
1. ISAE, U-Toulouse mimoun@isae.fr 2. JPL, Caltech, CA, USA 3 Caltech, CA, USA 

4, IPGP. U Diderot, paris

James A. Cutts1 , Jennifer M. Jackson, David Mimoun3 and  Michael Pauken4

and members of the KISS Venus Interior Study Team 

VENUS:  EXPLORING ITS INTERIOR WITH INFRASOUND 
TECHNIQUES



Overview

• The formation, evolution and structure of Venus remain a puzzle 

more than fifty years after the first visit by a robotic spacecraft.

• Radar images have revealed a surface that is much younger than 

those of the Moon, Mercury and Mars as well as a variety of 

enigmatic volcanic and tectonic features quite unlike those 

generated by plate tectonics on Earth. 

• To understand how Venus works as a planet it is necessary to 

understand if it is still active and, if so,  to use Venus quakes to 

probe its interior. 

• Infrasonic techniques can be implemented from balloon platforms 

using existing technologies and take advantage of Venus’ dense 

atmosphere to achieve high sensitivity 
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What is infrasound?
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Earth: Sources of Infrasound
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Earth: Generation of Infrasound by Quakes

Epicentral infrasound originates from directly above the epicenter 
and propagates to the infrasound array through the atmosphere 

Secondary and local infrasound is generated by surface waves 
coupling with the atmosphere at a distance from the epicenter 
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Earth: Detection of Seismo-Acoustic waves

 

Probing the Interior Structure of Venus 34 

the bottom ones show pressure variations recorded at the same time; the two signals are 

remarkably similar over a wide frequency range—the infrasonic signal is really a seismic signal. 

The rapid growth in the number of Infrasound Monitoring Stations (IMS) over the last 

decade complemented by expansion of regional networks such as those in Utah, has led to a 

rapidly expanding knowledge of the acoustic signatures from not only earthquakes
55 

but also 

volcanoes
56 

and meteors
57

. In the case of earthquakes, this has recently resulted in more detailed 

knowledge of the mechanisms by which seismoacoustic waves are generated. Studies of small 

earthquakes such as the Circleville Utah, magnitude 4.7 event of January 3, 2011, which was 

observed by all nine stations or the University of Utah’s infrasound array,
58 

have been 

particularly useful. Two of the participants in the workshop (Arrowsmith and Blom) have been 

actively involved.  

This trace of a small earthquake (Figure 6-2) was detected at all nine stations of the array, 

which extends across much of the state of Utah. The large signals in the spectral range 1 to 5 Hz 

bounded by the red lines are ‘epicentral sound’ signatures that propagate entirely within the 

atmosphere. The red lines denote group velocities of 0.34 and 0.22 km/sec). These epicentral 

sound signatures were not seen at the three closest sites because there was no ducting of sound to 

these locations. The other signatures that are prominent for the closer stations but occur for more 

distant stations also correspond to ground-air coupled infrasound resulting from Rayleigh waves 

(see Figure 4-10). 

These investigations provide great insight on the mechanisms of generating seismic waves 

for earthquakes of smaller amplitude. Although a much smaller fraction of the seismic energy is 

coupled into the Earth’s atmosphere than would be the case on Venus, it is still sufficient for 

detection of comparatively small events. Accordingly, the instrumental and analytical framework 

is in place for applying seismoacoustic techniques on Venus. 

 
Figure 6-2. Centerville earthquake 2011. Signals from the nine stations in the University of Utah array are shown. This is filtered 
data in the 1 to 5 Hz passband. 
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Centerville Earthquake 2011 M 4.7 . Signals from the nine stations in the 
University of Utah infrasonic array (1 to 5 Hz)

Epicentral infrasound from a M 4.7 earthquake was detected at six 
infrasound stations  extending over the state of Utah
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Venus: Seismo acoustic waves at balloon altitudes

		

60	km	

150	km	

		

Epicentral infrasound Secondary Rayleigh infrasound

Seismic signals coupled 60X more efficiently into the atmosphere than 
on earth and the pressure wave is amplified with height

M 4.7 quake yields a 500 Pa pressure delta at 60 km
M 3 quake yields a 50 Pa pressure delta at 60 km
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Venus: Infrasonic signal dependence on altitude 

10 mHz

100 mHz

1 Hz

10 Hz

100 Hz

Absorption is not a significant factor below 50 km 
Absorption has large frequency dependent effects above 50 km

Reproduced from Garcia et al 2005
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Venus: Detection of seismic infrasonic signature from space

functionof theanglebetween theepicenter, thehypocenter
andthesurfacepoint. Thisfiguredemonstratesthat themain
part of theenergyradiatedintheatmosphereisconcentrated
in a cone of 60 degrees aperture from the earthquake
hypocenter. With an event’s depth of 30 km, the surface
area radiating the main part of the energy has a radius of
52kmaround theepicenter. Dueto incidenceangleslower
than6degreesabovetheradiatingsurfaceareafor altitudes
lower than 200 km, we use a vertically propagating
plane wave approximation for the infrasonic wave in the
atmosphere. Wearealsoneglecting atmospheric winds: the
propagation timeof theacousticsignal until 200kmheight
isindeedabout 730secondsandthehighwindsobserved in
the Venus atmosphere ( 100 m/s) [Donahue and Russel,
1997; Lellouch et al., 1997] will shift thesignalsby about
70 kmat 200 kmheight.

[12] We have first computed the adiabatic temperature
anddensity perturbationsproducedby theinfrasonicwaves.
Figure3 ispresenting themaximumadiabatic temperature
anddensity perturbationsproduced just abovethequakeas
a function of altitude for different magnitudes. Such a
computation is an upper limit for the adiabatic perturba-
tions, but it demonstrates that low frequency infrasonic
waves (below 0.1 Hz) could produce large temperature
and density perturbationsat high altitudes(above120 km).

4. Nonadiabatic Attenuation and Seismic Plumes

[13] Wethereforefocusnow on theenergy deposited by
nonadiabaticeffects, whichleadsafter thequake, tothermal
anomalies subsequently diffused by the atmospheric
heat conduction. Thevertical profileof dissipated acoustic
energy is computed by using the absorption coefficients
obtained in thesecond section, averaged over theradiating
surface area, and time integrated over the length of the
acoustic signal. Below 170 km altitude, the characteristic
time for a thermal conduction over 50 km is much larger
than the maximum period ( 200 seconds) of the acoustic
signals produced by the quake. So, the energy dissipation
and the consequent temperature increase, could be

considered asinstantaneousrelativeto thethermal conduc-
tion time. Above170 kmheight, thetemperatureperturba-
tionwill diffuserapidly. Theenergydissipationisconverted
to temperature variations by using thecalorific capacity of
the atmosphere. The subsequent temperature perturbations
of theatmosphereasafunction of altitudearepresented in
Figure 4 for different quake magnitudes. The temperature
perturbation is significant only at high altitudes, between
120kmand170km, wherethedissipationof lowfrequency
infrasonic waves is large. The temperature perturbation
increaseswith magnitudedueto an overall increaseof the
energy input, but also because the largemagnitudeevents
areproducing moreenergy at low frequencies. This figure
demonstrates that Venus quakes of magnitude 6.0 are
producing temperature perturbations larger than 10K that
could probably be detected by remote sensing methods.
However, if we keep in mind that these temperature
perturbations are averaged over a 50 km radius area, the
Venus quakes of magnitude 5.5 will probably produce
temperature perturbations larger than 1K on smaller areas
just abovetheepicenter. Moreover, thepreviousanalysisis
only takingintoaccount thefirst impulseof seismicenergy.
More energy will propagate upward in the same time
windowduetoboththecrustal reflectionsof seismicwaves
and thesurfacewaves, decreasing thedetection threshold.

5. Observation Strategy With VIRTISOnboard
VenusExpress

[14] TheVIRTISinstrument onboardESAVenusExpress
mission is a visible and infrared thermal imaging
spectrometer [Drossart et al., 2004]. Its particularity is a
mapping channel (VIRTIS-M), measuring one spectra per
pixel on a line of 250 pixels, every 2.5 seconds, with a
lowest surfaceresolutionof 17 17km2 at apocenter. This
instrument will measure absorption and emission lines
of various components of the atmosphere of Venus, at
different altitudes. In particular, non local thermodynamic
equilibrium emissions of CO and CO2, and O2 nightglow

Figure 3. Logarithm of (a) the maximum adiabatic
temperature perturbation (in K) and (b) the maximum
density perturbation (in %), just above the source, as a
function of altitude (in km) for different earthquake
magnitudes: M5.0 (dotted line), M5.5 (dashed line) and
M6.0 (plain line). Vertical barsarevisual guidesat 1K and
1%levels.

Figure4. Logarithmof thelocal temperatureperturbation
(in K) averaged over a source area of 50 km radius, as a
function of altitude (in km) for different earthquake
magnitudes: M5.0 (dotted line), M5.5 (dashed line) and
M6.0 (plain line). Vertical bar represents a detection
threshold at 1K level, and horizontal line represents the
maximumaltitudeat which thetemperature increasecould
bemaintained longer than 200 seconds.
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Earth: Balloon Detection of Infrasound

• Despite rapid expansion in  infrasound research in the last 20 years in 

connection with treaty verification very little work has been done with 

balloon based sensors

• Balloon sensors have two key advantages for observing both epicentral

and Rayleigh wave

– Direct observation of upwardly propagating waves

– Low background wind noise because the station drifts with the wind 

• Two short duration stratospheric balloon flights were conducted by Daniel 

Bowman of the University of North Carolina-Chapel Hill in 2014 and 2015

• Further long duration flights are planned by JPL working with ISAE-

Toulouse and by Sandia laboratories in the coming year
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Earth: Balloon Detection of Infrasound –NASA-HASP  

Ocean 
Microbarom

Day Night

Notes: FL1, FL2, FL3 are sensors on the 
balloon train. SNAK is a ground station

Reproduced from Bowman and 
Lees 2016)

High Altitude 
Student Platform 

(HASP)
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Venus: Concept for infrasonic detection of quakes

Upward
wave

More detail in 
Garcia 
presentation
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Venus: Superpressure Balloon Development at JPL

• Two superpressure balloons were floated in 

the Venus atmosphere by the USSR in 1985. .

• During the last decade, JPL and its partners 

have been developing balloons for Venus of 

progressively larger payload capacity

• These full scale balloons have been 

thoroughly tested to assess buoyancy, 

leakage, sulfuric acid resistance and 

folding/packaging robustness.

First 5.5 m Venus prototype 

balloon in lab testing.

VEGA JPL JPL

Diameter (m) 3.5 5 7.0

Carry mass (kg) 7 45 110

Altitude (km) 54 54 54

Lifetime (days) 2 30-100 30-100

Tech Readiness 9 6 5

The technology is in place for balloon-borne infrasonic 
investigation of Venus; The experimental technique needs work
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Venus-Analog Infrasound Studies – Phase 1

Platform for
Infrasonic  
sensor 
validation

Seismic Hammer
0.19Mega-joules,      
3 times per minute Directivity of infrasonic 

radiation from the seismic 
hammer

J Cutts el al                                  International Venus Conference 2016



Venus Analog Infrasound Studies – Phase 2 and 3

Phase 2  Dedicated Small 
Superpressure balloon flight 

Phase 3  NASA Superpressure
Balloon – payload of opportunity

Location: Eastern Oregon
Duration: 1 to 2 days

Location: New Zealand 
Duration: 30 days
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Venus: A mission for studying the Venus interior

KISS VENUS-11

Nightside Airglow
imaging

Balloon(s) @ 55 km
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The Path forward
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KISS Venus Seismology Workshop report

KISS Venus Seismology Study Team
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Keck Institute for Space Studies (KISS) in particular to KISS 

Director Prof. Tom Prince and Managing Director Michele Judd. 

Other members of the KISS Venus Seismology Team are listed

below. The full report is available at

http://kiss.caltech.edu/study/venus/index.html
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Jeffery Hall, Gary Hunter, Jennifer Jackson,
Viktor Kerzhanovich, Attila Komjathy, Chris
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Majid, Mohammad Mojarradi, Guust Nolet,
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Tom Spilker and Victor Tsai.
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The challenge and the opportunity

Surface conditions require the development of high temperature electronics.
Can we detect seismic event as a sound wave high in the atmosphere?
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