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Abstract

We use a global magnetohydrodynamic (MHD) model to simulate Mercury’s space environment for several solar wind and interplanetary
magnetic field (IMF) conditions in anticipation of the magnetic field measurements by the MESSENGER spacecraft. The main goal of our study
is to assess what characteristics of the internally generated field of Mercury can be inferred from the MESSENGER observations, and to what
extent they will be able to constrain various models of Mercury’s magnetic field generation. Based on the results of our simulations, we argue
that it should be possible to infer not only the dipole component, but also the quadrupole and possibly even higher harmonics of the Mercury’s
planetary magnetic field. We furthermore expect that some of the crucial measurements for specifying the Hermean internal field will be acquired
during the initial fly-bys of the planet, before MESSENGER goes into orbit around Mercury.
© 2008 Elsevier Inc. All rights reserved.

Keywords: Mercury, interiors; Magnetospheres
1. Introduction

The Hermean magnetosphere has been visited by only one
spacecraft, Mariner 10, so far, but it is now targeted for inves-
tigation by the MESSENGER mission (Solomon et al., 2001;
Gold et al., 2001), which is currently underway, as well as Bepi-
Colombo (McNutt et al., 2004) to be launched in 2013. Before
being inserted into orbit around Mercury in March 2011, the
MESSENGER spacecraft is scheduled to perform three fly-bys
of Mercury in 2008 and 2009 which should also provide very
important new observations.

Mariner 10 data showed that Mercury has a weak magnetic
field with a surface strength of roughly 300 nT—less than 1/100
the magnitude of Earth’s surface field. Nevertheless, Mercury’s
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field seems to be global and approximately dipolar, with the di-
pole slightly tilted with respect to the planetary rotation axis,
and having the same polarity as that of Earth’s (e.g., Connerney
and Ness, 1988). Because of the limited data set provided by
the two Mariner 10 fly-bys that penetrated the magnetosphere,
the relative contribution to the total field by dipolar, quadrupo-
lar, and multipolar components is highly uncertain. Indeed,
Connerney and Ness (1988) showed that although the total field
strength is relatively well constrained, the data allow, with little
change in model error estimates, a quadrupole contribution that
can be negligible or one that approaches the dipole strength.

Prior to the Mariner 10 discovery of the magnetic field it had
typically been assumed that Mercury’s iron core would have
frozen out, precluding the possibility of an intrinsic field with
a dynamo origin. More recent thermal evolution models favor a
partly liquid core with a solid inner core of uncertain radius, de-
pending primarily on the concentration of sulfur (Hauck et al.,
2004; Zuber et al., 2007). Recent ground-based measurements
of Mercury’s libration confirm the existence of a partly molten
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core (Margot et al., 2007), which is a necessary but not suffi-
cient condition for dynamo action. Venus, for example, which
almost certainly has a liquid core, has no intrinsic magnetic
field, probably because the core thermal state yields stable strat-
ification (e.g., Nimmo, 2002).

Although alternative explanations have been proposed, such
as permanent magnetism (Aharonson et al., 2004) and ther-
moelectric currents (Stevenson, 1987), the Hermean magnetic
field is likely to be generated by a dynamo process. Sev-
eral recent dynamo simulations successfully produced weak
magnetic fields which are consistent with the known con-
straints for Mercury (Heimpel et al., 2005; Stanley et al., 2005;
Christensen, 2006; Olson and Christensen, 2006). The details
of these simulations and their possible relevance to Hermean
magnetosphere are discussed in Section 2. The characteristics
of the internally generated magnetic field depend, however, on
the core properties and geometry. Therefore, by studying Mer-
cury’s magnetosphere we can gain a valuable glimpse into the
internal structure and evolution of the planet. The success of
this approach, obviously, depends on our ability to separate
magnetic field measured by a spacecraft into the internal field
of the planet and external contributions associated with magne-
tospheric currents. Unfortunately, Mercury’s magnetic field is
weak while the IMF it interacts with along its orbit (which has
a perihelion at 0.307 AU and an aphelion at 0.467 AU) is rel-
atively strong. The solar wind dynamic pressure at Mercury’s
orbit on the average is also a factor of three larger than that at
Earth, for example. Using the standard approximation of equat-
ing the solar wind dynamic pressure and magnetic pressure at
the magnetopause, one can estimate the magnetopause current

density to be proportional to
√

ρSWu2
SW/� where ρSW is the

solar wind density, uSW is the solar wind speed, and � is the
magnetopause thickness. Thus, the magnetopause current den-
sity is roughly a factor of two larger at Mercury than at Earth, as
well as located much closer to the planet. Therefore, we can ex-
pect that solar wind related contributions to the magnetic field
in Hermean magnetosphere are considerably larger than those
at Earth, or in any other planetary magnetosphere in the Solar
System.

A good summary of our pre-MESSENGER knowledge of
the Hermean magnetosphere is given by Slavin (2004) and
Slavin et al. (2007). It has a number of Earth-like features with a
notable difference being the absence of a gravitationally bound
atmosphere and, therefore, ionosphere (Killen and Ip, 1999).
The magnetosphere of Mercury has been modeled on several
occasions in the past. For example, Kabin et al. (2000) us-
ing an MHD model described in detail configurations of the
Hermean magnetosphere for typical and fast solar wind condi-
tions and IMF forming a 20◦ angle with the solar wind speed
(consistent with the Parker spiral structure of the heliospheric
magnetic field). A study of Mercury’s magnetospheric config-
urations for various solar wind dynamic pressures and IMF
orientation using a different MHD model was carried out by
Ip and Kopp (2002) who focused on the polar cap area and its
possible connection with the observed distribution of sodium in
the Hermean environment (Potter et al., 1999). A more sophis-
ticated hybrid model which includes fluid electron and particle
ions for Mercury has been developed by Kallio and Janhunen
(2003) who focused on the northward IMF cases and obtained
a closed magnetospheric configuration for Mercury. Southward
and Parker spiral IMF cases were studied with the same model
in a later publication (Kallio and Janhunen, 2004). A hybrid
model for Mercury’s magnetosphere with higher resolution was
presented by Trávníček et al. (2007). The results of the hybrid
modeling are generally found to be similar to those of the MHD
models.

Of all the planetary magnetospheres in the Solar System,
the Hermean one is the smallest and most directly affected by
the solar wind and IMF conditions. Therefore, if we want to
assess the intrinsically generated magnetic field of Mercury,
the paramount problem is to resolve the measured magnetic
field into external and internal components. This difficulty was
recognized by Giampieri and Balogh (2001), who looked at
the problem of inverting the future MESSENGER magnetic
field measurements in order to estimate internal field of the
planet. In their work, however, Giampieri and Balogh (2001)
did not include any contributions from the external sources.
Adequately accounting for such external sources will certainly
require extensive usage of models. First attempts at this dif-
ficult problem have been made by Korth et al. (2004), who
used a scaled version of the Tsyganenko model (Tsyganenko,
1995) for the external field in estimating external effects on the
anticipated magnetic field measurements along MESSENGER
trajectory. Scaling a semi-empirical Tsyganenko model based
on measurements for the Earth magnetosphere to a different
planet is, however, always somewhat questionable. For exam-
ple, lower Alfvenic Mach numbers at Mercury are expected to
result in higher reconnection rates (Slavin and Holzer, 1979).
Therefore, the magnetic field component perpendicular to the
magnetopause at Mercury is likely to be significantly larger
than that at Earth, which would require to substantial modifi-
cations to certain modules of Tsyganenko models, such as the
“interconnection field” (Luhmann et al., 1998). Furthermore,
Tsyganenko models do not include IMF Bx effects, which are
expected to be much more important at Mercury than they are
at Earth (Sarantos et al., 2001). While numerous simple empiri-
cal and analytical descriptions of the Hermean magnetospheric
field are available and have been successfully used in studies of
some aspects of Mercury’s space environment (e.g., Delcourt
et al., 2003), such models are not suitable for inferring the
structure of the internal magnetic field from the satellite mea-
surements.

In this paper we concentrate on a question which has not
been yet addressed with advanced modeling—that of separat-
ing internal and external contributions to the magnetic field
measured along a spacecraft orbit. Although solar wind and
IMF conditions are generally quite variable, we use a steady
state approach in this work since the reconfiguration times are
expected to be quite small for the Hermean magnetosphere
(e.g., Kabin et al., 2000) and, therefore, it may often be ex-
pected to be close to a quasi-stationary approximation. Further-
more, no solar wind monitor at Mercury will be available during
the nominal duration of the MESSENGER mission.
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The paper is organized as follows. Most probable dynamo
scenarios for generation of Mercury’s internal magnetic field
are discussed in Section 2, followed by a description of the
simplified internal field used in our modeling of the Hermean
magnetosphere in Section 3. Section 4 contains the analysis of
MESSENGER magnetic field measurements during the orbital
stage, Section 5 describes the corresponding plasma measure-
ments, and Section 6 outlines the model predictions for the
three MESSENGER fly-bys of Mercury in 2008–2009. The re-
sults are summarized in the conclusions, given in Section 7.

2. Overview of dynamo modeling results for Mercury

Although the global magnetic field of Mercury is likely gen-
erated by dynamo action in the outer core of the planet, dynamo
theory has difficulties in explaining a magnetic field as weak
as that of Mercury. A common assumption of the dynamo the-
ory is that rotational (Coriolis) forces are in rough balance with
magnetic (Lorentz) forces in the actively convecting dynamo
region (Fearn, 1998; Stevenson, 2003). This so-called magne-
tostrophic balance is represented qualitatively by the Elsasser
number

Λ = B2

ρμ0ηΩ
,

where B is the magnetic field strength, μ0 is the permeabil-
ity of free space, ρ and η are the mass density and the mag-
netic diffusivity of the fluid in the source region, respectively,
and Ω is the planetary rotation rate. Accounting for the fact
that magnetic fields must be stronger inside the source region
than outside, Elsasser numbers based on the magnetic field at
the tops of the dynamos of Earth, Saturn and Jupiter are of or-
der Λ ∼ 0.1 (Stevenson, 2003; Olson and Christensen, 2006),
which indicates that the magnetostrophic balance holds for the
strong magnetic fields generated in the liquid metal (either iron
or hydrogen) interiors of these planets.

In contrast to the strong, dominantly dipolar magnetic fields
of Earth, Jupiter and Saturn, the magnetic fields of the Ice
Giants, Uranus and Neptune are multipolar, nonaxisymmet-
ric and relatively weak, with Λ ∼ 0.01 (Stevenson, 2003;
Olson and Christensen, 2006). The character of the magnetic
fields of those planets may be explained by the low conductivity
of the electrolytic “liquid ice” dynamo source region. Numer-
ical dynamos with low conductivity fluid have been shown to
yield weak multipolar fields that arise from mainly geostrophic
flow which, in contrast to magnetostrophic flow, is character-
ized by a balance between Coriolis forces and pressure gradi-
ents (e.g., Gómez-Pérez and Heimpel, 2007).

For Mercury, the extremely low Elsasser number (Λ ∼ 3 ×
10−5) (Stevenson, 2003; Olson and Christensen, 2006) seems
to indicate that a Hermean dynamo operates in a vastly dif-
ferent dynamical regime than other planetary dynamos in the
Solar System. [See Christensen and Aubert (2006); Olson and
Christensen (2006) for further planetary magnetic field scaling
models relevant to Mercury.]

Several different types of dynamo models have been pro-
posed to explain the weak Hermean magnetic field. A low
Elsasser number multipolar dynamo regime has been shown
to occur when inertia starts to dominate locally over Coriolis
forces (Christensen and Aubert, 2006). Mercury’s slow rotation
favors this regime (Olson and Christensen, 2006). An attrac-
tive feature of the multipolar dynamo explanation is that this
regime seems to occur for a wide range of parameters. However,
as mentioned above, there is no strong observational evidence
that Mercury’s magnetic field is multipolar. In addition, three
different but related models have emerged recently that can ex-
plain Mercury’s weak magnetic field by invoking a regional
dynamo source (Heimpel et al., 2005; Stanley et al., 2005;
Christensen, 2006). In each of these models strong magnetic
field is generated by a dynamo process in a region of the
liquid core that takes up a fairly small fraction of the total
volume, resulting in a weak global field. In the models of
Stanley et al. (2005) convection and dynamo action occur in a
thin shell that surrounds a large solid inner core. In a thin shell
core geometry, convection is favored outside the tangent cylin-
der, which is defined as the imaginary cylinder tangent to the
inner core equator and parallel to the rotation axis (see, e.g.,
Fig. 6 of Heimpel et al., 2005). Stanley et al. (2005) studied
cases in which dynamo action is confined to the strongly con-
vecting region outside the tangent cylinder. Weaker global fields
then result for thinner shells in which the volume of convection
and, therefore, dynamo action is relatively small. In the thick-
shell models of Heimpel et al. (2005), convection and dynamo
action are regionalized by the geometrical effect of a small in-
ner core, which favors the development strong convection near
the inner core boundary and in a single or regional convective
plume. Christensen (2006) invokes a stably stratified region to-
ward the top of the core in an Earth-like shell geometry such
that dynamo action occurs in a small volume near the inner core
boundary, yielding a very weak multipolar field at the model
outer surface.

The global magnetic fields that result from different dynamo
models can be distinguished by their gross characteristics (ei-
ther dipolar or multipolar), by their more detailed morpholo-
gies, and by secular time variation of the magnetic field (typ-
ically, on the time-scale of years). Note, that magnetic field
generated by even a multipole dynamo will still be dominated
by a dipole term sufficiently far from the source region. The lat-
itudinal spherical harmonic spectra associated with thick-shell
dynamos (Heimpel et al., 2005) are typically dominated by the
dipole component (spherical harmonic degree l = 1), with mi-
nor energy in the higher multipoles. Likewise, the azimuthal
spectra typically have a strong peak at low order and exhibit
strong asymmetry with respect to the azimuthal angle. In con-
trast, thin-shell dynamos are typically highly axisymmetric and
have latitudinal spectra that drop off more slowly, with signif-
icant energy in the higher, multipolar components. Likewise,
the azimuthal spectra of thin shell dynamos favor higher orders.
For shell radius ratio of 0.65 studied by Heimpel et al. (2005)
the dominant azimuthal harmonic order of 20 corresponds to
20 magnetic flux patches, which arise from convective plume
structures that encircle the axis of rotation near the latitude
where the tangent cylinder intersects the top of the dynamo.
Similarly, Stanley et al. (2007) argue that it may be possible
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to distinguish thin shell from thick shell core geometries from
magnetic field morphologies.

Another characteristic feature that could give clues to Mer-
cury’s core geometry and dynamo behavior is the secular vari-
ation of the magnetic field. For comparison, for the Earth,
which has a well-developed dipolar dynamo, the secular vari-
ation of the magnetic field magnitude is on the order of 1% per
year and the rate at which the magnetic poles move is about
0.25◦ degrees for year. Since Mercury’s core has roughly half
the radius of Earth’s and diffusion time scales like the radius
squared, Mercury’s magnetic diffusion time scale is roughly
1/4 that of the Earth. Also, since higher multipoles diffuse
faster than the dipole, fast secular variation could indicate that
Mercury is indeed in a multipolar dynamo regime. However,
such interpretations can be complicated by the details of the
core convective state. For example, in the model of Christensen
(2006), the magnetic field of a deep-seated convective dynamo
diffuses through a stably stratified shallower layer, which effec-
tively acts as a low pass filter to variability in time and space,
resulting in very long timescale secular variation outside the
core. With MESSENGER and BepiColombo missions almost
continuously monitoring Mercury’s magnetic field for nearly a
decade it might be possible to determine secular variations of
the main field, although solar wind and IMF induced variations
(discussed in Section 4) will certainly make this an extremely
difficult task. However, if secular variations of the Hermean in-
ternal field can be inferred from the satellite observations, they
would be most helpful in constraining the dynamo mechanism.

3. Representation of Mercury’s internal magnetic field in
the MHD model

Although dynamo models can provide a representation of
the internal magnetic field which involves a very large number
of spherical harmonics, such fields have not been used to date
in many global magnetopsheric simulations. Therefore, in this
paper we restrict the main field expansion to only the first two
terms. The first term of the spherical harmonic expansion is the
dipole field. If the dipole moment is along the z axis, then the
magnetic field is given by

Bx = B0
3xz

r5
, By = B0

3yz

r5
,

(1)Bz = B0

(
3z2

r5
− 1

r3

)
,

where (x, y, z) are the Cartesian coordinates, measured in the
Mercury radii, in the system equivalent to Geocentric Solar
Magnetospheric (GSM) for the Earth. Here r is the distance
from the center of the planet (in Mercury radii), and B0 is
the magnetic field strength of the dipole at the equator. For
Mercury, the z axis of this coordinate system coincides with
the planet’s rotation axis which is nearly perpendicular (within
0.02◦) to Mercury’s orbital plane (Blanc et al., 2005). If the di-
pole moment is tilted in the (x, y) plane by an angle ψ from the
z axis (assumed to be positive if northern magnetic pole is tilted
towards the Sun), the magnetic field is given by

Bx = B0

(
3(x sinψ + z cosψ)x

r5
− sinψ

r3

)
,

By = B0
3yz

r5
,

(2)Bz = B0

(
3(x sinψ + z cosψ)z

r5
− cosψ

r3

)
.

From Mariner 10 measurements the dipole tilt angle ψ was es-
timated to be about 10◦ (Ness et al., 1976; Connerney and Ness,
1988).

Generally, quadrupole field needs to be described by five
independent parameters. In this work, however, we restrict our-
selves to a symmetric quadrupole aligned with the z axis for
which the magnetic field is given by

Bx = B
Q
0

(
5xz2

r7 − x

r5

)
, By = B

Q
0

(
5yz2

r7 − y

r5

)
,

(3)Bx = B
Q
0

(
5z3

r7 − 3z

r5

)
.

Here, parameter B
Q
0 determines the quadrupole field strength at

r = 1. As a function of the polar angle (co-latitude) θ , measured
from the z axis, quadrupole magnetic field strength at the sur-
face of the planet is given by B = B

Q
0

√
5 cos4 θ − 2 cos2 θ + 1.

Therefore, the quadrupole magnetic field strength is 2B
Q
0 at

the z axis (the pole) and B
Q
0 at the equator. This makes the B

Q
0

parameter convenient and similar to B0 often used for dipole
fields.

In this paper we use three models for the internal magnetic
field: (i) nontilted dipole given by Eq. (1) with B0 = 350 nT; (ii)
tilted dipole (Eq. (2)) with B0 = 350 nT and ψ = 12◦ based on
Ness et al. (1976); (iii) tilted dipole with the same parameters
as before plus a quadrupole field (Eq. (3)) with B

Q
0 = 45 nT.

This value for the quadrupole strength is expected from the re-
sults of either thick or thin shell dynamo simulations (Heimpel
et al., 2005; Stanley et al., 2005). Although Mariner 10 obser-
vations show that Mercury’s dipole axis is most likely tilted by
about 10◦ (Connerney and Ness, 1988), we include a model
with no tilt in ours study because that is the simplest possible
model for the internal field, and because most Hermean magne-
tospheric models to date assumed nontilted dipole (e.g., Kabin
et al., 2000; Ip and Kopp, 2002; Kallio and Janhunen, 2003;
Delcourt et al., 2003; Trávníček et al., 2007). Therefore, inter-
nal magnetic field model (i) is important for consistency with
the earlier modeling work.

Fig. 1 shows the three components of the magnetic field in
vacuum produced by these three internal magnetic field mod-
els for the three orbits considered in this work. These would
represent the corresponding measurements by MESSENGER if
the magnetospheric effects could be completely neglected (as it
was done in the study of Giampieri and Balogh, 2001). Clearly,
if this were the case, specification of the internal field model
from spacecraft measurements would be straightforward. The
differences in the magnetic fields resulting from different inter-
nal magnetic field models are generally larger than 20 nT near
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Fig. 1. Three components of the magnetic field along three different MESSENGER orbits for different internal models (no magnetosphere). Black line corresponds
to nontilted dipole, blue line to tilted dipole, and red line to tilted dipole + quadrupole internal field models. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
the closest approach, and in some cases exceed 50 nT. For com-
parison, MESSENGER magnetometers have the best resolution
of about 0.03 nT (Gold et al., 2001). As our modeling shows,
however, magnetic field differences on tens of nT are associated
with IMF and solar wind effects. To account for these effects
we performed MHD simulations with different solar wind con-
ditions for every internal magnetic field model used.

4. MHD modeling of MESSENGER’s magnetic field
measurements during the orbiting stage of the mission

In 2011, the MESSENGER spacecraft is expected to be in-
serted into a nearly polar orbit around Mercury with a period of
12 h and the closest approach altitude of 200 km (0.082 RM )
over the northern hemisphere of the planet. The apoapsis of the
orbit is 17,633 km (7.227 RM ) and its eccentricity is 0.7396
(Santo et al., 2001). Because of the precession of MESSEN-
GER’s orbit as Mercury moves around the Sun, the closest
approach location will be rotating with respect to the Sun–
Mercury line, while remaining at about 60◦ northern latitude.
For this study we selected three representative MESSENGER’s
orbits: an orbit with the closest approach at the local noon (in
the following referred to as orbit 000), an orbit with the closest
approach in the terminator plane (orbit 090), and an orbit with
the closet approach at the midnight (orbit 180).
Fig. 2 shows these three typical MESSENGER orbits cutting
through the simulated magnetosphere of Mercury (left panel—
for northward IMF, right panel—for southward IMF; both sim-
ulations are for pure nontilted dipole internal field; see below
for other simulation parameters). The color code in Fig. 2 shows
the magnetic field intensity in the north–south and equatorial
planes which are translucent. Although this color code does not
reflect the orientation of the magnetic field, it is easy to see
that the magnetic field intensity along the spacecraft tracks is
different for the two simulations. Large portions of any MES-
SENGER orbit lies outside of the magnetopause and, therefore,
are not very useful for providing restrictions on the internal
magnetic field of the planet. Therefore, in the present study we
only use the parts of the spacecraft trajectories which are inside
2 RM radius from the center of Mercury. These orbital segments
are shown in white in Fig. 2. These sections of MESSENGER’s
orbits are, for the most part, inside the magnetopause. All these
sections of the spacecraft orbit have lengths of 4.867 RM and
the closest approach is achieved at the midway points of these
segments of the orbit. Using the solution of Kepler’s problem
(e.g., Howard, 2005) we calculate that it takes the MESSEN-
GER spacecraft 1.017 h to travel along this section of the orbit.
We show that the measurements obtained on different orbits
may be used to constrain various parameters characterizing the
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Fig. 2. Three representative MESSENGER orbits in a simulated magnetosphere: (left panel) northward IMF and nontilted dipole; (right panel) southward IMF and
nontilted dipole. Sections of the orbits inside 2 RM are shown in white. The translucent color code is the magnetic field intensity in the equatorial and north–south
meridional planes.
internal field of Mercury and some of the orbits are better suited
for this purpose than others.

We use the global MHD model of Kabin et al. (2000) to sim-
ulate the magnetic field in the vicinity of Mercury. For the in-
ternal magnetic field we use the three models described above,
which become progressively more sophisticated. Note that the
nontilted dipole model i is the same as the one used by Kabin et
al. (2000). Compared to our previous studies here we use some-
what modified solar wind and IMF conditions, based on a recent
compilation of the Helios data (Burlaga, 2001). In this paper we
use a solar wind density of 40 cm−3, a velocity of 430 km/s,
a temperature of 50 eV, and an IMF of 25 nT (either northward,
southward, or in the y direction). For every internal magnetic
field model we compare results of three simulations: northward,
southward, and pure By IMF (9 simulations total). The north-
ward and southward IMF cases are extreme orientations of the
IMF which provide the most distinct magnetospheric configura-
tions and thus may be thought to bracket the possible variations
of the magnetic field measurements due to external sources
along MESSENGER trajectory. These two cases are also the
most well analyzed and understood configurations of the ter-
restrial magnetosphere, and therefore are of modeling interest
for Mercury as well for comparative magnetospheric studies.
Pure IMF By orientation gives a magnetospheric configuration
which is in some ways intermediate between those for pure
northward and pure southward cases. Considering these IMF
conditions gives us a good estimation for the level of variation
expected in the fields measured by MESSENGER. Even though
small IMF variations around the nominal Parker spiral will lead
to smaller differences in the magnetic field along the spacecraft
orbit, numerous other effects will be contributing to the mea-
surements in reality (such as changes in solar wind dynamic
pressure and other plasma parameters, solar wind turbulence,
etc.). Since at present we cannot adequately account for all
other variations affecting the measurements, we feel that differ-
ences between northward, southward, and IMF By orientations
provide reasonable estimations for the differences in external
fields we can expect in the vicinity of Mercury.

Figs. 3, 4, and 5 show variations of the Bx , By , and Bz

components of the magnetic field, respectively, in the modeled
Hermean magnetosphere along MESSENGER trajectories 000,
090, and 180 (orbits 000 and 180 are close to the north–south
meridional plane, while 090 is close to the terminator plane) in-
side 2 RM (the section shown in white in Fig. 2). In all these
figures, solid lines correspond to the northward IMF, dashed
lines to the southward IMF, and dotted lines to pure IMF By

cases. Different colors are used to distinguish different internal
magnetic field models: blue corresponds to the pure nontilted
dipole (i model), red to the tilted dipole (ii model), and green to
the tilted dipole with quadrupole contribution (iii model). The
horizontal axes at the top of the plots show the spacecraft time
(in minutes) with zero corresponding to the closest approach.
For the considered section of the orbit there is an almost linear
proportionality between time and distance along the spacecraft
track. Note that because the limits of variation of the same mag-
netic component for different orbits can be quite different, the
scales for the panels of Figs. 3, 4, and 5 are different as well.
The sudden jump in the By component seen for the dotted lines
in Fig. 4 is associated with the magnetopause crossing: for the
IMF By case there is a strong By component in the magne-
tosheath, while for the other IMF orientations considered in the
present work, there is not. Similarly, the discontinuities in the
Bz component of the magnetic field for southward IMF and
IMF By configurations seen in Fig. 5 are also magnetopause
crossings. For southward and By IMF the direction of the mag-
netic field changes across the day-side magnetopause (making
it obvious in the plots of Bz), while for northward IMF it does
not (so the magnetopause does not appear as obviously in the
magnetic field plots, and has to be identified from other para-
meters, see Section 5).

Ideally, in order to separate different internal magnetic field
models, we would like to see solid, dashed and dotted lines of
the same color in Figs. 3, 4, and 5 being close together and well
distanced from the lines of different color. If that were the case,
the IMF effects would be quite small, and the magnetic field
measured well inside the magnetosphere would be essentially
the internal field of the planet. Unfortunately, Figs. 3, 4, and
5 present a different picture: the differences due to the exter-
nal fields can be just as large as the differences associated with
various internal field models. This is particularly true for the



Fig. 3. Bx components of the magnetic field along MESSENGER orbit for different internal and IMF models. Left panel: orbit 000; center panel: orbit 090; and r
closest approach. The horizontal axes at the bottom of the plots show the distance along the orbit, and the horizontal axes at the top show the spacecraft time in minu

Fig. 4. By components of the magnetic field along MESSENGER orbit for different internal and IMF models. Left panel: orbit 000; center panel: orbit 090; and r
closest approach. The horizontal axes at the bottom of the plots show the distance along the orbit, and the horizontal axes at the top show the spacecraft time in minu
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right panels of Figs. 3, 4, and 5, which correspond to orbit 180
with closest approach on the night-side of Mercury. For this
orbit the Bx component of the magnetic field provides no ba-
sis for distinguishing internal field models, the By component
shows some difference for models with and without dipole tilt,
but no difference between the models with and without quadru-
pole field. The Bz component for this orbit, once again is hardly
useful at all for specifying the internal field of Mercury. Further-
more, as Fig. 5 shows, the differences between different internal
field models are particularly small in the Bz component, which
is the dominant internal magnetic field component, and there-
fore, could have been expected to provide the best results for
determining the internal magnetic field model. The differences
between the various internal magnetic field models, however,
are quite pronounced in the By component of simulated mag-
netic field shown in the left panel of Fig. 4 (orbit 000) and are
achieved near the closest approach rather than near the peak of
the By component. In contrast as appears from Fig. 5 for the
Bz, some of the internal field models are better separated at the
location of the largest Bz magnitude, rather than at the closest
approach. The separation between different internal field mod-
els is particularly good for the Bx component for orbit 090 as
seen in the center panel of Fig. 3. This trajectory and magnetic
field component seem to be most well suited for determining
the dipole tilt angle, as the differences between models with
and without dipole tilt are very large (on the order of 40 nT)
and consistent for much of the length of the selected segment of
the orbit. Thus, specifying the internal magnetic field for Mer-
cury from MESSENGER data is a complicated task which will
require an analysis of all the three components of the measured
magnetic field and data taken on different trajectories of the
spacecraft.

Magnetic field in the vicinity of Mercury is certainly not a
simple superposition of the IMF and internal field of the planet.
Changing the internal field of Mercury modifies the magne-
tospheric current systems in nonlinear fashion resulting in a
complicated interaction pattern. It is, however, interesting to
what extent the roughly 10% quadrupole field affects the global
configuration of the magnetosphere and the magnetic field mea-
surements along the MESSENGER orbit. Fig. 6 shows the re-
sults of a subtraction of the magnetic field for the simulations
with internal field (ii) (tilted dipole) from those with internal
field (iii) (tilted dipole and quadrupole). Red lines corresponds
to the northward IMF, blue lines to southward IMF, and green
lines to pure By cases. The black line in Fig. 6 shows for com-
parison the pure quadrupole field. Clearly, all the lines in all
the three figures are close to each other, thus implying that the
nonlinear part of the response of the Hermean magnetosphere
to the addition of the 10% quadrupole to the internal field is
relatively small, and that most of the nonlinearity of the sys-
tem is accounted for by the interaction of the tilted dipole with
the solar wind. Large differences at about s = 1 RM (s is the
distance along the orbit) are associated with the small change
in magnetopause locations for the models with and without
the quadrupole component, and the fact that magnetic field is
generally discontinuous across the day-side magnetopause. The
difference between the different lines in these figures is particu-
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larly small on the flank which is furthest from the magnetopause
(and, therefore, the currents associated with it). Thus, one can
imagine the following procedure for determining the higher-
order harmonics for Mercury. First, the dipole strength and tilt
are determined, after that a simulation with this internal mag-
netic field is run and a quadrupole field is fitted, as if in vacuum,
to minimize the variance between the results of this simulation
and the measurements. The final step of this approach can, in
essence, follow the procedure of Giampieri and Balogh (2001).

It is useful to assess the strength of the external fields along
MESSENGER orbit which are produced by magnetospheric
current systems. To this end, Fig. 7 shows the result of sub-
traction of the internal field contribution from the total field
computed by in the MHD model. All plots are for the sim-
ulation with internal magnetic field model iii: tilted dipole +
quadrupole. Blue line corresponds to the northward IMF con-
ditions, red line to southward IMF conditions, and green line to
pure IMF By case. Fig. 7 shows that magnetospheric currents
can contribute more than 100 nT to the measured magnetic field
along MESSENGER orbit. The difference between the external
fields computed for different IMF conditions is, however, some-
what smaller, but still can be as large as 50 nT in some com-
ponents. Therefore, our simulations suggest that higher-order
terms Mercury’s internal field which contribute less than few
tens of nT along the MESSENGER trajectory most likely will
not be detected over the noise introduced by the changes in the
magnetospheric current system of the Hermean magnetosphere.
Considering that high-order contributions to the magnetic field
decay very rapidly with distance, spherical harmonics of the
order ∼20 would probably not produce identifiable magnetic
fields along MESSENGER orbit. Thus, it appears unlikely that
MESSENGER will provide magnetic field data of sufficient de-
tail to confirm the existence of a thin shell dynamo, as described
in Section 2. However, numerous orbital passes through the po-
lar regions of the Hermean magnetosphere should be enough
to detect localized strong asymmetric patches of the magnetic
flux suggested by the thick dynamo scenario. This mechanism
for generating the internal field of Mercury, therefore, may be
either supported or disproved by the observations during the or-
bital stage of the mission.

5. Modeling the plasma parameters along MESSENGER’s
orbit

MHD modeling allows to make predictions with regard to
not only magnetic field, but some plasma parameters as well.
For example, Fig. 8 shows plasma density along the same three
sections of MESSENGER’s orbits as were used for magnetic
field studies. In all the nine simulations, the magnetopause is
found at approximately the same location (around s = 1) for or-
bit 000 (top panel of Fig. 8), however the density gradient across
the magnetopause is much larger in the case of southward and
By IMF than for northward IMF. A density peak observed in
all models between s = 2 and 3 RM is associated with the mag-
netospheric plasma flow into the cusp area. The exact location
of this peak depends on the IMF orientation as well as on the
tilt of dipole, but is not influenced to any significant degree by
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the quadrupole moment. Thus, plasma density along orbit 000
can be used as an additional parameter to constrain the internal
magnetic field model for Mercury, in particular the dipole tilt.
On the other hand, plasma density along the terminator orbit
090 is much more affected by the IMF and solar wind condi-
tions than by the internal field models, and therefore, can pro-
vide little additional information. The same is, unfortunately,
true with respect to orbit 180. Note, that the selected sections
of the orbit, which are most relevant to estimations of the inter-
nal magnetic field of Mercury, do not extend to the equatorial
plane, and, therefore, plasma density increases associated with
the plasma sheet do not appear in Fig. 8.

6. Modeling of MESSENGER fly-bys of Mercury

Before being inserted into the orbit, MESSENGER space-
craft will perform 3 fly-bys of Mercury on January 14, 2008,
October 6, 2008, and September 29, 2009. All of them occur
on the dusk flank of the Hermean magnetosphere, but as fol-
lows from the orbital dynamics of Mercury, the first and the
third fly-bys would have their closest approaches separated by
nearly 180◦ longitude in Mercury fixed longitude. The third fly-
by corresponds to a longitude which is about 30◦ different from
that of the second fly-by. Thus, the geometry of the fly-bys al-
lows a very wide coverage in Mercury-fixed longitude and is
very promising for determining nonaxisymmetric contributions
to the internal magnetic field of the planet.

The trajectories of these fly-bys are shown in Fig. 9 which
uses an MHD simulation for the northward IMF and internal
field (i) (nontilted dipole) as a background. Only the sections of
the fly-by trajectories which are inside 3 RM are shown; these
are the sections of trajectory which are used in the following
analysis. It should be noted that the usefulness of the magnetic
field measurements taken during these fly-bys depends to some
extent on how steady the solar wind and magnetospheric condi-
tions will happen to be at the time of the fly-bys. For example,
most of the data from the first fly-by of Mercury by Mariner 10
on March 29, 1974 are not very useful for inferring its magnetic
field because of the rapid (and unknown) changes of the solar
wind and IMF conditions.

Figs. 10, 11, and 12 show the three components of the mag-
netic field extracted along the three fly-bys of Mercury. As com-
pared to the similar plots for the orbiting stage of the mission
(Figs. 3, 4, and 5) variations associated with either the different
internal field models or with different solar wind conditions are
very large in the Bx and Bz components, but are not nearly as
prominent in the Bz component (which is by far the largest of
the three components). This is a result of sampling a different
part of the magnetosphere by the fly-bys (which are all close to
the equatorial plane) as compared to the orbits (which provide
more information about the high-latitude regions). Clearly, the
Bz component is the least useful in distinguishing the different
internal magnetic field models, except for fly-by 1 (left panel
of Fig. 12). For this fly-by, the Bz component shows modest
difference (at the field peak location, rather than at the clos-
est approach) associated with the various internal field models
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Fig. 8. Plasma density along the spacecraft trajectory for the different simulations.
Fig. 9. Projections (along the z axis) of the three MESSENGER fly-bys on the
equatorial plane. Only the sections of the fly-by trajectories inside a radius of 3
RM from the center of the planet are shown.

which is, nevertheless consistently larger than solar wind in-
duced perturbations of the field.

Similarly to the Bx for orbit 090 (Fig. 3, central plane)
Figs. 10, 11 show a very large difference for the models with di-
pole tilt and without dipole tilt (blue lines are quite far from the
red and green lines). This gives confidence that using a combi-
nation of magnetic field measurements taken during the fly-bys
and for the orbits close to the terminator plane the parameters
of the dipole component of the internal magnetic field can be
evaluated quite accurately. As it is discussed in the end of Sec-
tion 4 the dipole strength and its tilt are responsible for much
of the nonlinear response of the magnetospheric current sys-
tems to the internal field parameters. It is, therefore, essential
to use as accurate as possible estimations for these parame-
ters in combination with modeling in order to attain informa-
tion about higher harmonic contributions to Mercury’s internal
field.

Similarly to the figures for the orbital part of the mission,
magnetopause crossings can be clearly seen in Figs. 10, 11 at
the points where the magnitude of the magnetic field compo-
nents changes rapidly. They occur at about s = 4.6 for fly-by 1,
s = 4.3 for fly-by 2, and s = 4.2 for fly-by 3.

Although the magnetic field variations associated with IMF
conditions are generally as large in magnitude as the variations
associated with the internal field models in Figs. 10 and 11
they have different variation along the fly-by path. Therefore,
if the solar wind and IMF conditions are known (e.g., can be
assumed to be similar to those at the time when MESSENGER
was still outside the Hermean magnetosphere) MHD modeling
can be effectively used to distinguish internal contribution to the
magnetic field measurements. The three fly-bys of Mercury rep-
resent a more promising opportunity for this study as compared
with the orbital part of MESSENGER mission. Although some-
times Figs. 3, 4, and 5 show as much difference in nT between
different simulations as Figs. 10, 11, and 12, the variation of the
field along the trajectory during the orbital stage is generally
very similar for all internal field models and IMF conditions.
In contrast, for the fly-bys our MHD model predicts more dis-
tinction in the character of the magnetic field variation along
the trajectory, which should aid in interpretation of the results.
Thus, despite the much larger volume of measurements taken



12
Fig. 10. Bx components of the magnetic field for the three MESSENGER fly-bys of Mercury. The vertical line marks the closest approach. Left panel is for the fir
third. The horizontal axes at the bottom of the plots show the distance along the fly-by trajectory and the horizontal axes at the top show the spacecraft time in mi

Fig. 11. By components of the magnetic field for the three MESSENGER fly-bys of Mercury. The vertical line marks the closest approach. Left panel is for the fir
third. The horizontal axes at the bottom of the plots show the distance along the fly-by trajectory and the horizontal axes at the top show the spacecraft time in mi
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during the orbiting stage of MESSENGER mission, the infor-
mation coming from the initial fly-bys may be crucial for de-
termining the parameters of Mercury’s internal magnetic field.
Global modeling of the Hermean magnetosphere would have
been much more reliable if a solar wind monitor were available
during the fly-bys. Unfortunately, this would not be the case in
2008–2009, at the time of MESSENGER fly-bys.

7. Conclusions

In this paper we have discussed some of the problems asso-
ciated with extracting information about internal magnetic field
of Mercury from the MESSENGER spacecraft measurements.
Of all magnetospheres in the Solar System, the Hermean one is
the most strongly affected by the solar wind and IMF effects.
This fact complicates the separation of a spacecraft magnetic
field measurements into internal and external components. Gen-
erally, for the expected MESSENGER trajectories, which come
to within 200 km of the surface of the planet, the disturbances
originating from the solar wind can be as large as the expected
quadrupole contribution even at the closest approach. The same
holds for the three fly-bys of Mercury which are scheduled to
take place before the orbital insertion. We find, however, that
the initial fly-bys (which are close to the equatorial plane) gen-
erally provide a better basis for determining the parameters of
a dipole component of the internal field than the later polar or-
bits. However, the Bx variation along a terminator trajectory
also gives a very good estimation of the dipole tilt angle. In
addition, the By component of the magnetic field for the noon-
midnight orbit with the closest approach on the day-side was
found to have the cleanest separation between the three inter-
nal magnetic field models. This magnetic field component also
provides a fair separation for different internal field models for
the terminator orbit. In contrast, all magnetic field components
for the orbits close to the noon–midnight plane with periapsis
on the night side of the planet appear to be much less use-
ful for constraining the internal field. Global MHD models of
Mercury’s magnetosphere are capable, in principle, of calculat-
ing the external contributions to the magnetic fields, however,
they require solar wind input. Unless both MESSENGER and
BepiColombo are at Mercury at the same time (which would re-
quire one of the missions to be extended, and the other to be on
schedule) such information will not be available. Multi-satellite
observations at Mercury would have allowed the elimination
of some of the most nagging uncertainties associated with us-
ing global modeling to infer the internal magnetic properties of
the planet. Without such observations, however, the number of
MESSENGER orbits useful for accurate determination of the
internal magnetic field would be limited to those for which so-
lar wind and IMF conditions did not change significantly while
the satellite was inside the magnetosphere.

Our MHD model shows that although the magnetic field in
the vicinity of Mercury changes nonlinearly with the internal
field parameters, much of this nonlinearity can be accounted
for by the interaction of tilted dipole with the solar wind. The
dipole parameters, however, can be reliably estimated from the
measurements taken during initial fly-bys and later at the orbits
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passing close to the terminator plane. Once this part of the inter-
action is accounted for through modeling, higher harmonics of
the internal magnetic field can be computed with good accuracy
using relatively simple linear fitting techniques.

Because of the large magnetic field variations in the Her-
mean magnetosphere associated with solar wind and IMF con-
ditions it appears unlikely that MESSENGER mission will be
capable of specifying Mercury’s internal field beyond degree
and order of about 3. However, detection or absence of strong
regional patches of magnetic flux should provide enough evi-
dence to test available dynamo models, thus contributing to our
knowledge of the interior structure of the planet.
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