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Abstract The relatively unconstrained internal structure of Venus is a missing piece in our understanding of
the formation and evolution of the Solar System. Detection of seismic waves generated by venusquakes is crucial
to determine the seismic structure of Venus' interior, as recently shown by the new seismic and geodetic
constraints on Mars' interior obtained by the InSight mission. In the next decade multiple missions will fly to
Venus to explore its tectonic and volcanic activity, but they will not be able to conclusively detect seismic waves,
despite their potential to detect fault movements. Looking toward the next fleet of Venus missions after the ones
already decided, various concepts to measure seismic waves have been proposed. These detection methods
include typical geophysical ground sensors already deployed on Earth, the Moon, and Mars; pressure sensors on
balloons; and imagers of high altitude emissions (airglow) on orbiters. The latter two methods target the detection
of the infrasound signals generated by seismic waves and amplified during their upward propagation. Here, we
provide a first comparison between the detection capabilities of these different measurement techniques and
recent estimates of Venus' seismic activity. In addition, we discuss the performance requirements and
measurement durations required to detect seismic waves with the various detection methods. Our study clearly
presents the advantages and limitations of the different seismic wave detection techniques and can be used to drive
the design of future mission concepts aiming to study the seismicity of Venus.

Plain Language Summary We do not really know what the interior of Venus looks like. Even the
first-order structure of the size of Venus' core is plagued with large uncertainties. For other planets, such as the
Earth and Mars, the interior structure is much better constrained. This is largely thanks to the seismological
investigations performed on these planets that revealed their interior structure by studying the seismic waves
caused by quakes. In the next decade, new missions will fly to Venus to explore its tectonic and volcanic
activity, which is interesting to estimate seismicity. But these missions will not be able to detect any seismic
waves. In order to help design future mission concepts, we discuss instruments that could record seismic waves,
as already used on the Earth, the Moon, and Mars; instruments on balloons that could float in the Venusian
atmosphere; and instruments on spacecrafts that monitor the variations of atmospheric emissions caused by
seismic waves originating at the surface. We compare all these different techniques with each other and with
recent estimates of Venus' seismic activity to see which of them works best in different scenarios.

1. Introduction

The formation and the evolution of our Solar System is informed by the internal structures of the rocky planets.
Although Venus is similar to Earth in terms of size and mass, we do not have a good understanding of Venus'
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interior because we do not have any seismic observations. Without such observations, geodetic observations are
also limited due to the slow rotation of Venus, which hinders the determination of its moment of inertia (Margot
etal., 2021) and leads to large uncertainties in Love number estimates (Dumoulin et al., 2017). The detection and
characterization of seismic waves is the best tool to infer the internal structure of planets (Lognonné et al., 2023).
However, the deployment of long-duration geophysical instrumentation, which demonstrated its capabilities
during the InSight mission on Mars (Drilleau et al., 2022; Durdn, Khan, Ceylan, Charalambous, et al., 2022;
Duran, Khan, Ceylan, Zenhéusern, et al., 2022; Lognonné et al., 2023; Samuel et al., 2023; Stihler et al., 2021) is
not possible on Venus due to its harsh surface conditions. At the same time, there is a growing number of studies
that have presented evidence that Venus is volcanically and tectonically active at present (Byrne et al., 2021;
Giilcher et al., 2020; Herrick & Hensley, 2023; Smrekar et al., 2010, 2023; van Zelst, 2022) indicating that the
planet is probably also seismically active. Indeed, recent estimates of Venus' seismicity indicate that Venus could
host hundreds of quakes per year with M,,>5 when Venus is assumed to be moderately active, and could
potentially be as seismically active as the Earth (van Zelst et al., 2024).

Despite the compelling arguments in favor of monitoring seismic wave propagation in Venus, none of the three
missions scheduled by ESA and NASA to visit Venus in the next decade (i.e., the EnVision (Widemann
et al., 2022), VERITAS (Smrekar et al., 2022), and DAVINCI+ (Garvin et al., 2022) missions) are targeting the
detection of seismic waves. This is primarily due to the challenges associated with conducting such measurements
for Venus. Over the past decade, various measurement concepts have been explored, falling into three main
categories: (a) ground deformation instruments deployed on the planet's surface, (b) infrasound sensors mounted
on balloon platforms, and (c) airglow imagers on board orbiters (Stevenson et al., 2015). The concepts for ground
surface deployment of seismic sensors are limited by the high atmospheric surface temperature (~740 K) and the
absence of high temperature electronics. This limits the measurement duration to a total of less than 24 hr
(Beauchamp et al., 2021; Kremic et al., 2020). Seismic infrasound detection methods benefit from the low
attenuation of upward-propagating infrasound waves created by seismic waves below 1 Hz (Garcia et al., 2005).
These infrasounds conserve the dispersion features of seismic surface waves during their upward propagation
(Garcia et al., 2022; Lognonné et al., 2016). These two properties allow us to assume that the infrasound created
by seismic surface waves retains all the properties of seismic surface waves. Thus allowing us to determine the
seismic velocity profile in the first hundreds of kilometers depth of the planet, as it was done by InSight on Mars
(Carrasco et al., 2023; Kim et al., 2022; Xu et al., 2023). Two different concepts based on the detection of seismic
infrasound have been investigated thoroughly in the past decade. First, pressure sensors on board balloon plat-
forms have been studied (Krishnamoorthy & Bowman, 2023; Stevenson et al., 2015). Their capabilities to detect
and characterize seismic waves have been demonstrated theoretically and have even been observed on Earth
recently for the first time (Brissaud et al., 2021; Garcia et al., 2022; Gerier et al., 2024). Secondly, airglow
emission variations induced by seismically generated tsunami waves have been observed on Earth (Makela
etal., 2011; Occhipinti et al., 2011) and the sensitivity of airglow emissions to gravity waves has been observed in
Venus' atmosphere (Garcia et al., 2009). Indeed, mission concepts targeted to the observation of seismically
induced variations of 1.27 pm nightglow and 4.3 pm dayglow in Venus' atmosphere have been developed
(Stevenson et al., 2015; Sutin et al., 2018).

The purpose of this study is to perform a first comparison between the capabilities of these diverse measurement
techniques and the most recent estimates of Venus seismicity. For each observation technique, we also discuss the
minimum performance and measurement duration. We focus on globally observable seismic waves for events of
moment magnitude larger than 3 (My, > 3).

2. Estimating Seismic Wave Detection Capabilities of Different Observation Concepts
2.1. Seismic Signal Estimates

In the absence of internal structure models of Venus that are directly constrained by data, the currently used
internal structure models of Venus are constrained by planetary formation and geodynamic models, solar
abundance estimates, and physical assumptions, and rely on the adaptation of Earth models to Venus conditions
(Gudkova & Zharkov, 2020; Zharkov, 1983). As a consequence, these models present a large uncertainty in terms
of both seismic velocities and seismic attenuation parameters. This is why we choose to base our estimates of
seismic wave amplitudes and frequency content on Earth's scaling relations, rather than performing complex
computations in highly uncertain models of the Venusian interior. Because seismic surface waves show the
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highest amplitude for shallow quakes on Earth, we will assume that these waves are also dominating the seismic
signal on Venus in the quake magnitude range considered in this study, that is, moment magnitudes larger than
3.0. We also focus on seismic surface waves because their dispersion can be measured on a single record and
informs on the structure of the first hundreds of kilometers of Venus' interior. The definition of surface-wave
magnitude, Mg, shows a direct link with the amplitude of the seismic surface Rayleigh waves around the 20 s
period:

A
Mg = 1og,0(?:) + 1.66log;o(A) + 3.3, 1)

where Mg is the surface wave magnitude, A, the vertical ground displacement in pm, T is the period considered
for measuring A4, and A is the epicentral distance of the quake in degrees (Bormann & Dewey, 2012). We will use
this relation to determine the amplitude of the surface Rayleigh waves as a function of distance for a given surface
wave magnitude.

2.2. Atmosphere Effects and Parameters

The detectability of infrasound by balloon platforms and airglow imagers is sensitive to the amplitude of the
source and atmospheric path effects (Garcia et al., 2005). In particular, attenuation processes on Venus can
strongly dampen and disperse the infrasound energy. To assess the impact of attenuation on acoustic waves, we
determine the energy loss versus altitude for a vertically propagating planar wave. In the frequency range (0.02—
10 Hz), the attenuation of infrasound in the Venusian atmosphere is dominated by CO, relaxation effects (Bass &
Chambers, 2001; Petculescu, 2016), although some contributions are also expected from sulfuric acid (H,SOj,)
droplet-related processes, primarily in the cloudy 45-70 km altitude range (Trahan & Petculescu, 2020).

We compute atmospheric parameters using the Venus Climate Database (VCD) (Gilli et al., 2017, 2021; Martinez
et al., 2023) to estimate the attenuation due to CO, relaxation, acoy(z). We extract a single vertical profile of
specific heats, and sound speed is extracted at the equator at midday local time. From this VCD profile, we then
use the approach described in Garcia et al. (2017) to extract the CO, relaxation frequency and relaxation strength,
as well as the sound speed as a function of altitude. In low-attenuation scenarios, it is appropriate to sum the
attenuation contributions from CO, and H,SO, (Nachman et al., 1990), to obtain the total attenuation
A(2) = acpn(z) + amsos(z). In Figure 1, we use these estimates to explore the amplitude loss using a plane-
wave assumption, focusing on acoustic waves at periods from 0.1 to 50 s from the ground up to 140 km altitude. A
significant increase in attenuation occurs in the cloud layers, where strong diffusion-mediated phase changes
occur due to sulfuric acid droplets (Petculescu, 2016). Yet, our estimates suggest that attenuation has an insig-
nificant impact on acoustic waves of periods larger than 1 s up to the bottom of the airglow layer IR1. At the
altitude of airglow layer IR2, longer-period waves of interest for airglow (10-50 s period) are not damped much.
However, at this altitude, a significant energy loss of ~50% is predicted for the shorter-period, higher-frequency
waves, which dramatically reduces the likelihood of detection for 1 s period waves. In contrast, at balloon al-
titudes, acoustic waves generated by ground movements can be observed to 10 Hz, which is interesting for the
observation of small-magnitude quakes. Note that this analysis assumes linear acoustics and takes neither
nonlinear propagation nor wave-breaking effects into account.

2.3. Estimating the Minimum Number of Events Per Magnitude Per Year

In this section, we provide detection thresholds that can be directly compared to seismicity estimates (van Zelst
et al., 2024). To do so, we estimate the requirements to detect at least one event larger than a given magnitude
during the full mission duration. This requirement yields the following relation for a signal-to-noise ratio
threshold of one:

Sp

Nmin(M ) _ 1
" s _Tm Sm(MS)’

)

where N™" (M) is the minimum number of seismic events of surface wave magnitude larger than Mg required
to detect at least one by a given method, T, is time in Earth years, Sp is the surface area of Venus, and *,, signifies
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Figure 1. (a) Plane-wave infrasound attenuation (a in dB/km) based on a Venus Climate Database (VCD) atmospheric
profile, including both the ajys04 and the aco, contributions, and the sulfuric acid cloud contributions given in Trahan and
Petculescu (2020). We consider wave periods from 0.1 to 50 s. (b) The total loss (in dB) due to the attenuation in (a), integrated
from the ground up to the given altitude. The two vertical dashed lines indicate accumulated amplitude losses of 1% and 50%.

method m: s for seismometer, r for ground rotation sensor, d for ground Distributed Acoustic Sensing (DAS), b
for pressure sensors on board balloons and a for airglow imagers. Note that for airglow imagers this relation
is valid only for a single pixel of the airglow image. In this relation, the surface area S, (Ms) over which a quake
of a given surface-wave magnitude Mg can be detected by a given method is investigated in the following
sections.

This relation is only statistically valid with a 63% confidence interval, if we assume that the seismic events have a
Poisson distribution. Moreover, it is assumed that the seismic event probability is homogeneous over the Venus
surface, which is unrealistic, but a starting point at a time when no actual mission concept has been evaluated. Our
estimates thus provide a lower bound of the detection limits of each measurement concept.
Sp

S (Ms)’
event can be detected for the different methods, within a signal-to-noise ratio larger than a given value SNR,,;,,.
Knowing this number, the surface area ratio is

In order to estimate

we need to estimate a maximum distance A,,(Ms), usually in degrees, at which the

Sp 4r
Su(Ms) — 2a(1 = cos(A,,(Ms)))’

3)

with A,,(Ms) the maximum epicentral distance at which you can expect to detect the quake.

Usually, the noise levels of the instruments are provided in Power of Amplitude Spectral Density (ASD) in
physical unit over square root of hertz (ASD,,) . In contrast, the signal amplitude terms in Equation 1 are provided
at a given period (Ts) , and consequently the signal amplitude on the instrument is also in physical units at a given
period (A,,). In order to compare these two numbers, we convert the ASD values into root-mean-square values,
under the conservative hypothesis that we filter the signals over a bandwidth of 1/3 octave (+11.5%) around the
central frequency fy = Tis As a consequence, the root-mean-square noise amplitude is defined by the product of

the ASD times the square root of the frequency bandwidth, assuming that the noise power is constant over the
bandwidth (Bormann, 2002):
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0.23
Nrms = ASDn T (4)
V Ts

As a consequence, the maximum epicentral distance at which you can expect to detect a quake of magnitude Mg
(A,,(My)) is defined by equating the signal-to-noise ratio to its minimum value SNR,,;,, fixed here to 3:

An(CnMs) _ oNg (5)
Nrms

In conclusion, in order to estimate N,’;‘i“ (Ms), that is, the minimum number of events per year, as a function of
surface wave magnitude, to measure at least 1 event of this type by a given method, one needs to invert the above
equations to get the maximum distance at which an event can be detected by a given method A,,(Ms), and then
compute Nﬁi“ (Mg) through Equations 3 and 2. However, because the relation of Equation 1 holds only for
teleseismic distances, and because we need the waves to be separated in time in order to analyze them properly,
we impose A, (Mg) > 3°. This restriction sets the lower-bound limit on the Mg values.

These relations apply strictly to single point measurements like ground and balloon measurements. For airglow
imagers, this relation applies to each pixel of the airglow image but the detection capabilities for the whole image
needs more assumptions and analysis that are presented in detail in Section 2.4.5.

2.4. Detection Capabilities of Various Observation Concepts
2.4.1. Quake Detection by Landed Seismometer
2.4.1.1. Technological Assumptions

Due to the high surface temperatures on Venus and the limited amount of solar energy that reaches the surface,
deploying instruments on the ground is challenging. With conventional electronics, surface landers lasted less
than 2 hours on the Venusian surface in the past (Kerzhanovich & Marov, 1983; Moroz, 1983).

Recent advances in high-temperature electronics (Glass et al., 2020; Kremic et al., 2020; Wilson et al., 2016) have
made long-lived landers a possibility for the coming decades, using silicon carbide (SiC) seismometers. These
SiC integrated circuits have been demonstrated to provide 60 functioning days in high-fidelity simulated
Venusian surface conditions (Chen et al., 2019; Hunter et al., 2021; Neudeck et al., 2018). However, the
development of the associated electronics to cope with the harsh Venus conditions is still required. Memory is
another issue with Venusian surface conditions. Depending on power availability, data storage and transmission
could be difficult. Tian et al. (2023) designed a low-memory algorithm to circumvent this issue that triggers
transmission during earthquakes and avoids transmission during wind and other noise events.

Despite these encouraging technological developments we will assume that ground sensors of future missions will
operate with their associated electronics inside a thermally insulated lander. This assumption limits the obser-
vation time to about 12 hr, which is a compromise between the values provided by Kremic et al. (2020) (24 hr) and
Beauchamp et al. (2021) (6-8 hr).

2.4.1.2. Background Noise of Ground Sensors

Ground sensors will be impacted by both the harsh surface environment and noise sources coming from the
atmosphere dynamics. A thorough analysis of these noise sources requires the production of a noise model
(Mimoun et al., 2017; Pinot et al., 2024). However, an order of magnitude computation of the Brownian thermal
noise acting on the mass/spring system of the seismometer indicates that this noise source is below 1078 m/

s2/ \/E Other instrument noise sources should also be considered and properly calculated for the Venusian
environment, such as digitizer/acquisition noise, thermal noise, wind noise on the sensor and on the landing
system, but such computations require knowledge of the instrument and landing systems. However, we try in the
next paragraphs to estimate the atmospheric noise contribution from the wind, which we estimate to be dominant
above other noise sources.
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Only a handful of probes have recorded atmospheric data at the surface of Venus. Only VENERA-9 and 10
directly measured the wind for 49 min and 90 s, respectively (Avduevskii et al., 1977), and VENERA-13 and 14
indirectly measured the wind speed (Ksanfomaliti et al., 1983). The amplitudes of the measured wind speeds are
less than 2 m s~ below 100 m height (Lorenz, 2016), with a higher probability for values below 0.5 m s~

Simulations with a global circulation model showed that the diurnal cycle of the Planetary Boundary Layer (PBL)
activity is correlated with the diurnal cycle of surface winds (Lebonnois et al., 2018), with downward katabatic
winds at night and upward anabatic winds during the day along the slopes of high-elevation terrains. With a high-
resolution model, Lefévre et al. (2024) confirmed this diurnal cycle of the surface wind. The resolved large-scale
horizontal wind at 10 m above the local surface is above 1 m s~! in the mountains in the equatorial region and

1

below 0.5 m s™" in the low plains.

Lefévre (2022) used a turbulent-resolving model to quantify the turbulent activity at the surface of Venus. At
noon, the height of the PBL varies from 1.5 km in the plains to 7 km in the high terrains by the equator. This
difference is due to the impact of the anabatic winds. This difference in PBL height at noon results in a difference
in the amplitude of turbulent horizontal winds, reaching 2 m s~ for the high terrain compared to between 1 and
1.5 ms™! in the plains. At night, when the impact of the slope winds is weaker, the height of the PBL is almost the
same (around 500 m), resulting in a horizontal wind amplitude below 0.5 m s~!. Placing a seismometer in the low
plain, and recording signals at night, seems to be the optimal plan to limit the noise of the atmosphere.

Lorenz (2012) roughly quantified the wind noise at the surface of Venus. With an atmospheric density of 65 kg/
m?, a wind speed of 0.25 m s~! is comparable in terms of dynamic pressure to wind speeds of 20 m s~ on Mars,
which were regularly observed during the daytime by InSight (Banfield et al., 2020) The corresponding seismic

amplitude is 120.0 nm.
Venera-14 reportedly detected Venusian microseisms with a geophone in only one hour of operation (Ksanfo-
maliti et al., 1982). The amplitude of the signals are consistent with “noisy” environments on Earth (Lorenz &

Panning, 2018), that is, from ~ 1078 to 107 m/s?/+/Hz which roughly spans the space between the low and high
noise models for Earth (Peterson, 1993). We will use these values for all ground sensors and compare these with
instrument self noise when available.

It is important to note that for high-quality ground vibration measurements, the ground sensors will need to be
protected from the wind, and the wind speed and pressure should be monitored continuously, as already per-
formed by the InSight mission (Lognonné et al., 2019).

2.4.1.3. Estimates of Detection Capabilities

With an SNR,,,;,, set to 3 and a period T of 20 s, A, (Ms) can be estimated for a given magnitude from Equations 1
and 5 as:

M, —33— 1ogm<%)
1.66

logo (A, (Ms)) = (6)

Following Equations 2 and 3, the minimum number of events for each magnitude on the surface of Venus needed
to obtain at least one detection during the mission lifetime is shown in Figure 2. For the lowest noise level,

estimated to be 10~® m/s?/+/Hz (low noise sensor, protected from wind, on a hard surface), global detection is
possible for surface wave magnitudes above M; = 4.3. For a higher noise level, this limit increases to M; = 5.3

for 10~"m/s?/+4/Hz (low noise sensor, protected from wind, on a soft surface) and to M, = 6.3 for 107% m/

s2/4/Hz (sensor unprotected from wind). Under our idealized conditions, events above this threshold need to
occur just once during the mission to be detectable. This gives the lower limit of 730 events per year in Figure 2.

2.4.2. Quake Detection With DAS on the Surface

Distributed Acoustic Sensing (DAS) is an emerging technology in the field of Earth geophysics, and has been
applied in increasingly remote and harsh locations on Earth, such as glaciers (Hudson et al., 2021; Walter
et al., 2020), volcanoes (Jousset et al., 2022; Klaasen et al., 2021, 2023) and submarine environments (Cheng
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et al., 2021; Lior et al., 2021). It employs a fiber-optic cable that is interro-
gated with laser pulses, resulting in seismic deformation measurements at a
high spatial and temporal resolution along the cable. We refer the reader to
Zhan (2020), and Lindsey and Martin (2021) for more in-depth descriptions
of DAS and its applications on Earth. We optimistically propose to extend the
use of DAS beyond Earth, and to visualize the hypothetical detection capa-

Y ] bilities of DAS on Venus.

N, We follow the procedures outlined in Section 2.3 to obtain the detection
S, 4 capabilities of DAS on Venus. We estimate the minimum number of required

events per year based on parameters and assumptions similar to those used for

the landed seismometer in Section 2.4.1. The noise estimates in m/s*/A/Hz can

=
o
N
N

Figure 2. Minimum number of events per year as a function of surface wave
magnitude required on the surface of Venus to measure at least one event of
this magnitude during a ground instrument observation duration of 12 hr.
Results are provided for different seismometer noise levels in acceleration:

Surface wave magnitude (Ms)

6 7 8 be transformed from ground acceleration to strain, and vice versa, using the
plane-wave assumption (Daley et al., 2016; Néasholm et al., 2022; Wang
et al., 2018), assuming an apparent velocity of seismic surface waves of
2250 m/s, which corresponds to an approximate Rayleigh wave velocity in
mid-oceanic ridge basaltic material at 20 s period (as suggested for Venus;

Surkov et al., 1984) with a Poisson ratio of 0.25:

1078 (plain line) and 10~7 (dashed line), 10~¢ (dotted line) m/s~2/+/Hz at 20 s

period. Estimates for Distributed Acoustic Sensing strain sensors with a self

e =aTls/Vg, @

noise level of 3 x 107'° ¢/4/Hz (dotted-dashed magenta line) and ground

rotation sensors with a self noise level of 2 x 107 rad/s/+/Hz are also
provided and discussed in Sections 2.4.2 and 2.4.3 respectively.

where ¢ is the strain, a is the acceleration in m/s?> which is linked to a given
quake magnitude by Equation 1, Ty is the period of the wave in s, and Vy is the
Rayleigh wave velocity in m/s. Figure 2 shows the results for the noise-floor
in strain as reported by the iDAS Carina from Silixa, as an example of the self-noise of an interrogator currently on
the market.

While the calculation based on different noise estimates paints an optimistic picture, we emphasize that a DAS
deployment on Venus is not yet feasible due to several obstacles, such as (a) the current instrumental capacities,
(b) deployment options, (c) cable coupling conditions, and (d) unknown cable locations. The instruments
currently on the market are not able to operate under the pressure and temperature at the surface of Venus.
However, some experiments have demonstrated the ability of specialized gold-coated optical fibers to survive and
function with low attenuation at temperatures up to 773 K for up to 900 hr (Jacobsen et al., 2018), with optical
fiber manufacturers also quoting operating temperatures up to 973 K (e.g., (Heracle, 2023)). The development of
high-temperature and corrosion-resistant fibers is an area of active research, for example, within the oil and gas
industry (Reinsch & Henninges, 2010; Stolov & OFS, 2019). Alternative fiber optic sensing systems are also
already in development for structural health monitoring on future spacecraft (Chan et al., 2015; Parker
et al., 2024).

Even if a DAS cable were able to operate on the surface of Venus, we would be limited by the deployment of the
cable. If the cable is released during the landing, we are unable to control the exact layout and coupling conditions
of the cable, which will likely decrease the data quality and the consequent conclusions that can be drawn from the
data. If the cable is not buried and protected, other noise sources are likely to overpower any seismic signals—a
phenomenon observed on Earth with atmospheric noise, in submarine environments with strong currents (Lior
etal., 2021), or on Mars with the atmospheric wind and pressure noise (Mimoun et al., 2017). Additionally, DAS
yields single-component data, therefore a cable layout with varying angles and directions is necessary to capture
the complete wavefield and locate events. However, this also requires exact geographical knowledge of the cable
layout, which may be difficult to obtain on Venus due to the lack of a GPS network and difficulty capturing
georeferenced images of the cable.

Hence, in order to facilitate a DAS experiment on Venus, research primarily needs to focus on instrumental
development and the feasibility of experimental deployment. The instrument needs to be able to operate its laser
and conduct preliminary data analysis before sending the data back to orbit in order to avoid a bottleneck caused
by the large amounts of data produced during DAS experiments. Additionally, the cable needs to be deployed in
such a fashion to guarantee atmospheric protection, good coupling with the ground, and a well-known, non-linear
layout.

GARCIA ET AL.
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2.4.3. Quake Detection With Ground Rotation Sensors

The sensing of the ground rotations induced by seismic waves is an emerging field. Knowledge of ground ro-
tations allow one to infer the gradients of the seismic wavefield. These measurements allow seismologists to
distinguish between various seismic waves (Sollberger et al., 2023), to correct for tilt effects on seismometers
(Bernauer, Wassermann, & Igel, 2020) and to infer anisotropy parameters (Noe et al., 2022). There are also many
other applications for inverse problems and seismic source determination (Schmelzbach et al., 2018). This
domain is currently limited by the self-noise level of the instruments (Bernauer et al., 2021) and planetary ap-
plications are promising but mainly limited by the available instrumentation (Bernauer, Garcia, et al., 2020).

Currently available instruments measure the ground rotation speed in rad/s (w) along three perpendicular axis.
With the same assumption as those used in the previous section to estimate the ground strain, this parameter can
be linked to the ground acceleration using the following equation

w = aTls/(2rnA), ®)

where  is the ground rotation in rad/s, a the acceleration in m/s?, T the period of the surface wave in s, and A the
wavelength in meters which is computed assuming a surface wave velocity of 2250 m/s.

We follow the procedures as outlined in Section 2.3 to obtain the detection capabilities for ground rotation sensors
on Venus. We estimate the minimum number of required events per year based on parameters and assumptions
similar to the ones used for the landed seismometer in Section 2.4.1. Figure 2 shows the results for the noise-floor

in rad/s as reported for the BlueSeis3A sensor from the company iXblue (20 nrad/s/y/Hz), as an example of the
self-noise of a rotation sensor on the market.

As observed in Figure 2, the event detection is limited by the self-noise of current ground rotation instruments
(Bernauer, Garcia, et al., 2020). Ground rotation measurement systems present deployment constraints similar to
the ones of a seismometer but excluding the need for leveling for systems based on fiber optics gyroscopes. Even
if these deployment constraints are less stringent than the ones of DAS systems, the interest of such measurements
is limited to large-amplitude signals, and thus to large-amplitude quakes close to the instrument.

2.4.4. Quake Detection by Pressure Sensors Onboard Balloons

Balloons have already flown in Venus' atmosphere at about 54 km altitude for more than 45 hr in the framework of
the USSR VEGA missions (Sagdeev, 1986; Sagdeev, Linkin, Lipatov, et al., 1986). Their instrumentation
(Kremnev et al., 1986) recorded pressure and temperature (Sagdeev, Linkin, Kerzhanovich, et al., 1986), which
allowed the estimation of vertical wind speeds. Balloon platforms have various advantages for the detection of
infrasound generated by quakes. First, they operate in an altitude range (inside or above Venus' clouds) for which
temperatures and pressures are comparable to those at Earth's surface, thus avoiding the need for very high
temperature technologies. Secondly, because balloons drift with the background winds, the relative wind between
the sensor and the atmosphere is small, as is the corresponding wind noise. Recent proposals for Venus balloon
missions estimate that their trajectory will complete one orbit of the whole planet at the equator in five to 6 days,
with a latitude varying from one circuit or the other (Beauchamp et al., 2021). The mission duration is estimated
between 60 days for the Venus Flagship Mission (Beauchamp et al., 2021) and 117 days for the ADVENTS
mission concept (O’Rourke, 2021). We chose 3 months (90 days) for balloon observation duration as a
compromise between these two values.

Stratospheric balloon flights in Earth's lower stratosphere experience noise levels around 0.05 Pa/y/Hz at 20 s

period and 0.01 Pa/A/Hz at 10 s period (Garcia et al., 2022). We expect similar background noise levels to occur
above the convective cloud regions in Venus' atmosphere as these altitudes are also dominated by laminar flows
presenting similar vertical wind shear.

The amplitude of pressure perturbations generated by a vertical displacement A4 (in pm) at period Ts can be
computed using the following formula, assuming that the acoustic wave attenuation is negligible (Garcia
et al., 2005):

GARCIA ET AL.
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Figure 3. Minimum number of events per year as a function of surface wave
magnitude required to measure at least one event of this magnitude during a
balloon mission duration of 3 months. Results are provided at two different

Surface wave magnitude (Ms)

observation duration. The results are presented in Figure 3. This suggests a
minimum number of events with Mg = 6 between 20 and 100 is required to
detect at least one quake. Note that at large magnitudes, the minimum number
of events is limited to 4 per year, because the mission duration is 1/4 of a year.

periods: 20 s (thick dashed line) and 10 s (thick plain line) because the noise Extending the mission duration would lower this flat part of the curve and
level of pressure measurements varies significantly with frequency (from extend further the part of the curve with a negative slope in the direction of
0.05 t0 0.01 Pa/\/ltl—g going from 20 to 10 s period). We also show the results high magnitudes.

for a noise level of 0.01 Pa/@ at 10 s period but with the minimum distance

between quake and sensor reduced from 3° to 0.5° (thin solid line).

In order to infer the capability of balloons to detect small quakes close to the
epicenter, we reduced the minimum distance to the epicenter to 0.5°. The
corresponding result is shown as a thin line in Figure 3. It demonstrates that balloons can detect quakes of surface
wave magnitudes as small as 2.6 at distances less than 55 km from the source, as already observed on Earth
(Brissaud et al., 2021; Krishnamoorthy et al., 2023). However, this range of distance and magnitude is outside the
range of validity of our Equation 1. This is why we will retain only results for a minimum distance of 3° between
the sensor and the quake.

2.4.5. Quake Detection by Airglow Measurements Onboard Orbiters

The airglow emissions are upper atmosphere emissions generally induced by the night side recombinations of
molecules that were dissociated on the day side by solar radiation. The emitted photons are at a given wavelength
imposed by the molecular reaction mechanism. Various studies pointed to the sensitivity of Venus' airglow
emissions to pressure, temperature and density variations induced by acoustic waves (Garcia et al., 2009; Lépez-
Valverde et al., 2011; Stevenson et al., 2015). These studies mainly target two infrared airglows: nighttime
airglow at 1.27 pm and day time Non-Local Thermodynamical Equilibrium emissions around 4.3 pm (in fact two
emission peaks at 4.28 pm and 4.32 pm).

The night side airglow at 1.27 pm is due to the recombination of oxygen atoms. The emission layer is peaking
around 100 km altitude (Gérard et al., 2008) and presents large longitudinal and latitudinal variations (Gérard
et al., 2014), as well as a natural time variability over time scales of around 1000 s. However, it is predicted to
react almost instantaneously to the density and temperature variations expected from seismic infrasounds (Sutin
et al., 2018).

The day time airglows at 4.28 pm and 4.32 pm peak respectively around 135 and 140 km (Garcia et al., 2009).
They are induced by a mechanism different to the one usually generating airglow emissions. These emissions are
due to the natural return to a lower energy state of CO, molecules after excitation by solar radiation (L6pez-
Valverde et al., 2011) and without involving any collisions with other molecules. The background emission varies
smoothly as a function of solar illumination (solar zenith angle). These emissions are sensitive to density and
temperature variations that are changing the collision rate of the molecules, as already observed for gravity wave
perturbations in Venus' atmosphere (Garcia et al., 2009).

Previous studies paved the way for a dedicated mission concept studied at JPL/NASA (Sutin et al., 2018). We will
use this mission design, called VAMOS, in order to infer the detection capabilities of airglow measurements in
terms of the minimum number of events per year required to detect at least one quake with this detection method.
The concept is targeting a continuous monitoring of the planet disk with a high sampling rate (>1 sample per
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Figure 4. Definitions of Aiglow Emission Areas (a) and (b), Imaging Area (IA) (c) and Visible Observation Area (VOA) (c).
(a) IR1 (1.27 pm) Airglow Emission Area (AEA) on top of night side 1.27 pm radiance estimates by Soret et al. (2012),
(b) IR2 (4.3 pm) AEA on top of an optical image of Venus' day side, and (c) definition of IA and VOA on top of an optical
image of Venus.

second) camera orbiting on a circular equatorial orbit at a radius of 45,000 km with a period of approximately
29.2 hr. The observation duration is extracted from this mission concept and is set to 2 years.

As the measurement concept is different from a single point measurement by landed seismometers or balloons,
Equations 2—-6 must be revised because they are valid only for single pixels in the image, not for the whole image.
First, because the airglow emissions are localized only on a specific part of the planet, we must define this area as
the Airglow Emission Area (AEA) for a given airglow. For the 1.27 pm emission, this observation area is centered
on the equatorial point at 0:00 a.m. local time and covers an angular radius of about 60° around that point, because
it is in this region that we expect the largest background emissions (Gérard et al., 2008; Soret et al., 2012). For
simplicity, we assume that the center point of this area is located at midnight local time.

For the 4.3 pm emission, the observation area is centered on the equatorial point at 12:00 local time (midday) and
covers an angular radius of about 70° around that point. These emissions are proportional to solar illumination,
but polar regions and regions close to the terminator are conservatively excluded because background emissions
are low, and because more variability is expected from gravity wave activity (Garcia et al., 2009; Gérard
et al., 2014; Seiff & Kirk, 1991).

Another difference compared to single point measurements is that the AEA is not always visible in the camera
images. To illustrate this, we use the equatorial circular orbit of VAMOS to simplify the computations, although it
still provides similar visibility statistics to other orbits at different ellipticity and inclination when ensuring that
the full disk is visible on more than 80% of the orbit period. In the full-disk images of the planet, we conser-
vatively consider that only points having an angular distance smaller than 70° for the center of the image (located
at the equator) can be used for observation because points close to the limb will have too much image distortion.
This region of the image is named the Imaging Area (IA). As a consequence, for a given local time position (¢ in
longitude degrees) of the center of the IA (at the equator) relative to the center position of the AEA (cf)o) the
Visible Observation Area (VOA) will be defined by the intersection of two spherical caps (or solid angles) of size
60° (or 70°) for the AEA and size 70° for the IA. Due to the rotation of the spacecraft around the planet, the size of
the VOA will vary as a function of the parameter ¢b. The definitions of AEA, IA and VOA are summarized in
Figure 4.

The function VOA(Ap), with A¢p = ¢ — ¢, is symmetric around zero. When this area is zero (i.e., the AEA is
not visible from the spacecraft) the corresponding time period must be subtracted from the mission duration to
define the observation duration (7}, of Equation 2). When this area is non-zero, all the points in the area have the
capability of detecting seismic waves. Consequently, the surface S, (Ms) of Equation 2 is much larger than for a
single-point observation because it includes the whole VOA(A¢), and extends it in both latitude and longitude
directions by A, (M) degrees. When the surface of the VOA is non-zero, its surface is computed by the joint area
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of two spherical caps for each surface wave magnitude (Ms) and each longitude separation (A¢) between the two
spherical caps (i.e., the AEA and the IA). The average area over all possible A¢ values is then scaled to 4z as in
Equation 2. The observation duration is reduced by the amount of time during which the VOA is zero.

Once these geometrical considerations have been taken into account, we still have to compute the maximum
distance at which a quake can be observed by a point in the VOA defined by A, (Ms) .

For the 1.27 pm nighttime emissions, we need to convert the vertical particle velocity in the acoustic wave into
airglow emission and compare this to the instrument noise. The vertical particle velocity at the altitude of the
maximum emission rate of the 1.27 pm airglow (z;z; = 100 km) is provided by:

(0)c(0)  [107°A4(0)

AGar) = [ (12 AO)) (10)
p(zr1) c(zr1) \ 27T

where A4(0) as function of surface wave magnitude is provided by inverting Equation 1. The sensitivity of 1.27

pm emissions is driven by the transport of the emitting molecules under the vertical velocity A, (zjr;) (Lognonné

et al., 2016). The order of magnitude of this sensitivity is about 3.0%/(m/s) at 20 s period and 6%/(m/s) at 50 s
period at 100 km altitude (Sutin et al., 2018) In addition, the estimated noise level of an imaging InfraRed (IR)

camera targeting these emissions is about 0.5% of background emission level (Sutin et al., 2018).

For the 4.3 pm daytime emission, we focus on the 4.28 pm emission peak and assume that the emission altitude is
approximately 135 km and that these emissions present a sensitivity of 1% per Kelvin variation of atmospheric
temperature (Lopez-Valverde et al., 2011). In order to convert the vertical particle velocity A, (zjr,) into tem-
perature perturbation (in Kelvin), we use the impedance at zjz, = 135 km altitude:

DP(ziry) = p(zir2) ¢(Z1r2) Ay (Z1R2)

P ezms) P(0)c(0) (10—62nAd(0)) "
= p(Zr2) ¢(ZIr2 p(zra) c(zma) Ts

which is similar to Equation 9 but at the altitude of the 4.28 pm emission peak. Then, we assume both the perfect

gas law and the adiabatic nature of the acoustic wave perturbations in order to quantify the corresponding
temperature changes through the following equation:

Y —1T(zry)
DT (z; =
(Crr2) 7y PQra)

DP(z1r2), (12)

where y is the heat capacity ratio at altitude z;z, = 135 km, and T(zjz,) and P(zjg,) are the background tem-
perature and pressure at this altitude, respectively. Finally, using the sensitivity of 1% per Kelvin of the 4.28 pm
emission, we obtain the expected signal in percentage of background emission (Lépez-Valverde et al., 2011).
Concerning the instrument noise, we assume that the root-mean-square noise of the detector is about 0.125% of
background emission (Sutin et al., 2018).

Gathering all these equations, we obtain the minimum number of events per year for a mission duration of 2 years,
and for the two infrared emissions. This result is shown in Figure 5. The minimum surface wave magnitude that
can be detected through these airglow emissions is around 5 for 4.3 pm emissions and around 6 for 1.27 pm
emissions, but the required number of events per year is lower than 10. The minimum magnitude is the magnitude
for which the signals on all the pixels is below the SNR limit, even if the quake is occurring within the VOA.
These minimum surface wave magnitudes are consistent with the values provided by Sutin et al. (2018). At low
magnitudes, we have a low variability of the minimum number of events per year because of the large extent of the
observation area. Basically, when the event is above the minimum magnitude, it is detected as soon as it is inside
the VOA, which is quite large. On the other hand, at large magnitudes all the events are detected, even if they are
on the other side of the planet, and the number of detectable events (0.64 events per year) is directly linked to the
observation duration of the AEA over the duration of the mission.
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Figure 5. Minimum number of events per year as a function of surface wave
magnitude required to measure at least one event of this magnitude during an
airglow orbiter mission duration of 2 years. Results are provided for the two
airglow emissions respectively at 1.27 pm (thick dashed line at 20 s period,
thick dotted line at 50 s period) and at 4.28 pm (thick solid line). We also show
the results for the 1.27 pm (thin dashed line) and the 4.28 pm (thin solid line)
emissions at 20 s period but reducing the minimum distance between quake and
sensor from 3° to 0.5° in order to include detections in the epicenter area.
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As already done for the balloon detection estimates, we also provide estimates
for a minimum distance of detection reduced to 0.5° in order to include the
detection of seismic waves close to the epicenter area. As observed for the
balloon estimates, including this area is lowering the minimum surface wave
magnitude by 1.4. However, in this close range, Equation 1 is no longer valid.
In addtion, the detection of such signals based on only a few pixels of the
camera image is not ensuring that these signals can be deciphered from
background noise variations. This is why we remain conservative by pre-
senting only the results for a minimum distance of 3°.

It should be noted that airglow images can potentially provide ways to detect
signals below a SNR of 3 by data processing methods exploiting the redun-
dant information brought by consecutive images (Sutin et al., 2018).

2.4.6. Comparing the Different Seismic Wave Measurements Concepts

Figure 6 assembles the detection capabilities of a landed seismometer,
balloon-based microbarometer, and an orbiter-based airglow detector. The
ground-based DAS and rotation detection concepts are not included because
the technology is currently infeasible. For ground strain sensing, DAS sys-
tems suffers from lack of control over the cable's layout. For seismic ground
rotation sensing, there are currently no instruments available with low enough
intrinsic noise.

From this figure, it is clear that the airglow emissions are best designed to detect quakes of surface wave

magnitude larger than 5. This minimum magnitude cut-off can be decrease by 1.4 unit if signals within 300 km

of the epicenter are considered, but this case is outside the scope of the assumptions used in this study. In
addition, the capability of such observations to track surface wave propagation on the images is opening more
opportunities to image lateral variations in the crust and the lithosphere. However, due to low-pass effects,
induced by the vertical extent of airglow emission peaks and by the response of airglow emissions to acoustic

forcing, these observations are probably limited to periods larger than 10 s (Lognonné et al., 2016; Sutin

et al., 2018).

The balloon observations have a detection limit around 4.0-4.5 units of surface wave magnitude and can detect all
quakes with surface wave magnitude larger than 7. In addition, they can detect higher frequency signals, with a

useable bandwidth mainly for periods between 0.1 and 20 s. As for the airglow emissions, the lower bound of

magnitude can be improved by 1.4 unit if signals close to the epicenter are considered. However, this observation

Seismometer observation duration = 12 hours
Balloon observation duration = 3 months
Airglow observation duration = 2 years

~

Seismometer Noise=le-8 m/s/svHz

— = Seismometer Noise=1e-7 m/s/s/vHz
DEE T e Seismometer Noise=1e-6 m/s/s/vVHz
o Balloon 60km Ts=10s Noise=0.01 Pa/v/Hz
~ ... |= = Balloon 60km Ts=20s Noise=0.05 Pa/vHz
e " Dayglow 4.3um 135km Ts = 20s
S : -------- Nightglow 1.27pm 100km Ts = 50s
= = Nightglow 1.27um 100km Ts = 20s

Surface wave magnitude (Ms)

Figure 6. Minimum number of events per year as a function of surface wave
magnitude required to measure at least one event of this magnitude for all the
detection methods. Landed seismometers in brown, balloon estimates in
blue, and airglow emissions in black.

mean suffers for its single point measurement and from the short mission
duration, estimated here to be 3 months. The balloon sensing is the method
that would benefit the most from an increased observation time relative to the
one used here.

Finally, for short duration deployment of a landed seismometer, the estimates
present a large variability due to the large uncertainties on the final noise level
of such an instrument. Assuming a noise level between 107 and 107° m/

2/ \/E at 20 s period, such an instrument can detect all quakes of surface
wave magnitude larger than 5 to 6. In addition, for small quakes close to the
sensor, the bandwidth of such an instrument would easily cover the 0.05—
20 Hz range. However, such a concept is strongly limited by the short
observation duration, assumed here to be 12 hr, such that it would allow us to
investigate only seismic events that are occurring more than 800 times per
Earth year.

It should be noted that the effect of mission duration extension on these
minimum number of events per year estimates is easy to handle. If you
multiply the observation duration by X, you must divide the minimum
number of events per year by X for all magnitudes. This simple relation
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Figure 7. Minimum number of events per year as a function of seismic moment (in N-m) on the bottom and moment
magnitude on top required to measure at least one event of this magnitude for all the detection methods (lines) compared to
end-member Venus seismicity estimates (shaded areas) by van Zelst et al. (2024): an inactive Venus (blue), lower bound
active Venus (red) and upper bound active Venus (magenta). For comparison, Earth's seismicity is also provided as a thick
light green line. Balloon estimates are in dark blue, landed seismometers in brown, and airglow emissions in black. Constant
estimate at large magnitude are limited by observation duration indicated on the left of the figure.

allows the reader to translate these estimates to any observation duration. The effect of increasing the noise level
by a factor X is also simple to quantify: it corresponds to a shift of the curves to the right by log;,(X) units of
magnitude.

3. Comparing of Detection Capabilities With Current Seismicity Estimates

Our estimates of detection capabilities are shown in Figure 6 as a function of surface wave magnitude Mg which
was defined following the IASPEI standard and corresponds to the definition of Mg_20 by (Bormann et al., 2013).
However, seismicity estimates are usually provided as a function of seismic moment magnitude My, which is a
better representation of the quake physics. In order to convert from Mg to My, we use the following relation
defined by Bormann et al. (2013) for quake moment magnitudes smaller than 6.8 that are of our main interest:

My, =0.667 Mg + 2.18. (13)

The error bar in this conversion is on the order of 0.3 magnitude unit, but even such large errors could in fact
be smaller than the error we may have due to the unknown internal structure of Venus. Eventually, the
moment magnitude is converted to the seismic moment M, (in Nm) by the standard conversion for-
mula My, = %(loglO(MO) - 9.1).

Once Mg has been converted into My, or M), we can directly compare our detection limits of at least one quake
with a signal-to-noise ratio larger than three over the mission duration with the recent Venus seismicity estimates
by van Zelst et al. (2024). They estimated upper and lower bounds on the expected annual seismicity of Venus by
scaling the seismicity of the Earth. For different tectonic settings on Venus, they assumed different Earth analogs
and took into account the lower seismogenic zone thickness of Venus. van Zelst et al. (2024) presented three end-
member estimates: an “inactive” Venus, where the planet exhibits a global background seismicity rate analogous
to that of continental intraplate settings on Earth, resulting in a few hundred quakes >M,, 4 per year; and two active
scenarios where it is assumed that the coronae, fold belts, and rifts of Venus are currently seismically active. As a
realistic lower bound of a seismically active Venus, they find 1,161-3,609 venusquakes >M, 4 annually and
5,715-17,773 venusquakes >M, 4 per year as a maximum upper bound for an active Venus. This latter upper

GARCIA ET AL.

13 of 18

35U8217 suoWIWIoD aAIIea.L) a|gedt|dde ay3 Ag pausenoh afe sapoie YO ‘asn Jo sajni Joj AkeiqiT auluQ AS|1/ UO (SUO 1 IPUOD-pUB-SLLLIB)L0D" AB| 1M Afeiq 1)U {UO//:SdNY) SUOIIPUOD pUe SWd | 8U) 89S [7202/TT/L0] uo AiqiaunuQ A3 1A ‘9oueld auelydoD Aq 029500 V3r202/620T OT/I0p/od A8 1M Arigipuliuo'sgndnbe/:sdny wolj pepeojumod ‘TT ‘202 ‘Y80SEEEZ



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth and Space Science 10.1029/2024EA003670

figure is similar to the amount of seismicity on Earth, although generally the estimates of Venus' expected
seismicity are lower than that of Earth. The comparison of our detection limits with van Zelst et al. (2024)'s
estimates is presented in Figure 7.

The detection limits presented here should be taken with caution for two main reasons. First, the limitations
presented in the next section induce an error bar on the order of one order of magnitude on these estimates.
Secondly, we investigated mainly seismic signals around the 20 s period whereas the expected bandwidths of the
different methods are different with an upper bound frequency of 10 Hz for ground and balloon sensors to 0.1 Hz
for airglow observations. However, if the reader wants to scale these curves to a different observation duration,
this is straightforward to perform, because multiplying the observation duration by X is simply the same as
dividing the minimum number of events per year by X, for all magnitudes.

Despite these limitations, some interesting observations can be made in Figure 7. The ground-based sensors can

be considered adequate for seismic wave detection if their noise level at 20 s period is below 1078 m/s?/ \/—I-E and
if they are deployed in an active seismic area that would allow us to detect quakes of magnitudes smaller than 4.0.
The pressure sensors on balloon platforms allow for probing quake magnitudes in the 5.0 to 7.0 moment
magnitude range and mainly for seismic signal frequencies in the 0.05-10 Hz range. The airglow measurements
have the lowest detection limits due to the low noise level and the long duration of the observations. In addition,
the output movie of wave propagation would allow for determining the source location and investigating vari-
ations in seismic surface speeds over the planet that could be related to lateral heterogeneities in the shallow
seismic wave structure of the crust. However, this measurement concept is limited to seismic moment magnitudes
larger than 5.5 and to wave periods larger than 5 s.

Eventually, it is interesting to note that airglow and balloon measurements are very complementary because they
cover different frequency ranges, different locations and provide different information on the seismic wavefield.
The same quake could be observed with a good probability by both balloon and airglow methods if the balloon
observation duration is increased up to one or 2 year for quake moment magnitudes larger than 6.0. This double
observation would drastically reduce the probability of misinterpretation with an atmospheric perturbation, and it
would provide the seismic source frequency cut-off from balloon observation as well as the lateral variations of
seismic surface wave velocity from airglow imager data.

4. Limitations
Our analysis was performed under certain assumptions that leave room for future improvements and exploration.

First, the spatial dependence of seismicity estimates is not taken into account in our estimates of quake detect-
ability, despite the likelihood that certain areas on Venus exhibit higher seismic activity compared to others. Even
if this issue is not so critical for airglow measurements that will cover a large part of the planet surface, it is
obvious that ground sensor deployments should target the most active regions in order to improve their detection
capabilities. The balloon missions are also expected to cover more equatorial regions than polar regions due to
deployment and mission duration constraints.

A second important limitation is the uncertainty in the noise levels of each measurement concept. Even though we
consider reasonable assumptions on these numbers and provided estimates for different noise levels, detailed
noise models of these measurement concepts are required to fully validate our analysis. Mimoun et al. (2017)
provides an example of a detailed noise model for a seismometer instrument. An inherent difficulty to the noise
model exercise is that the mission parameters (lander size, instrument performance parameters, etc.) must be
known in order for the analysis to be valid.

Moreover, the method used to relate ground movements to quake magnitude and the frequencies considered here
(periods between 10 and 50 s) are mainly relevant for quake moment magnitudes between 4.0 and 6.8 (Bormann
et al., 2013). For quake moment magnitudes smaller than 4.0, other methods and frequency ranges should be
considered.

Lastly, our assumptions are valid mainly for quakes at distances larger than 300 km from the sensor. The case of
quakes at closer distances has been partly investigated for balloon and airglow measurements, but not reported in
the final estimates. These strong signals close to the source are decreasing by 1.4 unit the minimum detection
magnitude, at the expense of making their identification and interpretation more complex.
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5. Conclusion

Our study provides a first estimate of the detection capabilities of long period seismic surface waves on Venus by
various measurement concepts: ground sensors including seismometers, DAS, and rotation sensors; infrasound
sensors on balloons; and airglow imagers onboard orbiters. We also compare these estimates with recent pre-
dictions of Venus seismicity. The airglow measurement concept appears to be most relevant in light of the current
estimates of seismicity, but it is limited to moment magnitudes larger than 5.5 and wave periods larger than 5 s.
We find that a minimum measurement duration of 2 years ensures a good probability to detect large magnitude
quakes for airglow measurements. Infrasound sensors onboard balloons must ensure an overall noise level below

1072 Pa/\/ﬁ; at 10 s period and a measurement duration larger than 3 months to obtain a good probability of
quake detection. The ground sensors are strongly limited by their measurement duration but also by their noise,
mainly due to instrument self-noise for potential ground rotation sensors, and noise induced by the installation or
environment for seismometers and potential DAS fiber measurements that would be effective only with an overall

acceleration noise level at 20 s period below 10~® m/s?/ \[I-E Uncertainties ranging up to one order of magnitude
impact these detection limit estimates due to limitations that could be improved in various directions by future
studies. Potential directions of improvement would be to take into account the geographical distribution of
quakes, a full modeling of the amplitude of seismic and infrasound waves, detailed noise models of the mea-
surement concepts, and the analysis of the science case of a detection close to the epicenter. Rather than
definitively concluding on one measurement concept, our study allows us to enhance the advantages and limi-
tations of each measurement concept. Our estimates of detection capabilities can also be used to drive re-
quirements on future mission concepts. As an example, balloon missions should ensure measurements at altitudes
where the atmosphere is stable and quiet in order to ensure a proper background noise level, and these missions
would benefit of extending their duration to 6 months or 1 year to ensure the detection of large magnitude quakes.
The long duration balloon measurements and the airglow imagers appear to be very complementary because they
have a good probably to detect the same quake for moment magnitudes larger than 6.0, and would thus provide
different information on the seismic wavefield in different frequency ranges.

Despite the recent selection of various space missions to Venus, none of these will target the detection and
characterization of seismic waves to investigate Venus' internal structure in better detail. The most realistic
programmatic scenario for the implementation of any of the measurement concepts described in this study in the
next decade is probably the deployment of such concepts by a small satellite as a piggyback payload on one of
these missions. In the longer term, larger missions would benefit from combining balloon and airglow mea-
surement concepts if the balloon mission duration can be extended above 3 months.

Data Availability Statement

All the codes and input data used to create the figures in this article are available at the following zenodo re-
pository https://zenodo.org/records/13134375 (Garcia, 2024).
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