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Summary 
 
We present results from a passive seismic survey carried 
out with broadband seismometers over an oil field in 
southern Germany. The aim was to analyze the ambient 
seismic noise spectrum in order to test for spectral 
signatures that may be indicative of variations in the 
subsurface. Variations in the naturally occurring 
background noise level happen at extremely low amplitude 
levels (typically between -120 to -180 dB [w.r.t. 1 m/s]), 
which oftentimes is orders of magnitudes lower than noise 
of anthropogenic origin that may be superimposed. In 
addition, the spatial, temporal and frequency-domain 
variability of cultural noise often exceeds the spatial and 
temporal variation of the natural background wave field. It 
is therefore critical to adequately remove any cultural noise 
contamination from the records before an attempt can be 
made at analyzing the ambient seismic noise level for any 
meaningful signatures of subsurface variations. Using a 
survey in an urban environment as an example, we present 
different methods to attenuate unwanted noise of 
anthropogenic origin. We show that, despite remnant 
contamination of the records by anthropogenic noise, we 
observe a statistically significant variation of the ratio 
between vertical and horizontal spectral amplitude (V/H) 
that can be used for subsurface characterization. 
 
Introduction 
 
Broad-band passive seismic recordings of the ambient 
noise field are increasingly employed for exploration. Such 
data may be used for interferometric inversion methods 
(e.g., Shapiro et al., 2005, Sabra et al., 2005; Brenguier et 
al., 2007), time-reverse acoustics (Steiner et al., 2008; 
Anikiev et al. 2009) or for spectroscopic analysis (Van 
Mastrigt & Al Dulaijan, 2008, Lambert et al., 2009, 
Saenger et al., 2009).    
 
Here we present results from a passive seismic survey that 
was designed for low-frequency spectroscopy and carried 
out in an urban area in Germany. Low-frequency 
spectroscopy aims at measuring a characteristic modulation 
of the ambient seismic spectrum that may be indicative of 
the presence of hydrocarbon accumulations in the 
subsurface. Evidence of such spectral anomalies has been 
observed at many places worldwide (i.e., Dangel et al., 
2003, Saenger et al., 2009, van Mastrigt & Al-Dulaijan, 
2008). Such spectral signatures may be caused by a 
possibly nonlinear interaction of a multi-phase fluid system 
in porous reservoir rock with the seismic background wave 
field (Saenger et al., 2009). On the other hand, people have 

pointed out the potential ambiguity of spectroscopic 
analyses through the ever-present contamination with noise 
from surface-related processes (Hanssen & Bussat, 2008, 
Ali et al., 2009). Therefore, extreme care has to be taken to 
remove, or at least greatly attenuate any contamination of 
the records with anthropogenic noise in the frequency band 
of interest before an interpretation of the natural seismic 
background spectrum can be attempted.  
 
We present methods to remove surface-related noise from 
such data that are based (i) on a statistical analysis of the 
spectral amplitude variation over time, and (ii) an array 
filtering technique. We are able to identify different types 
of anthropogenic noise in the records. We show the ability 
of these methods to uncover the uncontaminated spectral 
signature of the seismic background wave field. Any 
spectral modulation of the background wave field can then 
be quantified by means of spectral attributes. Different 
attributes are sensitive towards different effects that may be 
contributing to the observed total spectral signature. In 
particular the V/H ratio, which shows a significant anomaly 
in the presented data, may be sensitive to variations in the 
shallow subsurface (i.e., Okada, 2003). We therefore 
discuss the spectral influence of the near-receiver shallow 
overburden.             
   
Survey Description 
 
In 2008, a low-frequency passive seismic (LFPS) survey 
was acquired in Southern Germany, in the vicinity of a 
town with a population of about 50,000 (Figure 1). Two 
lines of about 7.5 km length, consisting of 25 stations each 
with a spacing of approx. 300 m, were recording for ~48 
hrs. Each station was equipped with a buried Nanometrics 
T40 three-component broadband seismometer, digitizer, 
and GPS unit for continuous passive seismic recording. An 
oil reservoir is located approximately in the center of both 
lines near the city center. The reservoir is located in the 
lower Triassic on the footwall side of a SW-NE trending, 
westward dipping normal fault, at a depth of about 2400 m. 
 
In the context of anthropogenic noise contamination, this 
survey presents almost a worst case scenario with various 
major sources of cultural noise crisscrossing the survey 
area:   the northern line runs through an industrial quarter 
and crosses a major navigable waterway. The southern line 
tries to avoid congested areas to the extent possible, while 
still meeting the survey objectives. The main sources of 
cultural noise along the southern line are highways with 
high traffic volume. Given the expected level of cultural 
noise in the survey area, an initial test deployment intended 
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to assess the noise environment in the survey area and the 
feasibility of an unbiased measurement of the naturally 
occurring background wave field. It was found that, on top 
of a strong diurnal variation, the cultural noise level also 
varies weekly, with the quietest period occurring at night 
between Saturday and Sunday. As a mitigation measure, 
the survey was carried out over a weekend, and all stations 
were recording simultaneously. 
 
Raw Data Characterization 
 
A first analysis step is the characterization of the raw 
recorded data and the identification of major noise sources. 
Figure 2 shows average power spectral density (PSD) 
spectra from selected stations in comparison to the New 
Global Noise Model (Peterson, 1993). The strongest noise 
source in the recorded frequency band (40 s to 50 Hz) is the 
secondary ocean microseism, or ocean wave peak (OWP). 
Oftentimes, i.e., when cultural noise contamination is not 
excessive, a natural noise notch can be observed between 
the OWP and the onset of microtremors such as 
anthropogenic noise. Any spectral signatures stemming 
from subsurface features at the reservoir scale would be 
expected to be observable at frequencies below 3-5 Hz, but 
above the OWP that overprints everything else in its band. 
In other words, the noise notch above the OWP may 
present a “window of opportunity” for prospective 
spectroscopy. We notice in Figure 2 that the raw, untreated 
average noise level  between 1 and 4 Hz is close to the New 
High Noise Model (NHNM), indicating that, for this 
example, the ambient seismic noise  is among the highest 
worldwide in this frequency band. In addition, we observe 
distinct narrow peaks that can be attributed to stationary 
machinery (arrow in Figure 2). The most prominent of 
these is a peak at 2.083 Hz (Bokelmann & Baisch, 1999) 
that is observed with almost constant amplitude across the 
whole array. Daytime and nighttime averages (solid and 
dashed lines in Figure 2), indicate an order of magnitude of 
diurnal variation for the noise level above about 0.5 Hz. A 
closer inspection reveals that the time between midnight 
and 7 am on Sunday morning is by far the quietest time 
period on all stations. We will therefore focus the analysis 
on this time period. 
 
Methods to remove cultural noise 
 
Cultural noise is dominated by Rayleigh wave energy (e.g., 
Okada, 2003) whose propagation is highly dispersive. 
Lower frequencies penetrate deeper, and, correspondingly, 
exhibit higher phase velocities. In addition, attenuation is 
highly heterogeneous in the subsurface with much higher 
values in the shallow weathering layer thus causing an 
accelerated decay of high-frequency (> 5- 10 Hz) Rayleigh 
waves with distance. Therefore, the upper frequency limit  

at which cultural noise is observed is a first indication of 
the distance to the source. On the other hand, sources of 
cultural noise can occur with random amplitudes and are 
typically distributed randomly in space and time. We can 
generally distinguish between two source types: (i) 
transient signals of broad bandwidth, created by, e.g., 
traffic, fauna, explosions, or falling objects; (ii) stationary 
sources of very narrow bandwidth, created, e.g., by 
machinery, running water, structural resonances of 
buildings or bridges. 

Figure 1:  Map of the survey area showing the two passive seismic 
lines together with the infrastructure of the area. 

 
Figure 2: Average daytime and nighttime noise spectra in the survey 
area in comparison to the New Global Noise Model. Arrow denotes 
machinery noise at 2.083 Hz.    
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Transient noise, which is the most abundant in the 
presented data, can be edited out by a statistical approach. 

For this purpose, we calculate spectrograms using 40 s time 
windows with a 20 s overlap (Figure 3 a). For each 
spectrum representing a 40 s epoch, we calculate the 
average spectral level over a specified frequency band. For 
each frequency, we can then arrange the spectral levels of 
all epochs in a histogram (Figure 3 c). We observe a 
bimodal distribution in the histogram, where the higher 
mode can be attributed to time periods of transient noise 
contamination, and the lower mode represents the desired 
uncontaminated background noise. For the removal of 
transient noise, we now mute all time periods above a fixed 
threshold level in the histogram.  For quality control, we 
look at the spectral variance over the selected time period 
(Figure 3 b) where we observe an overall reduction in 
spectral variance and a convergence of the average to the 
lower end member representing the natural background 
level plus stationary noise. A frequency-domain despiking 
algorithm can remove narrow-banded peaks created by 
stationary noise such as the one at 2.083 Hz. The approach 
still works for higher degrees of noise contamination where 
the bimodality of the distribution may not be readily 
distinguishable, but breaks down when the individual 
transient events are overlapping in time to such an extent 
that their superposition has the appearance of a continuous 
noise source (i.e., traffic noise from a congested freeway).   

An alternative approach exploits the fact that cultural noise 
is travelling predominantly as surface waves. If the receiver 
spacing is dense enough, an f-k or � -p filter can be 
employed to filter waves up to a certain apparent velocity. 
While this approach is able to filter out transient and 
continuous signals alike, its azimuthal sensitivity depends 
strongly on the array geometry. For a linear array such as 
the one used here, the approach is sensitive to source 
locations within the line of the array, but not to broadside 
arrivals from out-of-plane sources. In the latter case, a 
combination of both methods is required to ensure that any 
noise of anthropogenic origin has been attenuated 
sufficiently for the analysis of the “uncontaminated” 
seismic background spectra.  
 
A possible spectral modulation can be quantified using 
spectral attributes (e.g., Lambert et al., 2009). Here, we use 
a normalized integration of the spectral ratio between 
vertical and horizontal component (called V/H). This ratio 
offers a crude way to decompose the wave field and is 
generally more robust with respect to remnant transient 
noise contamination. Transients that are distributed 
approximately equal between vertical and horizontal 
component are normalized out of the signal. For a 
quantitative analysis, we calculate the mean and standard 
deviation of the distribution of V/H ratio attributes over all 
40-s spectral epochs of the remaining unmuted parts of the 
nighttime analysis window. The result for the northern line 
is depicted in Figure 4. 

 
Figure 3: Removal of transient cultural noise: (a) nighttime Spectrogram of station 17 before (top) and after (bottom) muting of transient noise. 
(b) The spectral variance is dominated by transient noise. After data conditioning (bottom), the variance is reduced and the stationary background 
noise emerges as the lower end member of the spectral variance. Colors denote frequency of occurrence of the respective PSD level. (c) 
Histogram of average spectral levels between 0.1 and 10 Hz showing a bimodal distribution caused by transient noise contamination. Removing 
the higher mode of the distribution effectively mutes transients in the data (compare with a).   
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Near-surface effects      
 
The V/H ratio is susceptible to site effects, or variations in 
the shallow subsurface (Okada, 2003). Therefore, even 
though the values can be considered clean from 
anthropogenic influences, they have to be carefully checked 
against a possible lateral variability in the shallow 
overburden (site effects). We achieve this in three stages: 
first, we compare the V/H results with the surface geology 
and near-surface velocities used for statics and 3D velocity 
inversion before PSDM. Second, we calculate the spectral 
site response as well as the Rayleigh wave polarization for 
different representative shallow 1D velocity models and 
compare these with the observed V/H ratio values. Third, 
we investigate the amplitude variations across the array 
from known sources such as earthquakes and the ocean 
wave peak for signs of site effects. We do not observe a 
correlation of the obtained V/H values with the shallow 
subsurface. Instead, we observe a strong correlation with 
the reservoir and the associated structure. However, the 
deeper structure (at around 2500 m) cannot account alone 
for the observed increase in V/H ratios over a wide 
frequency range. An additional mechanism related to the 
fluid content is therefore suspected.    
 

 
 
Conclusions 
 
A careful identification and removal of anthropogenic noise 
sources is a necessary prerequisite for the analysis of low-
frequency passive seismic data acquired at the surface. We 
present methods of noise identification and removal and 
show an example where these methods are able to retrieve 
the naturally occurring background level despite an initially 
high level of cultural noise contamination. Statistical 
averages of the V/H ratio over a nighttime window show a 
significant increase in the center of both lines. We observe 
no correlation of the obtained V/H values with the shallow 
subsurface. This observation is further supported by 
forward modeling of spectral responses. Therefore, the 
observed anomalous V/H ratios cannot be attributed to site 
effects in the shallow subsurface. A suggested interaction 
of the reservoir fluid with the background wave field 
(Saenger et al., 2009) is consistent with the observations.    
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Figure 4: V/H spectral ratios along northern line with respect to a depth velocity model (red=high velocities, blue=low velocities). Blue squares 
with error bars show mean and standard deviation of attribute values over analysis window. Green squares denote attributes from stacked spectra. 
Red squares are rejected due to excessive noise or instrument problems. Blue dashed line connects all blue squares with a 600 m smoothing filter.
Stations within the dashed lines exhibit significantly elevated values.   
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