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Abstract. A Mars-orbiting sub-millimeter sensor can be
used to retrieve the magnetic field at low altitudes over large
areas of significant planetary crustal magnetism of the sur-
face of Mars from measurements of circularly polarized radi-
ation emitted by the 368 GHz ground-state molecular oxygen
absorption line. We design a full retrieval system for one ex-
ample orbit to show the expected accuracies on the magnetic
field components that one realization of such a Mars satellite
mission could achieve. For one set of measurements around
a tangent profile, we find that the two horizontal components
of the magnetic field can be measured at about 200 nT error
with a vertical resolution of around 4 km from 6 up to 70 km
in tangent altitude. The error is similar regardless of the true
strength of the magnetic field, and it can be reduced by re-
peated measurements over the same area. The method and
some of its potential pitfalls are described and discussed.

1 Introduction

In the past decades, there have been several proposals to fly
a sub-millimeter sensor on a satellite mission to Mars. One
such proposal is to fly the Far-InfraRed Experiment, pre-
sented by Kasai et al. (2012). In their work, Kasai et al.
(2012) show that molecular oxygen, carbon monoxide, water
(even heavy water), ozone, isotopologues of carbon dioxide,

hydrogen peroxide, and various other hydrogen radicals all
should have strong signals in the spectrum of Mars which
they propose to observe. Additionally, wind speed param-
eters along the line of sight should have measurable read-
ings. With this work we aim to develop the idea presented by
Larsson et al. (2013) for remote measurement of magnetism
by utilizing the Zeeman effect (Zeeman, 1897) on molecular
oxygen in its ground state: X (3 X, ). Itis possible to combine
this work with the idea of Kasai et al. (2012) into a single in-
strument that is capable of measuring and mapping both me-
teorological parameters and crustal magnetic structures, but
this work will only focus on the magnetic aspects of flying
such an instrument.

The Martian magnetic field is thought to be a remnant of
a past global dipole that disappeared about 3.5 billion years
ago (Acuiia et al., 1998). All that remains of the past dipole
is several magnetic sources in the crust, which were first
measured in situ by the Magnetometer—Electron Reflec-
tometer on board the Mars Global Surveyor (MGS) orbiter
(Acuiia et al., 1999) down to an altitude of 100km. The
strongest sources are located in the Southern Hemisphere,
with strengths of up to 2000nT at 100km altitude. The
ongoing Mars Atmosphere and Volatile Evolution mission
will provide further coverage of the magnetic field down to
~ 150km altitude in normal mode, but during week-long
campaigns its periapsis will be even lower at ~ 125km al-
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titude, improving the potential to map the crustal magnetism
(Jakosky et al., 2015). There are to our knowledge two
planned landers, InSight (http://insight.jpl.nasa.gov) and Ex-
oMars 2020, that will carry magnetometers to the equatorial
surface of Mars.

The shape and distribution of the present field is informa-
tive for the crustal evolution of Mars (Nimmo and Tanaka,
2005). There are two main ideas about the magnetisms’ for-
mation: either a large impact demagnetized the north, leaving
the south magnetized, or there was a southward migration
of crustal material after the global dipole disappeared (see,
e.g., Connerney et al., 2004, and Citron and Zhong, 2012, for
further discussions). Regardless of the reason, the strongest
crustal field should be associated with the oldest intact crustal
material since these regions are linked to the times when
Mars still had an effective global dipole. Identifying the rea-
sons why the Northern Hemisphere has a lower average ele-
vation, is younger, and also has a less magnetized crust than
the Southern Hemisphere is important for questions related
to, e.g., how similar Mars and Earth were in their early years.
The method we propose for measuring the crustal magnetic
field is useful in this regard, as it allows the determination of
the magnetic field strength at different altitudes in the lower
atmosphere. This means that it would help in the creation
of profiles of magnetic field data that in turn can be used
to estimate the depths, nature, and locations of the crustal
field sources. The estimation of these parameters is beyond
the scope of the paper; the interested reader may check the
work by Brain et al. (2003), Connerney et al. (2004), and
references therein. However, we note from Connerney et al.
(2004) that there is more information about the structure of
the magnetic field that is revealed at 100 km but is hidden
at 400 km altitude (see their Fig. 6). If there are more struc-
tures at even lower altitudes, then these cannot be sampled
by satellite magnetometers. Deep dips below 200 km altitude
cost significant amounts of fuel due to increased air drag and
therefore would shorten the lifetime of a satellite mission.
Finding the crustal sources’ characteristics accurately using
only satellite data is thus difficult — which is why the avail-
able Martian magnetic field models differ in some regions
by up to 2000 nT (cf. Cain et al., 2003; Morschauser et al.,
2014) and the range of the strongest surface field is from
just above 10000 nT up to potentially 20 000 nT (Brain et al.,
2003). The characteristics of the crustal field sources strongly
limit the possible processes that led to the disappearance of
the past dipole and to the north—south dichotomy, making the
crustal sources interesting targets for geological exploration.

2 Method
This work is based only on simulations. We perform limb
simulations around the molecular oxygen absorption line at

368 GHz using a measurement scenario that achieves several
measurements around the same latitude—longitude tangent
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profile during successive satellite revolutions. These simu-
lated measurements are fed into a retrieval toolbox that es-
timates the errors of the magnetic field components in the
tangent profile.

Section 2 is divided as follows. The first subsection sum-
marizes the ideas behind the approach in generic terms. The
second subsection goes over the basic aspects of the mod-
eling theory. The last subsection describes the data required
for the simulations and our practical design choices. Then
Sect. 3 describes and discusses the results. Finally Sect. 4 is
our conclusion.

2.1 Measurement idea

The magnetic field influences the absorption of molecular
oxygen through the Zeeman effect. Molecular oxygen ex-
hibits the clearest Zeeman effect in the sub-millimeter region
of the molecules available in the Martian atmosphere. Other
molecules have either a weaker Zeeman effect or a lower vol-
ume mixing ratio and are therefore less suitable for magnetic
field retrievals. The Zeeman effect changes the energy states
of the molecule to split an otherwise singular absorption line
into several closely separated lines as a linear function of
the strength of the magnetic field. The direction of the mag-
netic field is important as emission and absorption are po-
larized by this splitting. The Martian crustal magnetic field
is strong, but not strong enough to cleanly separate the split
lines from the temperature and pressure broadening of the
line shape. Measuring intensity peaks and valleys of the ra-
diation on a frequency resolved grid to directly get the mag-
netic field strength by peak-to-peak frequency separation is
not possible. Instead, the split lines act to broaden or shift
the absorption profile by a few, up to hundreds of, kilohertz
(kHz). Such frequency broadening or shifting also happens
from increased temperatures and from greater wind veloci-
ties.

So, an important question to ask is how we can distinguish
the atmospheric effects from the magnetic effects on the ab-
sorption line. The most obvious way is to simply measure the
polarization state of the radiation. Neither temperature nor
wind polarizes the radiation, so the level of polarization in the
split/broadened spectra is from the magnetic field in clear-
sky limb view. A full sampling of the polarization state of
the radiation is therefore the best way to retrieve the magnetic
field using the Zeeman effect. However, it is more expensive
and more difficult to build a sensor capable of measuring the
different polarization components (so that the components
then can be combined for the total polarization state of the ra-
diation) than it is to build a sensor capable of measuring just
one polarization component. Assuming we can only measure
one polarization component, is it still possible to get distinct
magnetic information? Our approach has been to set up an
observational strategy that observes the same limb tangent
profile multiple times from several directions during a few
satellite revolutions. Temperature and pressure broaden the
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absorption line shape the same regardless of observational
direction through the limb. Wind shifts the frequency along
just one axis. The total signal strength in a transparent pas-
sively emitting atmosphere is from the number density of the
emitting molecule. What remains of the signal after these ef-
fects are accounted for is therefore the polarization state and
frequency shift due to the Zeeman effect.

2.2 Theoretical considerations

We use the Atmospheric Radiative Transfer Simulator
(ARTS; Buehler et al., 2005; Eriksson et al., 2011) to simu-
late measurements. ARTS is a multi-purpose radiative trans-
fer simulator, originally developed for limb sounding of
Earth’s atmosphere in the microwave spectral range. It cur-
rently handles microwave to infrared radiation and can simu-
late the full Stokes vector in arbitrary viewing geometry, with
or without scattering. Applications for Earth’s atmosphere
have been as diverse as simulating detailed millimeter-wave
three-dimensional radiative transfer through clouds (Davis
et al., 2007) and simulating the infrared outgoing long-wave
radiation leaving Earth to space across the full spectrum
(Buehler et al., 2006). Recently, ARTS was adapted to handle
other solar system planets, such as Mars. The retrieval tool-
box Q-package (Qpack; Eriksson et al., 2005) is used to de-
termine the magnetic field component error. Together, these
code bases set up our retrieval system. The source codes of
both software packages are freely available under the General
Public License (GNU) at http://www.radiativetransfer.org.
The approach to radiative transfer taken by ARTS is to
calculate the monochromatic pencil-beam polarized radiative
transfer equation in Stokes formalism along the path of the
radiation through a three-dimensional inhomogeneous atmo-
sphere and magnetic field. Antenna size, sensor characteris-
tics, and polychromatic signal averaging are considered (as
described by Eriksson et al., 2006). The Zeeman effect mod-
ule of ARTS (Larsson et al., 2014) is applied for these cal-
culations to simulate the left circular polarization component
as observed by the simulated sensor for a 20 MHz passband
of 201 channels of 100 kHz Gaussian shape surrounding the
central absorption line at 368 GHz. The ARTS Zeeman ef-
fect module has been validated using ground-based measure-
ments (Navas-Guzman et al., 2015) and by comparisons with
meteorological satellite measurements (Larsson et al., 2016),
in applications considering the radiation in different states
of polarization. Circular polarization is noticeably more in-
fluenced by the magnetic field than linear polarization, and
10 MHz on both sides of the line captures most of the infor-
mation given by the Zeeman effect. For circular polarization,
the magnetic signal is strongest when the local magnetic field
vector points directly at or is pointing directly away from
the sensor (along the track of the measured radiation). So
in limb-viewing geometry radiative transfer, only the hori-
zontal magnetic field components are important at the tan-
gent point. We expect some sensitivity to the radial compo-
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nent at higher altitudes than the tangent altitude (since part
of the radial component is then along the line of sight), but
the sensitivity to the radial component is expected to be low
since most of the signal is from around the tangent point. If
we measure linear instead of circular polarization, then these
measurements are sensitive to both the radial component and
the horizontal components of the magnetic field. However,
the magnetic signal is significantly weaker for linear than for
circular polarization, so the retrieved magnetic field would
be noisier. The ARTS simulations also give the Jacobian ma-
trix for specified retrieval quantities (in our case the magnetic
field components and, for testing, temperature, wind compo-
nents, and the molecular oxygen volume mixing ratio).

We use a moderately nonlinear error characterization
method, as presented by Rodgers (2000), to estimate the er-
rors associated with a simulated measurement on a retrieval
quantity. This error characterization is from

x=x,+S.K' (KSaKT + se)f1
[y —F@) +K(x —x,)], (1)

where x is the derived atmospheric variables and magnetic
field, x, is the a priori atmospheric variables and magnetic
input at different retrieval grid points (atmospheric pressure
level, latitude, longitude), S, is the covariance matrix of the
a priori, K is the Jacobian matrix, S, is the covariance ma-
trix of the instrument error, y is the simulated measurement
vector (made up of several individual measurements), and
F(x) is the forward-model simulations. With measurements
F(x) # y, however, with pure simulations the terms are iden-
tical. Therefore, the error itself is found from F(x) =y — €,
where € is the random noise of the observation — this “noise”
encompasses every error not accounted for by the simulated
measurement, especially defined instrumental errors. Thus
the retrieval error of Eq. (1) is S,K ' (KS. K" + Se)fle. We
also estimate the smoothing of the calculations by the ma-
trix S;K T (KSaKT + Sé)_lK, which is called the averaging
kernel. This matrix gives information on the measurement re-
sponse of the system and the vertical resolution of the mea-
surements. The method above gives a linear error estimate;
even if a problem is inherently nonlinear, the error is often
still linear (Rodgers, 2000).

About the retrieval grid, as explained in the previous sub-
section, several measurements of radiation from the same
tangent profile can be combined to find the magnetic field
components. The observational geometry is important as the
individual measurements will observe different parts of the
atmosphere at higher altitudes but the same parts of the at-
mosphere at lower altitudes. We therefore use a retrieval grid
that takes the three-dimensional inhomogeneous atmosphere
and magnetic field into account by setting a 3-by-3 grid of
latitudes and longitudes, with the central grid point at the lat-
itude and longitude of the tangent profile. The latitude grid
positions are separated by a change of 2°, with the same hor-
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izontal distance separating the longitude grid positions. We
use a vertical retrieval grid separation of 2 km from O up to
100km. So x, is a 3 x 3 x 51 long vector of inputs per re-
trieval quantity. We note that the measured magnetic field
for the altitude range we have considered (below 100km)
is essentially the planetary crustal magnetism (Brain et al.,
2003). External fields (interplanetary magnetic fields draping
around the conductive ionosphere and induced ionospheric
magnetic fields) play a role at higher altitude, where the solar
wind interacts with the upper atmosphere. In areas of signifi-
cant crustal magnetism, the influence of external fields starts
at altitudes around 500 km (Fig. 11 of Brain et al., 2003);
therefore they are not a concern here.

For S,, we assume that there is no correlation between the
different retrieval quantities but that there is some correla-
tion in spatial distance. For the tests we have performed on
the wind, temperature, and volume mixing ratio retrievals,
we use covariance matrices that work for Earth. For the mag-
netic field components, since the crustal magnetic field is a
mostly static variable at the altitudes below 100 km where
we simulate the measurements, its covariance matrix should
also be mostly static. However, in a Bayesian framework, the
covariance matrix should describe the knowledge we have of
the magnetic field at the time of measurement. As mentioned
earlier, the strongest difference between the models com-
pared in Morschauser et al. (2014) was 2000 nT, but many
sources differ less. So different models give different results.
For simplicity we set the uncertainty of the magnetic field to
1000 nT at all altitudes, and the correlation in altitude is ¢~
after 1 order of magnitude of atmospheric pressure change.
We also set a small correlation between horizontal grids of
e~ ! after a horizontal distance equivalent to 1.5° of latitude
change.

2.3 Model inputs
2.3.1 Orbit and sensor considerations

A circular orbit at 330 km altitude with around a 2 h period,
97° inclination, and ascending node at 0° is used in all sim-
ulations. This orbit was selected ad hoc, such that it is able
to cover Mars in a short time frame with measurements cov-
ering almost a full circle in azimuthal resolution. Other or-
bital parameters can be used to retrieve the magnetic field
as well but require different considerations. An elliptical or-
bit, for instance, will have different vertical resolutions de-
pending on true anomaly, and a less inclined orbit means
that a different measurement scheme has to be adopted and
that fewer poleward latitudes can be sounded — most likely
with increased measurement noise. With enough measure-
ments the measurement noise could be reduced regardless of
orbit. However, the quantitative details of the change of the
measurement noise to any specific orbit change have to be
worked out on a per-orbit basis, so how much the noise can
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be reduced is not possible to tell without doing specific sim-
ulations for a given set of orbital parameters.

With this choice of orbital parameters, we model a sen-
sor with a 30 cm diameter antenna for a vertical resolution
of about 4 km at the tangent points sampled in limb sounding
by an orbiter at 330 km altitude. The antenna size was chosen
for these simulations because it is reasonably small. We will
only simulate left circular polarized radiation, and we assume
1500 K single-sideband system noise temperature. This num-
ber is a rough extrapolation to lower frequencies from the
expected system noise temperature of the Jupiter Icy Moons’
Sub-millimeter Wave Instrument’s 600 GHz band (see Sobis
et al., 2011, 2014, and Treuttel et al., 2016, for more de-
tails on the JUICE/SWI receiver). This extrapolation simply
scales the SWI number by the frequency ratio of the channels
and rounds the results up for good measure. The engineering
has to be done to give a more exact number. We enforce 2 s
as the time of a measurement, dedicating one-third to cali-
bration efforts and the remaining ~ 1.3 s as integration time.

The position of the tangent profiles tracks this orbit as a
pseudo-orbit with the same orbital parameters but with an
ascending node offset by half the longitude drift of a full
satellite revolution. These tangent profiles can be observed in
limb geometry four times within about two revolutions: for
each revolution, once before passing the tangent profile and
once after passing the tangent profile. The tangent altitudes
we select to observe this tangent profile extend from 6 to
78 km altitude, with a 3 km vertical separation for 25 tangent
altitudes. So a total of 100 individual measurements are con-
sidered (25 measurements x 4 observation sets) in the error
characterization. We call the grouping of all these individ-
ual measurements for a given tangent profile a measurement
block. The error characterization of this work is from these
measurement blocks. The results in the next sections track
the tangent profile pseudo-orbit through seven complete rev-
olutions at a distance of 15° of true anomaly between two
retrieval profiles. This is a sufficient number of revolutions
so that we can give the global error characterization.

An example of observation geometry and orbit can be seen
in Fig. 1 (the Supplement provides additional details). As
mentioned, we simulate 201 channels for the sensor. With
100 individual measurements in a measurement block, y is a
20100 long vector, and Kis a 20 100 x (3 x 3 x 51 x n) large
matrix, where n is the number of retrieval quantities (usu-
ally three for the magnetic field components) and the other
numbers are from the retrieval grid. The position of all 100
of these individual measurements in the example of Fig. 1
is shown in panel a. Panel b of the same figure shows the
grouping of individual measurements for one set of obser-
vations of the tangent profile. We call this smaller grouping
a measurement cluster. A satellite moving towards a tangent
profile will, by geometrical necessity, see the tangent alti-
tude increase the closer it gets to the profile, and vice verse a
satellite moving away will see the tangent altitude decrease
the farther away it gets. Finally, panel ¢ shows that there is a
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Figure 1. Example of the geometry of a measurement block.
Panel (a) shows the orbit of a satellite as two thin lines indicat-
ing two satellite revolutions: the satellite positions during the two
observation sets during each revolution in the measurement block
as larger circles, and the mean tangent position of the measurement
block as a cross. This example retrieval point is above a location
of moderate modeled magnetism strength near the equator (750 nT
at surface altitudes crustal magnetism model by Cain et al., 2003).
Panel (b) zooms in to show the satellite positions at one of the clus-
ters of satellite positions. Panel (¢) zooms in to show the tangent
positions. The original intent of the measurement block was to ob-
serve in the center of this block of individual measurements.

slight drift in tangent point positions between different mea-
surements. It is thus expected that the tangent position will
drift slightly; the greater circle of positions that can observe
a tangent altitude does not strictly intersect the satellite or-
bit at discrete time intervals. The drift is accounted for in the
calculations of K and y.

The only spectroscopic effect included in our radiative
transfer calculations is the contribution of the 368 GHz
molecular oxygen absorption line. We select this absorp-
tion line because the Zeeman effect line splitting frequency
is linear in magnetic field strength. So the lower the fre-
quency, the stronger the signal from the magnetic field be-
comes as Doppler broadening is also linear with absorption
line frequency. The reason we are not simulating one of the
60 GHz molecular oxygen band lines is that we consider the
antenna diameter required to have a decent vertical resolu-
tion in limb view as too large to reasonably fly the sensor.
Our line data are from a recently compiled planetary tool-
box, which gives line pressure broadening as a function of
atmospheric composition for mixtures of common planetary
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species! by Mendrok and Eriksson (2014), who assume that
the molecular oxygen pressure broadening by carbon diox-
ide is ~ 20 kHz Pa~! at 296 K for our absorption line. This is
directly taken from the 118 GHz line value presented by Gol-
ubiatnikov et al. (2003). This spectroscopic toolbox allows
for direct calculations in Mars’ carbon-dioxide-rich atmo-
sphere. Note that the collision-induced absorption between
pairs of carbon dioxide molecules is also important for the
total absorption in our frequency range. Using the model by
Ho et al. (1971), we estimate that it can be as important as
adding a 20 K baseline signal for a pencil beam tangential to
the surface. This added absorption is not sufficient to make
the atmosphere opaque. We can anyways ignore this effect
because at 6 km altitude — our lowest tangent altitude — the
collision-induced absorption is much weaker than at the sur-
face. Still, we note this as a lacking feature to be added in the
future.

To summarize the orbit and sensor constraints, we present
Fig. 2 to give an overview of how a simulation of a mea-
surement block looks with the assumptions outlined above.
Panel a contains peak brightness temperature measurements
for two clusters (looking ahead and behind the tangent point)
for one revolution, and again measurements for two clusters
for another revolution, with each cluster having 25 measure-
ments at tangent altitudes between 6 and 78 km. As expected,
the main contribution to the signal strength is the tangent al-
titude (through which the column number densities are reg-
ulated). At 6 km measurement tangent altitude, the radiation
signal has a peak brightness temperature of about 140 K, and
at 78 km the same number is about 10 K. The sinusoidal pat-
tern of measurements in each cluster comes from the resolu-
tion of the spectra: the peaks are at the line centers, and the
valleys are away from the line centers. Only a very small part
of this signal is influenced by the magnetic field. This part of
the signal is not clear from the brightness temperature in pan-
els a—b but is instead shown in the Jacobian panel c. We see
that the magnetic signal is of the order of about 0.2 mK nT~!
as strongest per 2km altitude level per 100kHz spectrom-
eter channel bin. The resolution of the antenna is indicated
from the coverage of the circular central disk of the Jacobian
panel. Again, the simulated full-width vertical resolution is
around 4 km for a 30 cm antenna. The covariance matrix is
shown for completeness in panel d. The figure shows nei-
ther the full K nor the full S, matrices but is zoomed in on a
single sub-matrix. Nevertheless, the figure presents the basic
retrieval setup. The only missing entry required for the er-
ror characterization is S¢. This matrix is not shown because
it is simply filled with a constant describing the noise of the
sensor. This constant is the square root of the system noise
equivalent temperature divided by the integration time times

1our atmospheric and spectroscopic data are available in Exten-
sible Markup Language files designed for ARTS via http://www.
radiativetransfer.org.

Geosci. Instrum. Method. Data Syst., 6, 27-37, 2017


http://www.radiativetransfer.org
http://www.radiativetransfer.org

32

R. Larsson et al.: Simulated Martian magnetism retrievals with orbiting sub-millimeter sensor

Measurement block

1st revolution

2nd revolution

Ahead Behind

Ahead Behind

160
140h
120
100
80
60
40

20 “Iln..‘.m”

a)

Brightness temperature [K]

““IIHHIJ]IH

6 18 33 48 63 78 66 51 36 21

Measurement block zoom
140((b)
120
100

80
60

40

20 A
368.490 368.498 368.505 0
Frequency [GHz]

Brightness temperature [K]

6

368.493 368.513
Frequency [GHz]

18 33 48 63 78 66 51 36 21 6

Measurement tangent altitude [km]

Jacobian matrix zoom
|

7‘: Covariance matrix zoom
c i .
1x10% 5

X —3g0 9% 107 =

0 70 8 x 102 <
6 O X 7 x 102

s —60 6x10° 8
32 1x10 5
pe 240 3%10°C
5 = 2x 102 ©
2 <20 1x10° 3

o ' (@]

S '

2 0 20 40 60 80

Altitude [km]

Figure 2. Example retrieval scenario. This is y, part of K, and part of S, from the example in Fig. 1. Panel (a) is the simulated measurements
y of ARTS with individual clusters marked by their revolution number and looking direction. Each peak corresponds to an individual
measurement — the horizontal axis gives the tangent altitudes. The bottom row zooms in on the marked region of y to show an individual
simulation at 48 km tangent altitude (b), a zoom on the transpose of the K sub-matrix at the tangent point latitude—longitude grid point for
one magnetic component (c), and its corresponding S, sub-matrix (d).

the spectrometer channel full width — which turns out to be
just below 0.1 K2.

2.3.2 Atmosphere and magnetic field models

The molecular oxygen profile is assumed constant at a vol-
ume mixing ratio of 1400 parts per million volume, which
follows the profile reported by Hartogh et al. (2010b). This
profile was derived by observations of the Heterodyne Instru-
ment for the Far Infrared (HIFI) on Herschel as part of the
Herschel Solar System Observations program (Hartogh et al.,
2009) by using a temperature profile derived at the same day
from carbon monoxide observations (Hartogh et al., 2010a).
At altitudes above 90 km, this constant mixing ratio is not
valid (as shown by measurements presented by Sandel et al.,
2015), and it is likely not valid at our lower altitudes either.
However, since we can see the molecular oxygen radiomet-
ric signal even at 78 km altitude, and since a changed mix-
ing ratio only affects the total signal strength, the magnetic
signal — that is, the relative polarization and splitting caused
by the magnetic field — is not affected by this different mix-
ing other than lowering or increasing the sensitive altitude
range. With this selection of volume mixing ratio, we are not
sensitive to molecular oxygen at altitudes much higher than
78 km. This is seen by the low signal strength at this altitude
in Fig. 2a and the reduction compared to lower tangent al-
titudes. Additionally, panel c of the same figure shows that
most of the signal is from around the tangent point, which
is a property of limb observation geometry. Higher-altitude
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molecular oxygen content is therefore not important for our
results.

We use the northern spring (solar longitude Lg = 0°) car-
bon dioxide volume mixing ratio, temperature profile, wind
profile, and pressure profiles from the ARTS planetary tool-
box by Mendrok and Eriksson (2014), who base it on the
Laboratoire de Météorologie Dynamique’s global circulation
model (LMD GCM) by Forget et al. (1999). These atmo-
spheric profiles only provide global averages during the sea-
son. We thus ignore most effects of time since we are in-
terested in demonstrating the feasibility of the technique of
magnetic field measurements on a general basis. Presented
errors are hence of average character. The a priori atmo-
spheric profiles can be constrained by the measurements, but
we have not taken this into account in any of our simula-
tions shown in this work, though we give an example of what
adding the atmospheric components to the error characteriza-
tion means for the errors of the magnetic components. If the
atmospheric parameters are not stable over the 2h of a rev-
olution, then the evolution of the temperature and wind pro-
files must be accounted for in the retrieval setup. This is still
possible without changing the theoretical formalism of the
retrieval setup if the problem remains moderately nonlinear,
but it complicates the preparation of the atmospheric data and
the simulations. From a theoretical point of view, the error
characteristics of the magnetic field will remain moderately
nonlinear even if the temperature, wind, and volume mixing
ratio are accounted for in the retrieval problem because there
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Figure 3. Retrieval information for Fig. 1. The first row shows Qpack output following Eq. (1). Panel (a) shows the response function
per magnetic field component, (b) shows the observation error per magnetic field component, and (¢) shows the vertical resolution per
magnetic field component (zigzag is from discrete number of vertical limb measurements at 3 km spacing). The lower row (d—f) compares
this observational error to a priori magnetic field components. The horizontal dashed line shows the highest tangent altitude.

should be no correlation between the atmospheric parameters
and the magnetic field.

The primary magnetic field in our altitude range is the
crustal magnetic field (Brain et al., 2003). Our model mag-
netic field is from the spherical harmonics fit to a selection of
Mars Global Surveyor crustal magnetic field vector data by
Cain et al. (2003). The magnetic field in ARTS is an extrac-
tion of the fit of Cain et al. (2003) that has been gridded at
a global resolution of 0.5° latitude, 0.5° longitude, and 5 km
altitude from the surface up to 100 km altitude. This means
that the magnetic field is allowed to change along the path of
the radiative transfer in our simulations. If the magnetic field
had changed more dramatically through the radiative transfer
than it does, then this might have reduced the magnetic signal
by changing the polarization of the signal propagation. Since
this is not a problem that we encounter, we will not pursue
any ideas on how to deal with it. The model by Cain et al.
(2003) is based on a 90th-order Legendre polynomial, so
the spatial resolution is limited to ~ 130 km. As mentioned,
other models, such as that of Morschauser et al. (2014), differ
from that of Cain et al. (2003) by about 2000 nT at most (see
Fig. 9 of Morschauser et al., 2014) but are otherwise close.
This 2000 nT difference is therefore an estimation of the ac-
curacy of the magnetic field components with the present
data. Some authors (Brain et al., 2003) speculate that the
strongest field strength at the surface is up to 20 000 nT. Cain
et al. (2003) give the strongest field as 12 000 nT, so 8000 nT
serves as an estimate of the potentially largest discrepancy
today of the crustal magnetic field strength of Mars.
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3 Results and discussions

The structure of this section is that we begin by presenting
the results of running the measurement block of Fig. 1. This
example is used as a generic measurement block, and noise
levels are lower or higher depending on the geometry of ob-
servations. We then present an average for many observa-
tions spread out globally. There is a final summary at the end
of this section showcasing where our results suggest that the
proposed measurements would be useful given the expected
noise levels of individual measurement blocks. Note that we
define the magnetic field components as follows: B, is the
east—west component of the magnetic field, B, is the north—
south component, and B,, is the radial component.

3.1 Example measurement

Figure 3 shows the results of running the retrieval system
for the tangent profile example of the measurement block
in Fig. 1 with the simulated measurements and Jacobian as
in Fig. 2. It shows that the measurement response is good
(i.e., around unity) for the B, and B, components (horizon-
tal components) from the ground up to about 70 km for 16
mostly independent measurements of the magnetic field in
the tangent profile. The B,, component (vertical component)
has a poorer response than the other two components, but
the measurements are in this case sensitive to By, at altitudes
around 40 km. The vertical resolution is about 4 km for B,
and B, over the entire sensitive altitude range because it is
perpendicular to the line of sight in the limb geometry, which
reflects the achievable resolution for the simulated antenna
size and tangent profile altitude spacing. The vertical reso-
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lution is much worse for B,, between 8 and 15 km. The ob-
servational error that B, and B, experience varies between
around 150 to 200 nT in the sensitive altitude range. The ob-
servational error that B,, experiences is much worse, but it
settles close to 300 nT at sensitive altitudes. Note that the ob-
servation errors are low where the measurement response is
low; without measurements there are no errors due to obser-
vations.

As for vertical structures, the main limitation at lower al-
titudes is that pressure broadening hides the magnetic signal,
and the main limitations at higher altitudes is that there is
very little molecular oxygen due to the lower pressure. The
optimal magnetic signal is from around 40 km, which is why
the noise at these altitudes is lower (panel b).

By, is more difficult to detect than the other two compo-
nents because of the characteristics of the Zeeman effect. The
multiple measurements from different azimuthal directions
allow the angle of the magnetic field in the horizontal plane
to be tested almost directly, but B, acts only to broaden the
absorption line in limb view. It is therefore difficult to mea-
sure it without more constraints. In fact, if we add retrievals
of wind, temperature and molecular oxygen volume mixing
ratio to the retrieval problem — thus reducing the constraints
on the retrieval problem — the measurement response to B,
is no longer good at any altitude. So we will ignore By, from
here on since it is not measurable by the presented method.
The horizontal magnetic components are not affected by the
lessened constraints on the atmospheric parameters.

3.2 Suggested operational setup

The average observation errors expected for our suggested
operational setup scenario are presented in Fig. 4. We sim-
ulate only seven revolutions, or about half a Martian day, of
measurements, since this gives a good coverage for the whole
Martian globe with our ad hoc orbit.

We find that the global average profile observation error
for the B, component is 170nT and that the same average
observation error for the B, component is 200 nT. Near the
equator, the two components have similar observation errors
(almost identical to what is shown in Fig. 3). Closer to the
poles, B, has better observation errors, and B, has worse ob-
servation errors. The reason for this is the azimuthal angles
of the observation geometry of a measurement block. With
the selected orbit and observational strategy, the tangent pro-
files are observed from the northeast/west and southeast/west
azimuthal angles at the equator. Near the poles, however, the
azimuthal angles are almost aligned with the east—west direc-
tion. On one hand, this indicates that it is possible to improve
B, observation errors at polar latitudes to the same levels as
B, by more observations from directly north or south of the
tangent profiles. Similarly, it also indicates that it is possible
to improve the equatorial observation errors for both hori-
zontal components to the levels of B, at polar latitudes by
focusing on east-west or north—south observation geometry

Geosci. Instrum. Method. Data Syst., 6, 27-37, 2017

Error in B,-component

250

Latitude

WV
225
11 {200
-\ W75

150

Magnetic uncertainty [nT]

-180 -135 -90 -45 0 45 90 135 180
Longitude
Error in B,-component

&

80 250 =)

60 I

40 225 =

5] <

% 20 z

£ of 200 &

-40r 175 5

-60 %

-80 : . ‘ ‘ : : ‘ ] 150 2
-180 -135 -90 -45 0 45 90 135 180

Longitude

Figure 4. Suggested operational setup scenario. The black lines rep-
resent the orbit through seven revolutions. The maps show the es-
timations for errors per component averaged between 6 and 78 km
altitude.

depending on the component of interest. On the other hand,
if the inclination of the orbit is such that there will be fewer
measurements at higher latitudes, then the errors in the B,
component will be worse than shown in Fig. 4. Clearly, a
highly inclined orbit is beneficial for the suggested measure-
ments when compared to a less inclined orbit.

3.3 Simple estimation of measurable area and a
comparison to satellite magnetometer

We prepared Fig. 5 to show the areas over the Martian sur-
face where these measurements would be useful. This plot
shows the modeled magnetic field strength extracted at dif-
ferent altitudes from Cain et al. (2003). At 40km altitude,
an area covering about 36 % of Mars total area has magnetic
field strengths above 200 nT, with the southern sources be-
ing stronger than the northern sources. The areas with more
than 1000 nT field strength cover about 4 % of the surface at
this altitude. So our suggested measurements are estimated
to provide information on the Martian magnetic field over
somewhere between 4 and 36 % of the area of Mars at 40 km
altitude, i.e., in areas where the crustal magnetism is sig-
nificant. The same area percentages at 20 km are 9 % above
1000 nT and 49 % above 200 nT, and at 60 km the numbers
are 2 and 27 %, respectively. For the rest of the area of Mars,
the method is only capable of confirming the sub-sensitivity
surface field strengths of the Cain et al. (2003) model.
Comparing the 200nT per 4 km noise attainable by sub-
millimeter measurements to satellite-borne magnetometer
measurements by Mars Global Surveyor offers some addi-
tional information into the limitations and possibilities of the
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Figure 5. The modeled magnetic field strength of Mars at 20, 40, and 60 km altitude from Cain et al. (2003). The red contour marks 1000 nT,

and the blue contour marks 200 nT.

sub-millimeter measurements. The MGS magnetometer had
noise levels of only 3 nT during its deep dips to ~ 100km
(Acuiia et al., 1998). At 100km, almost 99 % of the area
of Mars has a magnetic field strength stronger than 3 nT,
with 76 % of the area having a magnetic field strength over
15nT (Cain et al., 2003). How much area a satellite-borne
magnetometer can cover at 100 km altitude during a mission
is therefore mostly limited by the amount of fuel brought
with the satellite to maintain a good orbit after the deep
dips. Measurements far above 100 km altitude contribute less
to understanding the structures of the magnetic field neces-
sary to estimate the strengths, shapes, and locations of the
crustal sources. This is because the structures of the mag-
netic field are hidden by the added distance (as seen in, e.g.,
Fig. 6 by Connerney et al., 2004). The higher altitude of
these more stable orbits are thus less interesting in regards
to crustal sources but nevertheless offer much better noise
levels. The noisier sub-millimeter measurements are able to
sense lower altitudes, and, in contrast to the magnetometer,
this can be done from a stable orbit. We consider that the
measurements of the satellite-borne magnetometers and the
sub-millimeter sensors are complementary to one another,
with satellite magnetometers able to more strictly limit the
orientation and strength of the field and sub-millimeter spec-
trometers more capable to sample low-altitude structures.
Finally, we remind the reader that the magnetic field
strength is mostly static and will smoothly decrease in mag-
nitude with increasing altitude. These potentials have not
been used in the retrieval system presented in this work.
Starting with the altitude, we find 16 data points of errors of
about 200 nT per component from 6 km altitude up to 70 km
altitude. Using these to fit to a model of smoothly decreas-
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ing magnetic field magnitude, the noise should reduce by the
square root of the number of independent data points, poten-
tially fitting such a model to an error of about 50 nT per tan-
gent profile. As also mentioned, we only consider measure-
ments taking place during less than 24 h in this paper. Rea-
sonably, a mission with a stable orbit can survive substan-
tially longer. Throughout the lifetime of the entire mission
it will be possible to measure the static magnetic field over
the same areas multiple times. The error of 200 nT per 4 km
per horizontal component is thus just a beginning and can
be reduced continuously during the mission via proper post-
processing techniques. It is beyond the scope of this work
to analyze such post-processing in detail. We will leave such
details to the future, if or when the sensor concept described
in this work flies to Mars.

4 Conclusions

We have described an idea that makes measurements of the
Martian near-surface crustal magnetic field profiles possi-
ble using remote-sensing techniques by combining several
limb observations. We have performed radiative transfer sim-
ulations for radiation measurements from the atmosphere of
Mars for one orbiting sensor. These radiative transfer sim-
ulations have been fed into a retrieval toolbox to find sen-
sitivities to the magnetic field. Our work shows that limb
observations of the sub-millimeter radiation of one absorp-
tion line of molecular oxygen can be used to measure two
of the three components (the horizontal components) of the
magnetic field with around 200 nT accuracy between 6 and
70 km altitude. The vertical resolution of such measurements
will be about 4km for a 30 cm diameter antenna measur-
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ing the 368 GHz line from an orbit at 330km altitude. The
described measurements are sensitive to the magnetic field
strength over about one-third of the Martian surface, which is
the area where significant localized planetary magnetic fields
exist. We have made few assumptions on correlations in the
retrieval system to let our method enhance measurement sen-
sitivities rather than a priori sensitivities. With reasonable
assumptions on the magnetic source fields or with different
orbit/observation geometry, it should be possible to reduce
the noise further with proper post-processing techniques. We
suggest flying a sensor capable of measuring the molecular
oxygen absorption line at 368 GHz on a satellite mission to
Mars to make a detailed map of the Martian crustal mag-
netic field and thereby help — in combination with available
satellite magnetometer data — to find the depths, shapes, and
positions of the crustal field sources.

5 Data availability

The data and the software are linked and described in the
text. Please refer to http://www.radiativetransfer.org for both
data and models. ARTS is the main focus there. The Qpack
model is part of atmlab, and the atmospheric data are part of
arts-xml-data.

The Supplement related to this article is available online
at doi:10.5194/gi-6-27-2017-supplement.
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