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[1] Multiyear continuous infrasound monitoring with the global International Monitoring
System (IMS) demonstrates that microbaroms, generated by nonlinear interaction of
opposing oceanic surface waves, are globally observed at equatorial, middle, and high
latitudes. Direction of arrival of microbarom signals are systematically estimated at all IMS
infrasound stations. Using a cross-bearing method, we perform a monthly localization of
worldwide microbarom sources. At most stations, microbarom detections show clear
seasonal trends, driven by stratospheric wind reversals and source effects. Five-year
averaging of the detections provides global and statistical observations of seasonal source
variations. Our microbarom source locations represent a first attempt to infer ocean swell
characteristics from global and long-term measurements. We show that the monthly
averaged source locations exhibit clear seasonal switching between the northern and
southern hemispheres. Such an approach can help with evaluating the network detection
capability, and provides new insights into quantitative relationships between infrasonic
observables, atmospheric specifications, and ocean–atmosphere interactions.

Citation: Landès, M., L. Ceranna, A. Le Pichon, and R. S. Matoza (2012), Localization of microbarom sources using the IMS
infrasound network, J. Geophys. Res., 117, D06102, doi:10.1029/2011JD016684.

1. Introduction

[2] The global International Monitoring System (IMS)
infrasound network, constructed for compliance with the
Comprehensive Nuclear-Test ban Treaty (CTBT), enables
continuous monitoring of the atmosphere. In addition to its
primary function of detecting nuclear test explosions, the
IMS network offers an opportunity to study background
noise sources on a global scale [Hedlin et al., 2002]. In turn,
such studies permit assessments of the network performance,
discrimination of signals of interest, and improvements to
atmospheric models [Le Pichon et al., 2010]. Background
infrasonic noise is usually characterized by an energy peak
between 0.2 and 0.3 Hz associated with so-called micro-
barom signals. The mechanism of microbarom radiation was
first described by Longuet-Higgins [1950]. He explained
how two waves of the same frequency, with opposite
directions of propagation, can generate waves that excite the
ocean floor producing microseismic noise [Hasselmann,
1963; Webb and Cox, 1986; Webb, 1992], and radiate
acoustic waves in the atmosphere [Posmentier, 1967; Arendt
and Fritts, 2000; Waxler and Gilbert, 2006]. In the micro-
barom frequency band, the waves can propagate thousands
of kilometers in atmospheric waveguides with weak attenu-

ation [Sutherland and Bass, 2004] and may be a potential
heat source in the upper atmosphere [Rind, 1977; Hickey
et al., 2001].
[3] Detection capability is a key concern with the IMS

infrasound network. Microbaroms are known to interfere
with the detection of explosive events [e.g., Evers and Haak,
2001; Stevens et al., 2002] and to complicate the identifi-
cation of long-range volcanic eruption signals [e.g., Matoza
et al., 2011]. In this context, constraints on microbarom
source regions provide useful information for discrimination
purposes. Microbarom source region estimates may also be
useful for tomography studies. Global and continuous
monitoring of microbaroms could allow the vertical structure
of high-altitude winds and temperature to be recovered
[Donn and Rind, 1971]. Previous analyses of observations at
individual stations [Rind and Donn, 1975; Garcés et al.,
2004; Brachet et al., 2010] showed that microbarom detec-
tions are essentially driven by the seasonal variations of the
stratospheric winds [Le Pichon et al., 2006]. However,
estimates of source parameters such as source location and
intensity are crucial for using microbarom signals as input in
atmospheric remote sensing methods. We note that Haney
[2009] performed microbarom waveform cross-correlation
between infrasound stations separated by 13.5 km to infer
local atmospheric structure. The method of Haney [2009]
does not require the microbarom source location to be known.
[4] Seismological studies also indicate a seasonal varia-

tion in the microseism source region using seismic noise
recorded by multiple networks [Gerstoft et al., 2008; Landès
et al., 2010]. The results of these studies are consistent
with numerical simulations from Kedar et al. [2008] which
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combine Longuet-Higgins’ theory, wave models and bathym-
etry to predict the excitation intensity of microseismic surface
waves. Following these microseism studies, we present global
source locations of microbaroms using a simple cross-bearing
approach and five-years of continuous recordings at all IMS
stations operating between 2006 and 2010. We then discuss
seasonal trends in the reconstructed source regions.

2. Data and Observations

[5] IMS infrasound stations consist of arrays of at least 4
microbarometers with 1 to 3 km aperture. At almost all sta-
tions (Figure 1), continuous microbarom signals are detected
as quasi-monochromatic signals coherent across the array,
with a dominant frequency between 0.2 and 0.3 Hz. The
wave parameters (e.g., azimuth, amplitude, apparent velocity
and frequency) of these signals are calculated using the
Progressive MultiChannel Correlation (PMCC) algorithm
[Cansi, 1995]. A PMCC “pixel” represents coherent acoustic
energy in a single time-frequency bin. Pixels of similar
wavefront properties are grouped into “families” [Cansi,
1995]. In this paper, a detection is defined as a PMCC family.
[6] The data used in this study include all detections from

39 IMS stations and two additional arrays (FLERS, France;
IGADE, Northern Germany) which were also running
between 2006 and 2010. In order to clean the detection lists
and to discard detections from local sources, a simple cate-
gorization procedure is applied [Brachet et al., 2010]. From
this data set, we extract long duration detections with fre-
quencies between 0.1 and 0.4 Hz. Furthermore, detections,
with a root-mean square (RMS) amplitude that differs by 4
standard deviations or more from the mean amplitude of
all detections at each station, are considered as outliers.
In addition, detections of poor signal-to-noise-ratio (SNR)

are removed (i.e., we keep detections composed of a mini-
mum of 15 pixels [Cansi and Klinger, 1997]). Overall,
a data set of nearly two million detections is constructed with
a median number of 11, 100 detections per station per year.
[7] To estimate the overall quality of microbarom detec-

tions for the entire network, we represent in Figure 2 the
monthly number of detections at each station between 2006
and 2010. Two stations (IS59 and IS02) have less than one
year of continuous recording and 30 stations have more than
3 years. However, the data set used in this study is large
enough to perform relevant statistical analyses. The station
distribution provides a nearly global coverage and the time
period investigated reveals clear seasonal trends. Previous
global-scale studies [Le Pichon et al., 2006] have already
shown that seasonal variations in observed bearings between
northern and southern hemispheres follow to first order the
prevailing stratospheric winds. This pattern is confirmed
in Figure 3.

3. Methods and Results

[8] Since microbaroms are not impulsive signals but are
rather quasi-monochromatic continuous wave trains [Olson
and Szuberla, 2005], traditional methods for point source
location using arrival times cannot be used. We present here
a simple cross-bearing approach aiming to statistically
reconstruct the main source regions. Monthly global location
maps are computed following a three-step procedure:
[9] 1. At a given station S, the weighting function PS

d

determines the confidence for a point M to be the source of
the detection d. At station M, this function is written as:

Pd
SðMÞ ¼ 1 if jqd � qSM j < 5� andDðS;MÞ < 10; 000km

0 otherwise

�

ð1Þ

Figure 1. Location map of the 39 IMS stations operational at the time of this study, and additional exper-
imental arrays in France (FLERS) and Germany (IGADE).
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where qd is the back-azimuth of the detection d as seen from
station S, D(S, M) and qSM are the distance and the azimuth
of the great circle path between S and M respectively. This
function defines a sector on the Earth centered on the
detected back-azimuth with a width of 10� and a radial dis-
tance of 10,000 km. The angle of 10� accounts for uncer-
tainties resulting from the combined effects of both the array
response at a typical IMS station of 1–3 km aperture
[Szuberla and Olson, 2004] and propagation effects [e.g.,
Le Pichon et al., 2005; Antier et al., 2007].
[10] 2. Then, we define the function PS proportional to the

probability of a source location at a point M generating
signals that are detected at station S:

PSðMÞ ¼ k ∑
d∈ES

Pd
SðMÞ ð2Þ

where ES is the set of all detections recorded at station S,
and k is a normalization factor such that

max
M∈Earth

fPSðMÞg ¼ 1 ð3Þ

[11] 3. Finally, the distribution P of the microbarom
source is the summation of PS functions weighted by a factor
fS over all stations. For a point M on the Earth, we have:

PðMÞ ¼ q∑
S
fSPSðMÞ ð4Þ

where q is such that max{P} = 1.
[12] To evaluate fS, we use the number of pixels, which

provides indications of the area of the detection in the time-
frequency domain [Cansi, 1995]. fS is defined by the average
of the number of pixels for all detections in ES.

Figure 2. Monthly distribution of number of detections for all stations. Stations are sorted by latitude.
Detections are counted in log scale. For each station, the upper limit of the y axis corresponds to
15,000 detections. The color codes the average azimuth of detections. The vertical gray bars correspond
to northern hemisphere winter (October to March). Small black dots indicate lack of data.
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[13] The resulting location maps correspond to the function
P evaluated on a 1� � 1� global grid in latitude and longitude.
[14] The monthly averaged spatial distributions of micro-

barom sources are shown in Figure 4. Artifacts in the loca-
tions, induced by the effects of poor azimuthal coverage and
the 10� uncertainties, are visible in Antarctica (especially in
March, October and November) and in North America (in
August and September), where the method shows sources
over land. These maps clearly show large seasonal trends,
with dominating microbarom sources in the northern hemi-
sphere during the boreal winter, and dominating sources in
the southern hemisphere during the austral winter. The
location maps exhibit different structures between the two
hemispheres. In the northern hemisphere, sources are mainly
concentrated in the Atlantic Ocean, south of Greenland, and
in the northern Pacific Ocean. In the southern hemisphere,
sources are distributed fairly uniformly along the peri-
Antarctic belt, between 45�S and 60�S. The variability in
intensity of these source regions may correspond to real
variability in the rate of microbarom generation, but may
also be partially explained by the non-homogeneous net-
work coverage. Furthermore, during the equinox periods,
locations are poorly constrained. The lack of precision
is likely due to unstable stratospheric waveguides, which
inhibit long-range propagation, resulting in fewer detections

and weaker SNR (Figure 2). This observation is consistent
with previous detection capability studies of the IMS net-
work [Le Pichon et al., 2009; Green and Bowers, 2010],
which predict an increase of the detection thresholds dur-
ing the equinox periods when stratospheric winds reduce
and reverse.
[15] Several factors introduce uncertainties in the location

maps. In particular, the local environment and array con-
figuration may explain large differences in the number of
detections. In order to avoid these effects, equation (4)
defines a normalization factor for each station. Therefore,
our location maps depend on the number of intersected
beams, rather than the number of detections. The resulting
maps do not track ocean swells but reflect the global distri-
bution of microbaroms sources radiating acoustic energy. To
compensate bias introduced by the less detections at some
stations, the location results are monthly averaged, enhanc-
ing seasonal trends and smoothing the source regions.
[16] Since back azimuths are not wind-corrected, errors

are introduced in the location procedure. However, the use
of a 10� range of uncertainty (equation (1)) is intended to
account for these errors. Despite the relatively simplistic
approach proposed, the located source regions are fairly
well constrained and are generally not above the conti-
nents. Moreover, location results are even more realistic and

Figure 3. Monthly distribution of number of detections for all stations. The size and the color of the cir-
cles are related to the logarithm of the number of detections (normalized for each station). The color of the
shaded areas codes zonal stratospheric wind strength predicted by the HWM07 [Drob et al., 2008] wind
model (computed on the 15th of each month at 40 km altitude).
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consistent when limited to areas defined by P = 0.7 (green
contour levels on Figure 4). This threshold is arbitrarily
chosen and does not have any physical interpretation.
However, the global coverage of the network and the large
time period covered give confidence to our location maps
with clear seasonal trends consistent over the five years.
This monthly averaging approach reduces the influence of
episodic storms and therefore provides reliable location
estimates of the dominating microbarom source regions.

4. Concluding Remarks

[17] Our maps are qualitatively consistent with seasonal
climatic trends. The dominant sources follow the north-south
variations in ocean storm activity in both hemispheres,
which can be observed in models of oceanic wave height
(e.g., NOAA Wavewatch III, http://polar.ncep.noaa.gov/
waves). Since larger waves means larger microbarom signals,
there is some correlation between wave activity and regions
of significant microbarom generation. However, large waves
are not enough. The commonly accepted source mechanism
for microbarom signals described by Waxler and Gilbert

[2006] is based on nonlinear interactions of counter propa-
gating waves [Longuet-Higgins, 1950].
[18] Following single station studies [e.g., Willis et al.,

2004; Le Pichon et al., 2006], our network processing
results permit global connection of microbarom observations
to infer ocean-atmosphere interaction processes. Future
work should compare our locations with numerical estimates
of microbarom source amplitudes using Longuet-Higgins’
theory. Estimates of the wave interaction term have already
been evaluated numerically to estimate microseism excitation
in the northern hemisphere [Kedar et al., 2008] and study
infrasound signals generated by cyclones [Stopa et al., 2011].
[19] As already shown by Donn and Naini [1973] and

Rind [1980] our results provide additional evidence that both
microseismic noise and microbaroms originate from the
same nonlinear source mechanism. Due to uncertainties in
our location process regarding both propagation and multi-
year averaging effects, and considering that a convincing
model for the influence of bathymetry on the microbarom
source mechanism has not yet appeared in the literature
[Waxler and Gilbert, 2006], only qualitative comparisons
with seismic results can be made. However, we note that

Figure 4. Monthly location of microbarom sources. The green contour level delimits regions where the
function P is higher than 0.7. Dark purple color corresponds to a high probability while white is associated
to null probability.
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microbarom and microseism sources are always in the open
ocean and follow the same seasonal trends between the north-
ern and southern hemispheres. In addition, location patterns
are comparable in the northern hemisphere winter when the
area south of Greenland is the dominant source region of both
microseisms and microbaroms [Landès et al., 2010].
[20] In conclusion, a multiyear analysis of low-frequency

detections on the IMS network allows the investigation of
seasonal trends in the global distribution of microbarom
source regions. Clear seasonal variations in the source
locations are observed. They highlight the potential of
combined microseismic and microbarom studies to improve
the knowledge of the same source mechanism over the deep
ocean. In order to improve our location maps, further work
would account for the effect of high altitude winds on the
detected azimuths. Comparisons with numerical models
combining intensity of wave interactions and atmospheric
propagation models should also be performed.
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