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a b s t r a c t

The amplitudes of seismic signals on a planetary surface are discussed in the context of observable

physical quantities – displacement, velocity and acceleration – in order to assess the number of events

that a sensor with a given detection threshold may capture in a given period. Spacecraft engineers are

generally unfamiliar with expected quantities or the language used to describe them, and seismologists

are rarely presented with the challenges of accommodation of instrumentation on spacecraft. This

paper attempts to bridge this gap, so that the feasibility of attaining seismology objectives on future

missions – and in particular, a long-lived Venus lander – can be rationally assessed.

For seismometers on planetary landers, the background noise due to wind or lander systems is

likely to be a stronger limitation on the effective detection threshold than is the instrument sensitivity

itself, and terrestrial data on vehicle noise is assessed in this context. We apply these considerations to

investigate scenarios for a long-lived Venus lander mission, which may require a mechanical cooler

powered by a Stirling generator. We also consider wind noise: the case for decoupling of a seismometer

from a lander is strong on bodies with atmospheres, as is the case for shielding the instrument from

wind loads. However, since the atmosphere acts on the elastic ground as well as directly on

instruments, the case for deep burial is not strong, but it is important that windspeed and pressure

be documented by adequate meteorology measurements.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Seismology has been and continues to be a key tool in under-
standing the interior of the Earth (e.g. Howell, 1990). It is therefore
only natural that one would seek to apply this tool in understanding
the Earth’s twin planet, Venus (e.g. Stofan et al., 1993). It is
pertinent to recall that the very first instruments sent to the surface
of another planetary body were seismometers—those sent (albeit
unsuccessfully) to the Moon on Rangers 3, 4 and 5. However, after
that initial start, and the success of the astronaut-deployed seism-
ometer network in the Apollo program (Fig. 1), progress has been
slow. The first detailed appeal for seismic data on Venus is that due
to Derr (1971), and seismic studies have remained an important
desire for the Venus community (e.g. VEXAG, 2011).

Although seismology is classically a ‘network science’, it is
important to note that important scientific results, such as the
crustal thickness and the overall level of seismicity can be esti-
mated with a single seismic station, see e.g. (VSTDT, 2009).
Planetary seismology overall is reviewed by Lognonné and Mosser
(1993), Lognonné (2005) and Lognonné and Johnson (2007).
ll rights reserved.
This paper considers the Venus seismology problem from a
lander instrumentation perspective, to reconcile plausible levels
of seismic signal with potential noise sources (specifically wind,
and systems on the lander itself). It is often stated (e.g. VSTDT,
2009) that to have a realistic chance of being scientifically useful,
a seismometer should operate for ‘at least several months’. Since
there are potential engineering limits on mission duration, this
statement is considered in the context of instrumental detection
and noise levels.

It may be noted, but is not discussed further here, that Venus
quakes might be detectable from orbit, via waves in the ionosphere
(Garcia et al., 2005): such effects have been observed on Earth. This
phenomenon, and other interesting surface/atmosphere interac-
tions such as the wind and pressure effects discussed later, and the
production of microseisms by waves on liquid surfaces, might also
be considered at Titan.
2. Mission context

Formidable technical difficulties exist in operating equipment for
long durations on the surface of Venus, where the high temperatures
and pressures, and somewhat hostile chemical environment pose
severe challenges for the operation (and testing) of mechanical,
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Fig. 1. Astronaut Edwin Aldrin deploys the solar-powered instrumentation

package including a seismometer on the surface of the moon. The Lunar Module

is in the background, yet even at this distance the spacecraft proved to be a source

of seismic noise.

1 Seismometers were launched (but did not reach their destination) on the

small stations of the Russian Mars-96 mission (Lognonné et al., 1998). A launch

vehicle failure led to the re-entry of the spacecraft over South America and the

mission was lost. Crude seismometers were also carried on the penetrators of that

mission and were similarly lost.
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electrical and optical systems. While certain individual components
can operate at 750 K, including a few semiconductor devices and
sodium–sulphur batteries, the full arsenal of systems needed to
support data acquisition and – most importantly – transmission are
not yet able to do so. Thus a significant fraction of the required
equipment must be maintained at temperatures of perhaps 450 K or
below (most electronic equipment is qualified for operation at 80 1C:
the radio transmitter on the Pioneer Venus North probe failed at
117 1C, e.g. Lorenz et al. (2005)).

An architectural bifurcation exists at timescales of a few hours.
All previous missions to the Venus surface (e.g. Ball et al., 2007)
have relied on a transient thermal design. In this approach, the
vehicle begins its entry and descent from space with benign or
even slightly cool temperatures, and the thermal inertia of the
vehicle (by virtue of its mass, augmented perhaps by the choice of
high-heat-capacity materials such as beryllium on Pioneer Venus,
or phase-change heat sinks like Lithium Nitrate trihydrate on
Venera) and the use of thermal insulation are such that the vehicle
takes an hour or two to warm up in the ambient conditions to an
unsurvivable temperature. Clearly, there are practical limits to how
far such an approach can be taken: all else being equal, the thermal
time constant of an object varies roughly as the square of its
physical dimension, yet its mass will vary as the cube of dimension.
Thus vehicles that could have transients longer than a few hours
become impracticably massive.

The alternative approach is to actively maintain the interior of
the vehicle at benign temperatures by refrigerating it. This requires
a device to pump heat against the temperature gradient. The
relevant heat flux is the combination of whatever power is
dissipated in the interior (from operating instruments, and most
particularly from a radio transmitter) and whatever leaks conduc-
tively from the outside. These leaks can be through the insulating
walls of the refrigerated volume, and – and this is usually the
driving case – through penetrations through the insulation such as
those for structural support or electrical cabling (a brief note on the
Pioneer Venus heat leak is given in Lorenz et al. (2011)). Driving
such a heat pump (which could be a thermoelectric device, but is
more usually assumed to be a thermodynamic cooler operating on
a Stirling or Brayton cycle) requires mechanical or electrical power.
For long durations on the surface, this power cannot be practicably
provided by stored chemical energy (e.g. fuel for an engine, or
batteries or fuel cells), and solar power is not viable in the dimly-
illuminated yet hot environment (e.g. Landis and Mellott, 2007;
Mellott, 2004). Thus a radioisotope-powered heat engine is
required: this might provide electrical power, or may tap part of
its mechanical power to operate the cooler directly (a so-called
‘duplex’ system—e.g. Dyson et al., 2009; Dyson and Bruder, 2010).
Since this system must reject its own waste heat to the environ-
ment, the engine at least must operate above 750 K. Thermal creep
and other degradation mechanisms may be accelerated at such
high temperatures, and so while radioisotope power itself in
general should be capable of operation for many years, a Venus
surface conversion and cooling system may be life-limited. It
seems likely that a system that will work can be designed, but
there will be an incremental cost for build (and test) for longer
durations.

It is therefore pertinent to consider in more detail than here-
tofore published what the function of scientific return versus
mission duration on a long-lived lander may be, so that the
value/cost tradeoff can be approached in a meaningful way. For
meteorological measurements, the obvious forcing timescale is
straightforward, namely the 117-day interval between successive
sunrises at a point on the surface (i.e. the solar day, not to be
confused with the inertial or sidereal rotation period of 243 days).
Desirably 2–3 such cycles could be observed, to determine inter-
diurnal variability. Lorenz (2011) notes that if a lander is to
communicate directly with Earth in a standalone mission concept
(rather than as an element of a Flagship mission, supported by a
communications orbiter), then logical mission durations are driven
by the Earth visibility and bifurcate into �50 day and �200 day
durations (and �350, etc.). What are the mission duration con-
siderations for seismic measurements specifically ? This question
depends on the activity of Venus, which is not considered in detail
here—although see some remarks in Section 4 of this paper, as well
as the instrumental sensitivity and the background noise. We first
consider the instrumentation.
3. Seismic sensors—geophones, seismometers,
accelerometers

Since seismometers have not been successfully flown to other
planets since Viking,1 some 35 years ago, and are generally
unfamiliar in the space community, a brief review is provided
here. Fundamentally, the goal is to measure the movement of the
planetary surface, to observe elastic waves propagating across it.
Usually this is accomplished by observing the motion of the
instrument casing (resting on or anchored to the ground) relative
to a seismic mass, which stays fixed over the relevant period (that
period being determined by the seismic mass and the restoring
force that may be applied, e.g. a pendulum or spring). Several
modalities of sensing may be considered, with overlapping
capabilities. The properties sensed are related by differentiation,
namely position, velocity and acceleration. The most traditionally
popular modality is velocity sensing: geophones and most seism-
ometers operate on this principle.

Typically a permanent magnet – sometimes doubling in func-
tion as the seismic mass – is suspended by some mechanical
arrangement near a fixed coil. Any movement of the coil (fixed to
the ground) relative to the magnet, due to motion of the ground
with a characteristic period shorter than that of the suspension,



Fig. 2. A cross-plot of displacement and acceleration for periodic signals, showing

the corresponding velocities for various frequencies. Clearly displacements for a

given velocity become small at higher frequencies, while accelerations become

higher. The performance of various accelerometers and seismometers are sche-

matically indicated.
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will result in the coil cutting field lines of the magnet, and a voltage
being generated in the coil. Very compact and robust systems of
this type, wherein a spring is used to suspend the seismic mass
with a resonant frequency typically of a few Hz, are widely used in
active seismic sensing (which exploits high frequencies), and the
sensors are called geophones. The Ranger and Viking seism-
ometers, and those designed for the canceled Japanese Lunar-A
mission, also operated on this principle. Many seismometers in
more general geophysical use also use velocity sensing, but have
longer-period suspensions, sometimes using a near-horizontal
pendulum arrangement: the Apollo long period seismometers with
a �15 s period operated this way.

The major discriminators between different instruments are
their sensitivity, noise level and bandwidth. The sensitivity of
these instruments is usually characterized by a ‘generator con-
stant’ (usually specified at some reference frequency) expressed
in signal Volts per unit speed (e.g. the Ranger seismometer had a
constant of 1 uV/mm at 1 Hz). Considerable care is taken in the
design of amplifiers and digitization systems to faithfully record
very small voltages and thus small velocities; usually this is
expressed in terms of the dynamic range of the system in dB.

For detecting long-period seismic waves, where the velocity
for a given displacement is very small, velocity sensing is less
effective, and position sensing is instead used. The relationship of
these quantities is straightforward, but not necessarily intuitive.
Let us consider a ‘typical’ sinusoidal seismic signal with a
frequency f. If, for a brief period while the wavetrain passes the
sensor, the ground has a displacement x¼D sin(2pft), where t is
the time and D is the amplitude of the motion, then the velocity
will be given by dx/dt¼2pfD cos(2pft), and the acceleration by
d2x/dt2

¼(2pf)2D sin(2pft)¼(2pf)2x. These relationships, via the
frequency multiplier, show that velocity sensing and acceleration
sensing, in particular, are sensitive to short-period motions. Some
example values are given in Table 1. Fig. 2 attempts to lay these
quantities out in a convenient way, with velocity plotted against
frequency on logarithmic axes. On such a plot, contours of
constant acceleration appear as straight lines with a slope of
�1 and contours of constant displacement (for periodic signals)
are straight lines with a slope of þ1.

Displacement sensing with the requisite sensitivity (nan-
ometers) is considerably more elaborate than velocity sensing,
which is why the geophone-type velocity sensing evolved more
quickly (together with the vast economic interests in the use of
short-period sensing for petroleum exploration, e.g. Sheriff and
Geldart (1982)). Early seismographs in effect performed displace-
ment sensing, with a mechanical linkage to amplify the movement
of the seismic mass, causing a pen to move across a rotating drum.
More commonly now, of course, the displacement is converted into
an electrical signal for processing or recording. Usually this
transduction is performed by capacitive sensing, although occa-
sionally optical methods can be used.

In a number of devices both sensing schemes are used. Since
the sensing volume should be small for high performance, the
seismic mass should travel only over a small distance for usual
operation. Thus some position sensing to compensate for slow
perturbations like differential thermal expansion etc. is usually
Table 1
Example values of velocity and acceleration signal values for signals with

displacements of one nanometer and 1 mm at 0.1 to 10 Hz frequencies.

Frequency (Hz) 0.1 1 10

Velocity (1 nm) 6.28E�04 6.28E�03 0.06 mm/s

Acceleration (1 nm) 4.02E�05 4.02E�03 0.40 mg

Velocity (1 mm) 0.63 6.28 62.8 mm/s

Acceleration (1 mm) 0.04 4.02 402 mg
combined with a motor or electromagnet system to keep the
seismic mass in a desired position. The signal from this feedback
loop can be recorded as a means of detecting long-period seismic
signals such as tides (indeed, Earth tides could be readily seen in
this output from the Apollo seismometers in terrestrial tests,
although thermal perturbations on the moon prevented reliable
tide detection there).

Another point to note is that any suspended system should be
damped. The damping affects the frequency response of the
instrument, and can be implemented by viscous fluids. Most
modern instruments use electromagnetic damping, which can
be easily varied by command, or coupled with the position-
sensing feedback mentioned above.

Where a system uses displacement sensing with a linear restor-
ing force (whether elastic, electromagnetic or pendulum), the
displacement will relate directly to any imposed acceleration. Thus
the functions of seismometers and accelerometers are directly
related, and indeed some accelerometers are used for seismic
sensing. Since many space vehicles carry accelerometers for the
purpose of inertial navigation (e.g. the Inertial Measurement Units,
IMUs, carried on the Phoenix lander or the Mars Exploration Rovers),
it is often considered that these might execute a seismology
function. However, although some speculative observations have
been conducted with such instrumentation, their sensitivity (usually
a few mg) is generally far too low for anything but exceptional
events. Tiny accelerometers with mg sensitivity have proliferated in
recent years (owing to application in game controllers, smartphones,
etc.): these can operate as ‘strong motion’ sensors in very seismically
active areas where their inexpensive ubiquity offers dense sampling
and worthwhile insights for high amplitude and short period
motions, but are too insensitive for general seismic use. These
sensitivities, together with those of Viking and Apollo instruments,
are shown in Fig. 2. While the actual design of a Venus instrument
is beyond the scope of this paper, it may be noted that develop-
ments in this direction are under way sponsored by the NASA
Planetary Instrument Design and Development Program (PIDDP,
Keifer, personal communication, 2011). The high Venus surface
temperatures present two particular challenges for the instru-
ment—higher levels of electronic noise, and stronger Brownian
motion effects on the seismic mass: thus the achievable sensitivity



Fig. 3. A plot of ground motion as a function of distance for various values of the

exponent beta and the attenuation factor. Clearly, attenuation suppresses long-
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for a Venus instrument is likely to be lower than what is possible in
more benign planetary environments.

A final consideration is the direction of sensing. Most instru-
mentation is either single-axis or three-axis. Three axis measure-
ments are considerably more useful for teleseismic studies, in that
the source direction can be inferred (albeit usually with a 1801
ambiguity) and the type of wave determined (e.g. P-wave, S-wave,
etc.). Wind-induced noise tends to have a stronger horizontal
component than vertical.

Note that the orientation of some sensors must be carefully
controlled with respect to the vertical, since the component of
gravity along a misaligned axis can be a very strong perturbation.
Seismometers are usually equipped with leveling screws or other
mechanisms to adjust accordingly. A sensitive horizontal acceler-
ometer in a gravitational field is in effect a tiltmeter. Devices that
are designated as tiltmeters (some devices of a very robust design
exist, using the position of a slug of liquid, or a gas bubble in a
liquid, to detect tilt at nanoradian levels) can therefore be used as
seismometers.
distance detection of seismic signals.

Fig. 4. An empirical plot of ground motion measured for several terrestrial

earthquakes (M8.8 Japan, March 2011; M7.4 Sumatra September 2010; M5.7,

Japan March 2011). Although there are evident complexities in the propagation

(e.g. the nonmonotonic variation in the M8.8 plot, and the different slope of the

M5.7 plot), overall it is seen that motion declines as a power of distance between

�1 and �2: an example (�1.5) is shown. The amplitude varies roughly as

10̂(magnitude), which is after all how the magnitude scale was originally defined.
4. Seismic signal strength—expectations for a single station
on Venus

Seismic propagation in a complex planetary interior is a vast topic,
and indeed the fact that seismic propagation is strongly affected by
the rock properties is why it is a useful tool in exploration geophysics.
However, for the present discussion, we dismiss these complications
and just consider that in general, the wave field propagating from a
point source can be described by the form:

AðrÞ ¼ AðroÞðr=roÞ
�bexpð�lðr�roÞÞ:

where A(r) is an amplitude at a distance r, ro is some reference
distance. The exponent b describes the mode of propagation and l is
an attenuation coefficient related to the material, which can in some
cases be neglected.

For sound or light waves propagating spherically in space (or in
the 3-D interior of a planetary body), the exponent b has the value
�2, corresponding to the inverse square law. Certain types of
waves (e.g. Rayleigh waves) propagate across the free surface of a
body, and may have an exponent that approaches �1, correspond-
ing to a circular wavefront on a plane. The mix of different wave
types on a finite-sized planetary body will depend on the type of
event, the depth at which it occurs, the rock type and so on. Fig. 3
illustrates the effects of different values of the exponent and
attenuation coefficient.

Fig. 4 shows the amplitude of ground motion recorded as a
function of distance from the epicenter of a number of different-
sized (albeit large) seismic events observed on Earth. It can be
seen that the fall-off of amplitude with distance has varying
exponents, but for the present purpose, the overall picture is
adequately described by adopting the coefficient b¼1.5. (Regres-
sions of this type are the subject of much discussion in the
literature: more generally the expression will also include the
exponential term due to attenuation in the material, but this can
be somewhat approximated by having a slightly larger exponent
in the power law. Note that in seismic work, the distance is
sometimes expressed as an angle in degrees. Note also that
especially on small planets, the amplitude vs. distance can be
non-monotonic in that surface waves, if not substantially atte-
nuated, can reconverge on the antipode of the source—we neglect
that possibility here.)

As is well-known, plate tectonics on Earth leads to seismic
activity being concentrated at the plate boundaries. Thus the
seismic sources on our planet form a network, being concentrated
along lines with a characteristic spacing of the order of �1/6 of
the planetary radius. Thus in general, seismic detectors in the
middle of the plates will see far fewer events of a given size than
will those close to a plate boundary. For the present, we will
neglect this spatial concentration on Earth, and elsewhere (e.g.
Knapmeyer et al., 2006) estimate the spatial distribution of
seismicity on Mars from observations of surface faults), and
consider only planetary-averaged properties.

It is further known that small seismic events are more
common than large ones, and specifically that they follow a
power law distribution (the Gutenberg–Richter law). We will for
the present assume that an arbitrary planetary body will have the
same power law distribution and limits, but with an event
frequency for a given size that differs by some factor from the
terrestrial average (e.g. a body ‘ten times less active’ than Earth
will have an event frequency ten times lower at each event size).

These assumptions allow us to calculate the number of
events that would be detected by a sensor with a specified
detection threshold over a given period. The results are shown
below, based on a power law of quakes with an annual number N

of N¼108 M�1, where M is the magnitude. (This exercise is



Table 2
A number of characteristics of various seismometers. It is clear that while small accelerometers and those used in IMUs measure the same quantity as seismometers, and

have much lower resource demands, they have orders of magnitude lower performance, such that the probability of measuring a useful number of events is

unacceptably low.

Instrument Ranger Apollo Viking Lunar-A Mars-96

optimism

QA-3000-020

accelerometer

ADXL335

accelerometer

AGI 520

tiltmeter

Mass 3.6 kg 11.5 kg 2.2 kg 2.1 kg 0.43 kgþ0.63 kg

electronics (incl.

0.2 kg Li battery)

70 g 0.1 g 2 kg?

Power 4.3–7.4 W 3.5 W o120 mW 68 mW (5 mW) 0.5 W 1.5 mW 150 mW

Dimensions

(cm)

11dia.�13 long 23 dia.�29 high 12�12�15 12 dia.�20 high 9�9�9 cm þ 3.5�3�3 0.5�0.5�0.2 23�23�14

Resonant

freq. (Hz)

�1.1 0.067 4 1.1 2 (Unknown) 5500

Damping

ratio

0.85 0.6 0.65

Freq.

response

0.0004–2 Hz 0.1–10 Hz 0.01–6 Hz 0.02–2 Hz 4300 Hz 0–1600 Hz 0–0.1 Hz?

Sensitivity at

1Hz

�1 uV/m LSB¼0.3 nm,

1.5E7 V/m/s

LSB�2 nm 6.3E6 V/m/s 7.5E4 V/m/s;

(1.3E5 V/m)

�1ng sensitivity

�7 mg �500 mg o10

nanoradian

Caging Liquid damper

drained after

impact

Gas-filled bellows ,

pyro actuated

Palladium–

aluminum fuse

wire

Friction wheel Locking finger

actuated by

electric motor

n/a n/a n/a

Leveling operation up to

20 deg tilt.

Leveled by liquid

float

2-axis motor

gimbal to 2 arcsec

up to 23d of tilt

(35 deg for

vertical axis)

2-axis motor

gimbal

Up to 35deg.

Released to 0.1d

and locked

n/a n/a 31 leveling

Sterilization 125 1C/24hr plus

ethylene oxide

? 125 1C/24 h plus

ethylene oxide

none ? ? ? ? ?

Data Directly

modulated onto

carrier signal

1060 bps. 10 bit

resolution�6.6 Hz

sampling

8 bits at 20.2 Hz 10 bit at 16 Hz 16 bit, variable

sampling.1 Mbit/

day (compressed)

(Analog

output

voltage)

(Analog output

voltage)

(Analog

output

voltage)

Deployment

/impact

tolerance

75 m/s in

crushable

capsule: loads

tolerates 3000 g

Installation by

astronaut,

arrangement of

thermal shield

Uncaging only Penetrator at

300 m/s, burial to

�3 m. Tolerates

8000 g

Airbag lander:

200 g for 10 ms.

Uncaging/

leveling.

n/a Tolerates 10,000 g

Thermal

control

Inside balsa

capsule

Mylar blanket;

standoffs from

surface ; 2.5 W

heater

On lander deck Expected steady

�20 1C subsurface

Expected day/

night variation of

30 1C

�55 1C to

þ95 1C

�55 1C to þ125 1C

powered (�65 1C

to þ150 1C store)

�25 1C to

þ70 1C

Experience Flown on Rangers

3–5, no successful

delivery

Flown on Apollo

11–17

Flown on Viking

1 and 2. V1

failed uncage

Built, ready for

flight. Project

canceled

Built. Mars-96

launched but

failed to leave

Earth.

COTS unit.

Used on MER

COTS unit.

ADXL250 was

flown on DS-2

COTS

Reference Lehner et al.

(1962), NASA

(1963)

Latham et al. (1969) Anderson et al.

(1977),

Lazarewicz et al.

(1981)

Yamada et al.

(2009)

Lognonné et al.

(1998)

Honeywell

datasheet

Analog devices

datasheet

AGI

datasheet

Table 3
Number of events detected in 1 year for a 5 nm detection threshold. Notice that

most detections are due to magnitude 5 events . If Lognonne (2005)’s rate

predictions are correct, the rates in this column will be substantially reduced.

Distance (km) M¼3 M¼4 M¼5 M¼6 M¼7 M¼8

556 761 76 8 1 0 0

1668 0 226 23 2 0 0

2779 0 369 37 4 0 0

3891 0 0 50 5 1 0

5003 0 0 62 6 1 0

6115 0 0 71 7 1 0

7227 0 0 79 8 1 0

8338 0 0 84 8 1 0

9450 0 0 87 9 1 0

10562 0 0 87 9 1 0

11674 0 0 0 8 1 0

12785 0 0 0 8 1 0
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sufficiently crude that we make no distinction among the various
definitions of magnitude or seismic moment.) The number of
quakes in the magnitude range 2–8 at various distances (summed
in 5o bins) are calculated, and the corresponding displacements
are compared with a detection threshold. An example is shown in
Table 2, and summary results for a range of detection thresholds
are presented in Table 3. Similar calculations are made for Mars
by Goins and Lazarewicz (1979), and for impact-induced seismic
signals by Davis (1993).

It can be seen that as the detection threshold is reduced, the
observed population not only increases dramatically, but also
becomes progressively biased towards numerous small nearby
events. This effect is sensitive to the attenuation coefficient
chosen, and of course to the assumption that quakes are dis-
tributed randomly. One can of course repeat these calculations
with other adjustments to the assumptions, such as whether only
large or small quakes occur (Table 4).

Summarizing, with a good detection threshold of 1–10 nm,
comparable with those of the Apollo or Viking seismometers (the
threshold is assumed to be �5� the resolution) one might
expect to detect many hundreds or thousands of events during
one year of operation for a quake population like Earth’s. If noise
effects limit the detection threshold to 100 nm, then a few tens of
events might be encountered, subject to the assumptions above.
If, however, Venus were to prove more than �10� less seismically



Table 4
Number of detections per year as a function of detection threshold.

Detection

threshold (nm)

Total M¼3 M¼4 M¼5 M¼6 M¼7 M¼8

1 7425 3019 3294 1001 100 9.9 0.9

10 663 0 302 250 100 9.9 0.9

100 36 0 0 8 18 9.9 0.9
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active than Earth, or its crustal properties were such as to express
effects only through quakes smaller than magnitude 5 or so, a year-
long experiment might not detect any events at all.

These results are not drastically different from those devel-
oped by Derr (1971), who found that a station lasting 1 day on
Venus would have a 70% chance of detecting a quake with a
threshold of 5 nm of ground motion, considering quakes with
magnitudes 3.0 and above. If, on the other hand, a detection
threshold of 500 nm was adopted, the probability falls to 1%.
(Derr cites but does not quote his formulae, presumably slightly
different from that above, for relating motion to magnitude and
distance.) Separately, Lognonné (2005) notes that with a seismo-
genic layer of 30 km, more than 100 quakes of surface wave
magnitude greater than 5, and approximately 25 quakes greater
than 6, could be released (per year) by an intraplate activity on
Venus with a strain rate of 10�19 s�1. These values correspond to
a factor of 5–10 less than the terrestrial rates used as an example
in the present paper.

A meaningful seismic experiment should presumably collect a
catalog of events that may allow some basic characteristics of the
event population to be determined, e.g. whether the amplitudes
fit a power law. For two decades of amplitude, a population of
�100 events is needed (i.e. to have at least one event in the
largest bin, there would be �10 in an intermediate category and
�100 in the smallest). Similar considerations have been applied
to determine more exacting statistics for other power-law phe-
nomena such as dust devil diameters (Lorenz, in press).

This being the case, then 3 years of operation would be desired
for a 100 nm threshold, 2 months for a 10 nm threshold and �20
days for a 1 nm threshold. If we now compare these measurement
durations with the mission design considerations articulated in
the previous section, we find that a standalone mission with
direct-to-earth communications and a 50–200 day duration
should aim to achieve a 10 nm detection threshold. Assuming
an event threshold is �5� the instrumental noise level, this
implies a sensitivity comparable with the Viking seismometer.

Having now considered the tectonic generation of seismic
signals of geophysical interest, we now turn to sources of other
signals (wanted and unwanted). These include wind noise (from
aerodynamic forces on the lander or instrument directly, and
coupled through the ground), and seismic signals due to move-
ment of vehicles or components of vehicles (most notably,
possible reciprocating elements in a Stirling power and cooling
system for Venus). We ignore noise sources in the seismometer
system itself, due to electrical noise, Brownian motion, etc.).
5. Seismic noise in terrestrial experience

In this section I summarize some terrestrial nontectonic
seismic signals, to set some context for the discussion that will
follow. It may be noted that these signal levels may be useful for
devising calibration approaches for spacecraft instrumentation.

Wind noise is a well-known challenge in seismology, and is an
obvious reason (together with reducing temperature fluctuations)
why seismometers are preferentially buried in concrete vaults.
With this consideration applied in the setup of most geophysical
observatories (which are permanent installations), wind noise is
not usually considered further, although wind coupled via ocean
waves is a major source of microseisms, which are of interest in
sites near the coast. Furthermore, for most earth interior studies,
there are plenty of events strong enough to study propagation
and/or plenty of sites sufficiently nearby to evaluate seismic
activity in a region.

However, the application of seismic data to detecting distant,
weak events (and specifically those generated by underground
nuclear weapons’ testing) has stimulated interest in wind noise,
in particular in the 1–100 Hz range. Considerable experience and
documentation is now available, stimulated in part by the Inter-
national Monitoring System (IMS) of the Comprehensive Test Ban
Treaty (CTBT) organization. Data from this network of seismic and
infrasound stations is made available and has been used for
geophysical studies (one planetary-related application is the
detection of bolides) as well as the detection of human-made
explosions. As an example of the sensitivity that can be achieved,
a 1-kt detonation in Kazakhstan can be detected in the UK by the
seismic motion of �1 nm produced.

Withers et al. (1996) investigated the seismic background noise
(SBN) levels at a site in Datil, New Mexico (17 km from the Very
Large Array radio observatory). This site is very remote from
populated areas and therefore wind noise, rather than cultural
noise, dominates (see also Li et al. (1984) and Young et al. (1996)).
The 60% levels (i.e. those for which noise levels are lower 40% of
the time) at 1 and 10 Hz, respectively, for a seismometer at the
surface (measurements were made with a seismometer epoxied
onto an 8 cm thick concrete pad poured into a 30 cm deep hole
and covered with a cattle-proof wooden box) were about �10 and
�30 dB with respect to 1 nm2/Hz. Thus the rms displacements are
�1 nm and 0.1 nm. The windspeed above which seismic noise was
detected was about 3 m/s. This is an important observation: this
implies that even with a buried and well-installed installation, the
noise floor becomes dominated by wind when the ambient
dynamic pressure 1/2rV2 with r the air density and V the wind-
speed exceeds �5 Pa.

Lognonné et al. (1996) set up a seismometer with a wind
shield on Earth, as a mockup of how a Mars seismometer might be
installed. They found vertical noise with an amplitude at 1 Hz of
�10–8 m/s2 (i.e. �1 ng) with horizontal noise a factor of a few
higher.

A buried seismometer array (part of the Comprehensive Test
Ban monitoring network) at Eskdalemuir in Scotland (Styles et al.,
2005) had an rms noise level of 1.43 nm at 1–2 Hz in quiet
conditions (o1 m/s). On windy days (4–10 m/s) it recorded a
noise level of 1.9 nm. The higher quiet background of this site is
presumably due to microseisms (this site is much closer to the
coast, and thus ocean wave effects, than Datil above) and higher
levels of cultural noise, this site being closer to roads and towns.
(In fact the station is only �21 km from the town of Lockerbie,
where the impact of a Boeing 747 aircraft brought down by a
terrorist bomb was recorded, yielding a velocity signal of 2 mm/s:
the same event caused 0.5 mm/s ground motions at another site
100 km away (Matthews, 1990).

Styles et al. (2005) found, in a study of the influence of a wind
farm on the Eskdalemuir station, that the seismic power coupled
into the ground from a windmills varied with a windspeed of
exponent between �1.5 and 2.5, with an average value of �1.93.
In other words, the result is (unsurprisingly) that seismic power is
roughly proportional to the dynamic pressure, or the square of
windspeed (see also Bland and Gallant, 2002).

Technological developments in wireless sensor networks have
made seismic measurements of interest in personnel detection for
perimeter security applications (where wind noise is also a factor
in detection threshold) and, in fact, in wildlife monitoring (e.g. to



Fig. 5. Vertical seismic amplitude recorded on the Viking lander as a function of

the ambient windspeed (data from Anderson et al., 1977). A proportionality to the

square of windspeed, as expected from physical principles, follows the data well.
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perform a census of elephants in Africa, Wood et al., 2005). As an
example (e.g. Peck, 2008), a person walking 10 m away from
a geophone causes movements of �10�5 m/s (10 mm/s), predo-
minantly over the 50–100 Hz band. Latham et al. (1970) attribute
motions detected with the Apollo 11 seismometer with an
amplitude of �1.2 mm at 7–8 Hz to nearby movements of astro-
nauts Armstrong and Aldrin (and present the seismogram of
Armstrong ascending the ladder of the Lunar Module for his
return to Earth!).

An additional, perhaps unlikely, source of interest in seismic
noise is in high energy physics and cosmology. Specifically,
particle accelerators and synchrotron X-ray sources require high
degrees of alignment and the beam quality therefore depends on
the seismic environment. Since many of these facilities are found
in urban areas, the cultural seismic background is significant and
has been documented in some detail—even noting specific
sources such as vehicle interaction with ‘manhole’ sewer covers.
Additionally, seismic noise is a direct influence on gravitational
wave detectors, and so the background at highly-sensitive grav-
itational wave observatories has been documented (e.g. Coward
et al., 2005; Daw et al., 2004). Although these facilities are
generally located in rural sites, machinery noise in the buildings
and vehicle noise can still be a concern. Coward et al. (2005)
measured �1 mm displacements due to the 11–17 m/s passage of
a vehicle at a distance of 65 m. These levels may be contrasted
with similar data recorded on the moon, where the dry regolith
gives very little attenuation. Latham et al. (1972) report that
the Lunar Rover traveling at 2.2 m/s could be detected (3 nm
displacement) at some 5 km distance, with 300 nm displacements
at a range of 500 m.

Finally, vehicle effects are also documented in treaty compli-
ance applications. A pickup truck moving at 10 m/s at a distance
of 20 m caused motions of �5 mm/s over a 10–100 Hz band (Peck,
2008). A comprehensive study of heavier vehicles (Altmann,
2004) shows that tracked vehicles produce stronger seismic
emissions than wheeled vehicles of comparable mass (a dramatic
example being a Leopard 1 main battle tank, producing ground
motion of �5 mm/s at �12 mm distance), and that combined
seismic and acoustic measurements can permit the classification
of vehicles. Although these results are perhaps not of direct
application to planetary seismology, they make illuminating
pedagogical examples, and serve to set a context for machinery-
induced vibrations, to which we will return in Section 7 of
this paper.
Fig. 6. Period of the motion excited as a function of windspeed.

6. Wind noise on planetary landers

Anderson et al. (1977) and Nakamura and Anderson (1979)
show that the seismic background recorded by the Viking
2 seismometer correlated very strongly with the square of the
windspeed measured by the lander. Anderson et al. (1977, Fig. 17)
note that scatter in the seismic signal for windspeeds below 3 m/s
suggests this speed as a threshold for detectable wind noise.
Above this value, and roughly converting the raw counts (1 data
unit DU�2 nm—though strictly speaking the conversion factor
depends on the signal frequency) the relationship is D�0.3V2,
where D is the average displacement in nm and V is the wind-
speed in m/s, or about 30 nm for 10 m/s winds—see Fig. 3.
Nakamura and Anderson (1979) note that the seismic and wind-
speed records are strongly coherent with no phase lag, indicating
that the seismic noise results from wind forces on the lander
directly rather than stress over a large area of ground.

Taking the Mars atmospheric density ra as 0.01 kg/m3, and the
drag coefficient of the lander Cd as 1.0, we can calculate the side-force
on the lander body as F¼0.5CdSV2, with the cross-section area S of the
lander to horizontal winds approximated as �1.5 m�0.7 m�1 m2.
The steady state force in a windspeed of 10 m/s is therefore �5 N,
which may be compared with the weight of the �600 kg lander on
Mars of �2400 N.

However, the seismometer would not respond to a steady
force: instead the correlation relates to variations in the wind
force and/or oscillations in the lander that occur at frequencies in
the seismometer passband. Thus it is turbulent variations in the
wind loading that cause the seismic noise. Whether the mechan-
ism is the Strouhal shedding of wake vortices (as in ‘singing’
telephone cables, etc.) into the lander wake, or that ‘frozen-in’
turbulent eddies in the environment are being advected across
the lander, is a more difficult question to answer. As noted by
Anderson et al. (1977) the Strouhal frequency for Eolian tones is
�0.2V/L, or �2 Hz for L�1 m and V¼10 m/s whereas the
observed frequency (see Fig. 6) appears to be double this value.
It may be that the complex shape of the lander causes vortex
shedding at a smaller length scale than the canonical 1 m
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suggested, or that environmental eddies are responsible: in any
case, the speed dependence suggests that wind forces directly
cause the signal, rather than a lander structural oscillation.

Although we have made the caveat above that it is fluctuations
that cause the seismic noise, it is reasonable to expect the velocity
variations superimposed on a mean to be proportional to the
mean. Thus the variations in drag force will be proportional to the
square of the mean windspeed. For example, if the characteristic
fluctuation in windspeed is 29% of the mean, then the drag force
will vary by about 50%. In this case, the mechanical forcing for a
mean windspeed V¼10 m/s will be of the order of �0.25 N.

Applying a steady-state analysis, if the lander acts effectively
as a drag surface anchored to the ground via a spring with an
effective spring constant k, then the observed motion implies that
k would be �2.5/(30e�9)�8E7 N/m. This estimate of the in-situ
stiffness of a real spacecraft landing system is a useful result,
which can be applied to other perturbations, as we will do so in
the next section.

For reference, one can model the spring constant as, e.g. a
cantilevered cylindrical beam with a uniform load. Consider an
aluminum tube, much like a fencepost, 1 m long and 4 cm in
diameter with a wall thickness of 5 mm, then under a 1 N loading
simple bending theory predicts the tip would move by �9 mm or
an effective spring constant of �1E5 N/m. Clearly, the tripod
landing structure, with a spacing between footpads of a couple of
meters, has a much higher second moment of area than a single
narrow tube and is correspondingly stiffer.

We can also consider the situation quasidynamically. Imagine
now that the lander (Viking�600 kg) is free-floating, as if sus-
pended by a cable. A 2.5 N force applied to a 600 kg object for 0.1 s
gives a characteristic velocity of �400 mm/s, or a characteristic
distance of 20 mm.

Lorenz (1996) shows that probability distribution of windspeeds
recorded by the Viking landers can be reasonably well-described by
a modified Weibull function (a formalism used widely in terrestrial
energy studies). That work considers both landers and varying
epochs—for exposition here we note only the most extensive record,
that of Viking 2 over 1040 sols. Specifically, calm conditions
(Vo1 m/s) are encountered with a probability Pc¼0.137, although
this includes data dropouts as well as calm periods. Windspeeds
above V are encountered with a probability P(4V) expressed as
follows: P(4V)¼(1�Pc)[exp{�(V/c)k}], where c is a scale speed
(roughly proportional to the mean speed) and k is a shape
parameter typically in the range 1–2, with c¼3.85 m/s and
k¼1.22 for the Viking 2 record. These values suggest that winds
exceed the detection threshold of 3 m/s in seismometer data some
41% of the time, and 10 m/s about 4% of the time.

On Venus, there are only a couple of short windspeed records,
those by Venera 9 and 10 in 1976. These carried cup anem-
ometers able to operate at 500 1C. The Venera 9 wind record spans
49 min (Avduevskii et al., 1977) and that of Venera 10 only 90 s,
sampled at a 0.4 Hz frequency with a resolution of the order of
�0.2 m/s. The Venera 9 and 10 records have been characterized
as having a means of 0.4 and 0.9 m/s, respectively, with standard
deviations of 0.1 and 0.15 m/s (Golitsyn, 1978.) Winds were also
estimated from the Groza microphone on Venera 13 and 14 to be
in a similar range (Ksanfomality et al., 1982) and models of Venus
winds (Dobrovolskis, 1993) suggest comparable values.

Adopting a drag cross-section (Cds) of 1 m2 for a Venus lander,
then with fluctuations between 0.3 and 0.5 m/s (Venera 9) and
the wind loads for atmospheric density 65 kg/m3 are 0.5�
1�65�0.32 to 0.5�1�65�0.52 or 2.9–8 N, or a variation of
�2 N about a mean of 5 N. For the Venera 10 winds, the
corresponding range is 4 to 14, or �5 N about a mean of 9 N.
(Putting things another way, the dynamic pressure reached by
20 m/s winds on Mars (0.01 kg/m3) corresponds to winds on
Venus of only 0.25 m/s.) There is obviously insufficient data to
make robust probabilistic models such as the Weibull parameter-
ization for Mars, but it seems clear that most of the time wind
loads would exceed the worst of those encountered for Mars.
Furthermore, Eolian tones for a lander dimension of �1 m and a
windspeed of �1 m/s have a period of �5 s and are thus close to
the passband of seismic interest.

If we imagine a seismometer package (�20 cm, guided by the
data in Table 2) deposited on the surface, then its drag area is
�50� smaller than the lander as a whole. However, the stiffness
with which it resists wind forces would also be less due to the
smaller footprint, so merely depositing the seismometer on the
ground will not mitigate wind effects by more than a factor of
�10 compared with retaining the instrument on the lander.

On the other hand, a logical approach is to install a wind shield
around the instrument (Fig. 5). The aerodynamic design and the
weight of such a shield may require some attention to prevent its
displacement by wind (comparable ‘limpet’ designs have been
developed for instrumentation to study tornado, which face
essentially the same problem see e.g. Samaras and Lee (2006)).

While this approach may prevent direct wind forces influen-
cing the instrument, it should be noted that these dynamic
pressures (5–14 Pa) are above those at which wind noise dom-
inates (41 nm) for buried seismometers on Earth (see Section
4)—thus shielding and burial do not eliminate the influence of the
atmosphere. Further, since the dense atmosphere allows these
pressures to be generated at lower windspeeds, the seismic
excitation should presumably be biased towards lower frequen-
cies on Venus than on Earth, and thus the energy in the seismic
band of interest may be larger than for the same dynamic
pressure on Earth. Winds may couple into the ground via friction
stress, but more strongly via direct dynamic pressure on obstacles
such as rocks (trees on Earth are particularly effective in this
respect). These coupling mechanisms have received some atten-
tion in the generation of seismic signals associated with tornados
(e.g. Tatom et al., 1995).

It is not only wind, but also the static pressure field that can
generate seismic noise. The influence of large-scale weather
systems on seismic instrumentation, and in particular the action
of the pressure field associated with them, has been noted
experimentally (e.g. Crary and Ewing, 1952). Sorrells et al.
(1971) note that seismic signals with 20–100 s period even deep
in a mine shaft were associated with pressure disturbances.
Sorrells (1971) and Sorrels and Goforth (1973) examine the
response of the elastic crust to a moving pressure field. Notice
that these are real ground movements, and are distinct from the
pressure–buoyancy effect on the seismic mass of the instrument
(which can be ameliorated by having the mass in an evacuated
chamber).

These considerations make it especially important that a
lander for seismic studies also measure the wind speed and
pressure continuously, to assess the likely influence on the
seismometer output. The Viking experience is salient here—one
event on Sol 80 is considered (Anderson et al., 1977) as a possible
‘real’ event, but unfortunately wind data was not acquired at the
same time, so it is not possible to rule out a wind gust as an
alternative explanation.
7. Lander-induced noise

Anderson et al. (1977) report that various Viking lander
operations yielded consistent seismic signatures. These opera-
tions included operation of the sampling arm, movement of the
antenna, and operation of the tape drive and camera. During
the Apollo investigations, various high-frequency signals were



Fig. 7. Schematic of a seismometer deposited beneath a lander, thereby decou-

pling it from mechanical or wind noise generated by the lander. A wind shield,

either heavy or somehow anchored to the ground, prevents wind forces from

applying directly to the instrument.
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observed by the seismometers that are associated with the land-
ers. These were observed to be much stronger in Apollo 11 than
in subsequent missions, where the seismometer package was
installed much further from the lander. It has been hypothesized
that the major mechanism for these signals is thermal popping of
structure and venting from the propellant tanks (an anonymous
referee also notes that tether noise may have been a contributor
to the Apollo background).

Without better documentation of these signals, and more
detailed design, it is difficult to estimate how this experience
may translate into noise background on a Venus lander. However,
it seems likely that the seismic noise would be dominated by any
reciprocating elements, such as the pistons in a Stirling generator
or cooler.

Consider a reciprocating element such as a piston : if it has a
mass mp that moves at a rate fp over a stroke 2dp, then the
position about the midpoint is xp¼dpsin(2pfpt) and the accelera-
tion is d2xp/dt2

¼ap¼(2pf)2(dp)sin(2pfpt). The reaction force F this
piston exerts on a rigid lander is mpap. (In fact, the force will
depend on the rigidity or compliance of the lander, but we neglect
that issue here.)

The ASRG Interface Control Document (ICD) in the NASA 2010
Discovery program library (NASA, 2010) indicates that for a stiff
lander (high natural frequency) a single unbalanced Stirling
converter, operating at 102 Hz, will apply a periodic force of
520 N. This sounds like a very large force (it is), but its magnitude
arises substantially from the short period of the motion, which
requires a rapid acceleration of the piston. The internal details of
the ASRG Stirling converter have not been made public, but it is
easy to show that the formulae above yield plausible values such
as a 0.1 kg piston with a 2.54 cm stroke (or some other combina-
tion of values with the same apmp product).

In fact, during nominal operation of the ASRG, two such
pistons are operated back-to-back and in phase, such that their
forces balance out. Phase-matching errors and different structural
compliance around the two converters is such that perfect
balance is unlikely to be achieved, and the ICD indicates that a
nominal reaction of 35 N should be expected. Although this is not
realized from a single piston, we will for simplicity analyze the
problem as if it were generated this way.

Now, we consider the lander vehicle as a rigid lumped mass ml,
but without mechanical linkage to the ground—i.e. the lander is
‘floating’ above the surface, as if suspended on a cable. The
momentum imparted by the periodic piston reaction causes the
lander to accelerate, at a rate al¼F/ml: for 35 N and a 600 kg
lander, the acceleration peaks at 0.06 ms�2 or �6 mg. (As a
domestic comparison, an accelerometer was placed on the visi-
bly-vibrating wall of a running clothesdryer with reasonably
balanced loads and showed an rms acceleration of �20 mg.)
If the force being applied is a simple harmonic function of time,
then we can write F(t)¼Fm sin(ot) with t being time, Fm is the
force amplitude (here 35 N) and o is the angular frequency
(o¼2pf, with f¼102 Hz, thus o�641 rad/s. It follows that the
displacement history x(t) is given by x(t)¼�a/o2, or a sinusoidal
variation with amplitude �Fm/mlo2. For ml�600 kg and the
ASRG parameters above (102 Hz, 35 N) this yields an amplitude
of 141 nm.

A trivial extension of the result is that the velocity signal
(which is more relevant for velocity-sensing seismometers) has
an amplitude a/o, or�90 mm/s, and will be 90o out of phase with
the acceleration and position signals.

We can now post-hoc justify the ‘floating lander’ assumption, in
that in order to meaningfully suppress the reaction movement
relative to the ground, the lander structure must exhibit a stiffness
enough to produce a force comparable with or larger than
that applied by the ASRG over a displacement comparable with
the free-body displacement above. In other words, the required
stiffness is k435 N/141 nm or k42.5E8 N/m. (Another way to
express this is that the natural frequency of the lander-legs mass-
spring system is higher than the forcing frequency.) We can see that
the Viking leg stiffness, k¼8E7 N/m, is three times lower than this,
thus the legs do not substantially suppress the body vibration at
this frequency.

While the amplitude of these signals is very high, and would
seriously interfere with any search for high-frequency seismic
signals (10–100 Hz signals are of interest in exploration seismol-
ogy where explosive charges might be used, and in security
applications for the detection of footsteps or vehicles). However,
planetary geophysical studies typically center on waves with a
frequency of 0.1 to 10 Hz. Thus heavy filtering (mechanical and
electronic) can therefore substantially exclude the vibration from
the ASRG. As an example, the Viking seismometer used a digital
implementation of a 6th-order Butterworth filter, which therefore
reduces the sensed amplitude of high frequencies by 60 dB per
decade: with the highest cutoff frequency of 4 Hz, a 102 Hz signal
would be reduced by over 108. However, such electronic filtering
will not save the situation if the 141 nm vibration saturates the
sensor, causing the seismic mass to hit its end stops. Similarly, the
vibration may excite harmonics of the lander modes, thus
coupling to lower frequencies. Mechanical filtering, via a compli-
ant mount of either the Stirling unit or the seismometer or both,
would therefore be necessary. Better yet would be to decouple the
seismometer from the lander by depositing it on the ground
(Fig. 7), as described in the previous section. Attention should be
paid to the design of the tether, such that wind forces on it or
other effects do not communicate loads to the instrument.

What the resultant background noise levels conducted down
the lander legs and through the ground might be is impossible to
judge without full-scale simulations of a lander. However, simply
by considering the mass of material that is moving and its speed,
it seems reasonable (Fig. 8) to argue that the levels could be
tolerably low, albeit rather higher than the detection limit of the
Apollo seismometers.

The Apollo experience shows that even without reciprocating
machinery, landers can be a source of spurious signals (and they
note that this noise was considerably lower on later missions
where the seismometer package was installed over 200 m from
the lander, than on Apollo 11 where it was only �16 m away).
On the other hand, if such signals can be adequately characterized



Fig. 8. Amplitudes and frequencies of some seismic signals, largely from Section 5

of this paper and references therein. The signals are plotted on the same axes as

Fig. 2 for clarity of exposition. Notice that the low attenuation on the Moon allows

personnel and vehicle detections at much larger distances. The M6 and M8.8

values are the same as shown in Fig. 4, although with distance converted to

angular separation from source. The uncompensated ASRG vibration on a lander is

as calculated in the text: the elliptical region suggesting a plausible ground motion

under a lander with a reciprocating power source and cooler is merely guesswork

informed by scaling from the other data on this plot.
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and documented, they can serve as an ‘aliveness’ check on the
instrumentation.
8. Conclusions

This paper has summarized some aspects of seismometers and
seismic signals. Some simple empirical models are applied to
estimate the number of seismic signals of a given amplitude that
might be expected on Venus if its seismic activity were uni-
formly-distributed and overall Earth-like.

These frequencies have been compared with plausible mission
durations: a desirable catalog of �100 events may be acquired in
a �50 day mission if the instrument detection threshold is
�10 nm or better for Earth-like levels of activity: for lower
intraplate-only levels expected for Venus, at least a few events
should still be detected over this period, unless attenuation in the
Venus crust is strong. This detection threshold implies noise
levels of �2 nm (for a signal:noise of 5 for reliable detection)
that were encountered by the Viking lander on Mars in winds of
�3–4 m/s, which were encountered about half the time. The
higher atmospheric density and observed winds on Venus suggest
that wind noise on a lander-mounted seismometer would con-
sistently be worse on Venus than on Mars.

Using released data on the ASRG as a proxy for whatever
system a Venus lander might actually use, noise levels on a lander
itself of �150 nm appear likely (at which level it appears very
unlikely that a seismic event could be detected). However, since
this noise is at high frequencies, it could be ameliorated by
mechanical (and perhaps electronic) filtering. Again, deposition
of the seismometer on the ground to isolate it from the lander
mechanical noise appears essential. Field or laboratory experi-
ments to assess how vibrations on a lander might be commu-
nicated into the ground and to a seismometer instrument �1 m
away from a lander’s legs would be useful. In any case, instru-
mental sensitivities of much better than 1–2 nm (i.e. Viking’s
capabilities) are unlikely to yield improved measurement of
Venus seismicity, since terrestrial experience suggests that
wind noise coupled directly into the ground is likely to lead to a
background level of this level or worse.
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Lognonné, P., 2005. Planetary seismology. Annual Review of Earth and Planetary
Sciences 33, 571–604.
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