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Abstract: The limestone islands of Malta face high levels of water stress due to low rainfall over a
small land area and a high population density. We investigate an innovative, cost-effective approach
to groundwater monitoring in an island environment by computing auto- and cross-correlations of
ambient seismic noise recorded on short-period and broadband seismic stations. While borehole
readings give accurate site-specific water level data of the groundwater across the islands, this
technique provides a more regional approach to quantitative groundwater monitoring. We perform
the moving window cross-spectral method to determine temporal changes in seismic velocity (0v/v).
Comparison of the dv/v with groundwater levels from boreholes and precipitation shows comparable
patterns. We find that the variations of the dv/v from auto-correlations are more pronounced than the
cross-correlation, and that short-period seismic stations are also sensitive. The d0v/v signal deteriorates
at longer interstation distances, presumably because paths traverse complex geology. We conclude
that changes in the groundwater level found beneath very small islands, even as small as 3 km?, can
be detected seismically. Low-cost, easy-to-deploy seismic stations can thus act as an additional tool
for groundwater monitoring, especially in places with limited natural water reservoirs, like rivers
and lakes, and infrastructure.
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1. Introduction

Small islands typically face critical challenges in maintaining a regular supply of
freshwater. The land limitations and morphology of small islands usually result in much of
the rainwater being lost immediately as runoff through valleys. Alternatively, freshwater
can be extracted from aquifers. Depending on the water demand, groundwater can easily
face over-extraction and thus requires constant monitoring, typically using a borehole
piezometer, which is a device that can measure groundwater level as a function of varying
water pressure in underground rock pores.

Piezometric networks, consisting of several wells (boreholes) tapping into a ground-
water body, are essential tools for direct and accurate measurement of the quantitative and
qualitative status of groundwater [1,2]. However, the groundwater level variations are
specific to the location of the piezometric wells in the network [3] and may not necessarily
represent the dynamics of the area between the wells. A large number of sampling points
(piezometric wells) would be required to adequately monitor the water level changes of
a groundwater body [2]. This will likely incur significant costs to set up and maintain
and require extensive planning to design the optimal monitoring network [1,4]. Despite
the costs involved, groundwater monitoring is important because it allows for the early
identification of negative trends and the introduction of remediation strategies before the
state of the groundwater body deteriorates any further [5].
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Alternative groundwater monitoring techniques have been established, such as the
use of global positioning system (GPS, e.g., [6-8]), interferometric synthetic-aperture radar
(InSAR, e.g., [8-10]), and gravity measurements from satellites such as the Gravity Recov-
ery and Climate Experiment satellite (GRACE, e.g., [11-14]). Using GPS for monitoring
surface displacements can measure groundwater changes with good temporal resolution
but limited spatial resolution [6-8]. Surface displacements measured by InSAR indicate
groundwater changes at a high spatial resolution but at a weak temporal resolution [8-10].
Utilizing the GRACE satellite for obtaining gravity measurements has proven its sensitiv-
ity to changes in water masses at large wavelengths only, but not at the more important
shorter wavelengths that are related to local changes (e.g., [12,14]). Another disadvantage
of this technique is that the gravity measurements suffer non-uniqueness between aquifer
depths and water mass (e.g., [12,14]). Nonetheless, the use of other, different geophysical
techniques to obtain spatio-temporal groundwater data can be a complementary option
to monitoring groundwater via borehole readings, especially if the latter are absent in
the region [15].

In recent years, seismic data have been proposed as a new, cost-effective tool to
monitor groundwater (e.g., [16]). The analysis of ambient seismic noise recorded on a
seismic network can provide information on the shallow seismic wave velocity structure
beneath the network, which, in turn, is influenced by the water content and distribution.
Water-saturated rocks have an increased pore pressure, which leads to the opening of cracks
in the rock [17]. This reduces the contact area between different grains of rock, leading
to a decrease in shear-wave velocity [17]. Thus, variations in the seismic speed reflect
changes in the medium through which the seismic waves are passing, such as from changes
in groundwater content (e.g., the replenishing and depletion of aquifers due to seasonal
effects or anthropogenic intervention (e.g., [18,19]). Such an alternative method can assess
the groundwater to a greater extent and may provide a broader picture of the subsurface
groundwater level and dynamics.

This phenomenon has been successfully shown in different locations, such as in the
mountain region of the Himalayas [20], the Grafenberg Array, Germany [21], the Pont
Bourquin landslide in the Swiss Alps [22], San Gabriel Valley Basin, California [16], the
groundwater basins in California [19,23], the Gulf Coast Aquifer System of southern
Texas [24], the Crépieux-Charmy water exploitation field in the alluvial plain of the Rhone
River, France [25,26], the Reykjanes Geothermal Reservoir, Iceland [27], Merapi volcano,
Indonesia [18,28], and across Japan [29]. Small islands such as Malta are different from these
locations because many have no lakes or rivers and may also have low rainfall. Moreover,
many islands are typically surrounded by saline water, which interacts with groundwater
to a certain extent.

Here we demonstrate this technique by presenting a case study for Malta, a small
archipelago in the center of the Mediterranean (Figure 1) that has a long history of water
management. The Maltese islands are made up of a sedimentary sequence of limestones
and clays of late Oligocene to late Miocene age (~33-35 Ma). Malta is deemed the European
country facing the highest stress on its water resources [30], with a semi-arid climate of
approximately 550 mm of annual rainfall [31]. The three islands of Comino, Gozo, and
Malta have land areas of 3.5, 67, and 246 km?, respectively, the latter hosting the main in-
dustrial /economic activity and having a high population density of 1867 persons/km? [32].
In addition to the almost 0.5 million residents, a high number of tourists visit the islands,
with a record of 2.6 million in 2019 (pre-COVID-19 outbreak, [33]), adding to the stress
of groundwater abstraction and de-salinization plants [34]. It must also be taken into
consideration that 80% of the water used in the Maltese agricultural sector is directly
abstracted from groundwater resources [35], via boreholes or underground galleries [30].
The groundwater of the Maltese islands is managed by a network of boreholes that record
the water levels in the aquifers.
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Figure 1. Seismic stations across the Maltese islands. Red triangles are broadband seismic stations
from the Malta Seismic Network. Orange triangles are short-period seismic stations from the FAST-
MIT temporary network. Bottom left inset map shows the location of the borehole and meteorological
stations. Top right inset shows the location of Malta on a regional map.

In this study, we determine temporal variations in seismic velocity across the islands
and compare the changes with groundwater levels from local wells. We test different types
of seismic instruments and take the opportunity to test the method on the small island
of Comino. Finally, we discuss the advantages and disadvantages of this method and
emphasize the need for careful interpretation.

1.1. Ambient Seismic Noise Correlations

Ambient seismic noise is constituted by a series of random, continuous signals
(e.g., [36-38]) in the Earth’s surface and shallow rock layers. Natural sources of ambi-
ent noise generally contain seismic waves with a frequency of less than 1 Hz [39,40]. Ocean
microseisms are typically observed at 0.05-0.3 Hz (e.g., [41]). At frequencies from 1-5 Hz,
noise can be natural and/or cultural, while at frequencies higher than 5 Hz, noise is of
cultural origin [39,40]. Techniques using ambient seismic noise have demonstrated their
applicability in varying contexts, such as imaging and monitoring of the subsurface.

In general, studies relating to seismic ambient noise involve the cross-correlation
function (CCF) of two time series of random ambient noise recorded from two seismic
stations at the same time. The CCF corresponds to the Green’s function of the medium
between the sensors [42—48]. If one of the sensors is considered to be an impulsive source,
the retrieval of Green’s function between two sensors yields the impulse response of
the Earth recorded at the other sensor [49]. Cross-correlation of ambient seismic noise
is a powerful tool for imaging the Earth’s interior on a local, regional, or global scale
(e.g., [38,46,50-57]).

The delay times of Green’s function may change because of either a sudden change
in the position of the noise source or scatterers or changes in the medium velocity [58],
leading to variations in the CCF. Studies investigating changes in seismic velocity to
analyze the crustal dynamics of the Earth have been conducted, such as in the context
of volcanoes [18,59], and in response to volcanic eruptions [60-63], earthquakes [29,64-67],
ice sheet melts [68], landslides [22,69], and wastewater injection [70]. Several factors
are known to alter seismic wave speeds at shallow depths, such as seasonal variations
from air temperature changes [19,71-73], precipitation [18,19,29,73,74], and long-term
seasonal variations of climatic origin [21]. Essentially, variations in the speed at which these
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waves travel are determined by changes in the medium through which they propagate.
Consequently, changes in groundwater can alter the seismic wave speed [18,19].

In the case of subsurface water, a shear-wave velocity decrease is accompanied
by a P-wave velocity increase as water has higher seismic velocities in saturated lime-
stone (e.g., [75]). Nevertheless, measurements from noise cross- and auto-correlations
show a decrease in seismic velocity. Scattered body and surface waves contribute in dif-
ferent proportions to the seismic noise response and measurements of seismic velocity
changes; however, the strongest contributions come from the lowered shear-wave velocities,
likely because surface waves are more sensitive to shear-wave structure than to P-wave
and density.

Determining changes in the CCF of real-time data from seismic stations can be utilized
to continuously monitor and investigate the medium between the sensors [58]. Thus,
monitoring for changes in seismic velocity can act as a complementary tool to groundwater
level monitoring in medium-sized aquifers (e.g., [16]). One key advantage of this technique
is that it does not depend on the occurrence of active seismic sources such as large vibrators
or explosions (e.g., [37]) or earthquake activity to produce results since ambient seismic
noise is continuously present [43,58].

Besides CCFE, we also compute noise auto-correlations. Auto-correlations are cross-
correlations where both time series are the same, that is, the interstation distances are
decreased to zero and the two stations are the same. For diffuse wavefields, noise auto-
correlations provide zero-offset Green’s functions in full analogy to the CCF. The zero-offset
Green’s functions consist basically of the zero-offset seismic reflection response. The
principle goes back to Claerbout [76], who demonstrated for one-dimensional (1-D) media
that the full reflection response can be obtained from the auto-correlation of a plane wave,
which transmits the reflecting structure from below. This finding has been extended to
three-dimensional (3D) media, e.g., Wapenaar [77].

In any case, auto- and cross-correlations provide structural noise responses, which
can be used for monitoring underground variability, such as that caused by water level
changes in the aquifers. Here we process the CCF of seismic data available across Malta to
investigate temporal changes in seismic velocity as an indication of the variability of water
in underground rocks.

1.2. The Geological and Hydrogeological Setting of the Maltese Islands

The geology of the Maltese islands follows a five-layer cake-like sequence, consisting
of the Lower Coralline Limestone (LCL), the oldest formation, followed by Globigerina
Limestone (GL), Blue Clay (BC), Greensand, and the youngest formation, Upper Coralline
Limestone (UCL) (Figure 2). The LCL is a hard, dense, and semi-crystalline limestone
reaching thicknesses of 140 m in vertical cliffs in south-west Gozo and 100 m in western
and southern Malta. This is overlain by GL, which outcrops in large areas of southern and
central Malta and Gozo. GL is composed of soft and fine-grained sediment and reaches
thicknesses of 207 m in southern Malta and 23 m in southern Gozo.

The next formation in the sequence is BC, consisting of deep-water formations of
marls, clays, and silty sands in alternating pale grey and dark grey colors. The BC has
been significantly eroded in the south and east of Malta, and thicknesses of approximately
75 m have been recorded in Northern Gozo and the western coast of Malta. Greensand,
underlying the following UCL formation, is coarse, thickly bedded, bioclastic limestone rich
in glauconite. Although it is generally observed as a layer that is a few centimeters thick,
a noticeable thickness of approximately 11 m is found in Gozo. The youngest formation,
the UCL, is like the LCL in terms of the content of coralline algae and color. The UCL can
be observed as either highly competent or, at times, more fractured. Outcrops of the UCL
occur in all the islands, where they are the most developed in east-central Gozo, at Comino,
and in the west and north of Malta. Comprehensive descriptions of the lithostratigraphical
sequence of the Maltese islands can be found in [78-88]. As can be observed from Figure 2,
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a W-E divide in geological outcrops exists, distinguished by GL in the south of Malta and
the UCL/BC in the west and north of Malta.
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Figure 2. Geological outcrop map of the Maltese islands. Legend shows the color-coded sequence of
geological layers found in the Maltese islands, ranging from the oldest formation of Lower Coralline
Limestone (LCL) to the youngest formation of Upper Coralline Limestone (UCL) [89]. The Mean
Sea-Level Aquifer (MSLA) is found beneath all the land mass. The perched aquifer occurs where the
Upper Coralline Limestone is present on top of the Blue Clay formation in the rock strata.

Groundwater resources in the Maltese islands are of two typologies: the perched
aquifer and the mean sea-level aquifer (MSLA) [34,83,90-94]. The perched aquifer occurs
where the BC formation, acting as an aquiclude, is present in the rock strata, which coincides
with where UCL can be observed in the geological outcrop map in Figure 2. The MSLA is
evident almost throughout the whole extent of the islands. Our focus here is the MSLA.

2. Materials and Methods

We combine the seismic data from the permanent broadband stations of the Malta
Seismic Network (MSN) [95] with the temporary short-period stations of the FASTMIT
experiment [96] for the years 2016-2021. Figure 1 shows the location of the seismic stations
from the two networks. The data from the permanent network, which consists of combina-
tions of STS-2, Trillium 120PA, and Trillium Compact seismometers, spans from 2016 to the
end of 2021, while the temporary stations, using Lennartz 1 Hz seismometers, were only
operational for about 14 months, from the end of July 2017 to October 2018.

The vertical (Z) component data was preprocessed by demeaning, tapering, and merg-
ing into 1-day-long traces, which were then band-pass filtered and decimated or down-
sampled. Power spectral density (PSD) analysis (e.g., McNamara and Buland [97]) was used
to determine the filter bands to be used for analyzing the seismic data
(Figure 3). It was found most appropriate to have two filters, one for the broadband range at
0.1-1.0 Hz and one for the short-period stations at 0.3-3.0 Hz.
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Figure 3. Example of the spectrum of ambient seismic noise recorded on broadband station MSDA.
The recorded noise in the 0.1-10 s periods are typical of cultural noise and ocean microseisms. Longer
periods are from seismic surface waves. The color bar represents the density of the PSD curves in
percent. The two graphs show spectral differences between winter 22 December 2017 (left) and
summer 22 June 2018 (right) days. Gray curves represent the global low and high noise models [97].

We run the correlation functions using the software package MSNoise [58]. MSNoise
takes 30 min time windows of noise recorded at each station and correlates it with the
noise recorded at the other stations. The noise is correlated in both left and right directions
to produce a bilateral CCF, with an impulse in the negative and positive time lag. The
time windows are processed in 15 min steps, thus resulting in 96 CCFs for each day that
are stacked together to represent a single day. Figure 4 shows an example of the cross-
correlation for stations XLND and FM04. We also processed auto-correlations, which are the
same as cross-correlation but with the noise recorded by a single station being correlated
with itself [98]. Thus, the CCF from an auto-correlation represents the ground below
the station.

Seismic noise

Cross-correlation

function
== From XLND to FM04 From FMO04 to XLND sl

Multiple CCF
For a single day

Figure 4. Schematic showing the cross-correlation (represented by the five-pointed star) between
2 stations, XLND and FM04, located on the island of Gozo. A 30 min time window of seismic noise
recorded at the two stations simultaneously is cross-correlated to produce a Green’s function (CCF)
sensitive to the area between the stations (red shade). Similar CCFs are calculated every 15 min and
stacked to produce 96 CCFs (overlaid grey curves). The black curve is the stacked CCF representative
for a single day.
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To determine changes in seismic velocity over time, the “current” CCF (or better called
correlogram) is compared to a reference correlogram, which is the averaged background
representation of the medium being studied [43]. Here, the reference correlograms are
computed by averaging all the CCF data available for each station pair (Figure 5). Each
reference correlogram peaks in the causal and acausal time lag. As the interstation distance
increases, the time lag of the peaks in the reference correlogram also increases. The red,
green, and blue lines in Figure 5 indicate the moveout velocities of ballistic waves. The
reference correlograms at an interstation distance of 0 km are from auto-correlations. It can
be observed that the plot is symmetric, suggesting that the ambient seismic noise recorded
by the stations is isotropic and that the ocean microseism noise sources are from random
and equally distributed sources and directions. This is likely due to the fact that Malta is
an island.

Interstation Distance in km

-100 =50 0 50 100
Time Lag (s)

Figure 5. Reference correlograms (CCFs) for different interstation distances (km) against time lag (s).
The red, green, and blue lines indicate the velocity of ballistic waves. The correlation functions at an
interstation distance of 0 km are from the auto-correlations. The symmetry of the plots indicates that
noise recorded by the stations is isotropic.

We determine variations in seismic velocity from the CCFs by using the moving-
window cross-spectral (MWCS) technique, which operates in the frequency domain [43,99].
One key advantage of the MWCS is that the coherent signal bandwidth in the CCF can
be distinctly interpreted in the frequency domain [43], unlike other methods in the time
domain (e.g., [18,66]). The MWCS essentially determines the difference between two
correlograms in the form of time delay, phase, and coherence properties. The difference
between the current (e.g., Figure 4) and reference correlograms (Figure 5) is typically
very small and practically invisible to the eye. Delay times (dt) are in the order of 1%
or less. Assuming that, to a first-order approximation, a stress field perturbation acts
homogeneously over the region sampled by the cross-correlated seismic noise, the seismic
velocity perturbation dv/v within that region will also be homogenous and is directly
proportional to —dt/t. A detailed description can be found in Clarke et al. [43] and is
implemented in MSNoise [58].

The dv/v (%) for each day is plotted as a time series (e.g., Figures 6-9). The axis of the
dv/v is inverted to help visualize the relationship between the change in seismic velocity
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dv/v (%)

dviv (%)

and the changes in water level from nearby boreholes measured in meters above the mean
sea level (MSL). As the water level increases, the change in dv/v is expected to be negative
due to an increase in pore pressure in the grains of underground rocks. The scattered daily
plots can be seen to have a seasonal (sinusoidal) pattern, better represented with a rolling
average. We also plot precipitation data from the closest meteorological station since this is
the main source of supply to the aquifers.
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Figure 6. Changes in seismic velocity (0v/v) for station pair XLND-FM04 and water level data. The
red and green curves represent a 30-day rolling average of the dv/v (%) and of the water level (m
above MSL) from a nearby borehole, respectively. Each red scatter point represents a one-day measure
for the 6v/v, and each green scatter point is from a 30 min measurement for the water level data.
The blue bars are precipitation measurements from a nearby meteorological station. The light blue
shading in the background indicates the winter months (21 September-21 March).
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Figure 7. Selected examples showing changes in seismic velocity (dv/v) from the cross-correlation.
See Figure 6 for plot details.
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Figure 6 for plot details.
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Figure 9. Changes in seismic velocity at station WDD since 1995. See Figure 6 for plot details.

To improve the CCF signal, two or more days were further stacked to represent daily
measures. The more stacking days used, the better (clearer) the signal-to-noise ratio of the
CCF. However, this will result in smoothing the daily changes and, in turn, lowering the
temporal resolution of the data. Hence, a two-day stack was generally deemed a good
compromise. Similarly, the rolling average run on the scattered seismic and borehole data
acts as a smoothing factor, whereby more days will reduce perturbations. A 30-day period
was chosen to examine robust monthly patterns (Figures 6-9).
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The processing was tested on the three components of the seismic data: north, east,
and vertical. All three components showed similar results, for example, similar reference
correlograms (Figure 5). We therefore opted to further process the data using the vertical
component only, which is also considered the component that is the least affected by
anthropogenic, very near noise. We also computed the dv/v using the two filter bands
0.1-1 Hz and 0.3-3 Hz, both showing consistent correlograms. These and other tests, such
as different rolling-average windows, are discussed in detail in Laudi [100].

The water level at the MSL aquifer was acquired from 13 boreholes that are part of
the groundwater monitoring network of the Maltese islands managed by the Energy and
Water Agency (Figure 1). Water level data from 20162020 were collected every 30 min
using water level shaft encoders fitted with data loggers (Thalimedes, OTT [101]), which
serve as automated water level monitoring equipment. Meteorological data from 6 stations
operating from 2017-2020 was obtained from the MetOffice of the Malta International
Airport (Figure 1). Precipitation, temperature, and atmospheric pressure data were acquired
every hour. This data is plotted together with the results to aid the visual examination of
our observations (Figures 6-9).

3. Results

We present time-dependent seismic velocity changes from auto- and cross-correlations
of ambient seismic noise from the MSN and the FASMIT seismic networks in Malta. In
total, 12 auto-correlations and 66 cross-correlations were processed. Figures 6 and 7 show
examples of dv/v from cross-correlation between broadband-broadband stations (CBH9-
QALA and CBH9-MELT), between broadband-short period stations (XLND-FM04, WDD-
FM06, MSDA-FMO02, and QALA-FM04), and between short period stations (FM01-FM02).
Figures 8 and 9 show examples of dv/v from auto-correlation (MSDA, XLND, MELT,
CBHY9, WDD, FM04, and FMO06). The dv/v of all the plots shows seasonal summer-winter
variations, with patterns visually comparable to the changes in the water level at the
MSL and occurrences of precipitation recorded from nearby boreholes and meteorological
stations, respectively.

Since only one year of data is available for the FASTMIT stations, annual variations in
cross-correlations of short-period stations cannot be studied; however, a seasonal variation
in the dv/v can still be noted. For example, for pairs XLND-FM04, WDD-FM06, MSDA-
FMO02, QALA-FM04, and FMO01-FMO02, the positive change in the dv/v values at the end of
summer 2018 matches the values found at the end of summer 2017, coinciding with the
decreases in the water level (Figures 6 and 7). This good agreement gives confidence in the
data processing, particularly for the FASTMIT stations, which are low-cost, short-period
instruments and are easily deployed.

A similar situation for short-term data is with station CBH9, on the small island of
Comino, which experienced a power outage. In this case, during the winter of 2018, the dv/v
decreased, matching the values of the previous winter and coinciding with precipitation
and the increase in water level during the winter season (Figure 7).

Auto-correlations from the permanent stations provide longer time series (Figures 8 and 9).
The annual patterns are clearer and show consistent trends that match borehole data and
precipitation patterns. The amplitudes of the dv/v from the auto-correlations are also
larger than the cross-correlation, about 1% in contrast to ~0.4%, thus rendering the auto-
correlations more sensitive. In Figure 9, the annual dv/v changes of the long-running
seismic station WDD are shown from 1995. The annual seismic velocity changes are very
clear and are consistent with the borehole and precipitation data from 2016-2020. This
gives us some quality assurance on the earlier seismic data, which is not compared.

4. Discussion

The results demonstrate that seasonal and annual changes in groundwater levels
can be detected by changes in seismic velocity (dv/v) for small limestone islands such as
Malta, particularly the island of Comino, which is only 3.5 km? in area (station CBH9).
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This is important as most studies that have detected seasonal changes in the 5v/v so far have
been from large groundwater basins [16,23,24], complex aquifer systems [21], volcanoes [18,28],
mountain regions [20], geothermal fields [27], groundwater exploitation fields [25,26],
larger islands [29], and volcanic islands [41]. Malta has relatively smaller aquifer sys-
tems; it is surrounded by saltwater at close distances; and it has no rivers, lakes, or
mountain regions.

The methods work for both cross- and auto-correlation functions of ambient seismic
noise, the latter being more sensitive (larger change in dv/v) (Figures 7 and 8). Two types of
stations were investigated: broadband from the MSN and short period from the FASTMIT
network, and they show that both stations can provide sensitivity to the dv/v when taking
appropriate filters into consideration. Moreover, our results show that a combination of
both types of instruments can be used, which is convenient when deploying temporary
networks in conjunction with permanent networks.

The seismic data can also be used to investigate long-term patterns of groundwater.
Here we process all the data from the seismic station WDD, which has been in operation
since 1995. The change in velocity is seen to oscillate consistently between the winter and
summer seasons (Figure 9). When groundwater data is not available, such a “proxy” can be
considered for modeling; however, one must consider a number of factors and limitations
discussed here.

The agreement between the temporal variation of dv/v and the borehole water level
is not always consistent. In some cases, the dv/v follows the water level closely (e.g.,
Figure 8, MSDA), while in other cases, the agreement is not as evident. The relationship
between seismic velocity and precipitation, water percolation into the rocks, and the water
table can be complex. One has to take into account many factors such as rainwater runoff,
permeability and infiltration of the rocks, depth of the aquifer, distances between the
seismic stations, the meteorological station, and the borehole, strong water anomalies near
the borehole, and that the seismic and water level sensors undergo periods of unreliability.
Perhaps the most important is the heterogeneity in the geology of the area; in the case of the
Maltese islands, it is characterized by normal faults, which may also influence the dynamics
of the changes in seismic velocity and groundwater level. It could also be that water level
changes are not the sole reason the dv/v varies seasonally, and other geo-environmental
considerations, such as meteorological phenomena (e.g., air pressure and temperature),
may play a role. For these reasons, finding a single statistical correlation between the
changes in seismic velocity and the water level data may not be useful. Nevertheless, the
clear seasonal variation of our results gives us confidence that dv/v may conceptually act
as a suitable proxy for monitoring groundwater levels in small islands such as Malta and
in places where borehole measurements are sparse.

Here we discuss some further issues related to the performance of the method and the
comparison of the dv/v with the nearest borehole water level, interstation distance, rainfall,
seasonal air temperatures, atmospheric pressure, and geological issues.

4.1. Station Problems: Power Outage and Timing Issues

Before interpreting changes in seismic velocities, it is essential to identify errors in
the performance of the seismic stations. Gaps in the data availability highlight some
problems at the station, such as a power outage or a station shut down for maintenance.
This is reflected in the CCF daily time plots (Figure 10) and the computed dv/v from the
correlations (e.g., CBH9, QALA, and WDD stations) (Figures 7 and 9).

Station timing errors are the most difficult to identify and the most crucial for the
MWOCS analysis. Plots of daily CCF against time (Figure 10) provide the opportunity to
identify possible timing errors in the data. Timing problems can be visually noted in a
single CCF or noticed when comparing several days, weeks, or months of CCFs, whereby
the CCFs should be asymmetric. Figure 10 shows examples of the CCF against a time lag
plot in the correlograms of MSDA-XLND and XLND-WDD. Shifting of the CCFs suggests
that station XLND has a timing error from mid-2019 until the end of 2021. The timing
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2016.

problems were confirmed by the network operators as a result of issues with the GPS
antenna cable.

2016L

-10

10 20 -20 -10

0 0
Time Lag (s) Time Lag (s)

Figure 10. Examples of timing issues noticed in the daily CCFE. Plots show the daily CCFs for
interstation pairs MSDA-XLND (left) XLND-WDD (right). Red bands highlight areas of shifted
peaks in CCF due to timing errors. Gaps in the daily CCFs are because of a lack of data availability.

Timing problems cannot be identified in the CCF-time lag plots of auto-correlations
because the CCF cancels out such a negligible error when correlating data from the same
day and station. Thus, the dv/v of auto-correlations are still valid and can be used. In fact,
station XLND maintains seasonal changes throughout the dataset when seen through its
auto-correlation function (Figure 8).

4.2. Geological and Hydrogeological Considerations

Interpreting the 5v/v in relation to the water level or volume inside the aquifer requires
good geological knowledge of the area. In principle, the signal of the CCF should not
be dithered by long distances, as can be seen in other studies where the CCF interstation
distance reaches 200 km [19]. However, we note that for the longer interstation paths across
Malta, the seasonal variations in the dv/v are less noticeable, presumably because the paths
tend to traverse more complex geology, different aquifers, or even the sea. Indeed, the
geology at the mean sea level is complex throughout the island. At sea level in the south
of Malta, one finds the LCL, whereas beneath Comino, it is at the UCL and BC layers.
While the stratigraphy remains roughly the same across the islands, the thicknesses of
the layers vary. Different block types adjacent to each other, for example, a thicker GL
block next to a block comprising a thin GL and a thicker UCL at sea level, would yield
a different water infiltration rate and are likely to respond to recharge and discharge at
different rates. Detailed cross-sections of the geology of Malta showing the complex lateral
structures and the hydrogeology dynamics can be found in Barbagli et al. [102]. Thus, one
has to be very careful how to interpret the changes in the seismic velocity, particularly
from cross-correlation, where one station is in a different geological setting than the other.
Station pair XLND-FMO04 is such a case, with XLND located on LCL and FM04 located on
GL. The examples shown in Figure 7 are station pairs crossing the same geological features
and giving good agreement to the nearby boreholes.

In the case of dv/v measurements from auto-correlation, these have a more direct
relationship with the geology and aquifer found below the station. This is probably why the
auto-correlation measurements show good results (Figures 8 and 9). Measurements from
auto-correlation might, however, be complex to interpret if stations are located on top of
multiple aquifers, each having its own recharge/discharge system. Another consideration
is how far away the seismic station is from the coast: the closer it is, the thinner the
freshwater lens, affecting the amplitude of the change in the MSL. This is the case for
station XLND (Figure 8), which is about 300 m away from the sea.

Ideally, the observed changes in seismic velocities can be inferred from a structured
model (1, 2, 3, or 4D). Such modeling will provide valuable information about the structure
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and dynamics of the underlying aquifer. This typically requires a data-model inversion.
Studies to reconstruct velocity-depth structures in the Maltese islands have shown that
seismic velocities (Vp and V) and layer thicknesses can have a wide range of values and
lateral heterogeneity (e.g., [103,104]). Such quantitative, complex modeling requires very
good a priori geological information (e.g., seismic velocities at different depths determined
from nearby cores). The method presented here is qualitative and is meant to demonstrate
the occurrence of groundwater changes.

4.3. Meteorological Considerations

Numerous studies have tested for a correlation between variations in dv/v and sea-
sonal variations of meteorological parameters such as precipitation [20,28,29,71,105], air
temperature [16,19,21,72], and atmospheric pressure [71]. We compare the precipitation,
air temperature, and atmospheric pressure data with the dv/v measurements for sta-
tion WDD (Figure 11). The data show seasonal patterns for all three parameters, as
expected, particularly precipitation and temperature, and show general agreement with
the dv/v from station WDD, the closest seismic station to the meteorological station at the
international airport.
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Figure 11. Meteorological considerations. Graphs show the seismic velocity changes dv/v from
the auto-correlation of station WDD (red scatter) compared to precipitation (vertical blue bars), air
temperature, and atmospheric pressure recorded hourly at a nearby meteorological station located at
the international airport (Luqa).

The amount of water from precipitation that percolates into the underground, shallow
rock layers depends on the degree of surface runoff exhibited in the area. For example,
urban regions tend to exhibit lower groundwater recharge rates (and more surface runoff)
when compared to more agricultural ones due to a higher degree of impervious areas [106].
In agricultural areas, the types of agricultural practices used and soil properties such
as texture, porosity, bulk density, and hydraulic conductivity all determine how much
rainwater percolates into groundwater [107]. Agricultural practices and soil properties
vary from one area to another, which may also contribute to varying levels of surface runoff
and water levels from boreholes. Precipitation events may not have an instant effect on the
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dv/v, as shown by Illien et al. [20]. Additionally, the effect on the dv/v may vary from place
to place depending on the amount of rainfall percolating into groundwater or being lost to
surface runoff in a specific location.

The amount of rainwater percolating into groundwater also depends on whether
rainfall events are constant and gradual or more intense. Gradual rain events would allow
rainwater to steadily percolate through the vadose zone and into groundwater since the
soil would not immediately reach its field capacity. Generally, this is not the case for Malta.
Due to Malta’s rainfall events being mainly torrential, the field capacity of the soil is easily
reached, and this may lead to water stored in the soil pores blocking subsequent rainwater
from percolating down into groundwater (Figures 8 and 9).

Studies that looked at how variations in the dv/v correlate with precipitation found that
peaks in the dv/v coincide with precipitation events (e.g., [29]). A visual agreement between
precipitation events and the variation in dv/v can be seen for most of the correlations
(Figures 7 and 8). Although this is encouraging, a detailed investigation is necessary to
establish the relationship between precipitation and its effect on groundwater levels and
changes in seismic velocity while taking into account the above-mentioned considerations.

Changes in air temperatures may also influence the changes in dv/v in the Earth’s
shallow crustal layers (e.g., [16,19,21,72]). Although air temperature changes affect the
dv/v in the first tens to hundreds of centimeters of the Earth’s crust, these changes induce
thermoelastic strains in the crust [72] that may extend even deeper [73]. A study by Hillers
et al. [71] found that changes in air temperature and thermoelastic strain dominate changes
in dv/v in the shallow crustal layers of an arid region; thus, the effect that atmospheric
pressure may have on seismic velocity changes was considered negligible [71]. Clements
and Denolle [16] concluded that changes in seismic velocity were mainly derived from
hydrological effects rather than thermoelastic strains, or a mixture of both hydrological
effects and thermoelastic strains might determine the changes in seismic velocity in the
medium being studied [21].

The seasonal air temperature changes in the Maltese islands are regular in period
and amplitude (Figure 11), with higher temperatures in the summer periods and lower
temperatures in the winter periods. In general, increases in air temperature coincide with
troughs in the dv/v. However, the v/v have more irregular patterns that seem to relate
to the precipitation, such as in the case of autumn-winter 2019-2020, when it rained less
and the dv/v amplitude was less pronounced. This leads us to believe that the water
content has a larger influence than the temperature on seismic velocity changes, at least in
certain regions.

5. Conclusions

We present time-dependent seismic velocity changes from auto- and cross-correlations
of ambient seismic noise from broadband and short-period stations in Malta. The velocity
changes show annual, seasonal summer-winter variations, with patterns similar to the
water level data from nearby boreholes, where increases in water levels in the winter period
coincide with a negative change in the dv/v, and lower water levels in the summer months
coincide with a positive change in the d5v/v. We find that the auto-correlations produced
larger variations in the dv/v (~1%) than those from cross-correlations (~0.4%) and that
short-period seismic stations are also sensitive. When comparing changes in the seismic
velocities with meteorological observations, we find that the variations coincide more with
the amount of precipitation. This gives us confidence that seismic observations are mostly
influenced by the presence of water in the pores of rocks. We conclude that the method
works for very small limestone islands such as Comino, Gozo, and Malta (3.5-246 km?),
which have a small aquifer system, are surrounded by saltwater at close distances, and
have a semi-arid climate with limited precipitation. Changes in the groundwater level
can be detected using low-cost, easy-to-deploy seismic stations, which can thus act as an
additional tool for groundwater monitoring, especially in places with limited natural water
reservoirs and infrastructure.
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