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Abstract Event detection capability plays an impor-
tant role in the operation of seismic observatories
and temporary networks. The magnitude threshold for
the detection of seismic events with a given network
geometry is frequently derived from the observed
magnitude of completeness. However, the latter might
be unknown for regions that have not been moni-
tored previously or where the observed seismicity rate
is low. We present the open-source Python program
SN-CAST with which the geographical distribution of
event detection capability can be calculated as a func-
tion of station coordinates and station ambient noise
amplitudes. The method employs the local magnitude
scale, and hence is mainly applicable to regional net-
works with an aperture of less than about 1000 km.
The attenuation characteristics of the study region
need to be derived independently or be known a pri-
ori. SN-CAST can easily be employed to determine
network performance in quasi real-time if station data
streams are available. It can also be used for design-
ing the geometry of new networks or assessing the
effect of adding or removing stations from an existing
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network. We present examples from the Irish National
Seismic Network (https://www.insn.ie), which oper-
ates in a region of low seismicity and large variations
in ocean and wind-generated seismic noise. The seis-
micity in Ireland is too low to allow the calculation
of a magnitude of completeness for comparison with
the derived capability maps. However, the maps are in
good agreement with the location and magnitude of
detected local and regional earthquakes demonstrat-
ing that SN-CAST is a reliable tool for assessing the
detection capability of seismic networks.
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1 Introduction

The magnitude detection threshold of a seismic net-
work is of great importance for the general operation
of seismic observatories, the monitoring of induced
seismicity, the geometric design of new networks,
and assessing the effect of station failures or network
upgrades. Different methods exist to calculate the
detection capability of networks. A simple approach is
to calculate the magnitude of completeness M, which
is the minimum magnitude above which all earth-
quakes within a certain region are reliably recorded.
M. can be determined from an event catalog by
finding the point of deviation from the power law scal-
ing of the Gutenberg-Richter frequency-magnitude
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distribution, see, for example, (Nanjo et al. 2010;
Fischer and Bachura 2014; Schultz et al. 2015) and
(Mahani et al. 2016). Another approach for determin-
ing network capability is to derive it using theoretical
modeling, for example, with numerical simulations of
ground motions (D’Alessandro et al. 2013; Mahani
et al. 2016), rupture, and wave propagation modeling
(Stabile et al. 2013) or earthquake spectra simula-
tions (D’ Alessandro et al. 2013; Schultz et al. 2015).
These theoretical methods are frequently combined
with a statistical analysis of station noise measure-
ments because they have a major influence on network
capability (e.g., D’Alessandro et al. (2013), Stabile
et al. (2013), Fischer and Bachura (2014), Schultz
et al. (2015), Demuth et al. (2016), and Mahani et al.
(2016)).

Here, we develop a different approach that is based
purely on measured noise statistics and an assumed
local magnitude (M) scale for the area of interest.
The goal of SN-CAST is to provide a tool that can
be employed readily without the need for numerical
modeling and can be applied to previously unmon-
itored areas or areas of low seismicity. SN-CAST
calculates the geographical distribution of network
capability which can easily be plotted to provide net-
work capability maps. In the next section, we describe
the method and give examples of its implementation,
employing SN-CAST to provide capability maps for
the Irish National Seismic Network (INSN (1993),
https://www.insn.ie).

2 Method and implementation

The detection and location capability of a seismic
network depends on many factors including network
geometry, the detection threshold at the individual
stations, and the minimum number N of station
records required to reliably exclude false detections
and declare an event to have occurred. The detection
threshold at individual stations is usually considered
to be surpassed once the signal-to-noise ratio (SNR)
between maximum event amplitude A and background
noise amplitude d is larger than 3 (Baillard et al. 2014;
Gaci 2014; Stork et al. 2014). However, in order to
ensure unambiguous event detection in some studies,
a SNR threshold as high as 10 is chosen (e.g., Schultz
et al. (2015) and Mahani et al. (2016)).
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Fig. 1 Sketch of the grid method to calculate network capa-
bility. Small circles represent hypothetical epicenters, green
triangles show station locations, and the star represents a grid
point for which minimum detectable A is calculated

SN-CAST only requires station coordinates and
station noise amplitudes d as input. The latter should
be representative of frequencies that dominate local
and regional event records of interest, typically 2—
10 Hz (Demuth et al. 2016). A grid of hypothetical
epicenters covering the network region (see small cir-
cles in Fig. 1), is used to calculate, for each grid point,
the minimum detectable M as follows:

1. Calculate the hypocentral distances R between the
grid point and each station. For network capability
estimation at regional scale epicentral distances
can be used as an approximation for hypocentral
distances.

2. For a range of values, calculate for each station
the maximum ground displacement amplitude A
from the equation for the M} scale, see below for
details.

3. Find the smallest M value for which the condi-
tion A > 3d is met for at least N stations.

The amplitude values A in step 2 can be calcu-
lated for a seismic event registered at a station with
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hypocentral distance R using the equation for the M,
scale (Havskov and Ottemoller 2010) as follows:

My =log(A) +a-log(R)+b-R+c (1)

where A is the maximum ground displacement ampli-
tude measured with a Wood-Anderson (W-A) seis-
mometer and the parameters a, b, and ¢ are con-
stants representing respectively geometrical spread-
ing, attenuation and the base level which is used to
anchor the scale to the original definition by Richter
(1935). The three latter parameters depend on local
conditions, resulting in different M scales for dif-
ferent geographical regions. The first M scale was
formulated by Richter (1935) for Southern California
and the subsequently improved version by Hutton and
Boore (1987) is as follows:

My = log(A)+1.11-log(R)+0.00189- R —2.09 (2)

This relationship is the recommended standard for
regions with attenuative properties similar to those
of Southern California (Bormann and Dewey 2014).
Many scales for regions where properties differ have
been published in recent years, for example, see Table
6.4 in Havskov and Ottemdller (2010). For regions
where no local scale is available the Southern Califor-
nia scale is often employed. While a local scale for
Ireland is in development (Grannell et al. 2018), the
INSN currently still employs the Southern California

Fig. 2 Representation of
power spectrum densities
(PSD) as power density
functions (PDF) for vertical
component data of station
IGLA (see, Fig. 3) for the
time period January 1, 2010
to March 31, 2017. Also
shown are the statistical
quantities mode (black solid
line), mean (black dotted
line), 90 percentile (P90,
upper dashed white line),
and 10 percentile (P10,
lower dashed white line).
The Peterson (1993), New
High, and Low Noise
Models (NHNM and

PSD [10*log10(m/s?)?/Hz dB]

scale; hence, it is also used for the capability estimates
presented in this work.

In order to compute network capability at each grid
point, the background noise amplitudes d at the station
locations have to be known, see step 3 above. In seis-
mic observatories, these are usually available in quasi
real-time. This allows for the calculation of network
capability in quasi real-time, for example, by using the
5-min root mean square (RMS) of station noise ampli-
tudes. Determining noise amplitudes for the calcula-
tion of annual or seasonal network capability is less
straightforward. In order to exclude high amplitude
events, for example, earthquakes or system artefacts, it
is advantageous to employ statistical methods. Many
observatories routinely determine statistical properties
of seismic data, typically by calculating power density
functions (PDF) of power spectrum densities (PSD)
in the frequency domain, for example, with the soft-
ware PQLX (McNamara and Boaz 2011) or the PPSD
routine in ObsPy (Krischer et al. 2015).

For this study, we employ PQLX to calculate PSDs,
see, Mollhoff and Bean (2016a) for details and Fig. 2,
for a sample PDF of the vertical component data
of station IGLA, located on the west coast of Ire-
land (see, Fig. 3). The probability of occurrence of
a given power at a particular period is plotted in
a color code. Also shown are the statistical quanti-
ties mode (black solid line), mean (black-dotted line),
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Fig. 3 Map showing
seismic stations from which
data are used for quasi
real-time event detection at
the Irish National Seismic
Network (INSN (1993)).
Stations of the INSN are
marked with green triangles,
stations of the Great Britain
Seismograph Network (GB)
are marked with yellow
triangles and stations of the
Blacknest Array (BN) are
marked with red triangles.
The long-term station noise
levels at 5 Hz center
frequency are indicated by
circles with a diameter
proportional to the P90
value, for example, 0.81 nm
at IDGL and 2.82 nm at
VAL. Geographical names
are in italic type font. The
dashed line in the inset
shows the location of the
depicted region with respect
to Europe

-10°

90 percentile (P90, upper dashed white line), and
10 percentile (P10, lower dashed white line). The
Peterson (1993), New High, and Low Noise Models
(NHNM and NLNM) are shown as gray solid lines.
The calculated PSD values are based on acceleration
power spectra P,. However, for the calculation of the
minimum detectable My of a network ground dis-
placements in the time domain are required. These can
be obtained by considering a narrow frequency band
of interest using the relationship between average
peak amplitude displacement d,, and displacement
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power spectra P; (Havskov and Alguacil 2006) as
follows:

dap = 1.25\/ Pq - (f2— f1) 3

where f> and f| are the upper and lower limits of
the chosen frequency band of an n-octave filter with
geometric center frequency fy as follows:

fi=fo2™? = fo2"? 4

Havskov and Alguacil (2006) have shown that Eq. 3
underestimates displacements by a factor of about
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3 when calculating them from PSD values because a .
the latter correspond to maximum amplitudes in the x10

——IGLA

considered time window rather than average peak
amplitudes. Taking this into account and using the
relationship Py = P,/(2n f0)4, it follows:

3.75
W‘\/Pa'(fz—fl) (5)

This equation allows for a straightforward calcu-
lation of noise amplitude displacements d at each
station from the corresponding PDF. The resulting val-
ues are then used to determine network capability for
each grid point, see step 3 above. Using for exam-
ple, the mode values of the PDF results in the most
likely detection capability of a network and using P90
values results in a worst-case scenario network capa-
bility. The latter is appropriate when estimating the
lowest detectable magnitude of a network for longer
time periods because in such cases, it is necessary
to also consider times when noise levels were rela-
tively high. An example of such a long-term network
capability estimation is given in the following section,
where we compare capability maps calculated for the
INSN with actual earthquake recordings. Following
this, we present examples of applying SN-CAST to
assess changes in network geometry, for example, due
to station failures and a planned network expansion.

d~3dgy =

3 Long-term network capability estimation

As an example of calculating the long-term detection
capability of a seismic network, we present results
for the INSN. Event detection is based on data from
permanent seismic stations located on the island of
Ireland and along the western parts of Scotland, Eng-
land, and Wales (see, Fig. 3). The stations are operated
by the Dublin Institute for Advanced Studies (DIAS,
INSN with network code EI), the Great Britain Seis-
mograph Network operated by the British Geological
Survey (BGS, network code GB), and the Blacknest
Array operated by the UK Atomic Weapons Establish-
ment (AWE, network code BN). The station geometry
shown in Fig. 3 exists since August 1, 2014, when
station ILTH was commissioned.

For each station, we estimate representative long-
term noise amplitudes from PSD P90 curves based on
at least one full calendar year of data since August 1,
2014. For the conversion from P, to d (see, Eqs. 4 and
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Fig.4 Spectra of vertical component seismic velocity data after
applying instrument response correction and a 4-20-Hz band-
pass filter a for the magnitude 3.4 earthquake that occurred on
January 10, 2016 at 09:47:06 UTC in the Rockall Bank in the
Northeast Atlantic and b for the magnitude 1.1 earthquake that
occurred on September 13, 2016 at 23:07:36 UTC in the north-
west of Ireland. See Table 1 for the earthquake parameters and
Fig. 5 for the epicenter locations

5), we chose fy =5 Hz and n = 0.5, i.e., band lim-
its of a half-octave filter. The choice for fy is based
on the frequency spectra of two representative earth-
quakes observed during the study period. The spectra
are calculated for vertical component velocity data
after applying instrument response correction and a
4-20-Hz bandpass filter. This filter band corresponds
to the setting used for automatic seismic event detec-
tion in the software Seiscomp3 operated by the INSN.
Figure 4a shows spectra for the strongest earthquake
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Fig. 5 Geographical distribution of the minimum detectable
My in Ireland and surrounding seas, based on measured
P90 station noise levels and assuming event detections
by at least four stations with a SNR > 3. Star sym-
bols present the locations and magnitudes of earthquakes

observed in the study region, namely a magnitude
3.4 event at the Rockall Bank (see, Fig. 5) for the
epicenter location and Table 1 for the earthquake
parameters. Figure 4b shows spectra for the weak-
est earthquake observed onshore Ireland; the epicenter
location is marked in Fig. 5 with a green circle and
the earthquake parameters are given in Table 1. While
the spectra for the smaller event show a secondary
maximum between 10 and 15 Hz, a main maximum
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recorded by the INSN between 1.8.2014 and 1.10.2018. Wave-
forms for the event marked by a green circle are shown
in Fig. 6 and those for the event marked by a white cir-
cle are shown in Fig. 7. Geographical names are in white
font

around 5 Hz is observed for both earthquakes. Seismic
waveforms for the smaller onshore event are shown in
Fig. 6.

We estimate the long-term network capability for
the region comprising the island of Ireland and sur-
rounding seas by following the three steps explained
in the Method and Implementation section. In step
3, we require that the SNR is larger than 3 on
at least four seismic stations. A review of relevant
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Table 1 List of parameters for earthquakes reported by the INSN for the time period 1.8.2014 to 1.10.2018

Date Time (UTC) Latitude Longitude My No. of station Location
(dd.mm.yyyy) (hh:mm:ss) (degrees) (degrees) detections

19.08.2018 14:42:30 55.71 —6.20 0.9 6 Scotland
25.07.2018 03:26:34 59.07 11.12 2.5 7 North off Rockall Trough
25.06.2018 20:05:50 55.78 — 641 1.3 11 Scotland
25.04.2018 19:08:37 53.60 —4.57 1.5 12 Irish Sea
02.08.2017 05:46:11 55.12 —7.60 1.5 7 Ireland
18.05.2017 23:04:12 53.05 —5.49 1.3 9 Irish Sea
10.03.2017 05:06:25 53.0 —-5.50 1.0 8 Irish Sea
24.01.2017 05:27:47 55.76 — 641 1.1 8 Scotland
22.01.2017 08:37:52 55.21 —10.75 1.7 7 Rockall Trough
08.10.2016 13:11:26 55.03 —6.77 1.5 9 Ireland
13.09.2016 23:07:36 54.43 —8.18 1.1 3 Ireland
28.06.2016 00:39:47 52.46 —543 1.2 7 Ireland
10.01.2016 09:47:06 57.22 —17.11 34 8 Rockall Bank
07.01.2016 18:52:24 53.11 —-5.13 2.0 12 Irish Sea
02.11.2015 14:31:37 53.00 —5.55 1.7 7 Irish Sea
19.09.2015 20:08:27 53.95 —4.78 0.9 6 Irish Sea
20.08.2015 05:25:22 48.98 —-9.25 2.8 6 Celtic Sea
13.08.2015 04:58:26 51.85 —6.98 0.9 3 Celtic Sea
31.07.2015 15:38:13 53.00 —5.34 2.0 8 Irish Sea
09.07.2015 05:12:22 55.74 —11.61 2.2 9 Rockall Trough
26.06.2015 01:00:39 53.05 —5.21 0.9 5 Irish Sea
20.05.2015 22:06:08 53.05 —13.28 2.5 6 Porcupine Bank
11.11.2014 19:56:50 55.29 —10.71 1.9 5 Rockall Trough
17.10.2014 00:59:59 53.31 —4.94 1.0 5 Irish Sea
08.09.2014 21:34:08 54.64 —-5.13 1.3 11 North Channel
05.08.2014 05:52:46 55.21 —7.65 1.7 4 Ireland

literature shows that N = 4 is the most common
choice with regards to event detection, e.g., Deich-
mann and Giardini (2009), Horleston et al. (2013),
Stork et al. (2014), and Demuth et al. (2016) and
many more. More recordings are needed for the reli-
able location of an event. Trnkoczy et al. (2009),
for example, states that “good event records” on at
least six stations are a necessary requirement to “pro-
vide scientifically credible evidence of an event’s
location.”

The calculated INSN network capability map is
shown together with actual INSN earthquake detec-
tions in Fig. 5. Note that the capability is displayed
as contours for the entire region and as a colored grid
only onshore the island of Ireland. The magnitudes
of the detected events are broadly in agreement with

the calculated detection limits. In the open North
Atlantic, more than 200 km from the north, west, and
south coasts of Ireland, only events with M > 2 are
observed. The network capability in this region is not
sufficient to detect smaller events that are expected to
be present following the Gutenberg-Richter law. Small
events with magnitudes My < 1 are only observed in
the eastern half of Ireland and nearby seas. The west-
east gradient in network capability is not surprising
considering that station density around the Irish Sea is
highest and much lower on the west coast of Ireland
(see, Fig. 3). In the Irish Sea, the calculated detection
limit is My = 0.8 (also see the more detailed map
in Fig. 8a). This agrees with the fact that the smallest
detected event magnitude for the earthquake cluster in
the Irish Sea is M; = 0.9 (also see Table 1).
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Fig. 7 As Fig. 6 but for the
My = 1.0 earthquake that
occurred on March 10, 2017
at 05:06:25 UTC in the Irish
Sea. Note the much higher
SNR values compared to
Fig. 6
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Fig. 8 a Detailed map of the minimum detectable My in Ire-
land as shown in Fig. 5. The two stars represent the epicenters
for the seismic waveforms shown in Figs. 6 and 7. b as (a)

According to the capability map in Fig. 5, the
M; = 1.1 event located onshore near the north-
west coast of Ireland, marked with a green circle, is
expected to be detected with moderate confidence.
The seismic recordings for this event (see, Fig. 6),
show indeed that the event is detected by 4 stations
with SNR values between 2.9 and 6.9. In contrast, the
earthquake with My = 1.0 that occurred on March
10, 2017 in the Irish Sea, marked with a white circle
in Fig. 5, is detected by 8 stations with SNR values
between 3.1 and 21.5 (see, Fig. 7). This observation
is in agreement with the better network capability of
Mj, =~ 0.7 calculated for the corresponding region in
the Irish Sea (see, Fig. 8a).

4 Impact of network geometry changes on
detection capability

The actual capability of a network varies with time,
for example, because of variations in noise levels or
because data from some stations might be temporarily
unavailable. Here, we present examples that demon-
strate how SN-CAST can be used to assess the effect
of station failures and the effect of adding new stations
to an existing network. Figure 8a shows a detailed
map of the calculated INSN detection capability and
Fig. 8b shows the reduced capability assuming two
station failures on the east coast of Ireland. In most
areas, the detection level is reduced by about 0.2 mag-
nitudes. Though this is a relatively small change it
does in practice result in a significant reduction of
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but assuming two station failures on the east coast of Ireland,
namely stations ILTH and IWEX. ¢ as (a) but assuming the
addition of six new stations to the INSN (see, red triangles)

the number of detected quarry blasts, most of which
are detected only in the northeastern part of Ireland
when all six INSN stations are operational. In Fig. 8c,
we show the INSN detection capability that would be
expected following an upgrade of the INSN with six
additional stations (see, red triangular markers). For
most regions, onshore Ireland, the detection limit is
expected to improve to values between My = 0.8
and M; = 1.0. The currently relatively poor net-
work capability of the INSN in the west of Ireland
is expected to improve by nearly half a magnitude
(compare Fig. 8a with Fig. 8c). Significant network
improvements would also be expected for the south-
ern coast of Ireland and the offshore region northwest
from Ireland. Several earthquakes have been observed
in these two regions in the past (see, the seismicity
map at https://www.insn.ie/confirmed (last accessed
January 2019)). A better detection capability in these
areas would contribute to the better understanding of
this seismicity.

5 Conclusion

We present the Seismic Network Capability Assess-
ment Software Tool (SN-CAST) which provides a
simple solution to estimate the event detection capa-
bility of regional seismic networks. Assuming that
the magnitude-distance relationship for the considered
region is known the only required input parameters are
the seismic station locations and their respective noise
levels. Because seismic observatories receive data in
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quasi real-time SN-CAST can easily be employed
to calculate detection capability maps in quasi real-
time. Thus, temporal variations in network capability,
for example, due to weather events or station mal-
functions, can be readily taken into account. Other
applications of SN-CAST are to calculate the long-
term capability of a network, to estimate the effect
of changes in network geometry or to employ it for
the design stage of newly proposed networks (see,
for example, (Mollhoff and Bean 2016b)). We show
examples for the INSN which currently consists of six
permanent stations. The average minimum detectable
M across the island of Ireland is estimated to vary
from about M; = 0.8 in the northeast to about M; =
1.5 in the southwest, which is in good agreement with
actual observations. We find that the planned dou-
bling of the station number from 6 to 12 will improve
the sensitivity of the INSN with a capability between
M; = 0.8 and M; = 1.0 in most areas. Along
the western coast of Ireland detection limits between
M; = 1.0 and M| = 1.2 are expected.

6 Data and resources

The SN-CAST Python code is open source and freely
available at http://github.com/moellhoff/sncast (last
accessed January 2019). Most of the seismic data used
in this study are publicly available and can be down-
loaded from the European Integrated Data Archive
at http://eida.gfz-potsdam.de (last accessed January
2019). Data for some stations in the GB and BN net-
work are private and were obtained from BGS and
AWE. The seismic PSD and PDF data were calcu-
lated using the software PQLX (McNamara and Boaz
2011). Some plots were generated using the Generic
Mapping Tools version 4.5.11 (Wessel et al. 2013),
and the seismic waveform plots were generated with
the ObsPy software package (Krischer et al. 2015).
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