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Abstract Infrasound has a long history in monitoring SSWs. Several pioneering
studies have focused on the various effects of a major warming on the propaga-
tion of infrasound, described throughout this chapter. A clear transition can be
denoted from observing anomalous signatures towards the use of these signals to
study anomalies in upper atmospheric specifications. First studies describe the var-
ious infrasonic signatures of a major warming. In general, the significant change in
observed infrasound characteristics correspond to summer-like conditions in mid-
winter. More subtil changes are denoted during a minor warming, recognisable by
the presence of a bidirectional stratospheric duct. A combined analysis of all signal
characteristic unravels the general stratospheric structure throughout the life cycle
of the warming. From then on, infrasound observations are used to evaluate the
state of the atmosphere as represented by various NWP models. A new methodol-
ogy, comparing regional volcano infrasound with simulations using various forecast
steps, indicates interesting variations in stratospheric skill.
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1 Introduction

Sudden stratospheric warmings (SSWs) are important features of the winter atmo-
sphere (Charlton and Polvani, 2007). During such events, the strongest forcing of the
stratosphere on the troposphere is observed (Gerber et al, 2009; Tripathi et al, 2014),
influencing weather conditions and its predictability in the troposphere (Jung et al,
2010). Consequentially, improving the predictability of variability in stratosphere,
such as SSWs, is important to Numerical Weather Prediction (NWP). Infrasound has
shown its ability in probing the upper atmosphere (e.g. Donn and Rind, 1971; Le Pi-
chon et al, 2009). A key benefit of infrasound is the sensitivity to both temperature
and wind in a region where atmospheric observations are scarce. Beyond the lower
stratosphere, wind information is even missing completely (?? Chapter Lee et al).
SSWs are a good starting point to apply novel techniques based on infrasonic analy-
sis. Therefore, studying SSWs using infrasound is part of the roadmap on the use of
infrasound data for weather and climate monitoring of the Atmospheric Dynamics
Research Infrastructure in Europe - ARISE - project. This chapter describes how in-
frasound can provide additional insight in SSW events and how this information can
be used in current atmospheric models for, example given, stratospheric predictabil-
ity evaluation. First we elucidate the relation between infrasound and sudden strato-
spheric warmings and why studying these events is important for both weather and
climate as well as for infrasound montoring. Secondly, an overview of infrasound
studies of SSWs are listed, evolving from observations to a comprehensive approach
to explore the middle atmosphere. Finally, an outlook is given of this first step of
infrasound on the path towards data assimilation.

2 Sudden stratospheric warmings

SSWs are regularly occurring features in winter on the northern hemisphere (Charl-
ton and Polvani, 2007) characterised by dramatic changes in the stratospheric wind
and temperature. Sudden stratospheric warmings (SSWs) are the strongest mani-
festation of the stratosphere-troposphere interaction (Charlton and Polvani, 2007;
Shaw and Shepherd, 2008; Gerber et al, 2009).

2.1 Principle mechanism

In the stratosphere, the temperature increases with height to a maximum at the
stratopause due to the absorption of solar ultraviolet radiation by ozone (Holton,
2004). This unequal solar insolation induces a temperature gradient from summer
pole to winter pole, driving the circumpolar vortex. For this induced geostrophic
circulation, the Coriolis force balances the acceleration due to moment flux conver-
gence to maintain the thermal-wind balance (Muench, 1965). The seasonal variation
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in the atmosphere’s heat balance changes the direction of the polar vortex, typically
around the vernal and autumnal equinoxes. In summer, during polar day, the circum-
polar vortex is easterly, characterised by a stable stratospheric wind and temperature
structure. In winter, the westerly circumpolar vortex is stronger but unstable as vor-
ticity is not conserved.

During polar night, the high-latitude westerly jets provide a waveguide for verti-
cal propagation of quasi stationary planetary waves, primarily of zonal wave num-
bers 1 and 2 (Holton, 2004). Rossby waves propagate from the troposphere up
into the stratospheric polar vortex (Matsuno, 1971; Holton, 2004). When the win-
ter stratospheric polar vortex is triggered by the planetary scale disturbances, eddy
potential vorticity flux is deposited in the stratosphere. This Rossby wave break-
ing decelerates the zonal mean flow, reducing the pole-to-equator mean tempera-
ture gradient (Charney and Drazin, 1961). As the wind zonal mean flow is to re-
main geostrophic, the stratospheric polar temperature increases. Due to the repeated
Rossby wave breaking the stratospheric polar vortex gets highly distorted, breaking
the polar vortex. When these stratospheric changes are severe, it is known as a sud-
den stratospheric warming. Two types of SSW occur, a vortex displacement away
from the pole and a vortex split into two daughter vortices (Charlton and Polvani,
2007). SSWs occur mainly on the northern hemisphere since the enhanced upward
propagation of Rossby waves is primarily induced by continental blocking (Kodera
et al, 2013).

Sudden stratospheric warmings can be classified in four characteristic
scales, however, various definitions exist for each. The definition according
to the World Meteorological Organisation (WMO) and Labitzke (1977).

Major A latitudinal mean temperature increase poleward of 60◦ latitude
with an associated circulation reversal and breakdown of the po-
lar vortex.

Minor Zonal winds in the stratosphere and the meridional temperature
gradient weaken but do not lead to a breakdown nor reversing of
the polar vortex.

Canadian A warming with strong non-zonal character. The net zonal winds
can reverse but the polar vortex does not break down.

Final A major warming which occurs in late winter, due to the change
from polar night to polar day each spring.

2.2 Importance to weather and climate

The importance of the middle atmosphere increased notably since the evidence in-
dicating that processes in the stratosphere couple to the troposphere (Baldwin and
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Dunkerton, 2001; Limpasuvan et al, 2004; Charlton et al, 2004; Shaw and Shep-
herd, 2008). Progress has been made towards a more comprehensive representation
of the atmosphere in order to to better capture stratospheric-tropospheric coupling
(Randel et al, 2004; Charlton-Perez et al, 2013).

Significant effort has been made by NWP to better characterise SSWs. Accu-
rate SSW prediction is justified due to its delayed impact on the weather as experi-
enced on the Earth’s surface (Sigmond et al, 2013; Tripathi et al, 2015). Recently,
a significant update has been made to the numerical scheme in the stratosphere
of the Integrated Forecast System (IFS) at the European Centre for Medium-range
Weather Forecasts (ECMWF) (Diamantakis, 2014), leading to an improved charac-
terisation of SSWs. Since the stratospheric region is notoriously difficult to monitor
(?? Chapter Lee et al), NWP is limited to only a few satellite based radiance obser-
vation techniques in the stratosphere. These radiance observations are dominated by
Advanced Microwave Sounding Unit type A (AMSU-A), capable of capturing the
fast temperature variations related to the SSW. Due to this very rapid changes, the
NWP model first-guess field and assimilated observations can differ significantly at
the onset of a warming. Significant discrepancies result in a possible rejection of all
good AMSU-A data. Consequentially, the quality of both the stratospheric analysis
and forecast is inadequate (Diamantakis, 2014; Smets et al, 2016). Further improve-
ments in SSW predictions can be obtained from better resolving the stratosphere
(Gerber et al, 2009; Roff et al, 2011) and mesosphere (Coy et al, 2011) together
with assimilating data using additional techniques (?? Chapter Lee et al).

3 Infrasound and sudden stratospheric warmings

Infrasound, used as a waveform verification techniques for the Comprehensive
Nuclear-Test-Ban Treaty (CTBT), notably progressed in its ability as a remote sens-
ing technique for the upper atmosphere (e.g. Le Pichon et al, 2010). Since the treaty
opened for signing in 1996 (Dahlman et al, 2009), there has been a renaissance in the
development of using ground-based infrasound arrays for upper atmospheric remote
sensing (e.g. Lalande et al, 2012; Assink et al, 2013; Fricke et al, 2014; Chunchu-
zov et al, 2015). Latest tendencies of infrasound studies touch upon the evaluation
of stratospheric specifications, i.e., analyses (Assink et al, 2014; Le Pichon et al,
2015), ensemble members (Smets et al, 2015) and forecasts (Smets et al, 2016), and
the study of SSW events (e.g. Smets and Evers, 2014).

3.1 Sensitivity of infrasound to SSWs

Infrasound propagation strongly depends on the state of the atmosphere, which may
result in either reflection or refraction and attenuation of the signal. The low fre-
quency signals propagate efficiently over long distances, since attenuation is in gen-
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eral relatively low. In a horizontally layered atmosphere, infrasound propagation
can be approximated to first order by the effective speed of sound ceff = cT +wa,
a function of the adiabatic speed of sound cT ≈ 20.05

√
T for temperature T and

the horizontal wind in direction of propagation wa (Godin, 2002). Refraction of
the infrasonic signals is constrained by variations in the speed of sound gradient
(Brekhovskikh and Godin, 1999); propagating upwards for a decrease in sound
speed gradient and downwards for an increase. The refractivity or ducting of the
atmosphere can be indicated by the ratio of the effective speed of sound at an al-
titude with respect to the effective speed of sound at the ground. Signals refract
back to the ground when the effective speed of sound ratio is approximately one or
larger; indicating an atmospheric waveguide or duct. Therefore, infrasound is most
sensitive at the refracting or return altitude (?? Chapter Jelle).

In general, three different atmospheric waveguides can be differentiated: signals
refracting in either the troposphere, stratosphere, or thermosphere. The tropospheric
waveguide is mainly bound by wind, i.e., the jet stream around the tropopause
(∼10 km). The stratospheric waveguide depends on the increase of both wind and
temperature, induced by the temperature increase due to the presence of ozone driv-
ing the stratospheric polar vortex. Both tropospheric and stratospheric waveguides
are predominantly anisotropic due to the strong wind jets. Propagation in directions
opposite the tropospheric and stratospheric wind is hardly possible. The thermo-
spheric waveguide is dominated by strong positive temperature gradient above the
mesopause, causing more isotropic ducting. However, infrasound from these return
altitudes is strongly attenuated (Sutherland and Bass, 2004; Assink et al, 2012).
During SSWs, the top of the stratospheric waveguide may extend from the lower
stratosphere to the lower mesosphere. In addition, a SSW affects the atmospheric
waveguide, ranging from minor variations to dramatic changes, detectable in the
infrasound observations at the ground (e.g. Donn and Rind, 1971; Evers and Sieg-
mund, 2009; Hedlin et al, 2010; Assink et al, 2014).

3.2 Importance to infrasound monitoring

Improved knowledge and observations of stratospheric warmings is not only of great
interest to Numerical Weather Prediction but as well to infrasound monitoring pur-
poses, e.g., CTBT treaty verification. IMS infrasound network capabilities consid-
ering long range propagation aspects are determined by the state of the stratosphere.
Stratospheric variability, e.g., during equinox periods and stratospheric warmings,
strongly influences the detectability of infrasound (Le Pichon et al, 2008, 2010;
Tailpied et al, 2017). During the last decade, the number of studies coming across
odd atmospheric conditions related to SSWs has increased significantly.

On 19 February 2008 a large bolide were observed by several hundreds of broad-
band seismic stations in the U.S. Pacific Northwest. Hedlin et al (2010) encounter a
unexpected predominant easterly propagation direction of the acoustic-to-seismic
signals related to a sudden stratospheric warming event. Infrasound propagation
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simulations using ECMWF/ G2S atmospheric specifications were unable to explain
the observation. The study of Hedlin et al (2010) indicates for the first time discrep-
ancies in atmospheric models by infrasound during a stratospheric warming.

In 2009 and 2011, three large-scale infrasound calibration experiments were con-
ducted to test the International Monitoring System (IMS) infrasound network of
the CTBT and provide ground truth data for infrasound propagation studies (Fee
et al, 2013). For the 2011 experiments, portable infrasound arrays in the source
region were deployed to the east of the of the source, aiming to take advantage
of the typically winter westerly tropospheric and stratospheric winds. However,
prior to the 2011 tests a minor stratospheric warming occurred (see Subsection sub-
sec:Assink2014b), changing the stratospheric duct from westerly to easterly. Infra-
sound propagation and detectability were strongly influenced. The results of the Sa-
yarim experiments, designed to test the IMS, would have been significantly different
if the explosions had occurred a week earlier.

The study of De Angelis et al (2012) demonstrates an automatic infrasound and
seismo-acoustic eruption detection algorithm for real-time volcano monitoring op-
erations in remote regions. Acoustic propagation modelling shows how strong tro-
pospheric ducting allow infrasound to travel long distances across the Aleutian Arc.
For the stratospheric signals, De Angelis et al (2012) point out an unusual winter
stratospheric jet characterised by easterly winds which may have been caused by a
sudden stratospheric warming event.

More recently, the study of Assink et al (2016) analysed the atmospheric in-
frasound of the underground nuclear tests by the Democratic Peoples Republic of
Korea (DPRK) of 12 February 2013 and 6 January 2016. During the 2013 and 2016
tests, the stratospheric waveguide was in a very different state. Clear detections were
made in the Russian Federation (I45RU) and Japan (I30JP) in 2013 at stations from
the International Monitoring System. Both tropospheric and stratospheric refrac-
tions arrived at the stations. In 2016, only one weak return was potentially observed
at I45RU due to presence of an early stage SSW. Despite the stratospheric variabil-
ity, the 2016 event could be simulated using the ECMWF HRES forecast. Obser-
vations and the modeled parameters associate this arrival to both the tropospheric
and stratospheric propagation paths. Identification of the, rather unstable, detection
is much dependent on the processing parameters and might be missed with different
settings for the bin size, overlap, and corner frequencies of the band-pass filter.

Therefore, understanding the detectability of infrasound and its dependencies is
crucial for successfully applying infrasound as a verification technique.
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4 Overview of studies from observations to a comprehensive
approach

4.1 From the 1970’s to 2009

The first infrasound signature of a stratospheric warming goes back to the pioneer-
ing studies by both Donn and Rind, intrigued by the ability of natural infrasound
to probe the upper atmosphere. Typical for their studies is the use of ambient noise
from interacting ocean waves, microbaroms and microseisms, as a continuously nat-
ural mechanism for exploring the atmosphere. Fundamental to their studies of the
SSW is the identification of a characteristic diurnal variation in the amplitude of
the ambient noise observations. Donn and Rind (1971) relate amplitude changes
to the state of the atmosphere, independent of any variation in the source. In win-
ter, high amplitudes with a strong semidiurnal variation are denoted while summer
amplitudes are lower with a weak diurnal variation. They associate typical ampli-
tude variations to viscous dissipation associated with reflection height variation,
described more thoroughly in Rind and Donn (1975). More important is the link
between abnormal microbarom intensities in the early winter of 1967-1968 to varia-
tions in the stratosphere; the first infrasonic signature of a stratospheric warming. As
the winds turn, around the equinoxes and during SSWs, the amplitudes of ambient
coherent infrasound noise decreases.

The stratospheric warming of December 1967 is studied more elaborate in Donn
and Rind (1972), including early propagation simulations. In addition to amplitude
variations, Rind et al (1973) made use of microbarom trace velocities for estimating
upper air wind speeds. The latter led to the studies of Rind and Donn (1975, 1978),
utilising sound celerity variations from infrasound-seismic ambient noise variations
as a preliminary atmospheric probe. These studies came to a stop when nuclear
tests were diverted to the subsurface under the Limited or Partial Test Ban Treaty.
Nevertheless, Donn and Rind paved the path for using natural ambient noise as a
comprehensive technique for monitoring several upper atmospheric parameters.

Microbaroms are atmospheric pressure oscillations radiated from non-linear
ocean surface wave interaction at double the ocean wave frequency (Guten-
berg, 1939; Longuet-Higgins, 1950; Posmentier, 1967). Interacting large re-
gions of high-energetic ocean waves of similar frequency with opposite direc-
tions, e.g., ocean swell and marine storms, radiate almost continuously acous-
tic energy well characterised by a radiation frequency of 0.2 ±0.1 Hz. Micro-
baroms dominate the infrasound ambient noise field, making them a preferred
source for passive atmospheric probing.

Microbarom source modelling can be obtained using a two-fluid model, over
air and seawater, and a coupled ocean-wave model providing the sea state
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(Hasselmann, 1963; Brekhovskikh et al, 1973). Air-sea coupling is crucial due
to the two-way interaction of surface winds and ocean waves (Janssen, 2009).
The state-of-the-art infrasound microbarom radiation source model, assum-
ing an infinite ocean depth (Waxler and Gilbert, 2006), has been validated by
Walker (2012) and Stopa et al (2012), studying ambient swell and hurricane
induced microbaroms, respectively. The more recent Waxler et al (2007) mi-
crobarom radiation model takes into account the effect of resonance due to
bathymetry, affecting the source location, amplitude, and frequency, and has
been validated by Smets and Evers (2014).

4.2 The 2009 major SSW: an infrasonic game changer

Recently, with the signature of the Comprehensive Nuclear-Test-Ban Treaty in 1996,
the use of infrasound as a passive atmospheric probe gained renewed attention. Sev-
eral authors realised the potential of the IMS infrasound network in global mon-
itoring of natural infrasound for stratospheric variations related to a stratospheric
warming (e.g. Le Pichon et al, 2006; Evers and Siegmund, 2009; Le Pichon et al,
2009). However, it lasted until 2009 before a new infrasound monitoring study of a
SSW appeared.

In January 2009, a major sudden stratospheric warming caused drastic changes in
the stratosphere. The midwinter westerly stratospheric vortex shortly displaced and
elongated, followed by a full vortex split and an increased amplitude of the zonal
wavenumber number 2 planetary waves. For several days, two vortices and reversed
winds specify the stratosphere (see Figure 1 and Subsection 4.5). By the beginning
of February 2009 the stratosphere recovers to its typical midwinter state.

The infrasonic signature of the 2009 SSW is described by Evers and Siegmund
(2009), exploiting back azimuths of oceanic noise at the IMS infrasound arrays in
the northern hemisphere. For the first time, passive infrasonic observations at the
surface provided detailed information on upper atmospheric processes on a global
scale. IMS arrays north of 15◦N detect a large amount of coherent ambient infra-
sound noise, as long as the local wind speeds are low. Sensitivity of infrasound ar-
rays to sources located in specific directions is controlled by the atmospheric state,
described in Subsection 3.1. Therefore, variations in the direction and intensity of
the stratospheric polar vortex, such as during a SSW, seriously affects the micro-
baroms detectability in terms of back azimuth. Figure 1 illustrates the stratospheric
wind and temperature at 50 km prior to the SSW and during the vortex split. The
SSW caused ambient noise observations to arrive from the opposite direction than
expected during regular midwinter conditions at multiple infrasound arrays, marked
in Figure 1. In normal winter conditions, westerly ambient noise observations are
expected, since the stratospheric ducts is favourable to down wind conditions. How-
ever, throughout the major stratospheric warming the polar vortex breaks down and
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Fig. 1 From Evers and Siegmund (2009). (top) wind and (bottom) temperature at 50 km altitude
from ECMWF analyses. (left) Valid for 2009, January 2 at 00 UTC, prior to the SSW; (right) values
during the vortex split phase of the SSW on January 23 at 00 UTC. The red triangles in the right
column indicate arrays which sensed the SSW, the grey triangles represent arrays where no clear
signature was found in the observed back azimuths.

reverses which alters the duct from westerly to easterly. This dramatic change is
clearly denotable in microbarom observations by an altered or (dis)appeared micro-
barom source region, leading up to the infrasonic signature of a SSW. Evers and
Siegmund (2009) indicate clear infrasonic signatures of the stratospheric warming
observed in Greenland (IS18), Alaska (IS53), over the western US (IS56) and cen-
tral Canada (IS10). Even in Kazakhstan (IS31) slight changes in the retrieved back
azimuths are notable. At the Russian arrays (IS44, IS45 and IS46) no pronounced
changes in the observed back azimuths are visible. Similar results are also found for
the German (IS26), Japanese (IS30), Mongolian (IS34) and Tunesian (IS48) arrays.
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4.3 Anomalous infrasound propagation in a hot stratosphere

So far, less attention has been paid to stratospheric temperature variations, next to
the wind. Evers et al (2012) studied the temperature effect in the stratosphere on
infrasound propagation. A case study of an explosion indicates a significant reduc-
tion of the size of the classical stratospheric shadow zone. During the January 2010
SSW, the extent of the classical stratospheric shadow zone (∼ 200 km) reduces by a
factor of 2, leading to extremely small shadow zones. When the temperature gradi-
ent in the vicinity of the stratopause is higher than the Earth’s surface temperature,
for example, throughout a SSW, pure temperature gradient induced refractions can
occur.

The occurrence of such conditions is quantified by analysing ten years ECMWF
analyses, four times per day. The stratospheric shadow zone is simulated by ray
theory in a 1-D model in direction of the wind at 50 km. A minimum value in strato-
spheric shadow is obtained by using the steepest gradient in ceff. Stratospheric re-
turns occurred 62% of the time and mostly in winter (51%). Hardly any returns are
observed around the equinoxes due to the lack of significant downwind component
at 50 km altitude. Very small shadow zones of less than 100 km occurred 3% of the
time. For 1% of the time no additional downwind component wa is necessary to
enable refraction back to the Earths surface, mostly associated with SSWs.

The existence of small shadow zones is confirmed by infrasound from mining
blasts in southwestern Siberia, Russia, observed by IMS infrasound array IS46 (Rus-
sia). Events are obtained from the Reviewed Event Bulletin (REB) from the Inter-
national Data Center (IDC) for verification of the CTBT. Locations are seismically
determined using IMS seismic arrays in Russia using at least two seismic arrays.
Locations errors are in the order of a couple of kilometers. Selected events in this
low-seismic area, within the back azimuthal interval between 59.5◦ to 90.5◦ of IS46
at a maximum distance of 250 km, most likely correspond to open pit mining. Strato-
spheric conditions of wind and temperature correspond to the number of detections
at I46RU, see Figure 2, and consequently to the variation in the apparent veloc-
ity capp of the events. capp is the horizontal projection of the propagation velocity
vector. For a layered medium, apparent velocity is invariant (Pierce, 1981). The in-
frasound signals correspond to stratospheric refractions, indicated by the agreement
of the structure of capp to the structure of the stratosphere. This would not have been
the case for tropospheric arrivals. During the equinoxes hardly any detections are
made and during winter conditions, summer-like apparent velocities appear which
could only be caused by SSWs. However, it should be noted that more stratospheric
arrivals are observed than predicted by the modelling. Fine-scale structure in the
wind and temperature caused by internal gravity waves, not resolved by, e.g., the
ECMWF models, is responsible for generating additional arrivals (Kulichkov et al,
2010; Revelle, 2010; Chunchuzov et al, 2011).

Some observed capp lay below the cT curve, which is physically impossible (see
Figure 2, fourth panel). The adiabatic speed of sound cT is the lowest possible
propagation velocity. Lower values of capp are in first order attributed to uncer-
tainties in array processing (timing and capp) and the surface temperature, which
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Fig. 2 From Evers et al (2012). From top to bottom are listed; atmospheric specifications and
REB detections at IMS infrasound array IS46 (Russia) from seismic ground-truth locations. Only
associated infrasound detections within the back azimuthal interval between 59.5◦ to 90.5◦ are
used. Vertical dashed lines indicate the vernal and autumnal equinox. (first panel) The temperature
difference between 50 km altitude and the surface, ∆T . The cT , ∆cT and ∆T curves are smoothed
with a polynomial fit. (second panel) Cross sections from ∆ceff at an altitude of 40, 50 and 60 km.
(third panel) The difference between the effective sound speed at a certain altitude and near the
surface, colour coded as ∆ceff. The latter are derived from ECMWF analyses at 54.0◦N, 85.5◦E.
(fourth panel) The apparent sound speed, capp, of the detections. The red and blue dots are seismic
locations from the REB assumed to correlate with mining activity, i.e., blasting. Mines at a distance
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temperature. (fifth panel) The distances of the mining activity sources with respect to IS46 as
function of time.
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forms the basis for cT . The temperature is obtained from NWP specifications and is
not an actual measurement at the station. Nevertheless, the general trend of strato-
spheric variations, i.e., summer versus winter characteristics, turning winds around
the equinoxes and SSWs, are reflected in the observed capp. Lower surface temper-
atures and stronger gradients in ceff during winter explain the lower values of capp
with respect to summer.

Observations at IS46 deliver the proof for the existence of extremely small
shadow zones, less than 100 km in size, for stratospheric arrivals. These results are
applicable to a broad latitudinal range defined as the stratospheric surf zone, i.e.,
20◦N to 60◦N where a rather stationary flow of stratospheric air occurs.

4.4 Bidirect infrasonic ducts associated with a minor SSW

Donn and Rind (1972, Subsection 4.1) and Evers and Siegmund (2009, Subsec-
tion 4.2) reported on significant azimuthal reversal due to the reversal of the zonal
jet as a result of a major warming event. Nevertheless, Assink et al (2014) denoted
simultaneous arrivals from two nearly opposite stratospheric ducts during a minor
warming. In January 2011, a bidirectional stratospheric duct persisted for two weeks
In the wake of a minor SSW. This situation occurred just prior to the 2011 Sayarim
experiments (Fee et al, 2013), which took place on 24 and 26 January 2011 (see
Subsection 3.2). The existence of bidirectional ducting during stratospheric warm-
ing events has not been considered in the past.

The development of a bidirectional duct has significant effects on infrasound
propagation in the middle atmosphere, which is typically expected to be unidirec-
tional. Such ducting significantly improves infrasound detection capability during
these periods, since the anisotropy is strongly reduced. In general, the detectability
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Fig. 4 Figure from Assink et al (2014). (a) Microbarom source activity in the Atlantic and Mediter-
ranean Basins, modeled using ECMWF HRES-WAM two dimensional wave spectra and the
Waxler and Gilbert (2006) source model. The back azimuths with respect to IS48 (Tunesia) and the
source intensity is given as a function of time. While a continuous, broadband of energetic micro-
barom sources are present in the northwest, the Mediterranean activity is more sporadic. The top
frame shows all sources, the bottom frame shows the source activity for when local winds are less
than 1 m s−1, leading to low wind noise conditions and increased infrasound detectability. Thus,
the remaining microbarom sources are effective sources. (b) Effective sound speed ratio values
as a function of altitude and time for (top) westward and (bottom) eastward propagation. (c) In-
frasound detections during the winter of 2010–2011. Intervals of bidirectional ducting conditions
are indicated with dashed rectangles; the eastward duct nearly always exists. During favourable
conditions, microbarom signals from two opposite directions are detected at IS48.
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is determined by the source strength, distance to the source, atmospheric wind and
temperature, and the ambient noise conditions near the receiving array (Evers and
Siegmund, 2009).

The existence of the bidirectional duct has been demonstrated at IMS infrasound
array IS48 (Tunesia). The bidirectional ducting effect is clearly captured at IS48,
due to its favourable location with respect to microbarom sources at both sides of the
station. Two microbarom signals, from nearly opposite back azimuth directions are
observed in January 2011. A strong and persistent signal from the northwest, with
frequencies around 0.2 Hz, is detected with a weaker signal from the east, in the 0.2–
0.6 Hz band. The observed microbaroms sources, induced by non-linear ocean sur-
face wave interaction, are explained by source modelling (Waxler and Gilbert, 2006)
based on two dimensional ocean wave spectra from the ECMWF operational anal-
ysis HRES-WAM (High RESolution WAve Model) coupled deterministic ocean-
atmosphere model. Source modelling, see Figure 3, reveals a previously unidentified
microbarom source region in the eastern Mediterranean besides the more typical mi-
crobarom source region in the Atlantic Ocean. Figure 4a shows microbarom source
activity in the northern Atlantic and eastern Mediterranean Basins in terms of back
azimuth with respect to IS48 as a function of time. The detectability is mostly con-
strained by the local noise conditions, assuming efficient propagation conditions and
a relatively nearby microbarom source. Low wind noise conditions are defined as
local winds less than 1 m s−1, similar to Le Pichon et al (2005), shown in Figure 4a
(bottom frame). Figure 4b shows the ducting conditions throughout the winter of
2010–2011 in direction of the northern Atlantic and Mediterranean in terms of ef-
fective sound speed ratio as a function of altitude. Several intervals of bidirectional
ducting conditions exist throughout the winter of 2010–2011, indicated in Figure 4
by the dashed rectangles. The most significant interval occurs during January 2011.
Note that the eastward duct would have disappeared if a major SSW had occurred.
While a continuous, broadband of energetic microbarom sources is present in the
northern Atlantic Basin, the eastern Mediterranean activity is more sporadic and
weaker.

The observed directions (Figure 4c) correspond well with the predicted source
locations for low wind noise conditions (Figure 4a, bottom frame) . While the fre-
quency bands of the two source directions overlap, the Mediterranean signal is co-
herent up to about 0.6 Hz. This observation is consistent with the predicted sources.
Microbarom source predictions indicate various high-intensity sources regions are
present in the Atlantic Ocean in the classic microbarom band 0.1–0.3 Hz. At higher
frequencies, the Atlantic source regions weaken and source regions appear in the
eastern Mediterranean Sea, in between Crete and Cyprus. As the Mediterranean sig-
nal is typically much weaker than the Atlantic signal, such events are predominantly
detected when beam forming specifically toward the east.

Signals from both directions are detected when all criteria are fulfilled; during
intervals of bidirectional ducting with low local noise conditions and when micro-
barom sources are sufficiently strong. Around 10 December and 17 January 2011
the most significant eastward detections occur, indicated by the first and third dashed
rectangle in Figure 4, respectively. These detections correspond with the onset and
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offset of bidirectional ducting conditions throughout December 2010 to February
2011. Only very few detections from the east are made during the second anoma-
lous period in December 2010, likely due to the presence of strong local winds
that masked the microbarom sources in the eastern Mediterranean (see Figure 4a).
Around 17 January, the signal intensity of both signals is about equal.

4.5 Life cycle of a major SSW

Evers and Siegmund (2009, see Subsection 4.2) obtained the infrasonic signature of
a sudden stratospheric warming from the dramatic changes in the back azimuth of
the observed ambient noise. The 2009 major SSW is re exploited to better under-
stand the relation between the variations of the stratospheric polar vortex and the
altered microbarom observations. Smets and Evers (2014) incorporate additional
signal characteristics to acquire more insight complete view on the variations in
stratospheric wind and temperature. In addition, microbarom source modelling and
infrasound propagation modelling is applied to provide insight in the sensitivity of
the infrasonic signature.
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a

Fig. 5 Figure from Smets and Evers (2014). Comparison of the microbarom observations (left)
and simulations (right), for (a) IS18 and (b) IS53. Each subfigure shows (top) the peak spectral
amplitude with (bottom) the corresponding frequency, for windows of one degree in back azimuth
and one hour for the observations and six hours for the modelled microbaroms. Gaps in the obser-
vations, due to high wind noise or data loss, are recreated in the microbarom predictions.
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The study of Smets and Evers (2014) focusses on the northerly IMS infrasound
arrays IS18 (Greenland) and IS53 (Alaska), since these arrays have the most pro-
nounced and detailed signature (Evers and Siegmund, 2009). Figure 5 (left) shows
the observed microbarom amplitudes and frequencies as a function of back azimuth
over time. Note the infrasonic signature during the second half of January 2009.
Ambient noise observations at IS53 alter from the Pacific Ocean (PO) to the At-
lantic Ocean (AO) while the PO microbaroms disappear at IS18 during the SSW.
Microbaroms are highly dynamic and dependent on the atmosphere, surface winds
and ocean waves exchange momentum in both ways (Janssen, 2009). In order to
understand the signature of the varying stratospheric vortex in the ambient noise
observations, the source variation is isolated by simulating the microbarom sources.
Spectral microbarom amplitudes are simulated using the theory of Waxler et al
(2007), including bathymetry resonance effects, and two dimensional ocean wave
spectra provided by the ECMWF HRES-WAM coupled ocean-wave model. Micro-
barom simulations for the AO and PO are shown in Figure 5 (right) projected to
the point of view of infrasound arrays IS18 and IS53. Figure 5 shows a good first
order agreement between the observations and microbarom predictions in the ab-
sence of propagation effects. Microbaroms are continuously active, but varying in
amplitude, frequency and location over time. Good resemblance between observa-
tions and source simulations indicates the dominance of the source effect. However,
clear propagation effects can be denoted, for example, the SSW signature and the
northerly observations at IS18. Note that both observations and simulations indicate
different frequencies for the AO and the PO due the distinctive ocean depth.

To fully understand the microbarom observations and the signature of the warm-
ing, one should know the atmospheric duct between source and receiver. IS18 si-
multaneously observes Atlantic and Pacific microbaroms, except during the major
SSW. These simultaneous arrivals do not correspond to bidirectional stratospheric
ducting, as explained by Assink et al (2014, see Subsection 4.4), as this phenom-
ena only occurs during a minor SSW. The observations imply a stratospheric duct
to the Pacific and a thermospheric duct in direction of the Atlantic during regu-
lar midwinter conditions. In midwinter, the stratospheric jet is westerly, yielding a
stratospheric duct from the Pacific. Since IS18 is relatively close to the AO, approx-
imately 2000 km, thermospheric ducting is feasible. Infrasound is most sensitive to
the atmosphere at the return height. Stratospheric returns are distinguished from
thermospheric returns by a characteristic (semi)diurnal signature in the observed
microbarom amplitudes, without any a priori atmospheric information. The method
is based on previous studies of Donn and Rind (1971); Rind et al (1973); Rind and
Donn (1975, 1978), where they characterise variations of stacked microbarom am-
plitudes per time of day. The preliminary method involves long-period averaging,
using several months of data, loosing all small scale fluctuations of interest. Other
studies have identified the typical signature in various detection characteristics, e.g.,
the number of detections, back azimuth angle, apparent velocity, bandwidth, am-
plitude, and travel time(Le Pichon et al, 2005; Whitaker and Mutschlecner, 2008;
Green et al, 2012; Assink et al, 2012). However, these studies make use of strong
impulsive sources with a well known position, e.g., volcanoes, which makes it hard
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to implement the used methodologies on varying ambient noise. In Figure 6, spec-
tral amplitude time of day, Ātod , for half hour windows are shown in direction of the
AO and PO. Throughout the boreal winter, IS18 in AO direction shows a semidiur-
nal amplitude variation while the PO amplitudes indicate more of a diurnal pattern.
For IS53, a clear diurnal pattern is present. However, the diurnal peak varies over
time due to the movement of the source, yielding the stratospheric peak at various
longitudes (and thus times).

These findings are verified by simulations, using 3-D reverse ray tracing cast in
spherical coordinates and the microbarom source model, with the known implica-
tions of a vertically limited atmospheric model up to the mesosphere. Although these
limitations, clear regions of stratospheric propagation can be identified, confirming
the amplitude variations method. Thermospheric signals of IS18 toward Atlantic
Ocean, with distance of 2000 up to 3500 km (February 2009), can be observed.

Distinguishing stratospheric from thermospheric returns. The strato-
sphere and thermosphere are exposed differently to solar tidal fluctuations
of temperature and wind (Sutherland and Bass, 2004). This yields a different
signature in the recordings at the surface, which can be used to differentiate
the type of atmospheric duct.

Stratospheric returns are characterised by a weak diurnal variation. Water
vapour heating in the troposphere primarily excites a diurnal thermotidal os-
cillation. This remains true until the thermosphere, where viscosity, conduc-
tivity, and electromagnetic damping may attenuate incoming waves (Lindzen
and Chapman, 1969).

Thermospheric returns show a strong semidiurnal variation. The high atten-
uating nature of the thermosphere, due to the low density, causes a strong
excitation to the heat generated by the absorption of solar ultraviolet radiation
by oxygen around 120 km altitudes, twice a day. This semidiurnal irregular
heating results in a variation of the thermospheric return height, due to a se-
vere change in wind strength and attenuation.

The amplitude signature combined with the variation in back azimuth is used to
reanalyse the 2009 SSW in detail. The effect of the warming is most pronounced
for IS53 as AO microbaroms, see Figure 6(d), are only expected in summer, or,
in case of a SSW. Hemispheric 10 hPa (∼ 31 km) wind from the ECMWF HRES
analysis in Figure 7 show the evolution of the stratospheric polar vortex before,
during, and after the SSW. This indicates a displaced westerly elongated vortex
from 18 tot 22 January 2009 and a vortex split from 24 to 28 January 2009, corre-
sponding with two stratospheric vortices, followed by a recovery of until 4 Februari
2009. ECMWF analysis indicates first signatures of the warming around 22 De-
cember 2008 and 7-8 January 2009. However, infrasound observations reveal more
and earlier abrupt changes, increasing in intensity and duration. These preliminary



18 P.S.M. Smets, J.D. Assink and L.G. Evers

0.0
0.3
0.6
0.9
1.2

A
d
a
y
(P

a
/√

H
z
)

01 08 15 22 29 05 12 19 26 02 09 16 23

December 08 January 09 February 09

0

6

12

18

24

T
im

e
(h

)

0.40 0.45 0.50

Atod(Pa/√Hz)

d

0.0
0.3
0.6
0.9
1.2

A
d
a
y
(P

a
/√

H
z
)

0

6

12

18

24

T
im

e
(h

)

0.60 0.65

Atod(Pa/√Hz)

c

0.0
0.3
0.6
0.9
1.2

A
d
a
y
(P

a
/√

H
z
)

0

6

12

18

24

T
im

e
(h

)

0.55 0.60

Atod(Pa/√Hz)

b

0.0
0.3
0.6
0.9
1.2

A
d
a
y
(P

a
/√

H
z
)

0

6

12

18

24

T
im

e
(h

)

0.45 0.50

Atod(Pa/√Hz)

a

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

N
o

rm
a

liz
e

d
 P

o
w

e
r(

−
)

Fig. 6 Directional time averaged spectral amplitude variations (Smets and Evers, 2014). From top
to bottom are shown, IS18 in direction of the Pacific Ocean (a) and Atlantic Ocean (b), IS53 in
direction of the Pacific Ocean (c) and Atlantic Ocean (d), respectively. Each subfigure consists of a
vertical graph (left) and an image (right) with below one horizontal graph and one colour coded bar.
The vertical graph (left) shows the spectral amplitude averaged per time of day, Ātod , for each half
hour. The red arrows and dashed lines indicate the tidal peaks in the mean time of day amplitude,
if present. The image (right) shows the half hour averaged spectral power, normalised per day.
Each pixel column corresponds with one single day, while each row indicates the time of day.
The horizontal graph shows the daily mean spectral amplitude Āday. The colour coded bar roughly
indicates manually picked periods with either no peak (blue), one peak (green) or two peaks (red)
per day, respectively. Only detections are used with SNR≥ 1.5 for IS18 and SNR≥ 1.3 for IS53.



The study of sudden stratospheric warmings using infrasound 19

2009−01−24
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2009−01−24
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2009−01−27
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2009−01−27
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2009−01−30
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2009−01−30
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2009−01−14
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2009−01−14
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2009−01−17
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2009−01−17
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2009−01−21
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2009−01−21
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2008−12−19
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2008−12−19
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2008−12−24
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2008−12−24
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2008−12−29
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

2008−12−29
−180˚

−
12

0˚

−
60˚

0˚

60
˚

120˚

0 20 40 60 80 100

Velocity (m/s)

Fig. 7 From Smets and Evers (2014). ECMWF HRES analyses for wind velocity and direction at
10 hPa (∼31km) at midnight. Note the different signature of the vortex in the lower stratosphere in
comparison to Figure 1, showing the wind and temperature in the upper stratosphere.
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signatures correspond to Rossby wave breaking in the stratospheric polar vortex,
disturbing the circumpolar vortex via momentum dumping. Rossby waves, type 2
planetary, have a typical period of 10 to 16 days, repeatedly disturbing the polar
vortex (Holton, 2004). A similar pattern can be denoted in Figure 6, initiating on
3 and 10 December 2010. At the beginning of the winter, the cyclonic circumpolar
vortex is strong but highly unstable, being very sensitive to any disturbance. The
vortex weakens, resulting a clear AO stratospheric duct denoted at IS53, from 22
to 25 December, with diurnal peak at approximately 16 hours. A stronger longer
lasting disturbance occurs from 17 to 21 January 2009, yielding a displaced and
elongated rather unstable cyclonic vortex. For that period, IS53 indicates a strato-
spheric duct in AO direction with a diurnal maximum at approximately 14 hours.
Between 23 to 28 January 2009, the cyclonic vortex becomes critically disturbed
and splits into two anticyclonic vortices located above Canada and Russia. Due to
these locations, no clear difference in back azimuth is present. However, the change
in observed amplitude and phase shift of the (semi)diurnal signature do indicate a
stratospheric variation. The anticyclonic vortices dissolve at the end of January 2009
wheres the stratosphere recovers to its normal winter situation. Because of the weak
polar vortex, recovering slowly due to the gradually radiative cooling of the polar
cap (Limpasuvan et al, 2005), a stable continuous stratospheric duct in PO direction
is present, clearly noticeable in the microbarom observations.

The study of Smets and Evers (2014) shows the ability of observed microbarom
amplitudes to provide more details on the life cycle of a SSW. Two most important
differences between the infrasound observations and the ECMWF analysis are: 1)
A strong AO stratospheric duct is observed from 22 to 25 December 2008 at IS53,
likely corresponding to a preliminary vortex disturbances, but missing in the anal-
ysis. 2) Observations indicate an earlier recovery of the stratospheric vortex, at 30
January 2009.

4.6 SSW forecast predictability evaluation

In the study of Smets et al (2016), a novel method for the evaluation of middle at-
mospheric weather forecasts is introduced. For the first time, weather forecasts for
different forecast steps are evaluated using infrasound. A year of near-continuous
infrasound detections from Mount Tolbachik are used, observed by IMS infrasound
array IS44 on the Kamchatka peninsula in Russian Federation (55.8◦N, 160.3◦E).
Volcanoes represent valuable sources for passive acoustic remote sensing of the at-
mosphere, as the source location is fixed and the source is relatively well understood
(Fee et al, 2010; Matoza et al, 2011; Marchetti et al, 2013).

IS44 is located at approximately 347 km south-west of Mount Tolbachik, with
a true bearing of 28.11◦ clockwise from north. Typically, IS44 is reached after one
stratospheric bounce in summer. Throughout the course of a stratospheric warming,
the hot stratosphere induces shallower and shorter stratospheric bounces, making
two returns possible. This effect of a hot stratosphere on the propagation of infra-
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Fig. 8 Figure from Smets et al (2016). (a) Back azimuth deviation values from Mount Tolbachik
infrasound detections, for which trace velocity values are shown in Figure 9a. (b–d) Comparisons
between observations (black dots) and 3-D ray tracing results (red dots) as a function of time,
using three different ECMWF HRES forecasts: (Figure 8b) nowcast, (Figure 8c) 5 day forecast,
and (Figure 8d) 10 day forecast. The blue dots correspond to simulated arrivals that have prop-
agated through the mesosphere and lower thermosphere, for which the MSIS and HWM clima-
tologies have been used. The grey rectangle points to the continuous high-frequency infrasound
observations interpreted as low stratospheric altitude returns (<40 km return altitude). These low
stratospheric returns with sudden reversal in back azimuth are interpreted to be due to the SSW.

sound in explained by Evers and Siegmund (2009, see Subsection 4.2). The rela-
tive small acoustic wavelength and near-continuous character of the source leads
to high temporal resolution sensitive to small atmospheric changes. The results in
clear variations in array characteristics, such as, back-azimuth and apparent veloc-
ity (also named trace velocity), shown in Figures 8a and 9a, respectively. Figures 8a
shows the back azimuth deviation, which is the difference between the true bearing
and the propagation azimuth needed to arrive at the receiver location. Back azimuth
deviation is a good indicator of cross-winds (?? Chapter Jelle). The latitudinal prop-
agation prompt an increased sensitivity to changes in the zonal stratospheric wind,
dominating the cross-wind conditions. A clear infrasonic signature is denotable,
marked by the grey rectangle, inducing summer-like conditions since in winter no
stratospheric returns are expected. The continuous high-frequency infrasound ob-
servations are interpreted as low stratospheric altitude returns (<40 km return alti-
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Fig. 9 Figure from Smets et al (2016). (a) Trace velocity values from Mount Tolbachik infrasound
detections. (b–d) Comparisons between observations (black dots) and 3-D ray tracing results (red
dots) as a function of time, using three different ECMWF HRES forecasts: (Figure 9b) nowcast,
(Figure 9c) 5 day forecast, and (Figure 9d) 10 day forecast. The blue dots correspond to simulated
arrivals that have propagated through the mesosphere and lower thermosphere, for which the MSIS
and HWM climatologies have been used.

tude). The increase in trace velocity indicates a stratospheric temperature increase
and decreased return height. A strong variation in back azimuth deviation is present,
which indicates altering cross winds from easterly (positive back azimuth deviation)
to westerly (negative back azimuth deviation). Therefore, these low stratospheric re-
turns are interpreted to be due to the SSW indicating the assumed warming onset
(28 December 2012) and recovery (16 January 2013).

The method of Smets et al (2016) to evaluate the stratospheric predictability, es-
pecially of interest during the SSW, is based on forward modelling the propagation
of infrasound from Mount Tolbachik towards IS44. A year of near-continuous in-
frasound from the volcano Mount Tolbachik is compared with simulations using
the high-resolution deterministic forecasts of ECMWF. An in-house developed ray
tracing algorithm (cast in spherical coordinates) is used that takes into account the
full effect of the 3-D inhomogeneous wind and temperature fields, see, for example,
Brekhovskikh and Godin (1999). As such, array characteristics of back azimuth,
trace velocity and travel time are simulated for the entire period, every 12 hours,
using various forecast steps. These wavefront simulations are compared to the array
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continuous low-altitude stratospheric returns

Fig. 10 (a) Estimated difference between the observed and predicted back azimuth of all returns
over the full timespan of observation. Observations are averaged for 12 hour time bins and contain
at least 6 detections. The different colours correspond to the different ECMWF forecasts that are
used in the simulations. The lines connecting the dots indicate the continuity of the predictions.
The horizontal dashed black line is indicative of the uncertainty of the infrasound array. (b) Similar
as (a), but focusing on the midwinter with the SSW period (green rectangle).

observations for each forecast step. Significant inconsistencies or lack of simulated
returns indicates a possible difference between the true state of the atmosphere and
the consulted forecast in the vicinity of the return height.

This relative performance is illustrated in Figure 10, presenting a minimal mean
difference between the observed and modelled back azimuth. All forecasts are able
to reproduce the general SSW characteristics, including the sudden reversal of the
back azimuth deviation (Figure 8) as well as the sudden increase in trace veloc-
ity (Figure 9). Nevertheless, the performance skill during the SSW is significantly
smaller and clearly different for all three forecast steps when compared to the sum-
mer predictions. Minimal back azimuth differences are obtained using the ten day
forecast, while the nowcast yields the highest continuity of the predictions. Least
performance is obtained by the five day forecast. The study of Smets et al (2016)
states four important findings based on the observations at IS44 of Mount Tolbachik,
sampling the local stratosphere above.

1. The warming onset (28 December 2012) is well predicted by all three forecasts,
both the nowcast and five day forecast predict the same warming onset followed
twelve hours later by the ten day forecast. Though, the ten day appears to be more
accurate in predicting the larger back azimuth deviations and corresponding trace
velocities during the first days of the warming. The resemblance in timing of the
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predicted and observed stratospheric returns using the ten day forecast is better
as well.

2. During the vortex displacement phase of the major warming (before 7 January
2013), the ten day forecast most accurately predicts the varying back azimuth
deviation, including a sudden wind direction change around 2 January 2013 with
corresponding increase in trace velocity (Figure 9). Note, that the difference in
back azimuth prediction of both the nowcast and ten day forecast is below the
array uncertainty. Yet, the large difference of the five day forecast when compared
to the nowcast and ten day forecast is remarkable.

3. When the vortex splits (around 7 January 2013) the ten day forecast does no
longer predict stratospheric returns, while the five day forecast and nowcast con-
tinue respectively two and four days with a quasi similar back azimuth difference.

4. All forecasts have difficulties to predict the stratospheric observations up to the
expected warming recovery (16 January 2013). Predictions for all forecast steps
indicate a too early recovery. The ten day forecast predicts a difference of about
nine days with respect to the moment that no stratospheric arrivals are expected
anymore (8 January 2016). The recovery is best captured by the nowcast model,
continuously predicting up to 11 January 2013.

To understand the differences in performance between the forecasts, it is important
to establish that the nowcast is most constrained by the data assimilation whereas the
ten day forecast tends to be quasi free running, with the five day forecast positioned
somewhere in between. For a typical forecast, more forecast skill is expected for a
shorter forecast step, as it is closer to the data assimilation. This is observed dur-
ing summer (Figure 10), where the nowcast performs best. Surprisingly, in winter
the ten day forecast appears to be most accurate in predicting the first phase of the
warming. Our interpretation is that the ten day forecast is able to obtain sufficient
information from the small a priori warming signatures with enough time to propa-
gate through the atmosphere, to predict the warming including the sudden recovery
around 2 January 2013. Once data has to be assimilated during the warming, the ten
day forecast loses a lot of forecast skill. At this stage, data gets most likely rejected
or modified by the data assimilation system leading to inaccurate initialisation as
addressed by (Diamantakis, 2014). The nowcast is affected similarly, but recovers
approximately at once with the data assimilation system such that it predicts best
the SSW duration and recovery.

Broadening the view on the arctic stratosphere, by incorporating ambient noise
observations of IS18 and IS53 as introduced by Smets and Evers (2014, see Sub-
section 4.5), gives a different perception of the warming offset. Figure 11 shows
the amplitude variations during the 2013 SSW. Observations at IS44 of Mount Tol-
bachik sample a regional part of the stratosphere, while the ambient noise crosses
thousands of kilometers. This is of importance in stating the general onset and off-
set of the warming. Figure 11 indicates a somewhat later warming onset (1 January
2013). More important is the recovery. Both IS18 and IS53 point to a regular mid-
winter ducting around 11 January, which agrees with simulations using the nowcast.
Note the gap around 7 January in Figure 11d and the diurnal phase shift, indicative
for a split of the stratospheric vortex.
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Fig. 11 Directional time averaged spectral amplitude variations for the 2013 winter (Smets and
Evers, 2014). From top to bottom are shown, IS18 in direction of the Pacific Ocean (a) and Atlantic
Ocean (b), IS53 in direction of the Pacific Ocean (c) and Atlantic Ocean (d), respectively. Each
subfigure consists of a vertical graph (left) and an image (right) with below one horizontal graph
and one colour coded bar. The vertical graph (left) shows the spectral amplitude averaged per time
of day for each half hour. The red arrows and dashed lines indicate the tidal peaks in the mean
time of day amplitude, if present. The image (right) shows the half hour averaged spectral power,
normalised per day. The horizontal graph shows the daily mean spectral amplitude. Only detections
are used with SNR ≥ 1.5 for IS18 and SNR ≥ 1.3 for IS53.
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5 Outlook

Infrasound has a long history in monitoring SSWs. Several pioneering studies have
focused on the various effects of a major warming on the propagation of infrasound.
A clear transition can be denoted from observing anomalous signatures towards the
use of these signals to study anomalies in atmospheric specifications. The typical
infrasonic signature of a warming are the odd summer-like conditions in midwinter
characterised by a significant change in direction of the observed infrasound (Donn
and Rind, 1972; Evers and Siegmund, 2009), a change in amplitude of the ambi-
ent coherent infrasound noise (Rind and Donn, 1978), and the existence of small
stratospheric shadow zones due to a hot stratosphere (Evers et al, 2012). More sub-
til changes are denotable during a minor warming, recognisable by the presence of
a bidirectional stratospheric duct (Assink et al, 2014). The observed reduction in
anisotropy is a measure for weakening of the stratospheric vortex during a minor
warming. A general view of stratospheric polar vortex during a SSW is obtained by
a combined analysis of all signal characteristic to unravel the stratospheric structure
during a SSW (Smets and Evers, 2014). This method allow to estimate the return
height from the amplitude variations, which provides detailed information on the
life cycle of a warming. For the first time, differences between infrasound observa-
tions and the best deterministic state of the atmosphere (analysis) related to a SSW
are indicated. Comparison of regional volcano infrasound with simulations, using
various forecast steps, indicate interesting variations in stratospheric skill (Smets
et al, 2016). The onset of the warming is better predicted by the 10 day forecast and
duration by the nowcast. However, it is crucial to mention that the combination of
infrasound observations and atmospheric models is essential in the study of SSWs.

In a next step, the method of Smets et al (2016) for the evaluation of middle
atmospheric weather forecasts using near-continuous infrasound detections can di-
rectly be applied to similar setups, making use of other IMS or even national in-
frasound arrays. The demonstrated forecast evaluation method relies on an active
volcano. However, the same methodology can be applied to ambient noise, using
microbarom source predictions. In addition, source-independent techniques are be-
ing developed based on interferometry of the ambient noise field (Fricke et al, 2013,
2014). It is shown that infrasound is capable to provide detailed insight in the state of
the atmosphere, of great value during a SSW. Nevertheless, it is essential to evolve
towards a global comprehensive signature. Expanding towards ambient noise obser-
vations provides the ability to probe larger parts of the stratosphere. This is highly
important for NWP, since improved knowledge of the global stratosphere induces a
gain in tropospheric forecast skill but only when incorporating global observation
(see Chapter ?? Chris Lee). Maybe in the future infrasound can assist AMSU-A
observations to force the first-guess field more toward the actual state of the rapidly
varying atmosphere.
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