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Abstract NASA’s InSight mission to Mars will measure seismic signals to determine the
planet’s interior structure. These highly sensitive seismometers are susceptible to corrup-
tion of their measurements by environmental changes. Magnetic fields, atmosphere pressure
changes, and local winds can all induce apparent changes in the seismic records that are not
due to propagating ground motions. Thus, InSight carries a set of sensors called the Auxil-
iary Payload Sensor Suite (APSS) which includes a magnetometer, an atmospheric pressure
sensor, and a pair of wind and air temperature sensors. In the case of the magnetometer,
knowledge of the amplitude of the fluctuating magnetic field at the InSight lander will allow
the separation of seismic signals from potentially interfering magnetic signals of either natu-
ral or spacecraft origin. To acquire such data, a triaxial fluxgate magnetometer was installed
on the deck of the lander to obtain magnetic records at the same cadence as the seismometer.
Similarly, a highly sensitive pressure sensor is carried by InSight to enable the removal of
local ground-surface tilts due to advecting pressure perturbations. Finally, the local winds
(speed and direction) and air temperature are estimated using a hot-film wind sensor with
heritage from REMS on the Curiosity rover. When winds are too high, seismic signals can
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be ignored or discounted. Herein we describe the APSS sensor suite, the test programs for
its components, and the possible additional science investigations it enables.

Keywords Spacecraft · Instruments · Magnetometer · Pressure · Wind · Temperature

1 Introduction

The NASA Discovery mission InSight (Interior Exploration using Seismic Investigations,
Geodesy and Heat Transport) launched on May 5, 2018, will place a geophysical lander on
Mars on November 26, 2018, to study its deep interior. The Surface Phase consists of the
relatively short Deployment and Penetration Phases, followed by Science Monitoring. The
nominal mission ends after one Mars year, plus 40 sols.

The science payload comprises three instruments: the Seismic Experiment for Interior
Structure (SEIS), the Heat-Flow and Physical Properties Probe (HP3), and the Rotation and
Interior Structure Experiment (RISE). RISE will use the spacecraft’s X-band communica-
tion system to provide precise measurements of planetary rotation. SEIS and HP3 are placed
on the surface with an Instrument Deployment System (IDS) comprising an Instrument
Deployment Arm (IDA), Instrument Deployment Camera (IDC), and Instrument Context
Camera (ICC). There are also several supporting instruments. The spacecraft instrumenta-
tion includes a radiometer (RAD) that will be used by the HP3 team to measure surface
temperature and thermal properties to support their data analysis. The Auxiliary Payload
Sensor Subsystem (APSS) collects environmental data in support of SEIS. This manuscript
focuses on these sensors.

The APSS sensor suite consists of a magnetometer (InSight FluxGate or IFG), a pres-
sure sensor (PS), and the Temperature and Wind for InSight (TWINS) pair of sensors.
These sensors communicate with the spacecraft through the Payload Auxiliary Electron-
ics (PAE), which collects their data, processes it, and sends it to the spacecraft computer
several times a day. The APSS suite can operate even when the spacecraft itself is asleep,
as the PAE and the various sensors can be powered independently of the main spacecraft
computer, enabling data to be obtained continuously throughout a Martian sol. The PAE
also includes a monitor of the spacecraft bus voltage that can also be recorded while the
spacecraft sleeps.

The APSS sensors are included on this scientifically-focused mission to assist the SEIS
instrument in obtaining clean and useful seismic signals. Environmental or lander-induced
magnetic fields can produce signals on the sensitive seismometers not related to ground
movements. By directly detecting the changing local magnetic field using the IFG sen-
sor, the seismograms from SEIS may be corrected for these magnetic influences. Sim-
ilarly, when strong winds are blowing, they could introduce noise to the seismograms.
InSight measures the winds using TWINS to identify these periods when the winds are
too strong to make good seismic measurements. TWINS also records the ambient atmo-
spheric temperature, which can influence the SEIS instrument. Finally, the Pressure Sen-
sor (PS) measures atmospheric pressure perturbations. These changes in the atmospheric
loading on the surface result in small horizontal tilts of the ground surface, which are
recorded by the sensitive seismometers. The pressure measurements allow removal (to
the extent possible) of these tilt effects from the seismic signals (Kenda et al. 2017;
Murdoch et al. 2017). In addition to their primary role in helping to produce a clean, in-
terpretable data set from the SEIS instrument, the APSS sensors can also be used to study
the environmental conditions at the InSight landing site for their own sake.
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2 Measurement Objectives

2.1 SEIS Environmental Decorrelation and Event Diagnostics

InSight’s SEIS instrument will be sensitive to both atmospheric pressure and magnetic fields
at Mars. The pressure sensitivity will be primarily due to the deformation of the subsurface
where SEIS will be installed. This effect is described in detail in Mimoun et al. (2017) and in
Murdoch et al. (2017). Atmospheric pressure perturbations (high or low anomalies) can be
thought of as point loads (with positive or negative sign) in the vicinity of the InSight lander,
with the surface exhibiting an elastic deformation in response to the loading that is sensed
by the SEIS instrument as time dependent tilts. The APSS pressure sensor will therefore
be used to decorrelate the seismic data from this deformation signal, in a way similar to
what is made on Earth (Zürn and Widmer 1995; Beauduin et al. 1996; Zürn et al. 2007).
Realistic modeling of the surface deformation generated by large eddies have validated an
improvement (reduction in the noise in the seismic signals) by more than a factor 5 at long
periods (Murdoch et al. 2017; Lognonné et al. 2018).

Magnetic decorrelation is expected to be related to the direct effects of local magnetic
fields on the various magnetic parts of the SEIS pendulum (i.e., the springs, the magnets of
the micro-motors, the feedback mechanism, see details in Lognonné et al. 2018). Sensitivi-
ties are typically smaller than 0.5 nm/s−2/nT and have been validated on Earth (Forbriger
et al. 2010).

2.2 Insight Fluxgate Magnetometer

The early exploration of Mars included magnetic sensors on every spacecraft. However,
the early missions made observations at altitudes that were not suited for distinguishing a
weak intrinsic magnetic field from one induced by the interaction with the solar wind. The
first magnetic measurement at Mars was on Mariner 4 that flew by on July 15, 1965, at a
distance of 3.9 Mars radii (RM) (Smith 1969). These data revealed a standing bow shock,
but the trajectory did not approach Mars sufficiently close to reveal whether this shock was
associated with a weak intrinsic field or an ionosphere (Russell 1979). Subsequently, Mars
2 and Mars 3 entered large eccentric orbits about the planet on November 27, 1971, and
December 2, 1971, in orbits of 1.3 by 9RM and 1.3 by 63RM (Dolginov et al. 1976). These
measurements could also be interpreted as the draping of magnetic fields over the planetary
ionosphere (Russell 1978), but Dolginov (1978a, 1978b) maintained his original interpre-
tation of the data as an intrinsic field. A decade later, Phobos 2, the next successful Mars
orbiter, carried a magnetometer but was also unable, from the high-altitude orbit designed to
study Phobos, to distinguish unambiguously an intrinsic Martian magnetic field contribution
to the magnetic field associated with the solar wind interaction (Yeroshenko et al. 1990). The
OPTIMISM magnetometer (Kuhnke et al. 1998), companion instrument of the OPTIMISM
seismometer (Lognonné et al. 1998) which had been expected to land on Mars in the Mars
96 small stations, was not successful either due to its failure during launch in November
1996. Finally, in 1997, the Mars Global Surveyor (MGS) made measurements at sufficiently
low altitudes (reaching below the bottom of the ionosphere) to reveal magnetized regions
in the Martian crust resulting from magnetization by an ancient dynamo field (Acuna et al.
1999).

MGS continued to provide almost full planetary coverage at around 400 km altitude
while the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission has been adding
magnetic field measurements at altitudes above 125 km (Connerney et al. 2015). This results
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Table 1 APSS sensor performance requirements

IFG Noise < 0.1 nT/sqrt(Hz) from 0.01–1 Hz

PS Noise < 10−2 Pa/sqrt(Hz) from 1–0.1 Hz

Noise < 10−2 (f/0.1 Hz)−2/3 Pa/sqrt(Hz) from 0.1–0.01 Hz

TWINS Detect when wind > 5.5 ± 1.5 m/s

in detailed coverage and models of the crustal magnetic field using only MGS (e.g., Langlais
et al. 2004; Morschhauser et al. 2014) and both data sets combined (Mittelholz et al. 2018).

The Martian crustal magnetic field is highly nonuniform spatially and strong magnetic
anomalies are mostly concentrated in the Southern hemisphere (Acuna et al. 1999). The
crustal field signature around the InSight landing site shows weak but non-zero magnetiza-
tion, from ∼ 200 km altitude orbit and resulting crustal field models (see Fig. 5 in Mittelholz
et al. (2017) and Fig. 6 in Smrekar et al. (2018) for magnetic field models around the land-
ing site). Note that signals with length-scales much less than the spacecraft altitude are not
resolvable from orbit and thus the small-scale magnetization at the surface might be greater
than predicted.

InSight will provide us with magnetic field measurements on the ground. These will
include periodic (Mittelholz et al. 2017; Langlais et al. 2017) and aperiodic magnetic vari-
ations of the field from currents in the ionosphere impressed by the solar wind interaction
with the ionosphere. Data measured by the IFG will provide unique magnetic field informa-
tion that can provide insight into ionospheric fields, and the electromagnetic properties of
Mars’ interior. Aspects of interior geophysics of the crust and mantle that may be able to be
probed by IFG measurements are discussed in a companion paper by Smrekar et al. (2018).

Mars has a weak planetary magnetic field that is concentrated in magnetic “anomalies,”
crustal regions that became magnetized eons ago when Mars possessed an internal geomag-
netic dynamo (Acuna et al. 1999). InSight is targeted far from the nearest magnetic anomaly,
and we expect to detect, at most, a weak remnant magnetic field together with a diurnal mag-
netic variation of the magnetic field from currents in the ionosphere impressed by the solar
wind interaction with the ionosphere.

While MGS and MAVEN have made dips into the atmosphere, these dips have not al-
lowed determination of the short-wavelength intrinsic magnetic field over the entire surface
or the time variations of the magnetic field expected to be seen on the surface. Furthermore,
the MAVEN data convolve the temporal and spatial variations of the crustal field. To de-
termine the ionospheric field in the atmosphere, we turn to Venus, a planet that has been
reported to have a negligible intrinsic magnetic field (Russell et al. 1980). Recently, the re-
gion beneath the ionosphere has been probed by Venus Express in a series of dips down to
130 km altitude (Zhang et al. 2016). Figure 1 shows these magnetic records as a function of
altitude. Below about 140 km, the field appears to become quieter as if there were no longer
currents flowing near the spacecraft. The field here is determined by the high-altitude cur-
rents in the ionosphere and any induced currents in the core. The decrease in field strength
from 150 km altitude to 130 km indicates that the field strength measured by MAVEN in the
magnetosheath and ionosphere is not necessarily that being impressed on the core.

We can model the fields expected at the InSight FluxGate (IFG) using a magnetostatic
approach with an imposed high-altitude ionospheric field and a superconducting core inside
the planet. The geometry of the current system and a putative core are illustrated in Fig. 2.
Both Venus and Mars rotate and any magnetometer on the surface will sense a diurnal pattern
as the magnetometer passes under the dayside ionosphere and later the nighttime or tail
region. The size and conductivity of the electrically conducting core (as well as the electrical
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Fig. 1 Sixty-six low-altitude
profiles of the Venus magnetic
field strength, the amplitude of
the variance and the normalized
varying field. The light traces
show median values (Zhang et al.
2016)

Fig. 2 Finite element meshes for
the magnetopause current (left),
the tail current sheet, and a core
(right) used to model induced
field seen in Venus’ atmosphere.
X points to the Sun

conductivity structure of the mantle, neglected here, but discussed in Smrekar et al. 2018)
determines the amplitude of the induced diurnal signal. Using this simple magnetostatic
geometry, we obtain the diurnal variation shown in Fig. 3.

While the diurnal variation of the field can provide an estimate of the size of the core,
we may also be able to deduce bounds on the electrical conductivity profile of the crust
and mantle by examining both the diurnal variation and the shorter time scale variations
of the external conditions and the magnetic response to these higher frequency changes
(Smrekar et al. 2018). The combination of MAVEN and InSight measurements may provide
the means to separate the induced response and time varying external signals as discussed
in the accompanying manuscript by Smrekar et al. (2018).

To calculate the magnetic field in the ionosphere requires measurements in the solar wind
or in the ionosphere with a spacecraft instrumented with plasma and field instruments such
as those of MAVEN. At higher frequencies, the magnetometer might detect atmospheric
phenomena at Mars, such as the transient electric currents associated with lightning and
possibly electric currents associated with dust devils, although no such signals have been
yet detected (Gurnett et al. 2010).
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Fig. 3 Expected field variation
with solar zenith angle in field
magnitude on the surface and the
dip angle with and without a core
for the ionospheric boundary
shown above

2.3 Pressure Sensor & TWINS

In addition to their roles in improving the fidelity of the SEIS data against environmental per-
turbations, the pressure sensor (PS) and temperature and wind sensors (TWINS) on InSight
can be used to advance fundamental atmospheric science goals at Mars. These atmospheric
scientific capabilities of the InSight lander are detailed in much more depth in Spiga et al.
(2018); however we will briefly discuss them here.

InSight will be the first Mars lander to effectively capture truly continuous pressure, air
temperature and wind measurements. While the Viking Landers, Pathfinder, Phoenix and
MSL have recorded environmental data at moderate sampling rate and (in the case of the
Vikings and MSL) for long durations, there were inevitable data gaps in those data sets.
InSight will return truly continuous data at a moderate sampling rate, but those periods that
appear interesting in the moderate sampling rate data can be downlinked to Earth at the full
sampling rate of InSight’s sensors. InSight will be able to assess the threshold wind speed
for Aeolian processes to move grains on the surface. With the data gaps in prior missions’
environmental records, a specific peak wind speed associated with an observed change in
the grains around a lander could not be made because that peak may have occurred during
a data gap. Because of this, the actual wind speed required to move grains has not yet been
established for Mars.

The pressure sensor is significantly more sensitive than its predecessors, with a typical
observational noise of about 10 mPa. Additionally, it is equipped with a special Quad-disk
probe inlet, designed to minimize the effects of winds, which could contaminate a true pres-
sure measurement by creating dynamical pressures on the pressure sensor. Finally, its sam-
pling rate is 20 Hz (although the response time of the inlet system is about one third this).
All of these combine to enable the pressure sensor to detect known phenomena on Mars
(e.g., dust devils) with more precision and farther from the lander, as well as new phenom-
ena that are as-yet only speculated (e.g., infrasound as in Williams 2001, and Garcia et al.
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2017). Recently, at the nearby equatorial site, the signal of mid-latitude baroclinic waves
was identified in MSL data (Haberle et al. 2018). InSight’s significantly lower noise floor
should help clarify and extend that record to a second location, and a longer duration. Hav-
ing a second pressure sensor within a few hundred km of MSL will also prove interesting as
a network of two relatively nearby stations can be used to discern the larger-scale structure
of pressure systems that pass by both landers. The pressure sensor on InSight is expected to
have only a modest temporal drift in its absolute calibration (as measured between two sets
of ground calibrations, the first in 2015, and the other in 2017). The question of whether the
atmospheric pressure is secularly changing has been discussed in Haberle and Kahre (2010),
and may be clarified by InSight’s pressure measurements.

3 Design Requirements

3.1 Insight Fluxgate Magnetometer

The design requirements for IFG included measuring the magnetic fields that would be
experienced on the lander. The range of the sensor needed to exceed the sum of any planetary
magnetic field and any spacecraft magnetic field. Additionally, because of the magnetic
sensitivity of the SEIS instrument (specifically the VBB), the expected magnetic field time
variation will be a source of noise on the seismometer. As magnetic shielding with mu-metal
was not compatible with the maximum mass supported by the deployment arm, the IFG
is included to quantify and decorrelate the magnetic-field induced noise from the seismic
signals. The landing site is at longitude 136◦E and latitude 4.5◦N (Golombek et al. 2018),
in a region of weak magnetic field (Mittelholz et al. 2018). Because of this, we expect the
planetary magnetic field to be well-estimated by those shown in Fig. 3, on the order of 10 nT.
After instituting a test program to verify the expected magnetic fields induced by the lander
activities (e.g., 100–1000 nT), we chose a range for the magnetometer of ±20,000 nT. The
sensitivity requirement of IFG was determined by considering the magnetic field strength
that could impact the SEIS sensor. The SEIS (VBB) magnetic sensitivity has been measured
as < 0.5 nm/s2/nT. If we require the residual noise from the magnetic fields to be well
below the SEIS acceleration requirement (1 nm/s2/sqrt(Hz)), this leads to an IFG noise
requirement of < 0.1 nT/sqrt(Hz) at 0.01 Hz (see Table 1). The SEIS bandpass goes from
0.01–20 Hz, so this was also the bandpass requirement for IFG. Within this frequency range,
the digitization allows signals with amplitudes of 5 pT to be measured. The diurnal variation
of the magnetic field on the surface is expected to be about 2500 times this value, i.e. about
12 nT from Fig. 1. The typical noise levels on the IFG are shown in Fig. 8 to be well below
this requirement throughout the bandpass.

3.2 Pressure Sensor

The main reason for inclusion of the PS on InSight is to help identify atmospheric pressure
variations that may induce tilts on the ground surface around the lander, and where possible,
enable the removal of these atmospheric-pressure induced tilts (e.g., Murdoch et al. 2017).
In addition to larger scale pressure systems, smaller atmospheric phenomena like dust dev-
ils (or more generally, vortices) can also induce local tilts around the lander, and should
also be detectable by PS (e.g., Kenda et al. 2017, cf. Lorenz et al. 2015). The need to re-
alize these capabilities establishes the requirements for InSight’s pressure sensor. The first
requirement is that the bandpass of the pressure sensor again match the SEIS instrument
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(much like with IFG). Thus, the pressure sensor was required to be sampled at 20 Hz, with
a full response below 1 Hz. In the main SEIS bandpass, from 0.01–1 Hz, the PS would need
to achieve a very low noise spectrum to yield sufficiently high-quality observations to en-
able the removal of these atmospheric effects from the SEIS signals (Lognonné et al. 2018).
These noise floor requirements can be expressed as 10−2 Pa/sqrt(Hz) from 0.1–1 Hz, and
10−2 (f/0.1 Hz)−2/3 Pa/sqrt(Hz) from 0.1 to 0.01 Hz (see Table 1). When used to decorre-
late the SEIS data, the pressure data will inject in the final acceleration signal the self-noise
of the pressure sensor. The latter can be expressed as ng = Cnp, where C is the compliance
of the ground in m/s2/Pa, np is the pressure self-noise in Pa/sqrt(Hz) and ng is the equiva-
lent ground acceleration noise in m/s2/sqrt(Hz). As shown by Fig. 2 of Kenda et al. (2017),
the compliance of the Martian regolith is expected to generate vertical displacement of about
1 nm/Pa at 0.5 Hz, which is expected to be the frequency where the body waves will have
their best detection threshold for the continuous 2sps VBB data. This is corresponding to a
vertical acceleration sensitivity of about 10 nm/s2/Pa with respect to a pressure change. The
requirement of the pressure sensor was set in order to have a pressure self-noise equivalent to
1/10 the SEIS full requirement which is 1 nm/s2/sqrt(Hz). This leads to a pressure require-
ment of 0.01 Pa/sqrt(Hz) in the body wave bandwidth (0.1–1 Hz) which is the most critical
and challenging from instrument design perspectives. The pressure sensor was demonstrated
to have met these noise spectrum requirements in ground testing (see Fig. 18).

The atmospheric pressure and its significant annual variations must also remain within
the pressure sensor’s calibrated range throughout a full Mars year. Based on the landing site,
atmospheric modeling indicates this range should span from 560–950 Pa annually (private
communication, Michael Mischna and David Kass, 2015).

3.3 TWINS

The TWINS instrument will help determine the best possible conditions to deploy the SEIS
and HP3 instruments after the first commissioning sols on Mars, but primarily will con-
tribute to reducing the false-positive seismic events that may be caused by environmental
phenomena rather than Marsquakes or meteorite impacts. Toward this goal, it is required
that TWINS be capable of determining, by ground analysis of measurements, when the
wind at the mounting height of the sensor exceeds 5.5 m/s ± 1.5 m/s (see Table 1). Corre-
spondingly, in support of these wind measurements, the TWINS ambient temperature sensor
will be able to measure the environmental temperature in the range 167 K to 277 K, with an
accuracy of 6 K, and a sampling rate of 1 Hz. These performance requirements were estab-
lished by estimating the wind speeds above which wind would produce seismic noise above
the SEIS performance threshold of 10−9 m/s2 (Lognonné and Mosser 1993). For winds
above this, the SEIS instrument’s measurements will be saturated with wind noise and we
will disregard those times.

However, TWINS’ wind and ambient temperature sensors will also provide valuable
atmospheric data that, especially in combination with PS, will help better understand the
atmosphere boundary layer at the landing site based on the thermal state, air motions and
pressure. These secondary but valuable objectives in turn dictate a specific set of measure-
ments, with extended requirements. The diurnal variation of air temperature will not be less
than 10 K in dusty conditions, and not more than 100 K under clear skies. The accuracy
levels of the air temperatures must, at least, allow diurnal cycle monitoring under even the
dustiest of conditions. For this extended scenario, it is required that TWINS is capable of
measuring the temperature of the air near the booms, over the range of 150 to 300 K, with a
resolution of 0.1 K, and an accuracy of 5 K.
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Fig. 4 TWINS booms over the
InSight platform, during the final
integration and test phase. The
picture also shows all the
elements that will remain on the
deck after deployment. All these
elements, with the exception of
the IDA (Arm) and the HGA
antenna (gray cylinder on the
right), are shorter than the
TWINS booms, not causing a
significant perturbation on the
winds measurements once the
surface elements are deployed.
The Pressure Sensor Quad-Disk
inlet is seen in the center of the
deck, between the two TWINS
booms

The wind sensor, aiming to characterize the wind variations caused by the local compo-
nents of the circulation, will be able to provide the wind speed and direction at the sensor
level, for both booms, with a relative accuracy of ±15% in the range of 1–60 m/s, and at
1 Hz. The resolution provided by the wind sensors is better than 0.4 m/s in low wind speeds,
and 2 m/s in high speeds. Additionally, TWINS’ wind sensor will be able to measure the di-
rection of the horizontal winds with a resolution and accuracy better than 22 degrees. Thus,
TWINS exceeds the performance requirements for the mission.

TWINS will also be able to measure vertical winds in the range of 0 to 20 m/s. However,
given the low height of the booms with respect to the deck, the number of surrounding wind-
perturbing elements on top of the platform (Fig. 4), and the low nominal downlink data rate,
the precision of TWINS’ wind and temperature estimates may be impaired. To mitigate this
uncertainty due to flow obstructions, the ground processing of the data recorded by TWINS
will also take into account a number of Computational Fluid Dynamics (CFD) simulations
that consider the wind-perturbing elements and, together with the calibration data, finally
result in an estimate of the free-flow wind.

3.4 Payload Auxiliary Electronics

In addition to the three main sensors that comprise APSS, there is also a set of electronics
to control these sensors, receive and distribute power and commands from the lander, log
their data throughout the day, and then transmit these data to the spacecraft’s main computer
for eventual playback to Earth. This system is known as the Payload Auxiliary Electronics
(PAE). The PAE therefore must be commandable by the spacecraft’s main computer to set
operating parameters (including powering them on or off) for each of IFG, PS and TWINS.
The APSS, through the PAE, can be operated with any combination of these science sensors.
Additionally, the PAE must be able to receive and temporarily store data from these sensors,
and then eventually send them on (typically several times a day) to the spacecraft computer.
In the case of the PS data, PAE also performs signal processing on the quickly sampled
analog output from PS to deliver it as a 20 Hz sampled digital signal. Finally, because PAE
operates continuously on InSight, and the spacecraft computer does not, the PAE includes
an additional channel to monitor the spacecraft bus voltage continuously.
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Fig. 5 (Left) Exploded diagram
of fluxgate magnetometer. (Top
to bottom) Housing, cores, base
mounting plate. (Right top)
Feedback coils. (Right bottom)
Pigtail connector

4 Instrument Description

4.1 Insight Fluxgate Magnetometer

4.1.1 Sensor Description

The InSight fluxgate magnetometer (IFG) consists of a single triaxial fluxgate magnetometer
with a range of ±20,000 nT and a sample rate of up to 20 Hz. This signal may be low-pass
filtered before being transmitted to Earth at times of low available bandwidth. The sensors
have extensive heritage from the Magnetospheric Multiscale (MMS) mission in Earth orbit,
where eight such sensors were used (Russell et al. 2016). The sensor is mounted under the
deck on the side facing the SEIS deployment. The electronics are housed with the Payload
Auxiliary Electronics (PAE). Figure 5 shows some of the components of the fluxgate sensor.
The diagram on the left shows the two fluxgate cores and their six sense-windings. Each
pair of windings provides sensitivity to the magnetic field component in one of the three
orthogonal directions. The magnetic field surrounding the sensors is nulled by a triaxial
arrangement of feedback coils in the right-hand panel of Fig. 5. The three feedback currents
are controlled by the sense windings around each coil pair. The sensor is connected to the
PAE by a cable of 2.5 m in length. The amount of current needed to null the ambient field
gives the field strength.

The sensor is a simple assembly, as illustrated in the exploded diagram of Fig. 5. The
two ring cores fit inside the two housing parts, about which the feedback coils are wound.
Figure 6 shows the assembled sensor with its white dust cover, as appropriate in the dusty
Mars environment. The sensor with its cover and pigtail has a mass of 171 g and dimensions
75 × 74 × 52 mm3. The sensors were thermally cycled 2127 times over the temperature
range −105◦C and +25◦C to qualify them for flight.

A dynamic range of ±20,000 nT was chosen so that the unit will not saturate in the
magnetic field of the lander and the environment. The sensor is mounted on the deck of the
Lander, and its electronics unit is in the PAE box and connected to it by a cable. The elec-
tronics unit (Fig. 7) is 14 × 10 × 1.4 cm and digitizes analog signals from the magnetometer
sensors using the 16.384 MHz clock provided by the processor board. The electronics board
has a mass of 101 g and resides across the deck in the APSS chassis. The cable mass is
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Fig. 6 InSight magnetic sensor
with dust cover and pigtail

Fig. 7 Electronics board of IFG,
which is housed in the PAE
electronics chassis

286 g. The total power required is 1 W. The electronics board uses +8 V power provided by
the PAE and converts this voltage to those required by the electronics. The magnetometer
transmits three 24-bit magnetic field components (X, Y, Z) together with housekeeping in-
formation at a rate of 20 vectors per second to the processing and telemetry system, which
can average the data and perform statistical analysis on the data prior to transmission. The
noise level of the magnetometers is shown in Fig. 8. The pointing knowledge required by this
investigation is ±1◦ relative to the spacecraft axis, and there is no absolute pointing require-
ment relative to geographic coordinates levied by the science goals; the pointing knowledge
of the spacecraft is sufficient.

4.1.2 Testing

The IFG was calibrated in the UCLA magnetics facility over the expected operating tem-
perature range. The tests provided data on alignment and linearity. Once installed on the
spacecraft deck, the region around the sensor was probed for local field gradients with test
magnetometers. While local gradients were found, none were seen that suggested the pres-
ence of strong magnetic fields near the sensor. Toward the end of spacecraft testing in 2015,
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Fig. 8 Noise in each axis as a function of frequency for the IFG instrument. X-axis noise is in red, y-axis in
green, and z-axis in blue. The requirement is in pink

the magnetic moment of the spacecraft was determined by a swing test with the spacecraft
suspended above the floor. The location of the spacecraft during the swings and the ori-
entation were determined by laser trackers. The three components of the magnetic field in
the Lockheed facility from one of the facility magnetometers during the test are shown in
Fig. 9. These data were inverted to obtain the magnetic field due to the magnetic moment
of the lander. The magnetic field due to the spacecraft moment at the location of the sensor
was then calculated to be (564,−515,71) nT in the spacecraft coordinate system with an
rms error of 16 nT. This was well within the ±20,000 nT range of the instrument. With the
spacecraft firmly on the test platform, magnetic changes associated with commanding were
monitored with several test magnetometers arranged around the spacecraft to measure the
gradients between the sensor location, as well as the expected SEIS sensor placement. Step
function changes were observed with some commands, such as UHF power and SDST on.
These will be removable if they recur on the Martian surface. Other commands produced
transients such as UHF transmit and the EPS relay. An illumination test was performed and
no discernible fields were generated in a 0.7 Amp test. When the solar panels were deployed,
only a small magnetic disturbance was detected.

In October 2017, a second test was performed to verify the spacecraft magnetic field had
remained low. This test was static in which the spacecraft remained in a single location and
only the magnetometers moved. As shown in Fig. 10, the outer edge of the spacecraft was
surrounded with 6 equi-spaced magnetometers at the level of the platform and some distance
back from the edge of the spacecraft. Then two magnetometer stands were placed close to
the edge of the spacecraft on either side, aligned with two of the ‘external’ magnetometers
along a line through the center of the spacecraft. Each stand had a magnetometer below the
deck level and one above the deck level. Measurements were then obtained at three distances
between the spacecraft and the outer circle on both sides of the spacecraft. This was repeated
for the two other magnetometer lines across the spacecraft.

The magnetic measurements were then used to determine the spatial gradients centered
on the spacecraft, and to identify field sources that could not possibly be on the spacecraft.
Three large sources were found that could only be due to equipment in the facility, and these
fields were modeled and removed from consideration; finally one source remained that could
be part of the spacecraft. This source was then used to calculate the field at the fluxgate
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Fig. 9 Swing test. Magnetic field at one of the laboratory magnetometers surrounding the swinging sus-
pended spacecraft. Black curve is observed field; red curve is modeled

Fig. 10 Magnetometer configuration for static field gradiometer measurement

sensor. This field was (534,−353,−18) nT. This is very similar to the value deduced from
the swing test data. The interplanetary operation of the magnetometer will be the final arbiter
of the zero levels of the magnetic measurement.



4 Page 14 of 33 D. Banfield et al.

Fig. 11 Location of test
magnetometer relative to center
of spacecraft and SEIS
deployment region during
commanding test

4.1.3 Transient Field Testing

During subsequent testing of the spacecraft, it was noted that a subset of the commands
caused at least transient magnetic signals to occur around the spacecraft. A list of these
commands and their effects were compiled.

Again, ten magnetometers were placed around the spacecraft at distances ranging from
1.1 m to 3.7 m, monitoring the magnetic field from October 16–20, 2017, during which time
the spacecraft commands were tested. The locations, shown in Fig. 11, were chosen to best
define magnetic fields near the SEIS deployment region. When more than five magnetome-
ters detect an impulse and the largest perturbation is over 10 nT, the impulse is identified as
a signal. In total, 1938 such signals have been recorded.

The 79640 commands are classified into 3091 groups, as many of the same or similar
commands were sent multiple times. The most frequent commands are related to data trans-
fer and status checking, which are not expected to generate significant magnetic perturba-
tions. We focus on the commands, requesting the spacecraft or its devices to change modes.
If those commands were sent within 60 s before a magnetic perturbation, the commands
were suspected to be the causes of the magnetic perturbations. Examples of the transient
signals recorded in the vertical direction for the locations shown in Fig. 11 are presented in
Fig. 12. After landing we will determine which of these 3091 command groups are produc-
ing magnetic signals on Mars that may be detected by SEIS. We will then use our test data to
extrapolate from IFG to the SEIS location, so that IFG recordings can be used to decorrelate
any spacecraft magnetic signals from the SEIS signals.

4.2 Pressure Sensor

The PS consists of a pressure transducer, manufactured by the TAVIS corporation (Fig. 13,
left), a special inlet fitting, and a set of tubing to connect the inlet to the sensor. The inlet
probe is specifically designed to minimize the effects of wind on the pressure measurement,
with a design similar to the “Quad-Disk” design developed for single inlet microbarometric
measurements terrestrially (Nishiyama and Bedard 1991, hereafter N&B) (Fig. 13, right).
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Fig. 12 Example of the vertical
component signals recorded by
the test magnetometers during
the transient field test

Fig. 13 (Left) The InSight
Pressure Sensor. (Right) the
Quad-Disk Probe inlet modified
from terrestrial versions to
perform better under Mars
atmospheric conditions

The inlet is placed near the center of the lander deck, and is covered by the WTS (Wind &
Thermal Shield) in its stowed configuration until deployment. After deployment, the inlet
is exposed directly to the ambient winds, albeit with the wind perturbations from the lander
itself and the deck obstacles. The sensor is within the body of the lander, giving it a rela-
tively benign and stable thermal environment from which to make its measurements. The
separation between the inlet and the sensor drives the need for the tubing to connect the two
components.

4.2.1 Quad-Disk Probe and Inlet Tubing

Quad-Disk (QD) probes have been used extensively to obtain steady-state and transient
measurements of the static pressure in terrestrial environments (e.g., see Massman et al.
1997; Nishida et al. 2005) since their inception almost three decades ago. The principle of
operation, its main elements and results from wind tunnel tests of the original design are
presented by its developers in Nishiyama and Bedard (N&B). A schematic of the probe
showing its main elements based on the N&B design is illustrated in Fig. 14. Referring to
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Fig. 14 Schematic showing the basic elements of the Quad Disk static pressure probe based on the design
of Nishiyama and Bedard (1991)

the schematic, the basic principle of operation is that as flow passes through the spacing
between each pair of disks, and over the entry ports at both ends of the center collar, the
combined average of the pressure at an upper and a lower set of entry ports becomes close
to the true static pressure when the angle of attack α is near zero. When α > 0, different
average pressures will be attained at the upper and lower entry ports, but these typically sum
to zero at the sensor ports located at the mid-length of the collar, if α is not too large. The QD
was chosen for InSight mainly due to the accuracy with which it can provide the true static
pressure within a desirable range of frequencies. In this section, we report on our estimates
of the expected frequency-dependent damping of the pressure signal on Mars by the QD,
and on analyses and flow visualization tests aimed at assessing errors in the measurements
that are associated with induced turbulence.

To determine the dynamic response of InSight’s QD system, we refer to the idealized
schematic in Fig. 15, depicting the most basic elements of a single line-cavity pressure
sensor. It consists of a tube with a high aspect ratio �/d that connects the inlet pressure
port to the chamber volume. The latter contains the pressure transducer. Here � and d are
the length and diameter of the tube, respectively. If the pressure signal at the inlet is pi(t)

then as the flow traverses the tube it will transmit a different signal po(t) to the transducer
(Fig. 15, left), because the original signal is damped by viscous effects. The transducer then
generates an electrical signal that is a function of po(t). Our objective here is to determine
the so-called amplitude modulation (A), which is a measure of how much the amplitude of
the signal is weakened as the fluid traverses the sensor tubing.

First, we express the pressure signal as a sinusoid over a mean value p as follows:

p(t) = p + δp cos(ωt) (1)

where δp is the pressure amplitude relative to p. It can easily be shown that the response of
such a system is analogous to that of a series-RLC electrical circuit which is known to have
a natural frequency ω2

n = 1/LC and damping factor ξ = R/2Lωn. Here R, L and C are the
resistance, inductance and capacitance of the electrical circuit, respectively. The damping
factor ξ is a measure of the amount by which the oscillations of the circuit decrease over
time. The analogy with the RLC circuit stems from the fact that the governing equation
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Fig. 15 The modulation of the ambient pressure signal (left) as it is transmitted through a line-cavity pressure
sensor consisting of a long tube that connects the pressure port to the chamber containing the transducer
(right)

for the flow in a line-cavity pressure sensor can be modeled as an incompressible laminar
viscous flow in which the pressure drop across the connecting tube is determined by the
Hagen–Poiseuille law. Then R is due to pressure viscous losses, L is due to the inertia of
the fluid and C is the capacity of the transducer to allow for the storage of flow energy in the
chamber volume. The following scalings are therefore expected for the three circuit element
properties:

R ∼ μ�

d4
L ∼ ρ�

d2
C ∼ V

ρa2
(2)

where μ and ρ are the dynamic viscosity and mass density of the fluid, respectively. The
speed of sound in the flow is denoted as a. Following these scalings, the amplitude modula-
tion can be determined (Holman and Gajda 1978; Wilczak and Bedard 2004) from:
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)2
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For illustrative purposes, we compare in Fig. 16 the estimated amplitude modulation
spectrum of the N&B QD (dimensions provided in N&B) on Earth and Mars. For the ter-
restrial conditions, we have assumed μ = 1.812 × 10−5 Pa/s, ρ = 1.225 kg/m3 and a =
340 m/s. For Mars we have taken the following typical conditions: μ = 1.223 × 10−5 Pa/s,
ρ = 2.2 × 10−2 kg/m3 and a = 249 m/s. Clearly, with the viscosity and speed of sound
being comparable in the two atmospheres, the largest impact on the modulation of the signal
is due to the difference between the mass densities. More specifically, on Earth the damp-
ing factor ξ is reduced significantly due to the ∼ 50× higher density compared to that on
Mars as can be seen by Eq. (4). Under Martian conditions we estimate the modulation of
the signal to be reduced by about 1% of its original amplitude at 1 Hz for the N&B design,
and to fall off sharply for higher frequencies, effectively making it a low-pass filter with a
cut-off near 1 Hz. To increase the high frequency performance under Martian conditions,
the geometry of the QD for InSight was modified somewhat from the N&B design. For the
InSight design, the predicted modulation would only fall by 1% of its original value at a
frequency of ∼ 170 Hz (see Fig. 16). Thus, the InSight design should not be mechanically
low-pass filtered by its Quad-Disk design for the sensor’s sensitivity up to 20 Hz.
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Fig. 16 Estimates of the
pressure signal modulation on
Earth and Mars for the QD
designed by N&B. Also shown is
the estimate on Mars for the
design used on InSight

It is well-known that turbulence can affect adversely static-pressure measurements (e.g.
see Bradshaw and Goodman 1968; Christiansen and Bradshaw 1981). Errors stated in the
literature are typically ∼ 1% relative to the dynamic pressure for turbulence intensities
(TI) < 10%. However, corrections of this kind are uncertain because errors depend not only
on TI but also on the length scale of turbulence, its structure, and presence of coherent (orga-
nized) fluid motions. For the QD, the impact of the turbulence would become more adverse
if its characteristic length scale became comparable to or smaller than the size of the device.
The main source for such turbulence on InSight that could interfere with the accuracy of the
ambient pressure measurement would be flow separation over the QD disks and/or over the
elements on the rover deck that surround it.

In regards to the latter, our analyses showed that most of the elements on the deck will not
produce interference that will affect the pressure measurements significantly. Of particular
interest was the UHF antenna because its size is comparable to the QD, and therefore vortex
shedding due to flow over it could produce turbulence of scale lengths comparable to the
size of the QD. To better quantify the effect on the pressure measurement, we performed
Large Eddy Simulations of flow over an idealized geometry of the antenna to compute the
vortex shedding frequencies. We found that for mean wind speeds on Mars (∼ 5.7 m/s,
Hess et al. 1977; Ryan et al. 1978; Murphy et al. 1990), these shedding frequencies were
larger than 2.5 Hz and therefore outside the required operational range of the sensor (0.01–
1 Hz). At lower wind speeds, we found that the frequencies could lie within the operational
range of the sensor but the turbulent kinetic energy had decreased by more than two orders of
magnitude. This suggests minimal impact of the vortex shedding frequencies on the pressure
measurement at the lower wind speeds.

To address flow separation over the probe’s disks, we performed both analyses and flow
visualization tests. The Reynolds number Re = ρuD/μ on Mars based on the diameter (D)
of the large disks is < 4×103 for typical ambient wind speeds u < 15 m/s (Hess et al. 1977;
Ryan et al. 1978; Murphy et al. 1990). When α = 0 flow, separation over the disks is not
expected to occur until Re � 105. Hence, this scenario was found to be of no major concern.
When α > 0, N&B found in terrestrial flow experiments that ε ≡ 
p/Q, the error in their
static pressure measurement relative to the dynamic pressure Q = 1/2ρu2, was close to
zero for a range of α but increased precipitously beyond some critical value we will term
here αcr. For example, at u = 10 m/s, they found that αcr ≈ 15◦. Naturally, the question
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Fig. 17 Left: The test section of the Free Surface Water Tunnel at GALCIT used in the visualization of flow
separation over the QD, at various angles of attack and for conditions similar to both Earth and Mars. Right:
Typical result of dye recirculation in the flow separation bubble, emulating Re = 6360 on Mars at α = 25◦

that arose for InSight was how this critical value would change on Mars considering that
the Reynolds number is much lower there than during the terrestrial tests of N&B. It is
already known from thin-airfoil tests that flow separates at smaller α when Re is reduced
(McCullough 1955). This then implies that on Mars, αcr for the QD could be lower than
that determined in the terrestrial tests of N&B. To confirm these trends and to determine the
favorable operational range of α for the QD on Mars, we performed flow visualization tests
in the Free Surface Water Tunnel (FSWT) at the Graduate Aeronautical Laboratories of the
California Institute of Technology (GALCIT) (Bobba 2004; LeHew 2012). The test section
of this tunnel is 2 m long, 1 m wide and 0.56 m deep and is shown in Fig. 17, left, containing
a model of the QD at an angle of attack. The FSWT is a recirculating shear layer facility with
two streams that can be controlled independently. With the test section filled up to 56 cm by
deionized water, the free-stream velocity can be varied (with no spurious oscillations) from
0.1–0.55 m/s. The test section is made of Lucite, with optical access from the bottom, top
and sides of the test section.

Two distinct flow tests were performed in the FSWT. The first employed a model of
the QD that was 1.2× the size of that used by N&B. The objective was to validate our
experimental approach (before employing it for Mars-related tests) by reproducing the value
of αcr ≈ 15◦ obtained by the authors in their wind tunnel tests at u = 10 m/s. At this speed,
the Reynolds number was approximately 105. This required a flow speed of ∼ 0.5 m/s in
the water tunnel to achieve flow similarity. The angle of attack was varied from 0–25◦ and
a (red) dye was used over the lower large disk to visualize the characteristic separation
bubble that is expected to occur when the flow over its edge separates. Because this feature
of the separated flow involves flow recirculation inside the bubble, it is relatively easy to
detect it with the dye, as shown by a typical test result in Fig. 17 (right). In this first test we
found no separation at α < 10◦ and clear separation at α > 18◦. The transition to separation
occurred between 12◦ < α < 16◦, in agreement with the findings by N&B. The second flow
test employed a 0.4×-scale model of the QD to allow for similarity with flow conditions on
Mars. The water flow speed was set to 0.1 m/s, representing Re ≈ 6 × 103 on Mars. This
value is outside the expected range of Re ∼ 1500–4000 for typical wind conditions, but not
high enough to have a significant impact on αcr. Our results support this conjecture since
αcr was found to be only about 1–2◦ lower than that produced by the terrestrial model at
Re ≈ 105. These tests therefore allowed us to determine the range of α within which we
would expect the smallest errors associated with flow separation over the QD in our true
static pressure measurements on Mars.
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For winds with a low enough angle of attack and turbulent intensity, N&B report that the
QD can reduce the wind-induced dynamic pressure effects by a factor of 100–10,000. For
typical winds on Mars (e.g., 5.7 m/s) the un-filtered dynamic pressure effects are of order
0.36 Pa (well within our sensing capability, see below), but with the QD probe at the inlet of
the pressure sensor, we can expect these perturbations to be reduced to about 3 mPa or below,
well below our sensitivity. However, we were not able to empirically confirm this level of
performance due to the very difficult nature of such a measurement. As noted above, before
deployment, the WTS (Wind & Thermal Shield) will cover the Quad-Disk probe inlet for the
PS, which will likely increase the Pressure Sensor’s sensitivity to winds, but not invalidate
the results entirely (i.e., likely < 0.36 Pa for 5.7 m/s winds).

The enclosed volume in the sensor, the inlet tubing and the QD probe between the at-
mosphere and the pressure sensor itself produces a response time (or alternatively a cutoff
frequency) for the instrument as a whole. For perturbations shorter than this time, the sen-
sor’s response will be reduced. If we repeat the analysis above to determine the frequency
dependent amplitude response of the full pressure sensor system (QD probe, inlet plumb-
ing, sensor head space, not just the QD probe alone as above) we can determine a cutoff
frequency of the first-order low-pass filter that this system represents. The cutoff frequency
due to the complete inlet system of the pressure sensor is roughly 6 Hz. In addition to the
mechanical filter of the plumbing, there is also a first-order low pass filter on the sensor
electronics output with a cutoff frequency of about 3 Hz. The sensor output is read by an
analog-to-digital converter on the PAE at 500 Hz, which is then averaged down to a 20 Hz
data stream. The two cutoff frequencies in the system, along with the generally expected red
spectrum of the pressure perturbations, provide adequate anti-aliasing filtering for the 10 Hz
Nyquist frequency of the fundamental data rate of the pressure sensor.

4.2.2 Sensor Description

The InSight pressure sensor was produced by Tavis, which produced similar sensors that
have flown and operated on the surface of Mars on the Viking and Pathfinder missions.
Fundamentally, the sensor has a membrane separating an evacuated chamber from the inlet
of the pressure sensor (which is open to the Mars environment). This membrane deflects
as the ambient pressure changes. The deflection is measured using its varying impact on an
electric circuit, in this case varying the reluctance of a circuit element associated with the
membrane.

InSight’s pressure sensor pushes the limits of capabilities of pressure sensors that have
previously flown to Mars’ surface. Insight’s pressure sensor shares the Tavis design heritage
with the Viking and Pathfinder lander pressure sensors in that all are variable reluctance
sensors. The essential difference with the Insight instrument is that, from the ground up,
the electronics were designed to have the lowest noise floor possible in a flight qualified
electronics package. A large contributor to the overall noise budget for low frequency ap-
plications is so-called 1/f noise. This is low frequency noise for which the noise power is
inversely proportional to the frequency with a typical bandwidth of approximately 0.01 to
10 Hz, spanning the range of frequencies of interest to InSight. The components used in the
electronics package for Insight had the lowest possible noise found in fight-qualified parts.

The Tavis pressure sensor uses a form of synchronous chopped demodulation. This
scheme has been used in all Tavis spaceflight hardware prior to InSight, and was consid-
ered for InSight. However, it was seen early on that this topology would not be sufficient
for Insight. Early tests indicated that the noise limit of the heritage circuits was 2.5 times
higher than the specification would allow. Chopped demodulation techniques can have some
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low frequency noise issues due to the switching noise associated with discrete electronics.
Chopped demodulation can introduce switching artifacts that contain harmonics that are
injected into the signal chain and are very hard to filter out. Noise at each harmonic is de-
modulated back to dc along with the signal being measured.

Because of the aforementioned switching noise, Tavis elected to use an absolute value
form of synchronous sine wave demodulation. This approach is much less susceptible to
noise and can recover very small signals in the presence of large noise or interference. Low
noise design concepts were developed for the sensing elements as well. These techniques
were employed to control the dimensionally-driven impedance variability seen in discrete
wiring that may have been introduced into the sensor signal chain by ground tilt and vibra-
tion. We were able to demonstrate a noise floor of 1 to 10 μV dc for the electronics package
apart from the gage element. The ultimate noise floor of the overall sensor is driven by a
fundamental aspect of the gage element itself, but its cause is still under investigation.

It was anticipated that the pressure sensor’s membrane’s behavior would be temperature-
dependent. To minimize temperature variations on the sensor, it was located within the lan-
der body. Additionally, the electronics were assembled using components with minimal ther-
mal sensitivity. Nevertheless, the sensor was also provided with a temperature sensor near
the membrane to allow calibration to account for the inevitable temperature changes that the
sensor will undergo.

4.2.3 Calibration & Drift

A test chamber was built at JPL that enabled holding the sensor at a specified temperature
(spanning the range of expected flight temperatures), and exposing the sensor’s inlet to a
variable pressure (again, spanning the range of expected ambient pressures at the landing
site throughout a full Mars year). The pressure of the test chamber was monitored by a
second pressure sensor, traceable to NIST standards, and with a precision and accuracy
similar to that of InSight’s pressure sensor. In addition to slow changes in the test chamber
pressure, a variable frequency oscillating plunger system was connected to the chamber to
allow sinusoidal pressure fluctuations of know amplitude and frequency to be imposed on
the system. This test chamber was used to not only establish the calibration of the sensor,
but to also demonstrate that it met the noise floor requirements, and to produce a transfer
function versus frequency for the system as a whole. Unfortunately, the oscillating plunger
system was unreliable above 1 Hz, so the mechanical cutoffs of the system plumbing could
not be empirically verified in the test setup, and analytical estimates are all that exist to
produce the estimate discussed above.

The noise spectrum of the pressure sensor is the principal requirement it had to pass. This
was measured in the test setup by maintaining the chamber at a constant pressure, and mon-
itoring the spectrum of the noise on the pressure sensor’s output. A representative example
of this is shown in Fig. 18, with the actual time series on the left and the resultant power
spectrum on the right. The blue line on the figure represents the noise floor requirement
established to be of value in removing pressure-induced noise on the SEIS sensor readings.
The noise spectrum of the signal from the pressure sensor is shown in red and is below
the noise floor requirement at all frequencies of interest (i.e., 0.01–1 Hz). This type of test
was conducted at each of a set of temperatures spanning the operational range of the instru-
ment, and in all cases, the noise spectrum was below the requirement, although the noise
amplitude shifted up and down slightly with temperature. The typical RMS variability of
the sensor when reading under constant pressure conditions is of the order of 10 mPa.

The sensor is designed to measure between pressures of about 550 Pa and 1000 Pa, ex-
ceeding the expected range of the pressure extremes that will be experienced at the InSight
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Fig. 18 (Left) Representative time series during about 2300 s of relatively steady (although decreasing)
pressure. The lower plot is the actual voltage output from the sensor, while the upper plot is the de-trended
version of the same data. The typical RMS of the time series translates to of order 10 mPa when converted to
pressure. (Right) The power spectrum of that same time series is shown in red. The mission requirements for
the noise floor of the pressure sensor is shown as the blue lines from 0.01–1 Hz. In all cases, the instrument
noise is below the requirement

landing site (see Sect. 3.2), and for temperatures between −30◦C and 40◦C. The actual
calibration is temperature-dependent, so the ultimate range possible for the instrument will
depend on the thermal environment realized. The sensor was actually calibrated twice, ow-
ing to the 26-month delay between the originally planned launch date (2016) and the actual
launch date in 2018. The first calibration was in April and May, 2015, and the second cali-
bration was done in May, 2017. The latter calibration will be used in flight operation of the
sensor, but the expected drift can be assessed by changes in the calibration between the two
years. In each of the calibration procedures, the sensor was held near a particular temper-
ature, and the chamber pressure was varied in a series of ∼ 25 steps, starting at ∼ 550 Pa
and going up to about 1000 Pa, and then stepping back down (to assess hysteresis) over a
total time of about 2 hours. This pressure cycling was then repeated at a different temper-
ature for the sensor after waiting a suitable equilibration time for the system to adjust to
the new temperature (several hours). Overall, 14 temperatures were used to cover the pres-
sure/temperature operating space of the pressure sensor and produce empirical fits to the
measured pressure as a function of the sensor output voltage and the sensor temperature.

At each pressure step for a particular sensor temperature, data were taken for about 5 min-
utes while the system equilibrated. The data taken during the transients were removed, and
only those from steady conditions were used. This resulted in a set of 14×25 = 350 discrete
combinations of temperature and pressure that could be used to develop a functional form
relating the sensor’s output voltage and its temperature to the actual pressure it was exposed
to. We experimented with formulas of increasing complexity, and found that a third order
polynomial in both the measured voltage and temperature could explain the majority of the
variability seen in the calibration process without introducing extra noise in the results. Us-
ing the optimized cubic fit in sensor voltage and temperature to estimate the actual pressure
on the sensor results in a typical absolute error of about 1.5 Pa. While absolute accuracy
is not a requirement on the InSight pressure sensor, it is relevant for the ancillary science
discussed in Sect. 2.2 above.

We were able to compare the first calibration process to the second, to see how a 2-
year span could change the absolute calibration of the sensor. For a broad cross-section of
temperatures and pressures, the typical difference between the best fit pressure estimate from
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Fig. 19 Details of TWINS’
Wind Sensor. View of the bottom
board, with the four dice at the
close tip, and the cold die at the
far end

the 2015 calibration and the 2017 calibration ranges from 0 to ∼ 1.5 Pa. This is roughly a
0.06% drift over a period of about 1 Mars year. Viking saw a drift of about 0.07% over 2
Mars years (Haberle and Kahre 2010). While this indicates that the absolute calibration of
the InSight pressure sensor is not as stable as those on the Viking Landers, it should still
provide sufficient accuracy to enable a study on secular change in the atmospheric pressure,
as discussed in Haberle and Kahre (2010).

4.3 TWINS

4.3.1 Sensor Description

TWINS (Temperature and Winds for InSight) comprises two identical horizontal booms
arrayed with wind and temperature sensors placed on diametrically opposite sides of the
lander deck, as shown in Fig. 4. The booms are attached to a supporting structure, approx-
imately 1.6 m above the ground level, 265 mm above the lander top deck (on top of a pair
of brackets), horizontally placed, and in parallel with respect to each other, but facing away
from each other. These are at approximately the +Y and −Y sub-axis of the lander.

This layout is intended to minimize the perturbing effects on the wind flow induced by
the other elements in the lander top deck, by ensuring that at least one of the booms will
record relatively clean, unperturbed wind data for any given wind direction.

The tip of each boom is shrouded with three sensor boards (bi-dimensional hot film
anemometers), each containing four hot dice which are heated and exposed to the airflow,
and a fifth cold die used for reference (Figs. 19 & 20). These three boards, jointly, comprise
the 3D wind sensor on each boom.

These two 3D wind sensors, one per boom, use thermal anemometry to record the wind
speed and direction. The concept behind the hot film anemometry is based on recording the
amount of power required to heat the hot dice (a thin titanium film resistor patterned on the
surface of a silicon chip (Dominguez et al. 2008) so that it maintains a constant temperature
difference with respect to the ambient temperature as measured by the cold die). From that,
the convective power is estimated and, in turn the wind speed and direction is calculated
by differencing measurements between hot and cold detectors, and between sensor boards
facing in different directions.

Additionally, a sensor extending below each boom provides air temperature measure-
ments. It is a 35 mm long thin fin, manufactured with a multilayer of FR4 (a glass reinforced
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Fig. 20 One of the TWINS wind
sensors, showing two of the
boards. Each boom has three
identical boards, connected to the
ASIC that is placed in the base of
the boom. The boards have four
hot dice at the tip (with three
resistors printed on the upper side
of a silicon chip—a resistor for
heating, another for measuring
the temperature, and the third one
to be used as a reference sensor
in the measurement circuit), and
one cold die at the base (having
only a resistor that is used as a
temperature reference)

Fig. 21 Details of one of the
TWINS’ booms (attached to its
supporting structure that raises it
over the surrounding elements).
The Air Temperature Sensor rod
is also shown (indicated by the
green arrow), attached to the base
of the boom

epoxy laminate material, a very low thermal conductivity material), and with two mini-sens
RTD thermistors (PT1000 Class A type, and 2.3 mm × 1.6 mm in size) (see Figs. 21 & 23).
The two thermistors are bonded to the tip and at an intermediate position in the rod. Ad-
ditionally, a third thermistor at the rod base is also used to monitor the boom temperature.
Data from these three thermistors are used to estimate the temperature of the fluid around
the instrument, despite the thermal contamination from the boom.
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Fig. 22 Example of flow
perturbations by the lander and
on-deck elements. The turbulent
regime is highly dependent on
the surrounding elements.
Specific calibration campaigns
or, in their absence, exhaustive
and detailed CFD simulations
and analysis, are mandatory to
fully understand the undisturbed
ambient wind given the observed
winds at each TWINS boom

Fig. 23 Image of Atmospheric
Temperature Sensor (ATS) rod.
Each ATS is a multilayer FR4
rod, 35 mm long, with two
PT1000 Class A thermistors (at
the tip, and in an intermediate
position)

TWINS Electronics Two front-end mixed-signal ASICs, one per boom, process all of the
received analog inputs from the transducers and send the data to the PAE via a serial com-
munication link. The ASICs implement individual electro-thermal sigma-delta control loops
for each die, driving power to each of the hot dice in the boards, with the goal of keeping
each hot dice at a fixed temperature difference with respect to the cold die in each board. The
front-end ASICs are each furnished with a heater to be able to warm-up the ASICs to any
given operational temperature, as far as needed, by means of a heater power line. That power
line is regulated externally by the PAE using an ASIC temperature thermistor read-out also
provided in the interface. The target operational temperature, known as the heater setpoint,
is configured from the ground. Additionally, the TWINS’ ASICs also implement the analog-
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to-digital converters to sample the air temperature sensors’ PT1000, sending those data to
the PAE.

The TWINS booms are controlled and configured via several configuration registers
(ASIC Registers) which are, in general, used to enable/disable operation (temperature or
wind acquisitions), to configure the internal analogue acquisition chain (multiplexer, fil-
ter, ADC and amplifier gains) to define several operational engineering parameters (band
gap reference level and compensation resistor parameters), for configuring the wind sensor
heating and measurement currents, and for supporting internal ASIC development and char-
acterization tests. The state of all of these configuration registers must be uploaded to the
TWINS booms after each boom is powered on.

4.3.2 Estimation of Free-Stream Winds

The TWINS booms are relatively close to InSight’s deck, as well as to the other structures
also on the deck. Thus, wind and temperature readings will be strongly influenced by the
lander platform, as has been confirmed by CFD simulations. In such a context, the retrieval
of wind and temperature magnitudes requires not only using the calibration values and coef-
ficients to yield the wind in the immediate vicinity of the booms, but also CFD simulations
to put these locally measured winds in context of the perturbations from the other items on
the deck, particularly during the first sols, when all the instruments will be on top of the
lander prior to deployment.

Flows around a cylindrical shape have been studied extensively in aerodynamics. It is
generally understood that when a fluid flows around a cylinder, there is a zone where the
stream is detached, and another in which the fluid follows the shape of the body, having a
stagnation point in the point of impact. This is the underlying idea behind the TWINS wind
sensor cylindrical design. It is also known that the flow very close to the boom surface is
almost two-dimensional, with the normal component being negligible. The velocity field
in the vicinity of the surface of a cylindrical body is a function of the fluid properties, the
geometry of the flow, and the free flow speed. In particular, for the flow around a semi-
infinite cylinder, it can be written:

V/U∞ = F(Re, θ,φ, r/D,d/D) (5)

where V is the local speed, U∞ is the speed of the free flow, Re is the Reynolds number,
θ and φ the incident and azimuth angles, D is the cylinder diameter, r the radial distance
from the cylinder axis to the point under study, and d is the distance from the point to the
end of the boom (details are provided in Gomez-Elvira et al. 2012).

As in the case of the REMS wind sensor on the Curiosity rover, the TWINS wind sensors
are designed to estimate U∞, θ and φ on the basis of two estimators of the local speed
components at three points close to the cylinder surface. This is further based on the fact
that with three measurement points arranged every 120◦ around the circumference of each
boom, at least two of them will be outside the flow separation region for most wind incidence
angles.

In summary, all these considerations led to design the REMS and TWINS booms as a
set of three 2D wind speed sensors that record the local 2D winds apparent on the surface
of the booms at their various position angles. The combined reading from all three of those
boards in each boom will enable the wind speed and direction that each boom experiences
to be determined.

To retrieve the 2D wind magnitudes, the first step is to determine the thermal conduc-
tance of each die, computing the longitudinal (two front dice minus the two back ones),
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and transversal (two left dice minus two right ones) differential conductances. These are
referred to as the Glong and Gtrans conductances. They are both proportional to the Nusselt
number, and therefore directly related to the local wind speed (Dominguez et al. 2008).

To estimate the thermal conductance of each die requires estimating the convection power
emitted by each die. At thermal equilibrium, the power injected into each die equals the
conductive and radiative power losses, plus the power lost by convection to the ambient air.
These losses can be estimated from the conductive and radiative constants from empirical
sensor calibration tests.

G = Pconvec

Thot − Tair
= Pdelivered − Pconduction loss − Pradiation

Thot − Tair
= hA

h = Nu
k

l
= g(Re,Pr)

k

l

(6)

where A is the dice surface area, k is CO2 thermal conductivity, l is the characteristic die
dimension, Pr is the Prandtl number of the fluid, and Re and Nu are the Reynolds and Nusselt
numbers for that fluid and speed.

With the ambient temperature and pressure, it is possible to compute the fluid properties
locally at each boom level, stating the relation between G and Re, and therefore, between G

and (U∞, θ,φ), given by

Re = K · P · U∞ (7)

where K is a coefficient which is a function of the fluid characteristics, and P is the pressure.
Through an extensive testing campaign at the CAB linear wind calibration facility, the

team has generated a dense look-up-table that relates pitch and yaw angles, and Reynolds
numbers (wind speed), with the two G components of the boards in the boom under test. An
inverse retrieval algorithm has been developed, where the pitch, yaw and Reynolds number
values are identified that minimize the difference between the values in the look-up table and
those measured by the sensor. This yields the local wind speed and direction at the boom in
consideration.

However, the (U∞, θ,φ) locally estimated for each operating boom may substantially
differ from one another, and also from the global free-stream (U∞, θ,φ) due to the pertur-
bations caused by the lander and the elements near each boom. Because of this, to estimate
the true, unperturbed free-stream wind speed and direction, we also rely on CFD simulations
(see Fig. 22). These simulations have been run at representative “average” Elysium Planitia
conditions, using a detailed model of the lander with (and without) the elements on top of
the deck, and covering a full mesh of possible wind speeds and incident angles. For each
yaw and pitch of the simulation mesh, the wind speed correction curve as a consequence of
the presence of the lander, and with respect to the free-stream wind, is estimated for several
free flow speeds. This correction factor is then used to estimate the unperturbed free flow
speed from the lander-perturbed wind readings.

4.3.3 Estimation of the Ambient Temperature

The TWINS air temperature sensor is used to estimate a temperature representative of the
local environment, even in the presence of thermal perturbations from the lander and/or
solar panels and direct solar illumination. Ground data processing attempts to minimize
these contaminating effects.

The retrieval model used to estimate the ambient temperature makes use of the readings
provided by the three thermistors on each rod (see Fig. 23): at the base, at the intermediate
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position, and at the tip. With these three thermistors, the temperature profile on the rod,
and the local air temperature can be estimated. The TWINS temperature sensor’s retrieval
model is similar to that of REMS, and is based on the physics of a thin fin in thermal
balance with the fluid around it. The model is detailed in Zorzano et al. (2009), and has
been experimentally validated by Mueller and Abu-Mulaweh (2006). In both the REMS
and TWINS cases, and as it is described in those works, the temperature profile on the rod
depends on the conduction through the FR4 material and the wires, the local convection
(natural and forced) within the Martian atmosphere, the IR radiative interchange between
the rod and the surrounding air mass, and the solar radiative heating as the most significant
terms.

The retrieval algorithm provides the temperature of the surrounding fluid on the bases
of the three known temperatures (thermistors on the rod), the local convection and radia-
tion terms, and design parameters of the rod (conductivity, length, emissivity, etc.). This
mathematical model has been validated through experimental tests in Martian simulation
chambers.

4.3.4 Differences from REMS

TWINS has a high level of heritage from the REMS wind and temperature sensor booms
from the Curiosity rover. The overall design of four heated dice and one cold die, arranged
with three sets around the tip of a cylindrical boom is maintained. Using two booms to avoid
problems with wind azimuths where any one boom performs poorly is also retained. The
retrieval algorithms for each boom’s local wind as well as that for the air temperature sensors
are also inherited from REMS. However, some significant improvements in the TWINS
booms have been incorporated using lessons learned from REMS.

The PAE can automatically change parameters for the boom operation instead of having
them be manually controlled by instrument operators on the ground. This should result in
better fidelity data, with the booms operating with the appropriate set of parameters most
of the time. The PAE can also better control the ASIC voltage, as well as their operating
temperature, through direct control of the heater. This too should substantially increase the
usable fraction of TWINS data versus that of REMS. Finally, the TWINS flight models were
themselves fully characterized in the calibration process, not an indirect calibration with
a stand-in, as was done with REMS. This should result in significantly smaller residuals
in fitting between the wind vector look-up tables and the actual measurements, increasing
confidence, accuracy and precision of the results.

5 Instrument Operations

In general, the APSS sensors will be operated nearly continuously throughout the mission
(as power availability permits), and their data will be stored in a circular memory buffer on
the spacecraft with a duration of roughly 5 weeks before being overwritten by new data.
APSS operations will be made in coordination with those of the SEIS instrument by the
SEIS operation center SISMOC, in close coordination with JPL and the APSS Instrument
teams. Detailed description of SISMOC can be found in Lognonné et al. (2018). Because of
downlink limitations, only a fraction of the total data from the APSS sensors can be returned
to Earth. To intelligently manage the disconnect between observed and downlinked data, the
spacecraft downlinks a sub-sampled version of the continuous data stream, as well as an
estimate of the power contained at frequencies above the down-sampling frequency for IFG
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and PS. Using these continuous (but low data rate) time series from the APSS sensors, the
science team can selectively choose subsets of the data for downlink at the full (or at least
increased) data sampling rate. At the nominal total downlink of ∼ 38 Mbits per sol, this
allows roughly 30 minutes per sol of full data rate downlink of all APSS sensors after the
low data rate continuous data is accounted for.

5.1 Insight FluxGate

The magnetometer can be in either one of two states: operating or non-operating. However,
as discussed above, the output from the magnetometer can be averaged to lower rates to
match telemetry allocations or the needs of the SEIS investigation. For the nominal case
(∼ 38 Mbits per sol), the IFG returns data down-sampled to 0.2 Hz with its temperature data
sampled at 0.02 Hz. On-board processing calculates the total power in the three components
of the magnetic signal above 0.1 Hz, which is down-sampled and returned to Earth. This is
expected to be used to identify events for which downlink of the full 20 Hz data is desired.

5.2 Pressure Sensor

As with the IFG, the pressure sensor is either operating or non-operating. The native sam-
pling rate on board the lander is 20 Hz, although on-board processing will downsample this
to a lower sampling rate continuous data stream. For the nominal downlink case, the pres-
sure sensor will return continuous data down-sampled to 2 Hz, and its temperature sensor
data will be down-sampled to 0.2 Hz. Onboard processing will also produce the RMS of a
high-pass version of the pressure signal above 1 Hz, which will be down-sampled to 0.5 Hz.
This latter signal is indicative of high frequency pressure variations above that resolved in
the continuous pressure data, to focus attention for downlink of the full sampling rate data
in an “event.”

5.3 TWINS

TWINS operation is designed around two main phases:

1. Deployment phase.
2. Science monitoring phase.

During deployment phase, TWINS aim is to provide data regarding wind, with the ob-
jective of assessing when to deploy instruments. During that phase, it is expected that both
booms will be used at the same time, although this will depend on available resources (such
as power and bandwidth). Data from both booms will be used on the ground to retrieve
wind speed and direction, as well as air temperature. Having both booms operating during
this first phase will maximize the record of unperturbed winds.

During the science monitoring phase, after all instruments (SEIS, WTS, HP3) are de-
ployed, the nominal plan is to have only one boom operating at any one time, with provi-
sions to switch booms several times a day. The exact times for these boom switches will be
modified on a weekly basis as the seasons progress, based on the previous week’s data, with
the goal of always operating with the boom that is predominantly upwind of the lander for
any given wind direction expected at a given time of day. If power allows, both booms may
be operated to yield a more robust wind estimate in the presence of quickly varying wind
directions due to turbulent winds in the convective boundary layer. Having the two booms
pointed in opposite directions simultaneously operating will allow the team to get accurate
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measurements of the wind’s diurnal and seasonal tendencies, which in turn will be used to
decide which boom to have on at different times during operations when only one boom is
nominally powered. Having both booms operating simultaneously is the preferred configu-
ration, although having just one is a compromise solution in case of restricted resources.

In both mission phases, continuous logging is the main driver for TWINS operation,
based on the Payload Auxiliary Electronics’ capability of measuring without interruption
and autonomously from the lander computers. TWINS collects data at 1 Hz, but as with IFG
and PS, TWINS also sends back down-sampled continuous data in addition to the selected
‘event’ data at higher sampling rate. For all TWINS data„ a decimation rate is applied. Under
nominal conditions we expect to send back TWINS wind data at 0.1 Hz continuously. For
TWINS Air Temperature data, a 10 s average and standard deviation is computed on board
for continuous downlink also at 0.1 Hz.

5.4 PDS and IRIS/MSDS Submission

The data from APSS will be archived with the Planetary Data System in two separate nodes.
Specifically, the IFG data will be archived with the Fields and Particles Node at UCLA,
and the TWINS and Pressure Sensor data will be archived with the Atmospheres Node at
New Mexico State University. In both cases, the archives will include the raw data from
the various sensors as they come from the spacecraft. They will also include calibrated data
(in physical units) after applying the calibration functions. In the case of IFG, this means
the 3-D magnetic field vector time series. For PS & TWINS, this means the pressure, and
the pressure sensor’s temperature, and the wind speed, wind direction and air temperature
for each boom. Finally, for the TWINS data, we will also archive an estimate of the am-
bient wind (speed and direction) and air temperature that would exist without any of the
perturbations from the lander itself.

In addition and because of their importance for seismological analysis, all APSS data will
be also deposited in the Mars SEIS data System in IPGP and in the IRIS Data Management
Center. The format of the APSS data will be SEED. See Lognonné et al. (2018) for more
detail and information.

6 Summary

The APSS environmental sensor suite provides the capability to remove the significant po-
tential environmental contaminating influences on InSight’s SEIS sensors’ readings. The
APSS sensors were selected to provide measurements of magnetic field, atmospheric pres-
sure, wind speed and direction and air temperature at levels of precision and sampling rate
needed to serve as critical auxiliary data in support of the seismometry on InSight. Addi-
tionally, they will also enable fundamental studies of the Martian surface magnetic field and
boundary layer atmospheric dynamics.

The magnetometer has been properly tested and well accommodated. The sensor will
monitor the AC magnetic field of the spacecraft and any environmental magnetic signals.
This will allow separation of natural seismic signal from magnetic influences. The magne-
tometer should also provide measurements of low-frequency induction signals associated
with the solar wind interaction, possibly Martian atmospheric phenomena, and we expect to
detect induced currents from the Martian core.

The pressure sensor is the most sensitive yet flown to Mars. Its accommodation on the
lander should yield an excellent measure of the ambient pressure, with the sensor itself inside
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the thermally moderated body of the lander, and the inlet using a specially modified Quad-
Disk probe to minimize wind-induced dynamical pressure effects. The greater sensitivity of
the pressure sensor will allow a dust devil census to extend to significantly greater range
from the lander, and the high precision and frequency response may reveal infrasound in the
Martian atmosphere.

The TWINS booms are an improved version of the flown wind and air temperature sen-
sors from REMS on the Curiosity Rover. The technical improvements in the sensors, as
well as better accommodation on the lander, should yield a valuable data set to identify true
seismic events from those due to wind-induced shaking. The continuous winds that will be
available from InSight will be a first at Mars, and may finally enable direct determination of
the Aeolian threshold wind speed on Mars.
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