
1.  Introduction
Fluctuations in groundwater content produce changes in strain loading of the Earth’s crust causing transient 
episodes of surface deformation that can be precisely measured by geodetic techniques (Devoti et al., 2015; 
Silverii et al., 2016). These surface-deformation signals have traditionally been the target of geodetic meas-
urements to study the changes in the Earth’s crust and eventually changes in groundwater. At the same 
time, groundwater-content variations also generate temporal alterations in the elastic properties of the sub-
surface. Since the propagation of seismic waves can be sensitive to the presence of fluids in the medium, 
seismological measurements emerge as an alternative to monitor the groundwater-content variations in the 
Earth’s crust (Grêt et al., 2006; Sens-Schönfelder & Wegler, 2006; Voisin et al., 2016).

In order to detect transient changes in the elastic properties of the medium, the monitoring process needs 
uninterrupted measurements along time. One approach for continuous seismic monitoring of the Earth’s 
crust is to exploit seismic ambient-noise cross-correlations in order to track down these medium changes 
in the form of relative seismic-velocity variations. This technique has been successfully applied in multiple 
settings: from seismogenic regions (Brenguier, Campillo, et al., 2008; Zaccarelli et al., 2011) to volcanic areas 
(Brenguier, Shapiro et al., 2008; Zaccarelli & Bianco, 2017). The goal of most of these applications focuses 
on tracking the relative seismic-velocity variations while describing any possible relation with seismogenic 
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and/or volcanic activities. In this work, however, we show that also in a tectonically active region ground-
water variations can play a relevant role among the sources for seismic-velocity perturbations during seis-
mic “quiescence” (i.e., a period without large earthquake occurrences). Noise-based monitoring has re-
cently been applied to different areas showing the influence of groundwater-content variations (Clements 
& Denolle, 2018; Fores et al., 2018; Lecocq et al., 2017; Poli et al., 2020; Tsai, 2011). In the case of karstic 
formations the hydrological-perturbation effects can be largely magnified due to their enhanced porosi-
ty and permeability, causing transient ground displacements tracked by geodetic measurements (Devoti 
et al., 2015; Silverii et al., 2016).

In this work we study the seismic-velocity perturbation in a karst system whose groundwater-storage dy-
namics and hydrologically-induced deformations have extensively been studied. It is part of the prealpine 
belt in the Italian Southeastern Alps (Figure 1), located at the convergence between the Adriatic and Eur-
asian plates (Serpelloni et al., 2016). This area has already been the subject for tectonic deformation (An-
derlini et al., 2020), hydrological cycle (Filippini et al., 2018; Grillo et al., 2019; Pintori et al., 2021), and 
seismicity studies (Anselmi et al., 2011; Chiaraluce et al., 2009; Danesi et al., 2015). The map in Figure 1 
shows the location of the major thrusts and fissured-karst aquifers (Bundesanstalt für Geowiβenschaften 
und Rohstoffe, 1970) in the study area.

In this area, GPS measurements show the occurrence of transient deformation episodes associated with 
precipitations, which are particularly evident in the Piano del Cansiglio (Devoti et  al.,  2015). Serpelloni 
et al. (2018) show that these hydrologically-induced deformation episodes imply sequences of extensional 
and compressional horizontal deformation which in turn is oriented normal to rock fractures and structural 
directions in karstified sectors. Figure 1 shows the horizontal strain (green arrows) at the maximum dilation 
stage during a hydrologically-induced deformation episode in 2010 (see Serpelloni et al., 2018), estimated 
by the GPS stations within a designated control area. Recently, Pintori et al. (2021) found that the transient 
deformation signal in the GPS displacements is highly correlated with changes in groundwater storage, 
and that the deformation pattern is guided by water-pressure changes in a hydrologically-active fracture, 
running parallel to the Cesen-Visentin fold-and-thrust belt (see Figure 1).
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Figure 1.  Location of the main faults, and the name and position of the seismic stations used for the two data sets analyzed: the 8-year long data set of five 
stations (red triangles) and the 4-year long data set of ten stations (yellow triangles, see supplementary material for more information). The green squares 
without names are the GPS stations together with the control area (dashed green line) from previous geodetic studies. The map also shows the orientation and 
magnitude of the horizontal strain due to hydrologically-induced dilation during 2010 (green arrows). In striped blue, the zones identified as highly-productive 
aquifers with fissured karst. In the inset the location of the network in the Southeastern Alps (red frame).



Geophysical Research Letters

The aim of this work is to validate the observation of the hydrological cycle in terms of changes in the 
Earth’s crust elastic parameters and monitor the groundwater-content variations with continuous ambient 
seismic noise measurements. In the first part we corroborate our results with both the estimates of water-
shed groundwater-content variations and with the deformation observed by GPS by using an 8-year data set 
consisting of five stations (Figure 1, see supplementary material for more information on the data). In the 
following section we analyze the depth sensitivity of our results, correlate it to the geological formations, 
and corroborate the depth range of the groundwater-content variations. In the last part we map the lateral 
distribution of the seismic-velocity perturbations during a strong meteorological storm with a 4-year data 
set including ten stations (see Figure 1) and relate the result to the geomorphological characteristics of the 
study area.

2.  Network Response of the Relative Seismic-Velocity Variations
In this section we present the results of applying moving-window cross-spectral analysis (Clarke et al., 2011, 
see supplementary material for technical details) to the ambient-noise cross-correlations from the 8-year 
data set (from 2011 to 2018, see Figure 1). In Figure 2c we show the sign-reversed result of the relative seis-
mic-velocity variations (δv/v) retrieved with a 30-day stack length for the entire frequency band of the anal-
ysis ([0.1−0.9] Hz). The color scale shows the number of points used for the linear regression, a measure of 
the stability of the results (the hotter the color, the more reliable the δv/v value, see supplementary materi-
al). For comparison, we plot the groundwater storage (GWS) variations for this area (Pintori et al., 2021) and 
the strain response obtained from geodetic observations (Serpelloni et al., 2018). The seismic results show 
a sign-reversed resemblance to both strain and GWS variations revealing an anticorrelation relation, and 
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Figure 2.  (a) Occurrence and maximum seismic moment released per day of the local seismicity during the period of study. (b) Averaged coherency coefficient 
along lapse time of the time shift estimations employed during regression. (c) Comparison of dilation (from GPS), hydrological and relative seismic-velocity 
variation (δv/v, from seismological noise-based monitoring) observations.
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thus making the fluid-content variations within the karstic aquifer to be responsible for the observed seis-
mic-velocity perturbations. The enhanced hydraulic conductivity of the karst system transforms these flu-
id-content variations into large pore-pressure changes at deeper aquifer levels. A pore pressure increment 
results in the dilation of the pore space in the geological formation and the reduction of effective crack- 
and grain-surface contact, thus creating a decrease in the seismic-propagation velocity (Grêt et al., 2006; 
King, 1966). Therefore, negative perturbations on δv/v relate to a decrease of shear-wave velocity of the me-
dium, which in addition coincide with GPS-observed dilation episodes; both phenomena may be explained 
by the increase in the amount of groundwater within the geological formation during hydrological-recharge 
episodes.

The agreement between the δv/v result and the geodetic signal is good over the entire recording period. The 
mismatch of the GWS variations with the latter two is likely due to snowmelt misestimates in the hydro-
logical model, such as the underestimate during the spring of 2014. The coherency coefficients displayed 
in Figure 2b indicate the reliability of the time shifts δt obtained from the cross-correlations. Periods of low 
coherency coefficient values may cause deviations of the δv/v trend, yet the relatively high value of similar-
ity (rarely undergoing 0.8) shows not to be the case.

Figure  2a shows the occurrence and seismic moment released per day of the local seismicity (within a 
60 km distance from the network, Romano et al., 2019). From this display we can discard co-seismic effects 
as a possible source of the seismic-velocity perturbations. The relatively small strength in earthquake mag-
nitudes (maximum Mw = 4.4) supports this presumption.

3.  Depth-Sensitivity Results
In this section we exploit the dispersive nature of the retrieved surface waves in order to constrain in-depth 
the medium perturbations observed from our cross-correlation analysis. To that purpose, we analyze the 
correlation gathers in three different frequency bands in order to observe the depth sensitivity of the δv/v 
results: [0.1−0.3], [0.4−0.6], and [0.7−0.9] Hz.

We use the fundamental-mode sensitivity kernels of Rayleigh waves to observe the depth range where each 
of the frequency bands is dominant (Herrmann, 2013). We build two different 1-D geological models: one 
located at the middle of the hinterland basin, based on the lithostratigraphic log from well SEDICO-I (Fig-
ure 3a.I); while the second model is representative of a site at the top of the Cesen-Visentin fold-belt anti-
cline (see Figure 1), and it is based on the interpretation of the geological profile by the Italian Geological 
Survey (1992) (Figure 3c.I). We calculate the sensitivity kernels using the depth profile and petrophysical 
properties of the layers defined in each of the geolithological models (Anselmi et al., 2011).

The plots in Figures 3b.I, 3b.II and 3b.III represent the respective δv/v results corresponding to the three 
frequency bands. Within the plots, we show the correlation coefficient (r) between the respective δv/v re-
sult and the groundwater storage in order to quantify their resemblance. Figures 3a.II and 3c.II show the 
depth-sensitivity kernels to the shear-wave velocity (β) of the corresponding frequency bands with the re-
spective 1-D geological models on the background. Depth sensitivity curves and δv/v results of the same 
frequency bands share the same colors (set from lower to higher frequencies: red, green and blue).

The depth sensitivity from each frequency band indicates two potential depth ranges for the seismic pertur-
bations to occur: one tight and shallow part (<200 m) and another larger and deeper (>500 m). Since the 
shallow high-sensitivity part coincide at the same depth range for the three frequency bands, the differences 
among the three δv/v results can only be explained by the varying depth range of the deeper high-sensitiv-
ity section from the corresponding three frequency bands. The deepest δv/v result (red line), correspond-
ing to the bottom carbonatic series (Calcari Grigi and Dolomia Principale formations) and the crystalline 
basement, shows no apparent relation to the hydrological result (r = 0.44). The δv/v results from the two 
other frequency bands show good agreement with the groundwater-storage evolution (r = 0.70 and 0.77, 
respectively), suggesting that the hydrological deformation would affect the complete karstified carbonatic 
sequence (Maiolica, Calcari Vajont and Calcari Grigi formations) along the first 3 km of crust: from 500 to 
3,500 m for the intermediate frequency band (green line) and from 300 to 2,000 m for the highest band (blue 
line).
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The comparison of the two higher frequency-band results reveals small variations in the depth impact of 
the seismic-velocity perturbation during strong storm events. During the storm episodes in November 2012 
and February 2014, for example, the highest frequency result (top of the carbonatic sequence) dominates 
the observed δv/v. However, the seismic-velocity perturbations during the episodes in November 2011 and 
November 2018 are stronger in the intermediate frequency band (see the magenta ellipses in Figure 3), sug-
gesting that the impact of these hydrological-recharge episodes reached the lowest section of the karstified 
carbonatic sequence, up to 3,500 m depth.

4.  Mapping Results
In this section we apply a different technique based on the diffusion of the seismic scattering wavefield 
in order to laterally map the seismic-velocity perturbations (Larose et al., 2010; Pacheco & Snieder, 2005; 
Planès et  al.,  2015). Under the assumption that these perturbations are relatively weak, this technique 
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Figure 3.  Depth sensitivity analysis: (a.I) Position of seismic stations (red triangles) and SEDICO-I well (orange circle) of the 1-D model. (a.II) Fundamental-

mode Rayleigh-wave sensitivity kernel of the phase velocity to a shear-wave velocity perturbation ( �
�

v v/
/� �

) at the hinterland basin and its geological model 

shown in the background. (b.I), (b.II), and (b.III), the different relative seismic-velocity variation results (δv/v) obtained from the three different frequency 
bands of the seismic data, from top to bottom: [0.7–0.9] Hz ((b.I), blue line), [0.4–0.6] Hz ((b.II), green line), and [0.1–0.3] Hz ((b.III), red line). The gray line 
represents the groundwater-storage variation, same of Figure 2c. (c.I) and (c.II) same as in (a.I) and (a.II) for the location on top of the Cesen-Visentin fold-belt 
anticline (orange circle in (c.I)). The legend of the main geological formations, divided according to the presence of karst as determined at the study area is 
displayed in the center top.
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applies the probability distribution of the potential scattering paths followed by the coda-wavefield arrivals 
through the medium in order to locate the position where perturbations occur. This methodology allows to 
map the perturbations by turning the radiative transfer model (Paasschens, 1997) into an imaging kernel 
(Obermann et al., 2013). We implement an acoustic-scattering imaging kernel based on the radiative-trans-
fer model for 2-D isotropic media, as described in Obermann et al. (2013), and obtain a map of the δv/v on 
a surface grid for every lapse time.

For this section we employ the 4-year data set (from 2015 to 2018, see Figure 1) and focus on a particular 
period of abrupt increase of groundwater storage due to an exceptionally intense storm during October 
27–30, 2018: Vaia storm (Trenti, 2018, also known as Adrian). Figure 4 contrasts the evolution of cumu-
lated precipitation, horizontal ground displacements and relative seismic-velocity variation in this period. 
Figures 4a–4c show the 2D-space interpolation of pluviometric measurements (ARPA Veneto, 2020) at the 
study area by kriging prior to, during and after the Vaia storm, respectively. Due to the stack length of the 
cross-correlation gather, we use the cumulated precipitation during the previous 30 days. Figure 4e shows 
the horizontal ground displacements due to the hydrologically-induced deformation associated with the 
Vaia storm (Pintori et al., 2021).

Figures  4f–4h show the δv/v mapping results on the same respective dates, averaged over the previous 
7 days. In these figures, circles represent the grid points of the mapping, and their color and size repre-
sent the magnitude of their corresponding field: cumulated precipitation in Figures  4a–4c, and δv/v in 
Figures 4f–4h. Figure 4d contains the time series of the seismic-velocity perturbation from the 4-year data 
set and the time period corresponding to Figures 4f–4h. Figures 4a and 4f show the relation between the 
lack of rainfall precipitation and the absence of significant seismic-velocity perturbations. Due to the lag 
induced by the stacking process in our seismic data, the largest amplitude of the perturbation caused by the 
storm is observed on later dates (see Figures 4d and 4h). In contrast with Vaia-storm rainfall distribution, 
the seismic-velocity perturbation concentrates on the mountain belt along the central-Eastern part of the 
study area, corresponding to the main karst systems in the area (see Figure 1). This is in agreement with the 
locations where GPS stations recorded the largest displacements associated with hydrological deformation 
(see Figure 4e). Besides, the azimuthal-based color scale in Figure 4e shows the sense of divergence in the 
horizontal ground displacements (dilation) due to the water-content variations following the geometry of 
the karstic aquifers.

Although Figure 2 reveals a clear agreement between δv/v and GPS observations, it is important to empha-
size from Figures 4c and 4h that the areas with maximum precipitation do not match with the locations 
with the largest seismic-velocity perturbation. An explanation of this could be the different ground response 
to precipitations, depending on the geological formation present at the ground’s surface and its structure 
underneath: the sites with less permeable formations react to precipitations with efficient surface run-off 
and limited groundwater drainage in depth. The sectors consisting of karstified carbonatic formations, con-
centrated around the Cesen-Visentin fold belt and Piano del Cansiglio, water drainage is carried out more 
efficiently into the subsurface allowing to reach deeper aquifer levels with slight delay and loss. This sector 
coincides with the area with the largest horizontal displacement observations (see Figure 4e), opposing 
in direction and thus describing a dilation stage. As for the northern bound’s karstic systems like Piani 
Eterni (see Figure 1), these δv/v perturbations are not observable probably because its carbonatic structure 
is less massive than that at the southern bound, and lies on top of more impermeable formations (Sauro 
et al., 2013). These latter karst structures present limited confined-aquifer characteristics and facilitate that 
any excessive water drainage in their system to contribute to surface run-off at the mountain sides rather 
than to produce sufficient increase of pore pressure at the depths corresponding to the frequency band in 
our analysis.

5.  Discussion
In this study, the temporal evolution of δv/v measurements match the strain evolution observed in the area 
and explained through hydrological modeling of water-content variations. According to the depth-sensi-
tivity analysis, the observed hydrological variations affect crustal levels deeper than described in similar 
studies (Clements & Denolle, 2018; Lecocq et al., 2017). The characteristics of the karst system in this area, 
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Figure 4.  Relation of rainfall precipitation versus seismic-velocity perturbation at the study area. (a) Kriging result from 30-day cumulated precipitation 
measurements from pluviometric stations (colored circles) on October 25, 2018. (b) Same as in (a), on November 12, 2018. (c) Same as in (a), on November 25, 
2018. (d) Comparison between geodetic (strain) and hydrological (variation in groundwater content) observations, and the relative seismic-velocity variation 
at network scale obtained from the 4-year data set. Vaia storm is highlighted (cyan ellipse). (e) Horizontal ground displacements measured at the GPS stations 
(colored squares) during Vaia storm. (f) Averaged mapping result of the relative seismic-velocity variations (δv/v) with ten stations (yellow triangles) on October 
25, 2018 over the previous 7 days. (g) Same as in (e), on November 12, 2018. (h) Same as in (e), on November 25, 2018.
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comprising a large stratigraphic sequence and developed across a tectonic thrust, brings faulted contacts in 
depth to be exposed to effective pore-pressure variations from the aquifer-section lying above it (Filippini 
et al., 2018). The aquifer structure includes significant topographic elevations where geodetic studies quan-
tified (horizontal-) strain cycles linked to the groundwater-content variation (Serpelloni et al., 2018), thus 
validating the confinement properties of the karst aquifer. This means that the karst allows a large storage 
during episodes of hydrological recharge in confined conditions which in turn enables the transmission of 
large pore-pressure changes in depth. Therefore, this case reveals the signficant role that hydrology can play 
in the study of tectonic-stress adjustments in karst environments and consider the possibility that this depth 
range could extend to different geological settings (Poli et al., 2020; Wang et al., 2017). Besides, the depth 
levels that our δv/v result represents correspond to the top seismogenic depth range in the area (from 3 to 
4 km depth, Romano et al., 2019). This feature can confirm the role that hydrological-loading variations can 
play in stress control for deeper seismogenic levels in this study area (Pintori et al., 2021).

The use of ambient-noise cross-correlation analysis for monitoring seismic-velocity changes has increased 
in popularity in the foretelling of volcanic eruptions (Brenguier, Shapiro et al., 2008) which in turn moti-
vates the application of this technique in the study of earthquake preparatory phases. In this case we show 
that hydrological processes generate seismic-velocity perturbations of such large magnitudes that can lead 
to misinterpretations especially before earthquake occurrences. Therefore, seismic studies regarding key 
inferences on the tectonic-stress adjustments must correct for the hydrological effects, and could profit from 
geodetic measurements and hydrological modeling in order to quantify them (Budi-Santoso & Lesage, 2016; 
Rivet et al., 2015; Sens-Schönfelder & Wegler, 2006; Wang et al., 2017).

The application of imaging techniques can lead to a better understanding of karst-aquifer structure and 
dynamics. In our study we obtained mapping results of the seismic-velocity perturbation in agreement with 
the geological structure of the study area yet employing a simple imaging kernel: considering the scattering 
properties as being homogeneous throughout the medium is a rather delicate assumption. A more accurate 
approach implies the use of scattering imaging kernels for inhomogeneous media in order to account for the 
lateral geological variations of the study area.

6.  Conclusions
Ambient noise has been successfully employed to monitor groundwater-content variations in a tectonically 
active area. Our analysis confirmed the identification of transient variations in the crust’s elastic properties 
that are not related to local seismicity or other tectonic processes (e.g., aseismic deformation). Geodetic 
and hydrological observations confirm that the seismic-velocity perturbations are caused by the recharge/
discharge cycles in the karstic aquifers. Moreover, we constrained the depth range of the hydrologically-in-
duced perturbation to the carbonatic formations (within the first 4 km of depth). The spatial distribution 
of the main δv/v variations may not correspond to the major rainfall locations suggesting that geological 
formations at the surface play a relevant role in the δv/v response to hydrological loading, especially karsti-
fied formations.

Data Availability Statement
The seismic data used for this work are freely available at the OGS Archive System of Instrumental Seismol-
ogy—OASIS (Priolo et al., 2015; Working Group OASIS, 2011).
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