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Abstract Since there are currently no magnetic field measurements made at Mars’ surface, it is not
possible to directly monitor the temporal variability of the external field as it is done on Earth’s ground
magnetic observatories. In this paper we examine two indirect ways of quantifying this external field. First,
we directly use Mars Global Surveyor magnetic field measurements to quantify the level of variability of the
external field. We sort the measurements on a fine spatial mesh, 0.8∘ × 0.8∘ at the equator. We then subtract
for each bin and measurement the internal, crustal (static) field without any a priori modeling. We finally
compute daily averages of the individual residuals to obtain a time series of an in situ proxy. Second,
we use the Advanced Composition Explorer mission which measures the solar wind about 1 h upstream
of the Earth at the L1 Lagrange point. These measurements are extrapolated to Mars’ position taking into
account the orbital configurations of the Mars-Earth system and the average velocity of particles carrying
the interplanetary magnetic field to obtain a remote proxy time series. We compare these time series
and demonstrate that they are complementary. When Mars and the Earth are close to the same Parker
spiral arm, in situ and remote series have correlation coefficients close to 0.5. We show how these series,
or proxies, can help to select magnetic field measurements on Mars. This dual approach and these proxies
will especially be useful for upcoming magnetic field measurements made around or at the surface of Mars.

1. Introduction

Mars possesses no dynamic magnetic field of internal deep core origin as is the case for the Earth or for
Mercury. Instead, Mars is characterized by an intense and localized magnetic field of crustal origin. This field
is the result of past magnetization and demagnetization processes and reflects Mars’ evolution of its interior
and surface. Some parts of the planet, especially in the southern highlands, are associated with very intense
magnetic fields, up to 1500 nT at 90 km altitude as was recorded by the magnetic field experiment on board
MGS—Mars Global Surveyor [Acuña et al., 1999]. More than half of the planet is devoid of significant crustal
magnetic field at satellite altitude [Langlais et al., 2004], which creates a heterogeneous picture of the Martian
magnetic field.

This crustal internal magnetic field nonetheless interacts with Mars’ ionized environment to create a complex
external magnetic field system. Because it is closely related to the Sun, the external field displays a periodicity
in relation with the position of the Sun and has also a signature which can be connected to the solar wind. The
crustal field of Mars is very heterogeneous, and the interactions may therefore be diverse, depending both
on the location and the local time [Brain, 2006]. This very dynamic external field may hamper the detailed
modeling and analysis of the internal, crustal magnetic field at some places or times [Jackson, 2007; Finlay
et al., 2016].

The monitoring of the temporal and spatial variations of the external magnetic field is important for several
aspects. First, the consequences of intense solar activity can damage Earth’s-orbiting spacecraft’s instruments
or even reach the surface and cause major troubles to electrical network (see, for instance, descriptions and
studies of a major solar storm in 2003, known as the 2003 Halloween magnetic superstorm [Dryer et al., 2004;
Kappenman, 2005, and references therein]). In the case of Mars, it is well known that energetic particles of the
solar wind interact directly with the surface [Crider et al., 2005]. Localized but intense magnetic field anoma-
lies in the southern hemisphere may create mini-magnetospheres, and auroras were recorded in their vicinity
[Leblanc et al., 2008]. A second aspect is related to the properties of the Martian interior in relation with electro-
magnetic induction studies [Civet and Tarits, 2014]. It is possible to infer the electrical conductivity parameter
through the separation of the time varying inducing external field and of the induced magnetic response by
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conductive shell(s) inside the planet. Detailed characterization of the Martian crustal magnetic field anomalies
and of their sources also depends on the quality of the measurements and on our ability to separate inter-
nal and external field variations. All these topics, therefore, require some knowledge and description of the
external magnetic field temporal variability.

There are currently no magnetic field measurements made at Mars’ surface, and it is not possible to directly
monitor its temporal variations as it is done on Earth. We can, however, explore alternative ways to estimate
this variability. In this study we examine two indirect ways to quantify and characterize this external field
and to possibly improve the data selection for internal field studies. The first one is local, as it is based on in
situ MGS magnetic field measurements. The second one is referred to as a remote approach, and it makes
use of solar wind measurements around the Earth and extrapolated to Mars’ position. These two approaches
are complementary, as it is discussed in the following sections. These time series, or proxies, can be used a
posteriori to analyze existing measurements, but the remote proxy can also be used in near real time, provided
that Mars and the Earth are in favorable positions.

The outline of the paper is the following. After a description of some external field variations on Mars, we
present two methods (in situ and remote) to derive time series characterizing the external field temporal
variability on Mars. We then describe the results and discuss long-term, short-term, and spatial variations of
the local time series and compare the in situ and remote results. We briefly discuss how our results may be
used to define quiet versus active magnetic periods and to improve data selection for internal field studies.
We finally conclude the paper by giving some possible future use and directions.

2. Observed External Magnetic Field Variability

Mars Global Surveyor stayed in orbit around Mars between September 1997 and November 2006. During the
first 18 months MGS was on an elliptical orbit, until March 1999 when it started its Mapping Orbit cycles. The
characteristics of the orbits were the following. MGS flew on a Sun-synchronous orbit, at 2 P.M. and 2 A.M.
The altitude varied between 370 and 438 km, but the periapsis was fixed in latitude. MGS completed 100
mapping cycles, each cycle lasting 28 days, with a complete coverage of the planet every 88 orbits or 7 days.
As a consequence, MGS visited each location (within 1∘) at a constant altitude roughly once a week.

This particular geometry allows to focus on variable (external) versus static (internal) magnetic fields: every
time the satellite flies above a given location, it senses the same internal magnetic field, and any observed
variation between measurements acquired at different times may be related to external origin. This is illus-
trated by Figure 1, where we show seven orbits crossing the equator between 144.4 and 150.0∘ east longitude.
Each orbit is separated by 7 days, as denoted by the day of year (DOY) value for year 2003. Only nightside
measurements are shown, and there is no correction to remove any crustal field from an a priori model. There
is a global trend which is reproduced for at least five orbits, with a field decreasing in intensity between −10
and 5∘ latitude, from about 30 to 5 nT, followed by a field increasing, up to about 15 nT. Two orbits present a
different signature. On DOY 303 the field reaches about 45 nT slightly north of the equator, much more than
what was measured 1 week before. On DOY 311, it does not increase in the northern hemisphere anymore
but stays at a low level.

This feature was already observed by Crider et al. [2005] and reported as being associated with the occurrence
on Mars of a huge coronal mass ejection which took place a couple of days earlier. It corresponds to the 2003
Halloween magnetic superstorm. The trajectory of the solar wind is usually approximated by an arithmetic
spiral, known as the Parker spiral [Parker, 1958]. Whenever Mars and the Earth are close to the same arm of
the Parker spiral (Figure 2 and subsection 3.2), the transit time between the Earth and Mars can be estimated.
On 28 October 2003, and assuming a mean solar wind speed of 400 km s−1, the total travel shift between the
Earth and Mars would have been close to 3.8 days. We note, however, that for this particular event, the solar
wind was much faster, as velocity measurement up to 2000 km s−1 was reported when it passed the Earth
[Skoug et al., 2004], implying a traveltime between the Sun and the Earth shorter than 1 day. Crider et al. [2005]
reported an average speed close to 1340 km s−1 between the Sun and Mars for the same event. The traveltime
from the Earth to Mars was under 1 day, thus implying an important slowdown after crossing Earth’s orbit.

This example illustrates the high variability of the magnetic field around Mars related to the external activ-
ity. The magnetic field measured during active periods can be 3 times that measured during normal, quiet
periods. The situation on the dayside (not shown) can be even worse. This motivates our study, which aims at
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Figure 1. Total field measurements acquired during seven orbits between DOYs 282 and 325 of 2003 and passing over
the same location.

characterizing the external field and its temporal variability on Mars on a global scale, in a similar way to what
is done on Earth.

3. Method
3.1. In Situ Approach
Terrestrial external activity indices are based on ground observations. The magnetic field is continuously mea-
sured at several fixed locations. Daily periodic variations and transient ones can be straightforward identified
and separated, and proxies for the external activity can be computed. There are no such observatories on

Figure 2. Mars’ (red squares) and Earth’s (blue squares) positions with respect to the Parker Spiral (in purple), at the
beginning and end of period 3 as defined in the text (DOYs 142 and 278 of 2003, respectively). Δt1 corresponds to the
radial displacement (dotted line) from Earth’s to Mars’ orbit at the solar wind speed (assumed to be constant and equal
to 400 km s−1). Δt2 corresponds to the along-orbit displacement, at the Sun’s rotation speed (≃615 km s−1). At the
beginning of the period (label 142), Δt1 + Δt2 ≃ 0 (because Δt2 ≤ 0). At the end of the period Δt1 + Δt2 ≃ 3.0 days.
Blue arrows and filled squares show the position of Mars and the Earth at the time of the 2003 Halloween magnetic
superstorm (DOY 303).
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Mars; as a consequence one must examine different ways to estimate such a proxy and to separate periodic
from transient external magnetic field variations.

We follow a virtual observatory approach, in a similar manner to what can be done on Earth with spacecraft
measurements Mandea and Olsen [2006]. We take advantage of the geometry of the MGS mission while it was
in the Mapping Orbit phases. MGS flew over the same location and local time every 7 days or so. More than
50 × 106 measurements were acquired on each side (2:00 A.M. and 2:00 P.M.) and between ±63∘ latitude.
Polar areas are not considered in this study, because the local time changes too fast over these latitudes.
Measurements are first sorted on an equisurface grid. A constant 0.8∘ latitudinal increment is considered, with
a varying longitudinal one equal to 0.8×cos(latitude). The size of a bin at the equator is 0.8∘ × 0.8∘ ≃ 2200 km2.
In the sorted data set, the observed altitude range does not vary by more than 5 km for all but a few bins
and is always lower than 8 km. There are on average 878 measurements per bin, acquired during (on average)
74 different orbits or days. These numbers guarantee that the measured magnetic field time series over a
specific location is representative of both the static magnetic field (both of crustal and external origin) and its
temporal variations, if any.

In the following we use two coordinate systems. The first one is denoted MBF for Mars Body Fixed, a planeto-
centered Cartesian system in which Z is along the rotation axis, X is perpendicular to Z and lies in the equatorial
plane in the direction of the prime meridian as defined by the IAU, and Y completes the right-handed set. The
second one is denoted MSS for Mars-Sun State reference frame. X always points toward the Sun, Z is northward
perpendicular to the orbital plane, and Y again completes the right-handed set. In this second system, dayside
corresponds to positive X .

We consider the three components of the measured Martian field in the MBF reference frame and on the
nightside. For each equisurface bin the median magnetic field is identified. This median value at a given loca-
tion may be seen as the static field for this location, regardless of its origin (internal or external). It is further
independent of any a priori model which could be used to remove the crustal field. This median value is sub-
tracted from individual measurements, and the individual residuals are then rotated to the MSS coordinate
system. This leads to sparse time series of magnetic field components in the MSS system for each geographic
bin. Finally, all individual residuals of all bins are considered to compute statistics on varying time windows and
for the entire planet. We consider the Martian daily arithmetic mean, hereafter denoted L1N, and the associ-
ated Martian daily standard deviation, hereafter denoted L2N. The letter N is chosen because these quantities
refer to the nightside measurements. Similar statistics are computed on the dayside, by subtracting from the
measurements the median value estimated with the nightside measurements. These dayside quantities are
denoted L1D and L2D, respectively (D for the dayside).

3.2. A Remote Approach
An alternative possibility to monitor the temporal variation of the external field at Mars is to consider mea-
surements made close to the Earth and extrapolated to the position of Mars. For this purpose we use
measurements made by the NASA mission Advanced Composition Explorer (ACE) launched in 1997. This mis-
sion monitors the characteristics of the solar wind and of the interplanetary magnetic field (IMF) at the L1
Lagrange point between the Earth and the Sun. At this location the satellite captures parameters of the solar
wind about 1.5×106 km or 1 h upstream of the bow shock resulting from interaction of the solar and the
Earth’s main magnetic field (assuming a constant solar wind speed at 400 km s−1). These measurements are
thus solely sensitive to the solar wind temporal variability.

These measurements may be extrapolated to Mars’ position [Civet and Tarits, 2014]. The IMF is propagated
along Parker’s spiral arms (see Figure 2), only when the Earth and Mars are close to the same arm. The time
shift we compute takes into account both radial Δt1 and along-orbit Δt2 displacement. A constant solar wind
speed of 400 km s−1 is assumed for Δt1. This is a very simple assumption, as there were no measurements of
the solar wind at Mars prior to Mars Atmosphere and Volatile EvolutioN (MAVEN) [Halekas et al., 2015]. This
assumption also allows to ignore the effects of stream interactions [Vennerstrøm et al., 2003] which otherwise
would have to be taken into account if using the measured solar wind velocity by ACE. At this mean speed, the
solar wind takes about 1.6 days to travel from Earth’s orbit to Mars’ orbit (at perihelion). The difference in solar
longitude between Earth and Mars is also taken into account by Δt2 which assumes a Sun rotation period of
27 days [Vennerstrøm et al., 2003; Edberg et al., 2010]. This along-orbit correction may thus be negative and
cancel out the radial one, if Mars is located ahead of the position of the Earth at its orbit.
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Figure 3. Daily magnetic (top) L1D and (bottom) L1N time series (BX MSS component). Horizontal bars in Figure 3
(bottom) indicate the four periods when Mars and Earth were close to the same arm of the Parker spiral. Red arrows
denote perihelion, and the blue arrow corresponds to the occurrence of the 2003 Halloween magnetic superstorm
on Mars.

As for the in situ magnetic field approach, only the BX component (with X pointing toward the Sun) is taken
into account. The time-shifted, 1 Hz measurements are averaged on a Martian daily basis. The arithmetic mean
and the standard deviations are computed and denoted L1R and L2R, respectively (R stands for remote). In
the following we impose the total time shift to lie between 0 and 3 days, which restricts the time period to a
duration of about 120 to 140 days. Computing the full time series since the beginning of the MGS mission is
not possible, because ACE measurements cannot be continuously extrapolated to Mars’ orbit.

4. Results
4.1. Long-Term Trends
The in situ and remote approaches allow the different quantities and time series to be compared and dis-
cussed. We first show in Figures 3 and 4 the in situ MSS BX component L1 and L2 nightside and dayside time
series, respectively. The entire time series goes from March 1999 until November 2006. The BX component
was chosen as this is the one showing the most variability on the nightside. The dayside series shows larger

Figure 4. Same as Figure 3 but for the L2D and L2N time series.
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amplitudes (±15 nT on average on the dayside versus ±7 nT on the nightside); this is related to the solar wind
which directly interacts with the planetary atmosphere [Brain et al., 2003]. The time series for the BY and BZ

components are given as supporting information, Figures S1 to S4. It should be noted that the BY component
displays a strong variability on the dayside too, which is anticorrelated to the dayside BX one. The amplitude of
the nightside BY component is, however, very weak, generally remaining below ±1 nT, with extrema at ±4 nT.
Similar observations can be done with the BZ component. At MGS mapping altitude (400 km), the tail lobe is
not flared.

First, looking at the L1 time series (Figure 3), one can see a clear and visible periodic component in L1D and
L1N time series. Both series indeed display a long-term periodic variation, whose period is the rotation period
of Mars around the Sun (687 days, close to 22 months). Such a periodicity was already observed [e.g., Brain,
2006]. BX reaches a maximum (minimum) level on the nightside when Mars is at perihelion (aphelion). The
correlation coefficient between the dayside and nightside time series is equal to −0.788 for the entire time
interval. The BY component is anticorrelated with BX on the dayside, with a correlation coefficient of −0.840.
This is also consistent with draping patterns of the solar wind magnetic field around Mars [Crider et al., 2004].
However, it shows only a weak annual periodicity on the nightside and is not correlated with the dayside one.
The third component BZ shows no clear trend and is not correlated to BX and BY (correlation coefficients lower
than 0.1).

The L2 time series aim at looking at the temporal variability of the signal. When this L2 quantity is at a low level,
the external field is more stable over a given period. Maximum values inversely correspond to disturbed days.
Looking at these L2D and L2N time series (Figure 4) reveals an almost annual cycle, which is especially visible
on the dayside. The difference in amplitude of the signal is more important between both times series, 35 nT
on the nightside versus 60 nT on the dayside. BX has globally larger values when Mars is at perihelion. This
is however not systematic, as, for instance, the peak seems to postdate the 2003 and 2005 perihelions. The
lowest values are also lower on the nightside. On the nightside a global decreasing trend can be seen, with a
mean L2N proxy which is 10% less intense in 2006 than in 1999. This may be related to the decreasing solar
activity, with a solar minimum reached in 2008. Dayside and nightside proxies remain remarkably correlated,
with an overall correlation coefficient equal to 0.856 for the entire period.

4.2. Short-Term Trends
It is necessary to reduce the considered time interval in order to investigate shorter-term trends and variations.
There are 6 independent time series containing more than 200 consecutive L1 and L2 estimates. The longest
one spans the time interval between 2003.46 and 2004.69 and contains 436 and 447 samples for the nightside
and dayside time series, respectively. We show these time series in Figure 5.

During the considered time interval, the dayside and nightside series are anticorrelated at−0.820. The MSS BX

changes sign every 13 days on average, with a repeated pattern having a 26–27 day periodicity. This period
corresponds to the rotation of the Sun. Such periodicities were already observed for the draping direction of
the solar wind magnetic field [e.g., Brain et al., 2006] but for a more limited time period and above northern
latitudes only. On the dayside, the BX and BY (not shown for the specific period, but it can be seen in the
supporting information) have a correlation coefficient equal to −0.890, while there is no correlation between
these components on the nightside.

We high-pass filtered the L1D and L1N time series for this time interval. We use a cosine-taper, rejecting all
periods larger than 20 days and passing those smaller than 15 days. These filtered time series are shown in
Figures 5b and 5c. The signal becomes very small on the nightside, lower than a few nT on average, although
the correlation coefficient between the unfiltered and filtered time series remains at 0.672. On the dayside
this coefficient is equal to 0.695, and the filtered L1D has ±10 nT extrema.

These extreme values in the L1 series are not reached when the Halloween magnetic superstorm hit Mars on
30 October 2003, i.e., DOY 305 of 2003. It is indicated with a blue arrow in Figure 5. There is no clear signature
in the L1D and L1N series: the abrupt decrease could tentatively be seen as evidence of this event, but such
decreases are seen at other time periods. In addition, the filtered times series show no special behavior around
that day.

The L2D an L2N time series (Figures 5d and 5e) remain remarkably similar, with a correlation coefficient equal
to 0.906. There is no 26–27 day periodic signal in those series, but there remains a 13 day one which is more
visible in the L2D series. Because the L2 quantity is related to the stability of the external signal for a given day,
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Figure 5. Comparison of the different time series between 2003.46 and 2004.69 (longest interval with consecutive time
samples). (a) L1D (red) and L1N (black). (b) High-pass filtered L1N. (c) High-pass filtered L1D. (d) L2N. (e) L2D. On each
panel the blue arrow corresponds to the occurrence of the 2003 Halloween magnetic superstorm on Mars.

this 13 day period simply corresponds to the sign change of the BX component every 13 days. The dayside and
nightside series have a mean value at 18.4 and 7.3 nT, but they may exceed 55 and 30 nT, respectively. These
times series, especially the L2N one, can be used to identify magnetic events. There are, for instance, strong
variations around the arrival of the Halloween magnetic superstorm. Around that day, L2D and L2N reach the
second most intense values observed during the entire time series (the maximum was recorded during the
second half of 2001). For comparison, on Earth this superstorm was associated with a Dst reaching a value as
low as −400 nT, which is one of the most extreme values ever recorded.

4.3. Spatial Variations and Directions of the External Field
We have so far considered all the measurements, with the exception of those poleward of 63∘ absolute lati-
tude. The crustal, static field is removed from each measurement, which allows a stacking on the dayside and
the nightside. In this subsection we investigate possible latitudinal variations.

We follow the same approach as previously to compute north and south time series. We choose to retain
measurements only between −40∘ and −30∘ latitude for the southern hemisphere, and between 30∘ and
40∘ latitude for the northern hemisphere. For consistency and clarity we restrict the time interval to the one
between 2003.46 and 2004.69 (see the previous subsection). These time series are denoted L1Ds and L1Ns
(L1Dn and L1Nn) for the southern (northern) hemisphere.
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Figure 6. Comparison of the different L1D and L2D for all latitudes (red), −40∘/−30∘ (blue) or 30∘/40∘ (green).

The time series on the nightside are almost identical at northern and southern latitudes (correlation exceeds
0.840), but they slightly differ on the dayside, especially for southern latitudes. The correlation coefficient
between that series and the L1D one decreases to 0.497, while it is 0.710 at northern latitudes. We show in
Figure 6 the L1 and L2 time series on the dayside and for the northern, southern, or all latitudes. Note that
the displayed time interval is shorter than for Figure 5, because the series has less consecutive estimates.
The northern hemisphere series shows enhanced variations, with more positive or more negative values. On
the contrary, the southern hemisphere series has less pronounced variations. Regarding the L2D series, the
southern hemisphere series tends to show larger values, this is especially visible at the end of the displayed
time interval. On the nightside, differences between the two hemispheres are not significant.

This north-south difference is further confirmed when looking at the mean orientation of the external field in
the horizontal plane. We define 𝛼 = arctan(BX , BY ). For an external field pointing toward the Sun, 𝛼 = 0∘. We
show this angle in Figure 7, again for the time interval between 2003.46 and 2004.69. We binned the angles
per 10∘, and we present the results under the form of a rose diagram. The external field has two preferential
directions on each side of the planet. On the dayside, it is mostly at −65∘/115∘, i.e., subperpendicular to the
Mars-Sun direction. On the nightside it is mostly −15∘/165∘, i.e., at 50∘ of the dayside preferential directions
and subparallel to the Mars-Sun direction. The same behavior is observed at northern latitudes (even if there
seem to be a +10∘ shift with respect to all latitudes. The picture is very different for the southern latitudes,
where the preferential directions remain similar but with less occurrence.

This spatial behavior of the external field around Mars is probably related to the dichotomy between the very
intense magnetic field anomalies found in the southern hemisphere and their almost complete absence in
the northern hemisphere. In the southern hemisphere the crustal field exceeds 100 nT in numerous loca-
tions at the altitude of the measurements. This crustal field interacts with the external field, creating so-called
mini-magnetospheres [Brain and Halekas, 2013], and this may explain why the external field shows more
diverse directions in the southern hemisphere.

4.4. Comparison With Remote Estimates
Finally, we compare our in situ estimates of the external field around Mars to the one we built by extrapolating
ACE measurements to the location of the planet. This comparison is important for two reasons. First, the in
situ approach can be validated by the remote one. Second, the remote approach can be used to monitor the
external field variations at Mars even when there are no local measurements or when existing measurements
are not suited for the in situ approach. There are four periods during which Mars and the Earth were close to
the same arm of the Parker spiral, as indicated by the horizontal bars in Figures 3 and 4. In the following we
focus on the second and third periods, in 2001 and 2003 (periods 1 and 4 occurred mid-1999 and at the end
of 2005, respectively). It is important to note that Mars reached perihelion after period 2 and during period
3 (in August 2003).

We present these series in Figure 8. Because the in situ time series show much more variability than the remote
one, a three-sample simple moving average filter is first applied to all series. The filtering is consistent with
the maximum time shift of 3 days we impose. It also gives a lower limit on the expected temporal accuracy of
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Figure 7. Angle distribution of the external field in the MSS X-Y plan (+X in the direction of the Sun), on the dayside
(red) and nightside (black), and for different latitude ranges. Angle bins are 10∘ wide. The outer circle corresponds to
15%, and the intermediate ones to 5 and 10%, respectively.

the extrapolated remote proxy. A quick and visual comparison reveals that the in situ and remote L1 and L2
time series are anticorrelated and correlated, respectively. The L1R series is actually correlated with the L1D
one, which is itself anticorrelated with the L1N one shown here (see Figure 5a).

As for the in situ time series there is a dominant period at 26–27 days in the L1R series. This is especially visible
during period 3, when the series changes sign every 13 days or so. The amplitude of the signal is less important
during period 2 and may blur the periodic signal. The L2R series shows very little periodicity, except maybe
during period 3 where some sign changes in the L1R one are associated with slightly larger L2R values. That is
however not a systematic feature, and this is not present during period 2. The amplitude of the signal is about
half that of the local proxy.
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Figure 8. Comparison of the in situ nightside L1N and L2N (black) and remote (red) L1R and L2R time series. The time
shift is between 0 and 3 days between the vertical dashed gray lines, and lower than 0 or larger than 3 outside them
(gray and light red curves). (a) L1 and (b) L2 time series during period 2. (c) L1 and (d) L2 time series during period 3.
Blue arrow corresponds to the occurrence of the 2003 Halloween magnetic superstorm on Mars.

The correlation coefficients between the different proxies are given in Table 1. They are of the order of −0.7
for the L1 proxies and close to about 0.5 of the L2 ones. The correlation is poorer for the first period, which
is also the shortest one. The 2003 Halloween magnetic superstorm event is indicated in Figure 8 by the blue
arrow. The magnetic field as measured by ACE reached only 68 nT, a large but not exceptional value [Skoug
et al., 2004]. There is a sharp decrease of the L1 proxy, while the L2 proxy abruptly increases from 3 nT to 16 nT.
This signature is comparable to that observed with the in situ L1N and L2N series (Figure 5), although it seems

Table 1. Correlation Coefficients Between the Local L1N, L2N and Remote L1R, L2R Series for the Four Time Periods
Considered in This Studya

1.5 ± 1.5 (days) 1.5 ± 2.5 (days)

Period N (days) L1 L2 N (days) L1 L2

First 28 −0.674 0.166 60 −0.411 0.333

Second 106 −0.555 0.219 176 −0.434 0.247

Third 123 −0.836 0.665 180 −0.777 0.251

Fourth 67 −0.652 0.612 117 −0.462 0.435

All 324 −0.702 0.488 554 −0.555 0.304
aLeft part corresponds to periods when the total time shift lies between 0 and 3 days, while the right part corresponds

to periods when the total time shift is expanded to between −1 and 4 days. N is the number of days for the considered
period.
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Figure 9. MGS total field measurements (nightside, about 400 km altitude) above the crustal dichotomy and south of
Elysium Planitia. Remarkable features are Albor Tholus volcano (close to the north boundary) and craters Eddie (86 km,
12.3∘N, 142.2∘E), Gale (154 km, 5.4∘S, 137.8∘E), Wien (115 km, 10.6∘S, 139.8∘E), and Lasswitz (108 km, 9.3∘S, 138.3∘E).
(left) Measurements acquired during the quietest days. (right) Measurements acquired during the most active days.
Scale is in nanotesla.

to be shifted by 1 day or so with respect to the in situ approach. This event took place when the time delay
(assuming a constant solar wind speed of 400 km s−1) was slightly larger than 3 days, thus subject to larger
errors and poorer temporal correlation. In addition, the solar wind was much faster, and this may explain why
the remote proxy appears to be 1 or 2 days behind the local proxy.

When considering larger time intervals, corresponding to larger time shifts, the comparison between the in
situ and the remote series becomes less favorable. They show more differences, with correlation coefficients
decreasing to−0.5 and 0.3 for the L1 and L2 series, respectively. The extrapolation of solar wind magnetic field
from the Earth to Mars is only possible during short, about 120 to 140 day long, time periods. In the absence of
in situ measurements, the remote proxy may also have a poor time resolution, especially when strong events
can be identified in the L2R time series. In this case the proxy may be late by 1 or 2 days. The proxy may still be
used to select measurements, provided that the temporal behavior of the proxy is considered and not only
its magnitude.

5. Discussion: Data Selection for Internal Field Studies

We now turn to a possible application of the in situ and remote approaches we develop to monitor the external
field temporal variations. Indeed, such estimates on Earth are routinely used to select magnetic field mea-
surements (at surface observatories or on board orbiting spacecraft) for internal magnetic field modeling
purposes, in order to reduce the external magnetic field variability. So-called quiet/active periods are defined,
corresponding to periods when the external field variability is low/large, using magnetic field proxies or activ-
ity indices. These are, for instance, the planetary index Kp or the ring current index Dst, which are routinely
produced using ground observatory measurements [Mayaud, 1980]. In the end, only a small fraction (typically
between 10 and 20%) of the available measurements are selected during these quiet periods and later used
to derive geomagnetic field models [Sabaka et al., 2015].

The L2N time series we present in the study is not sensitive to geographic location on Mars (similar behavior
in the southern and northern hemispheres) and shows very little periodicity with the exception of moderate
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peaks associated with sign changes in the L1N series. We therefore propose to use it as one would use the Dst
or another external field proxy on Earth to identify quiet external field conditions and to select magnetic field
measurements for internal field studies.

We present and compare in Figure 9 raw magnetic field measurements made during the quietest periods
to those made during the most active ones, as defined by the in situ L2N time series or proxy. We define
the quietest measurement days by limiting the L2N proxy to 4.5 nT. This corresponds to keeping 9.2% of the
measurements. Conversely, the most active days are those during which the proxy is larger than 11 nT. It
corresponds to keeping only 10.5% of the measurements. These maximum and minimum values are chosen so
that they correspond to keeping about 10% of the measurements for the quiet and active times, respectively.
It is interesting to note that most of the quietest days are found in the last 2 years of the mission, as is expected
from Figure 4.

The differences between the two maps are striking. The quiet measurements allow the clear identification of
magnetic highs and lows. The magnetic field is below 10 nT almost everywhere in the lowlands north of the
dichotomy but on the eastern edge of the displayed area (this corresponds to Aeolis Dorsa). There are two
magnetic highs, one slightly south of the Wien and Lasswitz craters, and another on the southeast corner.
These two local highs cannot be distinguished on the disturbed right map, where the magnetic field above the
lowlands is closer to 30 nT. Lithospheric field studies on the Earth have been shown to be very dependent on
(drastic) data selection to eliminate transient external field and to improve the signal-to-noise ratio by keeping
only the quietest time periods [e.g., Thébault et al., 2016]. This problem has not been tackled on Mars yet
because there were no such indices or proxies to identify these periods. This example highlights the possible
use of the L2N proxy for data selection for crustal field modeling on Mars.

6. Conclusion

In this paper we describe nightside and dayside time series based on in situ measurements of the magnetic
field around Mars to describe the external magnetic field variability. We use measurements which are repeat-
edly made at (or near to) the same location and correct these measurements from the ambient, static field,
before computing daily averages and associated root-mean-square values. This is very similar to what is done
for terrestrial indices, as they are computed from ground observatory magnetic field measurements. Our time
series rely only on magnetic field measurements expressed in the Mars-Sun State reference frame, without
any a priori modeling step. We make use of measurements acquired all around the planet, and we do not
restrict our approach to areas where the crustal magnetic field is weak. The nightside (2:00 A.M.) and day-
side (2:00 P.M.) daily mean horizontal (Sun pointing) magnetic field signals are extremely well anticorrelated,
showing two main periods at 26-27 days and 22 months. The daily standard deviations on both sides of the
planets do correlate and do not show any temporal periodicity. A closer look at the mean orientation of the
external field on the dayside reveals that it is sensitive to the large magnetic field anomalies in the southern
hemisphere. The external field is, however, well organized and is mostly almost perpendicular to the Sun-Mars
direction on the dayside and almost parallel on the nightside.

We also consider magnetic field measurements made close to the Earth by ACE spacecraft and extrapolated
to Mars. ACE continuously monitors the interplanetary magnetic field and the solar wind. The extrapolation
assumes a constant solar wind speed radially between Earth’s and Mars’ orbit. When we limit the total time
shift to lie between 0 and 3 days, we again observe a very good anticorrelation between the extrapolated L1R
time series and the in situ L1N one, with the same period of 26–27 days and 22 months. The L2R and L2N
proxies are also similar, with correlation coefficients close to 0.5.

The comparison of these nightside in situ (based on along-orbit measurements) and remote (extrapolated to
Mars’ orbit) time series confirms that magnetic events of external origin can affect the two planets. Our study
further demonstrates that it is possible to use remote magnetic field measurements to monitor the external
magnetic field activity on Mars, provided that Mars and the Earth are close to the same arm of the Parker
spiral, and despite a poorer time resolution. This configuration occurs only during 120 to 140 day long time
periods, i.e., 15% of the time. This is not the ideal case, but it may provide useful information in the absence of
in situ measurements. At the same time, the in situ proxy, or more exactly its temporal difference with respect
to the remote one, may provide some constraints on the propagation of strong interplanetary coronal mass
ejection between the Earth and Mars [Génot et al., 2010; Falkenberg et al., 2011]. A geographical approach, in
which areas of weak versus strong intense crustal fields would be separately considered, could also bring some
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insights on the solar wind interaction with the Martian environment [Brain et al., 2006]. Interesting features
could also be identified when the MAVEN mission will return a complete local time coverage.

This nightside L2N time series will be used to improve the signal-to-noise ratio of the measurements used to
model the internal magnetic field of Mars, using MGS and also MAVEN measurements. Because MAVEN has
different orbital characteristics [Jakosky et al., 2015], a slightly different approach will have to be considered,
but the remote approach will still be used to validate the in situ one. This remote approach can also be used
to study the electrical conductivity of Mars [Civet and Tarits, 2014; Menvielle et al., 2000]. This indeed usually
requires continuous time series of magnetic field measurements and some constraints on the geometry of
the magnetic source, i.e., the external field. Our estimates can thus complete existing but incomplete local
time series and describe the temporal variability of the external field, including its main direction. This will
be especially useful during the forthcoming INterior Exploration using Seismic Investigations, Geodesy, and
Heat Transport—InSight mission to Mars [Banerdt et al., 2013]. This mission will deploy a Seismic Experiment
for Interior Structure (SEIS) at the surface of Mars [Lognonne et al., 2015]. This instrument is sensitive to mag-
netic field variations, and a magnetometer is included in the payload to monitor these variations. Our remote
approach may be used to complete and validate these measurements, at least on the (Martian) daily timescale.
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