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SUMMARY

We present a strategy to thoroughly investigate the effects of prominent topography on the
surface tilt due to a spherical pressure source. We use Etna’s topography as a case of study and,
for different source positions, we compare the tilt fields calculated through (i) a 3-D boundary
element method and (ii) analytical half-space solutions. We systematically determine (i) the
source positions leading to the strongest tilt misfits when numerical and analytical results are
compared and (ii) the surface areas where the strongest distortions in the tilt field are most
likely to be observed. We also demonstrate that, under critical circumstances, in terms of
respective positions of pressure source and observation points, results of inversion procedures
aimed at retrieving the source parameters can be misleading, if tilt data are analysed using
models that do not account for topography.

Key words: Numerical approximations and analysis; Transient deformation; Volcano

monitoring.

1 INTRODUCTION

Measurements of surface deformation at active volcanoes can be
used to study the dynamics of subsurface magma storages and to
constrain the mechanisms leading to eruptions (Dvorak & Dzurisin
1997; Dzurisin 2003; Segall 2010). Volcanic deformation is often
modelled using analytical solutions that offer a closed-form de-
scription of the source. Simplifications, such as the assumption that
the crust is a homogenous, isotropic, elastic, semi-infinite medium
with flat upper surface (elastic half-space), make analytical models
tractable and easy to implement, but can lead to misleading vol-
canological interpretations (Lisowski 2006; Battaglia et al. 2008).

Anderson (1936) proposed analytical solutions to an isotropic
point source of pressure, that can be used to approximate a spheri-
cal magma chamber (Mogi 1958). The analytical solution of Okada
(1985) permits to calculate surface deformation from finite rect-
angular dislocations and can be used to model the effect of fault
dislocations or dyke-like intrusions. In spite of the steep topography
of many volcanic areas, these half-space solutions are still widely
used (e.g. Aloisi ef al. 2006; Anderson et al. 2010), especially be-
cause they are easy to use as forward models for inverse methods.
Early attempts to account for topography-induced distortions of the
observed deformation field were carried out using 2-D analytical
solutions (Ishii & Takagi 1967; Harrison 1976; Meertens & Wahr
1986; McTigue & Segall 1988). Through comparison with results
from a 3-D finite element model, Williams & Wadge (1998, 2000)
explored the capabilities of semi-analytic solutions to account for
the effect of topography on volcano deformation.

Topography-induced distortions in surface deformation are not
only due to the different elevations of the observation points and
the slope gradient between them. Rather, these distortions are due
to the real 3-D topographic features of the volcanic edifice. This is
particularly the case for tilt which is more sensitive to local effects.
The use of boundary or finite elements methods allows to accurately
and exhaustively account for the effect of topography on the sur-
face deformation induced by a buried pressure source (e.g. Cayol
& Cornet 1998; Beauducel & Cornet 1999; Fukushima et al. 2005;
Currenti et al. 2007; Meo et al. 2008; Trasatti et al. 2008; Lyons
et al. 2012; Masterlark et al. 2012; Charco & del Sastre 2014).
However, complex modelling schemes cannot be always used, es-
pecially for real time volcano monitoring, where computation time
is a critical issue. On the other hand, neglecting the topography may
lead to erroneous conclusions on the characteristics of the deforma-
tion source (e.g. position and volume/pressure variation) and even
to inversions of the sign of the pressure change at the source (Cayol
& Cornet 1998; Beauducel & Cornet 1999). It is thus useful to a
priori identify the circumstances where the most significant distor-
tions in the deformation field can arise, if topographic effects are
disregarded.

In the following, we describe a strategy to explore the topography-
driven distortions in the tilt field induced by a spherical pressure
source. We focus on tilt changes (and we disregard, for example
vertical/horizontal displacements) because of their ability to image
processes that develop over short-timescales (from minutes to hours;
Ohminato et al. 1998; Voight et al. 1998; Anderson et al. 2010;
Montgomery-Brown et al. 2010; Peltier ef al. 2011) and that are of
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primarily interest for real-time monitoring. Furthermore, short-base
tiltmeters are expected to be more sensitive to topographic effects
than, for example, GPS instruments, since they measure the spatial
derivative of the displacement field (Harrison 1976; van Driel et al.
2012).

Our exploration strategy is implemented by comparing the re-
sults from a 3-D numerical method with results from analytical
solutions for a homogeneous half-space. Eventually, we determine
(1) the source positions at which the maximum differences between
the results from numerical and analytical models occur and (ii) the
surface areas where the strongest misfits are more likely to occur.
We also show and discuss how the distortions arising from Etna’s
topography on the tilt field induced by a pressure source may af-
fect the inversion of the source parameters. The choice of Etna’s
topography as a case of study is motivated by the strong asym-
metry of its volcanic edifice that results from a complex eruptive
history and an active tectonic environment (Froger et al. 2001). The
seaward-facing eastern flank is deeply dissected by normal faults
and presents significant signs of instability. The most striking of
Etna’s features is the Valle del Bove (hereafter VdB; Fig. 1a), a
deep horse-shoe shaped caldera resulting from repetitive collapse
sequences in the last 100—150 kyr (Calvari et al. 2004).

2 METHODOLOGY

To investigate the effect of Etna’s topography on the tilt field in-
duced by a spherical pressure source, we compare the corresponding
tilt fields calculated through the mixed boundary element method
(MBEM) developed by Cayol & Cornet (1997), the analytical so-
lution (MOGTI) developed by Mogi (1958) and the ‘depth-varying’
analytical solution (DVAS) proposed by Williams & Wadge (1998,
2000).

The MBEM is a 3-D scheme that allows the analysis of elastic
deformation fields, taking into account topography, medium discon-
tinuities and pressure sources of any shape. 3-D boundary element
methods (Cianetti ef al. 2012; Privitera et al. 2012) do not require
complex meshing or long computation time. MBEM is a combi-
nation of two boundary element methods: (i) the direct method,
based on Betti’s reciprocal theorem (Rizzo 1967) and the solution
of Kevin’s problem of a point force in an infinite body, and (ii)
the displacement discontinuity method (Crouch 1976). The direct
method allows accurate and fast modelling of structures such as
topography, cavities or reservoirs, whereas the displacement dis-
continuity method is suitable for fractures. The edifice is assumed
to be linearly elastic, homogeneous and isotropic. The prescribed
boundary conditions are tractions; they represent perturbations of
an initial state of stress, and are null on the ground and equal to
overpressure on deformation sources. The precision of MBEM was
carefully tested by Cayol & Cornet (1997) and the method has since
been successfully applied to several studies (e.g. Cayol & Cornet
1998; Beauducel et al. 2000; Cayol et al. 2000; Dieterich et al.
2000; Fukushima et al. 2005).

Here, Etna’s topography, derived from a DEM with 10 m resolu-
tion, is described by a mesh composed of about 10 000 Delaunay
triangles. The size of the mesh elements increases with distance
from the centre of the mesh (summit zone of the volcano, min-
imum size of the elements = 0.2 km) to the periphery (size of
the elements = 2-3 km at the far edges of the mesh). Indeed, as
explained by Cayol & Cornet (1997), MBEM’s results are more
accurate when the surface topography is discretized onto a graded
mesh (finer elements in the most perturbed area) than onto a regular

mesh. The graded mesh also requires fewer elements and is thus
computationally less expensive. The mesh we utilize here has an
area of 40 x 40 km and it is large enough to avoid border effects
(Fig. 1b). The source is modeled by a 100 m-diameter spherical
cavity represented by 1000 elements with constant pressure.

MOGI is based on the analytical solution of ground deforma-
tion induced by an isotropic point source of pressure in an elastic
half-space (Mogi 1958). MOGI solution is valid when the size of
the magma reservoir is very small compared to its depth. DVAS
differs from MOGTI in being a quasi-analytic method where the ver-
tical distance from the source to the free surface varies to account
for the elevation of each computation point. This makes a simple
first-order account for the topography effect (Chaussard & Amelung
2012). Comparison between the results of MBEM and MOGI re-
veals the distortion in the tilt field arising when the real topography
is approximated by a flat surface at a constant elevation. Conversely,
comparison between the results of MBEM and DVAS reveals the
distortions in the tilt field arising only from the local shape of the
surface, since changes in the vertical distance from the source to
the free surface are accounted for by DVAS. To perform exhaustive
comparison between the results of the three methods, we use a trial
source inducing a constant pressure variation. The trial source is
placed at the (x, y, z) nodes of a 10 x 10 x 7 km grid, (hereafter re-
ferred to as ‘source grid’; Fig. 2) with a fixed node-spacing of 1 km
(green dots in Fig. 1b). The source grid is centred on the location
of the summit craters (500 km east and 4178 km north; in UTM-
WGS84 coordinates), with top and bottom at elevations of 1 km a.s.l.
and 6 km b.s.1., respectively. For each source position, the tilt field at
the surface is computed using MBEM, MOGI (reference surface at
an elevation of 1.6 km a.s.l.) and DVAS. MBEM results are obtained
at the elements of the fine-mesh region (18.5 x 18.5 km area inside
the solid green square in Fig. 1b; size of the mesh elements equal to
0.2 and 0.4 km, in the inner and outer parts, respectively), by spatial
derivation of the displacement field. Results are then interpolated
at the (i, ) nodes of an uniformly spaced (100 m) grid covering the
same surface. In the following, we will refer this grid of 186 x 186
nodes as ‘computational grid’ (Fig. 2). MOGI and DVAS results are
obtained directly at the nodes of the computational grid.

It is worth pointing out that, since we consider only the misfit
between the results of analytical and numerical models due to the
effect of topography, we disregard possible medium heterogeneities
and we use the same elastic parameters (Young’s modulus and Pois-
son’s ratio) in all computations.

3 BENCHMARK OF MBEM AGAINST AN
EXACT ANALYTICAL SOLUTION

We benchmark the results predicted by MBEM through comparison
with Mogi’s exact analytical solution. Since the latter is based on
the half space approximation, to perform the above comparison, we
assume that the top surface of the MBEM domain is flat. In practice,
we utilize the same mesh described above (Fig. 1b), with the only
difference that all the elements of the mesh are at the same elevation
(corresponding to the elevation of the reference surface of MOGI).

Fig. 3 shows corresponding radial and tangential tilt calculated at
all the nodes of the computational grid through the analytical (dotted
curve) and numerical (grey dots) schemes. Data are presented in
cylindrical coordinates, with the axis through the centre of the grid.
Tilt is induced by the spherical pressure source described in the
previous section (diameter = 100 m) located at 6 (Fig. 3a) and 1 km
(Fig. 3b) below the centre of the free surface. As for the deeper
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Figure 1. (a) Topography of Mt Etna. The top-right inset shows the front of the Apennine-Maghrebian thrust belt and the Malta Escarpment fault zone,
offshore eastern Sicily. (b) Sketch map showing the boundary element mesh of Mt Etna, that consists of about 10 000 Delaunay triangles. Green dots indicate
the surface projection of the source grid. The solid green square encloses the fine-mesh region and the 100 m-spaced computational grid (see text for details).
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computationg]
grid

Figure 2. 3-D Sketch of the source and computational grids.

source, comparison between analytical and numerical predictions
reveals a standard deviation of 1.5 and 0.7 per cent, for radial and
tangential components, respectively. In the case of the shallower
source, the standard deviation for radial and tangential components
is 0.2 and 0.1 per cent, respectively. These small discrepancies are
mainly attributed to numerical effects due to mesh discretization.
Overall, the very good agreement between analytical and numerical
predictions supports the accuracy of the MBEM results.

4 DESCRIPTION OF THE RESULTS

The strategy presented in the following subsections is aimed at
describing (i) to which critical source positions in the source grid
(Section 2; Figs 1b and 2) the strongest distortions in the surface tilt
field, due to topographic effects, correspond and (ii) where on the
surface the strongest distortions in the tilt field, due to topographic
effects, are more likely to occur. The results of this twofold strategy
thus permit to identify those circumstances, in terms of respective

N
N

positions of pressure source and observation points, where the most
significant distortions in the tilt field induced by a spherical pressure
source can arise, if topographic effects are disregarded.

As a common preliminary step of our twofold strategy (see the
following subsections), we calculate, at each (7, j) node of the com-
putational grid (Fig. 1b) and for each (x, y, z) position of the test
source in the source grid (Fig. 2), the differences m; /" between
(1) the amplitudes of the tilt vectors predicted through MBEM
and MOGI models, (ii) the amplitudes of the tilt vectors predicted
through MBEM and DVAS models, (iii) the directions of the tilt vec-
tors predicted through numerical and analytical models. Note that,
since the direction of the tilt vector does not depend on the vertical
distance between source and observation point, the MBEM/MOGI
and MBEM/DVAS differences in tilt direction, at the same observa-
tion point and for the same source positions, are identical. Eventu-
ally, a data set of about 9 x 107 differences between the predictions
of numerical and analytical models is obtained.

4.1 Effect of source position

In the first step of our analysis we compute, for each given (x, y, z)
position of the test source in the source grid (Figs 1b and 2), the
rms of the differences m; " obtained at all the (i, /) nodes of the
computational grid (Fig. 2):

> Zj(m:jyz)z .

M= 1867

1
In general, the integrated M, misfits allow to identify the critical
source positions to which strong distortions in the tilt field, due to
topographic effects, are most likely to correspond.
From the above three categories of m; ;" differences, we obtain
three types of integrated M| misfits, namely: the MBEM/MOGI
integrated amplitude misfit (MM /M _IAM); the MBEM/DVAS

-
L
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Figure 3. Corresponding radial and tangential tilt calculated through analytical (MOGI; dotted curve) and numerical (MBEM; grey dots) schemes. To give a
complete picture of the discrepancy between analytical and numerical predictions, data from all the nodes of the computational grid are presented in cylindrical
coordinates, with the axis through the centre of the grid. The top surface of the MBEM domain is assumed to be flat and at the same elevation as that of the
reference surface of MOGI. Tilt is induced by a spherical pressure source located at 6 (a) and 1 km (b) below the centre of the free surface. Data are normalized

to the maximum amplitude of the radial component predicted by MOGI.
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integrated amplitude misfit (MM /D_IAM); the numerical versus
analytical integrated direction misfit (M,/DM).

We show the integrated M, misfits (Fig. 4) in plan views cor-
responding to test sources at 6, 3, 1 and 0 km b.s.l. We choose
these source depths as a fair compromise between the needs of
adequately convey the relevant information, while avoiding redun-
dancy. Results relative to source positions above the sea level are
not shown since these positions are very close to the ground surface,
especially in correspondence of the easternmost margin of the com-
putational grid, where they would induce very strong tilt changes.
Given the strong amplitude of these changes, even relatively small
misfits between the predictions of analytical and numerical models
would results in overwhelming effects and thus the tilt misfit maps
would be dominated by local effects in correspondence of steep
topographic features at lower elevations.

Ampl. MBEM/MOGI

Ampl. MBEM/DVAS

Topography-driven distorsions in the tilt field 1475

The maps of Fig. 4, are restricted to the area covered by the
vertical projection of the source grid, while the integrated M, misfit
for each source position is calculated over the whole computational
grid. It is worth remarking that the maps in Fig. 4 do not represent
tilt fields; rather, they represent integrated misfits for sets of source
positions at different depths.

The values of the maximum misfits reported in Fig. 4 and Ta-
ble 1 have no physical meaning as they result from integrating the
differences between the effects predicted using either analytical or
numerical models. Nevertheless, these values can be used to make
comparisons between integrated M, misfits for pressure sources at
different depths. The MM /M _[AMs (left column in Fig. 4) mimic
the surface elevation of the volcano and the resemblance becomes
more obvious as the test source is placed at increasingly shallower
depths. If one considers that the MOGI model is based on the

Direction
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Figure 4. Maps of integrated tilt misfits (M; see eq. 1) for source positions at different depths. Left column: MBEM/MOGI integrated amplitude misfit
(MM /M _IAM); middle column: MBEM/DVAS integrated amplitude misfit (MM /D_IAM); right column: numerical/analytical integrated direction misfit
(M IDM). Numbers reported on each panel represent relative maximum values of the colour scale (the minimum value is always zero; see Table 1 and the

text for details).
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Table 1. Maximum misfit values M| and M, for different source depths, using a constant pressure source.
Amplitude misfits are normalized to MBEM average amplitude, while direction misfits are expressed in
degrees, relative to MBEM direction. Values correspond to the maximum of colour scale used in Figs 4 and 5.

Maximum misfit M

Maximum misfit M;

Source depth ~ Ampl. MOGI ~ Ampl. DVAS  Direction ~ Ampl. MOGI ~ Ampl. DVAS  Direction
(km b.s.l) (per cent) (per cent) ©) (per cent) (per cent) ©)
0 2.6 0.38 4.4 73 17 2.6
1 1.1 0.21 5.7 31 9.2 22
2 0.64 0.18 6.9 19 6.6 2.6
3 0.44 0.16 8.6 14 5.7 3.0
4 0.33 0.14 10 11 5.4 3.4
5 0.27 0.13 12 9.6 5.4 4.0
6 0.23 0.13 14 8.2 5.4 43

assumption of a flat free surface at constant elevation, this result
indicates that the effect induced by the different vertical distance
between source and surface dominates over the effect induced by
the local slope of the surface. Indeed, the MM /D_IAMs do not
show the same correlation with surface elevation and are smaller
(by a factor of between 2 and 7; see Table 1) than the corresponding
MM /M IAM (middle column in Fig. 4). In particular, for sources at
greater depths, the strongest MM /D_[AMs are induced by sources
placed below the summit of the volcano and below the VdB. At
shallower depths the MM /D_IAMs due to sources located right
below highly sloping features of the topography (e.g. margins of the
VdB, NW upper flank of the volcano) become more important and,
for sources placed at the shallowest depth of the chosen range (sea
level), the effect of steep topographic features at lower elevations,
thus closer to the test sources (e.g. southern margin of the VdB),
become overwhelming.

The patterns of source positions corresponding to the strongest
M,IDMs (maps in the right column of Fig. 4) mimic the topography
of Etna, especially when the test sources are towards the deepest
end of the chosen depth range. Stronger M,/DMs occur when the
source is placed at deeper levels (Table 1). At shallow depths, the
M,IDMs due to sources located right below highly sloping features
of the topography become more important.

4.2 Effect of the position of the observation point

In the second step of our analysis, we calculate, at each single (i, /)
node of the computational grid, the rms of the differences m; /"
obtained for all the source positions in a given horizontal layer of
the source grid:

2 2, my iy
TR

In general, the integrated M, misfits can be used to identify
those areas where the strongest distortions in the tilt field, due to
topographic effects, occur more frequently.

From the three categories of m; " differences described at
the beginning of Section 4, we obtain three types of integrated
M, misfits, namely: the MBEM/MOGTI integrated amplitude mis-
fit (MM /M _IAM); the MBEM/DVAS integrated amplitude misfit
(MM /|D_IAM); the numerical versus analytical integrated direc-
tion misfit (M>IDM).

As in Section 4.1, the integrated M, misfits are shown in plan
views from 6, 3, 1 and 0 km b.s.l. (Fig. 5). As noted in the
previous section, while the values of the maximum misfits re-
ported in Fig. 5 and Table 1 have no physical meaning, they
can nevertheless be used to make comparisons between integrated

My = (6)

M, misfits for pressure sources at different depths. The strongest
MoM /M _IAMs (left column in Fig. 5) occur more frequently in ar-
eas of higher elevation, that is where the largest differences between
real and reference elevations arise. The normalized maximum mis-
fit becomes systematically stronger with decreasing source depth
(Table 1).

The strongest Mo,M /M _IAMs s (middle column in Fig. 5) occur
more frequently in areas of steep topography (e.g. margins of the
VdB and NW upper flank of the volcano). For sets of source posi-
tions at shallower depths, the strongest M, M /M _[AM s misfits tend
to concentrate around the highly sloping features of the topography
at lower elevations. Also in this case, the normalized maximum
misfit becomes stronger with decreasing source depth (Table 1).
The stronger M,_IDMs (right column in Fig. 5) are found more
frequently on the vertical of steep topographic features. It is worth
stressing that, especially for sources at shallower depths, there ap-
pear local spikes above the source positions in the M, _IDM maps
(see Fig. S1 in the Supporting Information). Indeed, since models
with axisymmetric deformation about the vertical axis (e.g. MOGI
and DVAS) predict opposite tilt directions across the vertical pro-
jection of the source, strong divergences from the predictions of
MBEM (that are likely non-axisymmetric due to the effect of real
topography) are found in the region right above the source. We uti-
lize a spatial band-stop filter to remove these numerical effects from
the maps in the right column of Fig. 5.

Interesting observations can be deduced from comparison of
Figs 4 and 5 on the spatial relationship between (i) source posi-
tions leading to the strongest MM /D_IAMs and (ii) areas where
the strongest My M /D_IAM occur more often. In particular, deeper
sources are more likely to produce important tilt field distortions
when their vertical projection to the surface is mostly surrounded by
steep topographic features. Indeed, deeper sources that fall below
the summit craters and the westernmost edge of the VdB (bottom
panel of Fig. 6) induce strong and diffused distortions in correspon-
dence of the slopes to the east and west of the summit zone and of
the edge of the VdB (compare the bottom middle maps in Figs 4
and 5; see also the shaded grey area in Fig. 7a). Shallower sources
induce more localized effects, mainly driven by the topographic
features more closer to the vertical projection of the source itself
(compare the top-middle maps in Figs 4 and 5). The above con-
siderations are summarized in Fig. 6. Indeed, moving from bottom
(deeper sources) to top (shallower sources) of the colour map (nor-
malized MM /D_IAMs for source positions along the central E-W
row of the source grid), the strongest integrated misfits shifts from
the centre to the edges of the image, that is from the zone beneath
the summit craters to zones beneath highly sloping features of the
topography. The upper panel of Fig. 6 also shows how the distortion
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Figure 5. Maps of tilt misfits (M>; see eq. 2) for sets of source positions at different depths. Left column: MBEM/MOGI integrated amplitude misfit
(MM /M _IAM); middle column: MBEM/DVAS integrated amplitude misfit (M>M /D_IAM); right column: numerical/analytical integrated direction misfit
(M, _IDM). Numbers reported on each panel represent relative maximum values of the colour scale (the minimum value is always zero; see Table 1 and the

text for details).

corresponding to a shallower source is restricted to a smaller area
than that corresponding to a deeper source.

From these observations, it follows that topographic perturbations
on the tilt field induced by deeper sources will influence more the
results of inversion analysis aimed at retrieving the source charac-
teristics using solutions where topography is not properly accounted
for. Indeed, the distortion will affect a larger area, implying a more
important influence on the input to the inversion scheme.

4.3 Influence on the inversion of the source parameters

To explore the above issue, we perform a search of the best source
parameters using (i) synthetic data generated through MBEM as
the input and (ii) DVAS as the forward model. Relying on the
results presented in Figs 4 and 6, we utilize a source position to
which important topography-driven tilt field distortions correspond.
A source placed below the location of the summit craters, at a depth

of 6 km b.s.1. (test position), fulfills the above condition (see the
lowermost panels in Fig. 4 and lower panel in Fig. 6) and also
agrees with the findings of previous studies (Aloisi ef al. 2011).
Fig. 7 shows the tilt field generated by a given pressure increase at
this source (whose position is marked by a black star) and calculated
through both MBEM (blue arrows) and DVAS (red arrows). As
expected, the most important divergences between the two sets of
tilt vectors are found in correspondence of the areas of steeper
topography around the surface projection of the source (see bottom-
middle and bottom-right maps in Fig. 5; see also the shaded grey
area in Fig. 7a and curves in Fig. 7b). As the input to the search
scheme we utilize data generated by the MBEM at (i) an array of
16 points (array 1) closer to the surface projection of the pressure
source and (ii) an array of 16 points (array 2) placed outside the
area where the strongest differences between MBEM and DVAS tilt
vectors occur (Figs 5 and 7). To exhaustively describe the model
space, we search over a 15 x 15 x 13.3 km grid of possible source
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Figure 6. Bottom: integrated MBEM/DVAS tilt amplitude misfits (M ; see
eq. 1) for source positions along the central E-W row of the source grid (grey
dots). Misfit values relative to each source depth are normalized with respect
to the average misfit. Misfit values are interpolated via Kriging in the colour
map. Note that each point in the colour map represents the normalized rms
of the differences between MBEM and DVAS predictions, obtained at each
node of the computational grid. Top: MBEM/DVAS tilt amplitude misfits
(normalized absolute values) for sources at depths of 1 km (blue curve;
source position marked through a blue circle in the bottom panel) and 5 km
(red curve; source position marked through a red circle in the bottom panel)
below the sea level. The misfits are calculated at the nodes in the central EW
row of the computational grid.

positions, with a node spacing of 150 m. The grid is centred on the
location of the summit craters and its bottom is placed at 10 km
b.s.l.. Nodes above the topographic surface are disregarded. For
each kth source position in the grid, the source pressure (volume
change) is adjusted to minimize the L2-norm of the module of the
vector differences between (i) tilt generated through MBEM, with
the pressure source in the test position and (ii) tilt calculated through
DVAS, with the pressure source at the kth grid node. The inverse of
the L2-norm values are then converted into the probability density
over the whole model space.

Results are shown in Fig. 8. When data generated at the points of
array 1 are utilized, the search procedure does not converge to the
right solution, due to the important topography-driven distortions
that affect most points (Figs 8a and b). Indeed, the most probable
solution lies about 3 km from the summit, at a depth of 1 km b.s.1.
(white star in Figs 8a and b). Comparison between the adjusted
volume change, calculated when the source is in the ‘best’ position,
and the volume change assumed when synthetic data were generated
through MBEM reveals that the ‘best’ source can account for only
3 per cent of the real volume variation. The real source lies in a low-
probability region of the model space (black star Figs 8a and b).
When data generated at the points of array 2 are utilized, the search
scheme finds a satisfactory solution (white star in Figs 8c and d),
whose horizontal position almost coincides with the position of the
real source (Fig. 8c) and that is 2 km deeper than the real source
(Fig. 8d). This source accounts for 125 per cent of the real volume
variation. In this case, the real source lies in a high-probability
region of the model space (Figs 8c and d). Note that the maximum
source location probability is much lower when data in input to the
search scheme are generated at the points of array 1, then when they
are generated at the points of array 2.

These findings imply that, under certain conditions, that is pres-
sure source in a ‘critical’ position and observation points in the area
where the strongest tilt-field distortions occur, misleading conclu-

- N
o &)}

Tilt amplitude (a.u.)
(6]

o

Figure 7. (a) Tilt fields due to a spherical source of pressure (black star)
at a depth of 6 km b.s.1.. The tilt fields are computed through MBEM (blue
arrows) and DVAS (red arrows). The greyscale shading indicates vector
difference between tilt fields computed through MBEM and DVAS (light
and dark grey represent weak and strong differences, respectively). Points
marked in green and yellow belong to arrays 1 and 2, respectively (see text
for details). The dashed line encloses points in array 1. (b) E-W cross section
passing through the vertical projection of the spherical source of pressure
and showing tilt amplitudes (arbitrary units) calculated through MBEM
(blue curve), DVAS (solid red curve) and MOGI (dashed red curve).

sions can be drawn on the parameters of the pressure source if tilt
data are analysed without accounting for topography.

5 CONCLUSIVE REMARKS

We present a strategy to effectively and exhaustively explore the
distortions in the tilt field induced by a spherical pressure source,
that may arise from topographic features of high-relief volcanoes.

This study is accomplished by comparing the results of a bound-
ary element scheme with analytical solutions and takes, as a case
of study, the topographic features of Mt Etna. Nevertheless, the
principles that we describe here can be applied to other sites and
could involve parameters other than ground tilt, like, for example,
horizontal/vertical displacements. We approach the matter in the
focus of the present paper in a twofold way. Indeed, we perform ex-
tensive screenings of (i) the source positions to which the strongest
distortions in the tilt field are associated and (ii) the areas where the
strongest distortions in the tilt field are most likely to be observed.
Our results show that:

(i) if an analytical solution (MOGI) assuming an elastic half-
space with free surface at constant elevation is utilized, the strongest
misfit in the amplitude of the tilt vectors are observed around the

Zz0z Aeniged g uo 3senb Aq 0z LG /2/L LY LIE/L0Z/e1o1e/B/Wwod dno-olwepeoe//:sdiy woli pspeojumoq



Topography-driven distorsions in the tilt field 1479

A

0
w
2
o
1]
=
4 5
=
3
* 6=
-8
-10
Probability
[ - .
min max 0 5km

Figure 8. Results of searches for the best source location using tilt data generated through MBEM as the input and DVAS as forward model. In (a) and (b),
the input data are generated at the 16 points of array 1 (marked in green; see text for details). In (c) and (d), the input data are generated at the 16 points of
array 2 (marked in yellow; see text for details). Black stars: ‘real” source. White stars: best inversion source (maximum probability). Black arrows: tilt field
induced by the ‘real’ source of pressure and calculated through MBEM. Red arrows: tilt field induced by the best inversion source of pressure and calculated
through DVAS. (b) and (d) present E-W cross-sections passing through the ‘real’ source. Shading colours indicate source location probability in the whole
search domain, with the maximum probability value projected onto the horizontal ((a) and (c)) and vertical ((b) and (d)) planes.

summit of the volcano and when the pressure source is placed below
the summit area itself (left columns in Figs 4 and 5);

(i1) ifa quasi-analytic method (DVAS) where the vertical distance
from the source to the free surface is accounted for is utilized, the
strongest misfits in the amplitude of the tilt vectors are observed
in correspondence of highly sloping features of the topography and
when the source is placed either (1) at greater depths, with its vertical
projection surrounded by highly sloping features of the topography,
or (2) at shallower depths, with its vertical projection coinciding
with highly sloping features of the topography (middle columns in
Figs 4 and 5; Fig. 6);

(iii) if either MOGI or DVAS are utilized, the strongest misfits
in the direction of the tilt vectors are observed in correspondence
of steep slopes and when the source of pressure lies below the
uppermost parts of the volcano (right columns in Figs 4 and 5).

We also show that, when the parameter of the deformation source
are tentatively retrieved using tilt data, large errors can be introduced
if topography is not accounted for. Indeed, if the pressure source
lies in a ‘critical’ position (Figs 4 and 6) and the observation points
are placed in the area where the strongest tilt misfits are expected
(Figs 5 and 7), an inversion procedure based on a half-space analyt-
ical formulation, will likely not lead to a satisfactory solution (left
panels in Fig. 8). This finding implies that a compromise should

be tentatively established between the use of inversion procedures
exploiting numerical 3D-modelling and the need of keeping a rea-
sonable computation time. In this sense, boundary element methods
represent an ideal tool (Beauducel & Cornet 1999; Beauducel et al.
2000, 2004; Fukushima et al. 2005).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this paper:

Figure S1. Same as Fig. 5, but without applying a spatial band-
stop filter to the maps showing the numerical/analytical integrated
direction misfit (maps in the right column; see text for details)
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