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Abstract—All nuclear explosions are banned by the Compre-

hensive Nuclear-Test-Ban Treaty. In the context of the treaty a

verification regime was put into place to detect, locate, and char-

acterize nuclear explosions at any time, by anyone and everywhere

on the Earth. The International Monitoring System, which plays a

key role in the verification regime, was set up by the Preparatory

Commission of the Comprehensive Nuclear-Test-Ban Treaty

Organization. Out of the several different monitoring techniques

applied in the International Monitoring System the seismic wave-

form approach is the most effective and reliable technology for

monitoring nuclear explosions underground. This study introduces

a deterministic method of threshold monitoring that allows to asses

a lower body wave magnitude limit of a potential seismic event in a

certain geographical region, that can be detected by those seismic

stations being part of the International Monitoring System network.

The method is based on measurements of ambient seismic noise

levels at the individual seismic stations along with global distance

corrections terms for the body wave magnitude. The results suggest

that an average global detection capability of approximately body

wave magnitude 4.0 can be achieved using only stations from the

primary seismic network of the International Monitoring System.

The incorporation of seismic stations from the auxiliary seismic

network leads to a slight improvement of the detection capability,

while the use and analysis of wave arrivals from distances greater

than 120� results in a significant improvement of the detection

capability. Temporal variations in terms of hourly and monthly

changes of the global detection capability can not be observed.

Overall, comparisons between detection capability and manually

retrieved body wave magnitudes from the Reviewed Event Bulletin

suggest, that our method yields a more conservative estimation of

the detection capability and that in reality detection thresholds

might be even lower than estimated.

Keywords: International monitoring system, seismology, de-

tection capability, ambient seismic noise, body wave magnitude

correction curves.

1. Introduction

Scope of this study is to provide an estimate of the

global detection capability in terms of a minimal

observable body wave magnitude (mb) of a seismic

event based on measurements of ambient noise levels

at the seismic stations of the International Monitoring

System (IMS) in the year 2013. Spatial and temporal

dependencies of the global detection capability, as

well as dependencies on parameters such as station

outage, source type, noise level and distance range of

the investigated wave arrivals, are examined. First

some general information about the Comprehensive

Nuclear-Test-Ban Treaty (CTBT) and the IMS seis-

mic network are introduced in Sect. 1.1, followed by

a brief introduction on the discrimination of natural

and explosive events, as well as the estimation of the

yield of the potential nuclear event in Sect. 1.2. The

introduction is concluded by an overview over pre-

vious investigations on threshold monitoring in

Sect. 1.3. Section 2 introduces the seismic network of

the IMS in more detail and provides information

about the utilized data. The method of seismic

threshold monitoring based on the evaluation of the

seismic ambient noise levels is presented in Sect. 3.

Results of the estimation process and dependencies of

the detection capability are presented and discussed

in Sect. 4. Section 5 presents a comparison between

catalog magnitudes from the Reviewed Event Bul-

letin (REB) and theoretically computed minimum

observable magnitudes. A conclusion and summary

of the results is provided in Sect. 6.
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1.1. The Comprehensive Nuclear-Test-Ban Treaty

and the International Monitoring System

The CTBT is a multilateral treaty which bans all

nuclear explosions on the Earth’s surface, under-

ground, underwater or in the atmosphere. It was

adopted by the United Nations General Assembly in

1996, but still has not entered into force, as eight

countries are still pending to ratify the treaty. To

detect, locate and characterize nuclear explosions at

any given time, by anyone and in all environments, a

verification procedure was put into place by the

CTBT organization (CTBTO 2020). This regime

consists of the IMS, consultation and clarification

elements, confidence building measures and an on-

site inspection procedure, which can be conducted in

the case of potential treaty violations. The IMS, when

completely installed, will consist out of 321 globally

distributed measurement stations and 16 additional

laboratories for radionuclide measurements. In the

context of the IMS four different techniques are

applied: seismic, infrasound, hydroacoustic and

radionuclide monitoring technologies. The first three

methods are attributed to the waveform technologies.

These methods are able to detect waveform signals

from any kind of explosion that takes place on the

Earth’s surface, underground or carried out below

water, respectively. A fourth method, the radionu-

clide monitoring technique, is complementary

applied to the three waveform approaches and is

able to detect radioactive substances emitted from

nuclear explosions and is therefore able to provide

the unambiguous evidence of the nuclear character of

an event.

1.2. Seismic Discriminants and Magnitude-Yield-

Relation

The International Data Center (IDC) of the

Provisional Technical Secretariat in Vienna usually

registers more than a hundred seismic events every

single day. The majority of the recorded signals has a

natural origin and is for example caused by earth-

quakes at subduction zones, volcanoes or other

geodynamic active regions. According to the Guten-

berg–Richter-law (Gutenberg and Richter 1954),

more than 13000 earthquakes with mb greater than

4.0 occur annually. A mb value of 4.0 roughly

corresponds to an energy release of 1 kt TNT-

equivalent, the monitoring threshold requested by

the CTBTO, for a coupled underground explosion.

Only a small proportion of earthquakes detected by

the IMS have their origin in non-natural events, for

example quarry blasts, mining induced events or,

very rarely, nuclear explosions. For purposes of

monitoring nuclear explosions it is important to

discriminate these events from other events not of

interest for the CTBT. Furthermore, if a nuclear event

has been identified, it is of special interest to obtain

information about the yield of the explosion. Seismic

discriminants are often based on properties of the

seismic source in terms of location and dynamics.

Latitude and longitude of the event help to distin-

guish between on- and offshore events, location in

terms of depth is of special interest, as events with

great hypocentral depths are associated to natural

earthquakes only, and can therefore be dismissed

from the beginning on. A further basis are properties

of the source dynamics and the accompanying

difference in content of short and long period seismic

waves emitted by the source as well as the different

pattern of energy release. This differences in source

dynamic properties are for example expressed in

different ratios of seismic magnitudes (Kebeasy et al.

1998), comparisons of different wave type amplitude

ratios (Richards and Kim 2007), the analysis of the

(cross)-spectral ratios (Hartse et al. 1997) or in

investigations of the moment tensor components

(Cesca et al. 2017; Han et al. 2017; Liu et al. 2018;

Gaebler et al. 2019). Once an event has been

identified as a nuclear explosion, the determination

of the strength of the explosions is of great interest.

Explosions are usually assessed in yield equivalent to

kt TNT, which is typically derived from mb. It is in

general not possible to state one single relation

between magnitude and yield, as this relation depends

on many factors (National Research Council 2012),

such as the geological setting at source site, the

efficiency of wave propagation from source to

receiver, depth of the explosion and the coupling of

the source to the subsurface. Formulas of the type

mb ¼ A þ B logðYÞ are in general used to relate

magnitude and yield. Here Y is yield in kt TNT-

equivalent and A and B are constants depending on
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the aforementioned factors. For mb-Y relations the

reader is for example referred to Murphy (1981) or

Ringdal et al. (1992).

1.3. Previous Studies on Seismic Threshold

Monitoring

The evaluation of the detection capability of

seismic networks (for example the IMS network) is

typically based on the assumptions of statistical

models of the ambient seismic background noise at

the stations as well as of the distribution of the

seismic signals. The detection capability of the

system is assessed as a function depending on the

number of phase detections that are necessary for the

dependable positing finding of the event (Kværna and

Ringdal 1999). These models result in maps depicting

the local, regional or global detection capability of

the network. For studies using this approach see for

example Harjes (1984) or Ringdal and Kværna

(1992). Continuous threshold monitoring is a com-

plementary method that can address these issues and

is a useful supplement to the event detection analysis

. This method is able to continuously monitor a

specific area and therefore provide continuous assess-

ments of the upper magnitude limit of a possible

event that might have occurred in the region of

interest (Ringdal and Kværna 1992). Ringdal and

Kværna (1992) for example applied site specific

threshold monitoring, a method which focuses a

seismic array on a target region to continuously

provide threshold monitoring for that site. For a

further example of continuous threshold monitoring

see for example Ringdal and Kværna (1989). The

study presented here provides time dependent (hourly

and monthly) global maps of the detection capability

of the IMS seismic network for the year 2013. For a

description of the applied method see Sect. 3.

2. Seismic Stations and Ambient Seismic Noise Data

In this study ambient seismic background noise

data from the IMS seismic network is used. The IMS

seismic network can be considered as the backbone

technology for monitoring underground nuclear

explosions. The seismic approach relies on waves

propagating through the Earth’s interior, which can

be registered and recorded at the seismic stations of

the IMS network. Seismic waves are mostly gener-

ated by natural earthquakes, but may also find its

source in natural events such as meteorites or land-

slides as well in manifold anthropogenic sources. The

seismic signals travel with speeds of up to several

kilometers per second and can therefore be registered

at the seismic stations only seconds to minutes after

the origin time of the seismic event. The seismic IMS

network, when fully deployed, will consist out of 170

seismic stations, assigned to two different kinds of

networks. The first network is the primary seismic

(PS) network, which, when completed, will contain

50 seismic stations with continuous data transmission

in near real time to the IDC. The second type of

seismic network, the auxiliary seismic (AS) network,

will consist, as soon as fully deployed, out of 120

stations. In contrast to the PS stations, data from the

AS stations is only transmitted to the IDC upon

request. In addition to the PS and AS stations, five

stations from the hydroacoustic (HA) network are

equipped with standard seismic instruments and can

consequently be used in the global detection capa-

bility estimation process.

In general two different types of stations can be

differentiated: Seismic array stations and three-com-

ponent (3C) stations. Array stations consist out of a

multitude of individual sensors arranged in an opti-

mized geometric pattern, usually covering areas from

a few to hundreds of square kilometers. The number

of individual sensors ranges from only few up to

more than 40 sensors. Seismic arrays allow for an

improvement of the signal to noise ratio (SNR) and

provide information about direction and speed of the

incoming wave-field (see, e.g., Rost and Thomas

(2002)). 3C stations only consist out of one single

instrument that measures the components of transla-

tional motion of the seismic wave-field in three

orthogonal directions. In comparison to seismic

arrays, the single station approach results in a lower

SNR and therefore has bigger uncertainties in the

evaluation of the measured seismic signals. The

global distribution of the seismic IMS stations is

illustrated in Fig. 1. For more detailed information

the reader is for example referred to Pilger et al.

(2017) or CTBTO (2020).
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In this study all stations shown in Fig. 1 are

incorporated in the global detection capability esti-

mation process, irrespective of the current operational

station status (certified, planned, under construction,

installed but not yet certified). If no ambient seismic

noise data was available for a certain station, an

average noise level value, calculated from the closest

stations in setting (e.g. island stations are compared

to island stations), was assumed. Data was available

throughout the year 2013. For each month hourly

average noise levels were computed by taking the

average noise levels from all days of the respective

month. This consequently results in 24 noise level

measurements for each month for each individual

station. Noise level data was available in the form of

power spectral density (PSD) functions. For infor-

mation on the PSD functions see Brown et al. (2014).

An example of the PSD functions for three different

stations is given in Fig. 2.

Figure 2 illustrates the PSD average, low and high

noise level functions for the IMS stations PS19 in

Germany, AS035 in Antarctica and AS024 on the

Cook Islands in January 2013, 00:00–01:00 (UTC). A

clear difference in the PSD noise levels is observable

between the stations in the frequency band 0.8–

2.2 Hz, which is of main interest for the estimations

of the global detection capability. Stations PS19 and

AS035 show a noise level of around �155 dB in the

investigated frequency band, while station AS024 has

a noise level of approximately �130 dB. This large

difference emerges from the different locations of the

stations. While stations PS19 and AS035 are located

in remote and very calm regions, station AS024 is

placed in a very noisy environment on an exposed

island.

3. Method for Estimating the Global Detection

Capability

Here the method of seismic threshold monitoring

is introduced for assessing a lower magnitude limit of

a potential seismic event in a certain given geo-

graphical region. The global detection capability of

Figure 1
Seismic network of the IMS. World map showing locations of the PS and AS stations, as well the HA stations. PS and HA stations are marked

in white, AS stations are illustrated in grey color. Circles represent array stations, triangles indicate 3C seismic stations, squares indicate 3C

HA stations. The map shows stations irrespective of the station status (certified, planned, under construction, installed but not yet certified)

2422 P. J. Gaebler and L. Ceranna Pure Appl. Geophys.



the IMS seismic network is estimated using a tech-

nique based on the ambient seismic background noise

measured at the individual stations (compare Fig. 2)

of the IMS network as well as on global distance

correction terms for mb, which are calculated using

the seismic reflectivity method. The calculated cor-

rection curves are consequently used to determine the

minimum magnitude of a seismic event required at a

certain geographic location to cause a signal of an

amplitude that can be distinguished from the back-

ground ambient noise at the individual stations. The

first step involves the estimation of detection

threshold values D at the individual stations of the

IMS seismic network. D is a measure for the mini-

mum amplitude of a seismic signal caused from an

event recorded at a seismic station, that can be dis-

criminated from the seismic background noise.

Station specific average, low and high seismic back-

ground noise levels are extracted from the PSD

functions of the different IMS stations in a frequency

range from 0.8–2.2 Hz, the typical frequency range

for teleseismic P- and PKP-waves. From the dB

values in the PSD functions absolute ground velocity

values V in m/s for the individual stations are cal-

culated. To discriminate the arrival of a seismic

signal from the background noise, the signal has to

exceed the noise level V by a certain amount. For

stations with array configurations the threshold value

D is corrected by a factor of
ffiffiffiffi

N
p

, where N is the

number of sensors in the seismic array. This

reduction of the threshold value is possible due to

different special properties of seismic arrays, such as

beamforming [see, e.g., Rost andThomas (2002);

Coyne et al. (2012)]. The total threshold D value is

consequently calculated as

D ¼ SV
ffiffiffiffi

N
p ; ð1Þ

where S is the required SNR, V is the measured

ambient noise levels and N is the number of sensors

of the individual IMS stations. The next step requires

the calculation of global mb correction terms over the

entire distance range from 0� to 180�. The compu-

tations are based on empirical global depth-distance

correction terms based on seismic moments given by

Rezapour (2003). New global correction terms for mb

in the distance range between 20� and 100� using the

values of the scalar moment M0 in the Harvard

Centroid Moment Tensor catalog (Dziewonski and

Anderson 1981; Ekström et al. 2012) to calibrate

P-wave amplitude-distance curves were determined

by Rezapour (2003). The additional inclusion of

correction terms for the distances 0–20 degrees and

120–180 degrees, and therefore to be able to include

seismic phases such as Pg, Pn and PKP, is achieved

by using calculations based on the seismic reflectivity

method. Values given by (Rezapour 2003) are used

for scaling the results from the reflectivity method.

Reflectivity modeling was first introduced by

(Thomson 1950). The propagation of seismic waves

Figure 2
PSD functions for three different IMS seismic stations for the time 00:00 to 01:00 (UTC) in January 2013. Figure shows examplary average

(thick line), low and high (thin lines) noise levels for the PS array station PS19 in Germany, as well as for the two AS 3C stations AS035 in

Antarctica and AS024 on the Cook Islands. Grey shaded area depicts the frequency range from 0.8 to 2.2 Hz, which is used in the detection

capability estimation process
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is simulated in the frequency-wave number domain in

a cylindrical coordinate system. This choice of

coordinate system allows the reduction of the wave

equation to one dimension, backtransform of the

results into the frequency time domain is possible

using the Fourier transform. Reflectivity modeling

incoporates the decomposition of seismic waves into

up- and down going waves in the layers, the waves

can be decoupled into P-, SV- and SH-waves (Ken-

nett 1983). The method includes reflections,

transmissions and conversions between the different

wave modes and allows to include different condi-

tions, for example the free surface condition. Main

advantages of the reflectivity method are its ability to

model nearly all kinds of seismic waves, including

surface waves (Haskell 1953) in elastic and anelastic

media with high numerical stability while keeping

computational costs low. See for example Fuchs and

Müller (1971) and Müller (1985) for studies applying

the reflectivity method.

In this study we apply the reflectivity method

described and coded by Müller (1985). We use a

standard AK135 velocity model (Kennett et al. 1995)

and attenuation values from the Preliminary Refer-

ence Earth Model (Dziewonski and Anderson 1981)

for a center frequency of 1 Hz. Synthetic seismo-

grams are recorded at receivers placed every 50 km

in the distance range from 0� to 55�. For distances

greater than 55� receiver distance is set to 100 km.

To average P-phase amplitudes at the surface syn-

thetic seismogramms for 20 arbitrary double couple

sources have been computed. To simulate a shallow

source, source depth in all cases is set to 2 km.

Dominant source frequency is set to 1 Hz. A com-

bination of results from the reflectivity simulations

and the findings from Rezapour (2003) yields dis-

tance dependent mb correction terms covering the

entire distance range. The correction terms calculated

for a near surface averaged double couple source, as

well as for a near surface explosive source, are

depicted in Fig. 3.

The calculated distance dependent mb correction

terms show noticeable differences to the corrections

factors provided in a study by Murphy and Barker

(2003) in the distance range of around 145�. In this

distance range mainly refracted core phases (PKPab,

PKPac and PKPdf) can be observed (see also Sect.

4.3). The observation that our correction terms in this

distance range are significantely lower than the terms

provided by Murphy and Barker (2003) can be

attributed to the fact that our correction terms reflect a

theoretical minimum detectable mb-values for PKP-

phases recorded at stations with a realistic noise level.

In contrast to this, Murphy and Barker (2003), as well

as Kværna and Ringdal (2013), considered minimum

detectable mb values based on REB events. Since

most automatic seismic event lists (SEL) at the IDC

are build on at least three defining stations covering

the full distance range, it is most likely that at least

one defining station is in a teleseismic distance range

between 20� and 90�. Consequently, the minimum mb

values of an SEL event lie between 3.4 and 4.0.

A global grid with dimensions of 0.5� in latitu-

dinal and longitudinal direction is specified. This

results in a total 259200 grid cells. For each pair of

grid cells and stations a minimum detectable magni-

tude can now consequently be assigned using

following equation for the distance dependent mb

curves (Gutenberg and Richter 1956):

mb ¼ log
D

T

� �

þ C: ð2Þ

Here T is the dominant period of the investigated

seismic signal and C represents the distance depen-

dent correction terms for mb (compare Fig. 3). This

step results in n minimum observable magnitudes for

each grid cell, where n is the number of stations used

in the estimation process. To detect and estimate the

magnitude at any given point a minimum number of

stations is required to be able to record and distin-

guish the signal from the disturbing background noise

level. In this study a minimum of three stations is

required. Subsequently the minimum magnitude

observable at a certain grid cell, is the third lowest

magnitude from the n magnitudes calculated from the

n grid cell – station pairs. Three different models for

the global detection capability of the IMS seismic

stations are consequently obtained: an average, a low

and a high noise model. The results of the estimation

process as well as the dependencies of the global

detection capability on certain parameters are pre-

sented and discussed in Sect. 4.
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4. Detection Capability and Dependencies

This section features the results of the detection

capability estimation of the seismic IMS network.

The spatial dependency as well as the influence of the

choice of network on the detection capability is pre-

sented in Sect. 4.1, the temporal properties of the

threshold monitoring are analyzed in Sect. 4.2. In

Sect. 4.3 the use of wave arrivals from different

distance ranges is evaluated, while Sect. 4.4 investi-

gates further dependencies of the detection capability

such as assumed source type, number of operational

stations and choice of noise level.

4.1. Spatial Dependency and Influence of Choice

of Network

The global detection capability of the IMS

seismic network shows a strong spatial dependency

and is significantly influenced by the choice of the

utilized networks (PS, AS, HA). This dependencies

are exemplary illustrated for the time span

12:00–13:00 UTC in January 2013 in Fig. 4.

Figure 4a illustrates the global detection capabil-

ity using only PS and HA stations. The minimum

observable magnitude estimations are based on the

average noise level for the time 12:00–13:00 (UTC)

in January 2013. Distance ranges of seismic wave

arrivals that are included in the estimation process are

0�– 120�, this includes wave traveling on local to

regional distances such as guided P- and S-waves in

the mantle, as well as it includes the arrival of the

direct P-wave in the distance range from 20� to 90�.

Waves of distances greater 120� are excluded, such as

arrivals from PKP-waves, waves that travel through

the Earth’s outer core. A minimum SNR of three is

required for the signal to be able to be observed, the

minimum number of detections necessary for the

identification of an event is set to three. A shallow

DC source is assumed for the calculation of the

distance dependent mb correction curves (compare

Fig. 3). We furthermore use the average noise levels

of the stations (compare Fig. 2). In total an average

global detection threshold of mb � 4.0 is achieved.

Due to the heterogeneous station distribution, a

significantly higher number of stations is located on

the northern hemisphere, a clear difference in the

detection capability is observable between northern

and southern hemisphere. On the northern hemi-

sphere an average value of mb = 3.9 can be detected,

with values being as low as 3.6 to 3.8 in specific

regions such as North America or Europe. In contrast

the average value for the detection capability on the

southern hemisphere has an average value of

mb = 4.2, with magnitudes reaching values of up to

4.6 in specific regions (South Atlantic, Antarctica). In

contrast to the strong latitudinal dependency, no

significant longitudinal dependency can be observed.

Figure 3
Distance dependent mb correction curves. Green dashed line indicates correction terms for a shallow DC source, solid blue line represents the

correction curve for a near surface explosive source. Throughout the entire distance range explosion correction terms are smaller than double

couple correction terms, this is explained by reflections of seismic energy at the surface in the explosive source process. Correction curves are

based on results from Rezapour (2003) and on wave propagation simulations using the seismic reflectivity method
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Our estimations of the detection threshold are

similar with findings from for example Harjes (1984).

Harjes (1984) used a network of 50 globally

distributed stations to estimate a magnitude threshold

for teleseismic detections in the range between

4.0\mb \ 4.5 for the northern part of the globe

and 4.5\mb \ 4.9 for the southern hemisphere. For

specific regions (for example Scandinavia or North

America) the detection capability reaches values

from as low as 3.4, other regions show significantly

a

b
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higher values for the magnitude threshold (Antarc-

tica, New Zealand, Southern Atlantic region). This

also coincides with our results. Our findings are also

supported by results from Ringdal (1986), who

estimated values of 3.9\mb \ 4.5 for the northern

hemisphere and values of 4.2\mb \ 4.8 for the

southern hemisphere. A study by Kværna and Ring-

dal (2013) estimated a network detection capability

of the PS network of mb = 3.7 or better across the

entire globe and mb values of as low as 3.0 in selected

areas. These areas inlcude parts of Europe, Central

Asia and North America. The authors found the

detection threshold to be higher on the southern

hemisphere, especially in oceanic regions and

Antarctica. These areas of higher or lower detection

threshold are in good agreement with the findings of

this study. The in general lower detection threshold

values for the entire globe in the study by Kværna

and Ringdal (2013) compared to results from this

study can by explained by two reasons. First, the

noise levels in this study are obtained from instru-

ment-corrected acceleration spectra averaged in a

frequency band from 0.8–2.2 Hz. In reality, the

detection of seismic signals is usually performed on

raw waveform velocity data. As a consequence, for

many seismic stations located on Eurasian, North

American and Australian shield areas, teleseismic

signals from events near the detection limits are often

clearer observed at higher frequencies (e.g. 2–4 Hz).

For local and regional events, frequencies may even

be higher. Therefore, the noise levels in this study

obtained from the acceleration spectra averaged over

the frequency range 0.8–2.2 Hz might be overesti-

mated. Second, Kværna and Ringdal (2013) subtract

a constant value of mb = 0.184 from the calculated

detection capability estimates to make the results

compatible with previously published estimates that

are based on mb amplitude-distance curves given in a

study by Veith and Clawson (1972). An improvement

of the detection threshold can be achieved by

including stations from the AS network. This incor-

poration leads to a global improvement of around

mb = 0.1 and is illustrated in Fig. 4b. In some

regions, where only few PS and HA stations are

present and where the inclusion of the AS-stations

leads to a densification of station coverage a more

significant improvement can be observed. These

areas for example include the region of the western

Unites States, Eastern Europe, the Middle East and

the Kazakhstan region. Minimum observable magni-

tudes show values of as low as mb =3.2 for these

specific regions. See also electronic supplementary

material for a difference plot between Fig. 4a, b.

Figure 5 gives an overview over the latitudinal and

longitudinal spatial dependency of the detection

capability for the two scenarios presented in Fig. 4.

Figure 5 illustrates average mb values for a given

latitude or longitude and clearly underlines the strong

latitudinal dependency as well as the improvement of

the detection capability resulting from the inclusion

of the AS stations in the estimation process.

4.2. Temporal Dependency of the Global Detection

Capability

This subsection contains information about the

temporal dependency of the detection capability in

the year 2013 in terms of hourly and monthly

variations. Figure 4 only shows a snapshot of the

global detection capability of the network for one

particular time frame, but all times investigated (24

time frames for each of the 12 months) show a very

similar pattern and size of the minimum

detectable magnitude. As an example Fig. 6 shows

the global detection capability of the network for the

time 12:00–13:00 (UTC) in July 2013 under the same

assumptions as made in Fig. 4.

bFigure 4

Detection capability of the IMS seismic network. World map

depicting the minimum magnitude detection capability based on

average noise measurements of the IMS seismic network in January

2013 (12:00–13:00 UTC). The SNR required for the detection of a

signal is set to three, the minimum number of detections necessary

for the identification of an event is three. Seismic phases from the

distance range 0�–120� are used in the estimation process.

Background color indicates minimum detectable magnitude.

a Only stations from the PS network and from the HA network

are used. PS arrays are depicted with white dots, PS 3C stations are

represented as white triangles. HA stations are given as white

squares. b Same as top part of the figure, but additionally to the PS

and HA stations, data from the AS network is used in the

estimation process of the detection capability. AS array stations are

shown as grey dots, AS 3C stations are given as grey triangles
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When comparing the time frames January and

June 2013, no significant differences can be spotted

between the two time frames, average minimum

detectable magnitudes are similar for northern and

southern hemisphere. Furthermore, areas with signif-

icantly lower or higher magnitude thresholds (for

example Scandinavia, Antarctica) are identical in

both presented time frames. Our data set allows not

only to investigate the monthly variations, but also

offers the opportunity to look at hourly variations

during the day. This variations are exemplary shown

in terms of latitudinal variations in Fig. 7 for January

and June 2013, typical months for northern hemi-

spheric early winter and early summer.

As already mentioned no significant differences

can be observed between the two months of the year

2013. Furthermore, no differences during the 24 h of

the day can be observed. Observable minimum

magnitudes are similar during the cause of the day

for all twelve investigated months and no influence of

the day-night cycle can be observed. We conclude

that hourly or seasonal temporal variations do not

significantly influence the global detection capability

of the IMS seismic network.

4.3. Inclusion of PKP-phase arrivals

In the previous estimations of the detection

capability in this study only wave arrivals in the

distance range from 0� to 120� were included. The

inclusion of wave arrivals from distances greater than

120� leads to a significant improvement of the global

detection capability of the IMS seismic network. This

is mainly attributed to the fact, that in the distance

window of around 145� refracted core phases are able

to provide very good detection possibilities, some-

times even better than the direct P-waves (Harjes

1984). At around 145� three types of core refracted P-

phases (PKPdf, PKPbc and PKPab), which have

traveled along different paths through the Earth’s

inner and outer core, arrive at nearly the same time at

theseismic receiver (Bormannetal 2009). Therefore

their energies may superimpose and yield an arrival

with a very high amplitude, consequently resulting in

smaller mb correction terms (compare Fig. 3) and

therefore help to lower detection thresholds (Qamar

1973). For further information on seismic PKP phases

we also refer the reader to the IASPEI standard phase

list (ISC 2020). The inclusion of these wave arrivals

is illustrated in Fig. 8.

Figure 5
Spatial dependency of the IMS network detection capability. (left) Latitudinal and longitudinal dependency of the IMS network detection

capability for the two scenarios presented in Fig. 4. Curves are average mb values for a given latitude or longitude. Solid blue lines represent

detection capabilities using only PS and HA stations and wave arrivals in the distance range 0�–120�, dashed blue lines indicate detection

capability estimate with the additional use of stations from the AS network
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The inclusion of phases from distances greater

than 120� leads to a strong decrease of the detection

threshold. Using only PS and HA stations (Fig. 8a) a

global decrease of the average threshold value of

a

b

Figure 6
Detection capability of the IMS seismic network. Same as Fig. 4, but for the time frame June 2013 (12:00–13:00 UTC)
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around 0.6 units mb can be achieved, with the largest

decrease (1.0) for the southern hemisphere. For the

northern hemisphere an improvement of around 0.2

units mb can be observed. This can easily be

explained by the heterogeneous station distribution,

as stations on the northern hemisphere are now

especially sensitive to events occurring on the

southern hemisphere and vice verse when including

the PKP-branches. However, we note that these large

increases in detection capability using PKP-phases

are based on idealized synthetic simulations and

might therefore not reflect the actual detection

capability of the IMS network, especially in the light

of a limited localization capability using PKP-

arrivals, only. The inclusion of AS stations leads to

an overall improvement of around 0.2 for the

detection capability and is illustrated in Fig. 8b. For

better comparison the spatial dependency of the four

scenarios shown in Figs. 4 and 8 is summarized in

Fig. 9.

Difference plots between the scenarios given in

Figs. 8a, b, Figs. 4a and 8a, as well as Figs. 4b and

8b, are presented in the electronic supplementary

material to this manuscript.

4.4. Dependency on Source Type, Noise Level

and Number of Operational Stations

As a final aspect the influence of source type,

noise level and number of operational stations on the

detection capability of the IMS network is examined.

These three dependencies are jointly illustrated in

Fig. 10.

Figure 10 shows the average global detection

threshold for a DC source (left) and an explosive

source (right) for a different number of operational

PS stations. Furthermore global detections capabili-

ties are shown for different assumptions of noise

levels at the stations: average, low and high (compare

Fig. 2). Station outage was simulated by randomly

removing a certain percentage of PS stations from the

estimation process. To obtain multiple realizations of

station distribution, 100 estimations with different

randomly removed stations were calculated for each

station outage percentage. Noise levels from the time

frame January 2013 (10:00–11:00 UTC) were used,

wave arrivals from the distance range 0�–120� were

utilized. A difference of around 0.3 units mb is

observed between average and high amplitude noise

levels, as well as between the average and low

amplitude noise levels. This numbers hold true for all

Figure 7
Temporal dependency of the detection capability of the IMS network. Figure shows latitudinal dependency of the detection capability of the

IMS network over 24 h for the months January (left) and June (right) 2013. Background colors indicate minimum detectable magnitudes
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numbers of operational stations as well as for both

investigated source types. The difference in average

global detection capability between DC source and

explosive source is around 0.2 units mb for all number

a

b

Figure 8
Detection capability of the IMS seismic network. Same as Fig. 4, but for the entire distance range (0�–180�) of included wave arrivals
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of operational stations and for all investigated noise

levels. This number can be calculated from the two

different mb correction curves for a DC and explosive

source presented in Fig. 3. At the current status, 44

out of the 50 (88 %) planned stations of the PS

network are certified and operational. Our

Figure 9
Spatial dependency of the IMS network detection capability. Same as Fig. 5, but also showing the latitudinal and longitudinal dependency for

the scenarios presented in Fig. 8 (green lines)

Figure 10
Influence of station outage, expressed by outage of PS-stations in percent, and different source types on the global detection capacility. Shown

is the average global detection capability of the IMS network for an average (dark blue), a low (yellow) and a high (light blue) noise level for

different numbers of operational PS-stations. Time frame for the estimations is January 2013 (12:00–13:00 UTC). (left) Global detection

capability for a shallow double couple source. (right) Global detection capability for a shallow, purely compressional source
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simulations suggest an increase of below 0.05 units

mb for this percentage of operational PS stations

when compared to a fully deployed and operational

network. Assuming a station outage of 50 % the

magnitude threshold on average increases around 0.2

units mb, with a further increase of around 0.2 when

considering only 30 % operational PS stations.

5. Comparison with Detections from the Reviewed

Event Bulletin

The REB from the CTBTO has been reviewed by

a human analyst and contains a list of events recorded

at the seismic, hydroacoustic and infrasound stations

of the IMS network. It includes information about

source time, location and magnitude of the event, as

well as attributes that describe every signal that is

associated to the event. In Fig. 11, distance depen-

dent minimum observable magnitudes estimated

using the method described in Sect. 3 are compared

to event magnitudes from the REB. Here we show

comparisons for three stations of the PS network:

Station PS03 (ASAR, Australia), station PS19

(GERES, Germany) and station PS06 (LPAZ, Boli-

via). Event magnitudes, which have at least one phase

association to the PS station are shown, distances

given in the figure are epicentral distances from the

event to the PS station.

In general a good agreement, especially in the

distance range from 0� to 120� can be observed

between magnitudes obtained from the REB and

magnitudes calculated using our theoretical ambient

noise based model at the three stations shown in

Fig. 11. However some issues and discrepancies

between the magnitudes in certain distance ranges

have to be addressed and discussed. Deviations

between the REB magnitudes and the predicted

magnitudes in the distance range 0�–20� can be

explained by the mean interstation distance of around

15� when considering all PS stations. In reality, with

only a lesser number of PS-stations being operational,

the mean interstation distance even increases and

amplifies the discrepancies in the close range. Vari-

ations in the range 100�–130� can be caused by

arrivals from PP-phases at the stations as well as

possible conversions from S- to P-energy. The largest

deviations appear in the distance range 140�–155�.

Our theoretical, noise based model predicts mb values

down to 2.1. This is not observed in the comparisons

of theoretical curves and REB events, as the magni-

tudes of the REB events are defined using P-wave

phases at stations in the distance range 20�– 90�. This

is also visible in the fact, that the REB magnitudes in

the distance range 20�–90� are similar to the REB

magnitudes in the distance range 140�–155�. Note

that the theoretical prediction of an lower limit

magnitude results in a very conservative detection

capability estimation.

6. Conclusions

We introduce a method based on the measure-

ments of ambient seismic noise levels to estimate the

global detection capability of the IMS seismic net-

work in the year 2013. Our results suggest a global

average mb threshold of around 4.0 using only seis-

mic stations of the PS- and HA-network and solely

including wave arrivals from the distance range 0�–

120�. A clear latitudinal dependency can be observed

with an average value of 3.9 on the northern hemi-

sphere and an average threshold value of 4.2 units mb

on the southern hemisphere. No dependency on the

longitudinal position of the event on the detection

capability is suggested. The inclusion of stations from

the AS-network in the estimation process leads to an

average improvement of the monitoring threshold of

0.1 units mb. Taking into account wave arrivals from

distance ranges greater than 120� (mainly refracted

core phases) strongly lowers the detection threshold

value to a global average of around 3.6, with values

on the northern hemisphere being as low as 3.8 units,

on the southern hemisphere values are even as low as

3.3 units mb. We furthermore are not able to observe

any form of temporal variation in terms of hourly or

seasonal variations of the noise field. The assumption

of an explosion source lowers threshold values by 0.2

units mb. The current status of the network (44

operational PS stations) only leads to an increase of

less than 0.05 units mb, when compared to the

detection capability of a fully operational network

(50 PS stations). Comparisons to REB magnitudes

suggest, that our estimations only yield a
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Figure 11
Comparison of theoretical and observed event magnitudes at three PS stations (PS03, PS19, PS06). Figure illustrates a comparison of distance

dependent minimum observable magnitudes at the PS stations estimated using the method described in Sect. 3 to event magnitudes obtained

from the REB. Lines depict the average (solid), low (dashed) and high (dotted) noise model at the PS stations. Bright background colors

represent a low number of detected events, dark background colors indicate a high number of events in the REB
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conservative estimation of the detection capability

and even lower values might be reached in reality.
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