Available online at www.sciencedirect.com

_ . Planetary
ScienceDirect and

Space Science

www.elsevier.com/locate/pss

o

e el Eas)
ELSEVIER Planetary and Space Science 56 (2008) 796—801

The Venusian induced magnetosphere: A case study of plasma and
magnetic field measurements on the Venus Express mission

E. Kallio®*, T.L. Zhang®, S. Barabash®, R. Jarvinen?, I. Sillanpd?®, P. Janhunen?,

A. Fedorovd, J.-A. Sauvaud?, C. Mazelled, J.-J. Thocaven?, H. Gunell', H. Andersson®,
A. Grigoriev®, K. Brinkfeldt®, Y. Futaana®, M. Holmstrom®, R. Lundin®, M. Yamauchi®,
K. Asamura®, W. Baumjohannb, H. Lammer®, A.J. Coates', D.R. Linderf,.D.O. Kataria',

C.C. Curtis®, K.C. Hsieh®, B.R. Sandel®, M. Grande®, H.E.J. Koskinen"?, T. Siles?,
W. Schmidt?, P. Riiheld®, J. Kozyra’, N. Krupp®, J. Woch¥, J.G. Luhmann',
S. McKenna-Lawlor™, S. Orsini”, R. Cerulli-Irelli”, A. Mura", A. Milillo",
M. Maggi", E. Roelof®, P. Brandt®, C.T. Russell’, K. Szego9, J.D. Winningham',
R.A. Frahm', J.R. Scherrer’, J.R. Sharber’, P. Wurz’, P. Bochsler®

4 Finnish Meteorological Institute, Box 503, FIN-00101 Helsinki, Finland
hSpace Research Institute, Austrian Academy of Sciences, Schmiedlstr. 6, 8042 Graz, Austria
“Swedish Institute of Space Physics, Box 812, SE-981 28 Kiruna, Sweden
dCentre d’'Etude Spatiale des Rayonnements, BP-4346, F-31028 Toulouse, France
CInstitute of Space and Astronautical Science, 3-1-1 Yoshinodai, Sagamichara, Japan
"Mullard Space Science Laboratory, University College London, Surrey RH5 6NT, UK
EUniversity of Arizona, Tucson, AZ 85721, USA
" Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire OX11 00X, UK
Department of Physical Sciences, University of Helsinki, P.O. Box 64, 00014 Helsinki, Finland
iSpace Physics Research Laboratory, University of Michigan, Ann Arbor, MI 48109-2143, USA
XMax-Planck-Institut fuer Sonnensystemforschung, D-37191 Katlenburg-Lindau, Germany
ISpace Science Laboratory, University of California at Berkeley, Berkeley, CA 94720 7450, USA
MSpace Technology Ireland, National University of Ireland, Maynooth, Co. Kildare, Ireland
"nstituto di Fisica dello Spazio Interplanetari, I-00133 Rome, Italy
®Applied Physics Laboratory, Johns Hopkins University, Laurel, MD 20723-6099, USA
PInstitute of Geophysics and Planetary Physics, University of California, 405 Hilgard Avenue, Los Angeles, CA 90095-1567, USA
9KFKI Research Institute for Particle and Nuclear Physics, H-1525, Box 49, Budapest, Hungary
"Southwest Research Institute, San Antonio, TX 7228-0510, USA
SPhysikalisches Institut, University of Bern, CH-3012 Bern, Switzerland
‘Department of Physics, West Virginia University, Morgantown, WV 26506-6315, USA

Accepted 13 September 2007
Available online 23 December 2007

Abstract

Plasma and magnetic field measurements made onboard the Venus Express on June 1, 2006, are analyzed and compared with
predictions of a global model. It is shown that in the orbit studied, the plasma and magnetic field observations obtained near the North
Pole under solar minimum conditions were qualitatively and, in many cases also, quantitatively in agreement with the general picture
obtained using a global numerical quasi-neutral hybrid model of the solar wind interaction (HYB-Venus). In instances where the orbit of
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Venus Express crossed a boundary referred to as the magnetic pileup boundary (MPB), field line tracing supports the suggestion that the
MPB separates the region that is magnetically connected to the fluctuating magnetosheath field from a region that is magnetically

connected to the induced magnetotail lobes.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The study of the Venus—solar wind interaction is one of
the scientific objectives of the Venus Express (VEX)
mission. The spacecraft arrived on Venus on April 11,
2006. The particle instruments making up the VEX
ASPERA-4 instrument suite include an ion mass spectro-
meter (IMA), electron spectrometer (ELS), and two sensors
(NPI and NPD) for measuring energetic neutral atoms
(Barabash et al., 2007). The onboard magnetometer
(MAG) provides simultaneous measurements of the
magnetic field (Zhang et al., 2006).

This instrumentation enables studies of many scientific
issues that could not be properly addressed by the plasma
and field instruments flown onboard Pioneer Venus Orbiter
(PVO) during 1978-1992. In this regard, the IMA/VEX
mass spectrometer is the first instrument that can
distinguish fast (10eV/e< E<36keV/e) escaping planetary
ions (He", 0", O5) from the solar wind ions (H", He ™ ™").
Moreover, the PVO plasma analyzer (OPA) was primarily
designed for solar-wind monitoring with a low time
resolution of about 10min, while the highest temporal
resolution of ASPERA-4 IMA for providing a three-
dimensional ion distribution is 32s. Furthermore, the high
pericenter latitude of VEX (~80°N) and its low pericenter
altitude (~250km) makes it possible to study the low
altitude region near the terminator plane in detail under
solar minimum conditions.

This paper presents a case study where IMA and MAG
observations on June 1, 2006, are interpreted with reference
to a three-dimensional numerical quasi-neutral hybrid
(QNH) model. The aim of the study is to (1) analyze
IMA and MAG data, (2) compare in situ measurements
with the global model and (3) study the morphology of
the magnetic fields produced in the Venus—solar wind
interaction.

2. Hybrid model and the dataset

The numerical, self-consistent QNH model used in this
study treats ions as particles and electrons as a massless
charge-neutralizing fluid. We used a run that has already
been documented in detail elsewhere (Kallio et al., 2006)
and so we describe here only basic features of the model
most relevant to the present study.

The model version used here, which we call HYB-Venus,
contains H ™ ions originating from the solar wind and O™
ions originating from Venus’ hot oxygen corona and
ionosphere. The coordinate system of the model is VSO

(Venus Sun Orbital), where the x-axis points from Venus
toward the Sun, the z-axis is perpendicular to the planet’s
orbital velocity and the x-axis, and positive in the northern
ecliptic hemisphere, and +y completes the right-handed
coordinate system. The size of the simulation box is
—3Ry<x<3Ry and —4Ry<y, z<4Ry (Ry=6051.8 km).
The assumed solar wind velocity is (—430, 0, 0) km/s and
the density of the solar wind protons is 14cm~>. The IMF
x-component is 10nT x cos(36°)~8.09 nT. The IMF com-
ponent perpendicular to the flow is By, = [By, Bz],
1S [SIN(eiock)> COS(%etoek)] X sin(360) x 10nT = [sin(36°), 0] x
10nT ~[5.88,0]nT, where ogocc = 90° is the IMF clock
angle (ticjocc = 0° 1s northward).

An important feature in the analyzed HYB-Venus run is
that it can be used to describe all those IMF cases which
have By, = B, = 8.09nT and B, = 5.88nT by rotating
the solution around the x-axis so that the model has the
same IMF clock angle as observed. In this paper, the
optimal orbit of VEX for a comparison with the described
model run was identified by examining all VEX orbits for
which cleaned MAG data were currently available. This
dataset includes orbits from May 9, 2006 to June 29, 2006.
The orbit on June 1, 2006, was chosen because (1) the
pertaining direction of the IMF was relatively stationary
and (2) the measured IMF was close to the IMF that was
used in the simulation. In this case, the By, vector pointed
almost in the —z-direction, as will be discussed later. The
plasma and magnetic field data shown in this paper are,
therefore, derived for oo = 180°.

3. Results

Time energy spectrograms based on the IMA measure-
ments made on June 1, 2006, together with the density and
the bulk energy of ions derived from the hybrid model, are
presented in Fig. 1. According to the H™ ion dataset, VEX
was first in the solar wind (SW), crossed the bow shock
(BS) at ~01:23 UT and entered the hot magnetosheath
(Fig. 1b).

After that, the VEX entered a region where the
fluctuations of the magnetic field decreased (as will be
discussed later in relation to Fig. 2) at the position marked
in Fig. 1 as the magnetic pileup boundary (MPB) at about
01:32 UT. Near Venus, the flux of protons became lower
than the sensitivity of the IMA at a location which is
labeled as the proton dropout boundary (PDB) in Fig. 1.
Thereafter (see Fig. 2) VEX crossed the cross-tail current
sheet (CTCS). This crossing was associated with the
detection of >1keV/e heavy, accelerated, planetary ions
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Fig. 1. The observed and simulated plasma parameters on June 1, 2006: (a) IMA observations of planetary O " ions; (b) solar wind H™ ions; (c and d) the
density and the bulk energy of H" and O ions based on the hybrid model; (¢) the orbit of VEX in axially symmetric coordinates. The solid line shows the
orbit of VEX at 00:30-03:30 UT and the circles give the location of VEX at 10-min time intervals between 00:30 and 02:50 UT. Marked are the solar wind
(SW), the bow shock (BS), the magnetic pile up boundary (MPB), the proton dropout boundary (PDB) and the cross-tail current sheet (CTCS); see text.
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Fig. 2. Comparison of the direction of the magnetic field components based on magnetic field measurements from June 1, 2006 (solid lines) and the hybrid
model (dashed lines). Magnetic field data is 8-s averaged data with a 4-s sliding window. The panels from top to bottom are the normalized x-, y-, z-
components, and the total magnetic field. Marked boundaries are the same as in Fig. 1.

(Fig. la). Finally, VEX moved from the magnetosheath
back into the solar wind at ~02:50 UT.

The analyzed orbit makes it possible to study escaping
O ions in detail close to but not within the optical shadow
of Venus (Fig. le). A characteristic of the IMA data was
that, in the orbit analyzed, low-energy planetary ions were
commonly detected close to pericenter (about 01:40 UT).
As can be seen in Fig. 1c, the pericenter region is a location
where the simulated density of planetary ions is anticipated
to attain a maximum along the orbit of VEX.

After pericenter, the simulated density started to
decrease and the simulated bulk energy of oxygen ions to
increase (Fig. 1d). The simulation suggests that the IMA
could have recorded high-speed escaping O™ ions at
UT>01:50, had the sensitivity of the instrument been
higher than it was and had the instrument field of view
pointed into the direction of the escaping ions.

Magnetometer measurements and the simulated magnetic
field components are shown in Fig. 2 in VSO coordinates. In
this study, one of the main objectives is to study the
morphology of the magnetic field. Accuracy in the determina-
tion of the magnetic field lines depends on how well the model
reproduces the magnetic field direction. Therefore, in Fig.
2a—c, a comparison between the data and the model is made
by comparing the normalized magnetic field components.

One can identify several regions in the data presented in
Fig. 2. First, the fluctuations in B,/|B|, in B./|B| and in |B|
decrease noticeably at ~01:30 UT. This location is labeled
as the MPB because the decrease of fluctuations has been
defined to be a characteristic feature at the MPB crossing
(see, for example, Bertucci et al. (2005)). Second, the
proton dropout boundary (PDB) is located near the region
where the magnetic field is at its maximum. Third, B,/|B|
changes its sign very suddenly at the location marked as the
cross-tail current sheet (CTCS) where it becomes negative
between 02:00 and 02:25 UT. Fourth, B. is positive at UT
~01:40-02:00 UT.

The power of a three-dimensional model in aiding the
interpretation of the observations lies in that it can be used
to derive a global view of the solar wind—Venus interaction
based on in situ measurements. Fig. 3 displays the magnetic
field lines and B, based on the hybrid model. According to
the model, VEX was at the beginning of the pass in the
solar wind. Later, when VEX was in the magnetosheath, it
was on draped magnetic field lines which were connected to
the solar wind on the dayside and to the magnetosheath on
the nightside. Near the pericenter, VEX was connected to
the highly draped field lines which form the magnetic tail
lobes on the nightside and point almost along the x-axis.
Near the pericenter, B. changes its sign from negative to
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Fig. 3. The morphology of the magnetic field lines (blue lines) based on a hybrid model run viewed in three-dimensional (a), along the y-axis (b) and along
the x-axis (c). The magnetic field line tracing was started along the orbit of VEX on June 1, 2006. The black solid line shows the orbit of VEX and the
vectors superposed on the orbit show the direction of B at every 1 min based on the model. The color on the three perpendicular planes show the model B,
component at x = y = z = 0 planes which are moved to x = —3Ry, y = —4Ry and z = —4Ry so that they do not hide the field lines. The letter ““S”” shows
the starting point when VEX was in the solar wind and approaching Venus, the point near the terminator plane (i.e., the x = 0 plane) where B. changes the
sign is marked by “Z”, and the position where B, changes its sign from positive to negative is marked by “X”.

positive. A change in the direction of B, is associated with
a “knee-shape” in the field line on the y >0 hemisphere.
It is finally worth noting that a decrease in the
fluctuations that started at the MPB is associated with an
increase of B, and a change in B. from negative to zero

(see Fig. 2). The draping of the magnetic field lines seen in
Fig. 3 suggests that VEX had, by then, moved from the
magnetosheath to the region that was magnetically
connected to the magnetic tail lobes where the magnetic
field lines are almost along the x-axis.
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4. Discussion and summary

This paper presents a study of VEX plasma and
magnetic field observations. A comparison made between
the data and a simulation was based on a previously
documented and analyzed run for which the IMF
approximately matched the measured values of the IMF
in the analyzed orbit. The comparison made between
MAG data and the simulated magnetic field shown in Fig.
2 suggests that several of the observed features in the data
can be understood as signatures of the magnetic field line
draping around the planet depicted in Fig. 3.

The Venusian magnetosheath can be a highly fluctuating
area resulting from, for example, downstream convection
of foreshock waves (Luhmann et al., 1983). At Venus and
Mars, fluctuations have been observed to decrease near the
planet and the decrease observed on PVO was suggested to
result from the spacecraft moving from the magnetosheath
to the region connected to the magnetotail lobes (see
Saunders and Russell, 1986; Bertucci et al., 2005).
Although the detailed analysis of the properties of the
MPB is beyond the scope of this initial study, it is worth
noting that one possible reason for the quiet magnetic
barrier region is that much of the noise in the sheath is slow
mode and Alfvénic modes that travel mainly along the
magnetic field, and that the high fast-mode speed in the

magnetic barrier means that there the waves have small
amplitudes for equal Poynting flux. That situation may be
the case in the orbit analyzed here, where the global model
suggests VEX moved from the region that is magnetically
connected to the fluctuating magnetosheath field to the less
fluctuating region which is magnetically connected to the
induced magnetotail lobes.
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