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Abstract. We report on new simultaneous in-situ observa- outflow and discuss how the pressure pulse could also be as-
tions at Mars from Rosetta and Mars Express (MEX) on howsociated with the observed boundary shape asymmetry.

the Martian plasma environment is affected by high pressurq<eywords_ Interplanetary physics (Planetary bow shocks) —

s_olar wind. A s!gnmcant sharp increase in solar wind den'Magnetospheric physics (Magnetosheath; Solar wind inter-
sity, magnetic field strength and turbulence followed by a4ctions with unmagnetized bodies)

gradual increase in solar wind velocity is observed during
~24h in the combined data set from both spacecraft after
Rosetta’s closest approach to Mars on 25 February 2007. The ]
bow shock and magnetic pileup boundary are coincidentlyl ~Introduction
observed by MEX to become asymmetric in their shapes
The fortunate orbit of MEX at this time allows a study of
the inbound boundary crossings on one side of the plane
and the outbound crossings on almost the opposite side, bo
very close to the terminator plane. The solar wind and in-

terplanetary magnetic field (IMF) downstream of Mars are .
monitored through simultaneous measurements provided bgg:stzsvreggrey;;)g; press (MEXE(berg et al.2009h

Rosetta. Possible explanations for the asymmetries are dis- The solar wind interaction with Mars forms the bow shock

cussed, such as crustal magnetic fields and IMF direction. IQBS where th rsonically flowin lar wind slow
the same interval, during the high solar wind pressure pulse ) ere the supersonically Towing soa STOWS

MEX observations show an increased amount of escapingﬁown and becomes heated and more turbulent. At altitudes
planetary ions from the polar region of Mars. We link the elow the BS a thick magnetosheath is characterised by

high pressure solar wind with the observed simultaneous iorpeated and turbulen.t p"f"sma- The magnetosheath st.retches
down to the magnetic pileup boundary (MPB) where inter-

planetary magnetic field (IMF) piles up and drapes around
the planet. Factors controlling the location of the BS and

Correspondence taN. J. T. Edberg MPB include the IMF directionZhang et al. 1991 Vignes
BY (ne@irfu.se) et al, 2002 Brain et al, 2005 Dubinin et al, 20083, crustal

Rosetta was launched in 2004 and performed a swingby
f Mars on 25 February 2007 on its way to comet
7P/Churyumov-Gerasimenkdsfassmeier et gl.20073.
he Rosetta Mars swingby then enabled a two-spacecraft

multi-instrument study of the Martian plasma environment
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fields (Crider et al, 2002 Edberg et al.2008 Dubinin et al, place during a period of very active solar wind of high pres-
2008hH and the solar wind dynamic pressuferigler et al, sure. In this paper we observe asymmetric shapes of the BS
2003 Brain et al, 2005 Dubinin et al, 200§. They have  and MPB and link this to the outflowing ions and asymmetric
all been shown to be important for determining the locationexosphere reported Berez-de-Tejada et 42009 by argu-

of the boundaries in statistical studi¢3ubinin et al.(2006 ing that the same effect took place as reportediofpinin
performed a large study using data from 400 orbits of MEX et al.(2009 during a high pressure CIR.

during its first year at Mars to study the influence of all of

the above factors, and also including the solar EUV flux, on

the MPB.Edberg et al(20093 have performed an extended 2 Mars Express and Rosetta observations

study in relation to that, using the first 5 years of measure-

ments to perform a similar study, and also included the BS, inRosetta is equipped with a suite of five plasma instruments
which explicit expressions for the altitude of the boundariesout of which three are used in this study: the Langmuir probe
as functions of the above factors were derived. However(LAP) (Eriksson et al.2007), the fluxgate magnetometer
for individual observations of the boundaries these factorsfMAG) (Glassmeier et g§l20070 and the electrostatic ion
all contribute and mix with each other making the interactionand electron sensor (IESB(rch et al, 2007, all interfac-

more complicated. ing to the spacecraft through the plasma interface unit (PIU)
The shape and location of the Martian BS and MPB have(Carr et al, 2007. The Rosetta LAP instrument measured
been studied extensively in the pagighes et al. 200Q Du- probe to spacecraft potential during the Mars flyby from the

binin et al, 2006 Edberg et a.2008 and references therein). one probe out of two that was located in sunlight upstream
In the Mars solar orbital (MSO) system, where the x-axis isof the spacecraft. Rosetta MAG measured the vector mag-
directed toward the Sun, the z-axis is directed along the Marsietic field with a time resolution of 1 Hz. Rosetta IES has
orbital angular momentum vector and the y-axis completesa time resolution of 128 s and measures electrons in the en-
the right-handed system, both the BS and the MPB have thergy range 0.001-22 keV/q with a field of view 0f"30360°.
average shape of conic sections L/(1+ecog9)) ,where  MEX carries the Mars advanced radar for subsurface and
r andg are polar coordinates with origin &t referenced to  ionospheric sounding (MARSIS) instrumerRi¢ardi et al.

the x-axis,e is the eccentricity and. is the semi-latus rec- 2004 and the analyzer of space plasma and energetic atoms
tum. Typical values ofXg, ¢ and L are 0.86Ry, 0.92 and  (ASPERA-3) instrument, which includes the electron spec-
0.90Ry for the MPB and 0.5R)y, 1.05 and 2.1®y forthe  trometer (ELS) and the ion mass analyzer (IMBp(abash

BS, respectivelyEdberg et a].2008 (1 Ry=3397 km). et al, 2006. IMA measures ions in the energy range 0.01—

Dubinin et al.(2009 studied an event where a corotating 36 keV/q with a time resolution of 192 s and a field of view
interaction region (CIR) impacts on Mars and the effect of of 90° x 36(°. ELS measures electrons in the energy range
this is shown to be a scavenged ionosphere, meaning th&.001-20keV/q (electrons with energies below 10eV are
the high pressure solar wind plasma penetrates the MPB anbdowever affected by the spacecraft potential and are not al-
reaches the ionosphere where it sweeps out large portions a¥ays reliable) with a time resolution of 4s and a field of
ionospheric plasma. The penetrating solar wind opens upiew of 4° x 360°. MARSIS is designed for ionospheric and
several escape channels for the planetary plasma which leadsibsurface sounding but can occasionally also measure local
to a significantly lower ionospheric plasma densBybinin plasma density and magnetic field magnitude from observed
et al, 2009. Nilsson et al.(2009 have also performed a harmonics of the electron plasma oscillations and electron
statistical study showing that the outflow of ions increasescyclotron echoes in the radargrams, respectiv@yr(ett
with increased solar wind dynamic pressure. et al, 2005 Duru et al, 2008.

Perez-de-Tejada et a{2009 performed a study where The orbit geometry of MEX and Rosetta at the time of
they observe escaping planetary ions on the 25 Februarthe Rosetta Mars swingby is shown in Fig. Also shown
2007 in MEX data. Simultaneous XMM/Newton X-ray im- are the positions of the MPB and BS crossings observed by
ages show evidence of an extended and asymmetric exdVlEX from 00:00 UT on 24 February 2007 until 24:00 UT on
sphere of Mars. Note that these observations took place 027 February 2007 together with empirical models of the two
the same day as Rosetta had its closest approach to Markoundaries fronEdberg et al (2008 and Trotignon et al.

We can therefore extend their study by using Rosetta for so€2006§. The position of each crossing is adjusted to ac-
lar wind monitoring and IMF measurements, while MEX at count for the mean“aberration of the solar wind direction
the same time samples the plasma boundaries. There is mtaused by the orbital motion of the planet while the MEX
magnetometer on MEX, but there is one on Rosetta, suclorbit (black solid line) is not adjusted. Note that the inbound
that the swingby of Rosetta provided a unique opportunity ofand the outbound boundary crossings occurred on almost op-
having solar wind magnetic field measurements. MEX canposite sides of the planet. MEX was at this time in an ellipti-
also provide sporadic monitoring of the solar wind during the cal 6-h orbit very close to the terminator plane of Mars with
intervals spent outside the BS. Not reported in the study byperiapsis at about 310 km and apoapsis at about 10 000 km.
Pérez-de-Tejada et af2009 is that their observations take It hence crossed the MPB and the BS both inbound and
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Fig. 1. Boundary crossing locations and orbital geometry during the Rosetta Mars swingby. The panels show all BS (diamonds) and MPB
(stars) crossings observed by MEX during 24—27 February 2007, projecte¢hptite y-z plane an¢b) in cylindrical coordinates together

with the average BS (dotted line) and MPB (dashed line) as wét)ake trajectory of Rosetta in cylindrical coordinates (black solid line)
together with best fits of the MPB (dashed line) and BS (dotted line) ffomtignon et al.(2006. A part of the MEX orbit is shown in

panels (a) and (b) (black line). The vertical bars in panel (b) indicate the mean extrapolated terminator distance and standard deviation of the
BS and MPB crossings frofdberg et al(2008. The positions of the crossings are adjusted to account forthbdrrated solar wind flow

caused by the orbital motion of the planet with respect to an average solar wind speed of 400 km s

outbound on every orbit and completed 14 orbits during thesdime periods when the spacecraft attitude, or the sun-aspect
four days. The BS, on inbound passes, is identified in theangle (SAA), is constant. The SAA is the angle about the
MEX/ELS data as a sudden increase in electron fluxes andxis through the solar panels of Rosetta and is important
the MPB as a sudden decrease in electron fluxes in the enerdgr determining the pointing of IES and also for the loca-
range~10-500eV. In panel (c) we show the trajectory of tion of the LAP instrument in the potential field of Rosetta.
Rosetta, which had its closest approach to Mars at 01:58 UTFor the range of values of probe-to-spacecraft potential and
on 25 February 2007 and then proceeded out through th&AA presented in this paper there is roughly a linear relation
magnetosheath on the nightside, crossed the BS outbound aiith the plasma densitygdberg et a].2009h. An IES mode
04:04 UT and continued downstream in the solar wind. change at 05:00 UT on 25 February caused electrons below

500 eV not to be sampled afterwards. An unfavorable space-
2.1 Boundary asymmetries during high pressure solar craft attitude also affected the IES measurements with lower

wind fluxes as a result.

During the time of the Rosetta flyby, a high pressure so- At 11:49UT on 25 February 2007, indicated by the left
lar wind region was observed by both MEX and Rosetta.red vertical line in Fig.2, IMA onboard MEX observed a
This can be seen in Fi@ where we show a time series of sudden solar wind density increase frert cm—2 to a max-
Rosetta IES/LAP/MAG and MEX ELS/IMA data for the two imum of ~10cnT2 (Fig. 29). The MEX ELS instrument
day interval around the time of the Rosetta swingby, startingalso observed an increase in electron fluxes at the same time.
at 00:00 UT on 25 February and lasting to 24:00 UT on 26This was followed by a gradual increase in velocity from
February 2007. The Rosetta LAP probe-to-spacecraft poten=-350 km s1 to a maximum of~500 km sL. For details re-

tial Vps can be used as a proxy for the plasma density forgarding the moment calculation from IMA, ségnz et al.
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Fig. 2. Time series ofa) Rosetta IES omni-directional electron spectiy Rosetta LAP probe-to-spacecraft potentigé measured at a rate

of 0.9 Hz (blue) and Rosetta SAA (green), Rosetta M@PBmagnetic field magnitude ar{d) components in MSO coordinatdg) MEX

ELS omni-directional electron energy speciif, MEX IMA omni-directional ion energy spectra as well @ MEX IMA ion density and

(h) total velocity. The interval of high pressure is marked by red lines, while the closest approach of Rosetta and the outbound BS crossing
is marked by black lines. The thick bars in panel (e) mark the closest approach of MEX during each orbit.

(2006. At 12:02 UT on 25 February 2007 the IES, LAP and The density increase observed by MEX lasted until
MAG on Rosetta observed an increase in electron flux in thel1:22 UT on 26 February 2007, indicated by the right red
energy range 60-100eV, a sharp increasEpy and an in-  vertical line in Fig.2, while the higher velocity lasted longer,
crease in magnetic field variability, respectively. Rosetta wasat least until a data gap started on 28 February 2007. At
downstream of Mars at a distance of 83 at this time. The  Rosetta,Vys dropped suddenly (corresponding to a decrease
spatial difference between where Rosetta starts to observe thie plasma density) at the same time as the magnetic field vari-
high pressure solar wind and where MEX observes it dividedability signatures stopped and the electron fluxes decreased
by the difference in arrival times at the two spacecraft gives aat 11:53 UT on 26 February 2007 at a distance of Ry7
velocity in the—x-direction of~360km s (83Ry divided  downstream of Mars. The difference in time between these
by 13 min). signatures in the data of the two spacecraft give a velocity
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Fig. 3. Time series of(a) the MEX IMA dynamic pressurgb) Rosetta MAG/MEX IMA Alfvénic Mach number(c) 6g,, distance of

each(d) BS and(e) MPB from the center of the planet as well as L-value of edgtBS and(g) MPB together with error bars. Inbound

Ogn, distances and L-values are displayed as squares and connected by solid lines while the outbound ones are displayed as triangles ar
connected by dashed lines. Filled symbols indicate that there is an asymmetry present between the inbound and outbound boundaries. Th
values ofL from Edberg 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.

in the —x-direction of~510km . The solar wind veloc- namic pressure derived from MEX IMA and in panel (b) the
ity measured by MEX IMA agrees very well with the ve- Alfvénic Mach numbeM based on a combination of the
locities derived from arrival times of similar features at the magnetic field strength from Rosetta MAG, time-shifted to
two spacecraft{350 km s compared te~360kmstand  the time frame of MEX assuming a constant solar wind ve-
~510km st compared te~500 kms1). The velocity does locity of 350 km s'1, and the solar wind plasma density from
not change across the boundaries between regions of highlEX IMA. Panel (c) shows the angle between the IMF, as
and low pressure regions, as would be expected from intermeasured by Rosetta and time-shifted to the time frame of
planetary shocks or corotating interaction regions, and theyMEX, and the local normal to the B, for each inbound
rather resemble convected structures propagating outward ifsquares) and outbound (triangles) BS crossing by MEX. The
the solar system. This observed high pressure solar wind rdecal normal to the BS was calculated from the statistical best
gion and its effect on the Martian plasma environment is thefit shape of the BS fronktdberg et al (2008 at the point
topic in this paper. closest to the observed BS crossing. Inbound and outbound
, . crossing data are displayed as squares and triangles, respec-
To illustrate how the BS and MPB respond to the high ey throughout the paper. Panel (d) shows the distance of
pressure solar wind region, we plot their altitudes as a time,ach BS crossing from the center of the planet, for inbound

sgries togethgr with the MEX and Rosetta measurements i34 outbound crossings separately and panel (e) shows the
Fig. 3. The time series extends across four days of cOM-jistance of the MPB crossings

bined Rosetta and MEX measurements starting at 00:00 UT
on 24 February 2007. In panel (a) we show solar wind dy-

www.ann-geophys.net/27/4533/2009/ Ann. Geophys., 27, #48385-2009



4538

N. J. T. Edberg et al.: Rosetta and Mars Express

The inbound crossings occur at lower solar zenith anglesymbols indicate that there is an asymmetry present between
(SZA) than the outbound ones and should therefore be athe inbound and outbound crossings.

lower distances but this is evidently not always the case. The

inbound crossings are sometimes at larger distances than tie2 Cause of the asymmetries

outbound crossing during the same orbit. Hence the bound-
aries are asymmetric in their shapes. In order to properl

)Factors that could be responsible for the asymmetry include

compare the distances of inbound crossings with the distanc¥n€ther the boundaries are quasi-perpendicular or quasi-
of the outbound crossings, which occur at different SZAs WeparaIIeI, the direction of the solar wind convective electric

need a measure of their distances which is independent of th

féeld E = —v x B and the crustal magnetic fields and.

SZA at which they occur. Panel (f) therefore shows the value 1. The quasi-parallel vs quasi-perpendicular effect causes

of the semi-latus recturh from fits of conic sections to each
single BS crossing. The fits are done in the same way as
described irnCrider et al.(2002, where the values of and

Xo (from Edberg et al.2008 are fixed, and onl\L is var-

ied. 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 uncer- 2.

tainty bars in panels (f) and (g) represent where the space-
craft is well within/without the BS and the MPB, as seen in a
time series of data, and are hence 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 & aberration caused by the planets orbital velocity. The
average values df for the BS and MPB frontdberg et al.
(2008 are shown for reference purposes by the horizontal
dash-dotted lines in panels (d) and (e). The inbound and out-
bound crossings of both the BS and the MPB are at approxi-
mately 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 so-
lar wind. During and after the high pressure solar wind the
altitude of the inbound and outbound crossings deviate sig-
nificantly from each other, by up to OR4, for the BS and
0.4 Ry for the MPB and hence properly indicate that both
boundaries have become asymmetric. The inbound bound-
aries move outward first and the outbound boundaries follow
later on.

increased/decreased upstream wave activity which in-
creases/decreases the apparent thickness of the bound-
aries. This has already been accounted for to some ex-
tent by including the error bars in Fi§.but it is pos-

sible that the boundaries also move outward or inward
as a whole due to this. The MPB has not previously
been shown to be affected by the quasi-parallel or quasi-
perpendicular direction of the IMF and for the sake of
completeness we do check whether or not the MPB is
affected.

The convective electric fields determines in which di-
rection the ions and electrons move. On one side of the
planet the ions will move into the planet and on the op-
posite side they will move out into the solar wind and
cause increased massloading which could cause the BS
to move outward due to the increased obstacle size. This
is mainly expected to influence the BS and the magne-
tosheath, where the plasma is in motion. The convec-
tive electric field does not exist deep beneath the MPB
where the plasma is not in motion. However, if ions are
transported away from the magnetosheath to a larger ex-
tent, the magnetosheath plasma pressure might decrease
to such an extent that the MPB can move upward.

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 South-
ern Hemisphere.

In Fig. 4 we show the results of tests of the above factors

The asymmetry of the MPB starts during the same orbitthat could possibly cause the asymmetry. In panels (a) and
as the high pressure solar wind feature is observed and théb) we show the value of the semi-latus rectiinfor each

BS asymmetry starts during the following orbit. The shapeobserved BS and MPB crossing, respectively, as a function
asymmetry lasts until about two orbits after the solar wind of 6g,, together with linear least-square fits to the inbound

feature has passed. As reported P8rez-de-Tejada et al. (solid line) and outbound (dashed line) crossings. The dif-
(2009, the exosphere of Mars, as seen in X-ray images fromference in mean value of the semi-latus rectum of all quasi-
the XMM/Newton satellite, is also very asymmetric during parallel @g,, < 45°) and all quasi-perpendiculafg,, > 45°)

this interval. The X-ray emissions from the exosphere areBS crossings (1.77 and 1.62, respectively) is statistically sig-
more intense over the poles and also indicate that the exonificant according to a Student’s t-test at a 90% confidence
sphere over the poles is tilted in an anti-sunward directionlevel. However, if a Student’s t-test is done separately for
Note also that there is a short-lived BS asymmetry during theanbound and outbound BS crossings, then only the inbound
last orbit on 24 February 2007. Throughout the paper, filledcrossings show a significant difference in mean valuek of

Ann. Geophys., 27, 4533545 2009 www.ann-geophys.net/27/4533/2009/
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Fig. 4. The distance displayed in terms of L-value (see text for explanatio@)dhe BS andb) the MPB crossings as a function &g,
with linear fits to the inbound (solid) and the outbound (open) crossings. The pdgijiohall BS and(d) MPB crossings rotated into a

frame wheret’ is aligned with the IMF and’ with the convection electric field. Average distances are shown for inbound (solid line) and
outbound (dashed line) crossings in th& and—E hemispheres in panels (c) and (d). The posieyof all BS and(f) MPB crossings
projected onto a map of the crustal magnetic field strength (the position data being colored red in order to make them more visible).

at a confidence level of 90%. An equally significant differ- the quasi-perpendicular case than in the quasi-parallel case.
ence between mean values of the semi-latus rectum is ndh that study, a larger data set was used such that the results
found for the MPB. There is a trend of a closer in bound- should be more reliable.

ary for higherfgp in panel (a) and panel (b), but only for
the crossings that occur when the boundary is asymmetriﬁVI
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 happens to be quasi-parall

and vice versa but not that it is tiig, angle that determines convection electric field. Average distances are displayed
the altitude of the boundariehang et al(199]) showed for inbound (solid) and outbound (dashed line) crossings in

that the BS altitude at both Mars and Venus was higher Ir]both the+ E-hemisphere, where the electric field is directed

In panels (c) and (d) of Figd we show all BS and
PB crossings rotated into a reference frame whgfe
s aligned with the instantaneous IMF direction, as mea-
Fred by Rosetta MAG, and’ with the convection elec-
ric field direction, in order to determine the effect of the

www.ann-geophys.net/27/4533/2009/ Ann. Geophys., 27, #48385-2009
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locally upward, and in the- E hemisphere, where the elec- of the second orbit and onky5 min during the inbound part
tric field is directed locally downward. If asymmetric mass- of the third orbit, but these are still important since they pro-
loading occurred and was the main factor which controlledvide a measure of the local plasma density. IMA and ELS
the location of the boundaries, then the boundaries in thecan also provide values of the density but, unlike MARSIS,
+E-hemisphere, where the ions move out into the solardo not always measure the full population, especially not the
wind, would be at higher altitudes than the ones in-t¥e- colder population.
hemisphere, where the ions move toward the planet. How- Panels (d) and (e) of Figp show the same data as pre-
ever, no such trend is observed for either the BS or the MPBsented byPérez-de-Tejada et 2009 (their Fig. 2). From
neither during high nor low pressure periods. 17:10 until 17:40UT in panel (d) a distinct population of
We do, however, observe that in theE-hemisphere the heavy ions (mainly C, OF and O") are seen in the energy
inbound crossings, in the Southern/dusk Hemisphere, are furange 100 eV-10keV, around the time of the outbound MPB
ther out than the outbound crossings. The difference is statiserossing, which are interpreted as being heavy planetary ions
tically significant according to Student's t-test at a 95% con-escaping from the planet. These ions show a clear trend of
fidence level for the BS and at a 90% confidence level for theincreasing in energy as MEX measures them at higher and
MPB. This asymmetry is not visible for theE-hemisphere.  higher altitudes and they reach velocities far higher than the
Since the evolution of the IMF orientation with distance is required escape velocitPg¢rez-de-Tejada et aR009.
unknown, there could be a difference in IMF orientation be- Not reported byPérez-de-Tejada et 82009 is that such
tween the location where Rosetta measures the magnetic fieklscaping planetary ions are also visible on the following or-
and the location where MEX measures the plasma boundbit, in almost exactly the same location but with an order of
aries. magnitude less intensity. These are seen in panel (g) from
In panels (e) and (f) of Figt we show, respectively, the BS 23:55UT on 25 February until 00:15UT on 26 February,
and MPB crossings projected on a map of the crustal magagain as a distinct population which gain in energy, from
netic field strength to see if the observed asymmetry is caused00 eV up to 1 keV, while MEX measures them at higher alti-
by the fact that some crossings occur over strong crustalude. The population of escaping ions during this orbit is now
fields and others not. However, the asymmetric boundaryharder to distinguish from the background measurements but
crossings occur over a wide range of longitudes and the instill visible. It should be noted that ions are constantly escap-
bound crossings, at southern latitudes, do not occur directlyng from Mars, but during the interval studied in this paper
over the strong crustal fields, which could have caused thenthere seems to be a significant increase of such escaping ions.
to move to higher altitudes by providing additional magnetic It is during these two orbits, when escaping planetary ions
pressure. The crustal magnetic fields do not therefore seer@re observed, that the solar wind pressure increases to high
to be responsible for causing an asymmetry in this case. Ivalues of~1.0-1.5nPa as can be seen in panel (a) of &ig.
fact, neither of the factors tested in Figgive a clear result  The magnetic field measurements show that the IMF was
as to whether they affect the location of the boundaries toamainly northward during these orbits which gives a convec-

become asymmetric or not. tive electric field direction mainly in the MS©y-direction.
The convective electric field is in the same direction, roughly,
2.3 lon outflow and exosphere asymmetry as MEX moves in when the escaping planetary ions are ob-

served, see MEX trajectory in Fid, panel (a). As the ions
Figure5 shows MEX measurements from three consecutiveare observed to gain in energy we can conclude that they
orbits beginning on 25 February 2007 which occur during are accelerated by the convective electric field. At the same
equally long intervals centered at the time of the MEX clos- time as the magnetic field changes its orientation at 17:40 UT
est approach to Mars on each pass. In panels (a), (d) and (gpanel b) the escaping ions cease being observed in the ion
we show IMA omni-directional ion energy spectrograms of spectrogram.Pérez-de-Tejada et a{2009 also noted this
heavy planetary ions together with MEX altitude (red line), sharp drop but suggested that it was caused by momentum
in panel (b), (e) and (h) we show ELS omni-directional elec- transport between the planetary ions and the solar wind ions.
tron energy spectrograms together with MARSIS measuredut with the magnetic field measurements from Rosetta we
local electron density (short black line between 30érand now suggest that the sharp drop is caused by a change of di-
70 cnm3) and in panels (c), (f) and (i) we show Rosetta MAG rection of the convection electric field, rotating froay to
magnetic field measurements time-shifted to the time frame+z, such that the outflowing ions start to move northward
of MEX. The time-shifts are-11 min,~20 min and~29 min while MEX moves farther westward and ceases to observe
for each orbit, respectively, if using the measured solar windthe outflowing ions. During the second orbit when these ions
velocity of 350 km st from Fig. 2, panel (h). If assuming a are observed, the IMF direction is still mainly northward but
~10% error on the measured velocity the error on the time-more variable which could explain why the measured flux
shifts arex1-2 min. There are only MARSIS density mea- rates are lower than during the previous orbit.
surements during-5 min on the outbound part of the first ~ The local electron densities measured by MARSIS just
orbit, ~5 min during both the inbound and the outbound partinside the MPB on the first orbit in Figh, panel (b), are
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Fig. 5. Time series of MEX and Rosetta measurements. The panels shaagdg) MEX heavy planetary ion omni-directional spec-
trograms, 0, e andh) MEX electron omni-directional spectrograms am f(andi) Rosetta magnetic field measurements during three
consecutive MEX orbits. The downstream Rosetta measurements are time-shifted to the time frame of MEX. The heavy ion spectrograms
contains a significant amount of 'ghost particles in the magnetosheath which are caused by a contamination inside the instrument by solar
wind protons. 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 an pointed out by black arrows. The time of the BS and MPB crossings by MEX are

shown as vertical black lines.

www.ann-geophys.net/27/4533/2009/ Ann. Geophys., 27, #48385-2009



4542 N. J. T. Edberg et al.: Rosetta and Mars Express

~70cnm 3. During the following orbit, in panel (d), at the enced by other factors. Titg, effect has been suggested to
same altitudes on the outbound pass as in the previous orbibe rather limited at Mars due the small obstacle shape com-
the density had dropped to valuese80 cn 3. Also during  pared to the ion-gyroradius as well as due to its extended
the inbound pass of the second orbit the densities, at approxexosphere as explained Mazelle et al(2004.
imately the same altitudes, vary around 30¢ém During In Fig. 4, panels (c) and (d), we have shown that asymmet-
the third orbit, on the inbound leg in panel (g), the averageric massloading is not the single responsible factor for caus-
density had increased to around 70chagain. These lim-  ing the boundary asymmetries. The boundary crossings that
ited measurements from MARSIS indicate, in the same wayoccur in the+ E-hemisphere are not at higher altitudes than
as shown byDubinin et al.(2009 but for a different inter-  the crossings observed in theE-hemisphere, on average.
val, that the ionospheric densities inside the MPB decreasetlVe do, however, note that the boundaries in the Southern and
when the high pressure solar wind impacted Mars and théNorthern Hemispheres of Mars react differently to different
ionosphere was being scavenged. directions of the convection electric field, possibly due to the
As shown in Fig3, the boundaries start to become asym- presence of the southern crustal fields or, alternatively, due
metric during this interval. This can be clearly seen in Big. to whether the boundaries are quasi-perpendicular or quasi-
as well. The inbound BS moves to increasingly higher al-parallel. It should be noted that there are of course errors
titudes during the three orbits shown, from an L-value of involved when using Rosetta magnetic field direction mea-
1.51Ry to 1.78Ry to 1.90Ry, even though the dynamic surements to describe the position of the boundaries. One of
pressure increases and should push the boundary closer ithem being the unknown reconfiguration time of the Martian
The inbound MPB follows the same trend roughly, or at leastplasma environment when changes in the upstream condi-
within the error bars, and moves from an L-value of QR{P tions occur.
to 0.98Ry to 0.92Ry. The outbound MPB does, how- In Fig. 4, panels (e) and (f), we do not find a direct corre-
ever, move inward during these three orbits, from (g2  lation between the crustal field strength at the exact position
to 0.76R\ to 0.65Ry. The outbound BS first moves out- of the BS/MPB crossings and the boundary distances. How-
ward, from 1.53Ry to 1.73Ry like the inbound BS, but ever, itis in the Southern Hemisphere that the boundaries are
only to move inward again during the third orbit to 1.84, at higher altitudes but since the MEX crossings occur at a
when the solar wind dynamic pressure decreases. These dat@nge of longitudes it would imply a global influence of the
clearly show that the dynamic pressure is not always the onhcrustal fields, if they are indeed responsible.
important factor in determining the location of the plasma The Alfvénic or magnetosonic Mach number and dynamic
boundaries. pressure variation do not directly explain the asymmetry, ei-
ther. These quantities could possibly vary in resonance with
the boundary sampling rate, but this is unlikely and indeed
3 Discussion not the case here since the solar wind parameters do not
vary with the same frequency as the boundaries move up and
Below, we discuss the observations of the asymmetric boundelown. A comparison between the altitudes of all crossings
aries by discussing the various factors involved. Accord-and the solar wind dynamic pressure and Alfic and mag-
ing to Fig.4, panels (a) and (b), the asymmetry is generally netosonic Mach number reveals no obvious trend for the set
only present when the inbound crossings are quasi-parallebf crossings in this interval. This could otherwise have been
and the outbound crossings are quasi-perpendicular, whichised to normalize the boundary altitude before examining the
is different from previous observations. We cannot, how-influence from other factors. What is also interesting and
ever, conclude that the effect of the difference between quasiunexpected is that the BS is at lower altitudes than normal
parallel and quasi-perpendicular crossings is the only reasoduring the interval preceding the high pressure pulse (24-25
for the asymmetry. We can only conclude that when thereFebruary) even though the Mach number is generally low.
is an asymmetry present, the inbound and outbound crosg€=dberg et al(20099 showed that the magnetosonic Mach
ings have significantly different values @f,. The BSisex- number is an important factor for determining the altitude
pected, based on previous studies by Etlang et al(1991), of the BS and the altitude decreases linearly with increasing
to be at higher altitudes in the quasi-perpendicular case thaMach number.
in the quasi-perpendicular case, which is opposite to what Since none of the above factors have been clearly shown
is reported here. Other factors could still be important forto be the single main factor that causes the asymmetry we
causing the asymmetry and, in fact, other factors which onlysuggest that the high pressure solar wind and the ion outflow
influence the boundary on the inbound side could cause thisould possibly be connected to the observed asymmetries.
apparent trend of a farther out quasi-parallel BS since theThe ion outflow can disturb the normal balance between fac-
trend does not exist for the outbound boundary crossingstors that would be expected to control the location of the
For a larger data set the statistics will be better which will boundaries, i.e. the solar wind dynamic pressure, the IMF
probably give a clearer result, but when looking at a shorterdirection, the plasma pressure, magnetic pressure and the
interval like this, the system is equally, or even more, influ- crustal fields and we can therefore only provide a suggestion
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for a possible explanation to the observations. The MPB and

BS in the Southern Hemisphere, quite counter-intuitively, a 58S b 0
move outward when the high pressure solar wind reaches MPB outflow
Mars as can be seen in Flgjand which we try to illustrate by

the sketch in Fig6. The outward moving of the boundaries

can be interpreted 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 so
lar 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 or
that side of the planet in combination with increased mass-

U
C
loading over the crustal fields on the other side, and possibly X N\
as an effect of plasma heating through reconnection events
when the varying IMF reaches the crustal fields. ‘
The convective electric field is directed toward the planet
in the Southern/dusk Hemisphere and the ions consequently
move in that direction. In the opposite Northern/dawn Hemi-
sphere the convective electric field is directed away from the
S-

planet and the ions can escape the planet and the plasma pre
sure on the inside of the MPB and BS decreases, which leads

to an eventual inward motion of the plasma boundaries. The . o )
BS during the outbound part of the orbit immediately after Fig. 6. Sketch of the position of the plasma boundaries in the termi-
the high pressure region has reached Mars does, however inril_ator plane as seen from the Sun. In each panel are the boundaries

iall d. which ldb ff f loadi at one specific time in the time history of the boundary positions
tially move outward, which could be an eftect of massloading,gtrated. The movement resulting from the encounter of the high

of the solar wind by the outflowing planetary ions. The BS ressure solar wind as observed during the last three orbits on 25
therefore first moves outward but after the ionosphere hagepruary 2007 and when the high pressure solar wind region had

eroded during the time of at least one orbit the pressure omassed. The thick black solid lines represent the BS and MPB, while
the inside of the BS has decreased so much that the boundke thin black lines in each panel represent the BS and MPB as they
aries then can move inward on that side of the planet andvere in the previous panel. The boundaries go from being symmet-
the boundary become asymmetric. When the high pressuréc in panel(a) to asymmetric in pane{®) and(c) when ion outflow
region has passed the boundaries become symmetric againiS ©bserved, to finally become symmetric again in pgdgihen
We can not conclude unambiguously that the boundaried"® Nigh pressure solar wind has passed.
are affected by the outflowing ions (which could imply lower
plasma pressure) but rather suggest that as one possibility.
Another plausible explanation could be a sheared solar windHemisphere, were much farther out than the BS and MPB
flow associated with the high pressure region, which pusheebserved outbound, in the Northern/dawn Hemisphere. As
the boundaries inward over only one hemisphere. How-reported byDubinin et al.(2009 and Nilsson et al.(2009
ever, the measurements of the velocity vector componentghe ion outflow from Mars increases during high pressure so-
are strongly dependent on the instrument field of view suchiar wind. Planetary ion outflow was, in fact, also directly
that this can not always be reliably determined. observed to occur during the time of the Rosetta swingby
(Pérez-de-Tejada et aR009. In this paper, we have com-
bined these results and further strengthened the evidence that
4 Conclusions high pressure solar wind causes an increase of planetary ion
outflow from Mars. The high pressure solar wind, observed
We have shown Rosetta and MEX measurements of a higlhy MAG and LAP on Rosetta and IMA and ELS on MEX,
pressure (dynamic, magnetic and thermal, as can be inferrepgenetrated down to the ionosphere and eroded it, as observed
from Fig. 2) solar wind region that passed by Mars during a by MARSIS on MEX, and planetary plasma was observed
24 h period. At the same time as the high pressure solar windo escape from the planet, as observed by IMA on MEX.
passed by, the Martian plasma boundaries as well as the exrhe solar wind plasma could also penetrate down to the iono-
osphere are found to become asymmetric in shape. Also, asphere more easily during this interval since both the BS and
outflow of planetary ions was observed over the northern poldMPB were generally located closer in than average on the
of Mars in the same interval. During 4-5 orbits following orbits preceding the high pressure solar wind. The escap-
the impact of the high pressure solar wind region the BS andng ions, as observed by MEX, gained in energy in the di-
MPB as observed inbound by MEX, in the Southern/duskrection, as indicated by Rosetta MAG measurements, of the

)
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convective electric field. The exosphere was extended over Plasma Consortium, Space Sci. Rev., 128, 629-647, doi:10.1007/
both poles and the ion outflow was observed over the North- s$11214-006-9136-4, 2007.
ern HemisphereRgrez-de-Tejada et aR009. Crider, D. H., Acuia, M. H., Connerney, J. E. P., Vignes, D., Ness,
In summary, we conclude the high pressure solar wind en- N- F., Krymskii, A. M., Breus, T. K., Rme, H-v.Maze':e‘ C.
ables the increased erosion of the ionosphere of Mars at this Mitchell, D. L., Lin, R. P., Cloutier, P. A., and Winterhalter, D.:
. . Lo Observations of the latitude dependence of the location of the
time. At the same as the high pressure solar wind impacts ) o
M the b dari b dtob tri martian magnetic pileup boundary, Geophys. Res. Lett., 29, L8,
on Miars are the bounadaries observed to become asymmetric ;.14 129/2001GL013860, 2002.
in their shapes. Solar _vvm_q pressure pulses which impact O:rider, D. H., Vignes, D., Krymskii, A. M., Breus, T. K., Ness,
Mars seem to cause significant disturbances. They are hence . g wmitchell, D. L., Slavin, J. A., and Adia, M. H.: A proxy

important factors to consider when studying the solar wind  for determining solar wind dynamic pressure at Mars using Mars
interaction with Mars. Global Surveyor data, J. Geophys. Res., 108, A12, doi:10.1029/
2003JA009875, 2003.
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