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A B S T R A C T   

The level of earthquake motion observed on the ground surface differs from the shaking at locations buried at a 
depth. Characterization of the underground shaking is important for the local seismic hazard assessment at depth 
which is an insufficiently investigated topic so far. Advancements in the prediction of the ground motion at depth 
are especially important for the design of deep geological disposals of nuclear waste, buildings with deep 
foundations, or studies focused on soil-structure interactions. In this paper, we analyze site-specific transfer 
functions that relate ground motions on the surface to that at a depth at sites located within soft sedimentary 
rocks of the Swiss Molasse Basin. We first evaluate empirical surface-to-borehole amplification functions at six 
borehole sites, compare them with predictions by a theoretical model, and characterize the high-frequency 
surface-to-borehole amplification. Next, we perform full-waveform prediction of ground motion at depth from 
surface recordings of seven significant regional earthquakes with ML > 4. The comparison of predicted and 
observed acceleration waveforms shows a high level of similarity in a broad frequency range and well-predicted 
values of PGA, PGV, and response spectra. Finally, we model a scenario earthquake for 9975 years return period 
at a test site, and we predict associated broadband waveforms at depth. By the latter, we demonstrate that our 
method to predict ground motions at depth can be used as a basis for the site-specific seismic hazard of deep 
geological disposals of nuclear waste.   

1. Introduction 

The characterization of site-specific earthquake ground motion is the 
basic element of local seismic hazard assessment. An accurate prediction 
of ground motion is especially important for the earthquake-resistant 
design of structures of special importance (e.g., hospitals, fire stations, 
dams, power plants, and deep geological disposal sites). In such cases, 
the seismic hazard is evaluated for long return periods and should take 
into account the effects of near-surface geology around the foundation of 
the structure. The near-surface rock and soil layers cause amplification 

of seismic waves that can be approximated by using soil classes [1,2]; 
nevertheless, such a procedure is not applicable to underground sites 
buried at a depth. Therefore, methods to characterize and predict the 
ground motion at depth need to be developed for important structures 
like nuclear waste repositories or critical infrastructure buildings with 
deep foundations. So far, the prediction of the ground motion at depth is 
an insufficiently investigated topic, which underlines the importance of 
this paper. 

Theoretical predictions of ground motions caused by earthquakes 
can be performed by modeling approaches based on various determin
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istic or stochastic numerical methods (e.g., [3–9]). The earthquake 
source is usually described by the slip-rate function on a fault or the 
frequency content of radiated seismic waves (e.g., [10–12]). The path 
term is mainly governed by the mechanical properties of the bedrock, i. 
e., seismic velocity, geometrical spreading, and intrinsic and scattering 
attenuation (e.g., [13,14]). Finally, the site term represents the 
site-specific response to incident seismic waves. The site response can be 
modeled deterministically, approximated using average shear-wave 
(S-wave) velocity to the depth of 30 m (vS30) or site-condition proxies 
(e.g. [15]), or expressed by a complex-valued transfer function (TF) in 
the spectral domain [16]. 

The TF relates ground motions on the soil surface to that at a refer
ence point by a spectral ratio [17–19]. The reference point can be 
assumed to be on the outcropping rock or in a borehole buried at depth. 
The characterization of ground motion at depth is complicated by the 
interference of up-going and down-going waves reflected by the surface 
[19,20]; hence, the surface-borehole TF consists of their constructive 
and destructive interferences (e.g., [21,22]). We would like to empha
size that the surface-to-borehole amplification differs in amplitudes and 
frequencies of resonance peaks from the surface-to-outcrop amplifica
tion that is standardly evaluated on the ground surface. When consid
ering 1D stratigraphy, the surface-borehole TF can be evaluated as a 
solution to the wave equation in the 1D medium of horizontal visco
elastic homogeneous layers (e.g., [23,24]); or, more preferably, by using 
the stochastic model (SM) introduced by [25] that is described in the 
following section. The modeling is more challenging in the case of a site 
characterized by 2D or 3D resonance effects (e.g., [26]); however, these 
sites are often in distinctive valleys and can be identified by, e.g., the 
single-station approach following [27]. 

Similar to that on the ground surface, earthquake shaking at depth 
can be quantitatively characterized by the peak ground acceleration 
(PGA), peak ground velocity (PGV), response spectra, cumulative ab
solute velocities (CAV), or Arias intensity (IA) measures [28–30]. How
ever, it is advantageous to model full broadband seismic waveforms as 
all the aforementioned parameters can be derived from them [31]. The 
broadband waveforms at depth can be predicted analytically from sur
face observations by the deconvolution method if the surface-borehole 
TF is given (e.g., [23]). For instance, the 1D TF deconvolution analysis 
was performed by [32] to characterize motions at the foundation level of 
nuclear power plants in the USA, and by [25] to compare observed and 
theoretical waveforms at depth in borehole monitoring arrays in Japan. 
Predictions of waveforms at depth from surface observations are rare 
and limited to already recorded significant earthquakes, while pre
dictions from synthetic waveforms, which are also introduced in this 
paper, may provide insight into ground motions expected in the future. 
The latter is especially important for long return periods, required by 
earthquake-resistant design standards for structures of special 
importance. 

In this paper, we extend and apply the surface-borehole SM method 
proposed by [25] to soft rock sites in the Swiss Molasse Basin [33]. This 
modeling method is preferred as it accounts for random spatial varia
tions of rock properties and it produces realistic surface-borehole TFs in 
a broad frequency range. For our application, a modification of the 
method is necessary in order to consider the effects caused by soft rocks 
at the depth of our interest. In particular, the empirical surface-borehole 
TF may be influenced by lithological interfaces below the borehole 
sensor if they have a significant impedance contrast [34]. Therefore, we 
extend the method to model the ground motion at depth inside soft 
sedimentary rocks (i.e., sandstones, conglomerates, mudstones, marls, 
or clays), where we expect an interface with a significant impedance 
contrast close below the reference point at depth. 

We first evaluate empirical surface-to-borehole (S/B) amplification 
functions at six borehole sites in Switzerland and compare them with 
theoretical predictions by the surface-borehole SM. We also perform 
inversion of empirical amplification functions to infer and validate local 
S-wave velocity models. Next, we perform the deconvolution of ground 

motions at depth from surface recordings of the 2017 Urnerboden Mw4.1 
earthquake [35] and another six significant regional earthquakes. The 
comparison of observed and predicted waveforms validates our char
acterization of ground motions at depth in soft sedimentary rocks. 
Finally, we model synthetic broadband waveforms for the Mw4.1 
Urnerboden earthquake as a validation, and we model a scenario 
earthquake for 9975 years return period including the prediction at 
depth for demonstration purposes. The utilized Mw5.8 earthquake sce
nario is the dominant event from disaggregation of the Swiss seismic 
hazard model SUIhaz15 [36,37]. 

2. Methods 

2.1. Transfer function 

Let us start with a common definition of the surface-borehole TF by 
using the spectral ratio. First, we assume two one-component seismic 
waveforms of the same origin that are observed on the ground surface 
yS(t) and in a borehole yB(t), in which t denotes time. The Fourier 
transform of these real-valued functions yields complex-valued spectral 
functions YS(f) and YB(f), in which f is frequency. The surface-borehole 
TF is then expressed as 

H(f )=
YS(f )
YB(f )

, (1)  

in which H(f) is the complex-valued TF in the spectral domain. The 
absolute value of the TF, i.e. |H(f)|, is equal to the S/B ratio of the 
amplitude spectrum, which is the S/B amplification function [16]. 

The TF can be determined from seismic waveforms observed by 
vertical monitoring arrays in boreholes (i.e., empirical TF) or computed 
by a numerical modeling technique (i.e., theoretical TF). Based on the 
pioneering work by [38]; the surface-borehole TF can be modeled as a 
linear, equivalent linear, or nonlinear response of the 1D medium of 
horizontal homogeneous layers (e.g., [23]). The linear response is suf
ficient for modeling small-strain effects; otherwise, equivalent linear or 
nonlinear response modeling should be considered (e.g., [39]). In this 
work, the linear response of damped layers on the base rock is solved 
numerically by evaluating recursion formulas in all layers above the 
reference point (e.g., [23]). 

2.2. Stochastic model 

The classical TF modeling method relies on the response of the 1D 
medium of horizontal viscoelastic homogeneous layers, while real near- 
surface layers are rather heterogeneous with rough interfaces and 
complex site response [40]. Indeed, it is emphasized by numerous 
studies that considering a velocity gradient or heterogeneities may 
improve the mutual fit between empirical and theoretical TFs (e.g., [22, 
41,42]). Moreover, surface-borehole TFs modeled in 1D layered media 
exhibit distinctive amplitudes of resonance peaks that are not observed 
in empirical data. To overcome these issues [25], proposed a stochastic 
model (SM) which predicts more realistic surface-borehole site 
responses. 

To construct the SM, a set of random 1D media is generated from the 
reference S-wave velocity model that is given a priori. Random draws are 
log-normally distributed with a mean of the reference model and a 
standard deviation given by a percentage (following recommendations 
by [25]; 15% is used in this study). The medium damping and layer 
thicknesses are randomized as well. The reference damping model is 
introduced through the quality factor for S-waves, which is approxi
mated to be one-tenth of the S-wave velocity in m/s [43,44]. Next, 
surface-borehole TFs are solved numerically for all prepared 1D media 
and the ensemble of TFs is used to compute respective energy spectral 
density (ESD) and envelope delay (ED) functions. The S/B ESD function 
L(f) is defined as 
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L(f )= 10 log10|H(f )|2 [dB], (2)  

in which dB indicates the unit in decibels. This function determines S/B 
amplification in the logarithmic scale. The surface-borehole ED function 
τ(f), defined by [25]; expresses the difference between the first de
rivatives of surface and borehole phase spectra as 

τ(f )= 1
2π

dφ(f )
df

, (3)  

in which φ(f) is the unwrapped phase spectrum of H(f). The surface- 
borehole ED has units of time and meaning of the harmonic delay be
tween surface and borehole envelopes. Finally, the SM is defined by a 
pair of coupled L(f) and τ(f) spectral curves representing an average 
from all realizations within the ensemble of TFs (the overline denotes 
average values). The SM is rid of artificial spikes of resonance peaks and 
it resembles empirical surface-borehole TFs. For details about the SM, 
the reader is referred to [25]. 

2.3. Predictive transfer function 

In the SM, the pair of coupled L(f) and τ(f) spectral curves charac
terize the theoretical site response. These functions can be used for the 
reconstruction of the complex-valued TF by using the exponential form 
of complex numbers and equations (2) and (3). Following [25]; the 
predictive TF Ĥ(f) is expressed, after some trivial algebraic operations, 
as 

Ĥ(f )=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
100.1L(f )

√
exp

(

i2π
∫

τ(f ) df
)

, (4)  

in which i is the imaginary unit and the hat symbol denotes predicted 
values. Then, the Ĥ(f) can be substituted for H(f) into equation (1), 
which leads to an exact mathematical relation between surface and 
borehole Fourier spectra. This relation allows us to compute the pre
diction of a unique Fourier spectrum at depth if a surface waveform is 
available. The resultant deconvolved waveform at depth is the inverse 
Fourier transformation of the predicted spectrum. 

2.4. Inversion of empirical amplification 

Vertical monitoring arrays in boreholes allow us to measure empir
ical surface-borehole TFs. These empirical S/B amplification functions 
can be used in an inversion procedure to retrieve the local S-wave ve
locity model. For this purpose, we utilize the inversion method by [25] 
formulated in the Bayesian probabilistic framework (e.g., [45]). This 
inversion method uses the SM as the forward problem solver and it 
utilizes random sampling by the Metropolis-Hastings algorithm [46] 
coupled with the parallel tempering technique [47]. The inversion result 
is the posterior probability density (PPD) that expresses the probability 
of model parameter values (i.e., S-wave velocity, depth of layer in
terfaces, and medium damping). Therefore, the PPD includes informa
tion about the solution uncertainty. This inversion uses solely 
amplification data; hence, it is sensitive to velocity contrasts between 
layers rather than absolute values of the S-wave velocity. 

2.5. Broadband waveform modeling 

To perform modeling of synthetic surface waveforms at a broadband 
frequency range, we use software developed by the Southern California 
Earthquake Center (SCEC) [48]. This SCEC Broadband Platform (BBP) is 
developed to perform physics-based ground motion simulations and it 
has been thoroughly validated [49,50]. In our research, we apply the 
hybrid modeling method by [8,51] that is implemented in the BBP. 

The method by [51] models three-component broadband accelera
tion waveforms at two different ranges of frequencies. The 

low-frequency part (<1 Hz) is calculated deterministically for a given 
Earth structure and source model, while the high-frequency part (1–100 
Hz) is modeled by the stochastic approach. The BBP first generates a 
random distribution of the heterogeneous slip on a given fault plane. The 
propagation of low-frequency elastic waves is modeled by using Green’s 
functions. We computed our own Green’s functions in a suitable regional 
1D velocity model (see Appendix A) using the frequency-wavenumber 
method by [52]. Regarding the site term, the BBP uses a rather simpli
fied approach by using vS30 adjustments. Still, it is a well-validated 
approach and should result in reliable broadband waveforms. We 
would like to emphasize that vS30 adjustments are used only inside the 
BBP for the modeling of synthetic broadband waveforms on the ground 
surface, and not elsewhere within this paper. 

The method implemented in BBP is intended to model waveforms of 
large earthquakes dominated by S-waves; hence, it does not produce 
high-frequency pressure-wave (P-wave) signals. On the other hand, P- 
waves are non-negligible in the case of small-to-moderate earthquakes, 
which further requires their proper modeling (e.g., [53]). Because of 
that, we model high-frequency P-wave waveforms using the nonsta
tionary stochastic method introduced by [54] and add them to broad
band waveforms produced by the BBP. The stochastic P-wave 
waveforms are scaled to have a maximal amplitude five times smaller 
than S-waves and the duration of the P-wave packet about 25% longer 
than in the original method. As a result, our modeled broadband 
waveforms include deterministic low- and stochastic high-frequency 
parts of both P- and S-wave phases. 

3. Characterization of Swiss sites 

In this section, we evaluate empirical surface-borehole TFs from 
borehole-monitoring arrays in Switzerland and compare them with 
theoretical predictions by the surface-borehole SM. The locations of six 
selected borehole arrays and earthquake epicenters from the period 
2013–2021 are shown in Fig. 1. Significant earthquakes with local 
magnitude ML > 4 (purple circles) are summarized in Table 1. 

First, borehole-monitoring arrays BOBI, HAMIK, and STIEG are part 
of a monitoring system for the planned nuclear waste repository in 
Switzerland financed by the National Cooperative for the Disposal of 
Radioactive Waste (NAGRA). They are equipped with seismometers on 
the ground surface and at depths of 153, 139, and 123 m, respectively. 
The depth of these boreholes is not sufficient to reach the crystalline 
basement; hence, borehole sensors are placed in the soft sedimentary 
rocks of the Swiss Molasse Basin. For these sites, site characterization 
was performed and S-wave velocity profiles were measured [55]. These 
velocity profiles will be provided later in this section. Next, borehole 
sites ROMAN and WOLEN are part of the Swiss Digital Seismic Network 
(SDSNet) and are equipped with sensors at depths of 98 and 133 m, 
respectively. These two sites are of secondary importance for this pa
per’s purpose; hence, the detailed characterization is present only in 
Appendix B. The last selected borehole site SVISP is a part of the Swiss 
Strong Motion Network (SSMNet). The lithology at this site differs from 
previous ones as it is located in the Rhone valley which is filled with 
unconsolidated alluvial, glaciolacustrine, and moraine deposits [56]. 
The borehole is instrumented with seismometers at three different 
depths; but in our analysis, we use only the deepest sensor at 102 m 
depth. 

3.1. Empirical surface-borehole TFs 

To determine empirical surface-borehole TFs, we use seismic wave
forms recorded by the vertical monitoring arrays in the years 
2013–2021. The selected waveforms are recordings of local earthquakes 
with hypocenter depths less than 35 km having ML in the range of 
1.5–4.6 (see Fig. 1a). The strongest earthquake in the database is the 
2017 Urnerboden ML4.6 (Mw4.1) earthquake, which had the largest 
instrumentally recorded PGA of 85 cm/s2 measured on rockslide 
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deposits in the Linthal village [35]. North-south and east-west hori
zontal components were rotated into transverse components and further 
processed following the procedure described by [25]. The quantitative 
comparison between transverse component PGA measured on the 
ground surface (PGAS) and in the borehole (PGAB) is shown in Fig. 1b. 
This comparison shows systematically higher values of PGA measured 
on the ground surface than in 98–153 m deep boreholes, which can be 
approximated by the linear relation PGAS ≅ 3.84 PGAB for the six 
selected downhole arrays in Switzerland (a solution of the linear least 
squares). 

The earthquake signal could be below a local noise level for some 
event-sensor pairs, especially at low and very high frequencies. To 
ensure that we analyze only a spectrum of the useful signal, we deter
mine low- and high-frequency bounds between which the amplitude 
spectrum has a signal-to-noise ratio (SNR) above three. These bounds 
are determined and manually adjusted for all waveforms individually. A 
statistic of the final bandwidths of the useful signal is shown in Fig. 1c. 
Next, each pair of waveforms observed on the ground surface and in the 
borehole is processed to obtain S/B amplification and surface-borehole 
ED curves. The derivatives of phase spectra are determined using the 
method by [57]; and individual spectral curves are smoothed by using 
the Konno-Ohmachi algorithm with parameter b = 80 [58]. Finally, the 
median curve from all available empirical spectral curves represents the 
empirical surface-borehole TF. These empirical TFs are complemented 
with 16th and 84th percentiles (i.e., inter-event variability). 

3.2. Geological settings 

Most of the sites under consideration in this study are located in the 
Swiss Molasse Basin [33]. It is a foreland basin between the Jura 
Mountains in the north and the Alps in the south. The thickness of this 
typically wedge-shaped basin decreases from about 4 km in the south to 
a few hundred meters in the north. The crystalline basement is formed 

by Precambrian rocks, which are overlain by the Mesozoic units con
sisting of shallow marine carbonates. As the Quaternary sediments are 
generally quite thin, the geology of this area is rather dominated by the 
thick Tertiary sequence, which originates from the erosion of the Alps. 
Lithostratigraphically, the Tertiary unit is divided into four main for
mations depending on marine or continental sedimentary facies: Lower 
Marine/Freshwater Molasse (LMM/LFM) and Upper Marine/Freshwater 
Molasse (UMM/UFM). The LMM is formed during the early Oligocene 
age and it consists of fine-grained shallow marine sandstones, clays, and 
marls. The LFM of the late Oligocene-early Miocene age consists of 
medium-to-coarse-grained fluviatile sandstones, marls, fan conglomer
ates, and breccias. The overlying UMM, formed during the early 
Miocene, consists of fine-to-medium-grained marine sandstones, marls, 
and coastal conglomerates. The topmost part is formed of the UFM of the 
middle-late Miocene age, consisting of fluviatile sandstones, silty marls, 
bentonites, and fan conglomerates. 

At the BOBI site, a borehole log and a nearby site characterization 
measurement [59] are available. The surface station is located on the top 
of a large moraine deposit and the upper 26 m of the subsurface is 
characterized as Pleistocene gravel with weathered topsoil. UMM and 
LFM formations are observed at depths of 26–52 m and 52–120 m, 
respectively. The deepest part (120–160 m) of the borehole is charac
terized by the Malm unit (Upper Jurassic). The borehole profile and 
nearby site characterization at the HAMIK site [60] show a 110 m thick 
cover of Quaternary deposits overlying the UFM at 110–145 m depth. 
The borehole log and the site characterization at the STIEG station [61] 
indicate a 2 m thin layer of Quaternary deposits overlying the UFM at a 
depth of 2–130 m. The topmost bedrock units below these three stations 
probably consist of marine and fluvial deposits of Oligocene and 
Miocene age, mostly sandstone and conglomerates intercalated with 
clay and marl layers of variable thickness and consolidation [55]. It is 
perceivable that the largest impedance contrast at these sites will 
depend on the lithology of the base of the Tertiary and the level of 

Fig. 1. Selected earthquakes and borehole- 
monitoring arrays in Switzerland. The map in (a) 
shows the location of earthquake epicenters (red and 
purple circles) and monitoring boreholes (black tri
angles). Earthquakes have magnitudes 1.5 < ML < 4.6 
and hypocenter shallower than 35 km. (b) shows the 
dependency between PGA values measured on the 
ground surface (PGAS) and in the borehole (PGAB) for 
all event-borehole pairs. The regression model 
determined using the linear least squares is shown by 
the black dashed line. (c) displays a histogram of low- 
and high-frequency bounds of the useful signal (black 
and gray bars, respectively).   

Table 1 
List of earthquakes with ML > 4.  

N. ML Date UTC Location Lat. (deg) Lon. (deg) Depth (km) Epicentral dist. (km) 

#1 4.6 2017/03/06 20:12:07 Urnerboden 46.91 8.93 4 62–118 
#2 4.3 2020/10/25 19:35:43 Elm 46.90 9.12 1 74–133 
#3 4.3 2017/07/01 08:10:34 Chateau-d’OEx 46.49 7.10 4 60–123 
#4 4.2 2019/05/28 08:48:05 Montreux 46.37 6.75 4 150 
#5 4.1 2013/12/12 00:59:18 Sargans 47.06 9.49 6 79 
#6 4.1 2018/01/17 19:07:19 Montafon 47.15 9.99 1 67–187 
#7 4.1 2016/10/24 14:44:11 Leukerbad 46.34 7.58 8 23–114  
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erosion of Jurassic and Cretaceous formations underneath. 
No site characterization is available for the next sites WOLEN and 

ROMAN. The WOLEN site is located in the central part of the Swiss 
Molasse Basin. From a nearby geological cross-section [62], it can be 
inferred that it is characterized by a 50–75 m thick layer of unconsoli
dated deposits, overlying a thick (>200 m) LFM layer. The ROMAN site 
is located on the northeast edge near Lake Constance. From a nearby 
geological cross-section [63], it can be inferred that an approximately 
10–20 m thick layer of unconsolidated deposits overlies a thick (>200 
m) UFM unit at this site. 

3.3. Results for NAGRA sites 

The empirical surface-borehole TFs at NAGRA borehole sites (i.e., 
BOBI, HAMIK, and STIEG) are shown by black curves in Fig. 2. There are 
four-to-six noticeable S/B amplification peaks and EDs indicate good 
data quality between approximately 1 and 30 Hz, where they have ex
pected values and acceptable scatter. Such a reliable frequency range is 
consistent with the histogram of useful-signal bands shown in Fig. 1c. 

Next, theoretical S/B amplification curves (i.e., surface-borehole 
SMs) were computed using the linear response of a reference 1D me
dium. The site-specific reference velocity models originate from site 
characterization measurements [55,64]. The surface-borehole SMs were 
first computed as the response of the medium above the borehole sensor 
depth indicated as ‘SM reference (upper)’ in Fig. 2. In such a scenario, 
the borehole reference point is located in a hard rock (i.e., a rigid 
half-space) that does not influence the S/B amplification by itself. 
However, it is not a valid assumption in this case as frequencies of 
observed and predicted amplification peaks do not match at all (light-
blue curves in Fig. 2). Indeed, NAGRA borehole sensors are placed 
within soft sedimentary rocks that are likely underlain by a harder rock. 
The lithological interfaces close below the borehole sensors can have 
significant impedance contrasts. Then, local ground motions are likely 
influenced by elastic deformation of the soft rock layer and lithological 
interfaces close below borehole sensors. To simulate these effects, we 
moved the borehole reference point deeper, to the position of the ve
locity model interface below the sensor depth, indicated as ‘SM refer
ence (whole)’ in Fig. 2d. Then, surface-borehole SMs also account for the 

elastic deformation of the soft sedimentary rock layer surrounding the 
borehole sensor. The resultant theoretical predictions have frequencies 
of amplification peaks much closer to the observed values (blue curves 
in Fig. 2). The fit is especially improved for fundamental resonance 
peaks, which justifies our approach. This implies that the elastic defor
mation of surrounding rocks and the effects of lithological interfaces 
close below the reference depth have to be considered at soft sedimen
tary rock sites. In addition, we tried to use a velocity gradient in the layer 
surrounding the borehole sensor; however, it does not improve the fit of 
empirical and theoretical S/B amplification curves at these particular 
sites. Further, green lines in Fig. 2 display the 
quarter-wavelength-velocity impedance contrast curves computed 
following the approach by [34] which are correlated but not equal to 
amplification. As expected, the impedance contrast has smaller ampli
tudes than the S/B amplification, while the frequency of the funda
mental impedance peak is similar to that computed as the response of 
the whole 1D medium. 

The fit between empirical and theoretical S/B amplification in Fig. 2 
is satisfactory but not perfect. This may be caused by the presence of 2D/ 
3D resonance effects or an imperfect reference velocity model. To tackle 
the latter issue, we perform the Bayesian inversion of empirical S/B 
amplification curves to infer a 1D medium spanning between surface 
and borehole sensors. The resultant PPD functions are shown in Fig. 3; 
these are produced by random sampling utilizing three parallel Markov 
chains with burn-in and production phases set to 5000 and 50,000 steps, 
respectively. The resultant PPD functions are in accord with reference 
1D velocity models shown by blue dashed lines because the reference S- 
wave velocity is close to its highly probable value along the whole 
profile. Our inversion results are also consistent with velocity profiles 
inferred by [65] using horizontal-to-vertical curves of earthquake re
cordings. The solution of the Bayesian inversion is the whole PPD 
function; nevertheless, we select a representative velocity model for 
each site (red lines in Fig. 3). Then, these inferred velocity models are 
used as 1D media for the computation of adjusted theoretical 
surface-borehole SMs. The comparison of empirical and adjusted theo
retical S/B amplification curves is shown in Fig. 4. Indeed, amplification 
predictions by the SM using inferred velocity models (red curves in 
Fig. 4) are closer to empirical data than predictions using reference 

Fig. 2. Empirical surface-borehole TFs versus pre
dictions by the SM for NAGRA sites. The empirical 
TFs (black curves) are computed from the transverse 
component of observed earthquake waveforms and 
complemented with 16th and 84th inter-event per
centiles (gray area). Predictions by SMs are computed 
for the upper-structure (light-blue curves) and whole 
(blue curves) reference velocity models. The whole 
velocity models include an interface close below the 
depth of the borehole sensor. (a) BOBI site, (b) 
HAMIK site, (c) STIEG site, and (d) situation scheme.   
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velocity models (blue curves in Fig. 2), even though the inferred and 
reference velocity models are not strikingly different at respective sites. 
Next, the amplitudes at the fundamental resonance peaks are slightly 
overestimated. This is a common problem of modeling with 1D models 

and it could be caused by several factors including the stiffer structure 
below the borehole sensor depth, the interface irregularity, imprecisions 
in the velocity profile, or frequency-dependent quality factors. Never
theless, the fit between empirical and adjusted theoretical S/B 

Fig. 3. Results of the Bayesian inversion of empirical surface-borehole TFs at NAGRA sites. The PPD function is shown by the color scale that expresses the 
probability. Blue dashed lines show reference velocity models, red lines show inferred velocity models and light blue triangles mark the depth of the borehole sensor. 
Histograms in the upper panels show marginal PPDs for individual layers (differentiated by color). (a) BOBI site, (b) HAMIK site, and (c) STIEG site. 

Fig. 4. Empirical surface-borehole TFs versus pre
dictions by inferred velocity models for NAGRA sites. 
The empirical TFs (black curves) are computed from 
the transverse component of observed earthquake 
waveforms and complemented with 16th and 84th 
inter-event percentiles (gray area). Predictions by the 
SM (red curves) are computed for whole inferred 
velocity models. Velocity models include an interface 
close below the depth of the borehole sensor. (a) 
BOBI site, (b) HAMIK site, and (c) STIEG site.   
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amplification curves is good, which justifies our modification of the 
ground motion modeling method for the soft rock sites of the Swiss 
Molasse Basin. 

The reference velocity models come from site characterization 
measurements of surface wave dispersion curves; therefore, they are 
compatible with field data. Hence, we can evaluate the reliability of the 
inferred velocity models by comparison of predicted and measured 
dispersion curves. The dispersion curves are computed for fundamental, 
1st, and 2nd modes of Rayleigh and Love waves by using the Geopsy 
software [66]. As we infer S-wave velocity values only, P-wave velocities 
were assigned based on the vP/vS ratio of the reference velocity model 
and mass densities were assigned based on the empirical relation from 
[67]. The final comparison of observed data and dispersion curves of 
reference and inferred velocity models is shown in Fig. 5. There is a 
satisfactory mutual fit of dispersion curves at all sites even considering 
higher modes. This supports the reliability of inferred velocity models. 

3.4. Results for the SVISP site 

The lithology at the SVISP site (SSMNet) differs from previous ones 
as it is located in the Alpine valley filled with deposits (e.g., [56]). This 
complicates the S/B amplification function due to possible 2D/3D 
resonance effects and the fact that the borehole sensor is placed in un
consolidated sediments. Further, it has been noted by [56] that it is 
necessary to assume a positive velocity gradient to explain the empirical 
S/B amplification curve at this site. 

The empirical surface-borehole TF is shown by black curves in the 
upper panels of Fig. 6. As only 15 earthquakes over a shorter monitoring 
period are considered at the SVISP site, this empirical curve is less robust 
than that at previous sites. The theoretical surface-borehole TFs from SM 
were computed as the response of the medium above the borehole sensor 
depth (the upper-structure model) and the whole 1D medium including 
the sedimentary layer surrounding the borehole sensor (whole model), 
in which the site-specific 1D reference velocity model originates from 
site characterization measurements [64]. Nevertheless, none of these 
two theoretical TFs (light-blue and blue curves in Fig. 6a) provides good 
fit with observed amplification peaks. Next, we implemented a gradient 
1D velocity model from [56]; which accounts for the gradual change of 
viscoelastic parameters of unconsolidated sediments surrounding the 

borehole sensor. The resulting theoretical TF (purple curves in Fig. 6a) 
has frequencies of amplification peaks much closer to observed values. 
The fit is especially improved for the fundamental resonance peak, 
which justifies the necessity of a velocity gradient at this site. This may 
imply that a velocity gradient should be considered at sites with un
consolidated sediments at the depth of interest. 

The fit between empirical and theoretical S/B amplifications above 
the fundamental frequency is not perfect at this site (purple curves in 
Fig. 6b). Hence, we performed the Bayesian inversion of the empirical S/ 
B amplification to increase the accuracy of the local 1D medium. In the 
inversion, surface-borehole SMs were computed as a response of the 1D 
medium including the velocity gradient in the bottommost layer. The 
resultant PPD function shown in Fig. 6d is produced by three parallel 
Markov chains with burn-in and production phases set to 1000 and 
10,000 steps, respectively. Finally, the comparison of the empirical S/B 
amplification curve with predictions by the inferred gradient model is 
shown in Fig. 6b (red curves), which shows that the inferred gradient 
model does not provide a strikingly improved fit to empirical data than 
the reference gradient model. This may indicate the influence of factors 
beyond 1D phenomena, i.e., the presence of 2D/3D resonance effects at 
the SVISP site. 

4. Prediction of ground motion at depth 

The design of structures for earthquake resistance requires a pre
diction of possible ground motions as an input. Hence, predictions of the 
ground motion at depth are necessary for the earthquake engineering. 
Following [25]; the broadband waveforms at a depth can be analytically 
predicted from surface recordings by using predictive TF formulated in 
equation (4) with the site-specific surface-borehole SM determined in 
Section 3. In this section, the method to predict broadband waveforms of 
the ground motion at depth is applied to the 2017 Urnerboden ML4.6 
(Mw4.1) earthquake and another six significant regional earthquakes 
with ML > 4 (see Table 1). 

4.1. Urnerboden earthquake 

The 2017 Urnerboden Mw4.1 earthquake occurred on March 6, 2017 
beneath the Urnerboden village in the Swiss canton of Uri and it is the 

Fig. 5. Comparison of measured and predicted surface wave dispersion curves at NAGRA sites. Dispersion curves of Rayleigh (upper panels) and Love (bottom 
panels) waves are computed in reference velocity models (blue curves) and inferred velocity models (red curves). Reference velocity models come from site 
characterization measurements (black circles) while inferred models result from the Bayesian inversion shown in Fig. 3. Fundamental, 1st, and 2nd higher modes of 
surface waves are shown by solid, dashed, and dotted lines, respectively. (a) BOBI site, (b) HAMIK site, and (c) STIEG site. 
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strongest event in the waveform database used in this study [35]. Here, 
predicted waveforms at depth are compared with observed ones in 
boreholes using both temporal and frequency domains. 

In Figs. 7 and 8, we show predictions of the ground motion at depth 
from surface recordings at the BOBI and HAMIK sites, respectively. First, 
in Fig. 7a, we show the transverse component of the surface motion 
observed at the BOBI site which is located 84 km away from the 
epicenter. This waveform has distinctive Pg, PmP, Sg, and SmS seismic 

phases. Values of PGA, PGV, and IA measured on the ground surface are 
1.25 cm/s2, 0.051 cm/s, and 0.0019 cm/s, respectively. Note that the 
envelope delay has values around 30 s after the event origin, which can 
be associated with the S-wave phase arrival. In Fig. 7b, we compare the 
theoretical prediction of the ground motion at depth (red curves) with 
the transverse component observed in the borehole (black curves). The 
prediction is very close to the observed values within the frequency 
range of 0.3–40 Hz. The predicted and observed PGA at depth have 

Fig. 6. Empirical surface-borehole TFs versus theo
retical predictions at the SVISP site. The empirical TFs 
(black curves in upper panels) are computed from the 
transverse component of observed earthquake wave
forms and complemented with 16th and 84th inter- 
event percentiles (gray area). In (a), predictions by 
SMs are computed for the upper-structure (light-blue 
curves), whole (blue curves), and gradient (purple 
curves) reference velocity models. In (b), predictions 
by the SM are computed for the reference (purple 
curves) and inferred (red curves) gradient velocity 
models. (c) is the situation scheme, and (d) shows the 
result of the Bayesian inversion of the empirical 
surface-borehole TF.   

Fig. 7. Full-waveform prediction of ground motion at depth from surface recordings of the Mw4.1 Urnerboden earthquake. It shows empirical data (black curves) and 
the theoretical prediction (red curves) at the BOBI site of the NAGRA network (epicentral distance 84 km). Acceleration waveforms, amplitude spectra, and envelope 
delays of the transverse horizontal component are shown (a) on the ground surface, and (b) in the borehole at 153 m depth. 
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exactly the same value of 0.21 cm/s2; predicted and observed PGV have 
values of 0.013 and 0.011 cm/s, respectively; predicted and observed IA 
at depth have the same value of 0.0001 cm/s. Note that both Sg and SmS 
seismic phases are well predicted by our method because they are hor
izontally polarized S-waves at the onset at depth regardless of the path 
from the source. 

Second, the HAMIK site is located at a distance of 62 km from the 
epicenter, and the ground motion prediction at depth is shown in Fig. 8. 

At this site, the waveform has distinctive Pg and Sg seismic phases only. 
The theoretical prediction of the ground motion at depth (red curves) is 
very close to values observed in the borehole (black curves) within a 
broad frequency range as well, note especially well-fitted details of 
Fourier’s spectra at about 2 and 5 Hz in Fig. 8b. Expressed by numbers, 
the predicted and observed PGA at depth have values of 0.24 and 0.29 
cm/s2, respectively, while predicted and observed PGV have exactly the 
same value of 0.014 cm/s at the HAMIK site. These two examples 

Fig. 8. Full-waveform prediction of ground motion at depth from surface recordings of the Mw4.1 Urnerboden earthquake. It shows empirical data (black curves) and 
the theoretical prediction (red curves) at the HAMIK site of the NAGRA network (epicentral distance 62 km). Acceleration waveforms, amplitude spectra, and 
envelope delays of the transverse horizontal component are shown (a) on the ground surface, and (b) in the borehole at 139 m depth. 

Fig. 9. Acceleration response spectra computed from 
observed and predicted waveforms of the Mw4.1 
Urnerboden earthquake. There are elastic response 
spectra for observed waveforms (black curves) and 
the theoretical prediction (red curves) at BOBI and 
HAMIK sites (top and bottom panels, respectively). 
Panels (a) and (c) show response spectra on the 
ground surface while panels (b) and (d) at the depth 
of 153 and 139 m, respectively. This figure is 
extended by the goodness-of-fit statistics in Appendix 
C.   
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demonstrate the applicability of the method to predict full broadband 
waveforms at depth at Swiss soft rock sites. 

Finally, we computed acceleration response spectra on the ground 
surface and at depth. The response spectra are computed by the New
mark time-integration method using the program PRISM which is 
intended for the seismic response analysis of single-degree-of-freedom 
systems [68]. The response spectra are computed for a viscous damp
ing value of 0.05 and they are shown for the BOBI and HAMIK sites in 
Fig. 9. As expected, response spectra have larger acceleration values on 
the ground surface than at depth. A less intuitive yet important result is 
that the shape of response spectra differs between surface and boreholes, 
which implies that response spectra scaling by simple multiplication 
would not be the correct procedure. On the other hand, response spectra 
at depth computed from observed and predicted waveforms are 
reasonably similar to each other in terms of both values and shape. The 
rigorous goodness-of-fit of observed and predicted response spectra at 
depth by means of coherence and cross-correlation is shown in Appendix 
C. This validates our prediction method for engineering applications. 

4.2. Statistics from significant regional earthquakes 

To statistically evaluate the comparison of predicted and observed 
ground motions at depth, we repeated the analysis for another six sig
nificant regional earthquakes from Table 1. We deconvolved broadband 
seismic waveforms at depth from surface recordings at all six borehole 
sites considered in this paper. Unfortunately, not all the borehole sta
tions were in operation when these earthquakes occurred or the 
epicentral distance was too large; hence, the resultant set consists of 22 
earthquake-station pairs. Analogically to the 2017 Urnerboden earth
quake, borehole waveforms were predicted by using the predictive TF 
formulated in equation (4) utilizing the site-specific surface-borehole 
SMs determined in Section 3. Then, we evaluated the PGA, PGV, Arias 
intensity, and maximum value of acceleration response spectra from 
observed and predicted broadband waveforms at depth. 

The statistical comparison of values determined from observed and 
predicted waveforms at depth is shown in Fig. 10. The comparison can 
be performed jointly for various earthquakes and sites as we compare 
the ratio between observed and predicted values. The optimal ratio is 
1:1, in which predicted values exactly match observed ones (black 

dashed lines). Values above the dashed line are overpredicted and vice 
versa. The quantitative comparison is performed using the logarithmic 
Nash-Sutcliffe model efficiency coefficient E [69]. It indicates how well 
the observed versus predicted data fits the 1:1 line (E = 1 for the perfect 
fit), and it is calculated from logarithmic values in order to have 
balanced sensitivity in a wide range. In all monitored characteristics of 
the ground motion at depth, values for various earthquakes and sites are 
spread closely to the 1:1 ratio, and the coefficient E has high values (note 
a very good performance with E > 0.85 for PGA and Arias intensity). 
This is an encouraging result, which demonstrates the good performance 
of our method to predict ground motions at depth from surface 
recordings. 

5. Modeling of broadband waveforms 

The prediction of the ground motion at depth from surface re
cordings (i.e., Section 4) is limited to past earthquakes. However, in 
regions characterized by moderate seismicity, we lack waveform re
cordings of strong ground motions. For the local seismic hazard assess
ment, we need to perform predictions of potentially damaging ground 
motions that can occur in the future. For such a purpose, we use syn
thetic broadband waveforms, modeled by the SCEC Broadband Platform 
on the ground surface at the site of our interest. First, we perform a 
validation test to compare simulated and observed surface waveforms 
for the 2017 Urnerboden Mw4.1 earthquake. The purpose of this test is to 
evaluate the capability of the deployed method to simulate broadband 
waveforms in the Swiss Molasse Basin. Second, for demonstration pur
poses, we model synthetic broadband waveforms for a scenario earth
quake that may occur in 9975 years return period at the BOBI site (test 
site). The results from the scenario simulation are subsequently used for 
the prediction of ground motion and the respective response spectrum at 
depth. 

5.1. Validation by the simulation of urnerboden earthquake 

First, we use the BBP to model synthetic waveforms for the 2017 
Urnerboden Mw4.1 earthquake. This earthquake was a strike-slip event 
with a shallow focal depth of about 4 km and its source model was 
inferred by previous studies with high accuracy. For the broadband 

Fig. 10. Statistical comparison of observed and pre
dicted ground motions at depth for significant 
regional earthquakes in Switzerland. Ground motions 
at depth are predicted for six borehole sites (distin
guished by color) and earthquakes from Table 1 
(distinguished by marker symbol). Panels (a), (b), (c), 
and (d) show the comparison of PGA, PGV, Arias in
tensity, and maximum value of acceleration response 
spectra at depth, respectively. E is the Nash-Sutcliffe 
model efficiency coefficient calculated with logarith
mic values.   
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modeling purpose, we set source parameters exactly as inferred by [35]; 
which are summarized in Table 2. We would like to emphasize that we 
performed no tuning of source parameters; hence, the comparison of 
simulated and observed waveforms objectively evaluates the modeling 
method. The hybrid modeling method by [51] first generates a random 
distribution of the heterogeneous slip on the fault plane and then com
putes synthetic waveforms. 

The resultant synthetic and observed transverse horizontal compo
nents of the surface ground motion are shown in Fig. 11. The comparison 
is shown in the temporal and Fourier domains at the HAMIK site which is 
located at an epicentral distance of 62 km (distinctive Pg and Sg seismic 
phases). The similarity between synthetic and observed waveforms is 
satisfactory in terms of both amplitudes and envelopes in the initial part 
of the waveforms. In the temporal domain, the timing of phase arrivals is 
accurate and the only dissimilarity is a shorter duration of the synthetic 
waveform, which may be due to underestimated wave scattering and 
reverberations in the BBP tool. In the Fourier domain, spectral ampli
tudes of the synthetic waveform are slightly underestimated, which is 
probably due to the shorter waveform duration and simplistic modeling 
of the site term through vS30 adjustments. Nevertheless, it may be 
improved in future studies. Finally, values of PGA, PGV, and IA obtained 
from the synthetic waveform compare well to the observed ones. In 
particular, modeled PGA and PGV are equal to 1.04 cm/s2 and 0.036 
cm/s, which are very close to the observed values of 1.02 cm/s2 and 
0.031 cm/s, respectively. The modeled IA of 0.0011 cm/s is lower than 
the observed value of 0.0016 cm/s due to the shorter duration of the 
synthetic waveform. 

Altogether, the utilized broadband waveform modeling with the 
regional 1D velocity model performs well and satisfactorily models 
seismic waveforms observed on the ground surface in the Swiss Molasse 
Basin. Naturally, the broadband waveform modeling method can be 
improved in the future, but that is not the focus of this study. Once again, 
we performed no tuning of the source model parameters; hence, this 
validation of the modeling method is objective. 

5.2. Scenario earthquake modeling 

Next, we perform an earthquake scenario simulation to demonstrate 
the potential of the method to predict ground motions at depth caused 
by future earthquakes in Switzerland. We would like to emphasize that 
this analysis is just for demonstration purposes and it is not intended to 
assess the seismic hazard at depth for a specific underground repository. 
The selected earthquake scenario is the dominant event from disaggre
gation of the Swiss seismic hazard model SUIhaz15 [36] for the return 
period of 9975 years at the BOBI site. The used disaggregation by [37] 
assesses the relative contribution to the exceedance of PGA from various 
magnitude-distance earthquake scenarios. Then, the dominant event is 
the earthquake scenario with the largest contribution at the given 
location. In the case of the BOBI site, the dominant event is an Mw5.8 
earthquake in the 5 km Joyner-Boore distance (i.e., the closest hori
zontal distance from the site to the vertical projection of the fault plane 
onto the Earth’s surface). According to the seismic hazard model SUI
haz15 for the 9975 years return period, the PGA is expected to exceed 
200 cm/s2 at the BOBI site (measured on the Swiss reference rock with 
vS30 of 1106 m/s; [70]. For the broadband waveform modeling, the fault 
geometry and depth are defined by the preferred faulting style within 
the respective seismotectonic zone following [36] which is summarized 
in Table 3. The fault-plane depth is deeper than in the case of the 

Urnerboden earthquake because observed earthquake hypocenters are 
located deeper in the Swiss Molasse Basin than in the Alpine areas. The 
random distribution of the heterogeneous slip on the fault is generated 
following [51] with average and maximum slip values of 30 and 102 cm, 
respectively. 

The resultant synthetic broadband waveform (i.e., the dominant 
horizontal component of ground motion) modeled on the ground surface 
is shown in Fig. 12a and Fig. D1. Due to the small epicentral distance, Pg 
and Sg seismic phases arrive in quick succession followed by the later 
SmS phase (i.e., S-wave reflected by the Moho discontinuity at 29.8 km 
depth). The Fourier spectrum has a broadband character and the 
response spectrum computed by the Newmark time-integration method 
resembles those from engineering design codes. Expressed by numbers, 
the dominant horizontal component of the ground motion simulated on 
the surface has values of PGA, PGV, and IA equal to 310.9 cm/s2, 18.04 
cm/s, and 49.48 cm/s, respectively. Indeed, such values are expectable 
for the given magnitude, distance, and site conditions (vS30 equal to 581 
m/s at the BOBI site). Note that the PGA of the modeled waveform is 
larger than the expected value from the seismic hazard model SUIhaz15, 
this is reasonable because the site-specific vS30 value is smaller than that 
of the Swiss reference rock profile. Next, the prediction of the ground 
motion at depth for this earthquake scenario is shown in Fig. 12b and 
Fig. D2. The prediction makes use of the surface-borehole SM deter
mined at the BOBI site in Section 3.3 and the predictive TF formulated 
by equation (4). The broadband waveform predicted at the 153 m depth 
looks reliable and yields PGA, PGV, and IA values of 64.8 cm/s2, 7.53 
cm/s, and 2.839 cm/s respectively. 

Finally, we computed the response spectrum from the broadband 
waveform predicted at depth. The response spectrum at depth has 
smaller amplitudes and a different shape compared to the one on the 
ground surface. An interesting feature is a peak at the period of about 
0.3 s, which can be associated with the 3.3 Hz peak in the Fourier 
spectrum. This feature may be site-specific due to local stratigraphy (this 
peak is also noticeable in the case of the Urnerboden earthquake in 
Fig. 9b) and should be investigated at the particular site of the planned 
deep geological disposal. Such an analysis is important as the spectral 
peak can cause potentially dangerous resonances of structure parts that 
have the same nature frequency. To summarize, we demonstrated that 
the proposed method can be used for the prediction of the ground mo
tions at depth caused by future earthquakes and it may be used for the 
site-specific seismic hazard at depth for long return periods. 

6. Conclusions 

In this paper, we characterized high-frequency ground motion at 
depth in soft sedimentary rocks of the Swiss Molasse Basin and used it to 
predict broadband waveforms at depth for past and future earthquakes. 

First, we determined empirical S/B amplification functions at six 
borehole sites equipped with surface and borehole sensors at depths of 
98–153 m, and compare them with theoretical amplification functions 
computed by using the stochastic model introduced by [25]. The 
empirical and theoretical S/B amplification curves have a high level of 
similarity, which implies the good performance of the implemented 
site-response modeling method. 

Further, our results imply that the mechanical properties of rocks at 
the depth of interest have a significant influence on the local S/B 
amplification function. We draw the following conclusions: i) in the case 
of an underground site located in hard rock, the surface-borehole TF can 
be computed as the response of the medium only above the underground 
site depth, ii) if the underground site is located within soft sedimentary 
rocks, the elastic deformation of the surrounding soft rock layer and the 
effect of lithological interfaces close below should be considered, and iii) 
in the case of an underground site located in unconsolidated sediments, 
one should evaluate the effect of the velocity gradient on the surface- 
borehole TF. 

Next, we performed an analytical prediction of ground motion at 

Table 2 
Urnerboden Mw4.1 earthquake source model used in broadband waveform 
modeling.  

Mw Strike/Dip/Rake 
(deg) 

Fault size 
(km) 

Fault depth 
(km) 

Mean slip 
(cm) 

4.1 348/86/5 0.6 × 0.6 3.7–4.3 18  
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depth from surface recordings of the Mw4.1 Urnerboden earthquake and 
another six significant regional earthquakes. This analysis is very valu
able as it is rarely performed and statistically evaluated. The comparison 
of predicted and observed waveforms shows a high level of similarity in 
the whole frequency range of 0.3–40 Hz (Figs. 7 and 8). Predicted values 
of PGA and PGV at depth are close to values measured on a horizontal 
component in boreholes, and response spectra at depth could be satis
factorily predicted as well (Fig. 9). On top of that, the statistical com
parison of predicted and observed characteristics of the ground motion 
at depth of significant earthquakes in Fig. 10 implies a very good per
formance of our method to predict ground motions at depth from surface 
recordings. 

Finally, we tackled the issue of predicting the ground motion at 
depth caused by future potentially damaging earthquakes. To do so, we 
modeled synthetic broadband waveforms for the Mw5.8 scenario 
earthquake in 5 km Joyner-Boore distance (an event from the site- 
specific disaggregation of seismic hazard for 9975 years return 
period), and we predicted associated broadband waveforms at depth 
(Fig. 12). This analysis revealed that the PGA at depth can be as large as 
64 cm/s2 and the maximum amplitude of the response spectrum at depth 
can exceed 0.25 g at the test site within the 9975 years return period. 
Such a ground motion may cause damage to sensitive parts of the un
derground structure if neglected during the construction design. By this 
example, we demonstrated that the method can be used as a basis for the 
site-specific seismic hazard assessment at depth. 
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Table 3 
Scenario Mw5.8 earthquake source model used in broadband waveform 
modeling.  

Mw Strike/Dip/Rake 
(deg) 

Fault size 
(km) 

Fault depth 
(km) 

Mean/Max. slip 
(cm) 
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Appendix A. Regional velocity model 

The hybrid waveform modeling method of the BBP (Section 2.5) requires a velocity model that is used for the computation of Green’s functions. For 
this purpose, we constructed a regional 1D velocity model of the Swiss Molasse Basin from the Mittelland model [71]. Our velocity model has a 
reduced number of layers together with preserved vertical travel times of the Mittelland model. Depths of the main structural interfaces with large 
velocity contrast are preserved as well. Additionally, four uppermost near-surface layers were added from site characterization at NAGRA sites. The 
quality factors for S-waves were approximated to be one-tenth of the S-wave velocity in m/s [44]. Moreover, we verified that values of these theo
retical quality factors are consistent with empirical values inferred at the 4 and 9 km depth by the crustal tomography [72]. Our regional 1D velocity 
model consists of 16 homogeneous layers on half-space and it is shown in Fig. A1 and Table A1. The model has vS30 of 590 m/s and the Moho is located 
at 29.8 km depth. 

Fig. 12. Full-waveform prediction of ground motion 
at depth for the Mw5.8 earthquake scenario. Accel
eration waveforms, Fourier spectra, and elastic 
response spectra of the dominant horizontal compo
nent are shown for (a) synthetic broadband waveform 
modeled on the ground surface at the BOBI site 
(Joyner-Boore distance 5 km from the assumed fault 
plane), and (b) borehole waveform predicted at 153 
m depth from surface synthetics. This figure is 
extended by additional plots in Appendix D.   
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Fig. A1. Regional 1D velocity model used for the broadband waveform modeling.   

Table A1 
Regional 1D velocity model used for the broadband waveform modeling.  

Depth (km) P-wave velocity (km/s) S-wave velocity (km/s) P-wave quality factor S-wave quality factor 

0.000 0.521 0.314 39 31 
0.008 1.191 0.778 90 78 
0.021 1.601 1.077 120 108 
0.046 2.245 1.252 169 125 
0.071 3.549 1.886 248 189 
0.10 3.897 2.144 273 214 
0.20 4.394 2.413 308 241 
0.50 4.700 2.709 329 271 
1.25 4.874 2.810 341 281 
2.25 5.078 2.928 355 293 
3.30 5.600 3.230 392 323 
4.30 6.000 3.460 420 346 
8.30 5.651 3.262 396 326 
9.80 6.150 3.550 431 355 
14.80 6.354 3.676 445 368 
21.30 6.539 3.819 458 382 
29.80 8.183 4.729 573 473  

Appendix B. Characterization of ROMAN and WOLEN sites 

In Section 3, we compare empirical surface-borehole TFs with theoretical predictions by the surface-borehole SM at Swiss borehole sites. The 
SDSNet borehole sites ROMAN and WOLEN are of secondary importance for this paper’s purpose; hence, the detailed characterization is present here 
instead of in the main text. There are no available site characterization measurements at these sites; hence, near-surface S-wave velocity profiles are 
not clear. From borehole stratigraphic profiles, it seems that borehole sensors are placed in soft sedimentary rocks as in the case of NAGRA sites. 

The empirical surface-borehole TFs are shown by black curves in the upper panels of Fig. B1. It is not possible to directly compare empirical and 
theoretical S/B amplification curves at these sites, because the computation of the surface-borehole SM requires a reference S-wave velocity model. 
Hence, we first perform the Bayesian inversion of empirical S/B amplification curves to obtain a 1D medium spanning between surface and borehole 
sensors. Similar to NAGRA sites, surface-borehole SMs are assumed to be a response of the whole medium including the elastic deformation of the 
assumed soft sedimentary rock layer at the borehole sensor depth. The resultant PPD functions are shown in the bottom panels of Fig. B1 (burn-in and 
production phases set to 5000 and 50,000 steps, respectively). The empirical and inferred theoretical S/B amplification curves match each other well 
at both of these sites (red curves in the upper panels of Fig. B1). 
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Fig. B1. Empirical surface-borehole TFs versus predictions by inferred velocity models for SDSNet sites. Panels (a) and (b) show surface-borehole TFs, while (c) and 
(d) show the inference of velocity models at the ROMAN and WOLEN sites, respectively. The empirical TFs (black curves) are computed from the transverse 
component of observed earthquake waveforms and complemented with 16th and 84th inter-event percentiles (gray area). Predictions by the SM (red curves in upper 
panels) are computed for whole inferred velocity models (red lines in bottom panels). 

From the geological perspective, the inferred simplified stratigraphy indicates unconsolidated sediment thickness of 10–20 m at ROMAN and 
50–75 m at the WOLEN site, which seems coherent with the depth of the first major contrast observed in the inferred velocity profiles. At the ROMAN 
site, the bottom depth of the UFM layer below could exceed 200 m, rendering the geophysical bedrock at a deeper position. As UFM consists of 
relatively younger and softer fluvial deposits, it is expected to show a weaker and gradient-like contrast with the overlying unconsolidated sediments 
and a stronger contrast with the underlying bedrock. At the WOLEN site, the LFM layer consisting of more consolidated sandstones and marls is 
expected to show a larger impedance contrast at the interface with the overlying unconsolidated sediments, which is reasonably reflected in the 
inferred velocity profile at this site. 

Appendix C. Similarity of response spectra at depth 

In Section 4.1, we evaluate acceleration response spectra at depth from observed and predicted borehole waveforms of the Mw4.1 Urnerboden 
earthquake (Fig. 9). The observed and predicted response spectra at depth seem to be very similar at both BOBI and HAMIK sites; nevertheless, we 
provide rigorous goodness-of-fit statistics here. 

First, we evaluate the coherence between observed and predicted response spectra at depth. The coherence COP(f) is defined as 

COP(f )=
|GOP(f )|2

GOO(f ) GPP(f )
, (C.1)  

in which GOP(f) is the cross-spectral density between the observed and predicted response spectra, and GOO(f) and GPP(f) are auto spectral densities of 
observed and predicted response spectra, respectively. All the spectral density functions G(f) are smoothed by the Gaussian filter of a width of 11 
samples. The coherence can have values between 0 and 1. If COP(f) = 1, it means that the response spectra are perfectly linearly related. The coherence 
was evaluated for both BOBI and HAMIK sites and it is shown in the left panels of Fig. C1. It has very high values (>0.9) and it is close to unity for 
periods longer than 1 s. It means that the observed and predicted response spectra at depth are highly correlated. 

Second, we evaluate the normalized cross-correlation between observed and predicted response spectra at depth (right panels in Fig. C1). The 
cross-correlation functions are precisely centered at zero lag and have cross-correlation coefficients larger than 0.96. It means that the observed and 
predicted response spectra at depth are highly correlated and there is no mutual frequency shift. 
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Fig. C1. Goodness-of-fit statistics for acceleration response spectra at depth computed from observed and predicted waveforms of the Mw4.1 Urnerboden earthquake. 
The goodness-of-fit is expressed by coherence (left panels) and normalized cross-correlation (right panels) at BOBI and HAMIK sites (top and bottom panels, 
respectively). In coherence plots, the green dashed lines denote unity, where observed and predicted response spectra are completely correlated. In cross-correlation 
plots, the green dashed lines denote zero lag between observed and predicted response spectra. This figure extends Fig. 9. 

Appendix D. Scenario earthquake waveforms 

In Section 5.2, we model synthetic broadband waveforms for the Mw5.8 earthquake scenario in the 5 km Joyner-Boore distance by the method 
described in detail in Section 2.5. The resultant broadband waveforms modeled on the ground surface and predicted at depth are shown in Fig. 12 
together with their Fourier and response spectra. Here, we show these synthetic broadband waveforms in the temporal domain in detail. 

First, the dominant horizontal component of the broadband waveform modeled on the ground surface is shown in Fig. D1. Direct seismic phases Pg 
and Sg arrive in quick succession followed by the later SmS phase. The strongest amplitudes of both acceleration and velocity are generated by the Sg 
phase (PGA = 310.9 cm/s2 and PGV = 18.04 cm/s). Next, we show an evolvement of the Arias intensity [30] calculated as 

IA(t)=
π
2g

∫ T

0
a2(t) dt, (D.1)  

in which IA(t) is the Arias intensity, a(t) is the acceleration waveform, g is the acceleration due to Earth’s gravity, T is the total duration of the whole 
signal, and t denotes time. The 5th and 95th percentiles of the Arias intensity trace are commonly used for the definition of the earthquake strong- 
motion duration, while its maximum value is a measure of the strength of ground motions. In the case of the broadband waveform modeled on 
the ground surface, the strong-motion duration is about 3 s and the strength of the ground motion has the value of 49.48 cm/s. 

Second, the dominant horizontal component of the broadband waveform predicted at the 153 m depth is shown in Fig. D2. It is predicted from the 
synthetic broadband waveforms modeled on the ground surface by using the SM at the BOBI site (Section 3.3) and the predictive TF from equation (4). 
All seismic phases have smaller amplitudes at depth than on the ground (PGA = 64.8 cm/s2 and PGV = 7.53 cm/s). In terms of the Arias intensity, the 
strong-motion duration at the depth is about 3.3 s and the strength of the ground motion has the value of 2.839 cm/s. 
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Fig. D1. Synthetic broadband waveform of the Mw5.8 earthquake scenario modeled on the ground surface at the BOBI site (Joyner-Boore distance 5 km; vS30 of 581 
m/s). It shows the acceleration, velocity, and Arias intensity of the dominant horizontal component. This figure extends Fig. 12a. 

Fig. D2. Synthetic broadband waveform of the Mw5.8 earthquake scenario predicted at 153 m depth at the BOBI site (Joyner-Boore distance 5 km). It shows the 
acceleration, velocity, and Arias intensity for the dominant horizontal component of the ground motion at depth. This figure extends Fig. 12b. 

Appendix E. Frequency-to-period conversion 

In figures with surface-borehole TFs, we use frequencies in Hz on the x-axis, while the standard way of presenting spectra in civil engineering is to 
use periods in seconds. Mathematically, the period is simply the reciprocal of the frequency. Nevertheless, for the reader’s convenience, we include the 
frequency-to-period conversion for frequencies used in this paper in Table E1. 
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Table E1 
Frequency-to-period conversion.  

Frequency (Hz) 0.3 0.5 1 3 5 10 40 

Period (s) 3.33 2 1 0.33 0.2 0.1 0.025  
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