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Radioxenon is an important atmospheric tracer to detect underground nuclear explo-
sions. The International Monitoring System is designed to provide worldwide continu-
ous physical monitoring and detection of nuclear explosions and incorporates 40 noble
gas monitoring stations. They are constantly sampling the atmosphere for concentra-
tions of radioxenon. This work analyses how effectively the network of stations is able
to detect unusual xenon-133 concentrations in the atmosphere. A large multitude of
nuclear explosions, evenly distributed in space and time, is simulated and the detection
rate is calculated. Atmospheric transport modelling is applied to calculate the source-
receptor-sensitivities for each monitoring station. The approach includes the anthro-
pogenic radioxenon background, station-specific detection criteria, different scenarios
for surface and subsurface nuclear explosions, and a spatial as well as a time dependent
analysis. Recommendations are drawn for the improvement of the detection capability.

INTRODUCTION

Nuclear test explosions are an important instrument for states to develop new
types or configurations of nuclear weapons and to maintain existing weapon
arsenals, e.g., against aging effects. Beyond that nuclear weapon tests can be
potentially used by states for political means to demonstrate their nuclear and
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technical capabilities. On the other hand it is imaginable that a state is going
to secretly test a nuclear weapon, but does not want the world public to know
about it. Thus, three scenarios are conceivable: (a) an open test, when a state
tests a nuclear bomb and publicly admits it, (b) a secret test, when a state tests
a nuclear bomb, but does not admit it, and (c) a fake test, when a state con-
ducts a conventional/chemical explosion and claims it to be nuclear. Observed
from the outside these scenarios cannot be necessarily distinguished. The true
nature of an event must be independently assessed not from a political but
a physical point of view to provide a sound basis for decision making by the
international community.

In 1996 the international community opened the Comprehensive Nuclear-
Test-Ban Treaty (CTBT) for signature. According to the current wording it will,
once it has entered into force, forbid all ratifying member states to conduct or
allow a nuclear explosion within their control. The treaty text foresees that
it will only enter into force once all 44 countries that are listed in Annex-2
of the treaty have ratified it. These 44 countries are those which had access
to nuclear technology during the treaty’s opening for signature. The eight re-
maining Annex-2 states that have not yet ratified the treaty are the United
States, China, Israel, Egypt, Iran, India, Pakistan, and North Korea. Iran,
India, Pakistan, and North Korea have not yet signed the treaty.

The reliable verification of the CTBT is an essential factor for its future
success and international acceptance. A highly energetic event like a nuclear
explosion couples in various ways into the environment, whether it is under-
ground, underwater or atmospheric and provides a range of possibilities for
detection.

In order to ensure a comprehensive verification regime the Preparatory
Commission of the CTBT Organisation (CTBTO) is building the International
Monitoring System (IMS). Its task is the worldwide, continuous physical mon-
itoring and detection of nuclear explosions. The IMS monitors four physical
domains: seismic, hydroacoustic, and infrasound waves, and the atmospheric
concentration of selected radionuclides. In contrast to the three waveform tech-
nologies, radionuclide monitoring has the unique potential to provide empirical
data on the nuclear character of an event. As of July 2014, 85 percent of the
IMS stations are operational. When all stations are operational the IMS will be
comprised of a total of 171 seismic, 11 hydroacoustic and 60 infrasound stations
worldwide. The radionuclide component of the IMS is designed with 80 mon-
itoring stations, of which 40 will be equipped with noble gas monitoring and
detection equipment to continuously sample the atmospheric concentrations of
four radioactive xenon isotopes (and isomers), namely xenon-131m, xenon-133,
xenon-133m, and xenon-135. This radionuclide and noble gas component has
been designed to provide an estimated 90 percent detection probability within
10 days after a nuclear explosion.1

In addition to the IMS, the verification regime of the CTBT includes consul-
tation and clarification, on-site inspections and confidence-building measures.2



Xenon-133 Coverage of Nuclear Explosion Monitoring 211

The current status of signatures and ratifications, the list of Annex-2 states,
the locations of the monitoring stations and their status can be viewed online
at www.ctbto.org/map.

The radionuclide monitoring system, including its noble gas component,
relies on particles or gases to be released from the event into the atmosphere
and transported with the prevailing winds until reaching a monitoring station
in a diluted concentration. This work applies atmospheric transport modelling
to assess the capability of the IMS xenon-133 component to successfully detect
nuclear explosions worldwide and gives recommendations on how to improve
it.

Noble Gas Detection of Nuclear Explosions

These aforementioned four radioxenon isotopes have been selected due
to their suitable characteristics for nuclear explosion monitoring, especially
for underground explosions. Their fission yield is sufficiently high; their inert
noble gas characteristic allows them to be leaked even from underground
cavities into the atmosphere without chemical bonding in the surrounding
earth; their half-lives are suitable, i.e., not too long to allow a build-up in
the atmosphere leading to a high background against which detection would
become more difficult and not too short to decay before reaching a monitoring
station; and there is no natural background of radioxenon in the atmosphere,
only an anthropological one. Well suited for nuclear explosion monitoring is
xenon-133 due to its cumulative fission yield of 5–7 percent (depending on the
fissile material and the neutron energy) for uranium and plutonium devices
and its half-life of 5.24 days (d).

To detect radioxenon emissions from nuclear explosions, various fac-
tors have to be taken into account. The fission yield determines how much
radioxenon is produced directly during the fission process. The amount of
radioxenon released into the atmosphere is strongly dependent on the envi-
ronment of the explosion. Once released the gases are transported and diluted
in the atmosphere. When arriving at the monitoring station, the particle
concentration must exceed the minimum detectable concentration (MDC) of
the detector.

For this work relatively small nuclear explosions are assumed, because
the monitoring network is aimed at detecting and locating an explosion of
1 kiloton (kt) anywhere in the world. During a nuclear chain reaction that
happens throughout such an explosion approximately 1013 Bq of xenon-133 is
produced initially.3 After 3 hours the activity reaches about 1015 Bq of xenon-
133 through ingrowth. The isotope build-up of xenon-133 has its maximum of
approximately 1016 Becquerel (Bq) between 1 day and 1 week after the event.

For the case of an underground nuclear explosion only a certain amount
of the gas reaches the surface and vents into the atmosphere. In other pub-
lications, leakages between 1 and 10 percent of the maximum activity are
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assumed.4 Assuming that at some point leakage is taking place, a leakage of 1
percent of the maximum activity, i.e., 1014 Bq, is the basis for further calcula-
tions in the following.

The atmospheric transport simulations described below uses a time reso-
lution of 3 hours. Thus, for atmospheric explosions a release of 1015 Bq/kt is
assumed. To further accentuate different scenarios and to get a clearer under-
standing of the influence of the released activity on the detection probability
the emissions from atmospheric explosions are assumed to be 1016 Bq, i.e.,
equivalent to the activity of a 10kt nuclear explosion within 3 hours.

Once they are airborne, the gases follow various trajectories according to
the prevailing winds in the atmosphere, which leads to a dilution of the concen-
tration and a dispersion over the globe. The monitoring stations have a typical
distance in the order of about 1,000 km from each other. For such distances a
typical atmospheric dilution is in the order of 10−14 to 1−18 m−3.5 Furthermore,
the absolute concentration in the atmosphere declines during the atmospheric
transport due to radioactive decay.

The noble gas monitoring stations are equipped either with high-resolution
gamma-spectrometers or with beta-gamma coincidence detectors. In high-
resolution gamma-spectrometry the radioxenon isotopes are detected and
quantified with a high-purity germanium (HPGe) detector by their distinc-
tive gamma lines. In beta-gamma coincidence systems a plastic scintillator
tube for beta detection is surrounded by a NaI(Tl) gamma detector.6 Apply-
ing coincidence measurements significantly reduces the background. For the
IMS monitoring stations the systems with high-resolution gamma spectrom-
etry have a sampling time of 24 hours, while the beta-gamma systems have
a sampling time of 12 hours. The design specifications of the IMS foresee a
MDC of 1 mBq/m3 for xenon-133. Depending on the installed system a MDC of
0.4–0.6 mBq/m3 can be reached.7

According to the CTBT a total of 40 noble gas monitoring stations are
planned. However, as of July 2014, only 39 stations have been allocated; the
40th station is supposed to be located in India, but is still subject to negotia-
tions. Fifteen of these 39 stations are already certified for continuously taking
data; another 15 have been installed and are running, while awaiting certifica-
tion; ten are currently in planning or under installation. However, the success-
ful xenon-133 detection of nuclear explosions also depends on the manmade,
atmospheric xenon-133 background, which is discussed in the following sec-
tion.

Xenon-133 Background Sources
As mentioned before, the four selected radioxenon isotopes have no nat-

ural background sources. They are created in significant quantities in nu-
clear reactions, such as fission of heavy nuclei, e.g., uranium-235, or nuclear
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reactions such as (n,p) reactions.8 All four relevant radioxenon isotopes are
created in significant yields in fission induced by thermal (i.e., slow) neutrons.
Apart from xenon-131m the other three isotopes also have significant yields,
when fission is induced by fission-originated (i.e., fast) neutrons. Thermal neu-
tron induced fission is the major reaction in nuclear reactors, while fast fis-
sion occurs in nuclear explosions. Significant emissions are released from a
medical isotope production facility (IPF) or a nuclear power plant (NPP). To
a lesser degree, emissions from research reactors, reprocessing plants, hospi-
tals, nuclear driven ships and submarines, are contributing to the global back-
ground, but are either emitting too irregularly and/or at too small quantities to
be considered.9 Therefore, in the following analysis only emissions from IPFs
and NPPs are considered when determining the impact on the IMS xenon-133
component.

In terms of xenon-133 releases the IPFs are clearly the strongest emitters
with 1011–1013 Bq/d. However, only few of them exist in the world; it is a busi-
ness sector with few actors who are supplying the world’s demand in medical
isotopes. For this work the calendar year of 2010 has been considered, for which
five operating IPFs have been taken into account. These are located in Sydney
(Australia, 5 × 1014 Bq/a), Fleurus (Belgium, 1015 Bq/a), Chalkriver (Canada,
1016 Bq/a), Petten (Netherlands, 7 × 1011 Bq/a), and Pelindaba (South Africa,
4 × 1015 Bq/a). Their typical emission strengths averaged over 1 year have
been gathered from other publications,10 at conferences,11 or during personal
communication.12

Typically operating NPPs have much lesser emissions of xenon-133 when
compared to IPFs, but their worldwide occurrence is much higher. In 2007 a
total of 439 power reactors were in operation at 195 sites. They are mainly
located in East Asia, Europe, and North America. Their typical emissions of
xenon-133 average about 109 Bq/d. For each individual NPP site the average
annual releases of xenon-133 have been gathered, calculated, or estimated.13

According to the Power Reactor Information System (PRIS) of the Interna-
tional Atomic Energy Agency (IAEA) the total number of power reactors in
operation has not changed significantly from 2007 to 2010.14 The low num-
bers of new or shut down reactors is negligible for this work due to the low
emissions from NPPs compared to IPFs. The background is characterized by a
few strong sources (IPFs) and many weak sources (NPPs), where a typical IPF
releases as much radioxenon per time as all NPPs combined.

For this work a database of operating IPFs and NPPs has been compiled
with information about the average annual xenon-133 releases assumed for
each facility in the year of 2010 and the location on a latitude-longitude grid
with a one-degree resolution. As previously discussed, the global distribution
of xenon-133 emitting facilities has strong concentrations in East Asia,
Europe, and North America, which leads to a heterogenic background of
xenon-133 concentrations. This background mainly depends on the emission
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strength of each facility, its location, and the prevailing winds and mete-
orological patterns. Consequently the experimental experience shows that
each noble gas monitoring station has a different and fluctuating background
concentration of xenon-133, depending on its location, the meteorological
situation of that time, and any upwind emissions of xenon-133.

This background from sources such as IPFs and NPPs is considered as a
legitimate background, whereas a contribution from a nuclear explosion is con-
sidered as an unusual, additional concentration that has to be identified. The
particular and fluctuating background at each monitoring station can make
it difficult to successfully identify the contribution from a nuclear explosion.
Naturally this is easier for monitoring stations with low or usually no back-
ground. Atmospheric transport modelling (ATM) has been proven to be a valid
and central tool for the understanding of the global radioxenon background.

Atmospheric Transport Modelling
Generally speaking, when particles are being released into the atmo-

sphere, their trajectories are subject to the movement of air masses and other
meteorological effects such as precipitation. The concentration is diluted in the
atmosphere as the particles are dispersed. When the meteorological data of a
certain time period and region are available, the trajectories can be modelled
with ATM. By simulating the trajectories of a multitude of particles the dilu-
tion of the concentration in the atmosphere can be calculated. The Lagrangian
particle dispersion model Flexpart15 uses a zero acceleration scheme to simu-
late the particle trajectories, which is accurate to the first order:

X (t + �t) = X (t) + v (X, t) �t.

This equation is used by Flexpart to integrate the particle trajectory equa-
tion with v = vg + vt + vm being the wind vector composed of the grid scale wind
vg, the turbulent wind fluctuations vt and the mesoscale wind fluctuations vm.

The output of these calculations is the relation between a source and a
receptor, which is called the source-receptor sensitivity (SRS).16 In the case of
a single source that is only emitting for the duration of one time step, the total
concentration c [Bq/m3] at the receptor is determined by the source emission
S [Bq] multiplied with the source-receptor sensitivity M [m−3], which can be
conceived as the volumetric dilution factor:

c = MS.

For the scenario with multiple sources and/or emission during multiple
time steps the total concentration c is calculated by the sum over all sources i
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and time steps t:

c =
∑
i,t

MS.

When using ATM to determine the time and location dependent SRS the
results are stored in a SRS matrix. Flexpart can operate in forward as well as
in backward mode.17 In the case of forward modelling, that is, the dispersion
from a source to the environment, for every time step of the simulation all non-
zero concentrations on a spatial grid are saved to the SRS matrix. In the case
of backward modelling, that is, the determination of all contributions to a sam-
pling period at a fixed location, for every time step all non-zero contributions
to the total concentration are saved to the SRS matrix.

For calculating the SRS matrices in this work, Flexpart v8.23 has been ap-
plied together with meteorological data from the European Centre for Medium-
Range Weather Forecasts (ECMWF). However, M can only account for those
conditions that are included in the meteorological data, while local atmo-
spheric patterns that are not resolved by the simulation can lead to altered
signals.18 The meteorological data have a spatial resolution of one degree on a
latitude-longitude grid and a time resolution of 3 hours; the data in this anal-
ysis had global coverage of the year 2010. For the presented research Flexpart
has been applied in the backward modelling mode to determine the SRS ma-
trices for the 39 noble gas stations of the IMS. This has a computational ad-
vantage as this scenario has few receptors when compared to the number of
radioxenon sources.

Xenon-133 Network Coverage
The purpose of this section is to lay out the approach used in the following

to assess the capability of the xenon-133 component of the IMS. The goal is to
quantify the effectiveness of the system to detect unusual xenon-133 concen-
trations in the atmosphere.

So far the term “network coverage” has described the overall ability of the
IMS to detect nuclear test explosions. In this work only xenon-133 as the most
abundant noble gas isotope is included in the simulations. Previously the spa-
tial distribution of threshold emissions of nuclear explosions that would trigger
a detection has been researched.19 Therefore, a new definition for the xenon-
133 network coverage has been established.20 The network coverage η is the
percentage of all possible nuclear explosions, evenly distributed in global space
and time that are successfully detected by the IMS.

In the following the network coverage η133 denotes the coverage of the IMS
xenon-133 component. The exact and real value of this number would only be
determined by an infinite number of nuclear test explosions over an infinite
time. Here the network coverage is approximated by simulating a multitude n
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of nuclear explosions evenly distributed in discrete space and time. For each
hypothetical event it is checked whether a detection within the IMS noble gas
component is evoked or not. The total share of successfully detected events
gives the network coverage:

η = ndetected

ndetected + nundetected
.

When using simulations to approximate the network coverage, certain
boundary conditions have to be applied, as the results naturally depend on
the chosen parameters:

ηreality � ηsimulated (x1, x2, . . .) .

In the following these parameters are identified and subsequently deter-
mined for the framework of this study. Influencing parameters that were tak-
ing into account are:

• Distribution of explosions (spatial and temporal),

• Emissions from explosions,

• Global background from legitimate sources,

• Monitoring network (number and location of monitoring stations); and,

• A detection criterion.

In the following the choice for each parameter is discussed.

Distribution of Explosions
An even spatial distribution of hypothetical nuclear explosions is desired,

where no region is a priori weighted in its likelihood to host a nuclear test
explosion. The applied ATM runs on a global latitude/longitude grid with a
1◦ × 1◦ resolution. The absolute length of a degree of latitude and longitude
depends on the radius of a circle of given latitude.21 Taking the earth as an
ellipsoid22 the arc distance d of one degree can be calculated dependent on the
latitude ϕ as

dLat (φ) = πreq
(
1 − e2

)

180
(
1 − e2 sin2

φ
) 3

2

and

dLon (φ) = πreq cos φ

180
(
1 − e2 sin2

φ
) 1

2

.
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The latitudinal dependence results in a variation of only up to 1 percent in
the absolute length of one degree latitude, i.e., between dLat(0◦) = 110.57 km
and dLat (90◦) = 111.69 km. On the other hand, the degree of latitude results in
large variations for the longitude, i.e., from dLon(0◦) = 111.32 km over dLon(45◦)
= 78.85 km to dLon(90◦) = 0 km. This means that, if all grid points were treated
equally, the spatial density of nuclear explosions would increase from the equa-
tor to the poles. Therefore, for circles of latitudes that are higher or lower than
the equator only a certain percentage

p (φ) = cos φ
(
1 − e2 sin2

φ
) 1

2

of longitudinal grid points have to be considered for hypothetical, nuclear ex-
plosions in order to preserve an equally distributed field of events. The re-
maining grid points are to be equally distributed along each circle of latitude.
Instead of 360 × 179 = 64,440 grid points only a total of

∑
ϕ360 × p(ϕ) =

41,408 grid points has to be considered, if one wants to provide an approxi-
mately equal spatial distribution. Nevertheless, for precision the underlying
ATM, which has been used to determine the SRS matrices of the 39 stations,
was still running on the full grid.

For the choice of a certain time period it is reasonable to take a whole year
(or multiples of one) in order to balance seasonal variations. For the model
time resolution of 3 hours, the course of 1 year and 41,408 grid points a total of
365 × 8 × 41,408 = 120,911,360 hypothetical events are considered.

Emissions from Explosions
As mentioned above only xenon-133 is considered in this approach to de-

termine the network coverage. Due to its fission yield and half-life it is the
isotope of choice, when simulating emissions from hypothetical nuclear explo-
sions. Furthermore, it has the best data availability in terms of known emis-
sions from legitimate sources.

For surface explosions it is assumed that the maximum amount of ra-
dioxenon from a 10 kt explosion is released within the first time step of the
simulation. As discussed above, this means that a source of S = 1016 Bq is
simulated that releases evenly over the course of one time interval, that is,
3 hours. Underground explosions are considered here with a 1 percent leak-
age from a 1 kt explosion within the first time interval, i.e., 1014 Bq within
3 hours. This emission is assumed where underground explosions are possi-
ble, i.e., when the grid point is located above land. Where no solid ground is
present, an underwater explosion is assumed. The noble gas release from a
10 kt underwater explosion into the atmosphere is approximated with a re-
lease of 1016 Bq within one time step due to assumption that the noble gases
would raise to the surface without hindrance. In order to be able to distinguish
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between underground and underwater events a land/sea-mask has been em-
ployed that contains the information for every grid point whether it is above
land or sea.

Global Background from Legitimate Sources
The global background of xenon-133 is characterized by a few strong

sources (IPFs) and many weak sources (NPPs). In a first step it can be use-
ful to assess the network coverage without any background, and in a second
step to include the background. The latter has important effects on choosing
a suitable detection criterion. For the background of 2010 the previously dis-
cussed emission inventory of five IPFs and 195 NPPs has been included.

Monitoring Network
The current network design foresees 40 IMS stations with noble gas mon-

itoring equipment. Today only the locations of 39 stations have been deter-
mined. The 40th station, RNX35, is supposed to be located in India, but is still
subject to negotiations. To determine the network coverage today’s network
with known locations of 39 stations has been considered.

Detection Criterion
In the absence of a radioxenon background the detection criterion is sim-

ply that the concentration arriving at the monitoring station must exceed the
detector’s MDC:

cne ≥ MDC.

In a scenario including a background the total concentration in a xenon-
133 sample is considered as being composed of the legitimate background (bg)
and a possible addition from a nuclear explosion (ne):

ctotal = cbg + cne.

Thus, an unusually high total concentration can indicate the presence of
xenon-133 from a nuclear explosion. Since the background varies strongly from
station to station, a station-specific detection criterion is desirable. A suspi-
cious total concentration in any particular sample is when it is more than one
standard deviation (i.e., 1σ) above the mean of cbg, leading to an unbiased and
nonetheless station-specific detection criterion:

cne ≥ σlocal.

If the contribution from the nuclear explosion is higher than the local stan-
dard deviation, it can be contemplated as an unusual high concentration and
thus is of interest for further screening. In the following section it is described
how the standard deviation has been determined for each station.
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Simulation of Xenon-133 Background at IMS Stations
In order to determine the standard deviations, the legitimate background

at each of the 39 radioxenon monitoring stations has to be determined. Since
some stations are still in planning, under construction or not yet certified, only
few stations have been continuously taking data during the last several years.
Thus, the main tool to determine the global atmospheric background is ATM.
Here it has been applied in backward mode to calculate the SRS matrices of
the 39 allocated noble gas monitoring stations. In order to preclude seasonal
variations the whole calendar year of 2010 has been considered. Taking into
account the 12h/24h sampling time of the stations, this totals approximately
22,000 simulations, each with about 4 hours of CPU time. The calculated SRS
matrices were folded with the emission inventory of legitimate background
sources in order to derive the time-dependent background xenon-133 concen-
trations at each station.

Since it is unlikely that the xenon-133 concentration data of one sta-
tion are normally distributed, the type of mathematical distribution has to
be determined. This is necessary to deduct the accordant standard deviation.
Included distributions are: Beta, Burr (also known as Singh-Maddala), gen-
eralized Pareto, generalized Gamma, inverse Gaussian, Kumaraswamy, log-
normal, log-Pearson III, Pearson, Pearson VI, Weibull, and Weibull III.

Each station’s simulated data were fitted with these distributions and
the results were validated with the Kolmogorov-Smirnov test, the Anderson-
Darling test, and the Pearson’s chi-squared test. The distributions have been
ranked by their goodness of fit according to these three tests. The one distribu-
tion with the best average rank was selected. Once the type of distribution has
been determined, the standard deviation is calculated.

The results have shown that only a few stations close to IPFs and NPP
regions have standard deviation above the MDC. The simulated time series
have been compared with available experimental data and have shown good
agreement for the regions of North America, Europe, and Oceania, and an un-
derestimation for the region of East Asia.23 The applied atmospheric transport
model Flexpart produces results with little to no bias.24 Therefore, a possible
and likely reason for this is the underestimation of the regional emissions.25

Scenarios Overview and Analysis
Three basic scenarios have been developed from the parameters for emis-

sions from nuclear explosions and from background sources: (1) Surface ex-
plosions without background, (2) Subsurface explosions without background,
and (3) Subsurface explosions with background.26 Going stepwise from a ba-
sic scenario to a more realistic one allows discussion of the changes between
the scenarios and helps to understand the impact of the different parameters.
For each scenario the network coverage has been calculated on a daily basis
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and subsequently averaged over 1 year. Also the spatial distribution has been
stored separately for later analysis.

The first scenario with surface explosions includes emissions from nuclear
explosions with a full release of xenon-133 into the atmosphere within the first
time interval of 3 hours. Due to the assumed absence of the background the
detection criterion for a successful detection prescribes that the concentration
cne has to be above the local MDC.

Historically surface nuclear explosions have been detonated in military at-
tacks twice, on 6 August 1945 in Hiroshima and on 9 August 1945 in Nagasaki,
and many times during tests. The United States, The Soviet Union, and the
United Kingdom stopped atmospheric testing with the entry into force of the
Partial Test Ban Treaty (PTBT) in October 1963; France and China stopped
by 1974 and 1980 respectively, however, without signing the PTBT. Also peace-
ful nuclear explosions with full or high leakage rates into the atmosphere are
imaginable, e.g., for geoscaping.

This scenario results in an average network coverage of ηatmo = (85.8 ±
3.5) percent. In the simulated year of 2010 the spring season is characterized
by values of low global coverages, and the summer season by values of high
global coverages. The values of the global coverage have a minimum value of
78.3 percent and a maximum of 92.8 percent. This means that in this sce-
nario of surface explosions the targeted capability of detecting 90 percent of
nuclear explosions is not always achieved. In the simulations of the year 2010
it is only achieved during certain short time periods in the summer. However,
this reflects the overall value averaged over all locations and time steps. The
statistics strongly vary for a certain location or certain regions, e.g., events
from location close and, upwind of an IMS station lead more often to detec-
tions than locations farther from an IMS station. The spatial distribution for
this scenario is shown in Figure 1a.

The meteorological patterns around the equator play a major role in the
detection capability. Trade winds carry air masses from lower/higher latitudes
towards the equator; Hadley cells keep air masses trapped in loops between
the equator and the circles of ±30 degrees latitudes. The Intertropical Conver-
gence Zone27 (ITCZ) is a low pressure belt of a few hundred kilometers width
close to the equator, where the trade winds collide. This leads to the formation
of zones with low air velocities or even windless regions. The transport of air
masses to monitoring stations is severely limited in these areas. For latitudes
beyond ±30 degrees the detection probability is clearly higher and more uni-
formly distributed. The effects of these meteorological patterns, especially in
the equatorial region, can be observed in Figure 1a and are identified as the
main reason for lowering the total network coverage in this basic scenario.

In the second scenario, subsurface nuclear explosions, underground and
underwater, are assumed in the absence of a radioxenon background. Subsur-
face, nuclear explosions, whether underground or underwater, are more likely
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Figure 1: Spatial dependence of network coverage for different scenarios, averaged over
one year for each grid point. In each scenario the meteorological patterns surrounding the
equator have a major influence. (a) Atmospheric, hypothetical explosions without
radioxenon background. (b) Subsurface, hypothetical explosions without radioxenon
background. (c) Subsurface, hypothetical explosions including radioxenon background
from known, legitimate sources.
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Figure 2: Time series of network coverages for the year 2010. The three scenarios produce
time series with very similar characteristics. Moving from above-surface to subsurface
explosions reduces the network coverage clearly, while the introduction of the background
has an additional (but smaller) negative effect.

to be military tests. As mentioned above, underground nuclear explosions are
considered with a 1 percent leakage from a 1 kt explosion within one time
interval, while as explained above a full release from a 10 kt explosion is as-
sumed for underwater explosions. However, underwater nuclear explosions are
historically rare and would be most likely picked up by the IMS hydroacoustic
component, but radioactive proof of such an event is in the scope of the IMS
radionuclide and noble gas component. For a successful detection the concen-
tration cne must exceed the local MDC. Averaged over each day this scenario
has a network coverage of ηsubs = (77.9 ± 2.8) percent. This means that the
relocation of nuclear explosions from surface to the subsurface decreases the
theoretical network coverage on average by 7.9 percent. The daily values in-
clude a minimum of 71.5 percent and a maximum of 84.0 percent. Since the
emissions sea-based grid points were kept constant from the previous scenario,
the lowered emissions from land-based grid points must be responsible for this
decrease. This is seen in Figure 1b, where the distribution over sea-based grid
points is the same as for the previously discussed scenario of surface events.
The spatial distribution includes again the effects of the ITCZ over large parts
of the Atlantic, the Indian, and in particular, the Pacific Ocean. When com-
paring Figures 1a and 1b nearly all land masses show a reduction in the local
detection capability. However, the reduced emissions form subsurface nuclear
explosions in equatorial regions together with the peculiar meteorological pat-
terns lead to a clear decrease of the detection probability especially in East
Africa, in the northern regions of South America, the Indian Subcontinent,
and parts of South East Asia. Additionally to regions with oceanic water also
some smaller seas, such as the Mediterranean, the Caspian Sea, or the Great
Lakes in Northern America can be identified in Figure 1b via their heightened
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Figure 3: Spatial dependence of network coverage during selected time periods.
(a) Heightened network coverage during 23–27 January 2010. (b) Lowered network
coverage during 26–30 March 2010. (c) Heightened network coverage during June-August
2010.



224 Schoeppner and Plastino

detection probability. Their size exceeds the distances between the local grid
points.

Thirdly, the most realistic scenario for calculating the network coverage is
not only to assume subsurface explosions where possible, but also to take into
account the global background. When including the radioxenon background,
as discussed above, a detection of radioxenon does not necessarily imply the
occurrence of a nuclear explosion. The existence of a background results in the
detection criterion that the concentration cne must exceed the local standard
deviation. For stations with a standard deviation below the MDC the former
criterion of cne exceeding the MDC is still valid. The application of this stricter
detection criterion results in a lowered global network coverage of ηsubs+bg =
(76.4 ± 2.8) percent. The time series of daily values include a minimum of 70.2
percent and a maximum of 82.7 percent. As to be expected, the further reduc-
tion is mainly caused by reduced detection capabilities for events in North-
ern America and Western Europe (see Figure 1c). This is due to the regional
higher density of NPPs and IPFs. Surprisingly events in East Asia that are
likely to be detected by JPX38 in Japan are not negatively affected by the
regional background from NPPs. However, previous research suggests that the
applied radioxenon emission inventory may generally and regionally be under-
estimated.28 Thus the real impact might be higher in certain regions and result
in a further decrease of the total network coverage.

However, expressing the network coverage in a single value neither em-
braces the contrast between regions nor the variability in time.

Spatial and Time Dependence Analysis

Seasonal Dependence
The general time dependence over the course of 1 year is very similar for all

three of the above scenarios. As seen in Figure 2 they share most characteristic
peaks on a day-to-day basis, e.g., the positive peak at the end of January 2010,
and also medium-term developments, for example, the high plateau between
June and August 2010. Large parts of the areas with low detection probability
are found in the tropical Pacific. This part of the world is not only subject to
the aforementioned trade winds, but also to the El Niño and La Niña oscilla-
tions.29 El Niño is most notably marked by an increased surface temperature
of the western Pacific, and La Niña by lowered surface temperature of the
equatorial eastern Pacific, both with temperature differences of at least ±0.5K.
In the contemplated year 2010, the maximum surface temperature differences
were ±1.5K with regard to the average.30 The effects, however, can be globally
observed with impact on atmospheric pressure in the Indian Ocean, on trade
winds in the south Pacific, and on general climate, e.g., also in Europe and
Africa. In the year 2010 El Niño peaked during January and ended in March,
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while from April to July the surface temperatures normalized. From August
onwards for the rest of the year La Niña was predominant. These time periods
correlate with the general development of the coverage over the year.

In the following, three selected time periods from the third scenario (sub-
surface + background) are analyzed due to their special characteristics. Dur-
ing the last third of January 2010 the network coverage exhibits a 5–7 days
positive peak with a maximum value of about 10 percent above the previous
and following local minima, as seen in Figure 2. The spatial relocation of the
network coverage is shown in Figure 3a. It is seen that the equatorial zones
with typical low detections have contracted. El Niño peaked in January and
the turning point of the surface temperature might have had an effect on the
transport mechanisms in the Pacific.

The spatial distribution of the minimum of the network coverage from 26
to 30 March has been plotted in Figure 3b. It is seen that the zones of lower
detection probability are still connected, having an extremely low detection
probability of down to 0 percent in wide areas, and cover significantly larger
areas than on average. The spatial distribution of detection probabilities of the
network coverage’s high plateau from June to August 2010 has been plotted
separately in Figure 3c. When comparing this 3-month period with the annual
distribution in Figure 1a, it is seen that the higher probability between June
and August 2010 is due to a different distribution of the equatorial meteoro-
logical patterns; the low-probability zones around the equator are smaller and
even clustered, i.e., separated from each other by zones of high detection prob-
ability.

This change of detection probabilities is believed to be caused by a partic-
ular behavior of the ITCZ. During these months, that is, during the Northern
summer, the ITCZ tends to move farther away from the equator and thus al-
lows hypothetical emissions to be more effectively transported. This meteoro-
logical behavior of the ITCZ is generally not observed during Southern sum-
mers (Northern winter), which is congruent with the generally lower simulated
detection probability from January to March 2010, as seen in Figure 2. Fur-
thermore, the occurrence of La Niña during these months may have influenced
the detection capability, especially for events in the Pacific area.

It is summarized that the seasonal dependence of the network coverage
can likely be attributed to meteorological effects around the equator and to the
seasonal dependence of transport mechanisms of the ITCZ.

Spatial Dependence
As seen from Figure 1c a high detection probability exists for wide areas

even for the subsurface/background scenario. As seen in Figure 4 the frequency
analysis shows a clear peak for detection rates above 90% percent. However,
if considering only the set of land-based grid points, the relative occurrence of
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Figure 4: Occurrence of grid points depending on the detection rate for the subsurface
scenario including the background. Land-based grid points have a lower occurrence of
high detection rates of above 90%.

such high detection probabilities is clearly reduced. This reduction is caused
by the assumed leakages of 100 percent for underwater and 1 percent for un-
derground events. The difference is further amplified by the larger number of
water-based grid points as 71 percent of the globe is covered by water.

The events from sea-based grid points tend to have high detection rates in
all scenarios. The differences of η in the three described scenarios are caused
rather by a changing detectability of land-based events. If, for example, as-
suming a scenario with a secretly conducted nuclear test, it is more likely that
this event will be underground. Therefore, it can be a reasonable consideration
to handle the land-based network coverage separated from the total network
coverage. In this case the network coverages of the three scenarios are shifting
from the previous values:

ηatmo;land = 91.1%(+),
ηsubs;land = 64.4%(−),
ηsubs+bg;land = 60.2% (−).
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In parentheses it is indicated whether the land-based coverage is higher
or lower in comparison to the global coverage. For the surface-event scenario
without background the land-mass network coverage is 5.3 percent higher
than the total network coverage. This is caused by the fact that the global
distribution of low detection rates is mainly found on the Pacific Ocean, i.e.,
on grid points above sea, and that the emissions of the land-based events are
in most cases strong enough to be detected. When moving to the scenario of
subsurface events without background the network coverage is 13.5 percent
less than for all events combined. This means that the land-based network
coverage is sensitive to the assumed emission (or leakage) from underground
tests. Also the coverage for the background scenario is smaller by 16.2 per-
cent when compared to the global value, indicating that land-based events are
more impacted by the radioxenon background than sea-based events. This is
plausible because the radioxenon emitters are found on land and are affecting
nearby stations.

Non-Detectable Events
Previously the seasonal as well as the spatial dependencies of detections

have been discussed. In order to understand the parameters influencing the
network coverage it is necessary to also discuss the spatial distribution of the
non-detections. In the above-described simulations of hypothetical nuclear ex-
plosions an event can remain undetected due to the following two factors:

1. The activity concentration arriving at an IMS noble gas station does not
fulfil the necessary detection criteria; or,

2. The plume of the emissions from the event does not reach any IMS noble
gas station within the simulation time of 14 days.

In cases of (1.) the emission strength and/or the leakage of radioxenon ver-
sus the legitimate background is the main factor in determining whether the
event can be detected or not. In cases of (2.) the simulations predict that the
radioxenon emissions of the event will stay undetected in any case within the
simulation time of 2 weeks, i.e., they are non-detectable independent of their
emission strength.

For every grid point, for which explosions have been assumed, the num-
ber of non-detections due to (2.) is counted for the whole time period. Scaled
to the total number of simulated events per grid point, the percentage of non-
detectable events is calculated for each grid point. This results in a total per-
centage of non-detectable events of 13.2 percent. Naturally, this value is in-
dependent of the leakage and the background, and therefore identical for all
three of the presented scenarios. The global distribution is plotted in Figure 5,
where it is observed that the spatial distribution is very similar to that of the
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Figure 5: Probability distribution of non-detectable events where emissions do not reach the
IMS noble gas component. The spatial distribution is very similar to the scenario shown in
Figure 1a, where the meteorological patterns surrounding the equator are mostly
responsible for the characteristics.

basic, surface explosion scenario presented in Figure 1a. Taking into account
the total network coverage for the surface scenario of 85.8 percent and the
share of non-detectable events of 13.2 percent, only 1 percent of the above-
surface events did not evoke a detection due to the emission strength being
too small. The analogue calculation for subsurface events without background
results in a share of 8.9 percent of events that are in principle detectable by to-
day’s network (10.4 percent for subsurface events with additional background).
In these cases one or a combination of the following factors prevents detection:
too low emission strength, too high atmospheric dilution and/or too high detec-
tion criteria.

The global impact of the legitimate radioxenon background seems rather
small, but on a regional scale it can have significant effects as seen when com-
paring the land mass of North America in Figures 1b and 1c. However, the
presented approach treats by definition all grid points equally, including points
above sea. In a CTBT scenario of a secret (or faked) nuclear test, one might be
more interested in land-based and especially underground scenarios.

Table 1 gives an overview over how the network coverage changes for the
three different scenarios for land and sea-based events. Additional to the net-
work coverage, also the shares of non-detectable and not-detected events are
listed. For land-based events the percentage of non-detectable events is re-
duced to 5.9 percent.

According to Figure 5, these events are also located in equatorial regions
and are results of the typical meteorological patterns. The remaining share of
events that have not been detected is due to the fact that the concentrations
that arrive at the receptor have not been identified as unusually high. This
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Table 1: Network coverages and shares of non-detections for global, land-based
and sea-based events.1 Non-detectable events have emissions that do not reach
an IMS noble gas station within 14 days. The remaining share denotes events (not
detected), for which a simulated emission reaches at least one IMS noble gas
station, but does not fulfil the detection criteria, i.e. the concentration is too low.

Scenario Surface (%) Subsurface (%) With background (%)

Total Network coverage 85.8 77.9 76.4
Non-detectable 13.2 13.2 13.2
Remaining 1.0 8.9 10.4

Land Network coverage 91.1 64.4 60.2
Non-detectable 5.9 5.9 5.9
Remaining 3.0 29.7 33.9

Sea Network coverage 83.5 83.5 83.0
Non-detectable 16.2 16.2 16.2
Remaining 0.3 0.3 0.8

Note. 1As discussed earlier, a release of 1016 Bq of xenon-133 is assumed for surface (land-
based) and all sea-based explosions and 1014 Bq of xenon-133 is assumed for underground
(land-based) explosions to emphasize the difference between tests with low and high releases,
and their influence on the global coverage. As seen in Figure 5 even the coverage of sea-
based events with their higher emissions suffers predominantly from the emissions not reaching
an IMS station.

share of not-detected events clearly rises to about 30 percent for subsurface
scenarios with and without background. This leads to a network coverage of
60.2 percent for the scenario of land-based, subsurface explosions and exist-
ing background. The network coverage for sea-based events remains almost
constant and shows only a low dependence on the radioxenon background. The
major part of the not detected, land-based events is found in equatorial regions
of South America, Africa, and India, as seen when comparing Figure 1a to 1c.
For the subsurface-with-background scenario these regions are tending to have
a detection capability of 25 percent or even significantly below. Large parts of
the landmasses of North America are affected by a less significant, but more
uniformly and more evenly distributed loss in the detection capability due to
the high number of radioxenon emitters.

The share of non-detectable events and its spatial distribution can only be
overcome with additional IMS noble gas stations. Additional stations would de-
crease the average distance between CTBT-relevant events and noble gas sta-
tions, and therefore also decrease the dilution factor. This would increase the
relative impact of such events on the legitimate radioxenon concentration at
noble gas stations. On the other hand, the detection probability for events that
are in reach of a monitoring station, but are not detected due to non-fulfilled
detection criteria, can be potentially improved by additional noble gas stations,
a sophisticated categorization scheme (to decide whether or not a sample sig-
nifies a detection), and a reduction of the legitimate radioxenon background.
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Global Coverage
From the beginning the IMS has been designed to evenly cover the world’s

surface without any focus or emphasis on areas such as former nuclear test
sites. In order to reach this goal the monitoring stations have been scattered
more or less uniformly over the globe. Due to the more uniform dispersion
of waves in the earth, the ocean and the atmosphere the equal coverage can
be fulfilled more easily for the waveform technologies than for the radionu-
clide monitoring network. As it has been shown the effectiveness of the lat-
ter is subject to non-uniform meteorological patterns. The distribution of sta-
tions contradicts the distribution of wind patterns and station density should
be increased in equatorial regions. Known test cases for the IMS have been
the three North Korean nuclear tests in 2006, 2009, and 2013. While the
tests were announced by the North Korean government, all three were seis-
mically detected. Furthermore, in May 2010 multiple IMS stations in South
East Asia picked up traces of various radionuclides and noble gases.31 How-
ever, the source type and source location of those detections is still subject to
controversy. A nuclear test or accident in the North Korean region cannot be
excluded, while detections from a South Korean non-IMS station improved the
backtracking capability.

For the test of 2006 with a yield of 0.65–1.1 kt the closest downwind sta-
tion, in Takasaki, Japan, was not operational, but suspicious concentrations of
xenon-133 were detected in Yellowknife/Canada.32 For the test of 2009 with a
yield of 1.5–4.5 kt, though stronger than the previous test and with the Japan
station operating, no noble gases have been detected. For the test of 2013 with a
yield of 6–9 kt concentrations of radioxenon were only detected about six weeks
after the test.33 In contrast to this the network coverage shows a high proba-
bility to detect emissions from this region. The containment of noble gases in
the cavity of the explosion seems to play the most important role in the three
cases of North Korean tests. This means that successful detection is not only
dependent on the atmospheric transport, the detection system, and the back-
ground, but also highly dependent on the leakage from the underground into
the atmosphere.

Beyond this, the coverage of other states is of interest, with special empha-
sis on the Annex-2 states; of scientific interest to provide a global coverage and
of political interest for the forthcoming CTBT ratification process. The follow-
ing Annex-2 states have significant regions within their borders with an an-
nual detection average of less than 50 percent: Algeria, Argentina, Australia,
Bangladesh, Brazil, Canada, Chile, China, Colombia, Congo, Egypt, India, In-
donesia, Iran, Mexico, Pakistan, Peru, Spain, South Africa, and the United
States.

Though some states, for example, the United States, are affected by the
radioxenon background, in most cases the meteorological patterns are the
main cause. The future coverage of the Indian subcontinent will depend on
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the location of the planned monitoring station. However, the difficulties of a
reliable verification regime are used by some countries as an argument against
the ratification of the CTBT.34 Thus, these regional blind spots of the IMS noble
gas component could affect the position of states towards the CTBT in various
ways. First, it supports the arguments against the ratification of the CTBT.
Second, the existence and location of these blind spots could potentially mo-
tivate affected states to keep open an option for a nuclear weapons program.
Thus, it is of importance and in the interest of a verifiable CTBT to extend the
number of noble gas monitoring stations.

It is recommended to add more stations, especially in equatorial areas,
to account for meteorological patterns. Any further regional extensions of the
noble gas monitoring network would also depend on the further global growth
in background radioxenon.

Summary and Recommendations
The IMS noble gas stations have been distributed more or less evenly

across the globe and as a result do not account for the meteorological trans-
port processes in the equatorial region. Therefore, blind spots exist, lowering
the detection probability of nuclear explosions. Furthermore, the distribution
of legitimate radioxenon emitters, which follows mainly economic factors, has
not been taken into account. These facilities have clearly a negative, but more
regional than global, impact. This means that an IPF can noticeably decrease
the coverage in downwind regions, but the net impact on the global coverage
of the Earth’s surface including the oceans is minor. However, due to the eco-
nomic nature of the medical isotope market the number of emitters and their
releases will certainly change over time. Accordingly the impact on the de-
tection capability will change regionally. Therefore, it is of significant interest
for an effective and stable noble gas detection capability to reduce or at least
maintain the existing background, which is mainly created by IPFs. In the in-
terest of the treaty it is desirable that new facilities follow a proposed emission
maximum, e.g., 5 GBq/day.35 This guideline is easier to implement for upcom-
ing facilities than for existing ones. The latter have little reason to make costly
changes to already state-approved processes within their facility, which do not
stand in contradiction to any respective law.

Further improvement is possible by better understanding the noble gas
background and more sophisticated detection criteria, e.g., including isotopic
ratios and/or time series analysis.

However, at the moment the biggest enhancement of the noble gas compo-
nent could be gained by adding more stations in certain equatorial regions. The
issue of emissions that do not reach a monitoring station within the simulation
time of 2 weeks negatively affects the IMS noble gas component in its purpose
to prove the nuclear character of an event. In such a scenario one would have
to rely on other means of verification, such as waveform technologies, on-site
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inspections and/or diplomatic clarification. The noble gas component has not
reached its full potential and will benefit from additional stations.
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