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A B S T R A C T

Among the lines of evidence for a buried ocean on Titan is the possible detection of Schumann-like Resonances
(SR), in 2005, by the Permittivity, Wave and Altimetry (PWA) analyzer on board the ESA Huygens probe. SR
are Extremely Low Frequency electromagnetic waves resonating between two electrically conductive layers. On
Titan, it has been proposed that they propagate between the moon’s ionosphere and a salty subsurface water
ocean. Their characterization by electric field sensors can provide constraints on Titan’s cavity characteristics
and in particular on the depth of Titan’s ocean which is key to better assess Titan’s habitability. For this work
we have developed a numerical model of Titan’s electromagnetic cavity as well as a surrogate model (i.e., an
approximate mathematical model) able to accurately approximate the behavior of the cavity. This surrogate
model can be used to conduct simulations and sensitivity analyses at a low computational cost. It is used both
to re-assess PWA/Huygens measurements and to predict the future performance of the EFIELD experiment on
board the NASA Dragonfly mission. We demonstrate that the PWA/Huygens measurements, in particular due
to their low spectral resolution, do not bring any meaningful constraint on Titan’s ocean depth. On the other
hand, the finer resolution of the EFIELD experiment and its ability to capture several harmonics of SR should
provide more robust constraints on Titan’s internal structure, especially if the electrical properties of the ice
crust and the atmosphere can be better constrained.
1. Introduction

Several lines of evidence point to the presence of a global water
ice ocean in Titan’s interior. The strongest evidence arises from the
investigation of the tidal variations of Titan’s gravity fields inferred
from Cassini flybys of the satellite (Iess et al., 2012; Durante et al.,
2019). Indeed, the tidal Love number 𝑘2 of 0.62 derived by Durante
et al. (2019) is compatible with a high-density ocean while a recent
re-assessment of 𝑘2 (0.375) points to a low-density water or ammo-
nia ocean (Goossens et al., 2024). Titan’s measured obliquity of ∼
0.3◦ (Stiles et al., 2008; Meriggiola et al., 2016) is also significantly
larger than the value expected for an entirely solid object and therefore
suggests a decoupling between the outer ice shell and the interior
of Titan (Baland et al., 2011, 2014; Bills and Nimmo, 2008, 2011).
Based on both the values of Durante et al. (2019)’s 𝑘2 and of the
obliquity, Baland et al. (2014) estimate that the outer ice shell of Titan
is at least 40 k m and at most 170 k m thick consistent with the results
published in Kronrod et al. (2020) which test a wide range of internal
structure models for Titan including thermal considerations.
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Another, possible evidence for an internal ocean on Titan is the
detection of ELF (Extremely Low Frequency) waves by the PWA/HASI
(Permittivity, Waves and Altimetry analyzer, part of the Huygens At-
mospheric Structure Instrument) experiment on board the Huygens
interpreted as Schumann Resonances (Béghin et al., 2012). Schumann
resonances (SR) are a set of ELF (from a few Hz up to 100 Hz) elec-
tromagnetic propagation modes that can develop in a planetary cavity
excited by a broadband electromagnetic source (Schumann, 1952). On
Earth, these modes are generated by lightning discharges and propagate
between the ionosphere and the surface. Theoretically, SR could be
observed on other planets and serve as a tool to obtain information on
the planetary cavities, in particular on their dimensions (Simoes, 2007;
Simões et al., 2008a,b).

If SR exist on Titan, they are probably not triggered by lightning as
such activity is not expected to be common on Titan (Lorenz, 1997) and
was never observed during the Cassini mission, nor by the Radio and
Plasma Wave Science (RPWS) experiment (Fischer et al., 2007, 2020;
Fischer and Gurnett, 2011) nor by PWA/HASI (Hamelin et al., 2009).
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Fig. 1. Structure and parameters of Titan’s cavity.

In addition, the surface of Titan being very poorly conductive (Grard
et al., 2006; Hamelin et al., 2016), it cannot act as the lower boundary
of the resonant cavity which instead must be an internal electrically
conductive layer. Béghin et al. (2012) propose that SR on Titan could
be excited by interactions with Saturn’s magnetosphere and that the
signal detected at ∼ 36 Hz by PWA/HASI is the second harmonic
of a SR propagating between Titan’s fully ionized atmospheric layer
(at ∼ 60–70 k m altitude) and a buried salty ocean lying at a depth
encompassed between 40 and 80 k m. However, this interpretation is still
debated as the 36 Hz line may actually be due to mechanical oscillations
of the booms on which the PWA/HASI electrodes were installed or of
other parts of the Huygens probe (Lorenz and Le Gall, 2020).

Nevertheless, if SR occur on Titan, their detection and characteriza-
tion would place new and more robust constraints on the buried ocean.
In particular, knowing more accurately its depth is key to estimate
the likeliness of exchange between the ocean and the surface and
therefore to assess Titan’s habitability and astrobiological potential.
That is the reason why the forthcoming mission to Titan, Dragonfly
(NASA), will embark sensors to measure the time-varying electrical
field, namely the EFIELD experiment which is part of the DraGMet
(Dragonfly Geophysics and Meteorology) package (Barnes et al., 2021).
Using two spherical electrodes mounted at different locations on the
body of the Dragonfly drone, EFIELD will passively record the AC
electrical field between ∼ 5 and 100 Hz with a much finer spectral
resolution than PWA/HASI.

In this paper, we describe the numerical model we have developed
to simulate Titan’s electromagnetic cavity and predict its resonant
frequencies and associated quality factors (Section 2). This model is
used to build a much less computationally expensive surrogate model
which allows to perform an accurate sensitivity analysis of the SR
characteristics to the cavity parameters. The surrogate model is then
used to re-examine the PWA/HASI measurements leading to results
very different from the ones published in Béghin et al. (2012) (Sec-
tion 3). In Section 4, it is used to investigate the expected performance
of the EFIELD/DraGMet experiment. Lastly, we conclude and discuss
the implications of this work in Section 5.

2. Modeling Titan’s resonant cavity

Following Simões et al. (2007, 2008a,b) who developed cavity
models for Titan, Venus and other planetary environments, we used
the COMSOL Multiphysics© tool to build a numerical model of elec-
tromagnetic wave propagation in the cavity of Titan. We then used
2 
the numerical model to construct a surrogate model of the propagation
of SR on Titan in order to conduct eigenfrequency analysis at a low
computing and memory cost.

2.1. Numerical model

2.1.1. Cavity description and parameters
The numerical code solves the Maxwell’s equations in a spherical

structure made of discrete slabs. Fig. 1 displays the simplified structure
of Titan’s cavity we considered; it consists of three concentric layers:

• the atmosphere/ionosphere layer for which an analytic conductivity
profile is given to the model, namely the one proposed by Béghin
et al. (2012) or, more recently, by Lorenz (2021) displayed in
Fig. 2. Both conductivity models include a fully ionized layer at
an altitude of about 60 − 70 k m on which ELF waves are reflected.
They rely on Huygens measurements of the electron-density per-
formed from an altitude of 140 k m down to the surface (Grard
et al., 2006). In Lorenz (2021), the conductivity profile is interpo-
lated from 140 to 750 k m and better respect the upper limit of the
near-surface conductivity imposed by Huygens Relaxation Probe
measurements.

• the ice crust layer in which ELF waves are refracted following
Fresnel’s laws. This layer is assumed uniform in terms of electrical
properties with a very small conductivity that allows ELF waves
to propagates over a very long path (i.e., the skin depth is >
1000 k m).

• the salty ocean layer which is assumed to be a perfect electric
conductor and therefore on which ELF waves are fully reflected.

The parameters of the cavity model considered for parametric anal-
ysis are the followings:

• the thickness of the ice crust 𝑧𝑐 : Based on Cassini and Huygens
observations as well as on gravity and thermal modeling (see
Section 1), we consider that 𝑧𝑐 can vary over a wide range of
values from 5 to 200 k m, and most likely between 40 and 170 k m.

• the real part of the ice crust relative permittivity 𝜀𝑐 : The relative per-
mittivity of water ice at Titan’s temperatures and ELF frequencies
is ∼ 3 (e.g., Mattei et al. (2014)). However, the crust permittivity
also depends on its porosity and on the presence of impurities or
contaminants such as ammonia. We therefore test values in the
range 2–4 which encompasses the value measured at the Huygens
landing site by the permittivity probe PWA-MIP/HASI, namely
2.5 ± 0.3 (Hamelin et al., 2016).

• the electrical conductivity of the ice crust 𝜎𝑐 : Through expected
to be small, the conductivity of the ice crust of Titan remains
uncertain. It is especially sensitive to the possible presence of
ionic contaminants. Béghin et al. (2012) investigates the 1–4
nS m−1 range while Hamelin et al. (2016) found a conductivity
of 1.2 ± 0.6 nS m−1 at the Huygens landing site. To account for
this measurement, we consider values in the range 0.6–4 nS m−1.

As outputs, the numerical model computes the eigenfrequencies of
the first three modes of the resonant cavity (𝑓1, 𝑓2, 𝑓3) along with their
corresponding Q-factors (quality factors: 𝑄1, 𝑄2, 𝑄3) which describe
wave attenuation in the cavity. More specifically, the model provides
the complex frequencies of the different eigenmodes from which the
Q-factor is computed as followed:

𝑄𝑛 =
Re(𝑓𝑛)
2Im(𝑓𝑛)

≈
𝑓𝑛
𝛥𝑓𝑛

(1)

where Re and Im are respectively the real and imaginary parts of the
complex eigenfrequency, 𝑓𝑛 is the peak power frequency of mode 𝑛,
and 𝛥𝑓 is the width at half-power.
𝑛
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Table 1
Comparison of results with the 2D axi-symmetric approximation model with the 3D model for two different cavities (and associate relative error).
Model 𝑄1 𝛥𝑄1∕𝑄1 𝑓1 𝛥𝑓1∕𝑓1
2D axi-symmetric 3.20 4.69% 32.61 Hz 0.797%
3D 3.05 4.92% 32.35 Hz 0.803%

(a) First case: 𝑧𝑐 = 20 k m, 𝜀𝑐 = 3.94, 𝜎𝑐 = 9.69 × 10−9 S m−1

𝑄1 𝛥𝑄1∕𝑄1 𝑓1 𝛥𝑓1∕𝑓1
2.735 2.93% 18.28 Hz 1.70%
2.655 3.01% 17.97 Hz 1.73%

(b) Second case: 𝑧𝑐 = 15 k m, 𝜀𝑐 = 2.5, 𝜎𝑐 = 1 × 10−9 S m−1
Table 2
Comparison of results with the 2D axi-symmetric approximation model with the model used in Simoes (2007) (relative error 𝜀).

Model 𝑓1 𝛥𝑓1∕𝑓1 𝑓2 𝛥𝑓2∕𝑓2 𝑓3 𝛥𝑓3∕𝑓3
2D axi-symmetric 22.54 Hz 1.06% 39.08 Hz 1.20% 55.27 Hz 1.23%
Simoes (2007) 22.30 Hz 1.08% 38.61 Hz 1.22% 54.59 Hz 1.25%
t
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Fig. 2. Input conductivity profiles of the atmosphere/ionosphere layer used in the
umerical model of Titan’s cavity from Béghin et al. (2012) (red) and Lorenz (2021)
blue).

For a given uncertainty 𝛿 𝑓𝑛 on 𝑓𝑛 and 𝛥𝑓𝑛, which in practice is
mainly dictated by the measurement spectral resolution, the uncer-
tainty 𝛿 𝑄𝑛 on the corresponding quality factor 𝑄𝑛 can be derived by
logarithmic differentiation of Eq. (1):

𝛿 𝑄𝑛 ≈ 𝑄𝑛(1 +𝑄𝑛)
𝛿 𝑓𝑛
𝑓𝑛

(2)

2.1.2. Numerical approach
The numerical model uses the Finite Element Method (Zimmerman,

2006) for solving Maxwell’s equations with the boundary conditions
and layers properties as described above. Since layers properties are
only functions of the radial distance, the resonant cavity problem
can be solved in a 2D axi-symmetric configuration. We nevertheless
validate our 2D model with comparison to a 3D model and results from
he numerical model from Simoes (2007).

An example of a 3D model of Titan’s cavity is displayed on Fig. 3
as well as a 2D cut of the mesh. Due to the level of discretization
needed to accurately reproduce the behavior of the electric field in
Titan’s atmosphere, the complete 3D mesh consists of 774,258 domain
elements, 181,100 boundary elements, and 2588 edge elements. A
single resolution of Maxwell’s equations using such a mesh takes ∼ 2 h
(on an Intel Core i5-12500H, 2.5 GHz, 32 GB of RAM). In contrast,
he design of a 2D axi-symmetric model with a mesh composed of
02,993 domain elements and 3,652 boundary elements requires ∼ 30 s
f computation time which is much more reasonable for the purpose of
sing the model to perform an accurate parametric inversion.

Table 1 reports the results from the 3D model and the 2D approx-
mation for two different cavities. The 2D approximation is accurate
 g

3 
enough so that the results from the 3D model are reproduced with
relative errors smaller than 5% for both the Q-factor and the resonant
frequency. Table 2 reports the results from the 2D approximation and
the model from Simoes (2007) showing that the 2D approximation is
able to accurately reproduce the cavity behavior in the case of study
case with a relative error on the first three resonant frequencies smaller
han 2%. Thus, for the remainder of the paper, we only consider the 2D
xi-symmetrical model of Titan’s planetary cavity.

2.2. Surrogate model

Even with the 2D axi-symmetrical approximation, a complete sen-
sitivity analysis or data inversion using Titan’s cavity numerical model
would require to compute several thousand of datapoints. This would
represent a significant amount of computation time that is not suitable
even for a supercomputer. To avoid this, we built a surrogate model
(also called ‘‘metamodel’’) which provides an approximate description
of the behavior of Titan’s resonant cavity by analytical functions. The
resulting metamodel can then be used, instead of the numerical model,
to perform various analysis (e.g. optimization, sensitivity analysis) at a
low computational cost (Van Steenkiste et al., 2016).

2.2.1. Description
The surrogate model used here is an exact interpolator; the

olynomial-Chaos based Kriging (PCK) (Schobi et al., 2015) metamod-
ling combines both Polynomial Chaos Expansion (PCE) and Kriging

to predict the variations of a given model (𝑋). Kriging is used to
interpolate the local variations of the output model while PCE is useful
for the global approximation. A PCK metamodel is defined by:

(𝑋) =
∑

𝜶∈
𝑦𝜶𝜓𝜶(𝑋) + 𝜎2𝑍(𝑋 , 𝜔) (3)

where ∑

𝜶∈ 𝑦𝜶𝜓𝜶(𝑋) is a weighted sum of orthonormal polynomials
describing the trend of the PCK model and 𝜎2𝑍(𝑋 , 𝜔) is a zero-mean
stationary Gaussian process with a variance of 𝜎2. The computation
of the metamodel parameters is performed by the UQLab framework
available on Matlab (Marelli and Sudret, 2014).

The costly part of the metamodelling process is the training time
hich can be greatly reduced by using sequential sampling instead
f classical space-filling approaches. In this work an adaptive sam-
ling algorithm combined with PCK has been used to build the meta-

model. This algorithm has already been proven useful for various
electromagnetic problems (Lagouanelle et al., 2023).

2.2.2. Metamodel accuracy
Once built, the surrogate model is used to predict the behavior

of the cavity outside of the training data. For such a purpose, a
proper metric is crucial to quantify the accuracy of these predictions. A
classical approach consists in using a validation dataset outside of the
raining dataset and computing the mean squared error (MSE) of the
etamodel prediction compared to the real input values. However, the

esulting MSE is biased by the use of only one dataset and could vary
reatly from one validation dataset to another. Moreover, this approach
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Fig. 3. (a) 3D model of Titan’s planetary cavity on COMSOL Multiphysics, (b) 2D cut of the 3D mesh on (a).
requires additional calls of the expensive computational numerical
model for building the training dataset, which ultimately increases the
computation time. Thus, a better metric was chosen : the Leave-one-
out cross-validation error (𝐿𝑂 𝑂), which does not require additional
computations.

Let us consider a set {(𝑋1, 𝑌1),… , (𝑋𝑁 , 𝑌𝑁 )} of 𝑁 input samples.
Using this set, one can build a PCK metamodel  and evaluate the
𝐿𝑂 𝑂 as follows:

𝐿𝑂 𝑂 = 1
𝑁

𝑁
∑

𝑖=1

(

‖∕𝑖(𝑋𝑖) − 𝑌𝑖‖
‖𝑌𝑖‖

)2

(4)

where ∕𝑖 is the mean predictor that was trained using all (𝑋 , 𝑌 )
except (𝑋𝑖, 𝑌𝑖). For a given datapoint (𝑋𝑖, 𝑌𝑖), a metamodel is built with
all datapoints except datapoint 𝑖, which gives 𝑁− 1 training datapoints.
This metamodel is then used to predict the value 𝑌𝑖 at the remaining
datapoint 𝑖, where the difference is classified with a MSE. The process
is repeated for every datapoint which, after average, provides the 𝐿𝑂 𝑂.
The use of 𝑁 different validation sets of one datapoint guarantees
that the 𝐿𝑂 𝑂 is much less biased than a classical MSE and reduces
the probability of overestimating the validation error (Elisseeff et al.,
2003). In this work, we therefore consider the 𝐿𝑂 𝑂 as our accuracy
metric. A 𝐿𝑂 𝑂 close to 1 (or 100%) implies that the surrogate model
does not provide a good approximation of the system. On the other
hand, the smaller the 𝐿𝑂 𝑂, the more accurate the surrogate model.

2.2.3. Sensitivity indices
Since the resulting metamodel consists of an analytical function,

calling the metamodel is extremely cheap in terms of computation
time. Thus, sensitivity analyses, which are usually performed by Monte-
Carlo analyses over the parameter spaces, are now feasible at a low
computation cost.

The sensitivity analysis we conduct relies on Sobol’ indices which
are scalars between 0 and 1 describing the influence of a set of inputs on
a model output (Sobol, 1993). The most commonly used Sobol’ indices
is the first-order Sobol’ index defined, for a given parameter 𝑃𝑖, as:

𝑆𝑖 =
Var𝑃𝑖 (E𝑿∕𝑖

(𝒀 |𝑋𝑖))

Var (𝒀 )
(5)

𝑆𝑖 is a measure of the fraction of the output variance caused by the
variance of a given input parameter. In other words, it describes the
impact of a parameter 𝑃𝑖 alone on the output model compared to other
parameters. The closer to 1, the bigger impact 𝑃𝑖 has on the model
output.

However, parameters are usually not independent and their relative
effects cannot be separated from each other. This leads to the definition
of higher-order Sobol’ indices as, for a subset of parameters (𝑃𝑖1 ,… , 𝑃𝑖𝑠 ):

𝑆 =
Var(𝑃𝑖1 ,…,𝑃𝑖𝑠 )

(E𝑿∕𝑖1 ...𝑖𝑠
(𝒀 |𝑋𝑖1 ,… , 𝑋𝑖𝑠 )) (6)
𝑖1 ,…,𝑖𝑠 Var (𝒀 )

4 
which describes the sensitivity of the model to the variations of several
input parameters simultaneously.

For high dimensional output models, the interpretation of all orders
Sobol’ indices can be difficult due to the high number of possible
combinations. Therefore, for an input parameter 𝑃𝑖, a total-effect index
(or total Sobol’ index) 𝑆𝑇𝑖 is defined by summing all the Sobol’ indices
as follows:

𝑆𝑇𝑖 =
∑

{𝒖,𝒖⊆[[1,𝑑]] and 𝑖∈𝒖}
𝑆𝒖 (7)

𝑆𝑇𝑖 is the most suited sensitivity tracker for our study and will be
refereed to as 𝑆𝑖 in the remainder of the paper. When using PCK meta-
models, the computation of the various Sobol’ indices of the surrogate
model can be easily extracted from the polynomial decomposition (see
Eq. (3)). Therefore, no additional computation of the surrogate model
are required to perform the sensitivity analysis based on the total Sobol’
indices.

3. Re-assessment of PWA/HASI/Huygens observations

Fulchignoni et al. (2005) first reported the detection of a narrow
spectral feature at ∼ 36 Hz in the ELF spectrum measured by PWA/HASI
during Huygens’ descent in Titan’s atmosphere in January 2005, from
an altitude of 140 k m down to the surface. The magnitude of this
signal is especially enhanced just after the deployment of the stabilizer
parachute, at an altitude of ∼ 110 k m. Béghin et al. (2007) proposed
different scenarios, both natural and artificial, to explain the 36 Hz
signal. In Béghin et al. (2012), a natural scenario is preferred: the signal
and associated Q-factor of about ∼ 6 would be the second harmonic of
a SR propagating between Titan’s ionosphere and ocean and triggered
by interactions with Saturn’s magnetosphere. Using an approximate
analytical model of Titan’s cavity, Béghin et al. (2012) further derive
constraints on the physical parameters of the cavity from PWA/HASI
measurements. More specifically, they conclude that the measured 𝑓2 =
36 ± 3 Hz and 𝑄2 ∼ 6 are indicative of a water-ammonia ocean lying at
a depth of 40–80 k m.

In this section, we re-asses the PWA/HASI data using the surrogate
model we have developed (see Section 2) to investigate, in a more
accurate fashion, the constraints Huygens measurements bring on the
thickness of the ice crust (i.e., the depth of the ocean) 𝑧𝑐 . As a starting
point, we adopt exactly the same hypotheses as in Béghin et al. (2012)
that is the same conductivity profile in the atmosphere and ranges of
variation for 𝜀𝑐 (2 − 4) and 𝜎𝑐 (1 − 4 nS m−1).

The metamodelling process estimates consistently (𝐿𝑂 𝑂 ≈ 3.9%,
𝑛𝑠𝑎𝑚𝑝𝑙 𝑒𝑠 = 1584) the second harmonic of SR (𝑓2, 𝑄2). Using the resulting
surrogate model, two regular 3D grids of 𝑓2 and 𝑄2 values along
all three input parameters 𝑧𝑐 , 𝜀𝑐 and 𝜎𝑐 can be computed at a low
computation cost: 50 × 50 × 50 = 125,000 values, which would have
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Fig. 4. Inversion of Huygens PWA/HASI data taking the same hypotheses as in Béghin et al. (2012) (i.e., conductivity profile, 𝜀𝑐 ∈ [2 − 4] and 𝜎𝑐 ∈ [1 − 4] nS m−1) and using the
surrogate model developed in this work (a). All values of 𝑧𝑐 can be in a combination with 𝜀𝑐 and 𝜎𝑐 that reproduces Huygens data which were measured with a 3 Hz spectral
resolution. A 1 Hz spectral resolution would drastically reduce the parameter space for 𝑧𝑐 . (b) displays the same inversion exercise but considering that the detected line at 36 Hz
is the fundamental of the SR instead of the second harmonic (no inversion solution for a 1 Hz spectral resolution in this case).
taken 43 days of computation time using directly the numerical model
instead of only 13 hours for training the metamodel.

By analyzing the 3D grids, every combination of 𝑧𝑐 , 𝜀𝑐 and 𝜎𝑐 which
gives 𝑓2 ∈ [33 − 39] Hz and 𝑄2 ∈ [3 − 9] can be classified as a potential
solution explaining Huygens measurements. Fig. 4(a) displays all the
potential inversion of Huygens measurements in the plane (𝑧𝑐 , 𝜀𝑐 ) where
all the grids in the direction 𝜎𝑐 have been stacked. When accounting for
3 Hz spectral resolution, the range of possible values for 𝑧𝑐 covers all the
parameter space (i.e. 5 − 200 k m) which means that no constraint can be
deduced on 𝑧𝑐 from the PWA/HASI dataset (blue zone). On the other
hand, if the signal characteristics were known with a 1 Hz resolution,
only a narrow range of 𝑧𝑐 values could explain the observations (red
outlined area). This hypothetical inversion would restrain the thickness
of the ice crust to 𝑧𝑐 ∈ [165 − 200] k m.

Our results are in contradiction with Béghin et al. (2012) which can
be explained by the various analytical approximations they consider
to solve the wave propagation equation. Furthermore, since the meta-
model is sufficiently accurate (𝐿𝑂 𝑂 ≈ 3.9%), it can be used to conduct
an accurate Sobol’-based sensitivity analysis. The following total Sobol’
indices are found: 𝑆𝑧𝑐 = 0.73, 𝑆𝜀𝑐 = 0.28 and 𝑆𝜎𝑐 = 0.74. These indexes
indicate that the ice crust thickness is the parameter that has the most
significant impact on the SR characteristics. However, since all indexes
are of the same order of magnitude, no parameter can be regarded
as having a negligible impact. This is a further guarantee that the
metamodel accuracy is correctly estimated with the 𝐿𝑂 𝑂 and that our
metamodel is highly accurate. Therefore the differences from Béghin
et al. (2012)’s results and the present work cannot be ascribed to an
incorrect estimate of the errors from the metamodel.

The surrogate model also demonstrates that solutions (in terms of
combinations of 𝑧𝑐 , 𝜀𝑐 and 𝜎𝑐 values) in which the detected signal is
not the second harmonic but the fundamental are possible (Fig. 4(b)).
If so, the constraints on 𝑧𝑐 derived from PWA/HASI would be different
(namely >80 k m, see Fig. 4(b)).

Lastly, Fig. 5 shows how the constraints on 𝑧𝑐 are modified if the
numerical model from which the surrogate model was built rather
uses (Lorenz, 2021)’s conductivity profile and values of 𝜀𝑐 and 𝜎𝑐
from Hamelin et al. (2016). We will keep these hypotheses for the
remainder of the paper and, in particular, to assess EFIELD/DraGMet
future performance in the frame of the Dragonfly mission. The asso-
ciated sensitivity analysis provides the following total Sobol’ indices:
𝑆𝑧𝑐 = 0.78, 𝑆𝜀𝑐 = 0.34 and 𝑆𝜎𝑐 = 0.51. Again and notably, 𝑧𝑐 is the pa-
rameter that have the most impact on SR characteristics. Nevertheless,
the effects of 𝜀𝑐 and 𝜎𝑐 cannot be neglected as their respective total
Sobol’ index are of the same order of magnitude. This further implies
5 
Fig. 5. Inversion of Huygens PWA/HASI using the surrogate model developed in
this work with up-to-date assumptions, namely the atmosphere conductivity profile
from Lorenz (2021) and 𝜀𝑐 ∈ [2.2 − 2.8] and 𝜎𝑐 ∈ [0.6 − 1.8] nS m−1 as estimated
by Hamelin et al. (2016).

that their accurate knowledge would greatly reduce the uncertainty on
the inversion of Huygens measurements as well as be very valuable for
the analysis of future EFIELD data. In particular, if the real part of the
permittivity of the ice crust were measured as 𝜀𝑐 = 2.5 ± 0.1 instead
of 2.5 ± 0.3, it would help discriminating between the two distinctive
domains in Fig. 5: 𝑧𝑐 ∈ [5 − 40] k m and 𝑧𝑐 ∈ [150 − 200] k m. This is
further discussed below.

4. Anticipated EFIELD/DraGMet/Dragonfly performance

This section investigates the performance and possible outcome
from the forthcoming electric-field experiment on Titan.

4.1. The EFIELD experiment on board Dragonfly

In June 2019, NASA selected the Dragonfly mission project for its
New Frontiers program (Turtle et al., 2018; Lorenz et al., 2018; Barnes
et al., 2021). The primary goal of the Dragonfly mission is to investigate
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the chemistry and habitability of Titan. Starting operations in mid-
030s, the Dragonfly quadcopter drone will visit a variety of sites, from
 dune field to the rim of a young impact crater, and sample materials
n different geologic settings. Dragonfly includes a Geophysical and
eteorological package (DraGMet) which is a suite of sensors designed

o measure e.g. the temperature, pressure, methane humidity, wind
peed and direction, ground dielectric constant, thermal properties and
evel of seismic activity at each Dragonfly landing site.

Among these sensors is the EFIELD experiment which consists of two
ndependent spherical electrodes (∼5 cm in diameter) accommodated at
he end of ∼ 25 cm long stalks pointing away from the drone body. From
wo different locations on the drone, these electrodes will passively

record the time-varying electrical field at low frequencies (∼5–100 Hz)
ith the main goal of detecting SR, if any. As a secondary objective, the

EFIELD probes will detect and characterize near-surface wind-blown
harged grains flying in their vicinity (Chatain et al., 2023).

The EFIELD experiment offer many advantages over the PWA/HASI
one. It will operate during an extended period of time (several times
a Titan day for the 3.3 years of the nominal mission), from a sta-
ble and much mechanically-quieter platform than the Huygens probe.
Further, the EFIELD design should guarantee a spectral resolution of
1 Hz (against, at best, 3 Hz for PWA/HASI) and the capture of the first
three harmonics of the SR. Fig. 4(a) demonstrates how valuable a finer
spectral resolution would be to bring more robust constraints on the
depth of the buried ocean 𝑧𝑐 . The benefit of detecting more than one
R harmonics is investigated below.

4.2. Multi-modal analysis

The re-assessment of Huygens data presented in Section 3 relies
on the measurement of only one mode of the SR; it concludes that
a wide range of values are possible for the thickness of the ice crust
(𝑧𝑐 ∈ [5 − 200] k m). The multi-modal analysis of SR enabled by EFIELD
should drastically reduce this range because, in addition to a better
spectral resolution, the three first modes of the Schumann resonances
will be associated with three different domains of possible 𝑧𝑐 values
whose intersection may be narrow.

As an illustration, we numerically simulate Titan’s cavity for the
following parameter values: 𝑧𝑐 = 60 k m, 𝜀𝑐 = 2.5, 𝜎𝑐 = 1.2 nS m−1 and
he up-to-date conductivity profile from Lorenz (2021). The numerical

model provides the following outputs: 𝑓1 = 28.4 Hz, 𝑓2 = 44.9 Hz,
𝑓3 = 62.4 Hz along with their corresponding quality factors: 𝑄1 = 3.25,
𝑄2 = 3.58 and 𝑄3 = 3.81. Using the metamodel, we further compute
the variations of the resonant frequencies (𝑓1, 𝑓2, 𝑓3) and of the quality
factors (𝑄1, 𝑄2, 𝑄3) as a function of the thickness of the ice crust 𝑧𝑐 ,
assuming fixed values for 𝜀𝑐 = 2.5 and 𝜎𝑐 = 1.2 nS m−1. These variations
are displayed on Fig. 6.

Assuming a 1 Hz resolution, each harmonic can be inverted sepa-
ately (using the method described in Section 3), resulting in three
ifferent possible domains for 𝑧𝑐 :

• 𝑓1 = 28.4 ± 1 Hz ⟹ 𝑧𝑐 ∈ [19.7 − 21.3] ∪ [56.0 − 73.0] ∪ [81.4 − 85.8] k m

• 𝑓2 = 44.9 ± 1 Hz ⟹ 𝑧𝑐 ∈ [20.9 − 22.4] ∪ [54.8 − 72.3] ∪ [83.4 − 87.8] k m

• 𝑓3 = 62.4 ± 1 Hz ⟹ 𝑧𝑐 ∈ [21.7 − 23.5] ∪ [33.2 − 46.3] ∪ [56.7 − 63.2] k m
The intersection of these domains is: 𝑧𝑐 ∈ [56.7 − 63.2] k m which
corresponds to an uncertainty of 6% with respect to the input value
of 60 km. A similar inversion is performed on the quality factors
separately:

• 𝑄1 = 3.25 ± 0.49 ⟹ 𝑧𝑐 ∈ [13.8 − 89.4] k m
• 𝑄2 = 3.58 ± 0.36 ⟹ 𝑧𝑐 > 11.9 k m
• 𝑄3 = 3.81 ± 0.29 ⟹ 𝑧𝑐 > 14.9 k m

In the case considered here, no restriction can be further obtained on 𝑧𝑐
rom the Q-factor values (see Fig. 6b). Nevertheless, this example well
llustrates the values of measuring several modes of the SR.
6 
4.3. Inversion uncertainty

The example above assumes fixed values for both 𝜀𝑐 and 𝜎𝑐 . To
take into account our imperfect knowledge of the electrical properties
of Titan’s ice crust, the uncertainties on these parameters have to be
propagated through the inversion to estimate their effects on the deriva-
tion of 𝑧𝑐 . As another illustration, we numerically simulate Titan’s
avity with a thickness of the ice crust fixed at 𝑧𝑐 = 60 k m. A multi-
odal analysis is then performed for every point (𝑧𝑐 , 𝜀𝑐 , 𝜎𝑐 ) in a regular
arameter grid with 𝜀𝑐 and 𝜎𝑐 respectively varying in 2.5 ± 0.3 and
.2 ± 0.6 nS m−1 as found at the Huygens landing site by Hamelin et al.

(2016). The parameter grid consists of 17 × 25 × 25 = 15,300 datapoints
in the 3D parameter space {𝑧𝑐} × {𝜀𝑐} × {𝜎𝑐}. Every datapoint on the grid
which returns the desired values for the first three modes considering
their measurement uncertainty of 1 Hz is a possible inversion of EFIELD.

This allows us to compute the relative frequencies with 3 k m inter-
vals of the returned values of 𝑧𝑐 assuming that the three first harmonic
of the SR are detected with a resolution of 1 Hz, as Fig. 7(a) displays.
Interestingly, 90% of the inversion cases fall in the range 𝑧𝑐 ∈ [51 − 69]
k m while ≈ 10% of the cases return 𝑧𝑐 values in the ranges [20 − 40]
k m or [70 − 80] k m (blue bars). Assuming a normal distribution of 𝑧𝑐
centered in 60 k m, this corresponds to a standard deviation (STD) of
6.8 k m. Fig. 7(b) further shows that reducing the uncertainty on 𝜎𝑐 from
1.2 ± 0.6 nS m−1 to 1.2 ± 0.2 nS m−1 reduces the STD to the value of 5.7 k m.

Such exercise was repeated for a set of 𝑧𝑐 values in the [10 − 85]
 m range to produce Fig. 8 which displays the STD (in km and %) of

the distribution of the inferred 𝑧𝑐 as a function of the 𝑧𝑐 value for two
ssumptions on the range of variation of 𝜎𝑐 . In most cases, the STD is
maller than 10 k m. Moreover, it significantly decreases as 𝑧𝑐 increases,
specially after 60 k m where it becomes smaller than 10%. In contrast,
or small values of 𝑧𝑐 (< 25 k m), the theoretical relative error on 𝑧𝑐
an reach almost 100%. This can be partially explained by the relative
oarse mesh of the numerical model; indeed the dimensions of the cells
ave been imposed greater than 5 k m in order to reduce computation
ime. Further developments are required to build a surrogate model
ore appropriate to small thicknesses (i.e., with a finer mesh) but this

s out of the scope of this paper.
The same analysis was conducted assuming a more constrained

knowledge of 𝜎𝑐 (namely 𝜎𝑐 = 1.2 ± 0.2 nS m−1) resulting in smaller STD
for almost all cases (red lines in Fig. 8). In particular, the uncertainty
at estimating small thicknesses drops from ≈ 80% to ≈ 40%. This
further shows the need for a more accurate knowledge of the electrical
properties of the crust. This point and others are discussed in the
following section.

5. Discussion and conclusion

For this work we have developed a numerical model of Titan’s
cavity to then build a less computationally expensive surrogate model
able to describe how the cavity characteristics (i.e., eigenfrequency
and Q-factors) vary with the main cavity parameters (i.e., Titan’s ice
rust thickness and electrical properties). This model (and its use for

data inversion) is a powerful tool for the analysis of electric field mea-
surements on Titan (and elsewhere). It was used to re-assess Huygens
observations leading to the conclusion that the 2005 detection of a line
at ∼ 36 Hz, if indeed due to SR, does not provide any specific constraint
on the depth of Titan’s ocean in the range 5 − 200 k m contrary to what
is advanced in Béghin et al. (2012).

The surrogate model was also used to estimate the possible out-
comes from the EFIELD/DraGMet/Dragonfly experiment. EFIELD is
designed to detect several modes of SR with a fine spectral resolution;
we have demonstrated that it has the ability to put a meaningful
constraint on the thickness of the ice crust. Considering the electro-

agnetic properties varying in the ranges specified by Hamelin et al.
(2016), the various sensitivity analysis presented throughout this work,
reach the same conclusion: although the thickness of the ice crust
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Fig. 6. Variations of the resonant frequencies (𝑓1 , 𝑓2 , 𝑓3) (a) and of the quality factors (𝑄1 , 𝑄2 , 𝑄3) (b) as a function of the thickness of the ice crust 𝑧𝑐 assuming 𝜀𝑐 = 2.5, 𝜎𝑐 =
1.2 nS m−1. The red lines embody the 1 Hz resolution and its corresponding quality factor resolution for the EFIELD measurement. In a case where the input value is 𝑧𝑐 = 60 k m,
the multi-modal analysis provides a range of values for 𝑧𝑐 that is between 56.7 k m and 63.2 k m (dashed red lines).

Fig. 7. Relative frequencies histogram of the EFIELD inversion with 3 k m intervals for an ice crust 𝑧𝑐 = 60 k m using the metamodelling process for two different uncertainties on
𝜎𝑐 : 𝜎𝑐 = 1.2 ± 0.6 nS m−1 (a) and 𝜎𝑐 = 1.2 ± 0.2 nS m−1 (b).

Fig. 8. Standard deviation of the EFIELD inversion against the thickness of the ice crust 𝑧𝑐 for two different uncertainties on 𝜎𝑐 in k m (a) and percentage of 𝑧𝑐 (b)
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is the most influential parameter on SR characteristics, the resonant
requencies are dependent in the same order of magnitude on the
lectrical properties of Titan’s crust. Therefore, in order to reduce the
ncertainty at estimating Titan’s crust thickness, it is crucial to reduce
he uncertainty on the crust electrical properties.

Another experiment on board the Dragonfly drone will contribute to
his task: the DIEL/DraGMet experiment. Acting as a mutual-impedance
robe with a pair of electrodes mounted on each landing skid of the
rone, DIEL will measure the complex permittivity (which includes
he electrical conductivity) of the ground at several low frequencies
<10 k Hz) thus providing insights into the composition, moisture and
orosity of the near-subsurface of Titan as well as on the spatial and
emporal variations of such properties. Though all measured permit-
ivity values may not be representative of the crust, values measured
n the ejecta blanket of the geologically-young Selk crater (the final
estination of Dragonfly) may be. In addition, variations of the mea-
ured complex permittivity along the Dragonfly journey to Selk and its
ossible correlation with otherwise inferred vicinity of the water ice
edrock in the near subsurface will provide further constraint on the
ce crust electrical properties.

Nevertheless, as highlighted in Lorenz and Le Gall (2020), one of
he main sources of uncertainty is and will remain our limited knowl-
dge of the lower atmosphere conductivity structure. Unfortunately,

no improvement is to be expected from forthcoming observations as
Dragonfly will not perform measurements during its descent in Titan’s
atmosphere. As a consequence, only theoretical developments can pro-
vide further insights on the atmosphere conductivity profile and its
expected variations with the local hour, solar activity and the position
of Titan in Saturn’s magnetosphere.

Future investigations will include the simulation of the actual
FIELD electrodes accommodated on the Dragonfly (conductive) body

as well as the study of the effect on measurements of the location and
polarization of the possible sources of SR. In the mid-2030s, when the
Dragonfly drone will be on Titan, methane-storms are expected at the
South Pole. Though still speculative, such storms might be associated
with some atmospheric electric phenomena which could generate SRs
that the EFIELD experiment (located at much lower latitudes) will try to
detect. Given the different orientation and altitude on the drone of the
two EFIELD electrodes, at least two components of the electrical field
will be measured. The third component could be captured by rotating
the drone and future study will also explore the value of measuring the
full electrical field vector.

Lastly, the approach we have developed in this paper, based on the
development and use of a surrogate model, can be readily applied to
he study of SR in other bodies in the Solar System such as Venus. In
articular in may help better characterize the electrical environment of
enus by comparison to Venera 11 and 12 past observations or DaVinci

future electric measurements, if any.
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