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ABSTRACT

We report in this study the infrasound signal measured consistently at four stations in Fennoscandia, associated with
the development of two intense cyclones, called polar lows, over the Norwegian Sea. When conditions of propagation
are favourable, the infrasound signal comes from the direction of the polar lows, and it follows their track. The results
thus, tend to confirm those of a previous study who claimed that an outbreak of three polar lows generated clear
infrasound to distances up to 1000 km, according to measurements acquired in Northern Norway and on Svalbard.
Because the conditions of propagation of infrasound depend on the state of the atmosphere between the sources and
the receivers, signals may remain undetected, which limits the capability of a systematic early warning system, and
also of a global monitoring of polar lows. However, the recorded signals might reflect on-going source processes,
since convection associated with the polar lows is detected using microwave satellite observations in the areas from
which the signals emanate. This suggests that at least part of the signal is due to turbulence induced by convection,
in agreement with the earlier study. Nevertheless, more evidence of broadband infrasound measurements of polar
low cases have to be examined in order to be able to fully assess the role of other possible sources (swell, surf,
lightnings, ...). The addition in Northern Norway in late 2013 of the IS37 infrasound station of the International
Monitoring Network, developed for the verification of the Comprehensive nuclear-Test-ban Treaty, will provide new
opportunities to further investigate this issue.

Keywords: polar lows, infrasound, convection

1. Introduction affected coastal regions. In the Northern hemisphere, although
they may occur over other open sea areas, such as the Labrador
Sea, the Japan Sea, the Gulf of Alaska, they are mainly observed
over the Norwegian and Barents Sea. Over these seas, for the
period 1999-2013, 14 PL events per winter occurred on average,
with a strong inter-annual and intra-seasonal variability (Rojo
et al., 2015). PL speeds of propagation range between 5 and
13 m/s, but are observed to be highly variable among cases and
even during the lifespan of individual PLs. To a considerable
extent, the direction of movement is controlled by the large-scale

Polar lows (PL) are intense high-latitude maritime cyclones,
characterised by their small horizontal (200—600 km) and verti-
cal (up to 5 km) scales, as well as a short lifetime of typically one
to two days (Rasmussen and Turner, 2003). They develop when
very cold air is advected over relatively warmer water. Because
they are associated with severe conditions (large amplitude ocean
waves, near-zero visibility, heavy precipitation, thunder.e.g.
Claud et al., 1993), they represent a real hazard for all maritime
and coastal activities (fishing, oil drilling, navigation). They how-
ever, remain difficult to forecast due to their suddenness and the
rarity of conventional observations at these latitudes. In the past,
it even happened that some polar lows went undetected until they

flow in the lowest atmospheric layer. A vast majority of PLs move
southward or south-eastward, although a substantial number of
PLs have westward and even northward tracks (Rojo et al., 2015).

A variety of mechanisms can play a role and be determinant
for the development and maintenance of these systems, result-

ing in a long controversy. It is now agreed that there is a large
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Fig. 1. AVHRR (Advanced Very High-Resolution Radiometer) imagery for 19 November 2008, 05:40 UTC.

‘spectrum’ of polar lows (Turner et al., 1993) going from purely
baroclinic to purely convective systems, and including hybrid
systems. It is even observed that some cases, mostly baroclinic
in their incipient stage, can acquire a convective component,
later in their development (e.g. Claud et al., 2004).

It is known that convective storms can be an efficient source
of infrasound over a wide frequency range (e.g. Georges, 1973;
Sindelarova et al. 2015), and potential sources have been exten-
sively studied. A paper in 1995, indeed presented infrasound
measurements of a PL outbreak in the Norwegian/Barents Sea
by two stations in Norway and Svalbard (Orbaek and Naustvik,
1995). These authors considered an outbreak of three PL, which
occurred during the period 23-27 March 1992. The infrasound
measurements were obtained at Skibotn in Northern Norway
and Hornsund on Svalbard and covered a frequency range of
0.2—13 Hz. The PL were shown to generate clear infrasound sig-
nals at a frequency range of 2—8 Hz to distances up to 1000 km.
Authors attributed the signal to turbulent convection. However,
no further study followed this one. Now, progress in propaga-
tion modelling in realistic middle and upper atmosphere model
(e.g. Evers and Haak, 2010) specifications together with the
development of other monitoring techniques like satellite
observations, allow a revisit of this issue. An early signature
of incipient PL would be of great value for their forecast.
Indeed, while some cases seem predictable in numerical weath-
er prediction models once the PL has formed, the predictabil-
ity of PL is extremely variable among the cases (Kristjansson
et al., 2011). Yet, their impacts on society are highly signifi-
cant, and retreating sea ice in the context of on-going climate

change exposes new ocean areas to extreme weather systems
such as PL (e.g. Rojo et al., 2015). PL thus, stand as a perfect
example, where infrasound measurements could aid in numeri-
cal weather predictions of extreme weather, provided that their
signature can be unambiguously extracted. In order to explore
the potential of infrasound to monitor PL, a period of seven
days in November 2008 has been considered, during which two
PL developed over the Norwegian Sea.

The paper is organised as follows. Section 2 offers a brief
description of the weather situation and the two PL considered
in this study. In Section 3, the infrasound data and their
processing are described. Infrasonic signatures recorded at the
four stations of the Swedish-Finnish Infrasound Network are
presented in Section 4. Finally, the results are summarised and
discussed in Section 5.

2. Case studies

The period of interest was characterised by the formation of two
intense PL that developed at the rear flank of a large-scale low,
within a persisting cold air outbreak over the Norwegian Sea
(Mallet et al., 2013). This large-scale low came from the Den-
mark Strait, crossed the northern part of the Norwegian Sea head-
ing towards Northern Norway and the coast of Troms County.
PL1, the first polar low, formed at around 19:00 UTC on
18 November 2008 close to the Northern coast of Norway
at the boundary between the relatively calm inner part of the
synoptic low and a much stronger north-easterly wind further
west. At that time, the cloud signature was characterised by a
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Fig. 2. Same as Fig. 1, but for 20 November 2008, 11:22 UTC.

wave-like pattern radiating out along the spiral axis of the low,
a good indicator of the strong winds, and from 01:38 UTC on
19 November, the cyclone rearranged into a distinct eye cloud-
free pattern (Fig. 1). This experienced a strong development
in the evening of 18 November and diminished shortly after
20:00 UTC on 19 November, in the Vesteralen area. During its
25-h life span, PL1 propagated slightly south-eastward in the
direction of the Norwegian coast. It decayed half a day after
making landfall. PL1 deepened down to 971 hPa and maximum
surface wind speeds of 28 m/s surface winds were recorded.
The second polar low (PL2) developed a few hours after PL1
dissipated. From 01:38 UTC on 19 November, satellite imag-
es reveal the development of a deep convective cloud mass at
the interface between cold and warm air masses located along
longitude 5°W and to the north of latitude 70°N. PL2 acquired
a well-defined spiraliform structure from 09:43 UTC on 20
November. During its relatively short lifespan of about 19 h,
PL2 propagated south-eastward with an average mean speed
of 12 m/s and decayed upon reaching land at 21:30 UTC on
20 November. PL2 was characterised by a closed minimum
in mean sea-level pressure (mslp) of 967 hPa and extremely
strong surface wind speeds (38 m/s). The intensity of PL2 is
further revealed by its structure patterns: a narrow eye (aver-
aging 360 km on average) encircled by convective clouds (Fig.
2). It is interesting to note that the Norwegian Meteorological
Institute issued an extreme weather warning on 20 November
2008, for Trondelag County: « Intensifying wind, reaching
full storm 30 m/s at the coast North of the Trondheim Fjord.
Strong winds and snowfall will give difficult driving conditions.

Significant wave heights of 10-12 m is expected along the
coast this evening and maximum wave heights above 20 m. The
strongest winds coincide with high tides » (Nordeng, 2009).

3. Data and methods

Data from four infrasound stations, namely Lycksele, Jimton,
Sodankyld and Kiruna (from south to north), have been con-
sidered (available on http://www.umea.irf.se/). Each infrasound
station consists of a tripartite array with three Lidstrom micro-
phones separated by 75 m in the north-south and east-west
direction, respectively. The system and the data have been
described in detail by Liszka (2008). Here, we review some
major features, which are important to consider when compar-
ing the reported results with data from other infrasound sensors.
Each microphone is located inside a wind barrier to reduce noise
generated by the turbulence in the air flow. The usage of wind
barriers means that air pressure fluctuations do not propagate
through narrow pipes as in the spatial filters currently in use at
IMS (International Monitoring System) array sites. Hedlin and
Raspet (2003) have conducted an experimental comparison of
wind barriers and spatial filters. They reported two major dif-
ferences that may be of importance to keep in mind when com-
paring the detectability (or non-detectability) of unconventional
infrasound sources, such as PL. Firstly, for a sensor inside a
wind barrier, both the ambient signal and the noise enter from
free air and therefore, dispersion of broadband signals that is
known to occur in the narrow pipes of spatial filters is not a
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Fig. 3. Azimuth and amplitude (Logarithmic scale) at the four stations during the period 19-25 November 2008.

concern. Secondly, the fact that signals and noise are received at
a single point inside the barrier presents a potentially significant
advantage compared to spatial filters, which rely on the differ-
ent coherence lengths of signal and noise. Another important
feature is the frequency response of the infrasound sensors. The
Lidstrom microphones covers a frequency range from 0.5 to
6.0 Hz, while microbarometers installed at IMS stations and
elsewhere, in addition to this range, are sensitive to infrasound
of frequency at least one order of magnitude lower (Ponceau
and Bosca, 2010).

The Progressive Multi-Channel Correlation algorithm
(PMCC; Cansi, 1995; Le Pichon et al., 2010) has been used to
detect coherent energy. This algorithm is a time-domain corre-
lation method in sliding time-windows and narrow frequency
bands. The estimation of the wavefront characteristics (azi-
muth, phase velocity, frequency) is performed in 10 adjacent
filter bands between 0.5 and 4 Hz and window lengths of 10 s.
Microbaroms, surf along coastlines, industrial explosions are
dominant sources of signals, near-continuously detected in the
Fennoscandia region (Gibbons et al., 2015).

4. Infrasound observations

4.1. Azimuth and amplitude of the signal

Fig. 3 displays the azimuth and the amplitude of the signals
measured at the four stations for the period 19-25 November
2008. A coherent signal which corresponds to PL1 is observed
early on 19 November only at Kiruna mostly in the range
320-350°; the signal becomes then less clear. From 20 Novem-
ber onwards, the four stations show a consistent signal corre-
sponding to PL2, which continues on 21 November and even
on 22 November for Jamton. Later on, only a sporadic signal
can be observed. It might be that PL.1 entered into the zone
of silence. Alternatively, the amplitude suggests that the con-
ditions of propagation became less favourable after 06:00 UTC
on 19 November (significant decrease of the rms), which like-
ly explains why no signal of PL1 is measured after this time,
while they progressively become more favourable between 5
and 12:00 UTC on 20 November, depending on the stations.
While, strictly speaking, PL 2 has decayed (no visible vortex
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on satellite imagery, and see also Section 2), a strong signal
persists throughout 21 November, and even on 22 November
for Jamton. We will see below that a strong convective band, a
remnant of PL2, is very likely at the origin of this signal. From
23 November onward, propagation is probably inhibited, while
after 24 November, a scattered signature is measured.

If the stations are sorted according to their relative signal
strength, their internal order is Lycksele > Kiruna > Sodankyld
and Jamton. The order of the relative signal amplitudes roughly
corresponds to the order of the distances from the stations to
the polar low. Lycksele and Kiruna, which are located further
to the west and closer to the Atlantic Ocean, received a stronger
signal than Jamton and Sodankyld located further east and away
from the Atlantic Ocean. Note nevertheless that the propagation
conditions are affected by the strength, presence or absence of
atmospheric waveguides (Le Pichon et al., 2010).

4.2.  Origin and duration of the signal

On Figs. 4-6, the direction of arrival of the infrasound detec-
tions as well as the duration of the signal are superimposed on
the satellite images. Detections in a time window of 100 min
(+/-50 min) centred on the time of the satellite image are shown
by an arrow at the position of the station. Each segment points
to the estimated direction of arrival; the length of the arrow is
scaled to the duration of the detection.

Early in the morning on 19 November (at around 01:38 UTC,
Fig. 4a), the signal measured at Kiruna originates from PL1,
and the duration is consistent among the detections, slightly

larger to the north-east. At 04:59 UTC (Fig. 4b), the azimuth
has slightly narrowed, while PL1 has approached the coast. Lat-
er in the day, there is no signal detected, likely due to changes in
propagation conditions or background noise.

On 20 November, at 11:22 UTC (Fig. 5a), Kiruna and Jimton
record a signal consistent with the location of PL2. At 13:03 UTC
(Fig. 5b), the signal is measured at all stations, except Sodanky-
la,. Later on, at 19:47 UTC (Fig. 5c), there is a signal from cloud
structures that formed PL?2 for both Kiruna and Sodankyla, while
Jdmton and Lycksele measure a longer-lasting signal which may
originate from the coast. At Jamton, the beam is narrower. The
situation is rather similar at 21:27 UTC (Fig. 5d), with a slight
southward shift, consistent with the southward displacement of
the cloud structures of PL2. At that time, a cloud band north-west
of the cyclone has practically merged with the PL clouds.

On 21 November, while PL2 has decayed, the strong residual
convective band is probably at the origin of the signals, con-
sistently measured at the four stations. At 01:17 UTC (Fig. 6a),
only detections at Jamton display a longer duration, lasting
throughout the day. As time goes, the number of detections
tends to decrease before the signal totally vanishes late in the
day (Fig. 6b—c).

5. Discussion and conclusion

The term ‘infrasound’ refers to acoustic waves with frequencies
that are below the lower limit of human hearing (20 Hz). There
are several natural sources of infrasound, including volcanoes,

(b)

Fig. 4. AVHRR (Advanced Very High-Resolution Radiometer) imagery, plus direction of arrival of the infrasound detections and duration of the
signal for 19 November 2008 at (a) 01:38 UTC; (b) 04:59 UTC. (Note that the arrow at Uppsala indicates the arbitrary scale of 100 s). The length of

the arrows is scaled to the duration of the detection plus 100 s.
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Fig. 5. Same as Fig. 4 but for 20 November 2008 at (a) 11:22 UTC; (b) 13:03 UTC; (c) 19:47 UTC; (d) 21:27 UTC.

ocean waves, but also severe weather. Indeed a number of
observational studies have shown that severe storms can emit
strong infrasound in the 0.5-5-Hz frequency range (e.g. Bedard
et al., 2004; Szoke et al., 2004; Bedard, 2005; Passner and
Noble, 2006; Christie and Campus, 2010).

We report in this study signals measured consistently at four
stations in northern Fennoscandia, associated with the devel-
opment of two PL over the Norwegian Sea. The direction of
arrival of the signals is consistent with the paths of the PL. This
study thus, tends to confirm the results of Orbaek and Naustvik,
1995 who claimed that an outbreak of three PL generated

strong detectable signals to distances up to 1000 km, according
to measurements acquired in northern Norway and on Svalbard.
It must be stressed at this point that the propagation conditions
play an important role in the detection capability of infrasound
sources (Le Pichon et al., 2012), which might limit the perfor-
mance of an early warning system for monitoring PL. However,
when detected, some characteristics of the signals might reflect
on-going source processes, as will be discussed now.

There are different sources that may explain these signals.
The swell associated to the PL is a possible source, but could
not be investigated in this study due to the limited frequency
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Fig. 6. Same as Fig. 4 but for 21 November 2008 at (a) 01:17 UTC; (b) 11:15 UTC; (c) 19:24 UTC.

band of the available sensors (0.6—-4.0 Hz). Signals produced
by large surf, both in open sea and at the coast, may have also
contributed to the signature. This conclusion is reinforced by
the fact that the results presented above suggest two different
sources (both in terms of origin and duration), and this would
require further investigation. The detected signals could also
be associated to persistent emission from lightning flashes.
Another possible source could be strong turbulence associated
with convection. To further test this idea, we used passive
microwave satellite observations at 183 GHz; those channels
are indeed able to locate convective PL even in their incipient

stage, at a time when there is considerable uncertainty as to
the nature of the cloud structures seen in the visible or infrared
imagery. This detection is based on temperature depression due
to scattering by hydrometeors, as confirmed by comparisons
with radar data (Claud et al., 2009). These same channels will
however, fail to unambiguously detect weakly convective and
mainly baroclinic PL.

On Fig. 7, we present a sequence of microwave brightness
temperatures for the channel of AMSU-B (Advanced Microwave
Sounding Unit-B) covering 20-21 November. Over open sea,
values of the order or below 240 K can be regarded as convective
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areas, while convection can be considered as particularly in-
tense when values drop below 234 K. PL2 (Fig. 7a—) is mainly
composed of convective clouds, with the most intense convec-
tion found first in the north and gradually to the west; in addition
it is clear that the cloud band which is a remnant of PL2 on 21
November (Fig. 7d—e), is still extremely convective, which ex-
plains why there is still a clear signal measured at the infrasound
stations. Convection intensity decreases with time during the day,
but the convective band together with another one, practically par-
allel but to the north, can still be seen at 18:00 UTC (Fig. 7e).
While, this exploratory study shows convincingly that PL
leave an infrasound signature at a distance of hundreds of
kilometres, more case studies using broader frequency in-
struments have to be considered to draw firm conclusions
on the source mechanism involved in the pressure wave
generation from PL in high latitude regions. Today, current
numerical modelling techniques provide a basis for a better
understanding of the role of different factors describing the
source and the atmosphere that affect propagation predic-
tions (e.g. Norris et al., 2010). To better analyse the detected
signals, assess and optimise the infrasound network perfor-
mance at high-spatio-temporal resolution, continuing such

10°E

(b)

250

246

242

238

20°E 10°E

(c)

20°E

10°W 0° 10°E 30°E

(e)

20°E

studies should also consider full-wave propagation mod-
elling coupled with realistic station noise and atmospheric
specifications.

Considering its ideal setting near the ocean, the low-
background noise at the recording site and the broadband
microbarometers used the installation of the IS37 IMS station
in Northern Norway in late 2013 (Gibbons et al., 2015) will
provide new opportunities for further investigations regarding
the aid in numerical weather predictions of extreme weather
such as PL. In addition to the new case studies it will permit,
further work dealing both with the assimilation of infrasound
measurements in atmospheric models and with a better under-
standing on how atmospheric variability affects the ability of
the infrasound network to detect atmospheric extreme events
will be of primary importance for addressing this issue.
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