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Abstract

Using data of the ASPERA-3 instrument on board the European Mars Express spacecraft we investigate the effect of the martian crustal fields on
electrons intruding from the magnetosheath. For the crustal field strength we use published data obtained by the Mars Global Surveyor MAG/ER
instrument for a fixed altitude of 400 km. We use statistics on 13 months of 80—100 eV electron observations to show that the electron intrusion
altitude determined by a probability measure is approximately linearly dependent on the total field strength at 400 km altitude. We show that on
the dayside the mean electron intrusion altitude describes the location of the Magnetic Pile-Up Boundary (MPB) such that we can quantify the
effect of the crustal fields on the MPB. On the nightside we quantify the shielding of precipitating electrons by the crustal fields.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Since the discovery of the martian crustal magnetization
(Acuia et al., 1998) there have been numerous studies to in-
vestigate the effects of the crustal fields on the plasma environ-
ment of Mars (see Connerney et al. (2004) and Brain (2003)
for reviews and Lillis et al. (2004) and Crider (2004) for recent
studies). The observations used in all these studies have been
using data from the Mars Global Surveyor (MGS) magnetome-
ter and electron reflectometer instrument MAG/ER (Acuiia et
al., 2001). The combination of magnetic field and electron data
from MGS allowed to separate open and closed field lines and
map the influence on the field line topology as a function of
solar zenith angle and interplanetary field orientation in great
detail (Brain et al., 2003). Fig. 1 shows a sketch of the location
of the martian crustal fields in the southern martian hemisphere
together with the main plasma boundaries in the martian solar
orbital (MSO) xz-plane. The Sun is towards the positive x-axis,
and the z-axis is perpendicular to the Mars orbital plane (pos-
itive northward). In this paper we call the inner boundary of
the magnetosheath magnetic pile-up boundary (MPB) since it is
more common than the term induced magnetospheric boundary
(IMB), which is sometimes taken when particle observations
are used for the identification. Whether there is any difference
between the boundary determined by particle observations and
field observations has not been proven.

Using magnetometer observations only it could be quali-
tatively shown that the crustal fields move the MPB outward
(Crider et al., 2002). As well Vignes et al. (2002) have shown
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Fig. 1. Sketch showing the location of the bowshock and magnetic pile-up
boundary (MPB, also called induced magnetospheric boundary IMB) as deter-
mined by Vignes et al. (2000) together with the Orbit of Mars Express (MEX)
in May 2004 in a MSO xz coordinate plane. The +x-axis points toward the
Sun, the z-axis is perpendicular to the Mars orbit. In the southern hemisphere
of Mars the location of crustal fields is suggested.

that the bow shock altitude is independent of local crustal fields.
While all these studies have improved our knowledge about the
distances at which martian crustal fields can have an influence
on the plasma environment, it has not been studied how the
fields affect the plasma intrusion from the magnetosheath into
the atmosphere. Also it has so far not been attempted to quantify
the relation between crustal field strength and MPB altitude. In
this paper we address both questions.

Another effect of the crustal field is the focusing of electron
precipitation in local cusps. This can lead to auroral effects as
they recently have been observed by the Mars Express ultra-
violet spectrometer (Bertaux et al., 2005). These local struc-
tures are discussed in more detail in an accompanying paper in
this issue (Soobiah et al., 2006). In this paper we only discuss
the statistical effect of these events.

Here we report on observations by the ASPERA-3 plasma
analyzer on board the Mars Express spacecraft (MEX) (Bara-
bash et al., 2004). The ASPERA-3 instrument has separate
sensors for neutral energetic atoms, protons, heavy ions and
electrons. We use data of the electron sensor only to investigate
how the intrusion depth of magnetosheath electrons depends on
the local crustal field strength. Unfortunately the MEX space-
craft does not have a magnetometer on board that would allow
us to determine electron pitch angles. But in comparison to the
MGS observations MEX data have a better coverage of altitudes
above 400 km.

2. Instrumentation and data

We use data of the ELS electron sensor of the ASPERA-3
instrument on board the Mars Express spacecraft (Barabash et
al., 2004). The sensor is a top-hat electrostatic analyzer with an
energy range of 0.4 eV-20 keV, an energy resolution of 8% and
a field of view of 4° x 360°. The 360° aperture is divided into
16 sectors. In this paper we only use energy fluxes integrated
over all 16 anodes and 80-100 eV energy. The energy flux is
obtained by multiplying the count rate measured by the sensor
by the geometric factor and the channel energy and dividing
by the energy width of the channel. Units are eV/(cm” s sreV).
This energy range is above typical photo electron energies and
characterizes the lower energy part of Martian magnetosheath
electrons which have typical energies between 40 and 400 eV.
Data are obtained at a time resolution of 4 s.

We use crustal field strength data interpolated on a reg-
ular grid for an altitude of 400 km from Mars Global Sur-
veyor MAG/ER observations as presented by Connerney et al.
(2001). The interpolation has a resolution of 1° in latitude and
longitude and covers all latitudes between —86° and +486°.
Spatial coordinates are calculated using the SPICE system
(http://naif jpl.nasa.gov/naif/). Since the shielding is most effi-
cient perpendicular to the vertically intruding electrons (Verigin
et al., 2004) we used both the total value of the field and just the
horizontal component. We observed that the total value is the
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Fig. 2. Data coverage for the electron sensor data of the Mars Express ASPERA-3 instrument for all orbits between 1 Feb 2004 and 1 Mar 2005 as a function
of (a) solar zenith angle and spacecraft altitude above surface, (b) MGS crustal field and spacecraft altitude above surface, (c) Mars planetocentric latitude and
spacecraft altitude above surface for the dayside (SZA < 90°), (d) Mars planetocentric latitude and spacecraft altitude above surface for the nightside (SZA > 90°).

better proxy for the shielding effect when comparing data from
a large altitude range.

Fig. 2 shows the data coverage for the electron sensor data
of the Mars Express ASPERA-3 instrument for all orbits be-
tween 1 Feb 2004 and 1 Mar 2005 as a function of different
orbital parameters below 2000 km altitude and of the crustal
field strength below the MEX orbit. Bin sizes are 1° in angular
coordinates and 10 km in altitude. Red shaded bins have values
higher than the maximum of the color bar, black shaded bins
have values lower or equal than the minimum of the color bar.
Coverage is good for solar zenith angles between 15° and 120°.
Martian latitudes below —50° on the dayside and above —20°
on the nightside are poorly covered. The coverage is similar to
the pre-mapping orbits of Mars Global Surveyor (Brain, 2003),
but significantly better for solar zenith angles below 30° and on
the nightside.

3. Local effects of crustal topology

Fig. 3 (top) shows the median energy flux of 80-100 eV
electrons measured by the electron sensor of the Mars Express
ASPERA-3 instrument below 800 km altitude on the nightside
for all orbits between 1 Feb 2004 and 1 Mar 2005 as a func-
tion of Mars planetocentric eastern longitude and latitude for
the southern hemisphere. The bottom panel shows the inverse

of the total crustal field strength at 400 km altitude for the re-
gions covered by the MEX orbit. We use the inverse of the field
strength to have comparable color ranges in both panels. All
data are binned at 2° resolution. On the nightside data coverage
for the northern hemisphere is very poor and data are not shown
here. The observations show that on large spatial scales electron
fluxes are much lower above regions of high crustal field than in
regions of low crustal field. But on scales of a few degrees we
observe localized peaks in electron flux which may be associ-
ated with cusp-like structures above crustal field sources. Local
crustal field observations by ASPERA-3 are also discussed in
another paper in this issue (Soobiah et al., 2006). Statistics are
not sufficient to map data limited to smaller altitude ranges in
this way.

4. Plasma intrusion altitude

Fig. 4 shows the distribution of ELS data samples for three
different regions of the magnetosphere: in the subsolar region
of the magnetosheath (top panel), in a low field region for a
medium altitude range on the dayside (middle) and on the night-
side below the MPB (bottom) as a function of the logarithm of
the energy flux in eV/(cm?ssreV). In a non-logarithmic lin-
ear binning of the energy flux the centers of the distributions
would be squashed to the left side. One can see that inside the
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Fig. 3. (Top) Median energy flux of 80—100 eV electrons measured by the electron sensor of the Mars Express ASPERA-3 instrument below 800 km altitude on the
nightside for all orbits between 1 Feb 2004 and 1 Mar 2005 as a function of Mars planetocentric eastern longitude and latitude. (Bottom) Inverse of the total crustal

field strength (1/nT) at 400 km altitude from Connerney et al. (2001).

magnetosheath the distribution is Gaussian with a fitted mean
of 1089 eV/(cm?ssreV) and a small tail of low flux values.
The small low-flux tail is caused by sampling solar wind above
1800 km altitude and is not the topic of this paper.

On the dayside the distribution can be separated into two
distinct populations: One with a fitted median flux of about
107 eV/(cm2 ssreV), the other with a fitted median flux of
about 1083 eV / (cm? s sreV) (the median value divides the dis-
tribution such that the same number of samples is above and
below (Press et al., 1992), for a purely Gaussian distribution it
coincides with the center). We interpret this bimodality as the
motion of the MPB: above the MPB the energy flux has a me-
dian value of 103 eV /(cm? s sreV), below a median value of
107 eV/(cm? s sreV). An observer in a specific altitude/crustal
field region is either located below the MPB or above depend-
ing on the solar wind and interplanetary field conditions at the
time of observation. The log-normal distribution in the magne-
tosheath (top panel) shows that what we see at medium altitude
range is not an oscillation between two states of the magne-
tosheath flux. If the change of energy flux across the MPB
would happen on large spatial scales the distribution would not
be bimodal but would show more samples of medium flux lev-
els. This agrees with the observation that on a typical MEX
orbit the transition happens in less than one minute. It also
means that on average less than 2.5% of 100 eV electrons can
penetrate the MPB. We will not extend on this topic here since
the analysis of MPB crossings will be studied in a separate pa-
per. Whether the 100 eV electrons observed below the MPB
are of magnetosheath or ionospheric origin will also be studied
separately.

The interpretation of two separate distributions is confirmed
by the nightside distribution (Fig. 4, right): Here the MPB is on
average located above 2000 km altitude (Fig. 1) such that even
for times of strong solar wind pressure it is not observed be-
low 800 km altitude. The high flux tail of the distribution on the
nightside may be explained by intrusion events of aurora or po-
lar rain type (Bertaux et al., 2005). For a bimodal distribution
as observed on the dayside neither the median nor the mean are
good estimators of the average of all data samples (Press et al.,
1992). But if we take the middle point of the two Gaussians
(1078 = 6 x 107 eV/(cm?ssreV)) as a separator we can de-
termine for any region in the magnetosphere how often fluxes
higher than the separation flux are observed. This method we
will use in the following analysis.

The observations of diminished electron fluxes above ar-
eas of high magnetization led us to look at the latitudinal de-
pendence of the fluxes as a function of crustal field strength.
We took the digitized crustal field map at altitude 400 km by
Connerney et al. (2001) to bin the ASPERA-3 electron obser-
vations as a function of local total crustal field below the orbital
position of MEX.

Fig. 5 shows electron energy fluxes measured by the elec-
tron sensor of the Mars Express ASPERA-3 instrument for all
orbits between 1 Feb 2004 and 1 Mar 2005 as a function of the
total crustal field strength at 400 km altitude and MEX space-
craft altitude for altitudes below 1000 km. Bin sizes are 10 nT
in field strength and 10 km in height. Red shaded bins have
fluxes higher than or equal to the maximum value of the color
bar, black shaded bins have fluxes lower than or equal to the
minimum value of the color bar. Data coverage above 50 nT
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Fig. 4. Number of ELS 4s data samples collected between 1 Feb 2004 and 1
Mar 2005 in the sheath (between 1000 and 2000 km altitude and zenith angles
below 45°, top); on the dayside (middle) and nightside (bottom) in the altitude
range 600-800 km for crustal field regions below 20 nT. Data are binned as a
function of the logarithm of the energy flux with a binsize of 0.1. The dashed
vertical lines mark the Gaussian-fitted means, the dash-dotted lines the inter-
section point of the distributions.

is poor (see also Fig. 2). Panels on the left are for dayside ob-
servations, panels on the right for nightside observations (solar
zenith angles smaller or larger than 90°). The top panels show
the percentages of data samples above 6 x 107 eV /(cm?ssreV)
which we use as the flux value which divides electron popula-
tions above and below the MPB (see Fig. 4). The middle and
bottom panels show median and maximum bin values, respec-
tively.

Let us first consider the dayside observations. The percent-
ages shown in Fig. 5 (top left) describe for the dayside how

often at a specific altitude and above a certain field strength the
spacecraft is inside the magnetosheath or in a local cusp. Thus
it characterizes how low the MPB can be pressed against the
additional force of the crustal fields. The average MPB location
is determined by the 50% level. Above regions of low fields
(<20 nT) the MPB is on average at 600 km altitude, while
above high-field regions (>50 nT) it is observed at 800 km
altitude. The dependence of the average MPB altitude on the
field strength seems to be almost linear. The middle panels of
Fig. 5 show the median fluxes. Because on the dayside the
sample distribution is bimodal the median flux level is diffi-
cult to use quantitatively—except at the separator flux level
(6 x 107 eV/(cm?ssreV)) which marks the same bins as the
50% level in the percentage plot. But also the rest of the matrix
qualitatively confirms the observation of the percentage plot.
Notable are higher flux medians above higher fields in some al-
titude bins which can be interpreted as electron intrusion along
cusps under certain solar wind conditions. The maximum bin
values in Fig. 5 (bottom, left—note different scaling) show how
deep the MPB can reach under extreme solar wind conditions
on the dayside. The figure shows that even then the crustal fields
shield efficiently up to 600 km altitude.

On the nightside (Fig. 5, right panels) MEX orbits until
1 March 2005 only cover solar zenith angles up to 130° (see
Fig. 2), that is our observations are made close to the terminator
and do not cover plumes closer to the center of the magnetotail.
The percentages (top right) are below 20% almost everywhere
and describe the high flux tail of the penetrating electron distri-
bution. Since on the nightside we never cross the MPB we inter-
pret the median and maximum fluxes (middle and bottom right)
as the intrusion behavior similar to polar rain at Earth—that is
the electron flux can be assumed to be field-parallel. The flux
median (Fig. 5, middle right) shows the electron precipitation in
the quiet-time ionosphere close to the terminator. The precipi-
tation is reduced above higher fields or regions of closed field
lines. But in favorite conditions high maximum fluxes are ob-
served down to the minimum altitude of observation (250 km)
also for high crustal field strength. The higher maximum fluxes
observed below 20 nT field strength are probable a statistical
effect: Since high flux conditions are rare and more data sam-
ples measured above low fields the probability to encounter a
high flux event is higher for these bins.

In the upper right region of the matrices in Fig. 5 we observe
some bins with very high fluxes. These samples were taken dur-
ing only 2 orbits which probably had high levels of precipitation
of auroral type in the cusp structures above high-field regions.

5. Discussion and conclusions

We have used data of the ASPERA-3 ELS electron sensor
on board the Mars Express spacecraft to investigate the intru-
sion of magnetosheath electrons into the martian atmosphere.
Since the MEX spacecraft has no magnetometer on board it is
not possible to do a strict separation into open and closed field
regions as it has been done for the MGS MAG/ER dataset by
Brain (2003). Nevertheless the excellent data coverage of MEX
for altitudes between 250 and 1000 km allows us to determine
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Fig. 5. Energy flux of 80-100 eV electrons measured by the electron sensor of the Mars Express ASPERA-3 instrument for all orbits between 1 Feb 2004 and 1 Mar
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percentage of samples above 6 x 107 eV/ (cm? ssreV), the middle panels median bin values and the bottom panels maximum bin values (see text for more details).

long time median and maximum electron fluxes as a function
of the total crustal field strength at 400 km altitude using MGS
field data from Connerney et al. (2001). We observe that in
the magnetosheath electron energy fluxes are log-normally dis-
tributed with a median flux of 4 x 10% eV/(cm®ssreV), on
the dayside the flux distribution is bimodal with distinct log-
normal populations centered around 107 eV /(cm? s sreV) and
3 x 108 eV/(cm®ssreV). We interpret this as the separation
effect of the magnetic pile-up boundary (MPB). On the night-
side we observe only the low flux population with a tail of rare
events of higher flux. For both populations the crustal field have
on average a shielding effect: above regions of low field the
MPB can move closer to the planet and electrons inside of the
MPB can precipitate to low altitudes.

To study the shielding efficiency of the crustal field the
observed total field strength at 400 km altitude is sufficient
to emphasize a significant correlation. To determine the aver-
age location of the MPB as a function of altitude and field
strength we use the percentage of data samples above 6 x
107 eV/(cm®ssreV) which is the energy flux where the sub-
MPB and supra-MPB flux distributions are equal. It is sur-
prising that using this simple proxy for the shielding we can
observe a linear correlation between the average intrusion al-
titude (at the 50% level) and the total crustal field proxy on
the dayside. Naturally the maximum fluxes do not show such a
clear correlation since they depend on the radial extending local
cusps and temporal effects. Here electron transport codes can be
applied (Liemohn et al., 2003) and the observations can be com-
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pared to particle simulations of mini-magnetospheres (Harnett
and Winglee, 2003). We also tested to use just the horizontal
component of the field since the shielding is most efficient per-
pendicular to the vertically intruding electrons (Verigin et al.,
2004) but using the total field strength makes the linear depen-
dence between field and intrusion altitude more visible. Instead
of using the observed crustal field at 400 km altitude one could
use an extrapolation of the field to other altitudes using the mod-
els by Cain et al. (2003) or Langlais et al. (2004). But at least
on the dayside the solar wind pressure and interplanetary field
will have a strong influence on the local field structure reducing
the applicability of pressure-free extrapolations.

At the time of observation (1 Feb 2004 to 1 Mar 2005) the
martian south pole was in winter (winter solstice was in October
2004). This means that the southern crustal fields did not reach
solar zenith angles below 30°. The dayside shielding, we can
observe in this dataset, is thus mainly due to the crustal field
effects between —30° and —90°. Data from the MEX extended
mission when the South pole will point towards the Sun may
show a slightly different dependence.

The observations of the electron intrusion height have to
be supplemented by a respective study of the proton intrusion
using the ASPERA-3 IMA data. Single case studies showed
already that solar wind protons can intrude to altitudes below
300 km (Lundin et al., 2004). The ion intrusion has direct in-
fluence on the oxygen ionization and the escape of ions and
energetic neutral atoms from the martian atmosphere.
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