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Key Points:
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+ To establish the model, we adopted equivalent source dipoles in three layers with different buried depths
+ Our model shows less misfit compared with other global crustal field models
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Abstract: Unlike Earth, Mars lacks a global dipolar magnetic field but is dominated by patches of a remnant crustal magnetic field. In
2021, the Chinese Mars Rover will land on the surface of Mars and measure the surface magnetic field along a moving path within the
possible landing region of 20°W-50°W, 20°N-30°N. One scientific target of the Rover is to monitor the variation in surface remnant
magnetic fields and reveal the source of the ionospheric current. An accurate local crustal field model is thus considered necessary as a
field reference. Here we establish a local crust field model for the candidate landing site based on the joint magnetic field data set from
Mars Global Explorer (MGS) and Mars Atmosphere and Volatile Evolution (MAVEN) data combined. The model is composed of 1,296
dipoles, which are set on three layers but at different buried depths. The application of the dipole model to the joint data set allowed us
to calculate the optimal parameters of their dipoles. The calculated results demonstrate that our model has less fitting error than two
other state-of-the art global crustal field models, which would indicate a more reasonable assessment of the surface crustal field from our

model.
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1. Introduction

Since the discovery of a remnant crustal field during the Mars
Global Explorer (MGS) mission (1996-2006; Acuia et al., 1998),
studies associated with the Martian crustal field have bloomed,
and a remnant field model is widely required in these studies (e.g.,
Némec et al.,, 2011; Ma YJ et al, 2014). At present, many global
models of the Martian crustal magnetic field have been estab-
lished (e.g., Purucker et al., 2000; Cain et al., 2003; Chiao et al,,
2006; Langlais et al., 2004; Whaler and Purucker, 2005; Arkani-
Hamed, 2007; Lillis et al., 2008; Morschhauser et al., 2014; Moore
and Bloxham, 2017). However, most models have been estab-
lished based only on measurements from the MGS at an altitude
of about 400 km during its main scientific phase.

After the MGS mission ended, the Mars Atmosphere and Volatile
Evolution (MAVEN) mission (Jakosky et al., 2015) became a second
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mission in which the magnetic field was measured directly with
the magnetometer onboard. By combining the field measure-
ments from the MGS and MAVEN, Langlais et al. (2019) recently
developed a new global remnant field model.

Nonetheless, the values of the magnetic field extrapolated to the
surface of Mars were quite different among these models. As
shown in Figure 1, arbitrarily taking the location of 35°W, 25°N as
an instance, we plotted the altitude profiles of field strength over
this location from the models of Arkani-Hamed (2007), Cain et al.
(2003), Morschhauser et al. (2014), and Langlais et al. (2019), re-
spectively. The differences in the extrapolated field strengths at
low altitudes from these models are quite evident.

Additionally, future Mars missions, particularly the Landers and
Rovers, will carry a magnetometer to measure the magnetic field
on the surface of Mars. For example, the recent InSight mission
carried a magnetometer to measure the magnetic field of the
Mars surface, which is beneficial for magnetic field-based studies
of the Martian interior, ionosphere, and extent to which condi-
tions in the solar wind affect the Martian surface environment
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Figure 1. (a) Topographic map of Mars, on which the candidate landing region of the 2020 Chinese Mars Rover is marked as a red rectangle
whose center (35°W, 25°N) is labeled by a red dot. (b) Height profiles of different models above the site of the red dot. B; is the field strength.

(Johnson et al., 2019; Russell et al., 2019). Therefore, the regional
models used to predict the surface remnant field are vital to fu-
ture Mars missions. With the MGS data, Plattner and Simons
(2015) constructed local models of the Martian South Polar Re-
gion. By combining the MGS and MAVEN data, Mittelholz et al.
(2018a) developed a regional field model in the vicinity of the In-
Sight landing site. Mittelholz et al. (2018b) also constructed a loc-
al field model to select the candidate landing site for the 2020
Mars mission (Mustard et al., 2013).

In 2020, China will launch its first Mars mission since the launch
failure of the Yinghuo-1 probe in 2011 (Geng Y et al.,, 2018). This
mission will include a rover carrying a magnetometer to measure
the surface remnant field (Li CL et al., 2018; Zhao L et al., 2018). Its
scientific goals include exploring the influence of the ionospheric
current on the surface magnetic field (Wei Y et al.,, 2018) and the
influence of the crustal field on the local atmospheric ion escape,
as pointed out recently by MAVEN observations (Fan K et al.,
2019). Thus, having an accurate preestimate of the surface field is
vital for setting the magnetometer range onboard and deploying
the other associated scientific plans.

Considering that the surface fields extrapolated from the present
available global models are quite different, we were motivated to
develop a new local crustal field model based on measurements
from the MGS and MAVEN that would be particularly focused on
the candidate landing region of the 2020 Chinese Mars Rover and
would show less fitting error than that of other global models.

This paper is organized as follows. In Section 2, we introduce the
data set used and the associated spacecraft. In Section 3, we
present our approach to establishing the model. In Section 4, we
compare the misfit of our model with two state-of-the art global
models and calculate the extrapolated surface field by relying on
this new model. In Section 5, we provide a summary and discus-
sion.

2. Data Sets

2.1 Study Region and Spacecraft
As shown by the red rectangle in Figure 1a, the 2020 Chinese Mars
Rover is scheduled to land within the region of 20°W-50°W,
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20°N-30°N. To avoid model truncation at the area boundary, the
region used for establishing the model was expanded to
17°W=53°W, 19°N-31°N in our study.

In this study, the magnetometer data sets of the MGS and MAVEN
were combined for analysis. In the earlier aerobraking period and
the science phasing orbits, the MGS had a large elliptical orbit and
could dip down deeply to an altitude of about 100 km. The sub-
sequent mapping orbit of the MGS became nearly circular, with
an altitude that varied from 360 to 415 km for a long time (March
1999 to November 2006) (Albee et al., 2001). The data set avail-
able from the MGS magnetometer covers the period from 14
September 1997 to 2 November 2006.

The MAVEN mission was launched on 18 November 2013 and
went into orbit around Mars on 21 September 2014. The MAVEN
spacecraft was in an elliptical orbit for a period of 4.5 hours, with a
periapsis altitude of about 150 km (with several campaigns down
to ~125 km) and apoapsis of about 6,200 km. In other words, the
MAVEN orbit had wider altitude coverage than that of the MGS to
measure the remnant field (Connerney et al,, 2015). The data set
from the MAVEN magnetometer used in this study covers the
period from 2 November 2014 to 31 January 2018.

2.2 Data Selection

To establish a reasonable remnant field model, one must try to
minimize the disturbance from external field sources (i.e., mag-
netospheric currents and ionospheric currents) as much as pos-
sible. We adopted the following criteria to constrain the data set:

(1) To predict the surface field more accurately, more data points
with a low altitude were required. To increase the proportion of
low-altitude data points in the data set, we included more data
points from the MAVEN at lower altitudes. Thus, we adopted a
time resolution for the MAVEN data set of 1 sec and for the MGS
data set of 1 min.

(2) Similar to previous global models (e.g. Purucker et al., 2000;
Langlais et al., 2004), we selected only nightside data from the
joint data set to minimize disturbance from the external magnetic
field. Here, nightside is defined as when the solar zenith angle of
the spacecraft is greater than 90°.

(3) Considering that the typical height of the ionopause is about
500 km (Han X et al.,, 2014; Han QQ et al., 2019), we further restric-
ted the data set to altitudes below 500 km to minimize disturb-
ance from the magnetospheric currents.

(4) Mittelholz et al. (2018a) found that the strength of the up-
stream interplanetary magnetic field (IMF) could be seen as a
proxy to separated magnetically quiet and noisy data. They found
that the magnetic measurement of one orbit could be seen in
quiet time if it's upstream IMF strength was, on average, lower
than 3.8 nT. Thus, from the remaining MAVEN data set, we re-
tained only the orbits whose corresponding upstream IMF
strength was, on average, lower than 3.8 nT (Mittelholz et al.,
2018a). The average IMF was calculated by the 30-min average
centered on the apoapsis time when the apoapsis of the MAVEN
orbit was beyond the bow shock model (Trotignon et al., 2006).
Because the MGS did not cross the bow shock during the map-

ping orbit period, we could not exert the IMF criteria to select the
quiet time period for the MGS data set.

(5) To further lower the external field disturbance of the remain-
ing MGS data set, we partitioned the spatial volume (longitude
17°W-53°W, latitude 19°N-31°N, height 350-450 km) into bins of
0.2° X 0.2° X 12.5 km (longitude X latitude x height). We retained
only the bins that included at least 3 data points, and then chose
the data point whose field strength was the bin median as the
representative data point for that bin.

Following the above criteria, we finally collected 10,225 data
points to constitute the MGS data set and 12,386 data points to
constitute the MAVEN data set. The distributions of data points for
the MGS and MAVEN are shown in Figure 2a and 2b, respectively,
and the height profile of all points within the area (17°W-53°W,
19°N-31°N) is shown in Figure 2c. The data points of the MGS
were clearly uniformly distributed in the latitude-longitude plane,
but they had insufficient height coverage. In contrast, the MAVEN
had a wider height coverage but inhomogeneous coverage in the
latitude-longitude plane.

In this study, the planetocentric coordinate system was used. In
this coordinate system, the x-axis points towards 0°E, the y-axis
points toward 90°W, and the z-axis points toward the spin direc-
tion of Mars. At the same time, in the frame of the planetocentric
coordinate system, the associated local spherical coordinates {7, 6,
¢} are defined, where 7 is radially outward, 8 is southward, and ¢ is
eastward. For example, B, By, and B, represent the outward,
southward, and eastward components of the magnetic field, re-
spectively.

3. Approach of the Model

Two general methods are available to build the Martian remnant
field model. One is the spherical harmonic analysis method, which
is done by solving the potential field directly with the boundary
constraints by using the observations from the spacecraft (Cain et
al., 2003; Arkani-Hamed, 2007; Morschhauser et al.,, 2014; Langlais
et al., 2019). The other is the equivalent source dipoles (ESD)
method. In contrast to the spherical harmonic analysis, the ESD
fits the observed field with an assumed distribution of magnetic
dipoles. The ESD was first applied to construct a model of the
Earth’s crustal field (e.g., Mayhew, 1979) and has since been suc-
cessfully applied to build magnetic field models of the Moon (e.g.,
Purucker, 2008), Mercury (Oliveira et al, 2015), and Mars (e.g.,
Purucker et al., 2000; Langlais et al., 2004, 2019; Mittelholz et al.,
2018a, b).

On the basis of the inferred average Martian crustal thickness of
about 50 km (Zuber, 2001; Smith and Zuber, 2002), previous ESD
models of the Martian crustal field have set the dipoles or mag-
netized layers to a depth of about 40 km (e.g. Purucker et al., 2000,
Langlais et al., 2004, Mittelholz et al, 2018a, b). However, the
study by Arkani-Hamed (2005) demonstrated that the same im-
pacts that create craters can demagnetize the uppermost part of
the crust (i.e,, craters of diameters < 50 km can demagnetize the
upper 10-20 km of the crust) and suggested that the magnetic
source could be distributed mainly at depths of 55-45, 90-80, and
100-90 km beneath the Martian surface if hematite, magnetite,
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Figure 2. Distribution of data points from the (a) MGS and (b) MAVEN, respectively. The data points in both panels are colored according to their
heights. (c) Height profile of the magnetic field strength for all the data points.
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Figure 3. Schematic diagram showing the model approach. (a) A set
of dipoles are placed in each layer, with random dipole directions. The
magnetic field observed at point P is the sum of the contributions of
all the dipoles. (b) Each dipole can be decomposed into three
components along the direction of x, y, and z, respectively.

and pyrrhotite were the major magnetic carriers, respectively.

Considering the previous ESD models and the geochemical study
of magnetic sources by Arkani-Hamed (2005), our study adopted
the ESD method to establish a local field model in which the di-
pole sources were set on three layers with different burial depths,
namely, 50, 85, and 95 km, respectively. The region of concern
(17°W=53°W, 19°N-31°N) was partitioned into bins of 1° x 1° (lon-
gitude x latitude). We obtained 432 bins in each layer and 1,296
bins in total. At the center of each bin on each layer, a magnetic
dipole M was set oriented along an arbitrary direction.

As sketched in Figure 3a, our task was to search for the optimal
parameters of these dipoles, including their strengths and direc-
tions, on the three layers to best fit the joint data set. To facilitate
this calculation, each dipole M was decomposed into three com-
ponents, My, My, and M, pointing toward the x, y, and z axes, re-

spectively (see Figure 3b). In other words, to invert the magnetic
sources, we had to calculate the optimal 3,888 parameters for the
dipole moments.

It is well-known that the magnetic field induced by the ith dipole
with an arbitrary orientation is
_HoM; | 3t (M; - i) i

4nr;.j’. 4m}?

(1)

j
where B; is the jth measured field vector induced by the dipole, M;
is the vector of the dipole moment, r;; is the radial vector from the
dipole to the measured data point, and pyo is the magnetic per-
meability; here, j is equal to 1, 2...N, where N is the number of

sampled field vectors, and i is equal to 1, 2...K, where K is the total
number of dipoles we set.

In Cartesian coordinates, the three respective components of a
magnetic field induced by the ith dipole can be expanded via
Equation (1) as follows:

UMy 3Ho (Mi : ’ji) Fjix
By =-— = + i ,
4 i 4m f
8 poMiy . 3o (M; - 1) 1y @)
18y =~ 5 .
4nr;'. 47"]:‘
UMy 3to (M- 1) 1z
B, =- + .
475:’; 41rrf[

Equation (2) can be further rewritten as follows:

bx Gy ny Gy, m,
by = ny ny Gyz ( m,V ) ’ (3)
b, /s G Gy Gz Jypai 3K

m,
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B1x B1y B]z M1x
where bx _ Bzx , by _ BZy , bz — BZz © m, = MZX ,
BNX BNy BNz MKX
M]y M1z
m, = My | and p _| Me
MKy MKZ

Variable G is a transform matrix of dimensions 3N x 3K. Each ele-
ment of G is a matrix of dimensions N x K, which can be written
specifically as follows:

_ 3Ho Inkelnkx

Gy = Z_O <__1 ' @)I GXy = %rNKerKX, xz =

T\Rk Tk Nk Tk

3o Nkx!NKy Mo [ =1 'ile 3o Nkz'NKy

3o Mkl 3o "Ny NKz 1 7
GZX=4LTEO NI:I;W:VKZI Zy=4in° r}I;VK , and GZZ=%(§+%)~

With Equation (3), the basic equation for this model can be ex-
pressed simply as

b=Gm+y, (4)

b, m,
where p = b, | m=| m, |
b, m,

G is a transform matrix that is a function of the relative distance
between dipoles and observation points, and vy is a vector of error.
The least squares solution of Equation (4) can be derived as fol-
lows:

m=(6"6)"G'b. (5)

To solve Equation (5), we adopted the conjugate gradient meth-
od (Hestenes and Stiefel, 1952; Purucker et al.,, 1996) to numeric-
ally calculate m with the initial values (see the detailed algorithm
in Appendix A).

As the number of iterations increases, the root mean square (RMS)
should gradually decrease and converge. From Equation (5), the
RMS after the kth iteration can be calculated as follows:

:
o ¢ (b=Gm (b~ Gm) ©

where the subscript k represents the kth iteration. Note that be-
cause all three field components are involved in the calculation,
the denominator should be 3N instead of N. According to previ-
ous studies (Langlais et al., 2019), when the calculated o, satisfies

Ok — Ok

AOk = Ox

<0.5%, (7)
we terminate the calculation and return to the dipole parameters
we searched for.

If we take Gy = [Gyx Gxy Gxl, Gy = [Gyx Gyy Gyl, and G, =[G G G2,
the RMS after the kth iteration for the By, By, and B, components
can be written respectively as follows:

T
Oy = ¢(bx - mek)N(bx - mek), (8)

-
Oy = ¢(by - Gymk)N(by - Gymk)l ©)

Oy = w(bz - szk)T (bz - szk). (10)

N
Accordingly, the RMS for the strength of the magnetic field can be
written as follows:

B, by) (B,— b
okt= ( t rk)N( t tk)/ (11)

where B, = \/b% + b} + b2, by = \/(mek)2 +(G,my)* + (G,my)*.

However, to solve Equation (5) by least squares, multiple local
minima could be in the space of the dipole parameters. The op-
timal dipole parameters we searched for would depend strongly
on the set of initial values. There is no general way to overcome
this difficulty in principle.

To check the consistency of the final outputs, we tried different
sets of initial values. In our trial calculation, the initial values of the
components M,, My, and M, of all the dipoles were set the same, as
+102 A‘m2, where a is a variable from 0 to 16 with a step of 0.5.

In Figure 43, on the basis of Equations (9) to (12), we show the fi-
nal calculated RMS for By, B,, B,, and B;, respectively, against the
different sets of initial values. Obviously, the calculated RMS was
rather stable when the initial value fell within the range of +10'
A-mZ, and we found that it stably required 18 iterations to termin-
ate the calculation within this range (Figure 4b). We checked the
output for the different sets of initial values and found that the
values of M,, My, and M, we searched for were almost the same
(not shown here).

We also checked the case when the initial values between M,, M,,
and M, were different and found that the outputs were still basic-
ally unchanged if the initial values fell in the range of £10'* A-m?
(not shown here). Thus, to calculate the model parameters, we fi-
nally arbitrarily set the initial values for components M,, M,, and
Myas 1 A-m2,

4. Results

The RMS for all the field components could be calculated based
on Equations (6) to (11). The final output is tabulated in Table 1
and includes a comparison with two state-of-the art global mod-
els, namely, the models by Morschhauser et al. (2014) and Langlais
et al. (2019), hereafter referred to as M14 and L19, respectively.
Note that to calculate the RMS for M14 and L19, one needs to re-
place only the term Gm in Equations (8) to (11) by the magnetic
field inferred from the models. As presented in Table 1, our model
appeared to have significantly less misfit than either M14 or L19.

Figure 5 shows the extrapolated distributions of the radial field
component, B, and field strength, B;, on the Martian surface from
our model compared with M14, and L19, respectively. We found
that the overall distribution patterns of B, and B; were basically the
same for the three models. The major difference, however, con-
sisted of the fine characteristics in some locations. For example,
near the location of 20°W, 30°N, our model predicted a stronger

Li XZ and Rong ZJ et al.: A local Martian crustal field model
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Table 1. Comparison of root mean squares (RMS) for our model with
the models by Morschhauser et al. (2014; M14) and Langlais et al.
(2019; L19).

RMS o (nT)
This study M14 L19
B, 6.590 10.250 9.052
By 7.671 10.026 9.886
B, 5.839 8.052 7.533
B, 6.792 9.665 9.075
By 6.332 8.216 7.784
By 7.080 10.464 9.668
By 7.311 9.967 9.635

field strength (~2,400 nT) than did either the M14 or L19 (~1,500
nT).

Figure 6a and 6b show the distribution of the strength and orient-
ation of the dipoles at each layer, based on the inverted M,, M,,
and M, components for all the dipoles. At least two features can
be observed in Figure 6. First, the dipole moment on the shallow
layer is stronger, which could be the main source responsible for
the surface field. Second, consistent with Figure 5, a stronger sur-
face field corresponds to stronger dipoles in each layer.

5. Summary and Discussion

In this study, we developed a new local Martian crustal field mod-
el with the technique of equivalent magnetic dipoles by combin-
ing the magnetic field measurements of the MGS and MAVEN. Our
model has an advantage over previous dipole models. In previous
dipole models, the dipoles were set with the radial orientation on
only one layer, at a depth of 40 km (e.g., Purucker et al., 2000;
Langlais et al., 2004). In contrast, the dipoles in our model were set
to be more relaxed, with arbitrary orientations on the three layers.

The dipole parameters of our model were solved by least squares
when applied to the joint data set. To guarantee the consistency
of the dipole parameters we searched for, different trials of initial
parameter values were conducted. The final dipole parameters
yielded by this process demonstrated that our model had much
lower fitting error in comparison with the two other state-of-the
art global models. Thus, from our model, the field extrapolated to
the Martian surface would be more reasonable than those from
the previous global models.

The lower error of our model can easily be understood in that the
local contributions could have been smoothed out in the global
models. This is also why a local field model is required to infer the
local surface field.

Comparison of our model with the global models suggests that
the extrapolated surface field from our model could be more in-
homogeneous and that the field strength in some locations could
be much stronger than those predicted by the global models.
Thus, we suggest that the magnetometer carried by the 2020
Chinese Rover should be designed with a wider range to measure
the inhomogeneity of the surface field.

Several points about our model should be discussed and caution
exercised:

(1) In principle, the misfit or RMS should decrease with an in-
crease in the number of dipoles. A model with more dipoles could
fit the data better; however, more dipoles would result in a great-
er expense of calculation time. Moreover, to maintain the solvabil-
ity of Equation (5), the number of dipoles in the model should be
less than the number of data points.

(2) One may argue that the initial value we chose could be unreas-
onable and that calculation could terminate at some local minima.
To test this argument, we could use a field data set generated by
L19 at the lower altitude to invert the dipole moments by our
model, and the inverted dipole moments could be seen as more
reasonable initial values to run our model again when subjected

Li XZ and Rong ZJ et al.: A local Martian crustal field model
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to the field data set of spacecraft. In the data set of L19, the spa-
tial volume at the lower altitude (longitude 17°W-53°W, latitude
19°N-31°N, height 0-100 km) was partitioned into bins with a
volume of 0.2° x 0.2° x 10 km (longitude X latitude x height). The
magnetic fields at the center of these bins calculated by L19 con-
stitute the field data set. We applied our model to this data set to
invert the dipole moments at the three layers (the initial values for
the dipoles were set as 1 A-m2). We then input the inverted di-
poles as initial values to run our model again when subjected to
the joint data set of the spacecraft. Finally, with the dipoles inver-

ted in this way, we found the RMS of the model (not shown here),
and the magnetic field pattern extrapolated to the surface of Mars
did not change significantly (see Figure 7).

(3) The field components of some small-scale magnetic anomalies
would attenuate quickly with height. Consequently, these com-
ponents of the field could not be recorded significantly by the
spacecraft at higher altitudes. It is unknown whether our model of
the three-layer dipoles can infer these field components accur-
ately on the surface of Mars with the data set from the spacecraft
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Figure 7. The upper panels show (a) the extrapolated radial magnetic field and (b) the magnetic field strength on the surface of Mars when the
initial input values of the dipoles were set as 1 A-m2. This is the same as shown in Figure 5. The lower panels show (c) the radial magnetic field and
(d) the magnetic field strength when the initial values were calculated from the data set of L19 (the model by Langlais et al., 2019).

at high altitudes. Considering that the magnetometer onboard
the InSight mission has so far provided unique magnetic field
measurements on the surface of Mars (Johnson et al., 2020), we
will check our model by comparison with the magnetometer data
from InSight in the next study.

(4) We must mention that because of the inversion equivalence,
the three-layer dipoles in our model may not reflect the actual
pattern of the magnetic sources. It is necessary to explore other
possible sources by combining our model with geological and
geochemical studies in the future.
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Appendix A: The Conjugate Gradient Method

The conjugate gradient method is a classical method for solving
symmetric positive definite linear equations. The idea of the con-
jugate gradient method is to find a pair of directions that are con-
jugate to each other according to the positive definite matrix, and
then obtain the optimal solution along each conjugate direction.

The equation for the optimization problem can generally be writ-
ten as follows:

b=GX+v, (A1)

where b is a vector of the observation input, G is a transform mat-
rix, X is a vector of the model parameters, and v is a vector of the
random error.

Variable G may not be a positive definite matrix; thus, Equation

(A1) can be transformed as follows:
G'GX=G'b. (A2)

If we take Q =G'G, B =G’ b, Equation (A2) can be rewritten as fol-

lows:

QX =B. (A3)

Thus, the task becomes finding an optimal solution, x* of X, to
minimize (QX — B) (QX - B).

In the kth iteration of the conjugate gradient method, it needs to
find direction d, along which y = (QX - B)"(QX — B) decreases the
fastest; it then needs to calculate the optimization step size q.

For the first iteration,

do = fo = B - OXOI (A4)
T
roro
a = , (AS)
°" dlad,

where Xj is the vector of initial values, aq is the initial step, and r, is
the vector of initial error.

For a subsequent kth iteration, the optimization direction should
be conjugate orthogonal to any other optimization direction:

f:fk
di=rc+ T di, (A6)
PR
ry = B - QXk, (A7)
where we have
Xis1 = Xy + aidy, (A8)
dr
ap= == (A9)
d, Qdy
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