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Three-component vector magnetic !eld observations from MESSENGER's !rst "yby of Mercury have
con!rmed the presence of an internal !eld, along with external !elds due to magnetospheric current
systems. We use techniques from inverse theory to investigate structure in Mercury's internal magnetic !eld
permitted by the Mariner 10 and MESSENGER "yby data and recoverable from orbit. We correct the "yby
observations using external !elds predicted by a parameterized magnetospheric model, and we include noise
contributions from long-wavelength uncertainties in the external !eld and from un-modeled short-
wavelength features. The internal !eld is represented by a spherical harmonic expansion to degree and order
8, with regularization constraints applied to the power spectrum. Latitudinal and longitudinal structure in
the !eld is required in order to !t the data. Enhanced radial magnetic !eld in the region of the Mariner 10 and
MESSENGER "yby latitudes is seen. Contributions to the internal !eld predicted by Aharonson and others for
a long-wavelength crustal !eld are present, but the !eld is dominated by the g01 term rather than the
predicted g03 term. Observations from MESSENGER's second and third "ybys will provide additional low-
altitude coverage at equatorial latitudes, while the orbital phase of the mission will provide high-latitude,
northern-hemisphere coverage. We investigate recovery of three simulated core !elds using the cumulative
data coverage that will be obtained from the three MESSENGER "ybys and MESSENGER's orbital phase, under
the assumption that long-wavelength external !elds can be modeled and removed. This provides a best-case
scenario for internal !eld modeling. The results show excellent recovery of the dipole !eld and of !eld
structure at mid to high northern latitudes with spatial scales equivalent to degree and order 10, providing
encouraging results for the identi!cation and characterization of core !elds.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

During 1974 and 1975, the Mariner 10 spacecraft made three
successful "ybys of Mercury. The !rst "yby was equatorial (29 March
1974) and the third "yby near-polar (16 March 1975), with closest
approach distances to Mercury's surface of 705 km and 327 km,
respectively; the second "ybywas too far from the planet to detect any
internal magnetic !eld. The !rst (M10-I) and third (M10-III) "ybys
discovered a primarily dipolar intrinsic magnetic !eld, with a strength
of about 1% of Earth's dipole !eld (Ness et al., 1974; Connerney and
Ness, 1988).

The recently returned three-component vector Magnetometer
(MAG) data from the !rst "yby of Mercury by the MErcury Surface,
Space ENvironment, GEochemistry, and Ranging (MESSENGER) space-
craft (M1) con!rm the presence of an internal magnetic !eld. After
accounting for long-wavelength external !elds, the Mariner 10 and
MESSENGER data together yield an improved estimate for the dipole
moment of 230 to 290 nT R3M, tilted 5° to 12° from the planet's rotation

axis (Anderson et al., 2008), where RM is Mercury's mean radius. The
solutions, however, leave unexplained residual signal within the
magnetopause that includes contributions from non-dipolar structure
in the internal !eld, currently unmodeled external !elds, or both.

Prior to the Mariner 10 "ybys, a currently active dynamo was not
expected, due to predictions of early solidi!cation of the planet's core
(Solomon, 1976). Subsequent thermal evolution models indicate that
a present-day liquid outer core could exist— its thickness depends, in
particular, on the concentration of light elements (Schubert et al.,
1988; Conzelmann and Spohn, 1999; Hauck et al., 2004). Earth-based
radar measurements of the amplitude of Mercury's forced librations
indicate a "uid outer core (Margot et al., 2007).

The dominantly dipolar structure inferred for Mercury's internal
magnetic !eld has been used to argue in favor of a dynamo process.
However, the weak strength of the !eld had been thought to be
dif!cult to explain, if, by analogy with Earth, Mercury's dynamo is
driven by thermo-chemical convection (see review by Zuber et al.,
2007). An alternativemechanism proposed to explainMercury's weak
!eld involves feedback between an internal dynamo and external
!elds produced by Chapman–Ferraro currents (Grosser et al., 2004;
Glassmeier et al., 2007).
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Several possibilities for thermo-chemically driven dynamos have
been explored in recent numerical simulations. In the !rst class of
models, weak !elds at and above the planet's surface are generated in
thin-shell dynamos (Stanley et al., 2005; Takahashi and Matsushima,
2006). Stanley et al. (2007) further proposed that reverse "ux patches
(as evidenced in the radial magnetic !eld at the core–mantle
boundary) are con!ned to regions outside the tangent cylinder (the
cylinder aligned with the spin axis that is tangent to the outer core)
and suggested that mapping of such "ux patches could provide a
potential diagnostic for outer core geometry. Takahashi and Matsu-
shima (2006) proposed that non-dipolar structure may contribute
more strongly to Mercury's !eld than previously thought. A second
class of models, those with a thick-shell geometry, can generate weak
!elds (Heimpel et al., 2005; Christensen, 2006). In some of these
models, the !elds have strong multipolar components. However, the
presence of a stably strati!ed region at the top of the outer core means
that the !eld observed at Mercury's surface would be dominated by
the weaker, more slowly varying dipolar component (Christensen,
2006; Wicht et al., 2007; Christensen and Wicht, 2008). The melting
behavior of the iron-sulfur systemmay permit the formation of such a
stably strati!ed layer (Chen et al., 2008). Thus, assessing the relative
contributions of dipolar and non-dipolar structure and of axisym-
metric versus non-axisymmetric structure to Mercury's !eld will
provide important diagnostics for future dynamo models.

Remanent crustal magnetic !elds were not originally favored for
Mercury, since strong crustal anomalieswould be required to explain the
observed signals, and crustal !elds are usually dominated by small-scale
structure. However, mapping of the global magnetic !eld of Mars
indicated that crustal!elds anorder ofmagnitude stronger thanonEarth
are indeed possible (Acuña et al.,1999). In addition, the spatial variations
in solar insolation on Mercury could give rise to long-wavelength
variations in the depth to the Curie isotherm for the dominant crustal
magnetization carrier (Aharonson et al., 2004) that, in turn, allow long-
wavelength structure in a !eld arising from crustal remanence.

Characterizing the spatial and temporal structure of Mercury's
magnetic !eld is crucial to identifying the source(s) of the !eld.
Modeling results to date (Connerney and Ness, 1988; Anderson et al.,
2008) illustrate the dif!culties of estimating the internal !eld with the
limited data provided by the existing and upcoming "ybys. Although
the spatial distribution of data will greatly improve after MESSEN-
GER's insertion into orbit around Mercury in March 2011, southern
hemisphere coverage useful for internal !eld modeling will be
restricted to low-latitude, high-altitude observations because of the
highly elliptical orbit. Consequently, determination of the global
structure of the internal magnetic !eld will be challenging.

An additional problem atMercury is the presence of relatively large-
magnitude!eldsdue tomagnetospheric currents. In this paper,we refer
to such!elds as external!elds, and to!eldsgeneratedbelow the surface
of Mercury (dynamo, remanent, induced) as internal. The combination
of theweak internal!eld and the strong interplanetarymagnetic!eld at
Mercury, as comparedwith those at Earth, results in external !elds that
are relatively large in magnitude and that have an unknown spatial and
temporal spectrum. MESSENGER will be in orbit at Mercury during the
next solarmaximum, and hence accurate external!eld characterization
will be critical tomodeling of the internal !eld. Two current approaches
to the removal of the external !elds are (1) the adaptation of terrestrial
parameterized magnetospheric models to Mercury (Korth et al., 2004;
Anderson et al., 2008), and (2) simultaneous estimation of internal and
external !elds using spherical harmonics. The former has been
presented in detail elsewhere (Korth et al., 2004), and the latter is
used in a companion paper in this volume (Purucker et al., 2009—this
issue). Here we compare results obtained using both approaches.

In this study, we discuss the application of techniques from inverse
theory to the determination of Mercury's internal !eld structure, in
particular non-dipolar structure. In contrast to typical truncated least
squares approaches, models with speci!c smoothness constraints are

constructed, mitigating the effects of incomplete data coverage while
allowing examination of shorter-wavelength structure permitted by
the observations. We analyze, in total, three data sets collected during
the !rst and third Mariner 10 "ybys and !rst MESSENGER "yby, and
using synthetic data we investigate the kinds of !eld structure that
might be recoverable during MESSENGER's orbital phase. In Section 2,
we summarize observations of the vector magnetic !eld from the
MESSENGER "yby for the time interval over which the !eld was
identi!ed as primarily internal in origin (Anderson et al., 2008). We
review the technical approach used (Section 3) and discuss its
application to analyzing the "yby data (Section 4). In modeling the
internal !eld, we use data corrected for external !eld contributions.
We assess sources of error in the observations and weight our data
accordingly. We discuss the spatial and spectral structure in the
internal !eld permitted by the data collected to date. We then use
simulations to investigate how well core !elds might be recovered
from orbit (Section 5), and we discuss the results in the context of
proposed diagnostics from recent numerical dynamo models.

2. MESSENGER magnetic !eld observations

Observations of the amplitude of the magnetic !eld during the !rst
MESSENGER "yby, along with identi!cation of the inbound and
outbound bow shock and magnetopause, have been reported by
Anderson et al. (2008). The "yby geometry was approximately
equatorial, with closest approach (CA) on the night side of the planet,
close to the region covered by M10-I. The maximum total !eld strength
was 159 nT at the CA altitude of 201 km. For comparison, the !eld
magnitudes at CA for M10-I and M10-III were 98 nT and 400 nT at
spacecraft altitudes of 705 kmand327km, respectively (see summaryof
Mariner 10 magnetic !eld observations in Lepping et al., 1979).
MESSENGER's second and third "ybys will provide additional geogra-
phical coverage near the equator, as the tracks will be approximately
180° away from M1 in longitude. The "yby data provide critical low-
latitude coverage at low altitude.

The three orthogonal magnetic !eld components in a spherical
Mercury body-!xed coordinate system (Br, B!, B") are shown in Fig. 1. As
expected for a dominantly axially dipolar !eld with Earth-like polarity,
the magnetic !eld measured during M1 just south of the equator has
positive (outward) Br (Fig. 1a), negative (northward) B! (Fig. 1b), and
relatively small contributions from B" (Fig. 1c). However, the amplitude
of Br is comparable to that of B!, indicating that an internal !eld
represented purely by a centered dipole cannot explain all of the
observed signal. Fig.1 also showsmodel predictions for the external!elds
during theM1"yby (see section4.1); these canbe a signi!cant fractionof
the observed !elds even at closest approach (Anderson et al., 2008).

3. Method

The magnetic !eld B! in an electrical insulator can be described
through the relation B!=!"!, where ! is a scalar potential. In
planetocentric spherical coordinates (r, !, "), ! can be written via a
spherical harmonic expansion:

W = Ra

X!

l=1

Xl

m=0

Ra

r

! " l + 1! "
gml cos m/! " + hml sin m/! "
# $

" #
Pm
l cos !! "

+
r
Ra

! "l
Gm
l cos m/! " + Hm
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where Ra is the radius of the planet, Plm are the Schmidt partially-
normalized Legendre polynomials, and glm, hlm, Gl

m, and Hl
m are the

(Schmidt partially-normalized) Gauss coef!cients. Terms in r!(l+1)

and rl describe the potential due to sources below and above Ra,
respectively. The spherical harmonic degree and order are denoted by
l and m. The !eld due to a centered dipole is described by the l=1
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terms, and the m=0 terms are symmetric about the planet's rotation
axis. It should be noted here that Eq. (1) is based on the assumption
that the observations are taken in a current-free region, which in
practice is unlikely to be true.

In the case of uncorrelated errors in the observations, the linear
forward problem can be written:

d = Gm + e !2"

where the data vector, d, comprises the observations of Br, B!, and B#;
the model vector, m, comprises the Gauss coef!cients; and e is the
error vector. The matrix G is independent of the model and the
observations but encompasses the spatial distribution of the observa-
tions. In practice, the errors and their statistics are unknown; we
discuss this issue in Section 4.

We focus on techniques that can be used to investigate the internal
!eld. The inverse problem is typically solved by !nding the model, m,

Fig. 1. Magnetic !elds, averaged in 6-s intervals, during the MESSENGER "yby for the time interval in which the internal !eld dominates (Anderson et al., 2008). Time is UTC on 14
January 2008. (a) Radial, Br, (b) colatitudinal, B!, and (c) azimuthal, B" components. MESSENGER observations are shown by the solid line. Other curves are the predicted external
!elds. External !eld models as follows: TS04 (dashed line); a single degree and order 2 spherical harmonic model estimated using observations from all three "ybys (dotted line);
separate degree and order 2 spherical harmonic models estimated for each "yby, with some m=0 coef!cients set to zero (inverted triangles, and see text for full description);
separate degree and order 2 spherical harmonic models estimated for each "yby with all spherical harmonic terms retained (crosses).
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that minimizes in a least squares sense the mis!t of the model
predictions to the observations. The spherical harmonic expansion in
Eq. (1) is limited to internal terms and truncated. Structure in the
resultingmodel is restricted by the truncation imposed. An alternative
approach, used extensively in geomagnetism (e.g., Bloxham et al.,
1989; Parker, 1994; Johnson and Constable, 1995) and applied to the
Voyager I data from the Uranus and Neptune "ybys (Holme and
Bloxham,1996a,b), is to allow power in higher degree and order terms
but to impose a smoothness or damping constraint to avoid unrealistic
structure. The following function is then minimized:

/ = j jWd ! WGm j j2 ! T2 + $ j jRm j j2; !3"

where for independent, uncorrelated observations W is a diagonal
matrix:

W = diag 1= e1;1= e2; :::;1 = eN! "; !4"

and T is the desired tolerance level, which is positive by de!nition. The
!rst term on the right hand side of Eq. (4) is a measure of the model
mis!t, #d; the last term is a model norm, #m de!ned by the matrix R,
and referred to as a smoothness or regularization constraint.
Regularization constraints commonly used are minimization over a
spherical surface of radius Rc of (1) the mean squared total !eld
strength, (2) the radial !eld strength, (3) the horizontal derivative of
the radial !eld strength, or (4) the energy of the magnetostatic !eld
external to the planet. The smoothing norms for all fourminimizations
have the form

R2
l =

Ra

Rc

! " 2l + c0! "
f l! "

X

m
gml
# $2 + hml

# $2h i
!5"

where the integer constant c0 and the function f(l) for each
regularization choice are summarized in Section 5 (see also Table 1
of Holme and Bloxham (1996a,b)). Typically, if core !eld models are
sought, Rc is the radius of the core, since the regularization constraint
is often applied at the core–mantle boundary. This is not always the
case, e.g., minimization of the horizontal derivative of the radial !eld
strength has been previously applied at the planetary surface (Holme
and Bloxham, 1996a).

Minimization of # in Eq. (3) yields the following model solution:

m = WG! "TWG + $RTR
h i!1

WG! "TWd: !6"

The Lagrange multiplier, $, governs the trade-off between data
mis!t and model norm. To !nd the desired solution, models for a
range of $ are calculated, and a trade-off curve of data mis!t versus
model norm is examined. The model with the desired tolerance
should lie close to the knee of the trade-off curve, since that is where
bothmodel norm and datamis!t are relatively small. Amore objective
criterion is to specify a desiredmis!t to the data. If the errors in Eq. (4)
are drawn from zero-mean Gaussian distributions with variances
equal to ei2, the mis!t for the preferred model should equal the
expected value of %N

2. More conservatively, a 95% con!dence limit on
the expected value of %N

2 can be chosen for the tolerance level.

4. Modeling of "yby data

4.1. External !eld models

Two approaches have been used to model external !elds in the M1
magnetic data. In the !rst approach, a magnetospheric model
developed for Earth (Tsyganenko, 1995; Tsyganenko and Sitnov,
2005), hereafter referred to as TS04, is used. External !elds resulting
frommagnetopause and magnetotail currents are included; those due
to ring currents and !eld-aligned currents are excluded because we

have little information on their existence at Mercury. The parameter-
ization is scaled to Mercury (Korth et al., 2004), and the !tting
procedure is described by Anderson et al. (2008). Importantly this
approach is used to !nd a common centered internal dipole !eld
(from all three "ybys) but a separate external !eld for each "yby. TS04
predictions for the M1 "yby are shown in Fig. 1.

In the second approach, internal and external !elds are co-
estimated, using Eq. (1) and singular value decomposition (SVD). An
additional technical issue is that Mercury's external !eld is deter-
mined by the Mercury-solar-orbital (MSO) coordinate system,
whereas the internal !eld is determined by the Mercury-body-!xed
(MBF) coordinate system. External !eld coef!cients can be estimated
in MSO coordinates by including the appropriate rotation matrices in
Eqs. (1) and (2). In practice, the rotation is needed only if an external
!eld is sought that is common to more than one "yby. If distinct
external !elds are estimated for each "yby, the rotation is not needed.

A single internal !eld to degree and order 1 is calculated for all
three "ybys, since the time-invariant internal !eld is of interest here
and this choice permits direct comparison with the TS04 calculations.
Several possibilities for the external !eld can be examined. Because
the external !elds are likely to vary among different "ybys (due to
differing solar wind and interplanetary magnetic !eld conditions), a
separate external !eld for each "yby is !rst determined to spherical
harmonic degree and order 2. This solution is the closest in philosophy
to and in the kind of spatial structure in the external !eld allowed in
the TS04 models. The resulting estimate for the MESSENGER "yby is
shown in Fig. 1. Unfortunately, the sparse data distribution means
that the inversion suffers from poor condition numbers, as evidenced
in the unreasonable amplitude of the predicted B# component in
Fig. 1c. The number of model parameters can be reduced by solving for
external !elds only to degree and order 1. Experiments indicated that
this approach did not allow suf!cient structure in the !eld, an
unsurprising result, since degree and order 2 descriptions are needed
at Earth (e.g., Olsen, 2002) and Mercury's external !eld is unlikely to
contain less structure than its terrestrial counterpart. An alternative
approach, adopted by Purucker et al. (2009—this issue) and shown for
M1 in Fig. 1, is to reduce the number of external !eld coef!cients
estimated, e.g., by setting the m=0 coef!cients to zero for the
equatorial "ybys on the grounds of poor latitudinal coverage. A third
option (Fig. 1) is to estimate a single external !eld model (in MSO
coordinates) to degree and order 2, on the grounds that there will be
some time-invariant component to the structure in the external !eld.

External!elds predicted from the three co-estimationmethods and
from the TS04 model all result in a maximum correction to the total
!eld strength of about 20%. However, examination of the individual
!eld components shows differences in the long-wavelength structure
(and sign) of the external !eld models (Fig. 1). It is not currently
possible to evaluate which of the external !eld models best estimates
the actual !eld signatures. The co-estimation approach is limited by
poor data coverage; the situationwill improve during the orbital phase
as in-situ orbital data inform our quantitative understanding of
Mercury's magnetosphere. The parameterized model has the advan-
tage of including the physical current systems at Earth; however, how
well the adapted model captures the longest wavelength external
!elds at Mercury is not known. Nonetheless, we assume that the
models to date provide a measure of the range of the long-wavelength
external !elds at Mercury. In our subsequent analyses, we investigate
internal !eld models by correcting each component of the magnetic
!eld for external !elds predicted by the TS04 model (Anderson et al.,
2008), and we use the differences among the external !eld models
shown in Fig. 1 to estimate weights for our data.

4.2. Data errors

We consider data errors due to three sources: short-wavelength
features that we do not attempt to model, long-wavelength
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uncertainties in the external !eld, and errors due to attitude
uncertainty. We consider the instrument noise of 0.047 nT (Anderson
et al., 2007) to be negligible. In addition to the MESSENGER "yby data,
we use magnetic !eld data within the magnetopause from the !rst
and third Mariner 10 "ybys (Lepping et al., 1979). As in previous
studies, we use only the inbound (quiet) portion of the data from the
Mariner 10 !rst "yby. All three "yby data sets were corrected for
external !elds predicted by the TS04 model and averaged in 6-s time
intervals (Anderson et al., 2008).

Data from the MESSENGER "yby show short-wavelength pertur-
bations, in particular depressions in the !eld amplitude of 10 to 20 nT
prior to closest approach (Anderson et al., 2008). Similar-amplitude
features are seen in the M10-I and M10-III "ybys and are presumably
due to local plasma effects that cannot be represented with the
formalism used here. These signatures are therefore treated formally
as noise, and we assign a single value to this error contribution for all
!eld components on all "ybys, denoted by &1.

To estimate the long-wavelength error in the external !eld
correction (&2), we take the average of the mean of the absolute
difference between the TS04 model and the co-estimated external
!eld models. We compute a value of &2 separately for each !eld
component for each "yby. The values for (&2

Br, &2
B!, &2

B") in nT are (30,
24, 7) forM10-I, (46, 21, 42) for M10-III, and (12, 32, 9) for M1. Implicit
in this calculation are the assumptions that the TS04 and co-
estimation approaches yield models that span the approximate
range of external !eld solutions, and that the external and internal
!elds are uncorrelated. The second assumption, in particular, is likely
incorrect, but the current data distribution and knowledge of the
external !elds are too limited to justify a more complex approach.

The two sources of errors are assumed to be independent, and we
calculate a combined error associated with the ith data point from

ei =
%%%%%%%%%%%%%%%%%%%%
&2

1 + &2
2

q
!7"

Experimentation showed a choice of &1#12 nT to be reasonable.

For completeness we included errors due to attitude uncertainty,
denoted by !. Errors in the !eld components are no longer isotropic
and uncorrelated, and the data covariance matrix is calculated from

C = WTW
& '!1

+ W2 B2I ! BBT
& '

!8"

where the diagonal matrix, W, is given by Eq. (4) and we use the
maximum magnitude of the !eld along each pro!le for B (Holme and
Bloxham,1995,1996a,b). ThematrixW in Eq. (6) is then replaced by C.
! is estimated to be 0.1° for the MESSENGER data. We were unable to
!nd the attitude uncertainty for the Mariner 10 data, so we used a
value of 0.1° for these "ybys, but we also tested attitude errors of up to
2°. Holme and Bloxham (1996b) showed that attitude errors can be
expected to be minimal, and indeed, the results of our inversions were
unchanged, con!rming that uncertainties in the external !eld are
dominant.

4.3. Internal !eld models

We performed inversions using the different regularization norms
described in Section 3; the resulting models were similar, and we
report here results from the minimum Br norm. The effects of different
norms are discussed in more detail using the simulations reported in
Section 5. Since the data from all three "ybys can be approximated to
!rst order by the !eld due to a dipole aligned with Mercury's rotation
axis (Anderson et al., 2008), we further constrain the problem by
minimizing the contributions to the model from all other terms. In
other words the l=1, m=0 term is not regularized, and we set the
!rst term in Eq. (5) to 0. This allows us to address explicitly the !eld
structure other than an axial dipole that is permitted (or indeed
required) by the data (see also Johnson and Constable, 1995). Our
inversionswereperformedout to spherical harmonic degree and order
8, to ensure that the solution is constrained by the regularization,
rather than by the truncation level. (Note that this is different from the
truncation level of degree and order 6 used by Anderson et al. (2008),
because of the treatment of errors, which is new here.)

Fig. 2. (a)–(c) Selected !eld models along the trade-off curve (d). Field models are shown as maps of |B| at 200 km altitude in nT. Grid lines are every 60° in longitude and 45° in
latitude. Maps are centered on 0° longitude. Locations of "yby ground tracks are shown in black — M1 (dashed-dotted line), M10-I (solid line), M10-III (dashed line). The three
models are for (a) T=1.4, (b) T=0.85, and (c) T=0.80 and are indicated by the red, green, and blue circles on the trade-off curve. The black circle is for the preferred model (Fig. 3).
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Fig. 2 shows the relationship between data mis!t andmodel norm,
accompanied by three selected models to illustrate the effects of
!tting the data to different tolerance levels. We show models for
tolerance levels T=1.4, T=0.85, and T=0.80, corresponding to root-
mean-square (rms) mis!ts of 40 nT, 20 nT, and 19 nT, respectively. The
models are shown in terms of the total !eld magnitude at 200 km
altitude, the lowest altitude at which observations have been made to
date. The model for T=1.4 (Fig. 2a) is dominated by the axial dipole
term, with little contribution from other spherical harmonics. The
regularization constraint contributes heavily to this model. As the
tolerance level is decreased, the model complexity increases as
measured by the model norm. The model for T=0.85 (Fig. 2b) is
quite complex, and that at T=0.8 (only a 1 nT further decrease in rms
mis!t) shows signi!cant structure in areas not sampled by any of the
three "ybys. At T=0.8 (Fig. 2c), the regularization constraint has
much less in"uence on the resulting model, which is no longer
dominated by dipolar !eld structure. Models with a tolerance less
than 1.0 result in unrealistic structure in !elds at the core–mantle
boundary (CMB).

Our preferred model has T=1.06 (95% con!dence limit on the
expected value of %N

2), corresponding to an rms mis!t of 25 nT, and is
shown on the trade-off curve in Fig. 2. A map of the total !eld at
200 km altitude is shown (Fig. 3a) for comparison with the pro!le of
!eld strength as a function of latitude in Fig. 3 of Anderson et al.
(2008). We also show the radial !eld, Br — a more common way of
displaying !eld models, since Br over a spherical surface uniquely
determines the !eld, whereas |B| does not (Backus, 1970). We show Br
evaluated at the CMB, as we are mainly interested in the evaluation of
our models in terms of core !elds. The spherical harmonic coef!cients
are given in Table 1; however, the !eld morphology is of more interest
than the actual values of the coef!cients, since the latter are in part
determined by the covariance inherent in the applied regularization.
The !eld is dominantly dipolar, but substantial non-dipolar latitudinal
(m=0) and longitudinal (m$0) structure can be seen in the !eld

maps (see also Table 1). The model has a dipole moment of 227 nT RM3

with a tilt of 3° and azimuth (i.e., north magnetic pole longitude) of
33°. The spherical harmonic power spectrum, evaluated at the surface
of Mercury, is shown in Fig. 3c. The power spectrum at spherical
harmonic degrees 4 and greater follows the form of the regularization
constraint. Fig. 3d shows the trace elements of the resolution matrix;
these indicate the relative contribution of the data and regularization
constraint to the model coef!cient. A value of 1 indicates that the
model coef!cient is determined exclusively by the data (the case for
our l=1, m=0 coef!cient); a value of 0 indicates that the model
coef!cient is determined exclusively by themodel norm. The apparent
increase in resolution in the l=m terms at and above l=3 is an
artifact due to a combination of the data coverage and aliasing effects.
Model !ts to each !eld component for each "yby are shown in Fig. 4.

4.4. Discussion

Our inversions show that non-dipolar structure is required to !t
the "yby data to within a 95% con!dence limit, even after assigning
conservative errors to the observations. The preferred !eld model
(Fig. 3) shows increased positive Br at the CMB at low latitudes in the
longitude band 0–120° E. A region of increased radial "ux is also seen
at around 30°N, 20°E, in a region sampled by the M10-III trajectory.
Both latitudinal and longitudinal structure in the !eld are required by
the data. Clearly, the second and third Mercury "ybys will provide
critical additional coverage, both in space and time, as they will
provide repeated sampling of a region nearly 180° in longitude away
from the !rst "yby. Long-wavelength differences in the !eldmeasured
during these two "ybys will almost certainly be external in origin, and
both internal and external !eld models will need to re"ect this. Of
particular interest will be the presence or absence of increased radial
"ux at the CMB in the region of these "ybys. The dominant non-axial-
dipole term in the !eld model is the axial quadrupole g20 term, driven
mainly by differences in the !eld amplitude at high and low latitudes

Fig. 3. Preferred model. (a) |B| at 200 km, and (b) Br at the core–mantle boundary (CMB). Map format as in Fig. 2. (c) Spherical harmonic degree power spectrum evaluated at the
surface of Mercury (solid). The axial dipole term (g10) is not included in the power spectrum calculation since it is not regularized. Dashed line shows the functional form of the
regularization constraint. (d) Trace elements of the resolution matrix, ordered in increasing l and m: {g10, g11, h11, g20,….., h88}.

333H. Uno et al. / Earth and Planetary Science Letters 285 (2009) 328–339



that are larger than predicted by a dipole !eld alone. The g20 term in
the regularized inversions is approximately 40% of that obtained with
a degree and order 2 singular value decomposition model, since the
regularization puts as much power as possible into the g10 term and
also allows power to be taken up by terms at higher degree and order.
The model !ts the M10-I "yby data the least well (Fig. 4), showing a
poor !t to all three components. We have observed this result in most
models that !t all three data sets to an overall mis!t level, irrespective
of the modeling technique used. Consequently, even though the
orbital data over the M10-I pass will be at high latitude, the dipole
moment estimated from these passes will help in understanding the
long-wavelength signal in the M10-I data. The similar locations of the
M1 and M10-I passes means that discrepancies between the two data
sets must be explained primarily by either unmodeled long-
wavelength external !eld structure or secular variation. This may be
the source of the bias seen in the !t to the Br component from M1.

The regularization approach allows for direct hypothesis testing of
!elds of different morphologies. We have speci!cally tested whether
structure other than g20 is required by the data. Motivated by the
power in terms below l=4 (Fig. 3c), and the suggested possibility of
long-wavelength structure in the crustal !eld (Aharonson et al.,
2004), we also examined models in which the g10, g30, and g32 terms
were left undamped. However, the model prediction for the
MESSENGER Br and B! observations provided a poor !t to the long-

wavelength structure of the data, and without applying further
constraints the dominant term, is still the g10 term in contrast to the
dominance of g30 predicted by Aharonson et al. (2004). Crustal !elds of
this nature, and depth-integrated crustal magnetizations permitted by
the "yby data collectively, are examined in more detail in the paper by
Purucker et al. (2009-this issue).

5. Recovery of !elds from orbit

Studies of the determination of Mercury's internal !eld from
MESSENGER orbital data have focused primarily on the recovery of
any dipolar signal. Some investigations of the recovery of quadrupole
components have been carried out using different prescriptions for the
external !eld (Korth et al., 2004; Kabin et al., 2008). In the Korth et al.
(2004) approach, an SVD technique is used to estimate l,m=1 and l,
m=2 contributions to the internal !eld. A dif!culty in extending this
approach to model higher-order structure is the incomplete data
coverage to be obtained in orbit. Fitting the data with truncated
solutions that employ global basis functions results in signi!cant power
in unsampled regions, as illustrated in the under-damped solution to
"yby data shown in Fig. 2d. Here we speci!cally address the question of
the kinds of structure in the !eld that might be recoverable from orbit
using regularized spherical harmonic models, under the assumption
that the external!elds can bemodeled and then removed from thedata.

We focus on core !elds — those generated by dynamo action —
both for practical reasons (the maximum resolvable signatures at
periapse will be on the order of the height of the spacecraft above the
core–mantle boundary, #850 km, limiting inversions to those with l,
m%20), and because there has been interest in the literature in core
!eld diagnostics that might be indicative of Mercury's dynamo regime
(Christensen, 2006; Glassmeier et al., 2007; Stanley et al., 2007;
Christensen and Wicht, 2008). We investigate recovery of three core
!eld models generated from numerical dynamo simulations (Stanley
et al., 2007). Thesemodels have been chosen as purely illustrative. We
!rst use one model to show how different regularization norms affect
the resulting inversions assuming negligible noise in the observations.
For a single norm, and including noise in our inversions, we then
examine the recovery of !eld structure from models with different
features at the CMB.

5.1. Simulated orbital data

Orbit tracks for the period 19 March–19 May 2011 were simulated
using the MESSENGER orbit determinations (McAdams et al., 2007).
As reported by Korth et al. (2004), longer time series will aid in
modeling external !elds. Planetocentric latitude, longitude, and radial
distance were determined at 60-s intervals along track. Near periapse
(#60°–70°N) this interval corresponds to an along-track sampling of
180 km, comparable to the spacecraft altitude and less than the
shortest-wavelength detectable core signals. We simulated data for
different core !eld models, along the orbit tracks, retaining only data
below 2100 km altitude, consistent with locations within the
magnetopause during the near-polar M10-III "yby. The simulated
data cover all longitudes and latitudes from 20°S to 80°N. A lower cut-
off altitude reduces the pro!le length retained, affecting the most
southerly latitude sampled, but does not affect recovery of the
longest-wavelength (dipole) !elds.We also included the tracks for the
three MESSENGER "ybys, as these provide low-altitude, low-latitude
coverage. We used spherical harmonic models 1, 5, and 7 from Stanley
et al. (2007). The focus of that paper was to investigate the effect of
inner core size on reverse "ux spots at the CMB; we address this
question brie"y in the discussion, but note here that we simply chose
three models that have quite different structure in Br at the CMB.
Model 1 has a ratio of inner core to outer core of 0.35 (thick-shell
geometry); models 5 and 7 have a radius ratio of 0.8 (thin-shell
geometry); all threemodels are snapshots in time. The originalmodels

Table 1
Gauss coef!cients of the regularized and SVD solutions.

Gauss coef!cients Regularized solution SVD solution

Degree (l) Order (m) glm hlm glm hlm

1 0 !227.1 !169.6
1 1 11.0 7.0 6.7 17.5
2 0 !20.7 !56.0
2 1 3.1 !3.3 7.9 !45.4
2 2 5.1 3.6 13.7 !16.3
3 0 !10.3
3 1 !1.5 !4.3
3 2 5.8 2.3
3 3 1.9 !0.4
4 0 !4.7
4 1 !0.6 !1.7
4 2 2.7 1.5
4 3 1.2 2.0
4 4 1.8 0
5 0 !3.3
5 1 !0.4 !1.2
5 2 0.8 1.0
5 3 !0.2 1.4
5 4 0.3 1.1
5 5 0.7 0.3
6 0 !1.0
6 1 !0.3 !1.0
6 2 0.2 0.1
6 3 !0.5 0.4
6 4 !0.2 0.5
6 5 !0.2 0.5
6 6 0.3 0.1
7 0 0.2
7 1 0.1 !0.4
7 2 0.1 !0.1
7 3 !0.2 !0.0
7 4 !0.1 0.0
7 5 !0.2 0.2
7 6 !0.2 0.1
7 7 0.1 0.1
8 0 0.1
8 1 0.3 !0.1
8 2 0.1 0.1
8 3 !0.1 !0.1
8 4 0.0 !0.1
8 5 0.0 0.0
8 6 0.1 0.1
8 7 !0.1 0.0
8 8 0.0 0.1
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were scaled to the maximum absolute amplitude of the !eld and were
also of different polarities, so for our analyses we scaled all the
coef!cients to a value of g10 of!280 nT. Simulated datawere calculated
using expansions out to degree and order 21; higher degree and order
structure was not observable even near periapse. Noise drawn from a
Gaussian distributionwith a prescribed standard deviationwas added
to the simulated observations before inversion. We did not consider
long-wavelength uncertainties in the external !elds in these simula-
tions, on the grounds that knowledge of the external !elds and their
statistics will improve in orbit and because, as we have seen, it is
currently unclear how best to represent them. Thus the following
simulations give best-case scenarios for internal !eld recovery.

5.2. Effect of regularization norm

Inversions were performed using model 7 of Stanley et al. (2007) to
investigate the effect of different regularizations on the recovered !eld.

As in the analyses of the "yby data, the axial dipole term was not
regularized. Noise drawn from a zero-mean Gaussian distribution with
standard deviation 1 nTwas added; the low noise level was deliberately
chosen so that we could investigate the effects of data distribution and
the inversion technique. Inversions were carried out to l=20 for three
norms: (a) minimizing the rms value of Br over the CMB — we refer to
this as theBr norm (c0=4, and f l! " = l + 1! "2

2l + 1! " in Eq. (5)), (b)minimizing

the rms value of the horizontal gradient of Br over the CMB — the grad

(Br) norm (c0=6, and f l! " = l l + 1! "3
2l + 1! "); and (c)minimizing the energy of

the magnetostatic !eld external to the planet — the energy norm

(c0=1, and f l! " = l + 1! "
2l + 1! "). The functions f(l) show that relative

damping of the higher-degree terms versus the lower-degree terms is
least for the energy norm and greatest for the grad(Br) norm. The
input !eld (Fig. 5a) is dominantly dipolar but has complex structure
with many reverse-polarity "ux patches. These are regions with
opposite polarity to the dipole polarity in the hemisphere in which

Fig. 4. Predictions from preferred model (dashed), together with data corrected for TS04 external !elds (solid), with error bounds (dotted) given by Eq. (7). All three !eld
components are shown for each "yby. Time is UTC on the date of the respective "yby.
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Fig. 5. (a) Br in nT at the CMB expanded to l,m=21 for model 7 of Stanley et al. (2007). Map format as in Fig. 3b. Reverse "ux patches and features A–G are discussed in the text. (b–d)
Recovered models, assuming negligible noise, using (b) grad(Br) norm, (c) Br norm, and (d) energy norm (see text). Color scales for input and recovered !elds are the same.

Fig. 6. Input (left column) and recovered (right column) !eldmodels for threemodels from Stanley et al. (2007), shown in terms of Br in nTat the CMB. (a)–(b)model 1; (c)–(d)model 5,
and (e)–(f) model 7.
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they occur, such as features A, B, C, D, and E (Fig. 5a). In addition
intense "ux patches often occur in oppositely signed pairs, such as
the group of features D, E, F, and G (Fig. 5a).

The recovered dipole momentwas within 2% of the input value in all
three inversions. Short-wavelength structure is damped more heavily
relative to long wavelength structure for the grad(Br) norm (Fig. 5b), as
expected, intermediate for the min(Br) norm (Fig. 5c), and least for the
minimumenergy norm (Fig. 5d). The!eld in the southern hemisphere is
smoothed because of the absence of data south of 20° S; in particular the
intense reverse-"ux patches, E, in the input model are visible only as a
broad, low-amplitude negative Br feature. Substantial longitudinal
structure in the !eld north of about 30° N is resolved in the models, in
particular when the minimum energy norm is used (Fig. 5d). Regions of
increased "ux, C andD, are resolved in all three models, because of their
mid-northern-latitude location and their spatial extent. The resolutionof
the lower-amplitude features A and B depends critically on the second
and third MESSENGER "yby tracks; in simulations with only the orbit
data, these features are dif!cult to resolve separately. The input model
contains a strong octupolar component — approximately 50% of the
dipole term (Stanley et al., 2007). This is evident in all three inversions as
bands of alternating positive and negative Br of about 45° latitudinal
extent.

5.3. Inversions of different core !eld models

On the basis of the results shown in Fig. 5, we chose to use the
minimum energy norm to investigate recovery of core !elds for three
models (models 1, 5, and 7) of Stanley et al. (2007). The input !eld

models are shown in Fig. 6. The !rst model (Fig. 6a) is dominantly
dipolar and exhibits longitudinal structure at all latitudes, including
long-wavelength structure as a function of longitude north of 45° N. A
pair of reverse "ux patches is seen, close to the equator, at longitudes
near 180° W. This model is most Earth-like in its structure. Models 5
(Fig. 6c) and 7 (Fig. 6e) of Stanley et al. (2007) have strong octupolar
components but are quite different in detail. Model 5 exhibits very
little high-latitude structure, with an intense, large region of positive
radial !eld at low northern latitudes, at about 120° W. The features in
model 7 have been discussed in the previous section.

Our inversions included noise drawn from a zero-mean Gaussian
distributionwith standard deviation 10 nT,motivated by the amplitude of
the shorter-wavelength features in the M1 "yby data. Smoothness
imparted by thenoise level rendered it unnecessary to gobeyond l=12 in
the inversions. Importantly, the resultingmodels showthat in all cases the
long-wavelength !eld structure is recovered. Amplitudes are reduced
relative to the input !eld, especially for shorter-spatial-scale features, a
consequence of the regularization. In contrast, least squares or singular
value decomposition solutions resulted in models with completely
unrealistic structure (notably high-amplitude, short-wavelength features
in the southern hemisphere) because of the combined effects of
incomplete data distribution, the use of global basis functions, and
downward continuation. The effect of the 10-fold increase in noise over
the previous set of inversions is evident in the smoother!eldmorphology
seen in Fig. 6(f), compared with the model shown in Fig. 5(d). The
difference between the input and recovered !eld models is shown in
Fig. 7. Model 1 is recovered well (amplitudes in the difference map are
small comparedwith!eld amplitudes),with theexceptionof longitudinal
structurewithin about 20° of the equator.Models 5 and 7 havemore low-
latitude and southern-hemisphere structure that is less well recovered.
For all models, the amplitude of the !eld north of about 25° N is typically
recovered to within 20%, and in the case of model 1, to within 10%.

5.4. Discussion

The results of our simulations are encouraging. In the event that it
is possible to account for long-wavelength external !elds, our
simulations suggest that core !eld modeling using global basis
functions (spherical harmonics) together with regularization con-
straints will enable reasonable recovery of !eld morphology in the
northern hemisphere. It should be possible to generate regularized
internal !eld models to degree and order 10. As shown in Section 4,
examination of the power spectra, together with the resolution
matrix, allows identi!cation of the relative roles of the data and
regularization constraint in determining the resulting model coef!-
cients. In our orbit simulations (and in our analyses of the "yby data)
the choice of regularization constraint was not critical to the results.
The minimum energy norm gave the best recovery of shorter-
wavelength features, and the dipole moment was well recovered in
all cases. Clearly, !eld structure at latitudes within 20° or so of
periapse will be best recovered, due to lower spacecraft altitudes.

Identi!cation of reverse "ux patches requires such features to be of
the appropriate scale length or to be very intense. Reverse "ux patches
have been proposed as a tool to identify the location of Mercury's
tangent cylinder (and hence the ratio of inner to outer core radii), since
in numerical simulations they are observed to occur at latitudes lower
than those at which the tangent cylinder intersects the CMB (Stanley
et al., 2007). Radius ratios greater than 0.7 correspond to latitudes at
which the tangent cylinder intersects the CMB lower than 45°. From a
!eld modeling perspective alone, these thin-shell geometries will be
dif!cult to diagnose because reverse"uxpatcheswill be con!ned to low
latitudes where spacecraft altitudes are high. High-latitude regions of
enhanced radial"ux, such as are seen in the geomagnetic!eld (Bloxham
et al.,1989), should bedetectable in the northernhemisphere, if present.
Particularly powerful during analyses of orbital data will be hypothesis
testing. For example, explicit tests for models such as those that match

Fig. 7. Difference maps (Br in nT at the CMB) for recovered minus input models for
(a) model 1, (b) model 5, (c) model 7.
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the prediction of Aharonson et al. (2004), those with minimal non-
axisymmetric power, and those with speci!c forms for the power
spectrum can be designed. In this paper we have not considered the
issue of recovery of short-wavelength crustal !elds; these may require
the use of local basis functions, such as the equivalent dipole approach.

6. Conclusions

Vector magnetic !eld data from theMariner 10 !rst and third "ybys
and MESSENGER's !rst "yby of Mercury con!rm the presence of an
internal magnetic !eld. Anderson et al. (2008) reported the best-!t
dipole solutions to magnetic data from the three "ybys. In this and a
companion paper (Purucker et al., 2009—this issue), we investigate
structure in the!eld beyond spherical harmonic degree 1. External!elds
may contribute up to 20% of the amplitude in the total !eld, even at
closest approach, and models for these !elds differ in their long-
wavelength structure. We use "yby data corrected for external !elds
predicted by a parametrized magnetospheric model (Tsyganenko and
Sitnov, 2005). In addition, we assign uncertainties to our observations
that re"ect disagreement among current external !eld models,
unmodeled short-wavelength features likely of external origin (Ander-
son et al., 2008), and attitude errors. Regularized inversions of these
corrected and weighted data yield spherical harmonic models for the
internal !eld. The results suggest that signi!cant non-dipolar power in
the !eld is required to !t the data to the 95% con!dence limit. Both
latitudinal and longitudinal structure are seen in the resulting !eld
morphology. In particular, regions of enhanced Br at the core–mantle
boundary are observed in the vicinity of the equatorial "ybys. The
dominant term beyond l=1 in all inversions is the g20 term; however, its
amplitude is reduced in regularized inversions relative to truncated least
squares or singular value decomposition solutions. The spherical
harmonic power spectrum, and the resolution matrix, indicate that
termswith l&4 are determined almost exclusively by the regularization
constraint, reducing unwarranted structure in regions of no data
coverage. Clearly, observations from the second and third MESSENGER
"ybys will provide additional, important, low-latitude coverage.

Recovery of simulated observations during orbit about Mercury
suggests that regularized inversions spherical harmonics can be used
successfully in core !eld modeling, under the important presumption
that long-wavelength external !elds can be properly treated. The
simulations indicate that core !eld morphologies in the northern
hemisphere can be recovered atwavelengths corresponding to spherical
harmonic degrees of about 10 or less. Identi!cation of reverse "ux
patches requires that such features be of the appropriate scale length or
very intense. Oneuseful approach,however,will be to distinguish among
permissible end-member models by hypothesis testing. For example,
thick-shell dynamoswith stably strati!ed layers (Christensen andWicht,
2008)predictdominantlydipolar, axisymmetric,weak!elds, rather than
reverse "ux patches (Stanley et al., 2007), and the need for non-
axisymmetric models to !t the observations can be explicitly tested.
Future modeling efforts require further development of external !eld
models, improved understanding of the covariance structure in the
observations, and testing to determine the best approach to crustal !eld
modeling.
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