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Abstract

As the disruption of the water cycle accelerates due to human overexploitation and global warm-
ing, monitoring and managing this resource has become increasingly important. Traditional
satellite or well-based investigations offer a thorough overview of the current state of Earth's
hydrosphere. However, those methods either lack sufficient spatial or temporal coverage. In
recent years, a new branch of seismological applications based on ambient noise seismology
has emerged. Environmental seismology focuses specifically on investigating the continuous
temporal changes in seismic velocities within the subsurface that are related to environmental
changes, such as variations in temperature or hydrology. This concept transforms existing
and future seismic networks into environmental monitoring tools and is therefore a promising
approach to bridging the observation gap between the traditional methods. These networks
can track changes in key parameters such as ocean activity, groundwater depth, soil moisture,
and ice thickness. The sensitivity of seismic waves to these properties provides insight into the
dynamics of rapid changes occurring on our planet. Additionally, this new approach leverages
the growing number of seismic stations and improved station coverage contributing to a more
complete temporal and spatial resolution.

This thesis aims to expand the range of applications of seismic velocity monitoring to the
Earth's hydrosphere. Cross-correlating time series of continuous ambient noise recordings and
stacking the resulting noise correlations makes it possible to extract empirical Green's functions.
Repeating this process provides a means of continuously probing the properties of the shallow
Earth's subsurface down to the crust. Applying the concepts of coda wave interferometry
(CWI) enables the detection and linking of velocity changes with a precision of 1074-1075 to
various parameters and influences. First, we use a dense local seismic array in Germany, and
then regional networks across Central Europe, to focus on periodic relative seismic velocity
changes (dv/v). Throughout our investigations, we discovered that these changes contain
pronounced daily and sub-daily contributions. We linked air pressure fluctuations and their
interaction with groundwater aquifers to changes in seismic velocity to explain our observations.
Systematically investigating this behavior across Europe allowed us to evaluate the vulnerability
of shallow groundwater reservoirs and improve our understanding of how environmental factors
influence seismic velocities.

Furthermore, we extend the purely scientific context to an industrial application, using ambient
seismology to provide tools for sustainable groundwater management and complement tradi-
tional hydrological datasets. We conduct a case study, applying time-lapse seismic tomography
of a controlled pumping test in Austria, and demonstrate that passive imaging can be used for
monitoring and provide continuous, spatial maps of seismic velocities closely linked to satura-
tion changes. These maps offer a powerful complement to point-based well measurements.

These aspects show that ambient seismic monitoring advances our fundamental understanding
of near-surface Earth processes and delivers practical, real-time insights to support water
resource management under the pressures of climate change and human demand.







Kurzfassung

Da der Wasserkreislauf aufgrund der iibermaRigen Nutzung durch den Menschen und der glo-
balen Erwirmung mehr und mehr gestort wird, werden die Uberwachung und das Management
dieser Ressource immer wichtiger. Mithilfe traditioneller satelliten- oder bohrlochgestiitzter
Untersuchungen l3sst sich der aktuelle Zustand der Hydrosphéare der Erde umfassend ermit-
teln. Diese Methoden weisen jedoch entweder eine unzureichende riaumliche oder zeitliche
Abdeckung auf. In den letzten Jahren hat sich ein neuer Zweig seismologischer Anwendungen
herausgebildet, der auf der Untersuchung von Umgebungsrauschen basiert. Die Umweltseismo-
logie konzentriert sich speziell auf die Untersuchung kontinuierlicher zeitlicher Veranderungen
der seismischen Geschwindigkeiten im Untergrund, die mit Umweltveranderungen, wie beis-
pielsweise Temperaturschwankungen oder Veranderungen der Hydrologie, zusammenhangen.
Dieses Konzept nutzt bestehende und kiinftige seismische Netze als Umweltsensoren und ist
daher ein vielversprechender Ansatz, um die Beobachtungsliicke zwischen den traditionellen
Methoden zu schlieBen. Mithilfe dieser Netzwerke kénnen Veranderungen wichtiger Para-
meter wie Meeresaktivitdt, Grundwassertiefe, Bodenfeuchtigkeit und Eisdicke erfasst werden.
Die Empfindlichkeit der seismischen Wellen fiir diese Eigenschaften gibt Aufschluss iiber die
Dynamik schneller Veranderungen auf unserem Planeten. Dariiber hinaus nutzt dieser neue
Ansatz die zunehmende Zahl seismischer Stationen sowie deren verbesserte Abdeckung, was
zu einer vollstindigeren zeitlichen und raumlichen Auflésung beitragt.

Ziel dieser Arbeit ist es, das Anwendungsspektrum der seismischen Geschwindigkeitsiiber-
wachung zu erweitern. Durch Kreuzkorrelation von Langzeitaufzeichnungen des Umgebungs-
rauschens und anschlieRendes Stapeln, lassen sich empirische Greensche Funktionen extrahieren.
Mittels Coda-Wave-Interferometrie (CWI) kdnnen anschlieRend Geschwindigkeitsanderungen
mit einer Prizision von 10~4~107° nachgewiesen werden. Wir verwenden zunichst ein dichtes
lokales seismisches Array in Deutschland und dann regionale Netzwerke in ganz Mitteleuropa,
um uns auf periodische relative seismische Geschwindigkeitsdanderungen (dv/v) zu konzentri-
eren. Im Laufe unserer Untersuchungen stellten wir fest, dass diese Veranderungen ausgepragte
tagliche und untertigige Schwankungen aufweisen. Um diese Beobachtungen zu erklaren,
haben wir Luftdruckschwankungen und ihre Wechselwirkung mit Grundwasserleitern mit
Anderungen der seismischen Geschwindigkeit in Verbindung gebracht. Durch die systemat-
ische Untersuchung dieses Verhaltens in ganz Europa konnten wir die Anfalligkeit flacher
Grundwasserreservoirs bewerten und unser Verstindnis dafiir verbessern, wie Umweltfaktoren
die seismischen Geschwindigkeiten beeinflussen.

Dariiber hinaus erweitern wir den rein wissenschaftlichen Kontext auf eine industrielle An-
wendung, um mogliche Instrumente fiir ein nachhaltiges Grundwassermanagement bereitzus-
tellen und herkdmmliche hydrologische Datensétze zu erganzen. Wir fiihren eine Fallstudie
durch, in der wir seismische Zeitraffer-Tomographie bei einem kontrollierten Pumpversuch in
Osterreich anwenden. Wir zeigen, dass passive Bildgebungsverfahren kontinuierliche, raumliche
Karten seismischer Geschwindigkeiten liefern, die eng mit Sattigungsanderungen korrelieren.
Diese Karten stellen eine wirkungsvolle Ergdnzung zu punktuellen Bohrlochmessungen dar.




Diese Ergebnisse belegen, dass passives Monitoring nicht nur unser grundlegendes Verstandnis
von Prozessen im oberflichennahen Untergrund voranbringt, sondern auch praxisnahe, Echtzeit-
Einblicke liefert, die ein zukunftsfahiges Wassermanagement unter den Herausforderungen des
Klimawandels und steigender Nachfrage unterstiitzen.
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Introduction

1 Introduction

1.1. Motivation for this Thesis

Over the past two decades, ambient noise seismology has emerged as an effective and widely
used field within seismology. This approach is based on the principle that the Green's function
can be reconstructed by correlating continuous noise recordings from two individual seismic
stations. The resulting cross-correlation, represents the estimated Green's function between
one station (acting as a virtual source) to another station (the receiver). Thus, this process
reveals valuable information about the medium and its changes as the wavefield propagates
through it. One significant advantage of this method over traditional earthquake seismology
is that it does not require active sources. Instead, it utilizes the continuous presence of
seismic ambient noise, enabling applications such as continuous monitoring and time-lapse
imaging. This independence from earthquakes or active sources has facilitated a wide range
of applications, including observing changes within the (shallow) crust and environmental
monitoring. For example, ambient noise seismology has been used to monitor rock dam-
age caused by earthquakes, assess volcanic activity, and detect changes in subsurface saturation.

These applications require a complete understanding of potential interfering processes that
overprint the desired information. Although, much more advanced in other disciplines, the
origin, strength, and potential removal of environmental effects on seismic velocities is still
under debate and development. This thesis aims to fill existing gaps in the understanding
of environmental effects on seismic velocities and explores the potential of ambient noise
monitoring and imaging within the hydrological context. A deeper understanding of water
resources is becoming increasingly crucial as society faces multiple challenges, including popu-
lation growth, increased industrial activity, and the impacts of climate change, factors that
collectively intensify the demand for water. Although water availability is not currently a
critical issue in the northern hemisphere, effective and sustainable water management and
monitoring methods will be essential to ensure that this remains the case in the future.

The research presented in this thesis begins with an investigation of daily and sub-daily seismic
velocity changes beneath a small seismic array, focusing on the influence of atmospheric
pressure changes on seismic velocities. By scaling this analysis to a larger context, we were
able to utilize sub-daily seismic velocity changes to infer the vulnerability of water reservoirs,
an assessment traditionally limited to localized, point-based measurements. To bridge the
gap between purely scientific observations and industrial applications, the thesis concludes
with a case study involving the monitoring of a groundwater pumping test using time-lapse
tomography. By combining seismic techniques with hydrological observations, this thesis opens
up new possibilities for transforming seismic data into practical tools for understanding the
environment under rapidly changing conditions.
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1.2. Outline

The core of this thesis is built around three manuscripts:

e "Interaction of Air Pressure and Groundwater as Main Cause of Sub-Daily
Relative Seismic Velocity Changes" by Kramer et al.[(2023) published in Geophysical
Research Letters (GRL). This paper presents a novel observation of strong sub-daily
periodicity in seismic velocities from high temporal resolution monitoring and introduces
a first simple explanatory model (see chapter [3)).

¢ "ldentifying large vulnerable water reservoirs using passive seismic monitoring"
by |Kramer et al. (2025) published in Earth and Planetary Science Letters (EPSL).
Building on the first paper, this study explores regional variations in periodic seismic
velocity changes and their implications (see chapter [4)).

e "Monitoring Groundwater Pumping Using Time-Lapse Tomography from Ambi-
ent Seismic Noise" by Kramer et al. (2025) submitted to Water Resources Research.
This research focuses on monitoring groundwater pumping tests and examines the
potential of ambient noise monitoring in applied hydrological contexts (see chapter [5)).

To establish a foundation for the concepts and methodologies discussed in this thesis, Chapter 2]
introduces the field of ambient noise and environmental seismology. It covers the fundamental
principles of ambient noise monitoring and imaging, along with recent developments that have
led to this research. The final chapters provide an overview of the unresolved questions and
potential directions for future studies, as well as a summary of the thesis.
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2 Utilizing Ambient Seismic Noise to Monitor En-
vironmental Processes

This chapter establishes the theoretical foundation for the research presented in this thesis. It
begins by explaining the term ambient noise and its origin. Next, it introduces the concept
of noise interferometry and demonstrates the relationship between cross-correlation and the
Green's function. The principles of seismic imaging and relative seismic velocity monitoring
based on ambient noise are then presented. Finally, the chapter explores the emerging field of
environmental seismology and outlines the research questions that frame this thesis.

2.1. Ambient Seismic Noise

The term ambient seismic noise refers to the persistent background wavefield generated by
a variety of natural and anthropogenic mechanisms (Nakata et al., [2019). In seismometer
records, this noise appears as low-amplitude signals present continuously before, during, and

after earthquakes (see Fig. [2.1).
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Figure 2.1.: A seismogram recorded close to the city of Vienna (OE.VIE). a) Daily record of
the 7th of January including earthquake and noise records. b) Recorded P-, S-
and surface wave arrivals of an earthquake in the Southern Tibetan Plateau. c)
Zoom into the noise record of the seismometer. Note the decaying amplitudes
in the nighttime compared to the afternoon.
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Although the term ambient noise is widely used today, it is important to differentiate between
its various source mechanisms. The origins of seismic noise can be broadly classified into three
categories based on the period of the waves they generate: short-, mid-range, and long-period
noise.

Short-Period Noise (0.1-1 s) is predominantly driven by anthropogenic sources, such as
human activities. Common contributors include cars, trains, wind turbines, and industrial
machinery, through which energy is coupled into the subsurface. The period band for anthropo-
genic noise typically falls within 0.1 to 1 s (Nakata et al., 2019). This type of noise exhibits clear
daily and weekly cycles, closely reflecting human behavior and routines (Lecocq et al., [2020).
During extraordinary global events, such as the COVID-19 lockdowns, significant reductions
in short-period noise were observed, highlighting the impact of human activity on the ambient
seismic wavefield (Lecocq et al., 2020). In addition to human activities, short-period noise can
also be driven by natural phenomena, such as wind. Strong winds generate noise by interact-
ing with buildings, trees, and loose debris, effectively coupling surface waves into the subsurface.

Mid-range period noise (1-20 s), is predominantly driven by the interaction of atmospheric
turbulence and oceanic waves with the solid Earth. A notable component of this category is
oceanic microseism, which constitutes a significant portion of the ambient noise field. Oceanic
microseism can be divided into two types:

e Primary microseism (T = 14 s): This occurs when ocean waves directly couple into
the seafloor in shallow coastal regions (Hasselmann, 1963; |Ardhuin et al. [2011). The
energy transfer results in seismic waves that propagate through the Earth's crust.

e Secondary microseism (T & 7 s): This arises when two ocean waves of the same
frequency but traveling in opposite directions interact, forming standing waves. These
standing waves generate periodic pressure variations on the seafloor, which contribute
to seismic noise (Longuet-Higgins and Jeffreys, [1950; |Ardhuin et al., [2015)).

Secondary microseism is particularly significant because it is more energetic than primary
microseism and is generated in deeper waters, making it less dependent on proximity to the
coast. It can propagate over large distances, making them a valuable source of information
for global and regional seismic studies (Ardhuin et al., [2011; |Gualtieri et al., 2013).

Long-period noise (50-300 s), also known as seismic hum, represents the lower-frequency
end of the noise spectrum. The primary sources of seismic hum are ocean infragravity waves
(Webb), 2008} Bromirski and Gerstoft, 2009)). These infragravity waves interact with the
seafloor and induce pressure fluctuations that propagate through the solid Earth as seismic
waves (Rhie and Romanowicz, 2004; |Uchiyama and McWilliams, |2008; |Ardhuin et al., 2015]).

The relative strength of these noise components is typically visualized using power spectral
density (PSD) plots, which quantify noise levels across different frequency bands (Peterson),
1993). Fig. shows a summary of all the effects discussed as well as two examples of PSD
plots for two seismic stations.
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Figure 2.2.: Sources of ambient seismic noise. a) Schematic representation of potential
natural and anthropogenic sources of ambient seismic noise (from
Nissen-Meyer| 2020)). b) Power spectral density plot of records at seismic
stations and the associated source. Additionally, the new low-noise (NLNM)

and high-noise (NHNM) models 1993), are shown as gray lines (from
Nakata et al., 2019).

2.2. Noise Interferometry

After discussing the origins and characteristics of ambient seismic noise, this section explores
how the ambient seismic wavefield can be leveraged to retrieve the Green's function, enabling
seismic imaging and monitoring applications. The theoretical frameworks for Green's function
retrieval rely on the fundamental assumption that the ambient wavefield is equipartitioned, a
state in which all wave propagation modes (e.g., body waves, surface waves) are statistically
uncorrelated, evenly distributed, and carry equal energy. Equipartitioning can occur in two
distinct ways: (1) directly, through the presence of uncorrelated and spatially homogeneous
noise sources, or (2) indirectly, through strong multiple scattering within a medium, which
redistributes energy among all available modes, effectively homogenizing the wavefield. In
practice, perfect equipartitioning is rare. However, empirical studies have shown that the
Green's function can still be reasonably approximated under less ideal conditions, depending
on the density and distribution of sources (Weaver and Lobkis|, [2002; Roux et al., 2005).

Several theoretical approaches establish the connection between the Green's function and the
cross-correlation of ambient noise, such as those based on representation theorems, diffusion
equations, or energy equipartitioning. However, this section focuses on the theory derived from
the summation of normal modes, as presented by |[Lobkis and Weaver (2001). This method
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offers an intuitive framework for understanding how the Green's function emerges from the
noise field through the superposition of wave modes.

The derivation begins with the displacement response of the Earth to a wavefield, expressed
in terms of normal modes:

u(r,t) = Z uZ(r) (@ SID Wit + by, cOS W) (2.1)

where u,,(r) is the eigenfunction of mode m, w is the angular frequency, a,, and b, are

random coefficients that represent the contributions of mode m to the displacement field. As
a first step, the time derivative of Eq. is calculated, leading to:

v(r,t) = Z U (1) (@ COS Wit — by SIN Wik t) | (2.2)
m
which can be understood as the measured velocity response of the Earth due to normal modes.

In the next step, the characteristics of random ambient noise are introduced. We assume that
the coefficients a and b satisfy the following conditions:

(Anam) = E?6pm, (2.3)
(bpbr) = E6pm, (2.4)
<anbm> = 07 (25)

where E,, is the energy of mode m, and d,,, is the Kronecker delta. While Egs. 2.3]-
ensure that the excitation of different modes is uncorrelated, Eq. indicates that the sine and
cosine terms are statistically uncorrelated. In other words, each excited mode is uncorrelated
with the others, and every mode is excited with the same energy (equipartitioning). Currently,
Eq. expresses the noise wavefield at a single position, r4. Now, we introduce another
noise wavefield at position rg. By cross-correlating these two wavefields, we obtain:

CUR(r) = (v(ra, yo(rp, t +7)). (2.6)

This cross-correlation can be represented as a sum of normal modes as follows:

CEHT) = un(ra)um(rp)

X { (An @) cOS Wyt coswp, (t + 7)

(a
(bn
b

)
— (anbm) coswpt sin wy, (t 4 1)
— (bnam)
+ (byby,) sin wy,t sin w,, (t + T)} (2.7)

m) SIn Wyt oS Wy, (t + T)
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We impose Egs. [2.3]-[2.5] on Eq. 2.7} which eliminates the cross-terms (anbs,) and (bnas,).
Using the trigonometric identity:

sin(wmt) sin(wp, (t + 7)) + cos(wmt) cos(wm (t + 7)) = cos(wmT), (2.8)

it further simplifies to:

CYL(r) = B un(ra)um(rs) coswn. (2.9)
m
Now, we compare this with the Green's function. The Green's function, represented by normal
modes for displacement, is given by:

Glrars, )= W sin(wmt) x H(t), (2.10)

where u,,(r4) and w,,(rp) are the eigenfunctions of the mode at the excitation point and the
observation point, respectively. H(t) is the Heaviside function, which is 0 for t < 0 and 1
for t > 1 and w is the angular frequency. Now, we calculate the time derivative of Eq. [2.10,
leading to:

GO (ra,rp, tu) =Y tm(ra)tm(rp) coswnt x H(t). (2.11)
m
If we compare Eq. and Eq. 2.11] we notice that they are identical for positive values of
the Heaviside function.

The concept of reconstructing Green's functions from ambient seismic noise hinges on the
assumption that the noise field is uniformly excited and that the noise sources are statistically
independent. This implies that the ambient seismic wavefield should excite all modes equally,
either through homogeneously distributed noise sources or strong multiple scattering effects.
However, studies indicate that the fundamental mode of Rayleigh waves is most excited in
the ambient noise field (Campillo and Paul, [2003; Shapiro and Campillo, [2004; Bensen et al.,
2007). When ambient noise recorded at two stations is cross-correlated, the reconstruction of
Rayleigh waves is particularly effective, as demonstrated in multiple studies, e.g., Shapiro and
Campillo| (2004)). In contrast, the reconstruction of body waves requires additional processing
due to their weaker excitation (Roux et al., 2005; Boué et al.| [2013). In all cases, convergence
towards the Green's function is increased by using longer data records.

2.3. Applications of Noise Interferometry

After deriving the relation between the cross-correlation of random ambient noise and the
Green's function, this section will explore the applications of noise interferometry, with a
particular focus on imaging and monitoring subsurface changes.
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2.3.1. Surface Wave Imaging

Imaging the Earth’s interior is a key objective for many seismologists. Traditionally, body- or
surface-wave tomography is performed using data from earthquakes. However, this approach
has significant disadvantages, such as sparse and often heterogeneous data coverage, since
strong earthquakes primarily occur along active plate boundaries. As demonstrated in the
previous section, a new approach has emerged in seismology based on the reconstruction of
wavefields from ambient seismic noise. One of the first applications of this approach was
surface wave tomography. As described in Chapter 2.1 most sources of ambient noise are
concentrated near the surface. As a result, surface modes dominate the ambient noise field,
leading to a predominance of surface waves, particularly Rayleigh waves (Toksoz and Lacoss,
1968). In contrast to classical earthquake tomography, the cross-correlations of ambient
seismic noise offer several advantages, such as increased spatial coverage due to the growing
number of seismic stations. Shapiro et al.  (2005)) was the first to demonstrate the feasibility
of surface wave tomography using ambient noise. Since then, numerous studies have been
conducted, ranging from local investigations (Brenguier et al 2007} Stehly et al., [2009) to
continental and even global tomography (Lu et al., 2018} Nishida et al., [2009). The following
outlines the workflow for surface wave tomography based on ambient noise.

The reason surface waves are effective for imaging the Earth's crust is their dispersive behavior.
Dispersion means that both the phase velocity (¢) and the group velocity (U) vary with
frequency (see Fig. [2.3p). This allows inference of information from different depths, as lower
frequencies sample deeper structures, while higher frequencies are sensitive to shallower layers
(Herrmann, (1987; Aki and Richards, [2002)). To exploit this property, a two-step approach is
traditionally used for ambient noise tomography.

In the first step, the dispersion curves are retrieved from the cross-correlation functions. One
method, described by |Dziewonski et al.| (1969) and Herrmann| (1973), involves systematically
filtering the seismic waveform with a series of narrow-band Gaussian filters and analyzing the
arrival times of the dominant energy at different frequencies. This approach effectively maps
the wave energy to a frequency-time domain, helping to reveal the dispersion characteristics
(see Fig. [2.3b). The advantage of this method lies in its robustness and its potential for
automation. Furthermore, it can help identify and separate surface wave modes.

After retrieving the dispersion curves, the first inverse problem is solved to obtain tomographic
maps of group velocities for each period (see, e.g., |Lu et al., 2018). In general, the inverse
problem can be stated as follows (e.g., Snieder and Trampert, |1999):

Gm =d, (2.12)

where G is the forward operator, m is the vector of model parameters, and d is the data vector
(observations). The objective is to determine the model that best explains the observations
based on a given forward operator, which encapsulates the physical principles underlying the
problem. In the context of seismic tomography, the forward operator describes how seismic
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Figure 2.3.: Dispersion analysis. a) Surface waves filtered into different frequency bands
showing different group velocities. b) Dispersion analysis normalized at each
frequency. The blue dots show the picked group velocity and the green dots
show the dispersion picks after applying the frequency re-centering introduced
by Shapiro and Singh| (1999) to account for systematic errors of the multiple
filter analysis.

waves propagate through the medium and how their travel times are influenced by velocity
heterogeneities. An approach to modeling this is the high-frequency approximation of waves
(Aki and Richards, [2002). Under this approximation, the travel time ¢;; of a wave between
two stations ¢ and j is given by the integral along the ray path P;;:

ds
by = /PJ o (2.13)

where ¢(s) is the velocity at position s, and ds is an infinitesimal segment along the ray path.
If the velocity model is discretized into small grid cells where the velocity is assumed to be
constant, the travel time can be approximated as:

L

tij=> #’“ (2.14)

k

where L;; . is the length of the ray path within grid cell k, and c¢;, is the velocity in the k-th
grid cell. This equation states that the total travel time between two stations is the sum
of the contributions from all the grid cells the wave traverses, weighted by their respective
velocity values. Once the forward operator is established, the inverse problem can be solved
to determine the model parameters m. Common methods for this include least-squares
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approximations. However, in practice, the inverse problem is often ill-posed, meaning that
small variations or noise in the data can significantly influence the solution. To address this,
several techniques are commonly applied to stabilize the inversion and obtain meaningful
results. The most widely used methods include:

e Regularization (e.g., Tikhonov regularization): introduces constraints to stabilize the
inversion process and prevent overfitting.

e Singular Value Decomposition (SVD) and pseudo-inversion: mitigates the influence of
small singular values that contribute to instability and noise.

e Bayesian methods: incorporates prior knowledge to constrain the solution space and
improve inversion robustness.

e Damping of small eigenvalues: filters out noise-sensitive components to enhance solution
stability.

Following this, the second step is implemented. The objective is to extract the local 1-D

velocity profile at each point in the model. These so-called local dispersion curves represent

the inverted group or phase velocities for individual frequencies (periods). The final goal is to
invert these curves to derive the subsurface structure (see Fig. [2.4]).

model (m) data (d)
v, — depth profiles local dispersion curves

Figure 2.4.: Schematic overview of the inversion procedure. While the procedure is the same
for all inverse problems, the examples given are for solving the second step of
ambient noise tomography.

The inversion process typically aims to generate a 1-D velocity model that describes the
shear-wave velocity (vs) as a function of depth at each measurement point. Forward modeling
is then used to compute the group or phase velocities of surface waves at different frequencies
based on the velocity model and layer thicknesses, utilizing surface wave sensitivity kernels.
These kernels are derived by computing the partial derivative of velocity with respect to other
parameters, such as the shear-wave velocity. The inverse problem seeks to adjust the model

10
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parameters (shear-wave velocities and layer thicknesses) to minimize the misfit between the
theoretical dispersion curve and the observed local dispersion curve.

Although most classical ambient noise tomographies follow this two-step approach (e.g.,
Stehly et al., |2009; Lin and Ritzwoller, 2011; Bodin et al., 2012), recent advancements have
introduced new methodologies. Some approaches utilize numerical simulations of the wave
equation (e.g., |Lu et al| [2020; Nouibat et al., 2023), while others attempt to incorporate
full waveform information (e.g., Sager et al., [2020; Tsai et al., [2024). Both methods offer
advantages over the traditional two-step approach by accounting for 3D wave propagation
effects. However, full waveform inversion relies on amplitude information, which can be
influenced by anisotropic noise source distributions and pre-processing steps (Fichtner, 2014,
2015)). In addition, these advanced techniques are computationally expensive but continue to
benefit from increasing computational power.

2.3.2. Monitoring of Relative Seismic Velocity Changes

The concept of monitoring subsurface changes using seismic wavefields is not new. As early as
Poupinet et al.| (1984)), earthquake doublets, repeating earthquakes with the same location and
source mechanism, were used to infer subsurface changes. Additionally, active seismic sources
have been employed to study variations in the Earth's crust, as demonstrated by [Silver et al.
(2007)). However, relying on earthquake doublets or active seismic sources is impractical for
achieving continuous monitoring of subsurface changes. Continuous observations are crucial
for improving our understanding of large earthquakes and identifying possible precursor phases
(Ellsworth and Berozal, 1995} (Conti et al., 2021). Earthquake events are closely linked to the
state of stress in the subsurface. Traditionally, stress estimation has relied on direct point-wise
observations, such as strain meters, or has been inferred from geodetic measurements. Both
methods have significant limitations in terms of continuous temporal and spatial coverage.
An alternative metric that directly reflects changes in the stress field is seismic velocity.

2.3.2.1. Wave Equation from Hooke's Law

This relation is anchored in the theory of elasticity, particularly Hooke's law (see Eq. [2.15]),
and the stiffness tensor C;jx;, which relates the stress tensor o to the strain tensor e.

0ij = Cijki€ri- (2.15)
The infinitesimal strain (or deformation) tensor is defined as:
1 [/ 0Ouy ouy
=—|=—+ — 2.16
Kl 2 <833l + a:vk) ’ ( )

where u = (u1,u2,us) is the displacement vector.

Assuming an isotropic medium, the stiffness tensor is characterized by two independent
constants, A and p (the Lamé parameters). Under this assumption, the stiffness tensor
simplifies to:

11
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Cijkl = N0ijOry + 1 (0irdji + 0k (2.17)
where §;; is the Kronecker delta. Consequently, Hooke's law for an isotropic medium becomes:

oij = [A0ij0r + 1t (ikdj1 + dudjk)] €rl (2.18)

Noting that dx;€p; is the trace of the strain tensor (the sum of its diagonal components),
which corresponds to the volumetric strain, V - u. Moreover, the term 110;1,0;1€x; simplifies to
pe;j, and similarly, 110;,0,,€x; also reduces to pue;j. Inserting these results into Eq. yields:
Oi5 = )\(Sl](v . ll) + 2,u€ij. (2.19)

Next, we substitute this relation into Newton's second law, which in index notation is given by

(see Eq. [2.20):

2
19} Uy o anj

P = B, (2.20)
where p is the density. Replacing oy; using Eq. [2.19)yields:
0o 0 Ou; — Ouy;
Y=~ (X6 (V- : 2] 221
&nj axj < ](v u) + a <8$J + 8$Z>:| ( )
We now evaluate the derivatives term by term:
0 0
_— (T . - . 2.22
o (0 (V ) = A7 (7 ), (222)
-z - . 223
o () =¥ @29
0 Ou; 0
Z = ). 2.24
5 (152) =7 (224)
Collecting these results, we obtain:
aO'ij . 6 2 8
oy )\aa:i (V-u)+ puVau; + M@xi (V-u) (2.25)
0
= A+ (V-u)+ v (2.26)
Substituting Eq. back into Eq. gives the wave equation:
P oz = (A + p) o2, (V-u) + pVeu,. (2.27)

This equation can be separated into compressional and shear components, corresponding to the
two independent types of body waves (P-waves and S-waves, respectively). For compressional
waves, we define the scalar potential:

12
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¢=V-u (2.28)

Substituting this into the wave equation and focusing on compressional motion, we obtain:

0
=(A+ u)% + uV2u;. (2.29)

For compressional waves, the following equation holds:

8211,1‘

%9 2
PoE = (A +2u)V=0. (2.30)

which describes compressional (P) waves propagating with velocity:

[\ +2
vy = +p“. (2.31)

For shear waves, which are associated with rotational motion, we define the vector potential:

¥=Vxu (2.32)
Substituting this into the wave equation for rotational motion leads to:
0*w
P o
indicating that shear (S) waves propagate with velocity:

= uV3e, (2.33)

Vs . (2.34)
Thus, we have demonstrated that seismic velocities are directly related to the elastic properties
and, by extension, to changes in the stress state of the subsurface. This relationship has been
supported by various theoretical studies (e.g., |O'Connell and Budiansky, |1974; |Schoenberg,
1980) as well as experimental investigations (e.g., [Birch, [1961; [Nur and Simmons, 1969; Nur,
1971; Reasenberg and Aki, [1974; Yamamura et al., 2003} Silver et al 2007). Consequently,
monitoring changes in seismic velocities can serve as a powerful tool for inferring variations in
the subsurface stress field.

2.3.2.2. Coda Waves

The following sections discuss the principles of ambient noise monitoring using coda waves.
Coda waves were first described by |Aki| (1969) and are observed following the arrival of body
and surface waves generated by earthquakes. They are characterized by their scattered nature,
resulting from multiple interactions with heterogeneities in the Earth's crust and upper mantle
(Aki, 11969). In noise interferometry, coda waves are also reconstructed when cross-correlating
noise records from two seismic sensors. |Hennino et al. (2001)) demonstrated that coda waves
from ambient noise exhibit multiple scattering behavior, making them highly sensitive to small

13
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perturbations in the medium and, therefore, particularly suitable for noise-based monitoring
(Snieder et al., 2002). Moreover, as shown by (Campillo and Paul (2003) and |Shapiro and
Campillo (2004), the reconstructed Green's function is dominated by surface waves; thus, it
is reasonable to assume that coda waves exhibit properties similar to S-waves due to their
dependence on the shear modulus .

2.3.2.3. Coda Wave Interferometry

As already mentioned, traditional measurements of seismic velocities rely on specific events or
active sources. As a complementary approach, monitoring relative seismic velocity changes has
proven to be a suitable tool for detecting small velocity variations based on noise interferometry.
The theoretical framework of Coda Wave Interferometry was outlined by |Snieder (2006)). The
following presents one of the key findings regarding velocity perturbation. We begin with
the Green's function G(¢,r,rs), which describes the wavefield response in a medium. For a
constant velocity v, the travel time tg along the path P is given by:

e | % (2.35)

p

where ds is an infinitesimal segment along the ray path. When the velocity changes by év,
the perturbed travel time ¢’ becomes:

ds
/
= . 2
t /p v+ ov (2.36)

A first-order Taylor expansion of (v + dv)~! yields:

11 ov

v+dv v v’

(2.37)

which, when substituted into the expression for t/, gives:

d 5
t’z/ 5—/ 2 ds. (2.38)
p U pU

The travel-time perturbation 4t is defined as ¢’ — to and can be written as:

v
t=1t —tg=— /P 2 ds. (2.39)

Assuming a homogeneous velocity change, meaning that Jv is constant along the path, the
expression simplifies to:
1)
st = — 2t (2.40)
v
Rewriting this equation by dividing both sides by ¢y (with to taken as the center time of the

examined window of the cross-correlation, which represents the average arrival time of the
waves, as justified by [Snieder| (2006)) yields:
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ot v

T
where ¢ denotes the center time of the window. This result implies that, assuming the perturb-
ation is homogeneous, one can directly retrieve the relative velocity change by measuring the
time shift between two cross-correlations. Moreover, it demonstrates that the measurement is
independent of the ray path through the medium when using coda wave arrival times.

(2.41)

2.3.2.4. Measuring Relative Seismic Velocity Changes

The theoretical descriptions by Snieder (2006)) were later translated into practical approaches
for measuring relative seismic velocity changes. The following sections outline and discuss
the two most commonly used methods in the time and frequency domains. In general, these
techniques are based on comparing a reference state of the medium, hereinafter denoted as
ref, With the current state, hereinafter denoted as 1)y,

The Time Stretching method was introduced by Sens-Schonfelder and Wegler (2006]) and
Lobkis and Weaver (2003). It directly follows the concept proposed by Snieder (2006), which
posits that a heterogeneous velocity change in the medium produces a time shift between ),ef
and tc,,. To quantify the travel time change, and consequently, the velocity change ¥y, is
stretched (indicating a velocity decrease) or compressed (indicating a velocity increase) by
the factor t — ¢(1 £ ). Next, the perturbed waveform is cross-correlated with ), (after
Obermann and Hillers, 2019)), resulting in:

fwref wcur[ (1 + 8)] dt .
\/f wref dt fwcur 1 +€)] dt

To determine the relative seismic velocity changes, a range of stretching factors ¢ is tested with

the aim of maximizing the cross-correlation coefficient CC' (see Fig. [2.5). The value of ¢ that

yields the highest correlation corresponds to the relative velocity change of the medium, ¢ = Ci”

CC(e) =

(2.42)

Another way to estimate the seismic velocity change is the Moving Window Cross Spectral
Analysis (MWCS). As already mentioned, |Poupinet et al.| (1984) and Ratdomopurbo and
Poupinet ((1995)), introduced the so-called doublet method to measure velocity changes from
the coda of repeating earthquakes. Nowadays, the technique is also known as MWCS (Clarke
et al., 2011)). The idea is to measure the time shift between 1,¢f and 1, in the frequency
domain. The time shift is measured along the lapse time of the cross-correlation function (see
Fig. [2.6p, b). Within a time window, the phase difference between 1t and 9y, is calculated
for different frequencies (see Fig. [2.6k). To do so, the Fourier Transform is calculated for t)yef
and tc,. To extract the phase difference, the cross-spectrum:

C = F(Wref) F* (Yeur), (2.43)
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is computed, where F()cyr) and F(1),ef) are the Fourier transforms of the current and reference
waveforms, respectively, and * denotes the complex conjugate. The phase differences can be
described as:

o(f) = 2mot,, (2.44)

where 0t; is the time-shift between the signals. This can be solved by a linear regression. For
every time window, the time-shift is calculated. The relative time-shift % itself can again be
estimated by a linear regression through zero (see Fig. [2.6d). By applying equation [2.41] the
relative seismic velocity change can be retrieved.
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Figure 2.5.: Principle of the stretching method slightly modified after Hadziioannou (2011)).
a) yef is indicated as black line, while the red line is the ¢c,. The different
panels show the dilated waveforms for different stretching factors . b) The
correlation coefficient for different values of ¢ between 1,ef and vcy,. The black
arrow indicates the relative seismic velocity change for this example.

A comparison of the two methods reveals some advantages and disadvantages of each method.
In a comprehensive comparison in a laboratory setting, Hadziioannou et al.| (2009) worked out
that the MWCS analysis is less susceptible to timing errors and amplitude changes and less
computationally expensive. Further, Zhan et al.| (2013) found that this technique excludes any
influence of changes in the noise spectra. Another advantage of the MWCS analysis over the
stretching technique is the performance with traces with low signal-to-noise ratio (Mikesell
et al., [2015). These numerical tests were further confirmed by studies like those from [Hillers
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et al.[(2015ab). A contrary observation was made in the laboratory dataset from |Hadziioannou
et al| (2009)). The advantage of the stretching technique is that it allows obtaining smaller
changes due to the integration along the coda window (Hadziioannou et al., 2009). While
both methods have their advantages, they also show some disadvantages. For instance, the
time-stretching method is based on a grid search algorithm, which is computationally slower
(Hadziioannou et al., [2009). While the MWCS analysis is faster than the time stretching, the
method needs a good understanding of the parameters and is susceptible to overfitting due to
the amount of parameters to tune. While both methods work, other approaches have been
developed in recent years (Mikesell et al., 2015; Mao et al., 2019b). The choice of method
ultimately depends on the user’s preference.
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Figure 2.6.: Principle of the Moving Window Cross Spectral analysis slightly modified after
Hadziioannou| (2011). a) . is indicated as black line, while the red line is
the tcyr. b) Zoom into the window marked in a). c) The phase for different
frequencies of the cross-correlations derived from the cross-spectrum. d) Time
shifts for different windows along the lapse time. The estimation of % with a
linear regression is indicated with the dashed line.

2.3.2.5. Origin of Relative Seismic Velocity Changes in the Earth’s Crust

Classically, the targets of continuous seismic monitoring were tectonic processes and volcanic
activity. Later, the influence of environmental factors was found to play a significant role.
This section provides a brief review of these aspects.
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Ambient noise monitoring in the context of tectonic processes is closely linked to earthquakes.
The primary goal for seismologists remains to predict large earthquakes by understanding
precursor and initiation phases (Bouchon et al 2011). Measuring dv/v during the occurrence
of an earthquake reveals consistent features across different case studies. Firstly, a clear
co-seismic drop (see Fig. ) is observed, which is associated with damage in the shallow
crust (Brenguier et al., [2008a; [Nakata and Snieder, [2011; [lkeda and Tsuji, 2018; Wang et al.,
2019). Secondly, after the earthquake, those studies show a long post-seismic relaxation
process (see Fig. [2.7p). Studying these relaxation processes can provide important insights into
the rheology of the crust (Pollitz, 1992, 2005). However, to date, there is no clear evidence
that relative seismic velocity changes show anomalies before large earthquakes. Advancements
in machine learning and big data analysis could enhance the capabilities of ambient noise
monitoring. However, integrating ambient noise analysis with traditional seismic networks
and geodetic observations remains essential to provide a more comprehensive approach to
accessing earthquake hazards.

The application of dv/v monitoring related to volcanic activity is already one step further.
As early as Brenguier et al.| (2008b)), precursory signals were found around two weeks before
volcanic eruptions (see Fig. [2.7p). These precursors are associated with the inflation of
magma, which leads to a velocity drop and can indicate an impending eruption (Brenguier
et al., 2008b; Olivier et al., 2019)). Studies monitoring volcanoes typically rely on the fact
that the expansion or compression of the volcanic system alters seismic velocities. However,
there are processes associated with volcanoes that counteract these changes (Liu et al., 2019).
Furthermore, advancements have been made in locating the origin of velocity changes, as
demonstrated by |Obermann et al.| (2013a). While all these studies offer valuable insights into
the dynamics of volcanic activity, they suffer from sparse station coverage at certain volcanoes.
To obtain more precise and refined results, future efforts should focus on improving station
distribution.

Both of the described application scenarios for ambient noise monitoring highlight the im-
portance and potential of this method. However, the time-series of dv/v is also influenced
by environmental factors (e.g., Wang et al., 2017)). Some of these factors exhibit strong
seasonal variability, such as precipitation (including snowfall), temperature, and atmospheric
pressure. During periods of precipitation, the infiltration of water into the subsurface leads
to rising pore pressure, which results in a decrease in shear modulus and, consequently, a
reduction in seismic velocity (e.g., [Sens-Schonfelder and Wegler, 2006; Meier et al., 2010;
Tsal, [2011; Wang et al., 2017). Temperature fluctuations impact the system in two ways.
First, direct heating of the very shallow subsurface leads to changes in rock elasticity and fluid
properties (Schoen, 2015). Second, temperature variations induce thermoelastic strain, as
described by Berger (1975) or Ben-Zion and Leary, (1986)), which propagates deeper into the
crust (e.g., |Richter et al 2014; Hillers et al., [2015a)). Meteorologically linked to temperature
is atmospheric pressure. Several effects change seismic velocities: the direct effect is related
to loading and unloading of mass on the Earth's surface, leading to compaction or extension
(Silver et al., [2007)). Another effect relates to changes in reservoir parameters, such as
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Figure 2.7.: Examples of seismic velocity change monitoring. a) Seismic velocity changes,
GPS-recorded surface displacements, and tremor activity near Parkfield, California.
The red curve indicates postseismic displacements along the San Andreas Fault
measured by a GPS station (originally from Brenguier et al., [2008a). b) Seismic
velocity changes measured at Piton de la Fournaise volcano as well as the seismic
energy. The green columns indicating the periods of eruption (figure taken from
Wang and Yao, [2020)), originally from |Brenguier et al., 2008b)).

pore pressure, as described in (Gradon et al.| (2021)). Other environmental factors, such as
gravitational forces exerted by the Sun and Moon, induce minor crustal deformations, causing
periodic velocity variations (Yamamura et al., [2003; [Takano et al., [2014; Hillers et al., 2015¢;
Mao et al} 2019a)). It is important to note that the subsurface may respond differently to the
same environmental forcing depending on the local geology or location. Furthermore, multiple
environmental factors could interact and superimpose, generating more complex effects, as
seen in phenomena like snowfall (Mordret et al., [2016; |Guillemot et al., [2021). As a result, it
is crucial to quantify and systematically study these environmental drivers, as demonstrated
in, e.g., Wang et al|(2017). The original idea was to remove the unwanted environmental
signals from the dv/v time series to highlight small tectonic signals potentially related to
earthquakes and their precursor phases or to better understand the pre-eruptive activity of
volcanoes. However, it was quickly realized that this "noise" contains valuable information
about subsurface processes closely linked to environmental factors.

2.4. Environmental Seismology - A New Set of Applications
of Passive Seismic Observations

Before highlighting the importance and applications of environmental seismology, the term
should be defined. One definition is given by |Larose et al. (2015). They define environmental
seismology as the study of natural seismic vibrations generated or influenced by external
environmental processes beyond tectonic activity. The field can be divided into two main
branches:
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e Analysis of seismic sources induced by the atmosphere, hydrosphere and cryosphere,
including storms, river dynamics, glacial movement and oceanic activity.

e Investigate how seismic wave propagation within the solid Earth is affected by environ-
mental factors such as temperature variations or hydrological changes.

In general, this interdisciplinary field uses seismic techniques to gain insights into Earth system
interactions and to monitor environmental changes that were previously inaccessible through
conventional seismology.

The first part of this section deals with environmental seismic sources and what we can learn
from them. This is followed by the aspect of monitoring environmental change using ambient
noise. Special attention is later given to the monitoring of hydrological processes.

2.4.1. Environmental Seismic Sources

The study of environmental seismic sources provides valuable information on ice dynamics,
slope stability, and atmospheric events, with important implications for natural hazard assess-
ment and climate studies.

In the context of global warming and the extensive loss of glacier ice, the sub-discipline
of cryoseismology has emerged. One of the most common sources of cryoseismic activity
are icequakes (Podolskiy and Walter, 2016} |Aster and Winberry, 2017; Montagner et al.,
2020). These seismic events are generated by the fracturing of glacier ice, stick-slip motion,
or the sudden movement of ice masses, such as iceberg calving (Montagner et al., 2020 and
references therein). Their distinctive signatures offer insights into glacier dynamics and ice loss.
For instance, studies by (Canassy et al.| (2016]) have reported seasonal variations in icequake
activity associated with different patterns of glacier motion, while other investigations have
linked changes in icequake activity to melting events and overall ice loss (Kohler et al., [2015;
Montagner et al., [2020). These observations are critical for understanding glacier responses
to climate change and for predicting potential surges or collapses.

Another environmental seismic source that exhibits clear changes due to climate change is
ocean activity (Aster et al., 2023). Due to the coupling between ocean waves and the seafloor
(see section [2.1)), it is possible to track storm activity using seismometers. Such analyses
reveal an increase in the frequency of storms such as hurricanes or typhoons (Montagner
et al} 2020). Moreover, it has been shown that these storm-generated seismic signals can be
used to track storm dynamics (Gerstoft and Bromirski, 2016; [Retailleau and Gualtieri, 2019,
2021) and potentially improve forecasting. The integration of seismic data with meteorological
observations enables a more comprehensive understanding of the processes driving severe
weather events.

These two sources are explicitly highlighted because they allow us to draw conclusions about
the current state of our environment. Other sources include the seismic signatures of river
flooding (Gonzalez et al) 2023) and landslides (Weichert et al., [1994). Together, these
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examples illustrate that environmental seismic sources, whether arising from the cryosphere,
hydrosphere, or atmosphere, offer a rich dataset for understanding Earth dynamics. By
analyzing these signals, it is possible to monitor changes in ice mass, assess landslide risk, and
track storm activity, thereby contributing to a more holistic understanding of natural hazards
and environmental change.

2.4.2. Monitoring Earth’'s Environment

Just as changes in noise sources can reveal environmental variations, monitoring Earth's surface
processes is a vital tool, given that many of these processes have critical implications for
natural hazards, resilience against climate change, and resource management. In the following
some examples of recent developments are presented. This list does not claim to be complete,
especially due to the rapid development of this discipline in recent years.

One of the most significant natural hazards are landslides. They are posing risks to infra-
structure and environment. Landslides can occur suddenly or gradually, and their triggering
mechanisms often involve complex interactions between geological, hydrological, and climatic
factors (Mainsant et al., [2012; Voisin et al., [2016; Bontemps et al., 2020). This complexity
makes them difficult to predict, but understanding these processes is essential for developing
effective early warning systems and mitigation strategies. Noise monitoring seems to be a
promising tool in untangling these drivers. Mainsant et al.| (2012) was one of the first studies
to show that changes of relative seismic velocity changes could serve as precursors to landslide
events by reflecting variations in rigidity before landslide failure. Building on this, |Voisin et al.
(2016) analyzed data from a network of seismometers on a landslide. Their work revealed
that fluctuations in seismic velocity are connected to the water table below the landslide and
its changes due to rainfall. More recently, [Bontemps et al.| (2020) integrated ambient noise
analysis with conventional geotechnical measurements to examine the long-term evolution
of landslide behavior. This study demonstrated that ambient noise monitoring can capture
both gradual deformation processes and abrupt changes in slope dynamics, which are crucial
for developing effective early warning systems and advancing our understanding of landslide
mechanics (Le Breton et al. 2021)).

An example for a fast changing environment under the influence of global warming are regions
of permafrost. Permafrost refers to any ground that remains continuously below 0 °C for at
least two years (Subcommittee Permafrost, 1988)). Ambient noise monitoring has emerged
as a powerful tool for tracking permafrost dynamics, offering continuous and non-invasive
measurements of frozen ground properties. For instance, James et al.| (2019) demonstrated
that ambient noise techniques can effectively capture the seasonal evolution of permafrost,
revealing changes in elastic properties that correspond to freeze-thaw cycles. Similarly, Lindner
et al.| (2021) employed these methods to monitor variations in the mechanical behavior of
permafrost in an alpine environment, providing insights into thaw-induced softening and related
deformation processes. Albaric et al| (2021) further advanced this approach by integrating
ambient noise monitoring with complementary geophysical measurements to map the temporal
evolution of permafrost degradation over multiple years. The thawing of permafrost comes
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with certain risks. Permafrost stores a large amount of methane (Knoblauch et al., [2018)
a greenhouse gas contributing to global warming (Lashof and Ahujal [1990; Boucher et al.,
2009). Further, thawing of permafrost could lead to destruction of human infrastructure
(Hjort et al., 2022) as well as higher risks of rockfalls in alpine regions (Gruber et al., 2004).
But, permafrost loss not only alters local hydrology and ground stability but may also trigger
the formation of quick clay (Bruland et al, 2025). As permafrost thaws, the previously
frozen, clay-rich sediments can destabilize and transform into quick clay, a metastable material
highly susceptible to liquefaction (Okamoto et al., 2004; |[Khaldoun et al.| 2009). Monitoring
permafrost with ambient noise thus offers an early warning mechanism for potential quick clay
hazards, contributing significantly to risk assessments (Bruland et al. 2025)).

These are only two examples of how ambient noise monitoring can help understanding en-
vironmental geohazards and changing environmental conditions. Further applications in
understanding geohazards include understanding environmental-triggered earthquakes (Wang
et al., [2024b)) or influences on volcanic activity (Yates et al., [2024)).

One rapidly developing aspect of environmental seismology is the monitoring of hydrological
processes. Monitoring the hydrosphere and employ sustainable water management strategies
will become crucial in the next decades due to higher frequencies of droughts, as well as
continuous growth of population and industry (Megdal, 2018; Mukherjee et al., 2018). Already
Sens-Schonfelder and Wegler; (2006) were able to link changes in the seismic velocities
to precipitation rates and changes in the groundwater table. It took some time until the
community came back to this approach. In the following chapters, the need for modern and
innovative monitoring methods for water resources is elaborated.

2.5. Aquifers under the Influence of Global Warming

Aquifers hold the largest volume of liquid freshwater on Earth (Gleick, [1996)). However, due to
global warming, population growth, and the increasing demand from industrial and agricultural
activities, these vital resources are experiencing a significant decline (e.g., Wada et al., 2010;
Megdal, 2018).

World population has grown exponentially, currently standing at around 8 billion people
(United Nations, 2025). This growth has intensified pressure on natural resources, particularly
freshwater. Expanding urban centers, industrialization, and intensive agricultural practices have
significantly increased water consumption. Agriculture alone accounts for approximately 70 %
of global freshwater withdrawals, primarily for irrigation (Food and Agriculture Organization
of the United Nations (FAO), 2021)). Additionally, industrial processes, including energy
production, manufacturing, and mining, require vast amounts of water, further straining
aquifers and surface water sources. Over-extraction of groundwater to meet these rising
demands has led to aquifer depletion, land subsidence, and water quality degradation in
many regions (Bouwer, 1977; Wada et al., 2010; [Gleeson et al} 2012; [du Plessis, [2022; Shi
et al., [2024)). In some cases, groundwater recharge cannot keep pace with extraction rates,
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making many aquifers non-renewable on human timescales (Tiwari et al., 2009; Syed et al.,
2009). Climate change aggravated these challenges by altering precipitation patterns, reducing
snowpack, and increasing evaporation rates, further stressing water availability (Wu et al,
2020; [Dharmarathne et al., [2024). A summary of these effects can be seen in Fig. [2.8|
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Figure 2.8.: Sketch of hydrological processes on land. a) Factors which contribute to the water
budget and cycle. b) Summary of factors controlling groundwater responses.
(Figure from Wu et al.| (2020) with slight modifications.)

Climate change refers to long-term shifts in temperature and weather patterns (Demeritt],
2001). While natural factors, such as variations in the solar cycle, have historically driven
climate fluctuations, leading to glacial and interglacial cycles (Petit et al., [1999), since the
1800s, human activities have become the dominant driver of global climate change. Sectors
such as energy production, industry, transportation, and land-use changes have significantly
contributed to greenhouse gas emissions, primarily through the combustion of fossil fuels
like coal, oil, and gas . An increase in the concentration of greenhouse gases,
like carbon dioxide (C'O3) or methan (C'Hy) leads to the so-called greenhouse effect. As
a direct consequence less infrared radiation is reflected back into space leading to global
temperature increases. According to the Intergovernmental Panel on Climate Change (IPCC)
temperatures could rise between 1.5°C to 4.5°C above pre-industrial levels (IPCC| 2021). This
rise in temperature accelerates terrestrial evaporation (Berg et al., [2016; Short Gianotti et al.,
2020)), thereby reducing the amount of water available to replenish aquifers. Additionally this
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will lead to a reduction of available soil moisture providing crucial water in the critical zone,
e.g., for plants to grow (Berg and Sheffield, 2018). This altering in the soil condition could
further influence infiltration into shallow aquifers (Taylor et al 2013). While surface water
resources show a quick response to changes in e.g. precipitation patterns response in aquifers
can be delayed and might be only visible after extensive dry periods (droughts) (Hetzel et al.|
2008). Although the impact of climate change on surface water is well known, there is a lack
of understanding about the deeper water resources (Erler et al., 2019). Knowledge about
this is crucial to implement long-term sustainable groundwater management strategies. To
achieve this goal a comprehensive understanding of aquifers, their properties and vulnerability
is imperative.

2.5.1. Traditional Monitoring of Aquifers

Monitoring aquifers is essential for effective water resource management and understanding
the evolution of groundwater systems, yet traditional monitoring methods often suffer from
incomplete spatial coverage or infrequent measurements (Wada et al., 2010; Taylor et al.,
2013)). In general, aquifer monitoring relies on three primary approaches:

1. The most common method involves direct measurements of groundwater levels using
piezometers installed in boreholes (Taylor and Alley, 2001). These devices record the
hydraulic head, the pressure exerted by the water above a defined vertical reference
point. Although such point measurements yield accurate data on local water levels,
they are inherently spatially limited, which is a disadvantage given the heterogeneity
of aquifers (Wang et al., 2024a). Further drilling observational wells could lead to a
negative interference with the ecological system (Jones et al., 2015]).

2. Recent advances in satellite remote sensing have introduced methods such as the
GRACE (Gravity Recovery and Climate Experiment) mission, which tracks changes in
Earth's gravity field to estimate large-scale groundwater storage variations (e.g. Rodell
and Famiglietti, 2002 (Castellazzi et al} 2016). However, GRACE's coarse spatial
(approximately 100 km) and temporal (monthly) resolution limits its effectiveness for
smaller aquifers. Alternatively, ground-based techniques, such as GNSS (e.g. [King
et al., 2007; |Ji and Herring, 2012} |Young et al.| [2024) and InSAR (e.g. Bell et al.,
2008; |Chaussard et al. [2014; |Rezaei and Mousavi, [2019)), offer higher resolution in
time and space than e.g., the GRACE mission. Nevertheless, both methods have some
disadvantages, especially the interpretation of the data is not always straightforward
and a superposition of multiple effects (e.g. |Larson et al., [2008; |Saji et al., 2020). In
addition, the typically lower temporal resolution of this measurements can miss changes
in aquifer conditions, making it difficult to capture the dynamic behavior of groundwater
systems.

3. To account for both resolution in time and space multiple geophysical methods are
employed to image and characterize aquifer properties. Methods that exploit the
electrical and magnetic properties of near-surface materials, such as induced polarization,
self-potential, electromagnetic induction, and ground-penetrating radar, offer high spatial

24



Utilizing Ambient Seismic Noise to Monitor Environmental Processes

resolution and provide insights into subsurface lithology and moisture content (e.g. |Rubin
and Hubbard| 2006; |Vereecken et al., 2006; Robinson et al| 2008). Seismic methods,
including reflection and refraction surveys, also contribute to aquifer characterization.
Seismic reflection, for instance, produces detailed images of subsurface stratigraphy and
can reveal the geometry of aquifer systems, although it is mainly used to identify layer
boundaries rather than to quantify hydrological properties (Binley et al., 2015]). Seismic
refraction, on the other hand, can efficiently estimate water table depths and assess
the presence of fluids by analyzing compressional and shear wave velocities (e.g |Haeni,
1986} Galibert, 2016).

While each of these traditional methods offers valuable insights, they also exhibit significant
limitations, whether in spatial extent, temporal resolution, or cost. Point measurements and
local geophysical surveys provide detailed information but are inherently site-specific and
often sparse. Large-scale satellite monitoring captures broader trends but lacks fine detail.
Given the increasing stresses on groundwater resources due to climate change, population
growth, and intensified industrial and agricultural activities, an integrated, continuous monit-
oring approach is essential for sustainable water management and effective pollution mitigation.

2.5.2. Monitoring Earth’'s Hydrosphere Using Ambient Seismic Noise

As already elaborated, hydrological processes play a crucial role in shaping the Earth's surface,
affecting groundwater flow, water table dynamics, and surface water distribution (Fan et al.,
2019). While other geophysical methods are reliable and well established tools for probing
the hydrosphere (Rubin and Hubbard, [2006) the use of ambient seismic noise monitoring is
relatively new. However, the increasing use of ambient seismic noise has provided new insights
into subsurface water flow, aquifer changes, and seasonal hydrological variations.

The first study highlighting the capabilities of ambient noise monitoring was by |Sens-Schonfelder
and Wegler (2006), it marked a breakthrough in using seismic interferometry to detect small
velocity variations in the subsurface and relate them to variations in soil moisture and water
table fluctuations. This laid the foundation for applying ambient noise techniques to hydrolo-
gical monitoring.

Subsequent studies, such as those by [Lecocq et al.| (2014)), built on these concepts further by
explicitly linking seasonal variations in groundwater levels to observable changes in seismic
velocities. |Lecocq et al.| (2014) linked the observed long-term changes in dv/v to hydrological,
primarily pore pressure, and thermo-elastic pressure changes underneath the Graefenberg array
(Germany). This work not only established a quantitative relationship between dv/v and
groundwater head but also proposed a method to estimate aquifer recharge rates.

This approach was further refined in a series of investigations by |Voisin et al.| (2016, 2017)).
Unlike |Lecocq et al. (2014), they linked changes in seismic velocities to different satura-
tion states through oscillating groundwater tables. Furthermore, Voisin et al| (2017) first
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demonstrated the application of passive seismic monitoring in active hydraulic experiments by
monitoring the created hydraulic dome, which acts as a barrier in the event of pollution in the
drinking water supply reservoir. This potential was further explored by |Gaubert-Bastide et al.
(2022). In their investigation of these hydraulic barriers, they employed dv/v monitoring to
assess their effectiveness by continuously recording seismic velocity changes before, during
and after filling the basin, which led to the installation of these barriers. By inverting the
obtained changes in dv/v, they found a strong correlation, demonstrating the effectiveness
of this monitoring tool. Both studies (Voisin et al., 2017; Gaubert-Bastide et al., 2022)
demonstrated that dv/v monitoring could serve as a valuable tool in both passive observational
studies and active hydrological experiments where immediate operational decisions are required.

Shortly after the work by |Voisin et al.| (2017) the work of |Clements and Denolle (2018)
reinforced the practical applicability of dv/v demonstrating a direct relationship between
changes in seismic velocity and variations in the groundwater table. Their study quantified
the magnitude of the responses of dv/v to the depletion of the groundwater table, providing a
practical framework for using seismic monitoring in aquifer management by estimating water
loss. The clear correlation established in their work has been pivotal in validating dv/v as a
proxy for hydrological activity, inspiring subsequent investigations into the dynamic behaviour
of subsurface water storage.

Building on these methodological advancements, |Rodriguez Tribaldos and Ajo-Franklin| (2021)
expanded the application of dv/v techniques to distributed acoustic sensing (DAS) measure-
ments. As well as linking changes in pore pressure to observed changes in seismic velocity,
they also discuss other potential mechanisms that cause velocity changes, such as water-air
substitution above the water table and in the capillary fringe. However, due to the lack of
sensitivity of the measurements to this depth range, they ruled out these mechanisms by
providing some depth constraints through inversion of a velocity-depth profile. Building on
these developments, Sobolevskaia et al.|(2024) later used ballistic waves reconstructed from
DAS measurements to monitor water level variations in an aquifer. This approach provided
data with high spatial and temporal resolution. This study further demonstrated the potential
of DAS-based methods for hydrological monitoring.

The contributions of [lllien et al.| (2021} [2022) further extended the capabilities of dv/v monit-
oring by investigating its use in alpine environments. Their work focused on the influence of
seasonal water infiltration on seismic velocity variations, demonstrating how this information
could be used to improve our understanding of critical freshwater reserves in mountainous
regions. |lllien et al.| (2021) demonstrated that dv/v monitoring could be used effectively to
track hydrological processes in high-altitude regions where direct groundwater measurements
are often impractical. These insights have significant implications for water management
applications in these regions.

In recent years, methodological improvements have been driven by theoretical advancements in
the understanding of coda wave sensitivity kernels. [Mao et al.| (2022) introduced a space-time
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monitoring approach for groundwater fluctuations using passive seismic interferometry. Focus-
ing on the Los Angeles Basin, her study linked dv/v variations to different district depletion
rates, highlighting spatial heterogeneity in groundwater extraction patterns. By correlating
the dv/v signals with known depletion practices, the study provided valuable insights into the
influence of urban water management on subsurface dynamics, demonstrating the effectiveness
of seismic monitoring in large-scale hydrological studies.

The contributions of Delouche and Stehly| (2023) further refined the methodological landscape
by monitoring seasonal seismic velocity variations in Greece to understand aquifer dynamics.
Their findings revealed that seasonal velocity variations are influenced by both natural recharge
events and anthropogenic groundwater extraction. These results provided new insights and
strengthened the case for using dv/v monitoring as a valuable tool in water resource manage-
ment.

Similarly, [Shen et al.| (2024)) has contributed to the expanding frontier of dv/v monitoring by
focusing on fiber optic sensing techniques to track soil moisture dynamics in the vadose zone.
This study uses DAS to capture high-resolution spatiotemporal variations in soil moisture. By
integrating fiber optic sensing with dv/v methodologies, |Shen et al. (2024)) opened up new
avenues for investigating vadose zone hydrology and improved our ability to monitor infiltration
processes, evaporation rates, and subsurface water retention. This novel approach increases
the potential for dv/v-based studies to contribute to precision agriculture, early drought
detection, and sustainable groundwater management. Together, these studies demonstrate a
clear trajectory of innovation, from the initial development of ambient noise methods to the
sophisticated techniques that have emerged in recent years.

Despite the advantages of the methods, such as providing spatial and temporal monitoring of
the hydrosphere and potentially bridging the gap of point-wise hydrological well measurements,
there are still some uncertainties and limitations. Similar to GPS or INSAR methods, seismic
velocity changes are a complex overlay of multiple factors (e.g., temperature or stress changes).
Furthermore, hydrological properties are non-uniform across regions, and seismic signals can
be influenced by complex geological structures. This makes interpreting results in regions with
complex subsurface conditions difficult. A similar issue arises from the complex depth-sensitivity
kernels of coda waves. Localizing the origin of velocity changes can be challenging and lead
to complex interpretations. As discussed in the review, multiple studies suggest different
mechanisms driving changes in seismic velocities. Changes in seismic velocity can correspond
to various hydrological phenomena, including water infiltration, pore pressure changes, and
saturation levels. However, similar velocity variations can result from different physical
processes, making it difficult to correlate specific dv/v changes with particular hydrological
events. Furthermore, accurately interpreting dv/v variations in hydrological terms (e.g., water
content or pore pressure) often requires calibration with direct hydrological measurements
(e.g., groundwater level data or precipitation records). The difficulty of establishing clear
relationships between seismic velocities and hydrological parameters can make calibration
challenging. Lastly, these obstacles currently prevent us from providing interpretable results for
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hydrologists. Thus, improving the sensitivity, spatial resolution, and temporal accuracy of these
methods, enhancing data processing techniques, and developing better calibration approaches
are critical areas for future research. Additionally, integrating ambient noise methods more
directly with hydrological models and multidisciplinary data will make them a more robust
tool for hydrological monitoring in diverse environments.

2.6. Concluding Remarks

This chapter has reviewed the main methods and advancements in ambient and environmental
seismology. It presents the tools and studies that form the basis of this thesis. This section
provides context for the current state of research and discusses the advancements that will be
made in this thesis.

Despite recent advances in understanding the influence of environmental effects on seismic
velocities, seismology has only recently begun to discuss and understand them. Despite in-
creasing recognition that environmental factors such as temperature, precipitation, air pressure,
and snow cover significantly affect seismic velocities, seismology as a discipline has been slow
to integrate these effects into both data interpretation and theoretical frameworks. Historically,
such effects have been treated as noise to be filtered or averaged out, rather than as signals
worthy of scientific investigation in their own right. This view is gradually changing, but our
understanding remains fragmented and largely qualitative.

One of the key challenges is the interdisciplinary nature of the problem. Environmental
perturbations affect seismic velocities through various coupled physical processes, such as
thermoelastic expansion, poroelastic deformation, fluid saturation, and freeze-thaw transitions
in the shallow subsurface. These mechanisms vary with depth, material properties, and
site-specific conditions. Their combined effects are difficult to disentangle without targeted
experiments or simultaneous environmental monitoring. Consequently, many studies remain
descriptive, highlighting correlations without resolving causality or providing transferable mod-
els.

Meanwhile, disciplines like gravimetry, INSAR, and GNSS have made substantial progress in
accounting for environmental and atmospheric effects, often correcting signals with remarkable
precision (e.g., |Bevis et al., [1992; (Crossley et al., |[1995; Rosen et al., [1996; Larson et al.,
2008; Hanssen, 2001; Van Camp et al., |2017). In contrast, ambient noise seismology has
only recently begun to shift its perspective on environmental influences. Rather than viewing
them as unwanted signal overprinting, e.g., tectonic signals, seismologists now use these
influences as probes of near-surface processes. Yet, herein lies the opportunity. Seismology
is uniquely sensitive to mechanical properties in the near surface and has the potential to
become a leading tool in environmental sensing if we rise to the challenge. Continuous
cross-correlation workflows allow us to track how freeze-thaw cycles, rainfall-driven saturation,
and barometric pressure oscillations alter seismic velocities. This provides new insights into
near-surface diffusivity, hydrology, seasonal permafrost dynamics, and more. By learning from
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and adapting the rigorous environmental characterization methods of ultrasonics, GNSS, met-
eorology, gravimetry, and InSAR, we can not only remove these influences from the time series
but also interpret velocity perturbations as valuable signals of subsurface environmental change.

The following chapters [3| and |4] aim to push for such applications of better understanding
environmental influences on seismic velocities and use the gained knowledge for an innovative
approach in environmental monitoring.

Chapter [2.5.1] also outlined the need for innovative methods in monitoring the Earth’s hydro-
sphere. Although ambient noise monitoring has shown promising potential for detecting and
monitoring hydrological processes, such as changes in groundwater levels, soil moisture, or snow
loading, it remains a relatively new and experimental tool in the context of hydrology. The
physical link between hydrological parameters and seismic velocity changes, while conceptually
well established, remains poorly constrained in terms of quantitative interpretation. Key mech-
anisms such as pore pressure variations, saturation-dependent elastic moduli, and thermoelastic
coupling are often entangled and difficult to isolate, especially under field conditions where
multiple environmental variables interact.

A major limitation is the lack of ground truth data with the necessary spatial and temporal
resolution to calibrate seismic observations. Although changes in travel time or velocity
can be correlated with rainfall events or seasonal recharge, determining absolute changes in
hydrologic parameters (e.g., volumetric water content) remains challenging without additional
measurements, such as those from soil moisture probes or piezometers. Additionally, site-
specific effects, such as lithology or topography can significantly impact the seismic response
to hydrological changes, limiting the applicability of the results to other regions.

To fully realize this potential, the field must progress from proof-of-concept studies to
long-term, site-specific deployments with robust validation datasets. Only then will ambient
noise monitoring become a routine and reliable component of hydrological observation systems.

Chapter [5] tries to enrich the landscape of monitoring hydrological processes using ambient
noise by inferring spatio-temporal contraints in a controlled setting to build a foundation for
future studies.

Together, this thesis explores novel concepts of monitoring and imaging with ambient noise to
gain deeper insights into the hydrosphere. Through the use of ambient noise interferometry
and advanced signal processing techniques, we seek to unveil the dynamics of groundwater
systems and their interactions with surface processes. These innovative approaches are
ultimately expected to enhance our understanding of subsurface hydrological processes. These
advancements have the potential to inform sustainable groundwater management strategies
and address the urgent issues of water scarcity and resource depletion in the context of climate
change and increasing human demand.
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3 Interaction of Air Pressure and Groundwater as
Main Cause of Sub-Daily Relative Seismic Velocity
Changes

Abstract

Our study investigates variations of seismic velocity that occur over short time scales of
hours. We use coda wave interferometry to inspect 5 months of continuous data from a
seismological array in southern Germany. This results in relative seismic velocities (dv/v) that
show temporal variations on the order of 10, Spectra of the velocity time series contain
strong daily and sub-daily behavior indicating that the daily and sub-daily changes in the
seismic velocity are primarily caused by atmospheric tides. We also note the influence of
temperature changes on daily variations, but as a second-order effect. The explanatory model
focuses on depth variations of the groundwater table, linking atmospheric pressure (loading
and deloading the Earth's surface) to variations in seismic velocity. Our results highlight an
important environmental influence on seismic velocity that needs to be considered before
seismic velocity variations can be used for inspecting fluid and stress variations in situ.

Key Points

e We observe strong daily and sub-daily variations of seismic velocity using coda wave
interferometry

e The effect is caused predominantly by the coupling of atmospheric pressure and ground-
water table variations

e The coupling allows a better understanding of crustal deformation and suggests novel
techniques for characterizing aquifer systems

Plain Language Summary

Geological and environmental effects manifest themselves in changes of crustal properties,
and we record these as variations of seismic wave velocity. This is especially the case for
seismic waves that travel within the Earth's crust. Changes in tectonic stress are particularly
interesting, since they can cause earthquakes. We would also like to know more about changes
in fluid content in the crust at the various depth levels. Both tectonic stress and fluid content
affect seismic velocity, but environmental factors also have an effect and these need to be
taken into account. This study shows that the interaction of air pressure and groundwater, has
considerable influence on measured daily velocity variations. This opens important possibilities
in itself. On the other hand, we can remove these pressure effects from the velocity changes,
to highlight changes due to tectonic effects, such as earthquakes.
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3.1. Introduction

The research toward understanding large earthquakes' generation and precursor phases is
still in process (Conti et al., 2021} Ellsworth and Berozal 1995). A key parameter to better
understand the temporal component of these processes is the changing strain and stress within
Earth's crust. The elastic moduli of the rocks directly link these variations to seismic velocity
changes. By knowing this relationship, measuring changes of seismic velocity provides insight
into the temporal evolution of strain in the subsurface. However, this relationship is disturbed
by the influence of environmental effects, for example, temperature, precipitation (Hillers
et al, 2015a; Richter et al., [2014; Sens-Schonfelder and Wegler, 2006; Wang et al., |2017)).
Collecting information about time-varying environmental processes perturbing Earth's crust is
thus essential to reveal crustal deformation associated with tectonics.

The classical approaches to probe this behavior, which have used active seismic experiments
(Niu et al., 2008; [Yamamura et al., 2003) are increasingly replaced by monitoring using seismic
ambient noise and the concept of coda wave interferometry. In the first step, the long-term
influence of environmental effects was discussed (Gradon et al} 2021; Richter et al. 2014;
Sens-Schonfelder and Wegler, 2006). Also, the strong imprint of groundwater level changes
is widely discussed and described (Clements and Denolle| 2018; |Gassenmeier et al., [2014]).
Recent years have shown a trend toward high temporal resolution monitoring (Mao et al.,
2019a} (Oakley et al., [2021} Sens-Schonfelder and Eulenfeld, 2019)). These studies show that
environmental effects such as daily temperature changes (Mao et al 2019a; |Oakley et al.,
2021)) and tidal stress (Mao et al., 2019aj |Sens-Schonfelder and Eulenfeld, 2019) substantially
impact seismic velocities. However, in contrast to long-term studies, the influence of daily
groundwater table changes or atmospheric pressure variations is merely discussed.

In this study, we fill this gap by investigating data from a highly sensitive array in southern
Germany, which is far away from potential local disturbances, such as cities or roads. We
calculate an hourly dv/v value for high temporal resolution monitoring. Our measurements
show that the seismic velocities have daily and sub-daily periodicity which may be forced by
the repetitive loading and unloading of the Earth's surface due to the atmospheric pressure
changes and thermal effects. This coupling of atmospheric pressure and seismic velocity
provides insight into the behavior of aquifers in the near-surface region, and it might give rise
to a range of new seismic applications for groundwater purposes.

3.2. Data and Methods
3.2.1. GERES Array

We use seismic data from the GERES (German Experimental Seismic System) array (Harjes,
1990). GERES is part of the global network of seismic stations for the Comprehensive Nuclear-
Test-Ban Treaty Organization (CTBTO), providing a long continuous data set over several
years. The GERES array is located in the Bavarian Forest in South East Bavaria, close to the
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borders with the Czech Republic and Austria (see [Figure 5.1p).
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Figure 3.1.: (a) Location of the German Experimental Seismic System (GERES) array within
Germany (inset). The zoom provides a more detailed overview of the topography
of the region. (b) Configuration of the GERES array. The red dots indicate the
position of the short-period seismometer GS-13.

It consists of 25 vertical short-period seismometers (GS-13 seismometers, typically 1 Hz corner
frequency, 40 Hz sampling frequency). The seismometers are installed in 3-5 m depth holes on
four concentric circles around the center station A0 (see [Figure 3.1p). The circles’ minimum
and maximum radii are 200 and 1,988 m, respectively, which corresponds to a maximum
aperture of around 4 km. Due to the emplacement in holes, the seismometers are directly
coupled to the granitic bedrock (Haidmiihler granite). This type of emplacement ensures
that the seis- mometers are not directly affected by environmental effects, for example, wind
and air pressure changes. GERES is thus one of the most sensitive seismic arrays in central
Europe , , with particularly high data quality. Beside this, GERES is located in a
low-noise area, in a forest far away from particular noise sources, such as coastal lines, lakes
or big cities. We use the GERES array to perform a monitoring of the subsurface properties
with high temporal (hourly) sampling, for frequencies up to 10 Hz. For our investigation, we
used 5 months of continuous data from January to June 2014. As additional data sets, we use
the meteorological measurements from the close-by infrasound array 126DE, which provides
temperature and atmospheric pressure measurements.

3.2.2. Monitoring Seismic Velocity

Our seismic monitoring is based on ambient seismic noise, from which we estimate the Green's
function by calculating the cross-correlation function of the noise recorded at two stations
(Shapiro and Campillo| [2004). The Green's function represents the seismic impulse response
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of a medium to a point source at one station, recorded at the other. To monitor changes in
the subsurface, we then use the technique of coda wave interferometry (Snieder et al., |2002).
This concept, based on scattered coda waves, shows its advantage in capturing small changes
in the probed medium'’s elastic properties (Poupinet et al., [1984). The technique can be seen
as probing a given volume in the subsurface repeatedly over time (Snieder et al., 2002). We
use this to calculate differences in the coda waves' arrival time (dt/t) over the investigation
period and transform this into a relative seismic velocity change (dv/v). Our workflow starts
with a continuous record of ambient seismic noise cut into hourly segments to gain a high
temporal resolution. Afterward, we apply spectral whitening and estimate Green's function
for every possible station pair using MSNoise (Lecocq et al., [2014)). We use a Wiener Filter
similar to Mao et al. (2019a)) to increase the signal-to-noise ratio. This 2D filter is applied
with the same filter length of 3 in both dimensions (vertical: hour [h]; horizontal: lag time [s]),
which helps to reduce incoherent noise. From the filtered traces, we calculate a reference stack
for every month and station pair to remove seasonal trends and increase the focus on the
daily behavior of the subsurface. To determine the differences in the arrival time (dt/t), we
use the Moving Window Cross Spectral Analysis (MWCS; |Clarke et al., 2011} Ratdomopurbo
and Poupinet| 1995). The underlying assumption is that the velocity perturbation is constant
within the whole medium. This perturbation leads to a linear proportionality between the lapse
time and the delay time (Poupinet et al.,|1984). By estimating the slope of this proportionality,
we get the relative arrival time changes (dt/t) which corresponds to the negative relative
velocity change (dt/t = -dv/v). Using the MWCS analysis, we measure phase changes in
coda waves to rule out or avoid potential influences of changes in the noise spectrum (Zhan
et al., 2013). In addition to other studies on daily behavior, we calculate the relative seismic
velocity changes in different frequency bands (3-7, 4-8, 5-9, 6-10 Hz) to investigate their
depth dependency (after Herrmann| (2013), Figure [A.T)in Supporting Information A).

3.3. Results

3.3.1. Relative Seismic Velocity Changes

The result of the MWCS-Analysis in the 4-8 Hz frequency band is shown in [Figure 3.2h. To
decrease errors of individual station pair dv/v measurements, we calculate the mean over
300 station pairs. The other time series of dv/v can be found in Figure in Supporting
Information A. We observe dv/v perturbations of the order of 10—4, which is in good agreement
with other studies (Mao et al 2019a; Sens-Schonfelder and Eulenfeld, 2019). Our results
show short-term (daily) variations and long-term (monthly) trends. The driving force for
the long-term behavior is likely precipitation (Nakata and Snieder, [2012; |Sens-Schonfelder
and Wegler, |2006)), including snowfall and the resulting load of the snow (Guillemot et al.,
2021; Mordret et al., 2016)), as well as barometric pressure (Gradon et al., 2021; |Niu et al |
2008). Comparing the results of the other frequency bands shows that all significant long-
term features are observable in the different bands (see Figure in Supporting Information
A), for example, the linear decrease of the seismic velocities around Julian day 110. This study
rather focuses on daily and sub-daily features which are more accessible via spectral analysis
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as presented in the following.
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Figure 3.2.: (a) dv/v time series in the 4-8 Hz frequency band. The green curve shows a
smoothed version of the hourly measurements (black line with crosses). (b)
2D spectrogram from a 7-day sliding window Fourier analysis. (c) Stack of the
sliding windows. The red and blue lines indicate the one (S1) and two (S2)
cycles per day, respectively.
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3.3.2. Spectral Analysis

To reveal the periodicity of dv/v throughout the days we have calculated the Fourier transform.
For that, we split the dv/v time series into chunks of 7 days and padded them with zero
to get more frequency bins. The overall process works in a sliding window with a step of 2
days. We do that to increase the number of individual spectra to increase the signal-to-noise
ratio of the final stack. The resulting 2D spectrogram in shows consistent strong
amplitudes around one and two cycles per day (called in the following simply S; and S»).
They are also often called the diurnal and semidiurnal terms. Some weaker amplitudes are
observable at three, four, and five cycles per day. This trend manifests itself, when we increase
the length of the sliding window. Even with a high resolution in the frequency domain the
main peaks occur at S; and So. We do not observe a strong peak at 1.93 cycles per day,
which we might have expected from solid-Earth tides (Ms). The stack along the time axis
(see [Figure 3.2) verifies the observation and reveals the strong peaks and their ratios. The
spectrograms and stacks for the different frequency bands show some differences (Figures
and in Supporting Information A). For the highest frequencies S; is dominant. The
lower the frequencies the stronger the So peak is. The band in between shows the background
trend, which is an increase of the Sy peak. For the three- and four-cycles-per-day peaks, a
decrease in strength is observed as well.

3.4. Discussion

3.4.1. Possible Environmental Effects Causing Seismic Velocity Variation

High-temporal-resolution monitoring has received more attention in recent years (Mao et al.,
2019a; |Oakley et al., 2021} Sens-Schonfelder and Eulenfeld, 2019). The interest is to observe
small changes in subsurface properties, and to eventually relate them to changes in stressing
conditions and/or fluid content. There are more factors the observations are sensitive to, and
we need to consider several environmental effects and their potential influence on the behavior
of seismic velocities.

We can distinguish between periodic and non-periodic influences. Precipitation is a non-periodic
effect, which affects the long-term behavior of seismic velocities (Andajani et al., [2020; |Nakata
and Snieder, [2012; |Sens-Schonfelder and Wegler, 2006; Wang et al., [2017)). If water is added
or removed from the medium, the seismic velocity changes. The slow diffusion of water toward
greater depth can be a reason for a long-term trend (Roeloffs, 1996). On the same timescale, at-
mospheric pressure influences velocities (Gradon et al., [2021). A particular case of precipitation
is snowfall, which is a coupled effect that not only changes the water content. It adds a load to
the medium, which changes the elastic properties (Guillemot et al., 2021} [Mordret et al., 2016)).

In this paper, we focus primarily on periodic effects. Temperature and atmospheric pressure
are largely, but not strictly periodic; we investigate their influence on a daily time-scale only.
Figure 3.3| shows a combined plot of the spectra of these effects together with the spectrum
of the velocity time series. We can see that all of them have daily and sub-daily components.
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Figure 3.3.: Spectra of atmospheric pressure (blue line), temperature (red line), and dv/v
(black dashed line). The inset shows the spectrum of the theoretically determined
tidal strain at the German Experimental Seismic System array. Vertical lines
indicate the main periods in the spectrum of different effects.

The deformation of the Earth's subsurface due to solid-Earth tides is widely discussed (Sens;
Schonfelder and Eulenfeld, 2019). Due to gravitational forces, the elastic rocks are deformed,
which leads to variation of the seismic velocities (Yamamura et al., [2003). The spectrum of
the tides (Figure 3 inset) shows a one (S;), two (S2), and 1.93 (Ms) cycles per day behavior.
The first two are called diurnal and semi-diurnal term. The My component is the one with the
highest amplitude. Since the dv/v observations show no such component, the influence of
solid-Earth tides is clearly much weaker than that of other effects.

The temperature spectrum shows a strong one-cycle-per-day (S1) and a weak two-cycles-
per-day (S2) peak. This suggests that temperature contributes to the S; peak but not
significantly to the So behavior. The influence of temperature on the dv/v measurements is
not as straightforward as the one of precipitation or tides. On one hand, the direct influence
of temperature changes applies to the top meters of the subsurface. On the other hand,
heating and cooling throughout the day caused changes in the strain in the subsurface. From
Ben-Zion and Leary| (1986) or |Berger (1975), we know that the impact of this thermoelastic
strain can be much deeper than the few meters influence of temperature.
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Since atmospheric pressure shows a strong S and Sy behavior, similar to the dv/v, we suggest
it as the dominating force of the daily behavior of the dv/v. |Gradon et al.| (2021)) already
emphasized a strong correlation between longer-term atmospheric pressure changes and dv/v
measurements over certain time scales. In the following section, we suggest a model of how
the strong influence on daily behavior can be explained.

3.4.2. Interaction of Aquifers With Atmospheric Pressure

Spectral analysis of the dv/v time series shows a dominant peak around one and two cycles
per day (S and S2). The comparison with potential periodic effects has suggested that the
dominant driving force for this behavior is the atmospheric pressure changes. The atmospheric
pressure has strong diurnal and semi-diurnal variations. This phenomenon is called atmospheric
tides. It is a globally observed phenomenon mainly caused by solar radiation and thermody-
namic effects related to ozone and water vapor (Chapman, 1951} Palumbo) [1998). In contrast
to the solid or ocean Earth tides, the gravitational effects play a minor role in the generation of
atmospheric tides. The diurnal component (S1) is directly related to the heating and cooling
of air due to solar radiation during the day. The origin of the semi-diurnal component (S2) is
still under discussion. It is most likely due to an interplay between thermodynamic mechanisms
with a one cycle per day component (Palumbo, 1998). A quantitative analysis of both cycles
shows that the Sy is much stronger than the S1 component (Chapman and Malin, |1970).
This is also visible in the spectrum of atmospheric pressure measured at the GERES array (see
Figure 3.3).

The question arises, why the atmospheric pressure has such a strong imprint on the dv/v
measurements while solid Earth tides do not. In the following, we will discuss possible mech-
anisms related to seismic velocity changes and air pressure variations.

The direct effect of air pressure changes is the loading and unloading of mass at the Earth's
surface. An increase of pressure is associated with the mass which acts on the surface. This
load results in a compression of the material in the subsurface. On a microscopic scale, this
would mean that cracks are closing (Silver et al.| 2007). This yields an increase of seismic
velocity. During an episode of unloading cracks open up again and seismic velocity decrease.
In saturated conditions, another mechanism must be considered. When cracks are closed, the
fluid within is pushed to the pores. This leads to an overall increase of the pore pressure and
a decrease of seismic velocity (Andajani et al., 2020). To quantify the effect we assume that
a change of 1 kPa induces 10~ elastic strain in the Earth’s crust (Rabbel and Zschau, [1985).
We observe daily changes of 600 Pa, so this will result in 6 x 1071, A comparison with Mao
et al. (2019a) shows that this strain will lead to a relative velocity change of about 6 x 1076.
This effect is too small to explain the observed velocity changes of 1074,

The second mechanism which one has to take into consideration is the displacement of the
water table due to changes in atmospheric pressure. Hydrological measurements, for example,
McMillan et al.| (2019)), show a strong correlation between atmospheric pressure changes and
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groundwater level. The effect of groundwater level changes on long-term dv/v measurements
has already been discussed in the literature (Clements and Denolle, 2018; Voisin et al., [2017)).
More importantly, we can observe these changes on a daily and sub-daily basis. If the pressure
increases the water table is pushed into deeper parts.

During a period of low pressure, the water migrates toward the surface (see [Figure 3.4)). The
reaction of the groundwater table to the pressure changes is lagging and thus phase shifted
up to several hours (for example, |Rasmussen and Crawford, 1997)), due to the propagation
time of the pressure wave to the aquifer and water diffusion towards greater depth.

High Air Pressure
Low Air Pressure

\

downward migration

—
¢

upward migration

Figure 3.4.: Schematic representation of the interaction of atmospheric pressure and water
table depth. The illustration in the middle shows the pores of the different layers.

This will influence the subsurface in several ways. proposed two mechanisms that
come along with the change of groundwater table depth. The first one is the poroelastic
effect which describes the reaction of a saturated material to a strain. It is characterized by
the hydraulic properties of the media. The second mechanism is the direct elastic effect due
to the additional mass of water. According to (2011), the two effects have the same
order of magnitude, but the model is not fully suitable for our observations. The model is
constrained for the media below the groundwater table. We expect that our method is most
sensitive around the groundwater table. This leads to a minor influence of the two described
effects. We therefore want to introduce another mechanism that would lead to the observed
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velocity changes. If the atmospheric pressure changes the depth of the groundwater table some
parts of the subsurface will change their saturation degree. According to multiple laboratory
measurements, for example, [Mavko et al.| (2009), |Dong and Lu (2016) as well as modeling
studies like Solazzi et al.| (2021) a different saturation would lead to significant changes in the
S wave velocity, which also dominates the surface wave velocity. This mechanism can explain
the observed velocity change in the order of 10™%. In the observed time series, a combination
of all described effects is realistic.

3.4.3. Second Order Effect: Temperature Changes

We recognize a strong daily variation in the day's temperature and seismic velocity (see
[Figure 3.3)). The influence of temperature changes on dv/v is discussed in [Mao et al/ (2019a),
Oakley et al.| (2021) and [Sens-Schonfelder and Eulenfeld| (2019)). For the S;, thermoelastic
strain is estimated to be on the order of 10~®. This is in the same range as the estimated
strain caused by the displacement of the water table. According to |Ben-Zion and Leary, (1986)),
the strain induced by the So variation is smaller, but yet not quantified. We notice that the
ratio between the amplitudes at the dominant peaks changes with frequency. Decay in the
amplitude of Sy is observed while Sy increases. Within a few meters, S; is not dominating
anymore. We interpret that as a decreasing influence of thermoelastic strain with increasing
depth. This leads to the conclusion that we can explain the behavior of dv/v as a superposition
of thermal and pressure effects, but it is dominated by the latter over depth (see Figures
and in Supporting Information A).

3.4.4. Comparison With Other Studies

In our study, we observe a strong S1 effect. This is in good agreement with other studies
on the daily behavior of dv/v (Mao et al., [2019a; |Oakley et al., 2021; Sens-Schonfelder and
Eulenfeld, |2019)). All studies interpret this cycle as an imprint of temperature changes. In
addition, Mao et al. (2019a)) have evoked tidal forcing to explain this peak. Unlike other
studies with this high temporal resolution (Mao et al., 2019a; Sens-Schonfelder and Eulenfeld,
2019), we do not consistently observe the M2 peak caused by the tidal deformation of the
Earth inset). An My peak is observable for some station pairs only, but much
weaker than in other studies. This could be because this effect is too small to be detected
with our accuracy or within our geological setting. A similar conclusion was reached from a
study of monochromatic seismic signals at the same place (Baisch and Bokelmann, [1999).
The other mentioned studies had been performed primarily in sedimentary settings. Compared
with the hard-rock environment, the stiffness of sedimentary rocks is lower (Karagianni et al.,
2010). That means that they deform more under tidal stressing than hard rocks. The absence
of an My peak could also be associated with the location of our test site, far away from coastal
lines, which are affected by oceanic tides (which would give rise to a strong My peak). Since
we cannot observe that tidal constituent, we can neglect tidal effects as driving force for the
daily velocity variations.
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Oakley et al.[(2021)) do not observe the strong Sa component, as we see it in our data. They use
higher frequencies and show that their experiment is under dry conditions. In some special cases,
coda wave sensitive close to the depth of the groundwater table observe a weak S2 component.
Oakley et al.| (2021)) interpret this effect also as water table migration. This strengthens our ar-
gument about the interaction of aquifers and atmospheric tides in the behavior of dv/v in a day.

The comparison with other studies shows the complexity of the problem. It seems that the
character of velocity variations depends somewhat on the test site. This includes the geological
setting as well as their location. Further, the outcome depends on the chosen frequency bands.
Lower frequencies are more sensitive to greater depth and are potentially stronger influenced
by the interaction of aquifers and atmospheric tides. The higher the frequency, the lower this
influence.

3.4.5. Perspectives

Ambient seismic monitoring has been found to be very useful for geophysical monitoring,
to better understand the behavior of Earth's crust before, during and after tectonic events,
especially in active seismic regions (Brenguier et al., 2008a; [Ellsworth and Beroza, |1995)). This
is also motivated by recent laboratory studies that suggest that seismic velocity variations have
important predictive capabilities (Dresen et al., 2020; Scuderi et al., [2016). The determined
velocity time series however contain multiple imprints of environmental effects, which can be
relatively strong compared to the small changes due to tectonic stress changes or earthquakes.
Our study helps to filter out those interferences to reveal the response of the Earth to stress
changes, and preseismic effects in particular. The results also manifest the strong influence of
water/fluids on the dv/v, which may also be of more direct use itself (Roeloffs|, (1988). That we
can observe the relatively small changes of the groundwater table suggests that the technique
may have sufficient sensitivity to also see other perturbations of the groundwater system,
and that it may open new perspectives in groundwater geophysics, for example, for reservoir
characterization; it may perhaps also help to better understand geothermal reservoirs. The
non-intrusive nature of seismic methods may indeed be particularly useful in hydrogeophysics
in general. Somewhat surprisingly, the field of hydrogeophysics appears to be largely devoid of
“transmission” seismic methods so far.

3.5. Conclusions

We use ambient noise monitoring to show daily and sub-daily seismic velocity variations
with a magnitude of 1074, We achieve a high temporal resolution for the velocity time
series by using a small and relatively dense array. By calculating the spectrum of the dv/v,
we reveal strong daily and sub-daily components. To some extent, we confirm the results
and proposed driving forces from earlier studies of the daily variation. In contrast, we do
not observe a strong influence of Earth's tides. Instead, we detect a strong influence of
atmospheric pressure variations (atmospheric tides) on the behavior of relative seismic velocity
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changes. We thus introduce a model that connects atmospheric loading and the observed
dv/v changes. There is ample room for more seismic studies of groundwater and groundwater
reservoir. The sensitivity to groundwater indicates that these effects may need to be taken
into account if one wants to connect temporal velocity changes with tectonic stress changes.
Different sites and experimental settings may lead to different dominating effects and varying
strengths. Nevertheless, a step in the direction of high temporal resolution monitoring of
crustal deformation is made.

Data Availability Statement

The data used for performing this study is publicly available. It can be requested either via
European Integrated Data Archive (EIDA - https://eida.bgr.de) or the incorporated Research
Institutions for Seismology (IRIS - http://ds.iris.edu/ds/). The GERES array is part of the
German Regional Seismic Network (GR - https://doi. org/10.25928 /mbx6-hr74) and is hosted
by the BGR. To get the data of the GERES array the stations GEAO, GEA1, GEA2, GEB1,
GEB2, GEB3, GEB4, GEB5, GEC1, GEC2, GEC3, GEC4, GEC5, GEC6, GEC7, GED1, GED?2,
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Interaction of Air Pressure and Groundwater as Main Cause
of Sub-Daily Relative Seismic Velocity Changes
R. Kramer!

, Y. Lu!' , and G. Bokelmann'

IDepartment of Meteorology and Geophysics, University of Vienna, Vienna, Austria

Abstract Our study investigates variations of seismic velocity that occur over short time scales of hours.
We use coda wave interferometry to inspect 5 months of continuous data from a seismological array in southern
Germany. This results in relative seismic velocities (dv/v) that show temporal variations on the order of 104,
Spectra of the velocity time series contain strong daily and sub-daily behavior indicating that the daily and
sub-daily changes in the seismic velocity are primarily caused by atmospheric tides. We also note the influence
of temperature changes on daily variations, but as a second-order effect. The explanatory model focuses on
depth variations of the groundwater table, linking atmospheric pressure (loading and de-loading the Earth's
surface) to variations in seismic velocity. Our results highlight an important environmental influence on seismic
velocity that needs to be considered before seismic velocity variations can be used for inspecting fluid and
stress variations in situ.

Plain Language Summary Geological and environmental effects manifest themselves in changes
of crustal properties, and we record these as variations of seismic wave velocity. This is especially the case for
seismic waves that travel within the Earth's crust. Changes in tectonic stress are particularly interesting, since
they can cause earthquakes. We would also like to know more about changes in fluid content in the crust at the
various depth levels. Both tectonic stress and fluid content affect seismic velocity, but environmental factors
also have an effect and these need to be taken into account. This study shows that the interaction of air pressure
and groundwater, has considerable influence on measured daily velocity variations. This opens important
possibilities in itself. On the other hand, we can remove these pressure effects from the velocity changes, to
highlight changes due to tectonic effects, such as earthquakes.

1. Introduction

The research toward understanding large earthquakes' generation and precursor phases is still in process (Conti
et al,, 2021; Ellsworth & Beroza, 1995). A key parameter to better understand the temporal component of these
processes is the changing strain and stress within Earth's crust. The elastic moduli of the rocks directly link these
variations to seismic velocity changes. By knowing this relationship, measuring changes of seismic velocity
provides insight into the temporal evolution of strain in the subsurface. However, this relationship is disturbed
by the influence of environmental effects, for example, temperature, precipitation (Hillers et al., 2015; Richter
etal., 2014; Schonfelder & Wegler, 2006; Wang et al., 2017). Collecting information about time-varying environ-
mental processes perturbing Earth's crust is thus essential to reveal crustal deformation associated with tectonics.

The classical approaches to probe this behavior, which have used active seismic experiments (Niu et al., 2008;
Yamamura et al., 2003) are increasingly replaced by monitering using seismic ambient noise and the concept
of coda wave interferometry. In the first step, the long-term influence of envirc 1 effects was di d
(Gradon et al., 2021; Richter et al., 2014; Schonfelder & Wegler, 2006). Also, the strong imprint of groundwater
level changes is widely discussed and described (Clements & Denolle, 2018; Gassenmeier et al., 2014). Recent
years have shown a trend toward high temporal resolution monitoring (Mao et al., 2019; Oakley et al., 2021;
Schinfelder & Eulenfeld, 2019). These studies show that environmental effects such as daily temperature changes
(Mao et al., 2019; Oakley et al., 2021) and tidal stress (Mao et al., 2019; Schonfelder & Eulenfeld, 2019) substan-
tially impact seismic velocities. However, in contrast to long-term studies, the influence of daily groundwater
table changes or atmospheric pressure variations is merely discussed.

In this study, we fill this gap by investigating data from a highly sensitive array in southern Germany, which is
far away from potential local disturbances, such as cities or roads. We calculate an hourly dv/v value for high
temporal resolution monitoring. Our measurements show that the seismic velocities have daily and sub-daily
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3.6. Extended Discussion

The study presented a new observation based on high-temporal-resolution monitoring of relative
seismic velocity changes. It is an important contribution to our understanding of the influence
of environmental parameters, such as air pressure, on dv/v. The GERES array is ideal for
this study because the sensors are installed in holes in the ground. This eliminates the direct
influence of environmental factors, such as variations in air pressure, on the seismic sensor.
Although the methods presented are robust, the paper could benefit from a more in-depth
discussion of the stability and distribution of noise sources. This is particularly relevant on
the sub-daily timescale, as well as for potential variations in source intensity or directionality,
which could affect the inferred changes. Due to the array's location in the forest, far from
potential periodic human noise sources, this effect may be negligible, but further strengthening
the conclusion is possible.

The intention of this study was to build on the findings of Mao et al.| (2019a) and deepen our
understanding of the periodic influences on seismic velocity throughout the day. Although
the study settings are quite different, the extent of the arrays is comparable. Throughout the
data processing and frequency analysis, we noticed the absence of the My tidal component
found in [Mao et al. (2019a). Despite testing multiple methods and signal enhancement
processes, it was not observable. This led to a different scope of publication and shaped
the dissertation in general. In need of an alternative explanation for the observed periodicity,
we considered the potential influence of air pressure on seismic velocity changes. As this
was unexplored territory in seismology, the interpretation may be lacking in detail; however,
the intention was to provide an initial description and explanation of the observed phenomenon.

The focus on air pressure and groundwater interaction was an initial attempt to establish
a connection through seismic velocities. However, this approach oversimplifies near-surface
dynamics and does not fully explain possible other mechanisms. For instance, it disregards the
principles of poroelasticity to link atmospheric loading with near-surface stress variations and
subsequent changes in seismic velocities. Furthermore, the spatial variability in subsurface
properties could be addressed more explicitly. Variations in lithology, porosity, and hydraulic
conductivity could lead to differential responses in seismic velocity changes. Ultimately, the hy-
pothesis should be verified using numerical modeling that takes these factors into consideration.

Additionally, the specific setting and the use of data from a small array could lead to
conclusions that are context-specific. Expanding the analysis to a larger region with varying
subsurface characteristics would help determine the broader applicability of the findings. These
considerations motivated the second study, which is presented and discussed in the next
chapter.
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4 ldentifying Large Vulnerable Water Reservoirs
Using Passive Seismic Monitoring

Highlights
e Mapping periodic dv/v across large-scale regional seismic networks.
o Assessing shallow aquifer vulnerability using seismic observations.

e Innovative applications of seismic methods in environmental research.

Abstract

Seismic waves capture important insights into subsurface behavior. We introduce an adapted
coda-wave interferometry approach to monitor the spatial variability of semi-daily periodic
seismic velocity changes on a regional scale, applied to data collected across South and Central
Europe. Our results reveal a broad spatial correlation between seismic velocity changes and air
pressure fluctuations, suggesting that air pressure is the dominant driving force. Specifically, air
pressure fluctuations modulate saturation levels within the capillary zone through the dynamic
interplay between fluid and gaseous phases, producing significant seismic velocity changes. The
mechanism explains the large variations observed in regions with high connectivity between the
surface and saturated zone. We associate this enhanced interaction with the high vulnerability
of shallow water resources. We propose inspecting semi-daily periodic seismic velocity changes
as a new tool for gaining a regional view of water reservoir vulnerability.

4.1. Introduction

Climate-change induced droughts and increasing industrial activity, have significantly intensified
water demand (Megdall 2018)). Addressing these global challenges requires understanding
and managing water resources to ensure a sustainable and resilient society and ecosystem
(Mukherjee et al 2018)). In this context, shallow groundwater resources are broadly available
and easily accessible and therefore particularly important (Wang et al., 2014; Gao et al., 2018).
However, the high permeability and connectivity associated with shallow aquifer systems
raise concerns about potential pollution and contamination (Al-Hashimi et al., 2021)). Thus,
acquiring a better understanding of the vulnerability of this water resource is imperative.

Aquifer vulnerability refers to the risk of pollution or contamination by substances such as
chemicals or wastewater (Jang et al [2017; |Heinz et al., 2006). Methods and tools that allow
constraining vulnerability are important to enhance awareness among decision-makers and
the public, promoting secure water usage practices. The assessment of aquifer vulnerability
commonly relies on measuring barometric efficiency (Hussein et al., [2013; |Odling et al., |2015)).
This metric represents the susceptibility of the groundwater table to air pressure fluctuations,
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and it offers information about aquifer vertical diffusivity as a crucial determinant of vulner-
ability (Hussein et al., 2013). However, at present, measurements of barometric efficiency
are confined to sparse point-wise borehole observations, subject to local geo-hydrological
variabilities. This emphasizes the need for a novel efficient tool that can infer shallow aquifer
properties at larger scales, ranging from individual reservoirs to regional hydrological units.

Recent studies (Clements and Denolle, [2018; Mao et al., 2022) have highlighted the potential
of ambient noise seismology for imaging the shallow subsurface and for temporal monitoring
beside registering seismic events. This approach can provide continuous tracking of (temporal
variations) seismic velocities. Initially aimed at understanding the evolution of crustal stress
associated with earthquakes (Brenguier et al., 2008a; Obermann et al., [2014; Wang et al.,
2019), many studies have also revealed that the observed seismic velocities are affected
by environmental processes like seasonal temperature cycles, precipitation, snow, and air
pressure fluctuations (Sens-Schonfelder and Wegler, 2006} Richter et al 2014; Hillers et al.,
2015a; Wang et al} 2017} |Gradon et al} 2021} |Guillemot et al., [2021)). Moreover, long-term
investigations have drawn attention towards the notable impact of groundwater-level fluctu-
ations on the seismic velocities (Sens-Schonfelder and Wegler, 2006} |Gassenmeier et al., [2014;
Lecocq et al., [2014; [Voisin et al., 2017; |Clements and Denolle, 2018; |Rodriguez Tribaldos
and Ajo-Franklin, [2021)). Recent research has further illuminated the impact of short-term
periodic effects, which routinely alter seismic velocities (Mao et al., 2019a; Sens-Schonfelder
and Eulenfeld, [2019; Oakley et al| [2021; Kramer et al., [2023). Considered as repetitive
phenomena overprinting transient events, observations on the periodic seismic velocity changes
contain stable information about the subsurface processes (Oakley et al., [2021} [Kramer et al.
2023).

This study aims at assessing the vulnerability of shallow aquifers across South-Central Europe
using observations of air-pressure-induced seismic velocity changes. As demonstrated in e.g.
Gradon et al.| (2021)) and [Kramer et al.| (2023), air pressure fluctuations and their interaction
with aquifers lead to substantial changes in seismic velocities. We focus specifically on ex-
amining periodic air pressure fluctuations caused by atmospheric tides.

Atmospheric tides are regular diurnal and semi-diurnal oscillations in the wind, temperature
and pressure fields, which arise from the superposition of thermal effects and the gravitational
force. The absorption of solar radiation in the atmosphere generates internal gravity waves
that propagate downwards, contributing to both diurnal and semi-diurnal surface pressure
oscillations (Chapman and Lindzen, |1970). In tropical areas, semidiurnal oscillations typically
have greater amplitude than diurnal oscillations. Over land areas in the extratropics, the
amplitude of diurnal oscillations is greatly enhanced by sensible heating from the ground (Dai
and Wang, 1999). Semi-diurnal atmospheric pressure oscillations are supposed to be the
main driving force for sub-daily periodic seismic velocity changes (Kramer et al., [2023). We
propose that the strength of this seismic velocity cycle primarily reflects the air and water
diffusivity above the groundwater table, which can serve as a proxy for barometric efficiency.
The underlying mechanism will be elaborated upon in subsequent sections.
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Studies of the barometric efficiency are conducted locally at boreholes (Hussein et al.} 2013;
Odling et al., [2015; Valois et al., [2022), and spatial mapping of this fundamental metric is
hardly available. This is where our investigation becomes crucial, since it can provide such
spatial information, allowing to capture the complexity of the geo-hydrogeological settings
within Europe and the study area. Among the prominent geological features are the Po plain,
the Alps, the Apennines, the Dinarides, the Pyrenees, and additional distinctive formations
such as the Alpine Foreland (Fig. ) This diverse landscape gives rise to two primary
types of aquifers, exhibiting spatial variations across the region (Cornu et al., 2013). Aquifers
within consolidated rocks, such as limestones or sandstones, coexist alongside aquifers within
unconsolidated rocks like sands (Cornu et al., 2013} Nistor, [2020). To capture the complex
structure of the area, our study takes advantage of data obtained from meteorological services
as well as seismic networks across southern and central Europe (Hetényi et al., [2018), to
(i) demonstrate the feasibility of passive coda-wave monitoring utilizing typical broadband
network setups with large inter-station spacing, and (ii) unveil the potential of using seismic
velocity observations to map the hydro-physical properties of underlying groundwater bodies.

0o 1 2
elevation [km]

5°E 10°E

Figure 4.1.: Maps of the study area. (a) Overview of topographical variations across Europe,
including the main geological features (AF - Alpine Foreland, AM - Alpine
Mountains, ApM - Apennines, DM - Dinarides, PB - Po Basin, and PM -
Pyrenees). (b) Distribution of the broadband seismic stations. (c) Meteorological
stations used within the study.

4.2. Data and methods

4.2.1. Continuous seismic data

This study benefits from the growing number of broadband sensor installations across Europe
in recent years. Notably, temporary deployments associated with the AlpArray project (Hetényi
et al} [2018), have significantly contributed to filling the existing broadband station gaps
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in central and southern Europe. This has resulted in a dense broadband station coverage
in the region during the considered period of data analysis, where the average inter-station
distance is around 50 km. In total we gather four years (2016-2019) of continuous seismic data
recorded at more than 1400 broadband seismic stations distributed over southern and central
Europe, as shown in Fig. . Following Lu et al. (2018), we pre-processed the continuous
data reordered by each station in two main steps. Firstly, each hourly data was detrended,
band-pass filtered, and instrument-response corrected. Secondly, we removed hourly data
possibly containing earthquakes or other transient events. The remaining hourly segments
were then whitened in the frequency domain and cross-correlated between station pairs with
an inter-station distance between 25 km and 75 km.

4.2.2. Measurements of seismic velocity changes

Our objective is to extract short-term periodic seismic velocity changes from large-scale
seismic arrays with relatively long interstation distances (around 50 km on average). Previous
studies that focused on daily and sub-daily seismic velocity variations typically used relatively
small arrays (Mao et al| 2019a} Oakley et al., 2021; Kramer et al., 2023) or single stations
(Sens-Schonfelder and Eulenfeld, [2019). Extending this approach for large-scale observations
presents challenges: the interstation distances become larger, making it more difficult to
obtain stable and reliable hourly observations over larger areas. To address this challenge,
we propose a novel approach to generate pseudo high-temporal-resolution seismic velocity
observations. We profit from the stable short-term periodic variations in the environmental
driving forces such as air pressure and temperature. Resulting daily and sub-daily seismic
velocities are expected to follow a similar repeating cycle each day. This is validated by
inspecting spatio-temporal changes in the meteorological dataset (Fig. [B.I).

We calculate hourly cross-correlations within the frequency band of 0.5-1.5 Hz (Fig. [4.2p) to
focus on near-subsurface behavior. As mentioned earlier, calculating hourly cross-correlations
for large-scale investigations proves challenging due to the presence of long travel paths and
strong attenuation, making it difficult to obtain reliable measurements (Hadziioannou et al |
2011). Therefore, we stack the cross-correlations for corresponding 24-hour periods over
the four-year time span (Fig. [4.2). It is important to note that each cross-correlation is
normalized by its maximum amplitude before stacking to mitigate the effects of transient
events and highlight those of periodic phenomena that occur consistently over days. This
approach yields a total of 24 unique cross-correlation functions (Fig. [4.2k) for each station
pair, from which we measure changes in seismic velocity from coda waves.

In order to precisely define the coda-wave time window, we first measured the Rayleigh wave
peak-envelope arrival time around the desired periods for each station pair. The obtained
group velocities at 1-s period, the dominant period band used in this study, demonstrate a
striking spatial correlation with the prominent geological features of the region. For instance,
high velocities are evident in the Alps, contrasting with lower velocities observed in the Po plain
and the Molasse basin (Fig. [B.3). This in a way validates our determination of Rayleigh-wave
arrivals. Accordingly, we define the coda wave time window starting 2 s after the surface wave
arrival and lasting for 30 s.
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After identifying the coda window, we use the time stretching method (Sens-Schonfelder and|
to determine the relative seismic velocity changes (dv/v). The underlying idea
is that waveforms are compressed or stretched proportionally in response to dv/v variations in
the medium. To find the corresponding dv/v value, we examine different stretching factors
€, selecting the one that maximizes the similarity between the stretched correlation function
and the reference. Employing this technique in a series of sub-time windows (with 4-s window
length) within the coda, we calculate their median value as the final dv/v measurement of

each station pair to stabilize our results and minimize procedural error.
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4.2.3. Measurements of atmospheric pressure

We compile an atmospheric pressure dataset covering a similar spatial extent as the seismic
dataset (Fig. [4.1c). Measurements of surface atmospheric pressure are routinely collected by
meteorological services at hourly or sub-hourly temporal resolution and ingested in operational
data assimilation and weather prediction systems worldwide |Bauer et al. (2015]). This study
combines data transmitted to the WMO Global Telecommunication System and archived in
NOAA's freely accessible Integrated Surface Database (Smith et al., 2011) with additional
measurements obtained by national weather services upon request or through open data
repositories. Measurements covering ltaly were extracted by the Meteonetwork database
(Giazzi et al., 2022), a citizen science open crowdsourced meteorological network that shares
data from thousands of weather stations online on a sub-hourly basis. Because of heterogeneous
data conventions, our merged hourly dataset (approx. 1500 stations from 01/2016 to 12/2019)
contains a combination of station-level pressure and pressure reduced to sea level. The former
is needed in this study. Missing records of surface pressure were reconstructed from sea-
level pressure by inverting the pressure reduction formula (World Meteorological Organization
(WMO)), 1954). This was accomplished using information on surface temperature and elevation,
but neglecting the influence of atmospheric humidity. Considering data subsets in which both
surface pressure and reduced pressure are available, we verified that this approximation in the
inversion of pressure reduction has a negligible impact on the reconstructed diurnal variability
of station pressure.

4.2.4. Mapping spatial daily and semi-daily behavior of seismic velocities
and meteorological parameters

To analyze the dominant periodic behavior, we decompose the measured seismic velocity
changes (dv/v) into multiple sinusoidal functions with the periods of 24 h (S1) and 12 h (S>),
representing the daily and semi-daily components respectively.

In order to capture and visualize spatial variations in the sub-daily behavior of the seismic
velocity changes, we employed a regionalization procedure, spatially averaging measurements
from individual station pairs. This involved defining a grid that covers the area of interest.
Subsequently, we computed the average dv/v time series from station pairs within a 200 km
radius around each centered grid point. To mitigate the influence of station pairs farther from
the center, we applied a spatial Gaussian weighting function, effectively scaling down their
impact. As basis for this we used the mid-point between the two stations and its distance
from the grid point.

We adopted the aforementioned approach similarly for analyzing meteorological data. However,
we reduced the radius to 50 km. This adjustment accounts for the strong spatial variability of
meteorological variables across short spatial scales, influenced by factors like topography and
other local effects.
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4.3. Results and discussion

4.3.1. Periodic behavior of seismic velocity changes and air pressure

As described in the section before we decomposed the seismic velocities and air pressure into
their main components. We further introduce the period of 8 hours (S3) for the seismic
velocities, as recognized by Mao et al.|(2019a) and |Kramer et al.| (2023).

This will reduce the fitting residual error for the whole investigation area (see Fig. [4.3A; Fig.
and Fig. [A.4)). Other minor components with higher frequencies only lead to a slightly
improved fit. We focus on the daily and semi-daily components, which dominate the periodic
changes. The spatial analysis of S5 shows that it is roughly half of the Sy amplitude. With
that, we confirm earlier observations made from the GERES array in southern Germany using
a conventional seismic noise coda-wave monitoring workflow (Kramer et al., [2023). Fig.
shows that the averaged amplitudes of S7 and S5 over the study area are in a similar range of
magnitude, both on the order of 107°. The S; component shows a peak at approximately
14 hours, while the minimum occurs in the early morning hours around 2 hours. The Sy
component peaks around 5 hours and 17 hours, with minima occurring at approximately 11
hours and 23 hours.
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Figure 4.3.: Comparison of the periodic patterns of seismic velocity changes and air pressure
(averaged over the entire study area). The orange and blue dots represent the
averaged measurements of (a) seismic dv/v and (b) air pressure. The dashed
black line indicates the synthetic data from fitting sinusoidal functions using
24-hour, 12-hour, and 8-hour periods. The red and blue lines represent the
fitted daily and semi-daily terms, respectively. The S5 curve has been omitted
for illustration reasons and can be found in the supplementary section (see Fig.

)

A similar picture emerges when we decompose the signal of air pressure into S7 and So
patterns (Fig. [4.3b). The two sinusoidal signals show amplitudes of 35 Pa and 43 Pa. The
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S1 component exhibits a peak at approximately 6 hours, while the minimum occurs in the
late afternoon hours around 17 hours. Conversely, the Sy component demonstrates an inverse
slightly time shifted trend to seismic velocity changes, with peaks around 11 hours and 23 hours,
and minima occurring at approximately 4 hours and 16 hours. These observations highlight
the distinct periodic behaviors of air pressure, shedding light on its potential correlations with
seismic phenomena.

Several studies (Hillers et al. 2015a; Mao et al., 2019a; |Sens-Schonfelder and Eulenfeld,
2019} Oakley et al., |2021; |Kramer et al., 2023)) have identified the various driving forces
that contribute to a significant S; component in the dv/v observation. These driving forces
encompass temperature variations within the subsurface, leading to changing thermoelastic
strain (Berger, (1975 Ben-Zion and Leary, 1986)). Additionally, thermal-induced self-noise from
the instrumentation has been recognized as another contributing factor (Wielandt, 2012). The
quantification of the latter effect is challenging due to variations in the installation standards
for different station networks. Furthermore, we have identified that fluctuations in air pressure
can also play a significant role in the diurnal variation of seismic velocities (Kramer et al.,
2023). In contrast to that, the Sy is predominantly caused by changes in the air pressure
(Kramer et al., 2023)). Other factors such as solid Earth tides or soil moisture variations cannot
explain the observations. This would help separate various driving forces, with its behavior
more directly attributed to subsurface properties, particularly the hydro-physical properties of
underlying groundwater bodies. Thus, we focus on the spatial pattern of the component in
the following and elaborate on its meaning and potential applications.

4.3.2. Spatial variations of semi-daily velocity changes

Mapping the amplitude of the component (Fig. [4.4p) reveals significant spatial variability in
this semi-daily behavior of seismic velocity changes across South-Central Europe.

Areas north of the Alps exhibit relatively low amplitudes, measuring below 0.25 - 10~4, whereas
areas to the south tend to display higher amplitudes, occasionally exceeding 0.5 - 10~%. Partic-
ularly high amplitudes exist along the southern Alps in northern Italy and Slovenia, and along
the Apennines in central Italy. The Sy component of air pressure (Fig. [4.4b) exhibits a simpler
spatial pattern characterized by a North-South difference, with smooth variations mostly in
the range of 40 to 55 Pa. The highest amplitudes are observed in the border region between
Slovenia and Croatia. Additionally, other notable features above the average of roughly 47
Pa are observed in southeastern France, within the Po plain in northern ltaly, and along the
Italian peninsula, following the mountain ridges of the Apennines.

Comparing velocity and air pressure reveals a general spatial correlation (Fig. [4.4)), particularly
regarding the north-south division relative to the Alps. Such a correlation is expected given
the influence of air pressure on the amplitude of seismic velocity changes. Yet, this can not
explain important detailed spatial discrepancies. For instance, the highest anomaly of air
pressure does not coincide with the highest anomaly of seismic velocity changes. In general, we
conclude that a stronger sub-daily air pressure cycle does not necessarily result in a stronger So
component in seismic velocity changes, suggesting that the local geo-hydrological variability
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Figure 4.4.: Spatial distribution of the amplitude of Sy. (a) S2 amplitude for seismic velocity
change (dv/v). The green contours outline aquifers characterized by continuous
carbonates, moderate to high permeability, and large pore size (Cornu et al.|
2013; |(Chen et al} 2017; Xanke et al., 2022).(b) S2 amplitude of air pressure
oscillations. The white contour outlines the Alpine Mountains. (Note: the
amplitude of the air pressure refers to a de-meaned time series. The amplitude
of air pressure oscillations (about 50 Pa) is much smaller than the absolute value
of sea-level pressure (about 10° Pa)

plays a crucial role in semi-daily velocity behavior.

4.3.3. Mechanisms explaining the velocity changes

The spatial correlation between semi-daily changes in seismic velocity and air pressure, as
well as in previous studies (Kramer et al., 2023)) suggest that air pressure is the main cause
of semi-daily velocity variations. In the following we present the mechanisms underlying
sub-daily seismic velocity changes and their implications for characterizing geo-hydrological
features of shallow water reservoirs. Seismic velocity changes measured within the 0.5-1.5
Hz frequency range exhibit depth sensitivities highly restricted to the shallow subsurface (Qin
et al., [2022; [Fokker et al., [2023). As discussed earlier the only reasonable explanation for the
sub-daily velocity changes are fluctuations in the air pressure above the observation point.
As a direct effect, air pressure influences the unsaturated zone, causing compression during
high air pressure and extension during low air pressure phases (Silver et al., 2007)). Soils
or weathered rocks, prevalent in the unsaturated zone, would experience significant water
redistribution, thereby altering shallow seismic velocities.
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Shallow seismic velocity changes, as demonstrated by (Solazzi et al| [2021), are strongly
influenced by capillary effects in partially saturated soils. The capillary fringe, which is a
thin layer above the water table between the unsaturated and saturated zones, responds to
changes in pressure by rising or falling. This dynamic behavior of the capillary fringe is crucial
as it mediates the relationship between air pressure fluctuations and alterations in seismic
velocities. Understanding this relationship requires a conceptual grasp of the conditions in
the subsurface. The subsurface medium comprises solid, fluid, and gaseous phases (Peck,
1960; Norum and Luthin| 1968). Above the water table, the pores of the solid phase are filled
with water, entrapped air, and air that can move freely and is connected to the atmosphere
(Peck, 11960). When air is disconnected from the atmosphere, it becomes entrapped air,
unable to move freely due to blockages by the fluid phase (Norum and Luthin, 1968). If
air is entrapped in the zone around the water table and within the capillary fringe, changes
in air pressure will induce alterations in this zone, as it is compressible (Norum and Luthin,
1968; Turk, [1975)). Under high air pressure, entrapped air compresses, occupying less pore
space, and water from the saturated zone is drawn upward by capillary forces to fill this
space. Consequently, this results in a decrease in the water table level and an expansion
of the capillary fringe. Conversely, if air pressure decreases, entrapped air expands, pushing
water downwards the water table, leading to a rise in the water table level and a reduction
in the thickness of the capillary fringe (Turk, 1975). Fig. illustrate this dynamic process.
The impact of air pressure on changes in the water table varies considerably depending on
the type of aquifer and can reach up to 6 cm (Turkl [1975)). High air pressure results in a
thicker capillary fringe, increasing saturation of the probed medium and causing a decrease
in shear-wave seismic velocity (Toksoz et al. 1976; Mavko et al., 2009; [Dong and Lu, [2016;
Solazzi et al} 2021). Conversely, under low air pressure conditions, the opposite effect occurs.
Laboratory experiments confirm that this effect occurs almost instantly (Norum and Luthin|,
1968; [Turk, |1975]). Based on our experimental setting we found an average time delay between
air pressure and dv/v of approx. 0.6 h (see Fig. [B.5]). The interplay among air pressure, water
table, and capillary layer clarifies the observed negative correlation between the S2 component
of seismic observations and atmospheric conditions (Fig. [4.3). It is important to note that
other effects could also contribute to variations in the seismic velocity, e.g. changes in the
pore pressure due to air pressure variations (Clements and Denolle, 2018) altering the seismic
velocities. While this effect could further contribute to the velocity changes it is not able to
explain the observed phase delays (Fig. [B.5)), since the reaction would be quasi-instantaneous.

4.3.4. Sub-daily seismic velocity changes as an indicator of vulnerable
water reservoirs

Building upon the links established earlier a high amplitude in the of seismic velocity changes
would indicate a strong interaction of air pressure with the subsurface. This reflects the
connectivity that allows the air pressure to diffuse through the unsaturated zone. Delving into
various (hydro)geological settings across Europe, we can discern specific conditions that favor
this pronounced behavior.
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Figure 4.5.: Schematic evolution of the capillary fringe under different air pressure conditions.
The left panel illustrates the decrease in capillary thickness under low air pressure,
resulting in an increase in seismic wave velocity. The right panel depicts the
process under high air pressure, where the capillary fringe becomes thicker
with a lowered water table. The zoom-in in the middle shows the alteration
in compressible air space with and without water infiltration (modified after
Fabbri et al.| (2019)). The orange shaded areas schematically represent the parts
sampled by the coda waves.

The highest anomalies in Fig. overlap with consolidated aquifers composed of continuous
carbonate rocks exhibiting moderate to high permeability and large pore size, known as karst
formations (Cornu et al 2013; |Chen et al., 2017; Nistor, 2020). This aquifer type is charac-
terized by features such as caves, sinkholes, fractures, underground rivers and interconnected
conduits (Ford and Williams, 2007)). These features formed by corroding effects lead to a
stronger secondary porosity, dominating the water regime (Ford and Williams, 2007)). These
properties enable karsts to effectively redistribute and infiltrate water in short periods, evident
in a strong fluctuation of the water table (Serpelloni et al., [2018). This provides a unique
setting to pronounce the semi-daily behavior of the seismic velocities. Particularly noteworthy
are sinkholes and other openings to the atmosphere, such as fractures, which provide a direct
path for air pressure to act on the capillary zone. This configuration within the geological
formations presented here results in a stronger impact of air pressure changes. While we
believe that the sub-daily variations are mainly driven by the atmospheric tides it is noteworthy
that karst systems undergo further significant non-periodic changes due to meteorological and
tectonic factors like presented in Barajas et al. (2021). Our spatial mapping reveals three
significant groundwater reservoirs in Europe following this pattern.

Fig. . shows the karst in the southern calcareous Alps including the karst plateau and
adjacent karst in the Dinarides (Chen et al., 2017; [Xanke et al| [2022). It is the largest
and most pronounced anomaly within our study. This might be due to the continuity of the
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formation over a large area. Fig. [I. overlays with the Apennine carbonate platform in the
central Apennines, recognized as a substantial water-bearing formation (Mantovani et al., 2019;
Xanke et al., 2022). Our method images the central part of this formation. The third reservoir
in southeastern France (Fig. [1.), located in the western Alps and the southern France
basin (Xanke et al., 2022), is also identified with our method. However, this reservoir exhibits
a less pronounced anomaly. We found two reasons for that. Firstly, the reservoir sustained
by continuous karst is smaller compared to the others (Chen et al 2017)) and is closely
located to discontinuous carbonates (Chen et al., 2017)) and non-aquiferous rocks (Cornu
et al., [2013). Secondly, the station coverage in this area is sparse, implying stronger smoothing.

Further notable geo-hydrological units across the study area are semi- to high-altitude mountain
ridges such as the Alps or the Apennines. They are permeated with fissures and cracks (Somers
and McKenzie, 2020) which are not necessarily intra-connected or open to the surface leading
to trapping of the fluids and a lower level of permeability compared to other aquifer types. As
a consequence of these geological attributes, these aquifers show a slower infiltration rate and
interaction between air pressure variations and the subsurface in these regions is inherently
limited. Another large-scale geo-hydrological unit is the Po Basin. It is characterized by marine
deposits (Wendland et al., [2008), and accordingly, large pore sizes and high permeability
(Cornu et al., 2013). While we observed a pronounced anomaly in the central-eastern Po
Basin, drawing conclusions about its seismic response to semi-daily air pressure changes for its
western part is difficult due to limited station coverage (Fig. [4.1p).

Our method provides a new assessment of barometric efficiency. This could be used to correct
for air pressure influence in routine hydrological borehole measurements. To do so, it would be
necessary to remove the actual air pressure force signal from the dv/v. By doing that it would
be ensured that the results purely reflect the reaction of the system to those changes. Knowing
which reservoirs are likely to have a stronger interaction with air pressure potentially help to
get more precise groundwater level measurements (Rasmussen and Crawford, [1997). More
importantly, it serves as a measure of vertical diffusivity (Hussein et al., 2013)), which is closely
linked to the vulnerability of the aquifer. Our technique allows large-scale mapping of this
metric and therefore overcomes the point-wise character of the well-based method. Our study
points out karst as a dominant feature in air pressure-subsurface interaction. This highlights
the importance of this formation, since karst aquifers are renowned for their easy accessibility,
making them an essential sources of potable water for approximately 25% of the world’s
population (Ford and Williams, 2007; Stevanovid, 2019). This accessibility makes them vital
resources for buffering the increasing demand for water needed for both society and industry.
Naming their essential role in water management, karst formations contribute significantly
to sustainable water resources. However, the fast infiltration, permeability and flow patterns
of karst formations also expose them to significant vulnerabilities, particularly in terms of
contamination (Heinz et al., 2006} [Ford and Williams|, 2007; |Stevanovic, [2015). Various
contaminants can easily infiltrate these aquifers posing risks to both the environment and
humans. In this regard, the method presented in this study offers the potential to effectively
assess vulnerable aquifers which is essential for their responsible management and protection.
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This entails large-scale mapping, exemplified in the context of southern-central Europe, and
also more focused small-scale applications aimed at better understanding individual aquifers
or hydrological units.

4.4. Challenges and limitations

Our study demonstrates the feasibility of extracting periodic patterns of dv/v from large
regional arrays, with these patterns showing clear correlations to large-scale water reservoirs
influenced by interactions between air pressure changes and the capillary zone. While assessing
this important parameter yields valuable insights, it comes at certain costs.

One of the main challenges is stabilizing the dv/v measurements across long inter-station
distances without losing the temporal component. As described earlier, we stacked the data
over both time (4 years) and space (200 km), resulting in a smoothed representation across
these dimensions. While this approach aligns with our primary objective, it imposes limitations
and introduces potential ambiguities in data interpretation. The spatial smoothing imposes
certain thresholds on the detectability of water reservoirs in our analysis. Larger and spatially
continuous reservoirs are detectable through higher amplitude signals; however, when an
aquifer is limited in size or discontinuous, averaging can reduce or obscure these signals,
resulting in minimal or no detectable anomaly. By stacking and averaging our analysis over a
4-year period, we aim to exclude potential effects from non-periodic environmental drivers
(e.g., precipitation) as well as natural variations, such as annual cycles of groundwater levels.
Although this approach supports the interpretation of periodic behaviors on a large scale, it
limits our sensitivity to these parameters. While our method effectively detects aquifers that
exhibit strong interactions with air pressure changes - serving as an indicator of vulnerability
- it is not capable of distinguishing between different aquifer types or aquifer depth. For
instance, a strong interaction may occur in both karst systems with open channels and shallow
sedimentary aquifers.

4.5. Conclusion

We have demonstrated the feasibility of investigating daily and sub-daily seismic velocity
changes within large array settings. With an adapted coda-wave interferometry approach we
are able to study the spatial variability of semi-daily seismic velocity changes. We associate
fluctuations of air pressure with changes of the saturation in the capillary zone through an
interplay between the fluid and the gaseous phase to explain the observed dv/v variations. This
offers valuable information on the vulnerability of shallow water resources in southern-central
Europe, particularly those with high connectivity, which exhibit a pronounced interaction with
air pressure.

However, covering a vast area with different geological, hydrological and meteorological set-
tings imposes certain limitations and challenges. One such challenge is ensuring reliable dv/v
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measurements. While averaging over a distance helps stabilize measurements, it comes at the
cost of spatial resolution, potentially omitting small hydrological formations.

To directly use them as a measure of barometric efficiency further steps are required. This in-
cludes the deconvolution of the air pressure force signal from the dv/v measurements. Further,
seismic velocity behavior is a complex superposition of local characteristics. To account for
that, some calibrations between the air pressure, groundwater depth, near-surface structure,
and dv/v need to be done. Since these factors could be quantified locally, we anticipate that
our method may be even more effective at local scales.

Consequently, studying semi-daily velocity variation, as a special case of dv/v monitoring
becomes a tool for hydrology and even for environmental research. The seismic outputs, upon
calibration and standardizing, may in principle serve as one of the core metrics or fundamental
indices for the assessment of barometric efficiency, and evaluation of vulnerability. Further
research could elevate this approach to a means of distinguishing various aquifer characteristics,
beyond in-situ point-wise measurements. This may advance our comprehension of subsurface
conduits, connectivity, permeability, and potential fault systems within the formation.

Establishing this kind of workflow as a time-lapse approach would help examine how these
properties change over time that is essential for tracking environmental changes in the context
of climate changes. Doing this would transform the regional seismic networks also into valuable
hydrological monitoring systems. This could contribute to a comprehensive understanding of
trends in the subsurface permeability and the karst formations, offering deeper insights into
our water resources using passive seismology.

CRediT authorship contribution statement

R. Kramer: Writing — review & editing, Writing — original draft, Visualization, Software,
Methodology, Investigation, Formal analysis, Data curation, Conceptualization. Y. Lu: Writing
— review & editing, Supervision, Methodology, Data curation, Conceptualization. Q.-Y. Wang:
Writing — review & editing, Supervision, Conceptualization. S. Serafin: Writing — review
& editing, Data curation, Conceptualization. A. Ceppi: Writing — review & editing, Data
curation, Conceptualization. G. Bokelmann: Writing — review & editing, Supervision,
Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

58



Identifying Large Vulnerable Water Reservoirs Using Passive Seismic Monitoring

Acknowledgements

The authors thank the editor, Hans Thybo, as well as Piero Poli and an anonymous reviewer
for their questions and constructive feedback, which helped us improve our manuscript. We
thank the operators of the permanent and temporary seismic networks across Europe who
make the data available through EIDA (http://www.orfeus-eu.org/data/eida/). The authors
thank the meteorological services of Germany (Deutscher Wetterdienst), Austria (Geosphere
Austria), Switzerland (Bundesamt fiir Meteorologie und Klimatologie), France (MétéoFrance),
and Slovenia (Slovenian Environmental Agency) for making their measurements accessible for
this research. Further we thank Meteonetwork for compiling the data across Italy and making
it available for us.

Data availability

The seismic data is available through EIDA (European Integrated Data Archive). This service
is provided by ORFEUS (www.orfeus-eu.org). The meteorological dataset can be shared upon
request.

59



Identifying Large Vulnerable Water Reservoirs Using Passive Seismic Monitoring

Publication

The presented study (Kramer et al} 2025 was published in the Journal Earth and Planetary
Science Letters on January 21, 2025.

Earth Planet. Sci. Lett. 653 (2025) 119223

Contents lists available at ScienceDirect

I.\HI;II

Earth and Planetary Science Letters

journal homepage: www.elsevier.com/locate/eps|

Identifying large vulnerable water reservoirs using passive seismic
monitoring

R. Kramer® -, Y. Lu®", Q.-Y. Wang" ', S. Serafin ™", A. Ceppi“ ", G. Bokelmann *
* Department of Meteorology and Geophysics, University of Vienna, Vienna, Austria

® Institut Terre et Environnement de Strasbourg (ITES) UMR 7063, Université de Strasbourg, EOST/CNRS, Strasbourg, France
< Department of Civil and Environmental Engineering, Politecnico di Milano, Milan, Italy

Gheck for
Updates

ARTICLE INFO ABSTRACT

Editor: H. Thybo Seismic waves capture i insights into sub behavior. We introduce an adapted coda-wave
interferometry approach to monitor the spatial variability of semi-daily periodic seismic velocity changes on
a regional scale, applied to data collected across South and Central Europe. Our results reveal a broad spatial
Keywords: correlation between seismic velocity changes and air pressure fluctuations, suggesting that air pressure is the
dominant driving force. Specifically, air pressure fluctuations modulate saturation levels within the capillary
zone through the dynamic interplay between fluid and gaseous phases, producing significant seismic velocity
changes. The mechanism explains the large variations observed in regions with high connectivity between the
surface and saturated zone. We associate this enhanced interaction with the high vulnerability of shallow water
resources. We propose inspecting semi-daily periodic seismic velocity changes as a new tool for gaining a regional

Dataset link: www.orfeus-ew.org

Seismic noise

Seismic monitoring
Near surface processes
Groundwater resources

view of water reservoir vulnerability.

1. Introduction

Climate-change induced droughts and increasing industrial activity,
have significantly intensified water demand (Megdal, 2018). Address-
ing these global challenges requires understanding and managing water
resources to ensure a sustainable and resilient society and ecosystem
(Mukherjee et al., 2018). In this context, shallow groundwater resources
are broadly available and easily accessible and therefore particularly
important (Wang et al., 2014; Gao et al., 2018). However, the high per-
meability and connectivity associated with shallow aquifer systems raise
concerns about potential pollution and contamination (Al-Hashimi et
al., 2021). Thus, acquiring a better understanding of the vulnerability
of this water resource is imperative.

Aquifer vulnerability refers to the risk of pollution or contamination
by substances such as chemicals or wastewater (Jang et al., 2017; Heinz
etal., 2006). Methods and tools that allow constraining vulnerability are
important to enhance awareness among decision-makers and the public,
promoting secure water usage practices. The assessment of aquifer vul-
nerability commonly relies on measuring barometric efficiency (Hussein
et al., 2013; Odling et al., 2015). This metric represents the susceptibil-
ity of the groundwater table to air pressure fluctuations, and it offers
information about aquifer vertical diffusivity as a crucial determinant
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of vulnerability (Hussein et al., 2013). However, at present, measure-
ments of barometric efficiency are confined to sparse point-wise bore-
hole observations, subject to local geo-hydrological variabilities. This
emphasizes the need for a novel efficient tool that can infer shallow
aquifer properties at larger scales, ranging from individual reservoirs to
regional hydrological units.

Recent studies (Clements and Denolle, 2018; Mao et al., 2022) have
highlighted the potential of ambient noise seismology for imaging the
shallow subsurface and for temporal monitoring beside registering seis-
mic events. This approach can provide continuous tracking of (temporal
variations) seismic velocities. Initially aimed at understanding the evo-
lution of crustal stress associated with earthquakes (Brenguier et al.,
2008; Obermann et al., 2014; Wang et al., 2019), many studies have
also revealed that the observed seismic velocities are affected by en-
vironmental processes like seasonal temperature cycles, precipitation,
snow, and air pressure fluctuations (Sens-Schonfelder and Wegler, 2006;
Richter et al., 2014; Hillers et al,, 2015; Wang et al., 2017; Gradon et
al.,, 2021; Guillemot et al., 2021). Moreover, long-term investigations
have drawn attention towards the notable impact of groundwater-level
fluctuations on the seismic velocities (Sens-Schénfelder and Wegler,
2006; Gassenmeier et al., 2014; Lecocq et al., 2014; Voisin et al., 2017;
Clements and Denolle, 2018; Rodriguez Tribaldos and Ajo-Franklin,
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4.6. Extended Discussion

This study is the first to systematically examine the daily and sub-daily behavior of seismic
velocity across Europe. By analyzing four years of continuous ambient noise recordings from
hundreds of stations, we were able to extract small changes in seismic velocity at this scale for
the very first time. This combination of broad spatial coverage and fine temporal resolution
opens up new possibilities for passive seismic monitoring of groundwater dynamics, while also
highlighting the computational and methodological challenges associated with continental-
scale studies. Despite the promise of using passive seismic dv/v monitoring to map aquifer
vulnerability on a large scale, several limitations must be acknowledged and investigated further.

One crucial point that requires further analysis is the complex issue of depth sensitivity. While
most studies approximate the depth sensitivity of coda waves to that of surface waves, we
believe it also depends on the kernel of the actual subsurface forcing. Furthermore, the analysis
of sensitivity kernels shows a peak of sensitivity near the surface, which would support our
hypothesis. Whether this is true can only be clarified with further research. Additionally, our
analysis simplifies certain geological and hydrological settings. One example is the potential
variability of capillary fringe depths. Depths can vary from a few meters to much greater
depths depending on the geological setting. Moreover, medium properties, such as porosity
and elastic modulus, evolve with depth. Local investigations with ground-truth datasets about
hydrological conditions would clarify this and increase the potential applications of this method.

By averaging four years of continuous recordings, we can suppress non-periodic water-table
drifts, e.g. seasonal recharge, and isolate periodic signals. As discussed in the publication we
ruled out other possibilities that could cause the Sy periodicity. However, temperature-driven
velocity changes or shifts in the distribution of ambient noise sources can each induce fluctu-
ations in dv/v that could interfere with the influence of atmospheric pressure.

Our theoretical framework assumes a laterally homogeneous subsurface in which dv/v varies
with changes in saturation within the capillary zone. However, real aquifers exhibit spatially
variable porosity, permeability, and fracture networks, which could produce non-linear and
anisotropic seismic responses. To confirm that these variations reflect changes in the capillary
fringe, it is crucial to validate this assumption against independent hydrological datasets, such
as water heads and soil moisture measurements.

Resolving these issues is beyond the scope of this thesis. An approach would be to deploy
dense arrays at well-characterized field sites for joint seismic-hydrological calibration. By
explicitly articulating these challenges, we aim to clarify the limitations of our passive seismic
approach and lay the foundation for future studies to establish a stronger link between seismic
velocity changes and groundwater dynamics.
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5 Monitoring Groundwater Pumping Using Time-
Lapse Tomography from Ambient Seismic Noise

Abstract

Management of water resources will be of critical importance as the effects of climate change
accelerate. This implies the need to monitor water resources with high spatial and temporal
resolution. One way to meet this need could be passive seismic methods using ambient seismic
noise. In this study, we present a novel approach using time-lapse probabilistic tomography
to monitor a hydrological pumping test in the municipality of Nickelsdorf (Austria). We
deployed a dense array of nodal seismic sensors that recorded seismic noise for approximately 4
months in early 2023. To assess changes in subsurface properties associated with the pumping,
we conducted trans-dimensional probabilistic tomography with daily time resolution using
train-generated noise. Our results show a clear correlation between water table fluctuations
and shear wave velocities. We interpret this to be due to variations in saturation caused
by groundwater pumping. Mapping these spatio-temporal variations enables water resource
monitoring that complements well-based point-wise measurements. Such an approach can
lead to improved understanding of groundwater dynamics such as inflow from external water
resources.

e We showed the feasibility of using time-lapse probabilistic tomography for monitoring a
hydrological pumping test.

e We can clearly identify the phases of pumping in the group velocities and the resulting
shear wave velocity models.

e Changes in shear waves are coupled to fluctuations in the saturation of unconsolidated
sediments in response to water level oscillations.

Plain Language Summary

As climate change increases the challenges of water management, our study presents a new
method that uses the Earth's natural vibrations to monitor changes in the subsurface associated
with fluctuating groundwater levels. During a water pumping test in Nickelsdorf, Austria, we
set up a dense array of low-cost seismic sensors that captured recordings of seismic waves over
four months. We created maps showing how the speed of these waves in the ground varies
in space and time, related to variations in water saturation. The clear correlation we found
between water table fluctuations and wave velocity suggests that this approach can effectively
monitor changes in soil moisture caused by pumping. In addition to bridging the gap between
punctual well measurements and large-scale groundwater assessments, this method provides a
practical and cost-effective tool for managing water resources in a changing climate.
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5.1. Introduction

Growing population and industrial activity expansion lead to an increased demand for water
(Megdall, [2018), making it a critical resource (Richey et al., 2015)). In order to meet this
demand, there is a need to responsibly manage its use. A major component of the readily
available and accessible water on Earth is shallow groundwater (Wang et al., 2014; Gao
et al., 2018)) and its relevance is emphasized by the acceleration of global warming and its
consequences (Mukherjee et al| [2018). One of the main challenges in hydrological research is
the spatial and temporal coverage of observations. Traditionally, hydrological observations are
based on well-based measurements (Taylor and Alley, 2001)). This type of observation has two
main limitations: (a) it is a point measurement, representing the behavior of the aquifer only
at a specific location. Given the heterogeneity of aquifer systems (Wang et al., [2024a)), such
observations provide an incomplete description of the system. (b) The cost of drilling remains
high and can have significant environmental impacts, such as the removal of vegetation, which
can disrupt soil systems and natural habitats (Jones et al., |2015).

Current approaches to bridge the gap between point measurements are diverse. The two
most common approaches are hydrogeodesy (White et al., 2022) and hydrogeophysics (Binley,
et al., 2015). Geodetic measurements include Global Navigation Satellite System (GNSS)
measurements to track ground deformation at local stations (King et al., 2007; Ji and Herring,
2012; Young et al.| 2024)). Another commonly used method is INSAR (Interferometric Synthetic
Aperture Radar), which uses differences in the phase of between emitted and backscattered
radar waves measured by satellites to measure ground deformation (Bawden et al., 2001;
Watson et al., 2002} [Lanari et al.l 2004; |Bell et al.l 2008; |Chaussard et al., 2014} |Rezaei
and Mousavi, [2019). The most common methods in hydrogeophysics include dc resistivity
measurements, ground penetrating radar, induced polarization, and nuclear magnetic resonance
(Topp et al., 11980; |[Rubin and Hubbard, 2006; Vereecken et al., 2006; [Robinson et al., |2008;
Binley et al., |2015)). While each of these methods provides direct or indirect information
about water content, permeability, or pore water conductivity, their effectiveness may be
limited under certain conditions, particularly in environments with high electrical conductivity
or resistivity, or in soils with significant clay content (Romero-Ruiz et al., 2018} Pathirana
et al., 2023).

Another component of hydrogeophysics is active seismic exploration. Their advantage over
other methods lies in their ability to provide high-resolution images of the subsurface. However,
the application of reflection and refraction seismic methods has so far remained sparse. This is
due to the fact that their implementation is costly and does not allow continuous monitoring.
One way to overcome this problem is to use passive seismology, also known as ambient noise
seismology. Unlike active seismic surveys, which rely on discrete sources such as explosions
or vibroseis trucks, passive seismology takes advantage of the continuous ambient wavefield
generated by both natural and anthropogenic sources. By cross-correlating the noise recorded
by two seismic sensors, it is possible to estimate the Green's function between them (Derode
et al| [2003; Wapenaar, [2004; Weaver and Lobkis, [2004). The reconstructed wavefield consists
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of both ballistic surface waves and multiply-scattered coda waves. By applying the principles
of coda-wave interferometry (Snieder et al., [2002)), it is possible to establish a continuous
monitoring setup that measures relative seismic velocity changes (dv/v) that indicate variations
in the physical properties of the medium. It was originally developed to monitor geological
processes such as the pre-eruption phases of volcanoes (Brenguier et al., 2014; Obermann
et al., 2013b)) or structural changes after large earthquakes (Brenguier et al., 2008a; |lkeda and
Tsuji, [2018; Wang et al., [2019)), coda-wave based monitoring has also proven valuable for un-
derstanding environmental impacts on the subsurface (Wang et al.| [2017; Hillers et al., [2015a;
Kramer et al., [2023; Wang et al., 2024b) and even hydrological constraints (Sens-Schonfelder
and Wegler, 2006; |Lecocq et al., 2014; \Voisin et al., 2016, 2017; |Rodriguez Tribaldos and
Ajo-Franklin, 2021} Kramer et al., 2025). However, the main drawback of using coda waves for
monitoring is their complex sensitivity kernels and multi-scattering origin, which complicates
the localization of velocity perturbations in the subsurface (Pacheco and Snieder, 2005} Larose
et al., 2010). Although studies suggest an empirical relationship between changes in dv/v and
water level (Voisin et al., 2017} |Gaubert-Bastide et al., 2022), or use coda wave sensitivity
kernels to map dv/v variations to depth (Margerin et al., 2015} Mayor et al., [2014; |Mao et al.,
2022), a straightforward interpretation for hydrologists remains a challenge.

Another approach to continuous monitoring in noise is time-dependent tomography using
surface waves. Unlike coda waves, the sensitivity kernels of surface waves are well understood,
making it easier to localize the origin of velocity changes (Voisin et al., 2017 [Kim and Lekic,
2019; |Garambois et al., [2019)). However, few time-lapse tomography studies using ambient
noise have been performed to date (de Ridder et al| [2014; Stork et al [2018; |Guo et al.,
2024)), and even fewer in hydrological applications (Sobolevskaia et al., 2024)). Compared to
coda-wave interferometry, time-lapse tomography is more difficult to implement. One reason
for this is the need for a strong, stationary, repeating noise source field with a wide frequency
range, as surface wave reconstruction from noise correlation is more sensitive to noise source
variability (Paul et al., 2005; |Gouédard et al., [2008; [Froment et al., 2010; Hadziioannou
et al., 2011). Another crucial factor is the choice of the right methodological framework
for the inversion. For instance, classical linearized inversion is often subject to the choice
of regularization (damping and smoothing) parameters, which can bias the relative velocity
perturbations derived from data of different time periods.

In this study, we investigate the potential of passive seismic imaging for monitoring. We take
advantage of a controlled experiment conducted in early 2023 near the village of Nickelsdorf
in Burgenland, Austria. In addition, we benefit from a relatively dense network of groundwater
level measurements along our deployed seismic profile, which allows us to compare these
data with the results from our seismic analysis. The purpose of this study is to test the
hypothesis that we can measure shear wave velocity changes as a result of saturation changes
due to groundwater pumping in a field experiment. It will also help to identify the nature of
velocity changes observed in various other applications. We overcome the aforementioned
methodological challenges by using repetitive passing trains and an objective, fully data-driven
probabilistic inversion scheme.
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5.2. Integrated Hydrological and Seismic Monitoring of a
Groundwater Pumping Test in Nickelsdorf (Burgenland,
Austria)

5.2.1. The Pumping Test Site

The test site is located near the village of Nickelsdorf in the state of Burgenland (Austria, Fig.
b.1). More specifically, it is located between the Leitha River and railroad tracks used by local
and international freight and passenger trains. Two wells at the test site, EKB5 and EKB7
(Fig. [5.1)), provide lithological logs (see Fig. [C.1]). Four other wells served as observation
wells. Geologically, the Nickelsdorf area is dominated by the eastern end of the Parndorf Plate
(also Parndorf Plateau or Parndorf Plain). The Parndorf Plate consists of several soil layers of
the Pleistocene Danube valley, mainly gravel and sand (Pascher et al., 1999; Schnabel et al.,
2002). The base of the gravel layer is characterized by sandy deposits from Lake Pannon or
calcareous-dolomitic and silty-clayey deposits (Fuchs et al., |1985). Hydrologically, the area is
characterized by local (separated) groundwater resources of higher productivity or extensive
groundwater resources of average productivity (GeoSphere Austria, 2025). The dominant
aquifer type is porous aquifers (GeoSphere Austria, 2025)), characterized by low groundwater
flow velocities, high groundwater storage capacity, and good filtration properties (Domenico
and Schwartz, 1997)).

5.2.2. Pumping Tests in Nickelsdorf - a Brief Hydrological Perspective

The extraction of groundwater from the subsurface is a common practice today, especially in
agriculture (Qureshi et al., 2010). This highlights the growing reliance on shallow groundwater
resources, which are often favored for their high quality and accessibility, especially in regions
experiencing population growth or seasonal fluctuations in surface water availability (Wang
et al., [2014; |Gao et al., 2018). To ensure the productivity of these wells and to mitigate the
impact on the productivity of nearby wells, pumping tests must be conducted before new
groundwater wells are put into operation. The municipality of Nickelsdorf aims to improve
its water supply by using groundwater from shallow aquifers. To meet legal and regulatory
requirements, it is necessary to perform pumping tests, which are a standard method to evalu-
ate the properties of the aquifer (Austrian Water Act, 1959; (ONORM ISO 22282-4:2021, [2012).

A pumping test involves the active extraction of water from an aquifer using a pumping well
while simultaneously monitoring the groundwater level (GWL) at several observation wells
located around the pumping site (Kruseman et al., [1970; |Domenico and Schwartz, 1997)).
The primary objective is to observe how the aquifer responds to water extraction over time
and space (see Fig. [5.2p). By analyzing the water levels in response to pumping, several key
hydraulic parameters can be determined (Theis| 1935; [Kruseman et al., |1970):

1. hydraulic conductivity, which is a measure of the ease with which water can flow through
the aquifer material, providing insights into the permeability of the subsurface (e.g.,
Bear, 1979; Freeze and Cherry, 1979)),
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Figure 5.1.: The Nickelsdorf pumping test site showing locations of nodal seismic sensors
(white triangles), hydrological wells (red circles) and local characteristics. The
inset shows the location of the site within Austria.

2. transmissivity, which combines the hydraulic conductivity and the aquifer thickness,
reflecting the ability of the aquifer to transmit water laterally (e.g., |Theis, 1935; |Domenicol
and Schwartz, 1997), and

3. storage coefficient, which is a metric which quantifies how much water the aquifer can
store or release per unit area per unit change in hydraulic head (e.g., Bear, [1979).

These parameters are critical to understanding the productivity of the aquifer, assessing its
sustainable yield, and predicting how it will respond to prolonged pumping (Custodio, 2002
Todd and Mays, 2004). In addition, they help to estimate recharge rates (Singh et al., [2019
Gumuta-Kawecka et al., [2022)), which are essential for managing water resources sustainably
and preventing over-extraction that could lead to problems such as land subsidence, reduced
water quality, or ecological damage (Sophocleous, 2003} |Galloway and Burbey, 2011} |Chen|

et ) 2020).
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To evaluate the characteristics of the shallow and productive aquifer at Nickelsdorf, a controlled
pumping test was conducted. The pumping test consisted of three main phases. In the first
phase, the pump was activated in well EKB7 (Fig. [5.1] and Fig. [5.2), while all other wells
served as observation wells. In the second phase, pumping was performed in well EKB5 (Fig.

and Fig. ) In the last phase, pumping took place in the two wells (Fig. , c).

a) EKB 7
~ GWL I
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E
|
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Figure 5.2.: Hydrological characteristics of the pumping tests. Panel a) shows a schematic
view of the lowering of the groundwater table for each pumping phase. In panel
b) and c) the groundwater levels (GWL) of the two wells EKB5 and EKB7 are
presented. The encircled numbers are the phases of the pumping test, while the
abbreviation "CP" stands for clear pumping and "TV" marks the time of the
demonstration for the TV broadcast station.

Within these main phases, the pumping rate was increased from 12 |/s to 20 |/s. The combined
pumping rates ranged from 23 |/s to 40 |/s. To capture the hydraulic behavior of the aquifer,
the wells are equipped with piezometers to measure the depth of the groundwater table. The
groundwater level time series (GWLTS) for the two pumping wells are shown in Fig. [5.2] In
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addition to the typical water level declines caused by pumping, several smaller events can
be observed in the GWLTS. Prior to the start of the pumping tests, the pipes are cleaned
(CP - clear pumping) to remove gravel and sand, resulting in a sharp drop in water level. In
addition, a sharp decrease in the water table can be observed around day 58, resulting from
a demonstration of the experiment for the national television channel. Fig. shows the
schematic behavior of the water table due to pumping activities in the respective well. The
drawdown is expected to be localized around the pumping well. However, due to the limited
number of wells and piezometers, it is not possible to define precise spatial constraints.

5.2.3. Seismic Monitoring of the Nickelsdorf Pumping Tests

Our seismic experiment was planned as a complementary monitoring tool to a pumping
test. The idea behind seismic investigations in the context of hydrological monitoring is the
dependence of the surface wave velocity on the water saturation of the subsurface (Dong
and Lu|, 2016} Solazzi et al., [2021)). Several studies have shown that it is possible to derive
this behavior of coda and surface waves from ambient noise (e.g., |Sens-Schonfelder and
Wegler, 2006} |Voisin et al.} [2017; |Clements and Denolle, 2018; |Sobolevskaia et al., [2024). The
potential of combining coda wave interferometry and tomography in controlled hydrological
experiments is also demonstrated (Gaubert-Bastide et al| 2022). Time-lapse surface wave
tomography from ambient noise has not yet been performed in such an environment. The
working hypothesis for setting up the experiment was that local water table depletion (Fig.
[5.2p) leads to significant changes in the saturation regime near the pumping wells, while the
other parts of the profiles experience only minor changes. This contrast should be observed
in the seismic velocities. To capture the velocity changes in the subsurface associated with
pumping, we installed ~ 50 seismic sensors, recording for approximately 4 months in 3
deployment phases. Each instrument is a Fairfield-Nodal Zland three-component sensor with a
5-Hz cutoff frequency. In total, we collect a dataset of 93 days from mid-January to mid-April
2023, while only one sensor (106) suffered a segmentation error in the first phase of our
experiment. For this study, we focus on a dense profile of seismic nodes (see Fig. crossing
the two pumping wells EKB5 and EKBY.

5.3. Seismic Data Processing

We applied the following preprocessing steps to the continuous raw seismic data: detrending,
instrument response removal, bandpass filtering, glitch removal, and spectral whitening. Before
correlating the signals from two seismic sensors, we first performed data selection. The railway
line perpendicular to the profile is frequently used, with up to 150 trains passing daily. We
exploit this strong noise source by treating it as a permanent source (Rebert et al., |2024)).
To identify time windows corresponding to train passages, we use an STA/LTA (short-term
average/long-term average) trigger (Allen, 1978), which detects rapid changes in the amplitude
of the seismic signal relative to a background level. Train detections are made at station
101 (see Fig. [5.1)), the station closest to the railway line. A time window is then defined
around these events for correlation analysis. We then rotate the north, east, and vertical
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components into the radial, transverse, and vertical components (Roux, 2009). We computed
cross-correlations of 2-minute segments and then stacked these for every hour to increase
the signal-to-noise ratio. The cross-correlation function between two stations represents the
estimated Green's function, which is the impulse response of the Earth to a point source. It
can be thought of as a wave traveling from one station (virtual source) to the other station
(receiver). Changes in the properties of the medium induced by the groundwater pumping
experiment can be inferred from the repeatedly reconstructed wave field as it propagates
through the subsurface. Classically, noise interferometry is performed with sources that are
ideally distributed uniformly around the station pairs. In our case, we have a strongly directional
source, which means that most of our energy is on the causal part (positive lags) of the

correlations (see Fig. [5.3p).

Inspection of the correlations over distance and time reveals not only a propagating funda-
mental mode surface wave, but also higher modes of surface waves (Fig. [5.3)). These higher
modes are more pronounced under certain conditions, such as shallow seismic sources, or
strong velocity contrasts in the subsurface (Tokimatsu et al., (1992} |Liu and Fan| 2012; |Rivet
et al., 2015; |Ji et al 2021). They usually have greater penetration depths and can sample
deeper structures within the Earth (Rivet et al., [2015). Finally, their dispersion characteristics
may overlap with the fundamental mode, making them difficult to distinguish (Rivet et al.,
2015).

Inspection of the hourly cross-correlations in Fig. reveals the variations associated with
the pumping experiment. A decrease in the travel time of the surface wave is observed
during all pumping cycles. Conversely, the travel time increases during the period of reservoir
replenishment. The strength of the effect is directly related to the distance between the receiver
pair and the pumping well. The higher mode shows a similar pattern and could potentially be
used to further constrain the inversion. This study focuses on the fundamental mode of the
surface waves. It is therefore important to select the correct wave train for dispersion analysis.
To minimize the influence of the higher modes, we apply a frequency-wavenumber (f-k) filter
that exploits the different propagation velocities (Caponl 1973; Morton and Crotwell, [2015]).

5.4. Towards Time-Lapse Tomography of Active Hydrological
Experiments

For each station pair, we pick the Rayleigh group dispersion. We have limited our temporal
resolution to daily measurements by stacking the hourly cross-correlations of a given day,
which means that 93 dispersion curves are selected for each station pair. For the dispersion
measurement we follow the approaches of |Dziewonski et al.| (1969) and |Levshin et al.| (1989)
while incorporating the frequency re-centering method introduced by [Shapiro and Singh| (1999)
(see Fig. . Before inversion, the picks are checked and outliers are removed. To do this,
we calculated the median of all dispersion picks for all days of each station pair. Picks outside
of two standard deviations are considered outliers and are removed. This is crucial to ensure
stable results for time-lapse tomography (see Fig. .
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Figure 5.3.: Seismic waveforms from correlations of train generated noise. a) is the distance-
time plot for all correlations stacked over the whole time period. b) shows
the correlations over time for a representative station pair "104-113". The
abbreviations "HM" and "FM" refer to higher mode and fundamental mode.
The encircled numbers are the phases of the pumping test and the blue lines
bound the time periods of each pumping test.

We extracted the measured group velocities for different frequencies for station pair "104-113",
a station pair that crosses well EKB7, to illustrate its behavior over time (Fig. [5.5b). The
changes are clearly visible for frequencies between 10.2 Hz and 15 Hz (sensitive to the top few
meters of the subsurface). With a decrease in the GWL an increase in the group velocities is
observable. This relation is expected due to the decreasing saturation in the media, which
is associated with an increase in seismic velocity (Mavko et al 2009; Schoen, [2015)). The
changes in group velocity are in the order of 15 % for the last pumping cycle, associated with
the highest pumping rates and the lowest GWL. Interestingly, the clear pumping activity at the
first day is also visible as a sharp velocity increase. Other events, such as the demonstration for
the TV broadcast, are not resolved because their event durations fall below our daily resolution.
The magnitude of the velocity change correlates with the distance to the pumping well. While
the effect is quite strong for pumping cycles 1 and 3 (EKB7), it is smaller for pumping cycle 2
(EKB5). We aim to leverage this trend to potentially derive spatial constraints on the lowering
of the groundwater table around the well.

Our inversion procedure follows the classic two-step approach. First, we invert the group-
velocity dispersion measurements for each day to obtain the group velocity structure with
associated uncertainties along the seismic profile. Then, we extract dispersion curves along
the same profile and invert for 1-D shear-wave velocity structure.

71



Monitoring Groundwater Pumping Using Time-Lapse Tomography

a) b)
12.0-16:0 Hz
VAV WA~
10.0-14i0 Hz
o AN\ \/\/\/vv\/\/\/\/V\/\-
=
2 5 8.0-12.0 Hz
o X PNANNNANNANANNAN
g . AV
o
€ 5 6.0-10.0 Hz
& V\/W e~~~
4.0-8.0 Hz
W\M
lon direction 0.0 0.5 1.0 1.5 2.0
time [s]
c)550 550
e group dispersion | ‘ e group dispersion
o group dispersion (re-centered) | o group dispersion (re-centered)
450 450
¥ 350 ¥ 350
E E
= z
£ £
o o
© 250 © 250
> >
150 150

50 50

50 7.5 10.0 125 15.0 17.5 20.0 50 7.5 10.0 125 15.0 175

frequency [Hz] frequency [Hz]

Figure 5.4.: Dispersion analysis of station pair "102-114". a) Seismic profile with stations in
gray, the analyzed station-pair is highlighted in black and has an inter-station
distance of 150 m. b) Normalized cross-correlations filtered into different
frequency bands. c) Dispersion analysis normalized by the maximum of the
signals and d) by the maximum in every frequency band. The blue dots represent
the picked dispersion curves, while the green dots are the re-centered picks. The
yellow dashed lines indicate a lower and upper bound for the group velocities to

guide the automated picking.

5.4.1. Inversion of 2-D Group Velocity Profiles

We perform inversion of Rayleigh wave group velocity dispersion measurements within a
probabilistic framework for individual days. This method eliminates the need for subjective
regularization decisions that might compromise a meaningful uncertainty analysis, and it
also avoids relying on user-defined selections of model complexity. This approach yields an
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Figure 5.5.: Temporal evolution of group velocities for station pair "104-113". a) Ground-
water level but color coded for well EKB7. Blueish colors means higher water
saturation in the subsurface, while reddish color indicate the opposite. b) Group
velocities of different frequencies over time in the experiment. Note that, the
two gaps are associated with field work and replacement of instruments.

approximation of the posterior probability density (PPD) for the parameters that define the
2-D group velocity profile, allowing us to estimate group velocities along with their associated
uncertainties. We establish broad, bounded, uniform prior distributions (see Tab. . In
this study, we use a modified version of the tomographic method introduced by |Gosselin et al.
(2021)) and [Esteve et al. (2025)). Instead of inverting dispersion measurements at individual
frequencies, we simultaneously invert Rayleigh wave group velocity dispersion data across the
5-15 Hz frequency range, with a 0.2 Hz increment. By using this implementation, velocity
jumps between adjacent frequencies are only introduced when required by the data. In contrast,
independent inversions for each frequency often yield velocity jumps attributed to numerical
artifacts and model uncertainty. Our approach results in more realistic 2-D group velocity
profiles. Uncertainties cannot be rigorously determined from the Rayleigh-wave group velocity
dispersion measurements. Therefore, we treat Rayleigh-wave travel time uncertainties as
unknowns that are solved for as part of the inversion procedure. The uncertainty associated
with the Rayleigh-wave travel time is defined by:

oi=ald;+b+c-f, (5.1)

where A; is the source-to-station distance for path 4, f is the frequency and a, b and c are
three unknown hyper-parameters. Previous studies have proposed probabilistic tomography
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with similar hyperparameters to characterize data error dependence on inter-station distance
(Bodin et al., [2012; Gosselin et al.|, 2021)). The inclusion of a frequency-dependent term (and
parameter c¢) is a novel improvement that allows for data-error variability between frequencies.
This error model allows each travel time to have a unique uncertainty while only requiring
three additional parameters in the inversion. An example of the PPDs for the parameters a, b

and ¢ is shown in Fig. [C.3

The 2-D group velocity profile is represented using a set of nodes, each defined by its position
(in distance and frequency space) and an isotropic Rayleigh wave group velocity. The inversion
follows a trans-dimensional approach, meaning that both the number of nodes and their
spatial distribution are determined during the inversion process. In order to approximate the
PPD of the model parameters, we employ the reversible-jump Markov-chain Monte Carlo
(riMcMC) method (Green| 1995)) to produce a large ensemble of samples (200 million). We
select random starting velocity models within the prior bounds for 40 interacting rjMcMC
chains. Each chain generates 5 million samples, with the initial 10,000 discarded as burn-in
samples that may be more dependent on the starting model. The mean and standard deviation
of the remaining samples are calculated at each location within the 2-D profile, providing a
representative model along with its associated uncertainty.

Fig. [6.6] shows the group velocity profile (Fig. [5.6p, b, d, €) and the associated uncertainties
(see Fig. for days 9, 20, 59 and 75. An animation with all 93 days can be found in the
digital supplement Mov. [C.7] Days 9 and 59 represent the start of the respective pumping
cycles at EKB7 (see Fig. [5.6k), while days 20 and 75 roughly represent the end of the cycles.
The velocities for all models presented range from about 140 m/s to 1000 m/s. Comparing
the models reveals some similarities and differences. In general, the features within the maps
are comparable. At the beginning of the profile between 5 Hz and 10 Hz, the group velocities
are faster compared to the rest of the profile between 600 m/s and 1000 m/s. In addition, a
low-velocity zone (green rectangle) below well EKB5 can be observed in the results except
for day 75. The most noticeable changes are in the vicinity of well EKB7. Before pumping
(Fig. [B.6a, d - blue rectangle) a low velocity zone can be seen around well EKB7. After
pumping (Fig. [5.6b, e - blue rectangle) the extent of this zone has shrunk. There is also a
slight increase in velocities at lower frequencies below the indicated EKB7 well. To show the
variability of the inverted group velocity, we have averaged the velocities of the frequencies
of the profiles corresponding roughly to the station pair "104-113" for comparison (see Fig.
. The velocities match each other, and the behavior related to pumping is imprinted in
the inverted group velocity results.

The uncertainties obtained from the inversion vary between about 1 m/s and 400 m/s, directly
reflecting the sparse ray coverage at the beginning and end of the profile. In addition, there is a
lack of data for lower frequencies, which results in a higher uncertainty. For high frequencies in
the central part of the profile, we observe low uncertainties. Both of the low-velocity features
mentioned above have low uncertainties, which makes us confident in them as signatures
of pumping activity. This intermediate step already highlights the potential of the imaging
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Figure 5.6.: 2-D group velocity profiles after the first step of inversion. Panels a), b), d),
and e) show the obtained group velocities for the days 9, 20, 59, and 75. Panel
c shows the groundwater level. The blue dashed lines indicate the start and end
of the pumping cycles at EKB7.

approach for monitoring hydrological activity, as it shows some clear evidence of changes in
subsurface velocities.

5.4.2. Depth Inversion of the Profile

Although the group velocity maps already indicate changes in the subsurface, the changes
cannot be directly attributed to a specific depth. Thus, we need to invert the group velocities
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for 1-D shear-wave velocity profiles.

At each location along the profile, we extract the Rayleigh-wave group velocity dispersion
values. These dispersion measurements are then inverted for a 1-D shear-wave velocity (vg)
profile. The Rayleigh-wave group velocity uncertainty estimated from the ensemble of rjMcMC
samples were used as input data uncertainty in the 1-D vg inversion. For each 1-D inversion,
the vg profile is approximated by 4 layers and the infinite half space. We based this on the
stratigraphic log from the boreholes. The parameters for each layer can be found in Tab. T2.

We invert for 1-D vg profiles to 30 m depth, though our data set has limited sensitivities
to approx. 20 m depth. We use disba (Luu, 2020) to calculate synthetic Rayleigh-wave
group velocity dispersion curves. For each 1-D v, inversion, we apply the Metropolis-Hastings
algorithm (Metropolis et al., [1953; Hastings, [1970), a Markov-chain Monte Carlo (McMC)
method, to create an ensemble of samples that approximate the PPD of the model parameters.
Specifically, we generate 1 million model samples, with the initial 50,000 discarded for each
chain as burn-in samples dependent on the (random) starting velocity model. We calculate
the weighted median and (relative) standard deviation of the remaining samples, providing
a representative model along with its associated uncertainty. Fig. [5.7] shows an example of
results from a 1-D vg inversion for day O of our experiment.

5.4.2.1. General Subsurface Structure

Fig. reveals certain features in the shear-wave velocity (vg) along the profile. In general
the velocities vary between 150 m/s up to 500 m/s, which are typical seismic velocities for
the near-surface region and the material found in the log (Xia et al., [1999; Schoen| 2015} Sun
et al., [2024)). Even though the very shallow part (top 1-2 m) shows some higher uncertainties,
it indicates some variations alongthe transect which matches the local observations. These
relatively higher uncertainties may be attributed to the band-width of our data (Gosselin et al.,
2018). The first 70 meters along the transect serve as a storage area for heavy machinery
and equipment, whereas the central section (70 m - 200 m) remains unused and overgrown
with trees, bushes, and grass. This suggests that the soil at the beginning of the transect
may be more compacted, aligning with the higher velocities observed compared to the central
part. Another notable feature is a low-velocity zone next to the EKB7 well with velocities
around 150 m/s. This could reflect wet soils and clays, which are found in the cores of EKB7.
Velocities range between 200 m/s to 325 m/s in the layer below the soil along the transect,
potentially reflecting the homogeneous distributions of pebbles and gravels in this depth range,
as observed from the log data. Even though there are some low-velocity zones visible below
the groundwater level of approx. 4 m, there is neither an interface detected nor a general
decrease of seismic velocity. This is in agreement with former studies which are also insensitive
to the groundwater table (Pasquet et al| 2015 Sobolevskaia et al., 2024).

Since there are no changes in the geological formations over this short time period, we interpret
the main velocity variations between the 93 days to be caused by the pumping experiment
and will focus on them in the following sections.
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Figure 5.7.: 1-D depth inversion result for grid point 38 (close to the EKB7 well) for day
0. a) Posterior probability density for the grid point shown as vs-depth profile.
The red dashed line shows the mean, while the two black dashed lines are the
standard deviation. b) Shows the local dispersion curve from the group velocity
results (red dashed line) and the associated uncertainty. The background shows
the fit of this local dispersion curve by the models produced by the McMC
algorithm. c) Resulting vg model obtained for day 0 of our experiment. The
blue dashed lines indicated the measured groundwater table depth. The grey
shaded areas mark parts where the relative standard deviation is higher than
40%.

5.4.2.2. Influence of the Pumping to the Subsurface

To evaluate the influence of pumping activity on vg, we employ time-lapse tomography. In
our approach, we invert for independent vg models over the course of a 93-day experiment
using the same parameterization (see Tab. . For illustration, we concentrate on four
representative days, day 9, 20, 59, and 75, which again capture key stages of the pumping
cycles (for all 93 days see Supplementary Material Mov. .

Fig. presents the vg inversion results for these selected days alongside concurrent ground-
water table measurements. The daily vg models consistently reveal similar overall structures
and velocity distributions that largely mirror each other. However, subtle differences emerge
between days, reflecting the dynamic nature of the subsurface in response to pumping.
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Figure 5.8.: v, model of the transect obtained from the depth inversion. Panels a), b), d),
and e) show the resulting vs-models for the days 9, 20, 59 and 75. The blue
dashed line indicates the groundwater table measured along the transect. The
grey shaded areas mark parts where the relative standard deviation is higher
than 40%. c) Shows the groundwater level. The blue dashed lines indicate the
start and end of the pumping cycles at EKB7.

One of the most notable observations is the general increase in vg with ongoing pumping
activity. During the first pumping cycle (see Fig. , b), the velocity changes are primarily
localized around the pumping well at EKB7. This localized increase is consistent with the
expected compaction and saturation changes in the vicinity of a single pumping source. In
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contrast, the second pumping cycle (see Fig. [5.8k, d) involves the simultaneous operation of
two wells. This configuration leads to a more complex spatial pattern: increased velocities
are observed around each well as well as in the intervening zone. The impact is not confined
solely to the saturated zone below the original groundwater table but extends into regions
that were originally unsaturated.

The increase in vg observed below the groundwater table can be explained by well-established
petrophysical relationships, where decreased saturation generally leads to higher shear wave
velocities (e.g., |Schoen, |2015). In the unsaturated zone, the observed velocity changes
are more nuanced. These changes can be attributed to coupled unsaturated-saturated flow
processes, where the redistribution of water due to pumping alters the moisture content of
the soil (Liang et al. [2017). This coupling can have significant implications for the interpreta-
tion of drawdown curves obtained from pumping experiments, as the hydraulic response of
the unsaturated zone influences the overall system behavior (Mishra and Neuman, 2010, 2011)).

Further insights are gained by examining the relative standard deviation of the vg models (see
Fig. [C.6)). The analysis shows that only limited areas within the model exhibit uncertainties
lower than the magnitude of the expected velocity variations induced by saturation changes.
This suggests that while the overall trends in v, are robust, the resolution of our dataset
constrains the precision with which we can quantify localized changes.

Despite these limitations, resulting from inhomogeneous ray coverage and inherent frequency
restrictions, the time-lapse tomography approach successfully captures the general trend of
increasing shear-wave velocity in response to pumping. Moreover, the observed changes not
only corroborate laboratory experiments, but also provide valuable insights at the field scale.
By mapping the temporal evolution of v, at various depths (see Fig. [5.9), our study highlights
the potential of time-lapse seismic methods as a tool for monitoring hydrological processes.

In summary, the combined inversion results and error analysis demonstrate that our methodology
effectively tracks the dynamic response of the subsurface to pumping activity and enables
robust interpretation. These findings are significant for hydrologists seeking to understand the
interplay between fluid flow and mechanical properties in porous media, and they underscore
the potential for further refinement of time-lapse seismic monitoring techniques.

5.5. Limitations and Prospects for Optimization

The presented work illustrates the feasibility of using time-lapse tomography of surface waves
as a tool for monitoring pumping tests. Our novel approach provides insights into the dynamic
changes of the subsurface, which are crucial for understanding hydrological processes. Despite
the promising results, and implementation of an objective inversion procedure, some limitations
present targets for future improvement.

The design of the array or profile is a critical factor in the success of the method. To fully
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Figure 5.9.: Temporal evolution of v, during the pumping experiment. a) GWLTS but color
coded. Blueish colors means higher water saturation in the subsurface, while
reddish color indicate the opposite. b) v, extracted for different depth from the
final velocity models and averaged between 45 m and 135 m along the transect.
The dashed blue lines indicate the start and the end of the pumping of the
different phases. Note that, the two gaps are associated with field work and
replacement of instruments.

exploit the information contained in higher frequencies and mitigate strong attenuation, shorter
station spacing is beneficial. Conversely, extending the profile in both directions can provide
more ray paths for lower frequencies, which probe greater depths. This extended design will
help better constrain the 2-D group velocity profiles, thereby improving the subsequent 1-D
vg inversions. The careful consideration of array geometry is essential not only for optimizing
the frequency content of the data, but also for constraining the inversion results.

The observed changes in vg appear to correlate with variations in the groundwater table,
but we interpret them as changes in saturation due to pumping. However, it is important to
note that surface wave sensitivity is inherently spread (integrated) over a broad depth range.
This broad sensitivity complicates the direct transformation of group velocity measurements
into shear wave velocity profiles by limiting the resolution of discrete layering structure. As
such, while the group velocity maps provide valuable information, the depth inversion remains
challenging. The broad sensitivity kernels mean that the response from a specific depth is not
isolated but rather represents an integrated effect over a range of depths, thereby introducing
ambiguity in the inversion process. Without strong constraints on layer interface depths (i.e.,
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thicknesses) estimated vg model uncertainties can be large.

Despite these challenges, the objective inversion strategy used to map group velocities yielded
interpretable results. The inversion highlights features expected during a pumping test, such
as an increase in velocity due to the removal of water from the pore space in unconsolidated
sediments near the pumping well. This observation has important implications for hydrological
monitoring, as it suggests that time-lapse tomography can capture the evolution of saturation
changes.

The study complements other ambient noise monitoring efforts in hydrology and has several
potential applications. With further refinement, it may be possible to quantitatively assess the
loss of saturation due to pumping, possibly through the application of Gassmann substitution
theory as demonstrated by Voisin et al.|(2016). The methodology could also help qualitatively
determine the direction of inflow from external water sources, such as rivers, which is critical
for understanding regional groundwater recharge. By capturing temporal variations in shear
wave velocity, our method provides a field-scale validation of laboratory experiments, bridging
the gap between controlled experiments and real-world hydrological processes.

In summary, we highlight the promise of passive time-lapse surface wave tomography as a
complementary tool for hydrological monitoring. Additional data types such as phase-velocity
dispersion, higher-order modes, or horizontal-to-vertical spectral ratio (HVSR) could further
constrain the observed effects, for example in joint inversion approaches. These complementary
data would alleviate some of the challenges associated with the fundamental mode Rayleigh
wave sensitivity. Addressing the issues of array design and inversion in future studies could
further enhance the capability to monitor saturation changes in the near surface, ultimately
contributing to more effective water resource management.

5.6. Conclusion and Outlook

In this study, we demonstrated the feasibility of using time-lapse surface wave tomography to
monitor pumping tests.

A significant advantage of our study is the strategic deployment of our sensor array perpendic-
ular to a high-traffic railway track, thereby capitalizing on a robust and continuous ambient
noise source. Our results indicate that it is possible to retrieve group velocities across a broad
frequency range, by capitalizing on such robust noise sources. This demonstrates the potential
of using anthropogenic noise to advance ambient noise methodologies. Given that modern
environments are infrastructure-dense, our approach is broadly applicable, offering promising
prospects for high-quality data acquisition and improved seismic monitoring in urban settings.

Using a data-driven probabilistic inversion framework avoids subjective regularization and
allows us to invert for v, and the associated uncertainties. The inversion results reveal clear
temporal trends in shear wave velocity. Notably, we resolve an increase in velocity near
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pumping wells, which is attributed to saturation changes in the unconsolidated sediments.

Looking ahead, future work should focus on optimizing array configurations to better balance
the resolution of high and low frequencies, thereby enhancing both the spatial and depth
resolution of the inversion. Moreover, integrating this approach with quantitative models, such
as Gassmann substitution theory, could facilitate the direct quantification of saturation changes
in the near-surface environment. This integration would not only improve our understanding of
the hydrological impacts of pumping but also provide valuable insights into the directionality
of inflow from external water sources, such as rivers.

In summary, this study highlights the potential of passive time-lapse surface wave tomography
in hydrological monitoring, and presents avenues for improvements and future research. With
targeted improvements in data acquisition, inversion methodology, and model integration, this
approach could become a powerful tool for monitoring subsurface hydrological processes and
informing water resource management.
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5.7. Extended Discussion

One of the central questions that has motivated this work is how far seismic methods can
replace, or at least augment, classical hydrological monitoring. By going beyond standard
coda-wave interferometry and dv/v approaches, we have sought to impose stronger, more
accurate constraints on the spatio-temporal evolution of the subsurface response to active

pumping.

Our experiments are an important step towards bridging the gap between small-scale laboratory
studies of saturation effects and real-world field behavior. Controlled laboratory tests can
isolate poroelastic responses to known saturation changes with precision, whereas our field
campaign captures the complexity of a natural aquifer under pumping stress. However, the
current array design limits both resolution and depth sensitivity. Sampling lower and higher
frequencies would require a larger array aperture or denser station spacing, leading to lower
uncertainties and better insight into subsurface dynamics.

For this study, we relied on the consistent noise of passing trains as our ambient noise source.
Although this approach is convenient in our infrastructure-rich environment, it might not be
feasible everywhere. A major goal of subsequent experiments should be to develop an applica-
tion that can be used anywhere, regardless of the availability of a strong, repeating noise source.

In addition to the Rayleigh wave group velocities used here, several other seismic observables
show promise for improving our results. One example is Love waves, which are more sensitive
to the shallower parts of the subsurface. Other, more experimental observables could include
the H/V spectral ratio (HVSR) or surface wave attenuation. Additionally, the traditional
approach of measuring dv/v could provide more detailed information about high temporal
variation due to rapid changes induced by pumping.

Our ultimate goal is to transition from relative velocity changes to absolute, quantitative
estimates of the following: (1) pore-water saturation via calibrated rock physics models,
(2) the spatial geometry of the depletion cone by mapping the three-dimensional velocity
perturbation field, and potentially (3) flow directionality. These estimates will transform
seismic monitoring into a quantitative tool for water resource management, particularly in
remote or infrastructure-poor regions.
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6 Summary

Groundwater resources are becoming increasingly vulnerable to overexploitation and climate
variability. However, the temporal resolution and spatial coverage of current monitoring
techniques are insufficient to detect short-term changes on a large scale. Seismic velocity
changes have been identified as a valuable tool for addressing this issue. While long-term
variations have received considerable attention, the short-term behaviour of seismic velocities
in response to environmental influences has been relatively understudied. This thesis explored
the use of ambient noise monitoring for a variety of applications. The aim is to improve
our understanding of how environmental factors influence the subsurface and to promote
new applications in monitoring the Earth’s hydrosphere. The research conducted within the
individual projects is based primarily on new observations and constitutes the first attempt
to develop models for these phenomena. By combining continuous seismic recordings with
hydrological and meteorological data, our work extends existing knowledge.

As mentioned in Chapter [2.1] there is a need in seismology to better understand how en-
vironmental factors affect seismic velocity. To this end, we analyzed data from local and
regional arrays using coda wave interferometry methods. We adapted the methods to achieve
a high temporal resolution to account for the arrays’ different sizes. This enabled us to
examine daily and sub-daily changes in seismic velocity across various spatial scales. Using
established hydrological models, we identified atmospheric pressure variations as the potential
driver of these fluctuations in seismic velocity. By systematically mapping the strength of
this effect across Central and Southern Europe, we found a correlation between specific
vulnerable aquifers and significant sub-daily velocity variations. This demonstrates that peri-
odic velocity changes carry vital information about the subsurface that could be utilized.
Insights into periodic velocity variations and their link to vulnerable aquifers pave the way for
the practical application of continuous seismic monitoring of the Earth's hydrosphere dynamics.

To expand on these applications, we moved beyond traditional ambient noise monitoring. In our
study, we used time-lapse probabilistic seismic tomography to successfully monitor subsurface
changes during a groundwater pumping test in Austria. By deploying a dense array of seismic
sensors and analyzing ambient noise generated by trains, we could image changes in shear wave
velocity at one-day intervals. These variations correlate with water table fluctuations, reflecting
changes in saturation. This approach provides continuous spatial data that complements
traditional well-based measurements and enhances our understanding of groundwater dynamics.

We demonstrated that ambient seismic monitoring could inform sustainable groundwater
management strategies and address urgent issues, such as water scarcity and resource depletion,
in the context of climate change and increasing human demand. These methods provide high-
resolution, continuous spatial measurements of subsurface properties and could complement
existing tools for monitoring illegal pumping and droughts. The results presented in this thesis
collectively lay the groundwork for a new generation of hydrosphere monitoring tools that
combine environmental sensitivity with operational practicality.
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7 Outlook

This thesis identified some potential avenues for future research. While it promoted a broader
understanding of the impact of environmental parameters, particularly air pressure, on seismic
velocities, some unresolved questions remain that need to be addressed in future research, so
that one can make full use of the new observational capabilities demonstrated in this thesis.
One of these is achieving a better conceptual understanding in order to model these effects.
In particular, we must:

e Quantify (non-linear) responses of seismic velocity to pressure changes and disentangle
them from other effects.

e Develop forward models that couple atmospheric, hydrological, and elastic response.

To achieve this, close collaboration with other disciplines, such as hydro(geo)logists, is re-
quired. Synergies between geophysicists, hydrologists and even meteorologists could lead to
groundbreaking advancements in our understanding, management and protection of one of
our most critical resources in the years to come. Joint field campaigns or co-located pilot
sites, where multiple sensors run in parallel could lead to important ground-truth observa-
tions in controlled settings and experiments. While some of these "outdoor laboratories" are
already in place, there is a need for them in different climate zones and geohydrological settings.

Last but not least, the accelerating pace of global warming and its consequences, particularly
the disruption to water cycles, should encourage scientists to embrace their instinct for bold
experimentation. In these rapidly changing circumstances, developing new tools to help us
better understand our environment has never been more urgent. Future work could thus focus
on:

e Real-time monitoring networks to provide near-instant feedback on aquifer stress and
recharge.

e Machine-learning approaches that can process large datasets in a short amount of time.

e Open, interoperable data platforms that bring together seismic, hydrological and met-
eorological data, lowering the barrier to interdisciplinary innovation.

By advancing instrumentation, modeling and cross-disciplinary collaboration, the next genera-
tion of ambient-noise studies will be well-placed to contribute to the safeguarding of water
resources in a warming world.

- No water, no life. No blue, no green. -

Sylvia Earle
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Appendix A: Main Cause of Sub-Daily Relative Seismic Velocity Changes

A Appendix: Interaction of Air Pressure and Ground-
water as Main Cause of Sub-Daily Relative Seismic
Velocity Changes
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Figure A.1.: a) Estimated shear-wave velocity profile for the investigated region. b) Sensitivity
kernels calculated with the software of Herrmann| (2013). The shown frequency
is the center frequency of the different frequency bands.
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Figure A.2.: Relative seismic velocity changes for different frequency bands. The green curve
shows a smoothed version of the hourly measurements (black line with crosses).
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Figure A.3.: 2D spectrograms calculated within a 7-day sliding window Fourier analysis. The
three different panels show the different frequency bands.
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Figure A.4.: Stack of the 2D spectrograms of Fig. S3. Each panel shows a different frequency
band. The red and the blue line indicates the one (S;) and two (S2) cycles per
day, respectively.
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B Appendix: Identifying large vulnerable water
reservoirs using passive seismic monitoring

Temporal Evolution and Stability of Air Pressure Signal
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Figure B.1.: Temporal stability of the air pressure signal and the decomposition into the main
periods of 24 h and 12 h. The panels (a) - (d) show the air pressure signals for
the year 2016 - 2019 averaged over the whole investigation area. The dashed
black line indicates the synthetic data from fitting sinusoidal functions using
both 24-hour and 12-hour periods. The red and blue lines represent the fitted
daily and semi-daily terms, respectively.
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Temporal Evolution and Stability of Seismic Velocity Changes
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Figure B.2.: Temporal stability of the dv/v measurements (averaged over the study area)
and the decomposition into the main periods of 24 h, 12 h and 8 h. (a) Shows
the dv/v over the whole time from 2016 - 2019. The subfigures (b) - (d)
show the stacking over two years as indicated to ensure a comparable station
coverage. Panel (e) and (f) show the stacking result over winter and summer,
respectively. The dashed black line indicates the synthetic data from fitting
sinusoidal functions using both 24-hour and 12-hour periods. The red, blue and
green lines represent the fitted daily, semi-daily and tri-daily terms, respectively.
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Group Velocity Measurement across South and Central Europe
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Figure B.3.: Group velocity measurements across the study area in the frequency band around
1 Hz.
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Misfit of measured and fitted seismic velocity changes
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Figure B.4.: Map of the relative mean absolute misfit between the measured dv/v and the
results of the fitting with three sinusoids with periods of 24 h, 12 h and 8 h.
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Phase Difference between Seismic Velocity Changes and Air Pressure
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Figure B.5.: Histogram of the time delays between the air pressure (forcing) and the dv/v
(reaction).
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C Appendix: Monitoring Groundwater Pumping Us-

ing Time-Lapse Tomography from Ambient Seismic
Noise
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Figure C.1.: Simplified lithological log determined from core samples of a) the EKB5 and b)
the EKB7 well.
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Figure C.2.: Dispersion picks for all frequencies over 93 days from station pairs a) “102-114",
b) “103-114" and c) “104-114". The red dashed line indicated the median
dispersion curve.
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Figure C.3.: Hyper-parameter estimates obtained from the inversion of group velocity disper-

sion data for day 89. a) Histogram of the posterior distribution on the number
of nodes. b) Diagram shows the linear coefficient between unknown data errors
and travel path length. c) and d) show the constant terms for unknown data
error.
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Figure C.4.: Estimated uncertainties from the 2-D group velocity inversion obtained from
the ensemble of rjMcMC samples. The panels show day a) 9, b) 20, c) 59 and

d) 75.
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Figure C.5.: Temporal evolution of group velocities from a) dispersion analysis of station
pair “104-113" and b) extracted from the 2-D group velocity profiles between 45
m and 135 m, corresponding to the extent of station pair “104-113". c) Shows
the associated uncertainties for group velocities shown in b).
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Figure C.6.: Coefficient of variation (relative standard deviation) estimated from the McMC
samples for the 1-D depth inversion results of day a) 9, b) 20, c) 59 and d) 75.
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Parameter Minimum Value | Maximum Value
Uo [km/s] 0.05 1.0
a [s/km] 0 0.2
b [s] 0 0.2
c[s7] 0 0.2
Number of Nodes 4 80

Table C.1.: Prior bounds for the 2-D probabilistic inversion. Uy is the group velocity, while a,
b and c are the error parameters in o; = aA; + b + cf.

Layer | Velocity Range Depth Range

1 (0.1-1) km/s | (0.001 - 0.004) m

2 (0.1-1) km/s | (0.006 — 0.008) m

3 (0.1-1) km/s | (0.016 - 0.02) m

4 (0.1-1)km/s | (0.01-0.03) m

5 (0.1-1) km/s -

Table C.2.: Prior bounds for the 1-D depth inversion. Note: The last layer is the infinite
half-space.
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Additional Supporting Information

Movie M1 Animation of the group velocity results over time. The top panel shows the
groundwater table depth measured at well EKB7. The lower panel is the result from the 2-D
group velocity inversion.

Accessible via: https://ucloud.univie.ac.at/index.php/s/opzgYtEGGAD6KBY

Movie M2 Temporal evolution of the inverted vs model. The top panel shows the groundwater
table depth measured at well EKB7. The lower panel is the resulting vs model. The blue
dashed line indicated the groundwater table measured along the transect. The grey shaded
areas marking parts where the relative standard deviation is higher than 40%.

Accessible via: https://ucloud.univie.ac.at/index.php/s/opzgYtEGGAD6EkKBY
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