Chapter 15

Atmospheric Variability and Infrasound
Monitoring
Catherine D. de Groot-Hedlin, Michael A.H. Hedlin, and Douglas P. Drob

15.1 Introduction
The modern era of infrasound studies was ushered in by the nuclear age, and the
attendant needs to monitor the Earth and its atmosphere for clandestine nuclear tests.
Monitoring requirements became more urgent with the initiation of the Comprehensive
Nuclear Test Ban Treaty (CTBT), which sought to ban all nuclear tests. The treaty calls
for the development of an International Monitoring System (IMS), consisting of
radionuclide, seismic, hydroacoustic, and infrasound stations distributed nearly uniformly over the globe (PrepCom 1997; Christie and Campus 2010). The selection of
infrasound as one component of the IMS was guided by the fact that low frequency
acoustic energy can be detected at distances of hundreds to thousands of kilometers
because attenuation decreases with decreasing frequency. Consequently, infrasonics
– the study of infrasound – is an effective technology for monitoring Earth’s atmosphere for nuclear explosions (Brachet et al. 2010).
The infrasound component of the IMS is still under construction, but will ultimately consist of a network of 60 infrasound stations that measure pressure at frequencies from roughly 0.01– 5 Hz (Fig. 15.1). An ancillary benefit of this network
is that it detects a much broader range of atmospheric and geophysical phenomena
than had previously been observed. Largely for this reason, infrasound is emerging
as a means of conducting basic research into a variety of natural phenomena (Bass
et al. 2006). Recent studies to have made use of infrasound have focused on disparate sources: meteors (Revelle et al. 2004; Revelle 2010; Edwards 2010), oceans
swells (Garcés et al. 2004, 2010; Hetzer et al. 2010), surf noise (Arrowsmith and
Hedlin 2005), tsunamis (Le Pichon et al. 2005c), earthquakes (Olson et al. 2003;
Mutschlecner and Whitaker 2010), sprites which correlate with infrasound chirps
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Fig. 15.1 The International Monitoring System (IMS) infrasound network, shown by triangles
(Christie and Campus 2010). The IMS infrasound stations mentioned in this chapter are shown as
red triangles. Other infrasound stations mentioned in the document are shown as red circles

associated with thunderstorms (Liszka and Hobara 2006; Blarc et al. 2010), and
volcanoes (Le Pichon et al. 2005a; Matoza et al. 2006; Fee and Garcés 2007).
Monitoring at these stations has also been used to infer atmospheric properties at
high altitudes (Le Pichon et al. 2005a, 2006, 2010; Le Pichon 2005b).
Research is progressing on the use of infrasound as a warning system for natural
hazards. Since acoustic energy propagates long distances, only a few observing sites
may be required to monitor a broad area. The Acoustic Surveillance for Hazardous
Eruptions (ASHE) program (Garcés et al. 2008) has examined the efficacy of using
infrasound to detect explosive volcanic eruptions that can hurl ash into the air, creating hazards for nearby communities and for aircraft flying in the vicinity (Perkins
2003). Infrasound signals generated by small bursts of steam venting at Mount St.
Helens have been detected at observing sites deployed under this program (Matoza
et al. 2006; Moran et al. 2008). The value of volcano-acoustic monitoring in forecasting major eruptions has been documented (Garcés et al. 1999; Johnson et al.
2003). Further tests are in progress on detecting avalanche hazards using infrasound
data (Scott et al. 2007).
The challenges of infrasound monitoring lie in the detection of signals in determining the location of their source, and in estimating the source size. However,
each of these aspects of monitoring depends critically on propagation through the
atmosphere. Temporal and spatial variations in atmospheric temperature and wind
speed gradients affect the number and magnitude of infrasonic detections. For
instance, it has been observed that sources that generate strong signals at a given
time of day (Fee and Garcés 2007) or year (Le Pichon et al. 2002; Arrowsmith and
Hedlin 2005) are detected weakly or not at all at other times, and that infrasound
signals recorded at one location may not be detected nearby (e.g. de Groot-Hedlin et al.
2008). Seasonal variability in winds at high altitudes can affect the apparent source
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azimuth (Le Pichon et al. 2005a; Le Pichon et al. 2005b), and hence, apparent location
(Evers and Haak 2005). These observations, or lack thereof, depend on variations
in atmospheric temperatures and wind. Thus, efforts to monitor anthropogenic and
natural acoustic sources using infrasound rely on an understanding of the effect of
spatiotemporal variations in the atmosphere on propagation. This chapter focuses
primarily on acoustic propagation and its impact on monitoring capability.
Our success in infrasound monitoring efforts depends upon our understanding
of acoustic propagation through an atmosphere that varies both spatially and temporally. Infrasound propagation is, thus, inextricably linked with atmospheric conditions, specifically, with wind and temperature variations. We begin the next
section with some history of our understanding of acoustic propagation within the
atmosphere and how advances in our knowledge of vertical gradients in winds and
temperatures have led to further insight into sound propagation, and vice versa: how
the study of sounds at audible frequencies has led to advances in our understanding
of the atmosphere. We continue with a detailed explanation of spatiotemporal variations in atmospheric characteristics. The following section outlines a number of
case studies that have shown the effects of seasonal and diurnal variations in the
atmosphere on infrasound monitoring efforts, as well as other studies that have
shown the effect of spatial variations in the atmosphere on infrasound detections.
We conclude with a discussion on the impact of atmospheric variability on infrasound
monitoring efforts, and conversely, how infrasound recordings can be used to improve
our knowledge of the atmosphere.

15.2 The Atmosphere and Infrasound Propagation
15.2.1 A History of Our Understanding of Acoustic Propagation
Early efforts to understand long-range acoustic transmission through the atmosphere
were advanced by studies of audible sound propagation (Evens and Haak 2010).
Reynolds (1874) conducted an experiment to determine changes in sound intensity
with wind direction, wind speed gradient, as well as the height of both the source
and the listener. Equipped only with an anemometer to measure wind speeds and
an electric bell to produce repeatable sounds, Reynolds and an assistant listened for
sounds at elevations up to 25 ft. (about 8 m), with the intention of determining
the extent to which sound propagation is controlled by refraction. They found that
in the downwind direction, there was little difference in perceived sound intensities
as a function of the observer’s elevation, but at a distance upwind, sounds that were
inaudible on the ground could be heard with much greater intensity by an observer
at higher elevations, where winds are stronger. In this way, Reynolds demonstrated
that acoustic energy is refracted by wind velocity gradients; sound bends downward
in the direction of the wind, extending the range to which it may be heard, and
bends upward, away from the ground, producing an acoustic shadow zone in the
opposite direction. Reynolds (1874) also reasoned that sound is refracted by
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vertical temperature gradients since sound velocity varies as the square root of the
temperature. Consequently, acoustic waves propagating near the ground bend
upward under standard atmospheric conditions in which temperature decreases with
altitude. He later conducted an experiment that lent weight to this hypothesis
(Reynolds 1876); sounds generated by pistol shots and by rockets that detonated
charges of 12 oz (about 340 g) of gunpowder at a height of approximately 300 m
were heard by observers at large distances from the source. Reynolds attributed this
to the downward refraction of sound caused by a temperature inversion.
The studies explained several phenomena that had puzzled early observers. For
instance, it had long been known that sounds are less intense during the day than at
night. Reynolds (1874) argued that this was due to greater upward refraction of sound
during the day resulting from a larger decrease in temperature with altitude. In addition, cases had been documented in which observers had seen but not heard the firing
of cannons or guns. Samuel Pepys wrote of a yacht captain who fled at the sight of a
naval battle between British and Dutch fleets in 1666, though he had not heard a sound
(Ross 2000). Reynolds (1874) noted that guns might not be heard at a distance of about
500 m against a strong wind. In these cases, observers were located in a sound shadow
created by the upward refraction of sound. The presence of sound shadows had significant effects in warfare; before reliable communications were available, the sounds of
gunfire and cannons were often used to gauge a battle’s progress. In several instances
reported by Ross (2000), battles in the US civil war were lost when reinforcements
were directed to join in combat when they heard the sounds of engagement.
Unfortunately for the commanders, the strategy failed because the backup forces were
located in sound shadows and so they arrived too late or not at all.
Reynolds’ studies described sound propagation within the troposphere – the
lowest layer of the atmosphere where wind and temperature gradients were known
from balloon sonde measurements – to distances of tens of kilometers. Anomalous
patterns of sound detections at larger distances required an understanding of winds
and temperatures at higher altitudes. By the early last century, very loud sounds
generated by explosions or gunfire were known to produce zones of audibility
alternating with sound shadows, so that an observer hundreds of kilometers from
an explosion might hear it clearly, while observers much nearer would not. During
World War I, it was recognized that there was a zone of audibility in the region
nearest a battlefield, ringed by a zone of silence, with a second full or partial ring
of audibility outside it. These anomalous sound patterns were observed to vary
seasonally, with sounds of gunfire in northwestern Europe propagating to great
distances to the east in winter and to the west in summer (Whipple 1935). The fact
that these effects were due to the distribution of wind and temperature at high altitude
was only a hypothesis at that time (Nature 1922).
Shortly after World War I, a decision was made to conduct experiments in which
aural observations were augmented by instrumental recordings of explosions, to allow
for accurate measures of travel time. To that end, arrangements were made for recordings of explosions in Oldebroek, the Netherlands (Nature 1922, 1923) and gunfire at a
site near London, England (Whipple 1931, 1934). Gutenberg (1939) used gunfire from
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United States Navy ships’ offshore target practice near southern California as sound
sources in a long-range acoustic propagation study. These studies confirmed the
presence of acoustic shadows between zones of audibility, and showed that sound
detections in the outer zones of audibility were delayed with respect to sounds in the
inner region. Only sounds in the inner ring appeared to correspond to direct waves
from the origin to the detector (Whipple 1935; Gutenberg 1939). Whipple (1931)
conducted an experiment involving the use of small arrays of microphones to derive
the arrival’s angle of incidence, and thus, to estimate the sound velocity at the turning
point. In this way, he inferred the presence of a zone of increasing sound velocities
above the troposphere to altitudes of 50–60 km. At the time, these long-range sound
propagation experiments were the only way to derive the temperature distribution in
the upper atmosphere (Whipple 1934). These experiments also confirmed the annual
variability in acoustic detections down to infrasound frequencies.

15.2.2 Application to Infrasound Propagation
The derivation of atmospheric temperatures from studies of long-range propagation
of audible sounds was limited to the troposphere and stratosphere because, as first
shown by Schrodinger’s study on classical absorption (Schrodinger 1917), sound
transmission at heights above 60 km is too severely attenuated for observation.
Further studies have shown that attenuation can be categorized in terms of classical
losses, which involve the irreversible transfer of kinetic energy from the acoustic
wave into heat, and molecular relaxation losses, involving the excitation of the
constituent gas molecules within the air (e.g. Evans et al. 1972; Ejakov et al. 2003).
The total atmospheric absorption increases approximately with the square of the
frequency over a wide range of altitudes (de Groot-Hedlin 2008), thus the atmosphere
acts as a low pass filter to acoustic energy. At sea level, a 1 Hz signal undergoes
approximately 0.002 dB of absorption over a path length of 100 km, increasing
gradually to about 0.05 dB/100 km at 50 km altitude (Sutherland and Bass 2004),
characteristic of turning altitudes within the stratosphere. By comparison, an audible
100 Hz signal is attenuated by nearly 200 dB/100 km at 50 km altitude. Attenuation
increases more rapidly at higher altitudes, supporting the use of infrasound frequencies
to investigate sound speeds within the upper atmosphere.
The early sound experiments demonstrated that acoustic propagation is controlled
primarily by winds and the adiabatic sound speed, which varies as the square root of
the air temperature (Mutschlecner and Whitaker 2010). Since then, infrasound studies
have confirmed that acoustic energy is ducted between the ground and the upper
atmosphere, allowing infrasound waves to propagate to distances of hundreds to
thousands of kilometers. Infrasound arrivals may be classified into three types, tropospheric, stratospheric, or thermospheric, depending on whether they arise from ducting
between the ground and the lower, middle, or upper atmosphere. Tropospheric infrasound arrivals propagate within the lower atmosphere through transient ducts created by
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temperature inversions or the tropospheric jet stream. Stratospheric arrivals, resulting from ducting between the ground and stratopause, are governed by seasonal
variations in east–west (zonal) stratospheric winds. In the northern hemisphere,
stratospheric winds flow to the west in summer and to the east in winter, enhancing
ducting along the wind direction and diminishing propagation along the opposite
bearing. Thermospheric arrivals, resulting from downward refraction by the steep
sound speed gradients of the upper atmosphere, are always predicted, but are quite
rarely observed due to high acoustic absorption within the thin upper atmosphere
(Sutherland and Bass 2004; Norris et al. 2010).
Infrasound propagation is often represented by ray tracing, as illustrated in
Fig. 15.2 (see also Fig. 15.4 in Evers and Haak 2010), which shows ducting within
the stratosphere and thermosphere for sound and wind speeds derived from the
Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar
Model-00/Horizontal Wind Model-93 (NRLMSISE-00/HWM-93) empirical
models (Picone et al. 2002; Hedin et al. 1996) for a summer date (July 21, 2006) in the
northern hemisphere. Infrasound signals can be observed at the surface when the
combined sound speed and wind speed (the effective sound speed) is greater than
the effective sound speed on the ground. Thus, stratospheric ducting is predicted to
the west for this example, and thermospheric ducting is predicted in all directions.
Tropospheric returns are not predicted in this case as there is no temperature inversion.
The rays were computed for a source at 100 m altitude, using equations derived for
3-D ray tracing through an advected medium (Garcés et al. 1998). Although ray
methods offer a high frequency approximation to acoustic propagation, their value in
modeling low frequency infrasound propagation has been confirmed by many studies
(e.g. Ottemöller and Evers 2008; de Groot-Hedlin et al. 2008; Evers and Haak
2005; Le Pichon et al. 2005a).

Fig. 15.2 (a) 1D sound speed profile. (b) Zonal (black) and meridional (north–south, dotted) wind
speed profiles. Profiles are based on climatological predictions for a source at 33.2°N, 106.5°W on
July 21. (c) Ray diagram showing refraction of sound in an advected medium, for 1D sound and wind
speed profiles shown in (a) and (b). The source is at 100 m altitude. Only rays that reach the ground
are shown. Rays are refracted within the stratosphere and thermosphere and undergo reflection at the
ground. Regions in which rays are refracted upward before reaching the ground are shadow zones
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Fig. 15.3 Maps of ray endpoints that reach the ground for the atmospheric profiles shown in
Fig. 15.2. Results are shown up to a distance of 990 km for a source at 33.2°N, 106.5°W, at an
elevation of 100 m. The source location is marked by a circle at the center. The ray endpoints are
shown color-coded according to apparent velocity (left) and turning point altitude (right)

Ray-tracing over a uniform series of azimuths and declination angles from the
source highlights regions where rays intersect with the ground surface (Fig. 15.3)
and emphasizes spatial variability in predicted signal characteristics. Rays were
launched at equal increments in azimuth and declination, thus the density of ray
endpoints to reach the ground is indicative of signal strength and hence detectability.
Apparent velocities (the distance from the source divided by the travel time) are
plotted to emphasize the difference between stratospheric and thermospheric returns.
The alternating zones of ensonification and shadow zones for stratospheric arrivals,
first noted during World War I, are evident to the west. As shown, stratospheric arrivals
to the west of the source would be followed by thermospheric arrivals.
Ray theory relies on a high frequency approximation to wave propagation. That is,
its use assumes that sound speeds vary on a scale length much larger than the propagation wavelength. This approximation starts to break down at infrasonic frequencies
for typical atmospheric conditions, where sound speed gradients of 4 m/s per km of
altitude are common. A more complete description of infrasound propagation
includes finite wavelength effects like diffraction, scattering (Embleton 1996), and
surface waves (Attenborough 2002), and temporal effects like turbulence and
propagating gravity waves. Fortunately for the purposes of infrasound monitoring,
these effects lead to a penetration of acoustic energy into shadow zones at amplitudes much greater than that predicted by ray theory (Embleton 1996; Attenborough
2002). Thus, infrasound detections have been reported at distances of up to tens of
kilometers within areas predicted by ray theory to be shadow zones (e.g. Ottemöller
and Evers 2008; de Groot-Hedlin 2008; Kulichkov et al. 2002).
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15.3 Spatiotemporal Variability of the Atmosphere
In order to understand the spatiotemporal variability of infrasound, it is useful to
describe the temperature structure of the atmosphere, followed by its general circulation, the seasonal modulations, the day-to-day variations caused by planetary waves
and eddies, the migrating and nonmigrating tides produced by solar heating, and
internal gravity waves. Each of these dynamical processes influences acoustic propagation in one way or another. More specifically, the seasonal variations of infrasound
propagation characteristics are determined by corresponding variations in general
circulation. Superimposed on these variations are day to day changes caused by
planetary waves and eddies, commonly referred to as weather. It is also known that
local time variations of the thermospheric ducting characteristics result from migrating solar tides. At the smallest scales, the gravity wave fluctuations cause scattering
of the acoustic wave energy into shadow zones, as well as into and out of various
atmospheric ducts. Other processes such as land/sea breezes, marine/nocturnal
inversion layers, and evolution of the planetary boundary layer (PBL) are also
known to be relevant for infrasound propagation.
This section seeks to answer the following questions: Why does atmospheric
temperature vary with altitude? What causes the winds to vary? How does the spatiotemporal variability of the atmosphere (from the ground to space) affect acoustic
propagation? In this section we will work our way from the largest spatiotemporal
scales to the smaller spatiotemporal scales. Although relevant to the attenuation of
infrasound at thermospheric altitudes, details regarding atmospheric composition are
not discussed. The following academic texts on the physics of global atmospheric
general circulation and related topics are recommended: Holton (1992), Chamberlain
and Hunten (1987), Andrews et al. (1987), and Brasseur and Solomon (1986).
With respect to the observational specification of the atmospheric state for
describing infrasound propagation, the atmosphere’s overall structure can typically
be described by climatologies such as the COSPAR International Reference
Atmosphere (CIRA) (Fleming et al. 1988), and the afore mentioned NRLMSISE-00
and HWM-93 empirical models (Drob et al. 2010). For applied work, the day-to-day
variability of planetary waves and tidal oscillations can be described well in a “nowcast” or “hindcast” sense by operational numerical weather prediction data assimilation systems. Examples are NOAA Global Forecast System (GSF) (Kalnay et al.
1990), NASA Goddard Earth Observing System (GEOS5) (Bloom et al. 2005), the
European Centre for Medium Range Weather Forecasting (ECMWF) (Molteni et al.
1996), and Navy Operational Global Atmospheric Prediction system (NOGAPS)
(Hogan and Rosmond 1991). These systems provide specifications at 6 h real-time
update cycles for altitudes up to between 35 and 80 km, limited by available meteorological data altitude coverage. A hybrid approach which combines empirical climatologies with these specifications to create a seamless global ground-to-space
atmospheric specification from 0 to > 150 km for infrasound propagation modeling
was developed by Drob et al. (2003). A number of other ground-to-space atmospheric models are being developed for general purpose use by the scientific community (Akmaev et al. 2008; Richter et al. 2008).
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Mesoscale weather models such as the Coupled Ocean Atmosphere Mesoscale
Prediction System (COAMPS) (Hodur 1997), the NOAA rapid update cycle (RUC)
(Benjamin et al. 2004), and the Weather Research and Forecasting (WRF) system
(Skamarock et al. 2005) are receiving much attention by the operational and atmospheric research communities. Although limited to the first 25 km of the atmosphere,
observational coverage and physical knowledge are sufficient to provide accurate
specifications with horizontal resolutions to better than 10 × 10 km over most geographic regions. Operational specifications for regions such as the continental
United States are available on 1-h update cycles. Effects such as the diurnal cycle
of sea breezes, upslope and down slope winds, and topographically induced wind
storms are resolved by these systems. Even some large scale gravity waves, such as
those generated by flow over topography can be resolved deterministically by these
models. At present, however, the internal spectrum of gravity waves from 0 to 120 km
relevant to infrasound propagation physics can only be described parametrically,
i.e., in a statistical sense (see for example Fritts and Alexander 2003).

15.3.1 Vertical Temperature Structure
To describe the processes relevant to infrasound propagation, it is useful to start by
considering the globally averaged (spherically symmetric) temperature profile.
The temperature profile for the US standard atmosphere NASA-TM-X-74335
(1976) is shown in Fig. 15.4 (see also Fig. 15.2 in Evers and Haak 2010). This vertical structure is effectively the result of the radiative balance between outgoing
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infrared (IR) thermal cooling and the incoming solar ultraviolet (UV) heating process. This temperature structure provides the rationale for the atmospheric nomenclature, “sphere” for the specific layers – troposphere, stratosphere, mesosphere, and
thermosphere, and “pause” for the interfaces between those layers – tropopause,
stratopause, and mesopause . On average, this vertical profile is responsible for the
formation of two basic infrasound ducts, one from the stratospheric temperature
inversion and one from the thermospheric increase.
The fundamental heat source to the lower atmosphere is the absorption of solar
energy by the surface followed by reradiation in the infrared into the lower thermosphere. This heat is transported away from the lower troposphere by convection. At
mean sea level, the average temperature is 288.2 K, corresponding to a mean adiabatic sound speed (c) of 340.4 m/s (c2 = 401.875 m2 s−2 K−1T, where T is the temperature in degrees K. This is a very good approximation below 95 km.). As altitude increases
and the atmospheric mass density decreases, the temperature decreases with an average adiabatic lapse rate of approximately 6 K/km. Increased absorption of solar UV
radiation, itself a product of UV absorption, causes the temperature gradient to change
sign above the tropopause. The stratopause temperature maximum occurs roughly at the
altitude of maximum absorption; about 270 K at 50 km corresponding to an average
adiabatic sound speed of 329.4 m/s. Above this altitude, temperature decreases again
as O3 concentrations decrease. This is further accelerated by the increase of infrared
cooling by CO2, resulting in the temperature minima of 186.9 K at the mesopause.
This corresponds to an adiabatic sound speed of 186.9 m/s. In the thermosphere, the
effects of the absorption of extreme ultraviolet (EUV) radiation by various atomic and
molecular species [e.g. O, O2] result in an isothermal temperature maximum beginning at about 300–500 km. The maximum temperature ranges from 600 to 1,200 K
(c = 491– 694 m/s), depending on the phase of the 11 year solar Sun spot cycle.

15.3.2 General Circulation
The dynamics of the atmosphere, which result from the fact the Earth is a tilted, rotating,
uneven sphere, create a rich complexity that is observed in the spatiotemporal variability
of infrasound propagation (Hauchecorne et al. 2010). Atmospheric dynamics are the
result of the uneven diurnal and seasonal distributions in radiative heating and cooling.
Seasonal and latitudinal variations determine the overall nature of the general circulation patterns; the many surface variations in longitude result in the weather systems
(i.e., synoptic scale planetary waves) and, due to solar heating under rotation, the diurnal (local-time) variations of the vertically propagating migrating tides.
First we consider the zonally averaged features of the atmosphere’s general circulation (i.e., the average of the wind fields around a circle of constant latitude). Salient
features of the Earth’s general circulation are surface currents, such as the trade
winds, the tropospheric jet streams, and the stratospheric wind jets. The average
tropospheric jet stream zonal velocity is about 40 ± 20 m/s, while the average zonal
velocity of the stratospheric wind jet is 80 ± 40 m/s. The zonally averaged meridional
(north–south) winds are on the order of a few m/s, while the planetary scale vertical
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winds are on the order of cm/s. Thus, the vertical winds are irrelevant to infrasound
propagation, but the meridional winds are significant when considering departures
from the zonal average.
The surface temperature is maximum at the equator and decreases toward the
poles. Near the surface, trade winds are driven by upward and poleward motions of
air heated at the surface in the tropics. These maintain the low and midlatitude
surface westerlies (west to east). This advection carries large amounts of water
vapor toward the equator producing enhanced rainfall there, where the additional
latent heat supplies additional drive to the low latitude general circulation cells.
Similar processes produce corresponding polar tropospheric circulation cells, along
with the midlatitude (Ferrel) circulation cells. These circulation cells are illustrated in
Fig. 15.5. The Hadley cell is highly asymmetric with respect to the equator in the
winter and summer. The winter hemisphere cell dominates with strong cross equatorial
transport into summer hemisphere near the surface. These dynamical processes
primarily influence surface wind noise at the IMS infrasound arrays.
The latitudinal temperature gradients, which result from differential solar heating
of the globe, are responsible for the tropospheric and stratospheric jet streams.
The structure of the tropopause varies with latitude and season – at the equator, the
tropopause is located at an altitude of 18 km with a minimum temperature of 190 K,
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while at the polar latitudes it is lower and colder, located at 8 km with a minimum
temperature of 220 K. This temperature distribution drives the tropospheric jet
streams in both hemispheres, with the strongest one located furthest equatorward
during winter. A split jet stream is occasionally observed, typically in August or
September in the Southern Hemisphere.
The meridional temperature structure of the stratosphere is somewhat different
than in the troposphere. The lower stratosphere has a temperature minimum at the
equator with a maximum at the summer pole and in the midlatitude of the winter
hemisphere. Above about 35 km, the temperature decreases uniformly from the summer pole to winter pole in accordance with radiative equilibrium considerations;
however, eddy (planetary wave) motions can induce substantial local departures in the
winter stratosphere and during both solstices in the mesopause as we shall see in the
next section. The net radiative heating has a strong seasonal dependence with maximum heating in the summer hemisphere, and maximum cooling in the winter hemisphere. The result is a diabatic circulation – rising in the summer hemisphere,
meridional drift to winter hemisphere, with sinking downward there. Under the influence of Coriolis torque from the Earth rotation, westerlies (eastward winds) are produced in the winter hemisphere and easterlies (westward winds) in the summer
hemisphere in approximate balance with the meridional pressure gradient. Figure 15.6
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illustrates a typical slice of the zonal wind field during Northern Hemisphere Summer
conditions. There is also a diabatically induced circulation during the equinoxes with
upward motion in the equatorial region and poleward drift in both the spring and
autumn hemispheres.
The observed latitudinal temperature distribution in the mesosphere arises from a
balance between the net radiative drive and the heat transport plus local temperature
changes produced by these motions. Owing to gravity wave drag, the latitudinal
temperature distribution and wind jets in the mesopause region actually reverse from
what they are in the stratosphere during the solstices. The summer mesopause is
actually colder than the winter mesopause. As a result of these processes, two counter
propagating wind jets of a slightly weaker magnitude close off and form above the
stratospheric jets.
A rigorous mathematical description of the geophysical fluid dynamics of the
general circulation patterns including various approximation to primitive hydrodynamic equations such as the hydrostatic balance, the geostrophic approximation,
and gradient winds can be found in for example Holton (1992), Chamberlain and
Hunten (1987), Andrews et al. (1987), and Brasseur and Solomon (1986).

15.3.3 Planetary Waves – Synoptic Scale Meteorology
The next level of detail in describing the atmospheric variations that influence infrasound propagation are the global asymmetries and anomalies caused by stationary
waves, freely propagating planetary waves, and eddies (Hauchecorne et al. 2010).
Commonly referred to as the synoptic scale motions or terrestrial weather, these are
generated by nonlinear dynamical instabilities, land/sea contrasts, and interaction of
the general circulation with topography. These waves and gyres have global wave
numbers (number of waves at a given latitude) between 1 to 5 and periods from 3 to
16 days. They cause the day-to-day variability of observed infrasound propagation
characteristics (e.g. Le Pichon et al. 2002, 2005a). Vertical structure in these waves
may also result in waveform complexity from the infrasound analog of seismic lowvelocity zones. Over the length scale of these waves, the pressure gradients are
nearly balanced by geotropic winds arising from the Coriolis force. At mid-latitudes,
consideration of the lateral (horizontal) pressure gradient and the Coriolis forces
dictates that the wind patterns associated with synoptic scale disturbances flow
counter clockwise around regions of low pressure in the Northern hemisphere; and
clockwise around regions of high pressure. The converse of this relationship holds
in the southern hemisphere.
The large scale wave features relevant to infrasound propagation are the Rossby/
Planetary waves, which are free or normal mode oscillations of the atmosphere.
These extratropical planetary waves result from longitudinal variations in radiation,
convection or latent heating, nonlinear cascades from shorter scale disturbances, and
mechanical disturbances from topographic variations. These waves have a westward
phase velocity with respect to Earth’s atmosphere. In the equatorial region, in addition
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Fig. 15.7 The zonal (east–west) wind field at 50 km above a typical midlatitude location (33°N)
as given by the HWM-93 (dashed) and G2S model (solid)

to Rossby waves, Kelvin waves that propagate eastward with respect to the atmosphere
are possible. These equatorial waves often have shorter periods and higher wave
numbers relative to midlatitude planetary waves. Again, for a rigorous discussion,
we refer the interested reader to the general atmospheric science texts.
Owing to the fact that the planetary waves only propagate westward, they can
only propagate vertically from the troposphere into the stratosphere and mesosphere
when zonal mean winds are eastward. As explained in Holton (1992), “The vertical
propagation of stationary waves can occur only in the presence of westerly winds
weaker than a critical value that depends on the horizontal scale of the waves.” Thus,
large amplitude planetary waves are only observed in the stratosphere in the winter
hemisphere. This is why the flow becomes zonally symmetric in the summer hemisphere. From the observational perspective of single site location, an example of a
multiyear time series of the zonal wind field at an altitude of 50 km above a typical
midlatitude station (e.g. I56US) is shown in Fig. 15.7. Note that during Northern
hemisphere summer, departures from climatology are infrequent, while during the
winter time departures can be significant. This is relevant when comparing results
from infrasound propagation calculations against observations using either climatology
or an actual specification of the atmospheric state of a given day, i.e., climatology
may produce reliable results in the summer and equinoxes, but not in the winter.
Owing to more continental land masses, the prevalence of vertically propagating
planetary waves is more significant in the northern hemisphere.

15.3.4 Migrating and Nonmigrating Solar Tides
The migrating solar tides are coherent global-scale atmospheric waves (disturbances),
which propagate westward with the apparent motion of the Sun at periods that are
harmonics of a solar day. These are the dominant mechanism of the meteorological
variability in the mesosphere and lower thermosphere (MLT). These tidal oscillations
are the result of solar EUV heating of H2O and O3 by absorption in the IR and O3
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absorption of UV radiation in the stratosphere. This results in repeatable 24 and 12 h
oscillations in the MLT (Forbes 1995; Hagan 1996). In the lower-thermosphere, there
is an in situ component forced by O2 absorption by the Schuman-Runge bands and
continuum, which gives rise to both evanescent and freely propagating modes.
The amplitude of these tidal oscillations increases with altitude as they propagate from the source region into regions of ever-decreasing neutral density. The
strongest tidal signatures are found in the MLT between 80 and 120 km as observed
in all variables by satellite and ground-based instruments. As a result of their
repeatability, the salient features of these global scale oscillations can be reasonably
well parameterized by empirical and theoretical models. In addition, there is a
quadrature relationship between the temperature, zonal, and meridional wind
velocity perturbations. The diurnal tide (24-h harmonic) dominates near the tropics,
where the meridional wind has a maximum at ± 22° with a vertical wavelength of
~20 km and an average amplitude of 30–50 m/s at 100 km depending on season.
The migrating diurnal tide has a maximum during the spring and fall equinoxes
when the solar heating is symmetric with respect to the equator. This tide begins to
dissipate above 115 km. The semidiurnal oscillations (12-h harmonic) dominate at
midlatitudes (± 42°), with peak amplitudes of approximately 30 m/s at 100–115 km.
The semidiurnal tide propagates deeper into the lower thermosphere due to the
longer vertical wavelength ~60 km. The amplitude of all of these tides also exhibits
a fair amount of some day-to-day variability as a result of nonlinear wave-wave and
wave-mean flow interaction.
These waves result in hourly (diurnal and semidiurnal) variations of the infrasound propagation characteristics as shown by several authors; e.g. Donn and Rind
(1972), Rind and Donn (1975), Rind (1978), Garces et al. (2002), and Le Pichon
et al. (2005a). Figure 15.8, from Le Pichon et al. (2005a), presents the diurnal variations
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Fig. 15.8 Statistics on the number of detections from June 2003 to May 2004 compared with windnoise variation measured at I22FR. (a) Histograms on the number of detections vs. time of day.
(b) Measured amplitude of signals for Lopevi (in blue), and Yasur (in red) vs. time of day.
(c) Diurnal variations of infrasound noise level at 1 Hz (black) and hourly averaged wind speed
(in red) measured at the central array element (from Le Pichon et al. 2005a)
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of the number of detections from June 2003 to May 2004 compared with wind-noise
variation measured at I22FR. Statistics are correlated to the daily fluctuations of the
wind-related noise. The highest value of the noise level at 1 Hz is obtained during
daytime when the local wind speed reaches ~5 m/s (0000 UT corresponds to 1100
local time). As a result, due to the low amplitude of the signals, the number of detections
significantly decreases during the daytime. There is no signal from Lopevi from
0900 to 1200 UT, though the wind-noise remains at a low level.
Recent upper atmospheric research observations indicate that there are also
significant nonmigrating tidal oscillations; see for example Forbes et al. (2003) and
Oberheide et al. (2006, 2007). These tidal oscillations can be thought of as longitudinally dependent enhancements of the migrating tides, which result from the
longitudinal variations in the latent heating forcing function via the distribution of
O3 and H2O. The predominant nonmigrating tidal mode is a diurnal eastward propagating oscillation, with global wave number 3. The temperature perturbations resulting
from this oscillation can be on the order of 16 K at 86 km, peaking during equinox.
At 110 km near ± 30° latitude, the semidiurnal perturbations can be on the order of
25 K. Currently, the significance/influence of these tidal modes on infrasound
propagation characteristics remains unknown.

15.3.5 Gravity (Internal Buoyancy) Wave Spectrum
The last atmospheric phenomena relevant to infrasound propagation physics is the
internal gravity wave spectrum (Mikumo and Watada 2010; Lott and Millet 2010).
These internal waves result from the stratification or buoyancy of the atmosphere.
They are produced by a variety of sources in the lower and middle atmosphere,
including cumulous convection, flow over topography, and fluid instabilities. A typical gravity wave has a vertical wavelength that ranges from 5 to 15 km, a horizontal
phase speed up to 80 m/s, a horizontal wavelength between 10 to 200 km, and periods
which range from 5 to 120 min. There are three subclasses of gravity waves, from the
low to high frequencies depending on the scale of Z (intrinsic frequency) to the
Brunt–Väisälä frequency (high frequency limit) and the Coriolis frequency (f) (low
frequency limit): acoustic gravity waves, gravity waves, and inertio-gravity waves.
Gravity waves are known to be responsible for internal scattering of acoustic
energy into and out of ducts, as well as into the classical zones of silence. The vertical
wavelengths and amplitudes of these will also cause infrasound waveform complexity via the transient low velocity zones that they generate. Recent theoretical
studies on this subject have been presented by Chunchuzov (2004) and Ostashev et al.
(2005). As mentioned earlier, gravity wave dynamics also affect the temperature
structure and general circulation of the middle atmosphere, transporting energy and
momentum. They also contribute to turbulence and mixing. The basic linear theory
of these waves is described in for example Holton (1992). See Fritts and Alexander
(2003) for a complete review of the current understanding of atmospheric gravity
waves – the main points are summarized here.
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The primary sources of gravity waves are topography, convection, wind shear,
and nonlinear wave-wave instabilities. Topographic gravity waves from flow over
topography have horizontal wavelength from 10 to 100 km. The waves may vary
from nearly undetectable to large amplitude waves that may even become dynamically unstable (nonlinear). The typical phase speeds are near zero, with the vertical
wavelengths governed by static stability and the background mean flow. As noted by
Fritts and Alexander (2003), the horizontal velocity and temperature gravity wave
variances are 2–3 times higher over significant topography compared to the plains
and oceans; independent of other sources and 5 times higher than those regions have
no obvious meteorological sources. There is some controversy with respect to the
physical mechanisms of the convective generation of gravity waves (i.e., by storm
fronts and cumulous convection). Observations of high Z gravity waves show close
correspondence with deep convective clouds. Convectively generated waves have a
complete range of phase speeds, frequencies, and wavelengths. Microphysical
generation mechanisms proposed depend on the local shear, vertical wind profile,
and time dependence of latent heating. Shear generation is predominantly propagation away from shear layers and Kelvin-Helmholtz instabilities. These processes are
not well understood as today’s theories for this mechanism require computationally
intensive nonlinear, numerical simulations. Yet another generation mechanism
known to generate gravity waves is geostrophic adjustment. In this mechanism,
gravity wave excitation occurs from the restoration of significant perturbations to the
global balance flow, which then relaxes to a new balance state by the redistribution
of momentum, energy, and the radiation of excess energy via gravity waves. For this,
the tropospheric jet stream could be one possible source; frontal-genesis, and baroclinic instability are other examples of unbalanced flow which may be sources for
intertio-gravity waves. For these sources, the vertical scales – Oz greater than a few or
more, Ox,y approximately 10–100 times larger, periods on the order of a hour or so.
Relevant to the influence of gravity wave on infrasound propagation is the question of whether there is a continuous spectrum of gravity waves or a discrete number
of them? There is observational evidence for both. Development of the characteristics
of the gravity wave spectrum as a function of altitude is an important consideration
for both infrasound propagation modeling as well as the atmospheric science community in general. For the latter, gravity waves excite a net body force that has the
same sign as the local wind shear. For example, topographically forced gravity waves
exert a westward drag above the tropospheric jet peak winds. In the mesosphere,
gravity waves exert a force that is generally opposite to the background winds and
that is strong enough to influence the atmospheric circulation and structure, causing
the reversal of the zonal mean and driving the mean meridional transport. This circulation leads to a warm winter mesopause and a cold summer mesopause (i.e., reversal
of the latitudinal temperature gradient). In these processes, gravity wave variability or
blocking via wave-wave and wave-mean flow interactions as a function of latitude,
season, and altitude are all important consideration in these processes.
As a consequence, there are at least eight gravity wave parameterization schemes
proposed or implemented in atmospheric general circulation models. Specification
of the characteristics at the source level, wave propagation (spectral evolution) as a
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function of height, and calculation of effects (forcing/drag) on the background
atmosphere are all taken into account. Typically the vertical variation of the spectral
shape and amplitude are physically characterized by wave saturation conditions.
This includes the variations with space and time, as well as the various wave components (k, m, and Z). The energy spectrum has the general form E(Z) = Z−5/3.
Doppler shifts of the spectrum, both internal and external, are considered by the
best theories. Measurement of all of the parameters and validation of the theories is
somewhat challenging, but not impossible. Again see Fritts and Alexander (2003)
for detailed references and discussion. Climatologies and statistics have been developed from Space Based observations throughout the atmosphere, radiosonde profiles,
rocket soundings, lidars, radars, and aircraft measurements. The observations show
strong seasonal and latitudinal variations; these are related to source function and
background wind variation filtering effects.
Lastly, at the very smallest scale as an internal dynamical phenomena, the presence
of upward propagating gravity waves can result in instability and turbulent dynamics,
often associated with breaking. There are a convective instability limit (see Fritts and
Alexander 2003) and a dynamical instability limit that are related to the Richardson
number. By comparison, Kelvin-Helmoltz instabilities are among the most common
sources of turbulence in the atmosphere. These can result from wind shears induced by
inertio-gravity waves. While direct observations are difficult, most of the current
research on Kelvin-Helmholtz instabilities is performed by numerical simulations.

15.4 The Effect of the Atmosphere on Infrasound
Monitoring: Case Studies
15.4.1 Temporal Variations in Signal Characteristics
Many long-term observational studies conducted at IMS infrasound stations have
shown seasonal variations in recorded signal characteristics. One such study
(Arrowsmith and Hedlin 2005) was a year long investigation of surf-generated infrasound detections at the I57US array in southern California. Ocean-generated infrasonic waves at frequencies between 1 and 5 Hz are attributed to waves breaking
along the shore (Kerman 1988). Surf-generated infrasonic waves had previously
been reported at the I59US IMS array in Hawaii, located about 7.5 km from the
coastline (Garcés et al. 2003), and signal amplitudes were shown to correlate with
offshore wave heights. At the I57US array, arrival angles obtained using the
Progressive Multi-Channel Correlation (PMCC) algorithm (Cansi 1995) pointed to
an ocean source; however, the signal amplitudes were correlated with wave heights
only over the winter months. The correlation broke down in summer. Arrowsmith
and Hedlin (2005) demonstrated that arrivals were stratospherically ducted between
the source region along the coastline and the array – a distance of approximately
200 km. They concluded that the number and amplitude of detected signals depended
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on two things: the wave height, which relates to source amplitude, and the strength
of the stratospheric duct.
Figure 15.9 shows the number of surf-generated signals detected in this study
over a year, as well as meridional and zonal wind speeds along the propagation
path. There is an obvious seasonal trend in the number of detections that correlates
to the strength of the stratospheric winds to the west. Westward stratospheric winds
strengthen the stratospheric duct, enabling propagation of surf-generated infrasound to the I57US array in winter. The far lower number of detections in summer
is due in part to the smaller number of periods of high surf activity, but also to the
disappearance of the stratospheric duct.

Fig. 15.9 (Top and middle panels) Meridional and zonal wind speeds along the propagation path,
averaged along the path from source to receiver, for each day of the year. These values were
derived from the HWM climatological model (Hedin et al. 1996). (Bottom panel) The number of
detections per day from the west (from Arrowsmith and Hedlin 2005)
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Other investigations to show seasonal variations in signal detection rates include
a study of infrasonic waves generated by the Concorde (Le Pichon et al. 2002), and
several studies of microbaroms detected at Hawaii (Willis et al. 2004; Garcés et al.
2004), and at infrasound stations in Bolivia and Germany (Le Pichon et al. 2006).
In the Concorde study, infrasonic waves excited by the regularly scheduled flights
with known flight routes were detected at an infrasound array at Flers, in northwest
France. The Concorde traveled at supersonic speeds, generating shock waves near
the aircraft (Whitham 1974). The pressure disturbance resulting from supersonic
objects in the atmosphere decreases rapidly with distance from the source so that
propagation is acoustic over almost the entire source-receiver path. Thus, transmission is governed by wind and sound speed gradients in the atmosphere. Concorde
flights have been recorded at infrasound sensors at distances from hundreds to thousands of kilometers (Liszka 1978). The Le Pichon et al. (2002) study specifically
addressed the affects of upper atmospheric fluctuations on the infrasonic waves.
They found both seasonal and diurnal trends in the number of Concorde-generated
phases detected daily, in the apparent phase velocities, and the width of the
frequency bands. Large numbers of arrivals were detected from October through
April, with fewer phases recorded from May to September and none in August. Signal
amplitudes were also lower and had a narrower frequency range in summer. They
concluded that infrasonic arrivals had been refracted in the stratosphere and thermosphere in winter, but only in the thermosphere in summer. Weaker diurnal trends
in the number and amplitude of arrivals were attributed to daily tidal fluctuations in
atmospheric winds at about 120 km in altitude. These results further confirm the
influence of atmospheric winds on long-range sound propagation.
Microbaroms are infrasonic waves generated by ocean swells and are ubiquitous
at IMS infrasound arrays, with a peak frequency of 0.2 Hz. Arendt and Fritts (2000)
proposed a source mechanism involving the nonlinear interaction of ocean swells
with atmospheric pressure waves. Microbaroms dominate the ambient infrasound
field at I59US (Willis et al. 2004). Willis et al. (2004) demonstrated that arrival
azimuths vary annually; they arrive from the east or south from June through
September, and predominantly from the northwest from October through March.
These seasonal patterns in arrival directions not only relate to regions of dominant
storm activity, but also to wind directions in the atmosphere at altitudes of 10–20 km
and from 50 to 70 km (Garcés et al. 2004).
Monitoring at I08BO, a midlatitude infrasound IMS stations in Bolivia, and at
I26DE, an IMS station in Germany, over a 5-year period showed clear annual cycles
in the number, arrival azimuth, and amplitude of microbaroms recorded at these stations (Le Pichon et al. 2006). The numbers of arrivals at each station show a clear
correlation with the direction of the zonal stratospheric winds in each hemisphere.
The stratospheric winds blow to the east between June to November in the southern
hemisphere, consistent with observed arrivals from the antarctic circumpolar current
(ACC) to the south-southwest, and blow westward the rest of the year, leading to
arrivals from ACC regions to the southeast of the array from December through
April. In Germany, microbaroms arrive from the North Atlantic to the west to northwest of the array between October to June, consistent with the eastward flow of
stratospheric winds at this time.
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Infrasound generated by three active volcanoes on the Vanuatu archipelago was
monitored over a 1-year period at the I22FR infrasound station south of the archipelago
(Le Pichon et al. 2005a). Between them, the three volcanoes provided a frequent source
of infrasonic waves. The PMCC algorithm (Cansi 1995) was applied to the data to
estimate the direction of each arrival. Le Pichon et al. (2005a) found that the arrival of
azimuth from these fixed sources varies seasonally, with fluctuations of up to 15o over
the course of a year. They used 3-D ray-tracing through a moving atmosphere, using
temperatures and wind speeds from NRL-Ground-To-Space (NRL-G2S) specifications
to find that simulated azimuth deviations failed to predict the observed swings in arrival
azimuth over the span of a year. They concluded that the mesospheric winds are underestimated. In a follow-up study, Le Pichon et al. (2005b) showed that these observations
could be used to investigate the structure of high altitude winds. They applied an iterative
algorithm to reconstruct wind speed profiles at altitudes above 60 km, such that differences between observed and predicted azimuths were minimized. The results showed
that mesospheric wind speeds were underestimated by 20–50 m/s, and that stratospheric
winds extend to the lower thermosphere (see Fig. 15.6 in Le Pichon et al. 2010).
Infrasonic waves generated by eruptions of Mt Etna in Italy were observed over
the summer of 2001 at the Deelen Infrasound Array (DIA) in The Netherlands and
at IS26 in Germany (Evers and Haak 2005). Mt Etna was almost continuously active
over this period. A detailed examination over 24 h at the DIA array showed a clear
diurnal pattern in the number of detections; the detection rate rose significantly in the
late evening and decreased again about 10 h later. Evers and Haak (2005) attribute
this, in small part, to the decrease in human activity at this time. However, they
ascribed this primarily to the increased stability of the atmosphere at night, which
arises due to the decrease in turbulence and atmospheric convection caused by the
solar heat flux. This diurnal variation in detection rate was not observed at IS26.
Evers and Haak (2005) also observed that the measured azimuths to source were
deflected by about 3.5o at the nearer stations, IS26, and about 2.6o at DIA, leading
to an error in the source location estimated using the crossing of the two bearing
estimates (Fig. 15.10). They used 3-D ray-tracing through an advected medium
(Garcés et al. 1998) to confirm that zonal cross winds within the stratosphere deflect
the infrasonic waves westward, leading to the observed azimuth deviations.
Fee and Garcés (2007) observed a clear diurnal cycle in infrasound arrival amplitudes arising from shallow volcanic tremor excited by an active vent of Kilauea
Volcano. They deployed the sensor array approximately 12.5 km to the northwest of
the active vent; this location was chosen because ray theory predicts a shadow zone
starting at a distance of 12 km from the source for much of the day. Spectrograms
were computed for seven days of beam-formed data. They showed that spectral
amplitudes between 0.02–0.3 Hz were a proxy for wind speed, and were anticorrelated with infrasonic tremor in the 0.5–3 Hz band. The amplitudes of the tremor
arrivals peaked in the early morning hours, about 0000–0500 local time. The spectrograms are shown in Fig. 15.11. Fee and Garcés (2007) concluded that the arrival
amplitudes were highest at night due to a temperature inversion created by the rapid
cooling of the Earth’s surface. The temperature inversion creates a stable layer of
atmosphere characterized by light winds, and results in a waveguide that ducts
infrasound energy.
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Fig. 15.10 Map showing observed azimuths to source (gray) and true values (black) for DIA and
IS26 toward Mt. Etna, in Sicily (from Evers and Haak 2005)

15.4.2 Spatial Variations in Signal Characteristics
Relatively few studies have shown clear spatial variations in observed signal arrivals.
One difficulty is that the sparse distribution of infrasound stations makes it difficult
to delineate the edges of shadow zones. However, comparatively dense distributions
of seismic networks exist worldwide, and have been used to record infrasound
energy for a variety of sources (e.g. Cates and Sturtevant 2002; Cochran and
Shearer 2006; Arrowsmith et al. 2007; Ottemöller and Evers 2008). Although seismic
waveforms do not yield an accurate measure of the infrasound amplitude due to
local variations in the efficiency of air to ground coupling, they provide both travel
times and a lower limit on the ground exposure to the sonic boom.
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Fig. 15.11 Spectrograms of beamed signals at a temporary station near Kilauea Volcano.
(a) Spectrograms at 0.5–3 Hz, showing infrasonic tremor from the volcano and (b) 0.02–0.3 Hz.
The latter spectra serve as a proxy for wind speed at the station. The green line in (b) is the wind
speed at a nearby tower. The signal and wind spectra are anticorrelated due to the rise of a nocturnal
boundary layer at night, which results in low winds and infrasound ducting from the volcano to
the nearby infrasound station (from Fee and Garcés 2007)

A recent study to make use of the dense networks in the western United States was
an infrasound analysis of the reentry of the space shuttle Atlantis by de GrootHedlin et al. (2008). The space shuttle usually lands at the Kennedy Space Center
(KSC) in Florida, but severe weather in that area on June 22, 2007 forced NASA to
direct Atlantis to the alternate landing site at Edwards Air Force Base in the Mojave
Desert in southern California. The infrasound generated by the shuttle was examined
at over three hundred three-component seismic stations in the USArray, various
regional seismic networks, and three infrasound stations in southern California and
western Nevada. The temporary presence of the transportable USArray in this region
provided this study with a much broader and denser array of sensors than would
otherwise be available. A time and position record of its trajectory, accurate to
25–50 m, was recorded with a GPS receiver onboard the space shuttle. This yielded
a rare opportunity to evaluate present-day atmospheric models over a dense network
using infrasound signals for which we know when and where the source occurred.
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Over one hundred seismic sensors and all three infrasound stations recorded the
signal, and arrival times were picked. For comparison, travel times were computed
for 3-D rays propagated through atmospheric specifications provided by the NRL-G2S
model (Drob et al. 2003) and by climatology data. The source model was similar
to that of Le Pichon et al. (2002), that is, rays were launched at right angles to
infinitesimal Mach cones along the flight trajectory. The results were quite similar
for both sets of atmospheric specifications, and observed arrival times are compared to
arrival times predicted based on ray propagation through an NRL-G2S atmospheric
model (Fig. 15.12). Comparison of predicted vs. observed travel times shows agreement over much of the study area. To the east of the shuttle trajectory, there were
no detections beyond the primary acoustic carpet, but infrasound energy was
detected hundreds of kilometers to the west and northwest of the shuttle trajectory,
consistent with the predictions of ducting due to the westward summer-time stratospheric jet. To the northwest, regions of ensonification are predicted to alternate
with shadow zones. However, infrasound energy was detected to distances of tens
of kilometers within predicted shadow regions.
These results were confirmed, in part, by an infrasound study of an accidental
explosion at an oil depot, one of Europe’s largest explosions since the Second World
War (Ottemöller and Evers 2008). Seismic stations in the UK and the Netherlands,

Fig. 15.12 (a) Map of stations used in the study by de Groot-Hedlin et al. (2008). Filled circles
indicate seismic and infrasound stations that recorded an arrival, color-coded according to observed
first arrival time, in seconds after 1900 GMT. For comparison, the shuttle speed drops below Mach
1 at 2,732 s after 1900 GMT. The supersonic portion of the shuttle trajectory is shown in red. Empty
circles indicate station locations where signal were not detected. (b) Map of ray endpoints that
reach the ground, for rays starting along the supersonic portion of the shuttle trajectory. Only stratospheric and tropospheric arrivals were considered. The endpoints are color-coded according to the
predicted arrival time. Empty circles mark stations where signals were not observed. Filled circles
indicate stations where arrivals were detected
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and infrasound stations in the Netherlands recorded infrasonic waves from the
explosion. Ottemöller and Evers (2008) noted that the predicted shadow zone was
roughly 20 km larger than the observed shadow zone. They concluded that in other
respects, the observed infrasound arrivals validated predictions based on ray-tracing
through NRL-G2S atmospheric models.
However, another investigation did not find evidence of predictable shadow
zones. A study of a bolide observed over a wide region of the northwestern United
States and southwestern Canada was recorded at approximately one hundred seismometers in the area and at the I56US and I57US IMS arrays (Arrowsmith et al.
2007). The seismic data indicated that the source of the infrasound energy was a
terminal burst rather than a hypersonic transit through the atmosphere. It was noted
that the infrasound propagated at approximately 330 m/s, consistent with propagation
near the surface. Arrivals were also detected well within areas predicted to be
shadow zones, based on propagation through a NRL-G2S atmospheric model.

15.4.3 Spatial and Temporal Variations in Signal Characteristics
One experiment may be used to examine both spatial and temporal detectability of
infrasound. Rockets were launched from the White Sands Missile range (WSMR) in
New Mexico on three dates during 2005 and 2006, and detonated in the atmosphere at
altitudes ranging from about 30 km to 50 km (Herrin et al. 2008). The dates were
chosen, in part, to examine infrasound propagation through several characteristic high
altitude wind patterns; in fall, when stratospheric winds transition from westward flow
in the summer to eastward flow in the winter; in spring, when stratospheric winds
transition back to the west; and in summer. The rocket trajectories were provided by
radar data that gave the rocket’s position as a function of time. The actual detonation
locations were determined to within several seconds and several kilometers. Two
rockets were launched on each date to take advantage of relatively calm atmospheric
conditions. A relatively dense network of temporary infrasound arrays was deployed
for each date to augment five permanent stations in the study area. A map (Fig. 15.13)
shows where infrasound sensors were deployed for each date, and which stations
recorded a signal associated with the detonations. Infrasonic waves were detected at
distances of nearly 1,000 km. The data acquired in this experiment are still under
study; some further details are given in Herrin et al. (2008).

15.5 Discussion
The seismic velocity structure of the Earth’s interior does not change very rapidly,
at least not on human time scales. Decades of observations of travel times from
thousands of earthquakes to hundreds of seismic stations distributed worldwide have
allowed seismologists to define this structure in exquisite detail. The models we have
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Fig. 15.13 Locations of infrasound stations for high altitude infrasound experiments on (a)
September 2005, (b) March 25, 2006, and (c) July 21, 2006. The green circles indicate stations
that measured a signal, and the black circles indicate those that did not

of the seismic velocity structure of the Earth’s interior are rooted in travel time observations. Studies of the structure of the Earth’s atmosphere are significantly different,
however, in that change occurs continuously on all timescales. The manner in which
we probe atmospheric structure is also entirely different. The bulk of our knowledge
of the atmosphere’s structure is not based on acoustic travel times, but is determined
by various operational and research measurements; synthesized into mesoscale,
global, and climatological atmospheric specifications (as described in section III).
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Atmospheric change is ultimately driven by solar heating. Heating varies seasonally
as a function of latitude, diurnally, and with altitude. The broad optical spectrum of
the sun’s photons is absorbed first by the atoms and molecules at the top of the atmosphere primarily at the EUV wavelengths, then those remaining wavelengths (UV)
and photons are absorbed by ozone in the stratosphere, and finally what is left reaches
the surface. Atmospheric dynamics result from the fact the Earth is a tilted, rotating,
uneven sphere – resulting in uneven heating. While the large-scale structures evolve
slowly with season, other finer-scale structures present one moment may be entirely
gone the next. Some of the structures are repeatable from year-to-year and day-to-day
in the average sense, while others are purely stochastic/random. These atmospheric
changes vary with location as well as season. Zonal stratospheric winds, which have a
significant influence on the nature of observable propagation characteristics, reverse
twice each year at midlatitudes in both the northern and southern hemisphere. Near
the equator and the poles, zonal winds have little in the way of seasonally varying
atmospheric characteristics, and instead are influenced by vertically propagating
planetary waves which can result in the creation of ducts that can last for a few days.
Other significant variations include the surface winds which influence wind noise at
the detectors, the migrating solar heating driven tides which can produce local time
variations in the upper stratospheric and thermospheric ducts, as well as internal gravity
waves which can result in scattering of infrasound into and out of various ducts often
in places where classically they are not predicted to exist.
This ongoing change poses a great challenge to those whose studies rely on
the propagation of sound through the atmosphere. Zonal winds might enhance propagation through the stratosphere along a given latitude at one time of the year
(such as from west to east in the northern hemisphere winter) and inhibit propagation
along the same path a few months later after the stratospheric wind jets reverse directions. The same winds may not enhance or inhibit propagation along a north-south
path at the same latitude, but will deflect the energy from the great-circle plane
connecting the source and the receiver and cause a bias in the arrival direction. It is
well known that the structure of acoustic recordings can be highly time-variant. This
variable nature of infrasound recordings is often attributed to finer-scale temperature
and wind structure of the intervening atmosphere. Propagation ducts open and close,
and fine-scale structures may scatter acoustic energy. Energy from an impulsive
source might be multipathed and arrive at a recording station several times after
taking markedly different paths. Amplitudes of infrasound signals can be significantly altered, complicating efforts to estimate source energy.
The atmospheric science community is making great strides in providing accurate specifications of the atmospheric from the ground to space (Drob et al. 2010).
They are demonstrating operational data assimilation capabilities with compilations
of recent historical data sets. Scientific knowledge of the dynamical processes of the
atmosphere that is relevant to infrasound propagation research is continuing to
advance on many fronts.
Atmospheric variability is of central importance when analyzing local or remote
recordings of infrasound from man-made or natural phenomena. Key questions in
many such studies are what caused this sound, and where did it happen. These questions
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are of paramount importance to those in the nuclear monitoring community. Infrasound
data are collected worldwide for the goal of not only detecting signals from explosive
sources, but also for providing the basis for identifying the event as an explosion and
then giving a location accurate enough to be of use for more thorough investigations.
There is growing interest in the use of infrasound as a tool for monitoring a plethora
of natural hazards such as tornadoes, hurricanes, volcanic eruptions, ocean swell, tsunami, wildfires, avalanches, etc. All of these phenomena are significant sources of
infrasound energy. Understanding propagation is essential in assessing the utility of
infrasound for these events as well as for longer-lived phenomena, to track them as
they evolve from their embryonic stages until they no longer pose a threat.
Much progress has been made in defining atmospheric structure, though this is
another area in which our field is significantly different than seismology. In seismology, the structure is defined by direct measurements of travel times. Available models of atmospheric structure come from the assimilation of diverse multiinstrument
data sets and provide hourly conditions at any location and at any time of the year
(e.g. Kalnay et al. 1990; Bloom et al. 2005; Hogan and Rosmond 1991; Molteni
et al. 1996). Recent hybrid models (e.g. G2S; Drob et al. 2003) bring together these
specifications with empirical models to allow us to estimate atmospheric wind and
temperature structure as it varies over all relevant altitudes. Perhaps the ultimate goal
in atmospheric modeling is to develop the tools needed to define atmospheric structure to a scale fine enough in time and space to permit us to synthesize the larger
features in infrasound recordings (such as first arrival time, arrival direction, number
of arrivals) that are essential for us to be able to answer the questions posed earlier,
namely what generated the sound and where the source was located.
Given that our atmospheric models are not developed from direct measurements
of acoustic travel times, infrasound sources that have been “ground truthed,” or
defined accurately in terms of time of occurrence, geographic location, and altitude,
are essential for validating our atmospheric modeling methods and our techniques
for simulating the propagation of sound. Ground truth databases (e.g. the GINA
database maintained by Canada’s Geological Survey of Canada, McCormack and
Evers 2003) – data collected at the WSMR by a consortium of universities in the
United states – (Herrin et al. 2008) continue to grow (Green et al. 2010). The pressing need for such events underscores the importance of metadata that can give us
the much-needed information on these sources. These data sources include satellite
observations (e.g. providing location and time of bolide explosions) and telemetry
on man-made supersonic aircraft (such as discussed by de Groot-Hedlin in their
study of the Atlantis shuttle – de Groot-Hedlin 2008). This gives us an opportunity
to directly test our modeling methods.
There is a keen need to validate our models and modeling methods. This is
hampered somewhat by the rather low density of infrasound stations. Atmospheric
variability is such that it is the norm to observe significant differences in waveforms
between these stations. Increasing the station density is a worthy goal, but the
question arises: how can we do so at a reasonable cost? In seismically active regions,
such as along the western US and Japan, seismic station density is high. Currently, a
network of 400 seismic stations is “rolling” across the continental US – the USArray.
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The average separation between seismic stations is 70 km. We are now seeing
preliminary uses of the USArray to look up, rather than down, to probe the Earth’s
atmosphere. If sound waves from large ground-truthed atmospheric sources couple
effectively to seismic and are recorded well above noise, the seismic network stations
can significantly increase the density of paths through the atmosphere along which
we directly measure the travel time of sound and compare these observations with
predictions. As these studies accumulate and as we record progressively larger, more
rare, sources, we should be able to subject our atmospheric models to progressively
more stringent tests. More advanced studies of coupled acoustic-seismic waveforms
require a much deeper analysis and consideration of how this coupling occurs.
Perhaps the network of the future will be designed not to just look down into the
solid Earth with seismic instruments and not to just look up into the atmosphere with
microbarometers, but to probe in both directions with colocated sensors.
We have relatively good information on the atmospheric temperature and wind
structure below 55–60 km. Above that altitude range, the G2S model with its
supporting lower atmospheric operational data sets effectively melds in situ
observations (e.g. Kalnay et al. 1990; Bloom et al. 2005) with climatology models
(e.g. Picone et al. 2002; Hedin et al. 1996). Thus, high-altitude winds and temperatures
are more poorly constrained. As the next generation of ground-to-space models are
developed and evolve (e.g. Akmaev et al. 2008; Richter et al. 2008), validation of
these new specification is another area in which infrasound studies might be useful.
We have commonly used our best atmospheric models to extract as much information from our infrasound data as possible to accurately locate and identify sources.
With long-lived, stationary sources, such as active volcanoes, recorded remotely by
infrasound stations (as described by Le Pichon 2005b), we can probe the atmosphere
where other methods give us relatively little control. We can simultaneously do
infrasound research and atmospheric research.
So, looking into the future, the field of infrasound is bound to mature as the
density of recording sites increases, as we use progressively more data to accurately
model our atmosphere in space and time, and as we subject our models to progressively more stringent tests in more seasons, at more locations using ground truthed
sources. As our computational resources continue to expand, we expect our
improved atmospheric models will be paired by synthesis methods that mimic
actual propagation more faithfully.
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