment. No such
dedicated mission is currently planned for Mars but there might be more
occasions when two or even three individual spacecraft missions are present
at the same time, with plasma instruments onboard. The Maven mission
from NASA is planned to be launched in 2013 and the Russian Phobos-
Grunt mission will be launched at approximately the same time which will
include a Chinese orbiter, Yinghuo-1, as well. If MEX is still alive at Mars
when these three spacecraft arrive there will be an unprecedented coverage
of plasma measurements around Mars.

To have a long-term upstream solar wind monitor at Mars would make
it possible to study the influence of different solar wind conditions on the
Martian plasma environment in more detail. At present, upstream solar

wind monitoring spacecraft at the Earth can be used, to some extent, even for
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Mars. Especially when Mars and Earth are aligned on a straight Mars-Earth-
Sun line, larger solar events such as coronal mass ejections can be tracked
from the Earth to Mars. Also, during solar minimum conditions when the
Sun is relatively quiet, most corotating interaction regions (CIRs) seen at
Earth can easily be traced to Mars, even when the two planets are separated
by as much as ~120° in longitude from each other. This is something which
is presently being explored in a current study where we use Stereo and ACE
data to trace CIRs to Mars. The aim is to determine what the effects these
high pressure solar wind regions have on the plasma environment at Mars.
Other interesting scientific questions which still need to be addressed in
the future includes the physics of the plasma environment close to the crustal
magnetic fields. With both magnetic field and electric field instruments as
well as ion and electron sensors several physical mechanisms such as recon-
nection and auroral emissions could be studied in more detail above regions
of strong crustal magnetic fields. The evolution of the atmosphere of Mars
is also one of the main scientific questions to be addressed. For instance, the
outflow of the cold ion population has not been studied yet which is impor-
tant for determining how the atmosphere has evolved in the past. All this
could possibly be explored with the multi-instrument missions of Maven and

Phobos-Grunt/Yinghuo-1 during the next decade.
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