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Abstract

In this work, we demonstrate the possibility to determine the true North direction on Mars by using
a gnomon on the InSight mission. The Sun local coordinates are computed using the analytical
solution VSOPS8T for the planetary ephemeris. The Sun position in the sky induce specific gnomon
shadow orientation and length that can be read on a target. By comparing the images of the
shadow with the expected position of the Sun, we can determine the true North direction with
an accuracy up to 1°, well within the seismic requirement of 5°, even if the lander position or
the gnomon verticality are not accurate. To achieve this result, we determine the best periods of
observation during the SEIS deployment phase in December 2018. A total period of 5 hours has
been identified on mornings and evenings on Mars, during which the impact of errors on position
and verticality on the true North direction are minimised.

NASA’s InSight landing on Mars is scheduled for November 2018 !. The space probe has among
its instruments the seismometer SEIS (Seismic Experience for Interior Structure) (Lognonné et al.,
2011), a single seismic station that will be deployed on a planet on which no model of seismic
propagation waves has ever been made by previous missions. See Lognonné et al. (2018) for a
complete description of the SEIS experiment and Lognonné and Johnson (2015) for review on
planetary seismology, including Mars.

The measurement of the azimuth of seismic waves is offering a direct measurement of the
propagation of seismic waves: for body waves, P compressional waves are indeed longitudinal while
S waves are transverse and the same properties applied for surface waves and for Rayleigh and Love
waves respectively. Measuring these features through the determination of the back-azimuth of
the waves in 3 axis seismograms is therefore one of the first processing made on seismograms, just
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after the arrival time determination (e.g. Bormann et al. (2009)). This back-azimuth is therefore
key in all single station location technics, either used on Earth (e.g. Braak (1910) and many works
in the following century) or planned on Mars for InSIght (Panning et al., 2015; Khan et al., 2016;
Bose et al., 2017) and given in more detail by Clinton et al. (2018). In addition and for signals
suspected to be associated to impacts, the back-azimuth will provide together with an estimated
epicentral distance obtained from either differential P and S arrival time or P and Surface waves
differential arrival time, the possibility to request orbiters to map the Mars surface for determining
the exact position of the fresh impacts (see Daubar et al. (2018) for more details). The same will
be requested to understand the signature of dust devils and of wind generated noise (e.g. Kenda
et al. (2017)), as both might generate surface features documented by high resolution imaging (e.g.
Reiss et al. (2016) for a review).

The precise knowledge of the azimuth of the three oblique axes of the Very Broad Band sensor
(VBB) and two horizontal Short Period sensor (SP) is therefore mandatory to achieve the location
of quakes and impacts and this knowledge was required to be known better than 5°. The SEIS
experiment is equipped with a handle used by InSight to deploy the experiment on the surface.
This handle will also be used as a gnomon. A gnomon is the main tool of a sundial: a vertical stick
projecting a shadow on a target which enables to determine the Sun position in the sky, and thus
by extension the seismometer position and orientation on Mars surface. The SEIS sundial will
provide a secondary measurement, in addition to the one made by the Inertial Measurement Unit
(IMU) just after the landing. The IMU will define the precise orientation of the lander too and
can therefore be used for extrapolating the one of SEIS from the High resolution pictures taken
by InSight cameras (Maki et al., 2018).

In this paper, we describe the method used to determine the true North direction by using
the SEIS gnomon. In the first part, we compute the Sun coordinates for an observer located on
Mars. Those coordinates are required to provide indirectly the size and location of the shadow of
the gnomon on the target. Then in a second part, we describe the gnomon and the target used on
SEIS to determine the Sun position. We also describe the method used to extract the orientation
of SEIS from images taken by InSight. Finally, we quantify the different errors that can affect the
true North determination.

1. Solar coordinates for a Martian observer

The position of the shadow of the gnomon over the seismometer SEIS is determined by the
Sun position in the sky for a Martian observer. In this paper, we investigate the case of the Sun
local coordinates at the InSight expected landing site in Elysium Planitia (Golombek et al., 2017)
during December 2018, the first images of the sundial are scheduled for December 20.

1.1. Transformation to the areocentric coordinates system

To obtain the heliocentric coordinates of Mars, we use the ephemeris obtained by the analytical
planetary solution VSOP87 (Bretagnon, 1982; Bretagnon and Francou, 1988). VSOPS87 is a theory
for the motion of the eight planets based on a Poisson series expansion of the solutions. VSOP87
is not the last version available of the VSOP solution, but its accuracy for Mars of 1” over 4000
years after J2000 is sufficient in the case of this study.

For any given date, the VSOP87 solution provides the true position vector 75,  of Mars in
the heliocentric reference frame (Og, X', Y, Z’) associated to the mean ecliptic at J2000. Thus,
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the Sun true position vector 7 ’ in the areocentric reference frame (O, X’ Y’ Z’) is given by a
translation from the Sun center to Mars center.

1.1.1. Mars orientation parameters according to Konopliv et al. (20006, 2016)

Determination of the Sun local coordinates for a Martian observer requires to express the vector
7 ' in a reference frame associated to the Martian equator and based on a prime meridian. The
prime meridian for planets is defined by IAU (e.g. Archinal et al. (2011)) and based on observable
fixed surface features. To do so, Mars orientation with respect to the mean ecliptic J2000 reference
frame is needed. The global solution for Mars orientation provided by Konopliv et al. (2006, 2016)
is based on the tracking data collection from Mars Global Surveyor, Mars Reconnaissance Orbiter
or MER Opportunity, and other data sets from Mars Odyssey, Mars Pathfinder or Viking Lander.
Using the values of the different angles, we can transform the coordinates from the mean ecliptic
J2000 reference frame to the Mars true equator of date reference frame (Figure 1).
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Figure 1: Mars orientation parameters as expressed in Konopliv et al. (2006)

The Sun position vector 7 in the Martian true equator of date reference frame (O, X,Y, Z)
and based on the prime meridian is given by:

where R, and R, are the rotation matrices defined as
1 0 0

R.(0)=1|0 <cosf sinf |,
0 —sinf cos6

cosf sinf 0
R.(6)= [ —sinf cosf 0
0 0 1



Q) is the longitude of the ascending node of Mars orbit at J1980, ¢ is the inclination of Mars
orbit at J1980, I is Mars obliquity with respect to the orbital plane at J1980, ¥ is Mars true
equator longitude with respect to the orbital plane J1980, and ® is the prime meridian longitude.
The new reference frame (O, XY, Z) is thus oriented according to the Martian prime meridian
and the Martian true North direction. The numerical values of the different angles are given in
Table 1. W and [ are also affected by precession and nutation such as

U(t) =W, + Ut + Uy, (2)
I(t) = I, + It + Ly, (3)

where the components due to nutation ¥,,; and I,,,; are expressed as series with coefficients given
by Konopliv et al. (2006).

Parameter Value Source

Q (deg) 49.6167 Konopliv et al. (2006)
i (deg) 1.85137 Konopliv et al. (2006)*
U, (deg) 81.9683988 Konopliv et al. (2016)
U, (mas/year) —7608.3  Konopliv et al. (2016)
I, (deg) 25.1893823 Konopliv et al. (2016)
I, (mas/year) —2.0 Konopliv et al. (2016)

*A mistake has been corrected here
for the inclination value.

Table 1: Mars orientation parameters

1.1.2. Mars orientation parameters according to IAU

TAU also defines the orientation parameters for the different planets of the Solar System (Archi-
nal et al., 2011). The angles used by IAU to define Mars orientation are represented on Figure
2.

Those parameters are defined with respect to the ICRF equator, a reference frame very close
to the dynamical J2000 reference frame (with a precision of about 0.1 arcsecond, corresponding
to about 94 m on Mars surface). The true North direction is defined by right ascension «, and
declination d,, and the prime meridian defined by the angle W with respect to the Martian equator
node. The numerical values given by IAU for Mars are

a, = 317.68143 — 0.10617, (4)
J, = 52.88650 — 0.06097, (5)
W = 176.630 + 350.89198226d, (6)
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Figure 2: Mars orientation parameters as defined by IAU

where T is time since J2000 expressed in centuries and d time since J2000 expressed in terrestrial
days. This orientation model for Mars does not include the nutation and is also based on older
observations than the model given by Konopliv et al. (2016). The error induced on the true North
direction when recent observations and nutation are not included in the orientation parameters
calculation could then be quantified by comparing the two different orientation models.

1.2. Planetocentric/planetographic coordinates

The planet oblateness is introduced by a transformation from planetocentric coordinates to
planetographic coordinates. The planetographic coordinates are based on the surface normal,
while the planetocentric coordinates are based on the planet center. The transformation from
planetographic latitude ¢ to planetocentric latitude ¢ is given by (e.g. Meeus (1998))

tan¢’ = (1 — f)*tan ¢, (7)

where f is the oblateness coefficient or flattening® defined as g = 1 — f with a and b being

respectively the planet equatorial and polar radius. On Mars, at ¢’ = 45°, we obtain ¢ — ¢/ =
0.3893°, i.e. a maximum difference of about 23 kilometers on the surface. However, close to the
equator (¢ close to 0), the difference between ¢ and ¢’ is small.

1.8. Transformation to the local Martian reference frame

The Sun right ascension «, and declination 9, in the Martian equatorial reference frame can be
calculated from the Sun position vector 7’y expressed in the areocentric reference frame (O, X,Y, 7).

2The value of f used here is f = 0.006772 as given by Urban and Seidelmann (2014)



Thus, for a Martian observer, the hour angle H is given by
H=T,—a=d+L—a, (8)

where T is the sidereal time, ® is the prime meridian longitude and L is the observer longitude
measured with respect to the prime meridian (Fig. 3).
Here, a and ¢ coordinates are a, and ¢, corrected from the parallax due to the observer location

with respect to the planet center. Those corrections are said topocentric and are given by (e.g.
Meeus (1998)):

Ag — —TII(p cos ¢’ sin H)’ (9)
cosd
A§ = —TI(psin ¢’ cosd — pcos @' cos H sin d), (10)

where II is the equatorial horizontal parallax of the Sun (on Mars, IT is approximately 3”), p is
the areocentric radius taking into account the planet geometrical oblateness and ¢’ is the observer
planetocentric latitude.

Pole vector

Figure 3: Angles used to determine the observer location on Mars surface.

The Sun elevation h and azimuth A in the Martian local reference frame are defined by

sin h = sin d sin ¢ + cos d cos ¢ cos H, (11)

sin H
tan A = : 12
a sin ¢ cos H — cos ¢ tan ¢ (12)

Here, ¢ is the planetographic latitude. The azimuth A has the same sign as H and is measured in
the clockwise direction from true South. In the rest of the paper, the longitude and latitude given
for the spacecraft position are planetographic coordinates.



When the Sun local coordinates are known for a Martian observer, the problem can be reversed
to obtain the planet orientation. If the InSight lander areographic coordinates are given, measuring
the gnomon shadow position leads directly to the Sun position in the Martian sky, and by extension
to the true North direction. All the concepts and calculations required to solve this problem have
been detailed for the Earth by Savoie (2007) (pages 63-81) .

2. Computing the sun position on Mars

2.1. Reference for local solar time

The actual reference to determine the local solar time on Mars is an algorithm developped by
Allison and McEwen (2000). This algorithm is used in the application Mars24? and as reference for
the timing of different space missions on Mars. We computed this algorithm in order to validate
our results using VSOP87 and the different orientation parameters given by Konopliv et al. (2016)
or Archinal et al. (2011).

In this model, the definition of the Sun declination is given by (Allison, 1997)

0g = arcsin 0.42565 sin L, + 0.25° sin L, (13)

where L, is the areocentric solar longitude.

The last term of this equation is introduced to express the change from planetocentric to
planetographic coordinates. Introducing this planetographic correction to the declination thus
induces a difference of maximum 0.25° for Ly = 90° or L, = 270°, corresponding to the epochs of
solstices. We also point out the fact that if Ly = 0° or Ly = 180° (corresponding to the epochs of
equinoxes), then the corrected declination dg expressed above is not affected by any planetographic
correction. This particularity is not satisfactory because the declination is used to determine the
Sun local coordinates (see equations (11) and (12)). Thus it should still be affected by the planetary
oblateness and observer location no matter the Sun longitude value.

In this study, Mars flattening is introduced by corrections in the observer latitude (equation
7). Those corrections are maximum for ¢ = 45° and null for ¢’ = 0°. But the declination is
also corrected from parallax induced by the observer location on Mars. This parallax depend on
the observer latitude, making the Sun declination, and thus local coordinates, latitude-dependent
parameters. This dependency is not found in Allison’s algorithm.

2.2. Results

We computed the Sun coordinates by using the Konopliv orientation model (labelled KON in
the following), the IAU orientation model (labelled IAU in the following) and Allison’s algorithm
(labelled ALL in the following) for a mean expected InSight landing site (137°E, 4°N). For the date
of December 13 2018, the differences between KON and ALL for the different angles are plotted
in Figure 4 . The differences between the Sun local coordinates obtained using KON and [AU are
plotted on Figure 5 while the differences between ALL and TAU are plotted on Figure 5.

3https://www.giss.nasa.gov/tools /mars24/
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Figure 4: Comparison of the different angles for December 13 2018 between KON and ALL (137°E, 4°N).

2.8. Discussion

The difference in right ascension between the KON and ALL models (Fig. 4) is below 0.005°,
while the difference in declination is much more important, reaching an amplitude of 0.2°. Such a
difference can be explained by the definition of the declination used in the Allison’s algorithm. At
the date of December 13 2018, L, has a value of about 305°, corresponding to the 0.20° difference
encountered by comparing declination value with KON, corresponding to a difference of about 12
kilometers on the surface. However, we find a satisfying agreement for the equatorial coordinates
by removing this planetographic correction in dg.

The Sun azimuth A and elevation h for KON and ALL also undergo a maximum difference of
0.5° and 0.25° respectively. Again, those differences are located in the definition of the declination
ds. By changing the definition of declination in equations (11) and (12), both azimuth and elevation
are impacted. However, this difference between KON and ALL in A or A would certainly not be
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Figure 5: (a) and (b): Difference of coordinates for December 13 2018 between KON and IAU (137°E, 4°N).
(c) and (d): Difference of coordinates for December 13 2018 between ALL and IAU (137°E, 4°N).

measurable considering the accuracy of the actual SEIS gnomon experiment.

By comparing the IAU and KON orientation models (Fig. 5, (a) and (b)), we determine a
difference below 0.1° in azimuth and below 0.05° in elevation. These differences between the two
orientation models would not be detected on the gnomon images.

Differences between ALL and IAU models (Fig. 5, (c¢) and (d)) are below 0.5° in azimuth
and 0.25° in elevation. The differences match those obtained between KON and ALL (Figure
4), and are again due to the planetographic correction introduced in dg in Allison’s algorithm.
Without that correction, Allison’s algorithm is coherent with the TAU orientation model on both
local coordinates A and h.

Despite the slight differences found between the different orientation models, the results are
in good agreement with each other. The differences induced by different orientation parameters
or definition of the planetographic coordinates are below 0.5° and would thus not be discernible
on the gnomon experiment (see Section 4). For the rest of this paper, we use the most recent



orientation model given by Konopliv et al. (2016).

3. Possible errors committed on the true North direction

Several type of errors can alterate the azimuth read on the target on SEIS seismometer. The
main errors are:

1. errors due to an incorrect estimation of the shadow position on the camera images
2. errors due to an incorrect latitude of the lander.

3. errors due to an incorrect longitude or UTC value for the lander.

4. errors due to the gnomon non-verticality.

3.1. Estimation of the shadow position

The first error is the most important one. The error in the shadow position estimation will
depend on the images quality, the angle of viewing, the weather and the Sun position in the sky.
With the methods developed in this paper (see Section 4), the accuracy on the shadow position
is estimated to be within 1°. This error corresponds to the reading of the shadow position on
one single image. Multiple images during a day could reduce the final error on the true North
direction below 1°. Nonetheless, this value is already below the required 5° for the SEIS experiment
orientation.

The deploying phase of the SEIS seismometer is scheduled between December 12 and December
25 2018. During that period, the Sun declination will endure a variation of about 2°, changing from
—20°24' to —18°15’. The Sun will be below the Martian equator?. No matter what the camera
position is, the gnomon shadow will always move around the target in the clockwise direction.

3.2. Impact of a lander incorrect latitude

The InSight landing site in Elysium Planitia can be described as an ellipse extending between
latitudes of 3°N and 5°N and longitudes of 134°E and 140°E.

Mars equatorial radius (Urban and Seidelmann, 2014) is 3396.2 km. Thus, by taking a mean
latitude of 4°N, 1" in longitude is equivalent to 985.4 meters ((59.27/60) cos ¢) on the ground, and
1" in latitude is equivalent to 987.9 meters.

The Sun azimuth A, measured in the clockwise direction from the true South, is given by
equation (12).

If the lander is expected to be at a latitude ¢ but is actually located at a different latitude
¢,, the measurement of the azimuth A’ is different from the computed azimuth A. The error
committed is (A — A’).

At the date of December 18 2018, the Sun declination will be 6 = —19°.51301 at 02 : 00 UT
(with TT — UT = AT = 69s).

The error in azimuth (eq. 12) induced by a significant mistake of (A — A’) = £10' in latitude
(corresponding to £10 kilometers on the ground) is plotted on Figure 6. For an exact latitude
of ¢ = 4°10’ (black line), the error increases from sunrise (at 6 : 00, A = —70°) and reaches a
maximum (£11") about 1h30 before the sun passes the meridian (where the error is expectedly
null). Then the error increases again to reach a new maximum about 1h30 after the meridian

4The Sun cross the Martian equator on March 23 2019.
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Figure 6: Evolution of the azimuth error due to a wrong value of the latitude.

crossing (the sign is changed). The error decreases afterwards until sunset (at 18 : 00, A = 70°).
On Figure 6, the error induced by an inferior real latitude ¢, = 3°50 is also plotted (red line).
The plot is symmetric to the previous one (details on the azimuth functions are given by Savoie
(2007), (pages 469-480)).

To conclude, the error due to an incorrect latitude is maximum in absolute value about 1.5
hour after local solar noon. Its amplitude is noticeably identical to the shift in latitude.

3.3. Impact of a lander incorrect longitude or incorrect UTC value

A mistake in the InSight Martian longitude is similar to a mistake in the hour angle H of the
Sun; we would be calculating the azimuth for a theoretical H instead of the real H'. Suppose the
longitude error is of £10’, i.e. about 10 kilometers on the ground (at December 18 2018). This
error in longitude induces a shift of 40 seconds in time. The induced error in azimuth for a wrong
longitude is plotted on Figure 7. The error increases between sunrise and the moment the Sun
passes the meridian, with a value reaching almost a quarter of degree in absolute value (0°24).
In proportion, the error in longitude has a much bigger impact than the error in latitude. Also, a
mistake on the UTC signal leads to an error in the local time and thus the longitude. For an error

11



of 10 seconds in UTC, the Sun azimuth is wronged by +0°6.

Azimuth error due to incorrect longitude

PN

30

20

10

E=+10'

minutes of degree
o

-10

-20

-30
-100 -50 0 50 100

hour angle in degrees

Figure 7: Evolution of the azimuth error due to a mistake in longitude.

By combining mistakes in latitude and longitude (+10 in latitude, +10" in longitude), the
total error commited in the Sun azimuth is plotted on Figure 8. We could also provide results
for different situations (£10’ in latitude and £10’ in longitude), but the conclusions would be the
same: the maximum error obtained reaches 0.5° about 30 minutes before or after the Sun passes
the meridian.

In previous missions, the lander coordinates are known up to 4” in latitude (e.g. Folkner et al.
(1997)). These uncertainties would be well below the reading errors on the target images.

3.4. Consequences of the gnomon non-verticality on the Sun azimuth

If the lander target plane is deviated from horizontality, the angle read on the target would
not be the azimuth A but a new angle A’ (Fig. 9). Let D be the gnomonic declination® of this

5The gnomonic declination is the azimuth of the normal to the plane, giving the orientation of the plane in space

12



Azimuth error due to incorrect latitude and longitude
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Figure 8: Evolution of the azimuth error due to the cumulation of mistakes in latitude and longitude.

inclined plane, and z the gnomon inclination®. The altered Sun azimuth A’ can be calculated (see
Savoie (2007), (pages 103-107)) by using:

Q) = (sin Dsin z) sin H + cos H (cos ¢ cos z + sin ¢ sin z cos D) + tan §(sin ¢ cos z — cos ¢ sin z cos D),
N, = cos Dsin H — sin D(sin ¢ cos H — cos ¢ tan d),

N, = (sin D cos z) sin H — cos H (cos ¢ sin z — sin ¢ cos z cos D) — tan d(sin ¢ sin z + cos ¢ cos z cos D),

6The zenithal distance from the normal to the plane.

13
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Finally,

tom A/ xcosV 4 ysin ¥
an A" =

14
ycos ¥ — wsin ¥’ (14)

with
tan ¥ = tan D cos z,

U being the angle between the South meridian and the line of maximum slope of the plane.

A can be compared to A’ by taking z = 0.1° as a maximum deviation (the expected horizontality
for the SEIS experiment (Lognonné et al., 2018)). The results are plotted on Figure 10 for a mean
Sun declination of 6 = —18.5° and different azimuth from 0° to 180° every 45° (South, South-
West, West, North-West, values for East are symmetrical). The maximum error is reached near
the meridian (+0.25°) when the target plane face exactly West or East. In the other cases, the
azimuth error stays below £5' if measurements are done before 8 : 40 or after 15 : 20 (in Local
Solar Time LST).

3.5. Conclusions

To reach a precision below 1° on the Sun azimuth, and thus the true North direction, the
observations of SEIS gnomon shadow should take place early after sunrise until about 8 : 30 LST,
then from 15 : 30 LST to the sunset.

Since the expected accuracy on the true North direction is of 5°, the observation window can
be even larger, by still avoiding a period of 1.5 hour before and after the Sun passes the meridian.

14
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Figure 10: Evolution of the error in azimuth due to the gnomon non-verticality.

The azimuth function defined by equation (12) shows that the higher the Sun elevation is, the
larger the Sun azimuth variations as a function of the hour angle are. In other words, the gnomon
shadow moves faster around the meridian, making it a disadvantage. At a latitude of 4°N, the
Sun meridian elevation is about 65° to 67° above the southern horizon between December 12 and
December 25 2018, and an apparent diameter of about 22’ (inducing a penumbra less important
than on the Earth).

Since the total error is increasing with days (the Sun getting closer to the equator, the declina-
tion will affect the result), it is recommended to observe the gnomon shadow as soon as deploying
phase allows it: it is preferable to observe the shadow around December 13-14 than December
24-25. This time period would allow to avoid the moment when errors on longitude and latitude
would induce the biggest anomalies in azimuth. Also, the shadow would be longer and thus easier
to identify on the target.

The length of the gnomon shadow is computed in Table 2 (Appendix) from sunrise to sunset
of December 19 2018 for a latitude of 4.5°N. The hour angle H, Sun azimuth A, Sun elevation h
and gnomon shadow length [ are given in the table. Also, the Sun azimuth can only be measured
when the shadow length is lower than the outer radius of the target used for measuring the shadow
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position. Thus, shadow length larger than 65 mm are excluded. If the time period corresponding
to greater sensibility to errors (cf. supra) are avoided, the best time periods for measurement are
identified (in bold), for a total time of approximately 5 hours.

However, an observation of the shadow being made when the Sun passes the meridian could be
used to check the true North direction. At this exact moment, the Sun culminates in the South
direction, and the gnomon shadow can confirm the post-meridian observations.

4. True North direction

The determination of true North on Mars is based on the observation of a gnomon shadow
made by a camera mounted on the lander articulated arm (Maki et al., 2018). The exact cardinal
position can be deduced by computing the Sun azimuth from the shadow position. That objective
is however difficult due to the SEIS gnomon shape: there is an ellipsoidal part on top of the
gnomon stick which produces a large shadow on the target. The main error we can expect in true
North determination lies in the error committed in the shadow position measurement. This error
measurement results from a large shadow on the target coupled with low resolution pictures.

4.1. SEIS gnomon characteristics

The deploying phase of SEIS seismometer is the perfect occasion to set up the very first Martian
gnomon. The gnomon is a useful tool to determine, with a relative precision, the North-South axis
direction. The benefit of this technic is to allow the determination of SEIS orientation by a "simple"
observation of the Sun trajectory in the Martian sky, which means without any use of a satellite
navigation system or gyroscopes.

The target used to measure the shadow direction and length is divided into three concentric
rings (Fig. 11) (see Lognonné et al. (2018)). Those rings are segmented into dark and light zones,
each one having a width of 5°. The zones are used to measure approximately the azimuth of the
gnomon shadow. Each ring has a similar segmentation, shifted of 2.5° from the adjacent rings.
The inner diameter of the rings are respectively 56 mm, 80.6 mm and 105.4 mm. The last ring
has an outer diameter of 130 mm.

The gnomon is located in the center of the target and made of a 16.84 mm long stick, covered
by a hemispherical part of 10.49 mm (Fig. 12). The whole gnomon is also lifted, located on top
of a platform 1.37 mm thick. The gnomon has a total height of 28.7 mm. The top of the shadow
projected by this hemispherical part is the point used to determine the Sun position in the sky. The
difficulty lies in the precise reading of the shadow top position, as confirmed by the preliminary
images on Figure 11.

4.2. Images of the sundial

Images of the sundial are acquired by the Instrument Deployment Camera (IDC), described in
Maki et al. (2018). The IDC has an angular resolution of approximately 0.82 milli-radians/pixel at
the center of the image and a field of view of 45 degrees (horizontal) x 45 degrees (vertical). During
InSight surface operations, IDC images of the sundial will be acquired with the camera located
approximately 1 meter above the sundial, with the sun illuminating the sundial approximately from
the south and the camera located approximately to the north of the sundial. The exact details
of the camera geometry depend on the actual placement of the SEIS on Mars with respect to the
lander, but generally speaking the geometry will be similar to the configuration shown in Figure
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Figure 11: Picture of the gnomon and target above the SEIS seismometer.

28.7 mm

16.84 mm
A

j‘? I X‘sz v 1.37Imm

Figure 12: Schematic of the gnomon used on SEIS.

13. The sundial images will be JPEG-compressed prior to transmission, at JPEG compression
quality values of approximately 85 (Maki et al., 2018). Once received on Earth, the images will be
used to measure the location of the gnomon shadow. Three images will be specifically dedicated to
sundial imaging: one at noon Local True Solar Time (LTST), and one in the morning and evening,.
The images will be time tagged with acquisition times to enable lookup of solar ephemeris data.
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Figure 13: SEIS sundial image acquisition by the Instrument Deployment Camera in the InSight testbed at the Jet
Propulsion Laboratory in Pasadena, CA.

4.8. Simulated observations

We generated simulated images of the gnomon and target by using the open-source software
POV-Ray’. POV-Ray is a software of "ray tracing", enabling to simulate the gnomon and its
shadow on the target. We included the Sun theory developped in the first part of this paper and
took into account the apparent size of the Sun and thus the penumbra induced.

It is then easy to introduce some errors in longitude, latitude or even non-horizontality of the
target. Those errors can be introduced randomly in the simulation with the values saved in a
separate file. The images simulated are then deteriorated to get a final render as close as possible
to the real images expected with the InSight camera (Fig. 14).

We can then work in an almost real situation to define the methodology to measure the shadow
position and estimate the expected precision in the Sun azimuth and elevation, and thus in the
true North direction.

4.4. Methods

As seen from the simulated images on Figure 14, the exact location of the shadow top is difficult
to determine. To optimise the estimation of the shadow position, different options are possible.

4.4.1. Shadow on the rings borders

The exact moment when a contact occurs between the shadow top and the target rings borders
can be determined. The calculation of those events takes into account the odd shape of the gnomon,
especially the rounded edges of the top. Thus, the borders of the rings on the target can be used
to complement the Sun azimuth as an indicator to the Sun elevation. By using a gnomon of 28.7

TWWW.pOvVIay.org
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Figure 14: Gnomon images simulated with the open-source software POV-Ray. On the left, the image shows the
simulation with the trajectory of the top of the shadow traced in black for the day of December 19 2018. The
direction of true North, corresponding to the minimum shadow length, is plotted in black. On the right, the image
has been deteriorated to reproduce the quality of the onboard camera and verify the validity of the method.

mm high, the shadow will be in contact with the rings borders when the Sun reaches an elevation
h such as (see Fig. 15):

Elevation and azimuth of the Sun

Mars, December 19 2018
Longitude: 137°E
Latitude: 4.5°N

70 : :

Elevation (degrees)

\ | \ \
-60 -40 -20 0 20 40 60

Azimuth (degrees)

Figure 15: Sun elevation as a function of its azimuth for the InSight lander on December 19 2018. The elevations
required to obtain a point of contact between the gnomon shadow and the target rings borders are traced in dotted
lines, the corresponding azimuth values indicated below.
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h = 26.77° for a target radius of 65 mm,

h = 32.83° for a target radius of 52.7 mm,

h = 41.83° for a target radius of 40.3 mm,

h = 55.70° for a target radius of 28 mm.

As soon as the shadow length exceeds 65 mm, the target cannot be used for measuring the Sun
elevation. Thus, optimal time zones can be determined long before arrival on Mars for InSight’s
camera to take images of the SEIS sundial.

Taking pictures at the exact moment of contacts is also a way to control the validity of the
UTC signal. Any error on UTC would induce a picture taken too soon or too late, and would
induce a delay to the moment of contact between the shadow and the borders.

P ———
a9 ._ @

_J

N\

Figure 16: Simulation of the gnomon shadow on December 19 2018 at 05 : 07 UT.

For our example of December 19 2018, Figure 16 shows the shadow position during a contact
on the outer border of the second ring. The contact occurs at 05 : 07 UT. The Sun elevation
associated is 32.84° in the Martian sky. The Sun ephemeris computed for this location, date and
time provides the azimuth and elevation of the Sun (see Fig. 15), and enables to determine the
true North-South axis direction from which it is measured.

When the Sun crosses the meridian, the shadow length is at its minimum, below 28 mm and
out of the target. Its azimuth can not be determined on images taken at that specific time but the
shadow direction can still be used to confirm the estimated true North direction by other images.
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4.4.2. Random shadow position

For images taken at a random time when the shadow is on the target, the shadow length is not
precisely determined. In that case, the method consists in identifying the borders of the shadow,
and finds the median line pointing to the shadow top. The azimuth of the Sun (and thus the
shadow) is known with the ephemeris for the time of the picture, thus the North-South axis can
be estimated on the image.

On Figure 16, the shadow borders are marked. The median line is plotted and provides the
opposite direction of the Sun. Computing the Sun azimuth (A = —63.47°) for the corresponding
location, date and time gives the true North-South axis direction.

4.4.8. Multiple images

If several images are taken during local mornings and evenings, the shadow trajectory can be
extrapolated from the measured positions. As seen on Figure 14, the Shadow follows a path on the
target that can be simulated with POV-Ray. The shortest shadow length, when the Sun crosses
the meridian, can then be sorted out and provides the North-South axis direction.

5. Conclusion

Determining the true North direction by using the Sun is a foolproof technic on the Earth.
For the first time, the InSight mission will enable to reproduce on Mars one of the most ancient
astronomical observation. SEIS seismometer will use the first Martian gnomon, whose shadow can
be used to determine local solar time, lander position and orientation. In order to analyse the
future observation of the Martian gnomon, we computed the Sun local coordinates on Mars by
using the VSOPS8T7 planetary ephemeris.

The coordinates obtained have been compared to the actual reference used by NASA for Mars
rovers local time. The algorithm developed by Allison and McEwen (2000) validates our calcula-
tions, despite a slight difference due to the chosen definition of declination also impacting the local
coordinates. This difference is however negligible considering the actual precision of the Martian
gnomon, and the fact that the chosen landing site is close to the Martian equator.

We explored the different possible sources of errors in the shadow position due to an incorrect
lander position or to the non-verticality of the gnomon. We thus determined the optimum periods
to observe the shadow and reduce the possible errors impact, a total of about 5 hours split between
mornings and evenings.

The simulation of the gnomon shadow using a ray-tracing software enables to explore the best
ways to determine the true North direction using only images of the shadow. Despite different
possible error sources, the main part of the error on the true North direction comes from the
estimation of the shadow top position on the images. With images taken by the camera at precise
moments required by singular events (point of contact between the shadow and the rings borders),
or randomly taken between mornings and evenings optimal periods if UTC is precisely known, the
true North direction can be deduced with a precision of about 1° of accuracy, well within the 5°
required by the SEIS experiment.
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Hour (UT) H (deg) A (deg) h (deg) [ (mm)

3: 00 -83.883 -70.181 4.240 395.4
3: 20 -79.018 -69.606 8.794 193.7
3: 40 -74.152 -68.885 13.330 129.3
4: 00 -69.287 -68.004 17.842 97.4
4: 20 -64.422 -66.940 22.322 78.1
4: 40 -59.557 -65.665 26.764 65.0
5: 00 -54.691 -64.142 31.158 55.6
5: 20 -49.826 -62.322 35.490 48.5
5: 40 -44.961 -60.138 39.743 42.8
6: 00 -39.852 -57.361 44.100 37.9
6: 20 -35.230 -54.315 47.914 34.2
6: 40 -30.365 -50.420 51.759 31.0
7: 00 -25.500 -45.640 55.370 28.2
7: 20 -20.635 -39.758 28.666 25.9
7: 40 -15.769 -32.557 61.535 24.0
8: 00 -10.904 -23.886 63.838 22.5
8: 20 -6.039 -13.806 65.413 21.6
8: 40 -1.174 -2.737 66.116 21.2
9: 00 3.691 8.549 65.872 21.3
9: 20 8.557 19.188 64.706 22.0
9: 40 13.422 28.573 62.738 23.2
10: 00 18.287 36.482 60.125 24.9
10: 20 23.152 42.982 57.021 27.0
10: 40 28.018 48.272 53.552 29.6
11: 00 32.883 52.575 49.812 32.6
11: 20 37.748 56.099 45.870 36.1
11: 40 42.613 58.979 41.778 40.4
12: 00 47.479 61.371 37.570 45.5
12: 20 52.344 63.361 33.273 51.9
12: 40 57.209 65.024 28.907 60.1
13: 00 62.074 66.416 24.486 65.8
13: 20 66.940 67.581 20.022 86.9
13: 40 71.805 68.551 15.523 111.5
14: 00 76.670 69.350 10.997 155.9

Table 2: Values of hour angle, azimuth, altitude and shadow length for a position of 4.5°N, 137° E on December
19 2018. Shadow length is computed for a gnomon of 28.7 mm high.
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