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Abstract

Our ability to estimate surface deformation rates in the Central Mediterranean has considerably
enhanced in the last decade thanks to the growth of continuous Global Navigation Satellite
System (GNSS) networks. Focusing on the Apennine/Alpine seismogenic belt, this area offers the
opportunity to test the use of geodetic strain rates for constraining active tectonic processes and
for seismic hazard assessments. Given the importance of geodetic strain rate models in modern
hazard estimation approaches, however, one has to consider that different approaches can provide
significantly different strain rate maps. Despite the increasing availability of GNSS velocity data,
in fact, strain rate models can significantly differ, because of the spatial heterogeneity of GNSS
station locations and inherent strategies in computing strain rates. Using a dense GNSS velocity
dataset, this study examines three methods for estimating horizontal strain rates, described in the
recent literature, and selected to represent approaches of increasing mathematical complexity. The
advantages, drawbacks, and optimal settings of each method are discussed. The main result is an
ensemble of strain rate models that enable the evaluation of epistemic uncertainties in seismicity
rate models constrained by geodetic velocities.
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1. Introduction

The increasing number of continuous Global Navigation Satellite System (GNSS) networks [e.g., Blewitt,
Hammond and Kreemer, 2018] significantly improve our ability to resolve deformation rates along active plate
boundary zones. Continuous GNSS stations measure the Earth’s surface displacement rates with sub-millimeter
precision and stations velocities from differently dense networks are commonly used to estimate spatial derivatives
of the velocity field, which are associated with tectonic and geodynamic processes. In Italy, the rising density
of continuously recording GNSS stations [Devoti et al., 2017 and Serpelloni et al., 2022] enables us to map the
surface strain rate during the interseismic phase of the earthquake cycle with unprecedented spatial details. This
information is valuable in understanding where and to what extent tectonic deformation accumulates, providing
crucial constraints for seismic hazard models.
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Generally, Probabilistic Seismic Hazard Analysis (PSHA) aims to combine different types of information, such
as seismic catalogs, geological data on active faults and focal mechanisms of past earthquakes, to describe the
distribution of future shaking that may occur at a site. Indeed, a fundamental challenge in PSHA is to quantify and
integrate various types of uncertainties and models. In Italy, the latest Italian seismic hazard model [Meletti et al.,
2021] incorporates two earthquake rate models derived from geodetic strain rate fields. Strain rate models offer a
distinct and independent source of information compared to those derived from seismic data, as they are largely
independent of the Italian Parametric Earthquake Catalogue [Meletti et al., 2021]. Thus, the development of reliable
geodetic models remains an active and significant research challenge, given their importance in hazard estimation.
Hence, obtaining robust estimates of the surface geodetic deformation rates, which are representative of the tectonic
deformation rates, is fundamental.

On the other hand, the uncertainties in the estimates of geodetic strain rate maps can be relevant despite the
growing availability of velocity data. This is mainly due to the non-uniform distribution in space of geodetic station
locations [Maurer and Materna, 2023]; therefore, a method to compute strain rates from sparse velocities has to perform,
in general, a form of interpolation [Maurer and Materna, 2023]. Moreover, since the strain rate is computed from the
first spatial derivatives of the velocity field, its estimate is even more uncertain than that of the velocity field itself.

In this study, a dense GNSS velocity data set for Italy and its surroundings is employed to derive the horizontal
strain rate fields using three different methods. These methods encompass some of the most commonly used
approaches in the existing recent literature and are chosen as representative of methods of increasing mathematical
complexity. The methods used in this study are available in the Strain_2D software [Materna and Maurer, 2023],
which allows for the comparison of strain rate models within a common framework. Their respective advantages
and disadvantages are examined, together with the optimal parameters’ settings for each method. The focus of this
study is set on tectonic deformation rates, for their interest in any seismotectonic application and their implications
for seismic hazard analysis. The GNSS velocities are filtered to obtain a data set that is free as much as possible
from non-tectonic deformation signals. The final objective is to compute strain rate fields representative of the
tectonic deformation rates, compare them, and make them available for future research, such as their use in the
development of seismicity rate models. Moreover, using an ensemble of plausible models to compute strain rate
fields can be useful for analyzing the effect of epistemic uncertainties in the final results.

2. Velocity field from GNSS data
2.1 The GNSS dataset

In this study, we use GNSS velocity data derived by analyzing and processing GNSS observations from more
than 4000 GNSS stations from multiple networks operating in Euro-Mediterranean, Eurasian, and African regions
following the procedures described in Serpelloni et al. [2022].

The accuracy and precision of linear velocity estimates are influenced by the length of the time series. In their
study, Masson, Mazzotti, and Vernant, [2019] utilized statistical analyses on synthetic position time series to evaluate
the precision of GNSS velocities, accounting for standard noise, seasonal variations, and position offsets. Their
findings suggest that for studies demanding a precision of less than 1 mm/yr, a time series duration of less than
4.5 years is insufficient. As indicated by Serpelloni et al. [2022] apart from semi-annual and annual signals, long-
period noise and multi-annual loading signals significantly influence linear velocity estimates and uncertainties. In
their research, Serpelloni et al. [2022] analyzed a substantial number of GNSS stations in the Euro-Mediterranean
region, each with nearly a complete 12-year observation history. Their findings highlighted that to achieve velocity
estimates consistent with those from the entire timespan, a minimum time series length of 6.0 + 3.6 years for
the east and 6.3 + 2.7 years for the north velocity components is necessary. For this study, to ensure both a dense
network of GNSS stations and reliable velocity estimates, only stations with time series lasting at least 4.5 years
are considered. This decision aligns with the recommendations from Masson, Mazzotti, and Vernant [2019] and fits
within the 95% confidence interval mentioned in Serpelloni et al. [2022].

The focus of this study is on the horizontal velocity data within a region centered around Italy, with latitude
ranging from 36° to 48°N and longitude ranging from 5° to 20°E. The velocities are rotated in a Eurasian-fixed
reference frame, as defined by the ITRF 2014 [Altamimi et al., 2017]. The resulting velocity includes 1149 stations
field and is shown in Figure 1.
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Figure 1. Left: Horizontal GNSS velocity field with 95% error ellipses in a Eurasia fixed reference frame (1149 stations).
The plotted data set consists of stations with records longer than 4.5 years in a time window from 1995 to 2023.
Circular masks for volcanic areas are also shown (red circles). Right: Stations colored according to the time-series
length At. The figure also shows labels of regions and zones, part of which are mentioned in the text.

2.2 Filtering and Analysis of the GNSS Velocity Field

The velocity field shown in Figure 1 encompasses signals other than tectonic, including those caused by
anthropogenic activity and volcano-tectonic deformation. Additionally, stations in close proximity to each other
can exhibit slightly different velocity values due to local conditions, resulting in steep spatial velocity gradients
when using numerical algorithms. To address these issues, a filtering procedure is sequentially applied to the overall
velocity field through the following steps:

- Gas field exploitation in the northern Adriatic Sea can result in time-varying continuous GPS (CGPS) velocities
at offshore stations [Pezzo et al., 2020]. From the dataset, a total of 21 stations located on offshore platforms
were excluded based on the nonlinearity of their time series. Specifically, only the A class stations listed in
Pezzo et al. [2020] (Table 1) were retained.

— Stations significantly affected by deformation associated with active volcanoes are removed from the dataset.
Major areas of influence, including the Vesuvio and Campi Flegrei area, Ischia, the Etna volcano, and the Colli
Albani zone, are delimited by circular masks (Figure 1). Stations inside these masks are excluded, resulting in
the removal of 43 stations within 4 circular masks.

— Stations located in close proximity to each other (on the order of hundreds of meters) can lead to inaccurate
strain rate estimates due to variations in station velocities over short distances. Thus, a weighted mean velocity
is calculated for stations closer than 1 km according to:

1 1

)
1 1

— + [—
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where v; and o; represent respectively the velocities and the uncertainty of the GNSS stations and e and n refer

Vi =

to the east and north components.

- Finally, in order to identify anomalous velocities, the agreement between the velocity of each station and the
velocities of its neighbors is evaluated, employing an approach inspired by the methodology presented in
Pina-Valdés et al. [2022]. The rationale behind this evaluation is that the velocity at one station should not
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Figure 2. Number of anomalous velocities excluded from the dataset as a function of the radius R. The gray plot shows
trend estimate and its 20 interval. The blue region identifies possible change-points within a 95% confidence
interval. Both trend and probable change-points are estimated by employing the Beast software [Zhao et al.,
2019]. The star indicates the selected radius and the corresponding number of excluded stations (60).
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Figure 3. Left plot: Map of the anomalous velocities (orange arrows) of 60 stations detected and removed from the dataset.
Stations are denoted as anomalous if they match the condition (2) in more than 50% of the cases in which these
stations are considered for the IQR method. Right plot: Detail of an anomalous station and its detection through
the IQR method. The red circle has a radius of 52 km. Each boxplot shows the distribution of velocities (on east
and north components) inside the red circles in terms of: the median (central line in the box), the interquartile
range (box edges), and potential anomalous velocities (points outside the whiskers). Orange points represent
the velocity of the anomalous station.
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Figure 4. Horizontal GNSS velocity field with 95% error ellipses filtered following the procedure described in this section.
The field includes measurements from 928 stations.

differ significantly from the velocities of its neighbors. For each station, a circle centered on it with a radius
of R is considered. A station in this area is flagged as a potential anomalous station if at least one of its velocity
components falls outside an interval defined by the 1.5 IQR (InterQuartile Range) rule, computed by considering
all stations within the circle. Therefore, a station is flagged as a potential anomalous if it meets the following
condition:

v; < q1,i — 15- IQRL or v; > q3,i +15- IQRl for i=en (2)

where q; is the first velocity quartile, q3; is the third velocity quartile and /QR; is the interquartile range. We
decide to exclude from the dataset only the stations that are marked as potential anomalies in more than 50%
of the cases in which the station was considered. The selection of the radius R is subject to a certain degree of
arbitrariness. A reasonable approach to determine a suitable value for R is to consider a tradeoff between the
number of stations removed and the increase in radius (as depicted in the Figure 2). A value of R equal to 52 km is
chosen as a satisfactory compromise, as it resides within a region of slope change and maximizes the number of
detected anomalous velocities (depicted in Figure 3). This detection leads to exclude 60 stations from the datasets.

The resulting velocity field, obtained after applying these steps, is presented in Figure 4 and consists of 928 velocity
vectors.
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3. Geodetic Strain Rate Maps
3.1 The Strain rate tensor

The strain rate tensor is defined from the spatial derivatives of the velocity vector v in a Cartesian reference
frame of coordinates x;:

S Ll h j =123 3
eij—z axj %, where i,j=123. (3)

The tensor ¢;; is a second-order, symmetric tensor, with indices indicating components over three Cartesian
axes. In this study, the horizontal components of the surface velocity data are considered and then é&;; is a purely
2D tensor with i, j = 1,2. Henceforth, the term strain rate will refer to the 2D version of (3).

In the subsequent sections, scalar fields derived from the strain rate will be plotted and compared. These fields
include the first invariant and the second invariant of the strain rate, defined as:

D =&, + &, “4)

I, = \/5'112 + 85,2 + 261,°. 5)

D is also known as dilatation rate while I, represents the Frobenius norm [Golub and Van Loan, 1989] of the
strain rate tensor and can be considered a measure of the overall magnitude of the strain rate. The strain rate and
its first and second invariants have dimensions of inverse time and will be shown in plots in units of 107°/yr, also
denoted as nstr/yr.

From the strain rate tensor, it is possible to compute its principal axes by solving the eigenvalues and eigenvectors
problem:

sl-juj = )lul-, (6)

where Einstein’s notation over repeated indices is used. As the strain rate is a real, 2D, and symmetrical matrix, the
eigenvalues can be simply computed as:

1
Audy = E[(Sn +ép)t \/(911 — &)+ 45122 5 )

where the solution with the + sign corresponds to the maximum expansion, and the solution with the - sign
corresponds to the maximum compression. The eigenvectors are mutually orthogonal due to the symmetry of &;
and the directions relative to maximum shear are located at 45° with respect to the principal axes.

3.2 Characterization of the strain rate solutions

Each method for the computation of the geodetic strain rate is characterized by a variability in the results that
depends mainly on how the method’s parameters are tuned. Tuning the parameters can lead to models that are
smoother or rougher and that fit the GNSS velocity data well or less well. In order to quantify these characteristics,
the following definitions are then introduced:
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— In order to quantify the roughness of the strain rate fields, intended as a measure of the spatial variability of
the second invariant of the strain rate, the root mean squared gradient of the second invariant I, is introduced:

1/2

1
o = (z | [wz]ZdA) , ®

where A4 is the area of the investigated region. The rationale is that a nearly constant I, field should lead to o
approaching zero, while a field with great spatial gradients should result in a greater o,. In order to compare the
strain rate variability of different strain rate maps within each method, o, is computed for maps with the same
grid spacing of 0.025° in longitude and latitude.

— In this study, the adopted approaches provide a modeled velocity field together with the associated strain rate
field. To quantify the goodness of fit with GNSS velocities for each method, the Root Mean Squared Error (RMSE)
and Weighted Root Mean Squared Error (WRMSE) are evaluated, defined respectively as:

N 1/2

1
e ) (Gl TS DN ©

i=1

Ns obs mod?2 obs mod 2 12
Z'=1 [Wi,e(vi,e _vi,e ) +Wi,n(vi,n _Ui,n ]

i
Zivil (Wi,e + Wi,n)

WRMSE = , (10)

obs/mod
e/n

over all the N stations and the weights are the squared inverse of the uncertainty on velocities: w; = 1/(a;)2.

where v are the velocity, observed or modeled, in the east or north direction, the sums are intended

3.3 Nearest Neighbor approach

The Nearest Neighbor approach described by Handwerger et al. [2019] is a weighted nearest neighbor algorithm,
implemented in the Strain_2D software [Materna and Maurer, 2023]. This approach estimates both a velocity field
and a strain rate field by considering a specified number, N, of the nearest stations within a moving circular window.
The method executes a local linear regression without applying any additional weights to the data [Maurer and
Materna, 2023] and the computations are bypassed if there are not N stations within the window. As the window’s
radius acts as a threshold distance, subsequent analyses will vary only the number of stations, maintaining an
arbitrarily large radius to enable strain rate estimation throughout the entire region.

The results of this method differ based on the number of neighboring stations considered. Specifically, a larger
number of stations results in a spatially smoother strain rate field. The estimated results of the second invariant of
the strain rate (equation (5)) for different N (specifically, 12, 18, and 24) are depicted in Figure 5.

The resulting strain rate fields contain some artifacts in the geometry of the strain rate areas that reflect the
disposition of the GNSS stations. When smaller values of N are considered, the second invariant exhibits higher
spatial concentration along the Apennines and in northern Sicily (as seen at the top of Figure 5). Furthermore, for
smaller N, the resulting field is progressively more sensitive to local gradients of the velocity field, leading to strain
rate spots in locations such as the northwest Apennines, the Adriatic Sea, and the eastern Calabrian Arch. On the
other hand, the residuals are larger when considering larger values of N, as shown at the bottom of Figure 5. The
orientation of the residuals, however, does not exhibit systematic patterns with higher values of N, except for a
slight increase in residuals with a northern direction. This increase is partially due to the misfit in Sicily, where
higher residuals are concentrated. Indeed, a strong velocity gradient exists when transitioning from continental
Sicily to the Aeolian Islands [Mastrolembo Ventura et al., 2014] that is accurately modeled only for lower values of N.

Despite its simplicity, this Nearest Neighbor approach fits the GNSS velocity data reasonably well (90% of
residuals below 1 mm/yr for the tested values of N) and requires only the setting of a number of nearest neighbor
stations. However, there are two primary limitations to the current method. First, it fails to consider the spatial
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Figure 5. Nearest Neighbor method. From left to right: results relative to different values of the station’s number N,
respectively 12,18,24. Top row: second invariant of the strain rate. Middle row: residual velocity field. Bottom row:
histogram of the residual modulus distribution (dashed line shows the 90° percentile) and orientation distribution
of the residual velocity field with respect to the north (blue circular histogram). Regions with distances of more

than 100 km between stations are masked.

coverage of GNSS station locations, as it always uses the nearest N stations for calculating strain rate at every
grid point. The second limitation is that the spatial position of the strain rate gradients nearly reflects the spatial
disposition of GNSS stations. The other methods outlined in the following paragraphs can fix these limitations, at
least to some extent.

3.4 VISR algorithm

The Velocity Interpolation for Strain Rate (VISR) algorithm of Shen et al. [2015] is a weighted neighborhood method
for the computation of the strain rate, which is largely used in the recent literature [e.g., for the Euro-Mediterranean
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region, England, Houseman, and Nocquet, 2016, Sparacino et al., 2020, Pina-Valdés et al., 2022, Billi et al., 2023].
In the following, a brief overview of the algorithm, following the notation in Shen et al. [2015], is provided (for
further details the reader is ad dressed to the original paper). The algorithm approximates the velocity field at each
interpolation site as the sum of three contributions: a rigid block translation rate, a rotation rate and a strain rate.
The strain rate field parameters are determined through a weighted least-square inversion on neighboring velocities
and the weights on velocities depend on the data uncertainty plus a weighting scheme based on their distances from
the interpolation site and their spatial coverage. Specifically, the diagonal terms of the weighting matrix of velocity
uncertainties (the inverse of the covariance matrix) are multiplied by two functions that depend on distance and
spatial coverage, respectively. The distance weighting function can take two alternative forms:

L; = exp(—AR;*/D?) or L; =1/(1+ AR;*/D?) (11)

The first is a Gaussian while the second is a quadratic function; both depend on the distance AR; of the interpolation
site from the i - th station and a smoothing parameter D. Also, the spatial coverage weighting functions can have two
alternative forms, one of azimuthal weighting, giving more weight at stations having greater azimuthal coverage
with respect to the interpolation site, and one based on Voronoi cells, giving more weight to stations having a bigger
area of the Voronoi cell where it is located (Figure 6 left).

Given the sum W of the total reweighting coefficients of the data as a function of the smoothing parameter D,
D is automatically determined by the algorithm from the equation W (D) = W, where W, is an a-priori and user-
defined weighting threshold. In this way the smoothing parameter D is determined by the data density: the denser
the station array is, the smaller D is, given a certain weighting threshold W,. In the right of Figure 6, the D values for
a W, =10and a weighting scheme composed by Gaussian and Voronoi weighting functions are shown. D values can
be then considered a proxy of station density. The highest density of GNSS stations, and then of smaller D values,
is located along the Apennines and in the north-east part of the Po Valley, while lower station density is present in
the western part of the Po Valley, in Sicily and Sardinia.

~ - Gaussian D=20 km
Gaussian D=40 km
Quadratic D=20 km

—— Quadratic D=40 km

o i 51,5 L 1
0 20 40 60 80 100 120 140 160 180 200
Distance (km)

D (km)

Figure 6. Left: Azimuthal weighting scheme in which the contribution of the i - th station is proportional to the angle 6, (a),
Voronoi weighting scheme in which the weight of each station is proportional to the Area of its Voronoi cell
(b) distance weighting functions for different D values (lower plot). Right: selected smoothing parameter D for
a weighting threshold of 10 and stations’ (white dots) distribution.
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The primary differences between the second invariant maps, given the variation in weighting schemes, are
exemplified in Figure 7.

48°N L L L L L . L 48°N

7 ‘ ' ‘ ‘ 7
B Wt=10, Gaussian+Voronoi = Wt=10, Gaussian+Azimuthal
£ - = =

1

40
I, (nstrjyr)

Figure 7. VISR algorithm: second invariant of the strain rate for different weighting schemes (considering W, = 10). Upper
left: Gaussian + Voronoi weighting. Upper right: Gaussian + Azimuthal weighting. Bottom left: Quadratic +
Voronoi weighting. Bottom right: Quadratic + Azimuthal weighting.

Here, a common weighting threshold of 10 is utilized, but the weighting scheme is varied. From the figures, it
can be observed that a Gaussian distance for weighting tends to concentrate more the strain in space with respect
to the Quadratic distance (top vs bottom in Figure 7), which is in fact more conservative according to the authors of

10
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the method. Given the good spatial density of GNSS stations in Italy, a Gaussian weight might be a more appropriate
weighting scheme. Regarding the spatial coverage weighting scheme, the azimuthal approach generates solutions
similar to the Voronoi weighting scheme, but the former presents higher spatial discontinuity of the strain rate
than the latter (right vs left in Figure 7). Furthermore, since the Voronoi scheme takes into account a 2D spatial
coverage, it could be retained more suitable for computing the strain rate. As a result of these considerations, in the
following, the Gaussian + Voronoi weighting scheme will be considered in order to compute the strain rate field.
The results of the second invariant field, using different weighting thresholds, are summarized in Figure 8. As W,
increases, the solution for the second invariant becomes spatially smoother and the fit with the data deteriorates
(as seen from the bottom row in Figure 8). This decline in the fit leads to greater modules of residual velocities. The
orientation of residuals also depends on the weighting threshold, skewing more “N-S” for the weighting threshold
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Figure 8. VISR algorithm. From left to right: results relative to different values of the weighting threshold W, respectively
6,10,14. Top row: second invariant of the strain rate. Middle row: residual velocity field. Bottom row: histogram
of the residual modulus distribution (dashed line shows the 90° percentile) and orientation distribution of the
residual velocity field with respect to the north (blue circular histogram). Regions with D values equal to or
larger than 50 km are masked.
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of 10 and 14. This is likely because the fit of the velocities in Sicily worsens, leading to a larger N-S component in
the residual velocities (as also observed for the Nearest Neighbor approach). Compared to the previous Nearest
Neighbor method, the residuals are smaller, and the strain rate belt is more spatially localized along the Apennines
and in northern Sicily.

One of the advantages of the VISR algorithm is that it takes into account the spatial density and coverage of
GNSS stations when computing the strain rate. However, the method seems to be not very robust at low weighting
threshold W, where small spots of localized strain rate appear.

3.5 Wavelet-based method

The Wavelet-based method from Tape et al. [2009] involves estimating a continuous spatial velocity field using
an expansion of frame functions, specifically a class of wavelets on a sphere. The positions and scales of the wavelets
are discrete and labeled by an integer index q. Greater ¢ means denser distribution in space and smaller dimension
of the corresponding wavelets (Figure 9). The parameters of this expansion are estimated by solving a least-
square problem on the velocity dataset regularized by the norm of the model gradient and adopting regularization
parameters chosen by ordinary cross-validation [Tape et al., 2009].

48°N

46°N -

44°N -

42°N

40°N -

38°N -

36°N

18°E

Figure 9. Maximum significant value of the g parameter (q,) and stations’ distribution (white dots).
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The relevance of the total velocity field of wavelets corresponding to a certain g depends on the local spatial
density of stations. In general, wavelets having greater values of g provide a significant contribution to the expansion
where stations are denser in space. Here it is intended as significant a wavelet that has at least three stations inside
its first zero crossing. A map of the maximum value of q (gs), for which the contribution of the corresponding
wavelets is significant, is shown in Figure 9. The map can be also considered a proxy for stations’ density and is
possible to notice that:

- A value of g, =8, corresponding to a spatial support (distance to the first zero-crossing) of the wavelets of

43.6 km, is available for the entire peninsula.

— Avalue of g, =9, corresponding to a spatial support of 21.8 km, is available for a large portion of the region of
interest but are excluded: the central northern part of Sicily, some areas in the central Sardinia and the western
part of the Po Valley.

0.77 mmjyr

0.69 mmjyr 0.67 mmjyr

Occurrences
Occurrences
Occurrences

=
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Figure 1. Figure 10 Wavelet-based method. From left to right: results relative to different values of the g,,,, parameter,
respectively 7,8,9. Top row: second invariant of the strain rate. Middle row: residual velocity field. Bottom row: histogram
of the residual modulus distribution (dashed line shows the 90° percentile) and orientation distribution of the residual
velocity field with respect to the north (blue circular histogram). Regions with g, equal to or smaller than 7 are masked.

13



Riccardo Nucci et al.

— Values of g, > 10 (wavelets’ spatial support equal or less than 11.4 km) are possible only in stations’ clusters
unevenly distributed.

We generated different maps using all the wavelets up to a value g4, It is intended that in regions in which g5 < gynax
the wavelets having indices between gsand ¢,,4, will have low contribution to the overall expansion. The choice
of the q,,4 parameter is equivalent to the choice of a minimum spatial scale linked to the strain rate variability.
Figure 10 shows the resulting scalar fields for the second invariant of the strain rate for g, = 7,8,9 computed from
numerical derivatives on the resulting estimated velocity field. The resulting strain rate maps are different in the
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Figure 11. Left Plots: Tradeoff between misfit in terms of RMSE (red) and WRMSE (blue) (from equations (9) and (10)) and o
(from equation (8)) for three methods. In descending order: Nearest Neighbor, VISR, and Wavelet-based approach.
The numbers next to the points in the left plots represent the N parameter for the Nearest Neighbor approach,
the W, for VISR, and the g,,,, for the Wavelet-based approach. Right Plots: Boxplots illustrating the distributions
from 1000 Monte Carlo cross-validation iterations. The horizontal axis assesses the misfit using WRMSE, while
the vertical axis indicates the method’s parameters. Each boxplot showcases the median (central line in the
box), the interquartile range (box edges), and potential outliers (points outside the whiskers). Red boxes indicate
a distance from the minimum of less than 0.01 mm/yr based on medians. Preferred solutions (highlighted in
green) are chosen to be close to the minimum of the cross-validation curve and in the corner of the misfit plots.
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way strain rate is concentrated in space (more localized for high q,,,, values) and in the mean strain values (higher
for high g,,,, values). The fit results appear instead similar and in fact, the 90° percentiles of modulus velocity are
very close to each other. The orientation of residuals for g, = 9 shows a prevalent W-E trend (probably in part due
to the difficulties in fitting the W-E components of velocities in Sicily and Calabria). The method seems to be more
robust to potential outliers than the VISR since small spots of localized strain appear only for high ¢,,., (equal or
greater than 9), corresponding to small spatial scales of interest.

3.6 Tuning of the models’ parameters

In the previous sections, we show how the results vary using different algorithms for the computation of the
strain rate. In addition to the choice of the strain rate computation method, each method has its own variability in
the results that depends on how the parameters of each method are tuned.

The selection of a proper parameter setting is not straightforward. Ideally, one should aim at a balance between
goodness of fit and smoothing of the results, to avoid abrupt, unrealistic (from a tectonic perspective), changes in the
strain rate field. The key parameters to be set include the number of stations N for the Nearest Neighbor approach,
the weighting threshold W, for the VISR method, and the index q,,,, for the Wavelet-based method.

- The relationship between the spatial variability of strain rates and goodness of fit is evaluated by plotting the
RMSE or WRMSE in equations (9), (10) against the strain rate variability in equation (8). A good parameter choice
corresponds to a solution in the corner point on this plot (Figure 11 left).

— The fit performances of each method are assessed using Monte Carlo cross-validation, with varying parameters
[refer to Berrar, 2019 for a description of cross-validation techniques]. The 70% of the velocity dataset is used
to compute the strain rate (training set) while the remainder is used to validate the results by analyzing the
misfit on this remaining part (test set). The partition between the training and test set is randomly chosen and
performed a thousand times. The solution that fits best unseen data stands in the minimum of the misfit curves
resulting from all iterations.

The results of these approaches and the selected parameters for the three methods are shown in Figure 11. The
arbitrariness of parameter choice is mitigated by selecting parameters that correspond to a solution at a corner of
the spatial variability versus misfit plot and near the absolute minimum of the cross-validation curve.

4. Results

In general, the spatial distribution and density of the GNSS stations determine the maximum spatial resolution
attainable for the strain rate models. For the VISR and Wavelet-based methods, the inversion details rely on the
station’s spatial density. As mentioned earlier, Figure 6 and Figure 9 can both serve as indicators of station density.
The comparison of the two maps reveals four areas with increased station density. One of them covers a significant
portion of the Umbria-Marche regions in the northern Apennines, another is centered around I’Aquila in the
central Apennines, a third spans the southern Apennines in Campania and Basilicata, and the fourth encompasses
the southern Alps and northeastern Italy. In these regions, the models’ resolution can be enhanced by selecting
appropriate parameters. The chosen parameters, discussed in the previous section, were determined by evaluating
the strain rate field results on a national scale (section 3.6); however, when evaluating strain rates in smaller regions,
characterized by a higher station density, it may be beneficial to revisit the analysis of parameter choices in order
to identify parameters more suitable for that specific scale. For example, this could result in selecting a lower W,
and a higher g4, for both the VISR and Wavelet-based algorithms. For the Nearest Neighbor approach, opting for
a smaller N might produce strain rate solutions that vary over shorter length scales.

The preferred strain rate solutions corresponding to three methods, after selecting the more appropriate
parameters, are plotted as dilatation rates (equation (4)) and principal strain rate axes (equation (7)) in Figure 12.
Figure 13 displays, instead, cross sections where station velocities and the second invariant of strain rate are
projected along the different profiles.

The three maps referenced in Figure 12 highlight several consistent major features. Each map confirms the
presence of a unique arch-shaped extensional belt in the Western Alps (with dilatation rates below 20 nstr/yr)
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Figure 12. Dilatation rates and principal strain rates axes for the three employed methods.

running perpendicular to the mountain range. Additionally, there is a widespread compressional belt in the South-
Eastern Alps with compressional axes oriented in N-S and NW-SE directions and dilatation rates up to about
30 nstr/yr as the absolute maximum value.

Both the northern Apennines’ forefront and the Emilian plain display a compressional zone where the axes
are primarily oriented N-S to NE-SW and the second invariant of the strain rate is up to about 40 nstr/yr. Along
the Apennines, there is a clear unidirectional extensional belt, evident in all three maps. The highest deformation
values are located across the Umbria-Marche and in southern Italy (about 50-60 nstr/yr of the second invariant
of the strain rate), especially around the Irpinia area (where the second invariant can be greater than 60 nstr/yr).

Distinctly, another extensional deformation belt, located further west compared to the Apennine mountain belt,
is noticeable. This belt seems to be set apart from the Apennine belt, especially in places like northern Tuscany.
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Figure 13. Profiles of the median velocity parallel to the track and median second invariant of the strain rate for the three
methods (green: Nearest Neighbor approach, blue: VISR algorithm, red: Wavelet-based approach). Dots in the
velocity profile represent along-track velocity data in a 50 km wide swath. Yellow and blue shadows represent
an envelope of 95% of the total variability of the three methods for the velocity and the second invariant inside

the swath.
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Figure 13.

Here, the maps point to minimal dilatation but a high deviatoric strain rate, while in eastern Tuscany, the strain
rate diminishes but the second invariant is below the 30 nstr/yr.

Further to the south, strain rates drop significantly around the Pollino area, leveling off in Calabria and progressing

towards Sicily via the Messina Strait. In northern Sicily, the models indicate an N-S extension, which transitions
to N-S shortening in the southern Tyrrhenian, particularly around the central Aeolian Islands; both regions are
characterized by high deformation rate values (above 60-70 nstr/yr but with disagreement between the methods).

Looking at the strain rate and modeled velocity profiles in Figure 13, some other common and different

characteristics can be noticed:

18

The AB profile, which crosses the South-Eastern Alps, indicates an increase in the magnitude of the parallel
velocity as it crosses the mountain chain toward the Adriatic. This leads to contractional deformation [as
observed by previous studies, e.g. Faccenna et al., 2014 and Sani et al., 2016], consistently shown across all three
methods from very similar velocity profiles.

The CD profile in northern Italy illustrates the profile parallel velocity’s increase with variable slopes, before
decreasing towards the Po Plain. This velocity variation causes three peaks of relatively higher deformation: one
extensional peak on the Tyrrhenian side, another extensional peak in correspondence with the Apennine chain
axis and a compressive one on the Adriatic side. This last peak is more pronounced in the Wavelet-based solution.
The maximum magnitudes of the strain rate depend on the method used. The VISR solution estimates smaller
amplitudes compared to the Wavelet-based and Nearest Neighbor methods. These differences probably reflect
the differences in modeling the higher scatter of the GNSS velocities that occurs when crossing the Apennines.
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— The EF and GH profiles in Central and Southern Apennines, show the parallel velocity peaking on the Adriatic side.
Then, only one wide extensional deformation belt is apparent, which is consistently localized and determined by
all three methods, even though the VISR and Wavelet-based solutions are in much closer agreement with each
other than with the Nearest Neighbor solution, which typically shows higher variability and strain rate peaks.

— The IL profile in Eastern Sicily displays the modeled velocity increasing as it approaches the Tyrrhenian Sea,
reaching its peak just before the transition to the sea. Subsequently, the velocity declines sharply, resulting in
another pronounced peak in the strain rate, which is primarily compressive. Here, the methods lead to vastly
different solutions having significant differences in the magnitude of the strain rate peaks. However, it seems that
the Wavelet-based method is more capable of fitting the along-track velocities in the Tyrrhenian Sea compared
to the other methods. This is also clear by looking at the residual map in Figure 10 where the residual velocities
are more W-E directed compared to the residual velocities relative to the maps of the Nearest Neighbor and
VISR methods (Figure 5 and Figure 8)

All solutions yield consistent results in identifying higher strain rate regions and provide estimates of the main axes
of deformation with coherent and comparable directions. The observed principal directions of strain rate for the
VISR method are also comparable with the principal directions of the strain rate products of EPOS [Fernandes et al.,
2022]. The Nearest Neighbor method clearly provides the less smooth solution, with short wavelength changes in the
modeled velocities, which map in rapid changes in the dilatational rates that do not necessarily reflect the scattered
observed velocities. Conversely, VISR and Wavelet-based methods in general are in good agreement, although the most
significant discrepancies are observed in Sicily and in the eastern part of the Calabrian Arc (here VISR and the Nearest
Neighbor method highlight higher strain rate). This last effect is driven by stations with higher velocities in the Crotone
area, which, as will be discussed in the next section, are likely affected by processes not related to tectonic activity.

5. Discussion

By definition, a model is an informative representation of reality; each modeling method has its pros and cons
that should be considered when drawing conclusions from strain rate estimates, or when using those estimates for
hazard assessment. The Nearest Neighbor approach has the advantage of being simpler than the other two methods
discussed in this work since the strain rate estimate is only based on a certain number of neighboring GNSS stations.
One main drawback of this approach is that the scale at which deformation is estimated is necessarily spatially
variable since stations are not uniformly distributed in space. As observed by Maurer and Materna [2023], the
spatial parameters should be adjusted based on the local station density. The VISR algorithm addresses this issue
by weighting stations according to their spatial distribution, even if the prescribed scheme that describes how the
stations are weighted is, to some extent, arbitrary. The Wavelet-based approach also accounts for the local station
density, allowing for the identification of a minimum spatial scale of interest on which to compute the strain rate.
This information on the spatial scale is encoded by the g,,,, parameter, which is intrinsically linked to the size of
the wavelets used for estimating a continuous velocity field (from which the strain rate field is estimated). The main
drawback in this case is that the choice of regularization of the inversion, based on ordinary cross-validation, is a
function of the whole dataset. This implies that, even with the same g,,,,,, the solution derived from a subset of a
given data set may not match the one from the entire data set.

Overall, the three methods discussed in this work show features that are common to previous studies
[e.g., Serpelloni et al., 2022, Sani et al., 2016, Faccenna et al., 2014 and D’Agostino, 2014]. The differences between
solutions, to some extent, reflect the epistemic uncertainty related to strain rate estimates. A map depicting the
differences between the second invariant of the strain rate, as estimated by the three methods, is shown in Figure 14.

Major differences in the strain rate maps can be summarized as follows:

— The Nearest Neighbor method shows greater discrepancies in the strain rate field compared to the others,
especially in regions of central and southern Italy where the density of GNSS stations is high. This can be
attributed to the fact that both the VISR and Wavelet-based methods weigh the contribution of each station based
on the local station density while the Nearest Neighbor method does not. Consequently, they do not necessarily
increase the estimated strain rate variability when spatially denser stations are considered.

- Significant differences are present in North-Eastern Sicily, especially when comparing the Wavelet-based and
VISR methods, as evident from the IL profile in Figure 13. These discrepancies may arise due to the sparse spatial
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distribution of the stations and their location on the edge of the GNSS stations network. It is noteworthy that
the best fit for the higher velocities along the Sicilian coast is provided by the Wavelet-based method, resulting

in higher strain rates.

- Notable differences in the strain rate fields are evident in the eastern part of the Calabrian arch when comparing
the Nearest Neighbor and VISR methods to the Wavelet-based method. Both the Nearest Neighbor and VISR
models point to increased rates on the eastern side of the Calabrian arc, as seen in Figure 12. However, we

believe that these elevated rates might originate from factors other than tectonic activity, as suggested by
D’Agostino et al., [2011]. These variations may be attributed to gravitational land movements, specifically
discussed as megalandslide events in Minelli et al. [2013] and Zecchin et al. [2018]. Many GNSS stations in the
Crotone region have likely been removed using the methods outlined in section 2.2. However, in this specific case,
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automatic removal is complicated due to the coherent movement observed among stations in the region and the
fact that this area lies at the edge of the GNSS network. To be more confident about the nature of the observed
deformation, one might consider manually removing stations based on known models of the gravitational
phenomenon. The Wavelet-based method, which is generally more robust in handling potential outliers, provides
a strain rate field solution with significantly more modest rates compared to other approaches.

6. Conclusions

In this study, three methods of increasing mathematical complexity for the estimate of the geodetic strain
rate are considered and compared. Strain rate maps representative of tectonic deformation rates are produced
starting from a dense GNSS velocity dataset for Italy and its surroundings. The GNSS velocity field employed for
the computation is filtered from stations that most likely respond to non-tectonic deformation processes, including
volcanic and anthropogenic ones. This removal is mainly carried out through an automated process that is based
on checking the coherence of each station with its neighbors. The methods employed to compute the geodetic
strain rate fundamentally differ: Nearest Neighbor method computes the strain rate based on a certain number of
nearby stations, the VISR method weights also the contribution of the stations based on their spatial distribution,
the Wavelet-based method computes a continuous velocity field from which a strain rate field is derived. The
arbitrariness on the setting of the parameters relative to each method is reduced by observing the Monte Carlo
cross-validation curves, which represent a comparison between goodness of fit and parameter values, and the
curves of the variability of the second invariant of the strain rate against the parameters. In every instance, the
chosen solutions consistently identify regions with higher strain rates and offer estimates for the primary axes
of deformation that have notably similar directions. In regions with a higher density of stations, the differences
between the methods are more restrained, especially when comparing the maps from the VISR and Wavelet-based
approaches, as both techniques consider a local station density of the GNSS stations. However, areas with sparsely
distributed GNSS stations and a pronounced velocity gradient can result in notable discrepancies across all methods.
Constructing diverse strain rate models and quantifying their differences is crucial for developing and testing robust
seismic hazard models rooted in these strain rates. The strain-rate maps developed in this work will be used in a
subsequent work that aims at developing seismicity rate models for the Apennines, adopting a procedure derived
from Stevens and Avouac [2021], where different geodetic strain rate models will be used, together with different
models for extracting catalogs of background seismicity, in order to provide earthquake recurrence models taking
into account also the effects on the results of epistemic uncertainties in the modeling process.

Data availability. The data of this study, including the GNSS velocity fields and the strain rate results, are openly
available at https://doi.org/10.5281/zenodo.10417518. Other data that support the findings of this study are available
from the corresponding authors upon reasonable request.
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