UC Santa Barbara
UC Santa Barbara Previously Published Works

Title
Aeroacoustics of volcanic jets: Acoustic power estimation and jet velocity dependence

Permalink
https://escholarship.org/uc/item/35s3m4hZ

Journal
J. Geophys. Res. Solid Earth, 118

Authors

Matoza, Robin S
Fee, D
Neilsen, Tracianne B

Publication Date
2013-12-26

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/35s3m4hz
https://escholarship.org/uc/item/35s3m4hz#author
https://escholarship.org
http://www.cdlib.org/

JOURNAL OF GEOPHYSICAL RESEARCH: SOLID EARTH, VOL. 118, 1-16, doi:10.1002/2013JB010303, 2013

Aeroacoustics of volcanic jets: Acoustic power estimation
and jet velocity dependence
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[1] A fundamental goal of volcano acoustics is to relate observed infrasonic signals to
the eruptive processes generating them. A link between acoustic power /1 and volcanic
gas exit velocity V' was proposed by Woulff and McGetchin (1976) based upon the
prevailing jet noise theory at the time (acoustic analogy theory). We reexamine this
approach in the context of the current understanding of jet noise, using data from a
laboratory jet, a full-scale military jet aircraft, and a full-scale rocket motor. Accurate
estimates of [T require good spatial sampling of jet noise directionality; this is not usually
possible in volcano acoustic field experiments. Typical volcano acoustic data better
represent point measurements of acoustic intensity /(0) at a particular angle 6 from the jet
axis rather than I7. For pure air jet flows, velocity-scaling laws currently proposed for
acoustic intensity differ from those for acoustic power and are of the form 1(8) ~ (V/c)"é,
where c is the ambient sound speed and ng varies nonlinearly from ~5 to 10 as a function

of temperature ratio and angle 6. Volcanic jet flows are more complex than the pure air
laboratory case, which suggests that we do not currently know how the exponent ny
varies for a volcanic jet flow. This indicates that the formulation of Woulff and
McGetchin (1976) can lead to large errors when inferring eruption parameters from
acoustic data and thus requires modification. Quantitative integration of field, numerical,
and laboratory studies within a modern aeroacoustics framework will lead to a more
accurate relationship between volcanic infrasound and eruption parameters.

Citation: Matoza, R. S., D. Fee, T. B. Neilsen, K. L. Gee, and D. E. Ogden (2013), Aeroacoustics of volcanic jets: Acoustic
power estimation and jet velocity dependence, J. Geophys. Res. Solid Earth, 118, doi:10.1002/2013JB010303.

1. Introduction

[2] Jet flow, the sustained and momentum-driven flux of
fluid from a nozzle or vent, occurs in both natural (e.g.,
volcanoes and geysers) and man-made settings (e.g., the
exhaust from jet engines and rockets) [Kundu and Cohen,
2008; Kieffer and Sturtevant, 1984]. It is now well known
that a broad range of volcanic eruption styles produce a
diverse range of acoustic signals <20 Hz, termed infrasound
[e.g., Johnson and Ripepe, 2011; Fee and Matoza, 2013;
Garces et al., 2013]. This paper focuses on the infrasound
produced by volcanic jet flows [Matoza et al., 2009a; Fee
et al., 2010a, 2010b]. Constraining parameters of volcanic
jet flows is important for understanding explosive volcanic
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eruptions and for mitigating their hazards [Sparks et al.,
1997]. In order to infer volcanic jet parameters (e.g., jet
velocity or diameter) from infrasound data, a quantitative
link between the volcanic jet flow and its radiated infrasound
is required. Such a quantitative link could ultimately be used
to place constraints on, e.g., plume height, column stabil-
ity, and ash release based on infrasound data [Vergniolle
and Caplan-Auerbach, 2006; Garces et al., 2008; Matoza et
al., 2009a; Fee et al., 2010a; Caplan-Auerbach et al., 2010;
Dabrowa et al., 2011; Ripepe et al., 2013].

[3] Recent work has suggested that eruptions involving
volcanic jet flows generate a low-frequency (infrasonic)
form of the aeroacoustic jet noise produced by smaller
scale man-made jets [Matoza et al., 2009a; Fee et al.,
2010a, 2010b, 2013]. Jet noise is the noise generated by
a turbulent jet flow itself. Man-made jet noise has been
extensively studied for noise and vibration control purposes
[e.g., Tam, 1998]. In the case of aircraft or rockets, “jet
noise” refers only to the sound generated by the turbu-
lent exhaust (a jet flow) issuing out of the jet engine or
rocket. Other sources of noise from flight vehicles result-
ing from, e.g., their motion through the air, rotor noise,
or turbomachinery noise are not classed as “jet noise”.
These other sources have different characteristics and are
of course not expected from a volcano [see Hubbard, 1991
for a comprehensive review]. Aeroacoustics is the study of



MATOZA ET AL.: VOLCANIC JET AEROACOUSTICS

sound generated as a byproduct of a fluid flow, including
jet noise.

[4] This paper explores, within the context of the present
day understanding of jet noise, the practice of estimat-
ing acoustic power levels and jet velocities from acous-
tic pressure measurements. Previous studies in the field
of volcano acoustics have used results from the classical
aeroacoustics literature to link acoustic signals with vol-
canic gas exit velocity [e.g., Woulff and McGetchin, 1976;
Vergniolle and Caplan-Auerbach, 2006; Caplan-Auerbach
et al., 2010; Ripepe et al., 2013]. However, some of the key
results used in these studies have largely been abandoned
in modern aeroacoustics research [e.g., Tam et al., 2008;
Viswanathan, 2009]. In this paper, we highlight results from
modern jet noise research and discuss their implications for
volcano acoustics.

[s] The pioneering study by Woulff and McGetchin
[1976] introduced the idea of using radiated acoustic power
and frequency content to infer gas exit velocity for eruptions
involving vigorous release of volcanic gases. This represents
a first attempt at a quantitative framework relating vol-
canic fluid mechanics and acoustic wave generation. Woulff’
and McGetchin [1976] measured sound-pressure level (SPL)
(see Appendix A) near volcanic fumaroles. They then used
SPL to estimate the overall sound power level (OAPWL)
(see Appendix A) by assuming an acoustic source radiating
sound equally in all directions (i.e., no source directional-
ity and spherically symmetric source). Finally, they used
results from the classical aeroacoustics literature [Lighthill,
1962, 1963; Curle, 1955] to relate the total acoustic power
IT (related to OAPWL, see Appendix A) with the gas exit
velocity V'

Monopole TI; = KM"UTA” V4, (1)
Dipole TIp = Kp25h¥6, )
Quadrupole Ty =Kp24:p8, (3)

where TI,;, IIp, and ﬁQ are the acoustic power radiated
by equivalent monopole, dipole, and quadrupole sources,
respectively, (see section 2); 4, is the volcanic vent area; p,
is the ambient density; and c is the ambient sound speed. The
coefficients of proportionality in each case Ky, Kp, and Ky
were termed the “acoustic power coefficient” in the original
work by Lighthill [1952, 1954].

[6] Although Woulff and McGetchin [1976] only consid-
ered acoustic signals >20 Hz, recent infrasound studies have
built extensively upon their formulation [e.g., Vergniolle
and Caplan-Auerbach, 2006; Caplan-Auerbach et al., 2010;
Ripepe et al., 2013] (note that theory developed for audible
acoustic frequencies is generally valid for infrasound down
to the acoustic cutoff frequency, which is about 3.3 mHz
in the lower atmosphere; [Evers and Haak, 2010]). Exten-
sions to the study by Woulff and McGetchin [1976] have
included solving equations (2)—(3) for V" and then using V'
to infer plume height or mass eruption rate, which are then
compared with other data used to constrain these paramaters
[e.g., Vergniolle and Caplan-Auerbach, 2006; Caplan-Auer-
bach et al., 2010; Delle Donne and Ripepe, 2012; Ripepe
etal.,2013].

[7] The structure of this paper is as follows. We begin
in section 2 by providing a brief background in equiva-

lent sources, jet noise, and the origin of equations (2)—(3).
In section 3, we reexamine the process of converting SPL
measurements to acoustic power II in light of present-day
understanding of jet noise directionality, i.e., knowledge of
how SPL measurements vary with angle from the jet axis.
We use laboratory jet, full-scale military jet aircraft, and
full-scale rocket motor noise data to illustrate directional-
ity effects. In section 4, we reexamine the critical relations
between acoustic power and jet velocity (equations (2)—
(3)) in light of modern aeroacoustics research. In particular,
we show that equations (2)—~(3) have largely been aban-
doned and replaced in the aeroacoustics literature based
upon detailed laboratory studies of jet noise. In sections 2—
4, we use results from man-made jet flows to illustrate the
basic issues in attempts to quantify the infrasound radiated
by large-scale volcanic jet flows. Deviations of volcanic jet
flows from the case of man-made jets are then discussed in
section 5.

2. Background

2.1. Equivalent Sources

[8] We begin with a brief review of equivalent sources in
linear acoustic theory (for more details, see, e.g., Morse and
Ingard [1968], Lighthill [1962, 1978], and Pierce [1989]).
Acoustic source processes may be very complex; however,
outside a theoretical surface bounding any arbitrary source,
the source can be represented as a sum of equivalent sources
provided that the source region is compact, i.e., small com-
pared to A/2w, where A is the wavelength (for reference,
¢ = fA gives A ~ 330 m for 1 Hz infrasound). The
most elementary source is one that radiates sound equally
in all directions; this is called a “simple source”, “point
source”, or “monopole” (Figure 1a). The acoustic pressure
at a time ¢ and distance 7 from a monopole source is given by
[Lighthill, 1978]

pier = 1),

r

“4)

where ¢(?) is the rate of change of the rate of mass outflow
(also called the source strength) and c is the sound speed. A
consequence of equation (4) is that steady gas exit velocity
does not generate sound; only fluctuations from a mean gas
exit velocity generate sound [Lighthill, 1978]. The first few
seconds of an impulsive volcanic explosion (blast-type erup-
tion), which involves a rapid acceleration of the atmosphere,
can often be well approximated by a monopole [Woulff and
McGetchin, 1976; Johnson, 2003; Fee and Matoza, 2013].

[o] The next elementary source is the acoustic dipole,
which is formed by two monopoles of equal strength, but
oscillating in opposite phase, ¢(f) and —¢(?), separated by a
small distance (Figure 1b). Whereas the monopole is associ-
ated with time-varying mass flux (equation (4)), the dipole
is equivalent to force or momentum changes acting on the
fluid. The dipole is a directional source, with the dipole
strength being a vector with magnitude equal to the force
[Lighthill, 1962, 1978]. Just as two monopoles can be com-
bined to form a dipole, two dipoles can be combined to form
a quadrupole (Figures 1c and 1d).
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(@) (b)

Figure 1. Radiation patterns of the acoustic (a) monopole,
(b) dipole, (c) lateral quadrupole, and (d) longitudinal
quadrupole. The distance from the origin to the point on
the surface is proportional to the absolute value of acoustic
pressure in that direction. The black and white dots rep-
resent monopoles with positive and negative signs at this
time snapshot, respectively. See Pierce [1989] for more
details. Even though an individual theoretical quadrupole is
highly directional (Figures lc and 1d), a random arrange-
ment of quadrupoles as proposed by Lighthill [1962] can
radiate isotropically.

2.2. Acoustic Analogy Theory

[10] The pioneering studies of Lighthill [1952, 1954]
marked the beginning not only of jet noise research, but also
of the field of aeroacoustics [Tam, 1998]. Lighthill [1952,
1954, 1963] developed the acoustic analogy theory, in which
he manipulated the compressible equations of motion into
the form of an inhomogeneous wave equation

9*T;

P*p 2y2, =
ax;0x;”

2

®)

where p is the density (small acoustic perturbations from
ambient), ¢ is the ambient sound speed, and

Ty = puy + (p— pc*)8; — v (6)

is the Lighthill stress tensor, with u; the acoustic parti-
cle velocity, p the acoustic pressure, 7; the viscous (shear)
stresses, and §; the Kronecker delta; the summation conven-
tion is assumed.

[11] The left-hand side of equation §) describes wave
propagation, while the right-hand side denotes the inferred
source terms. The source terms involve second spatial
derivatives; the first term pu;u; in equation 6) is termed
the quadrupole. Lighthill proposed that jet noise consists
of a distribution of randomly oriented quadrupoles, with an
equivalent quadrupole strength T; ~ pu;u; per unit volume
[Lighthill, 1962, 1963]. The prevailing view in the 1950s
was that these quadrupoles were somehow related to small
turbulent eddies in the jet flow, although no formal rela-
tionship was ever established [7am, 1998]. We note that
even though an individual theoretical quadrupole is highly

directional (Figures 1c and 1d), a random arrangement of
quadrupoles can radiate isotropically. Note that jet noise
directionality, described in sections 3 and 4, is different.

[12] The acoustic analogy theory was extended by Curle
[1955] to consider aeroacoustic source processes influenced
by a solid boundary. Curle [1955] proposed that such a
source is equivalent to a distribution of dipoles, correspond-
ing to the force per unit area acting on the flow by the
boundary. As introduced in section 1, results from these
early studies using acoustic analogy theory [Lighthill, 1952,
1954; Curle, 1955] were applied to volcanoes by Woulff
and McGetchin [1976]. Woulff and McGetchin [1976] con-
sidered blast-type eruptions [i.e., explosions; see Johnson,
2003; Fee and Matoza, 2013] to be mostly monopole in
nature. They further considered jet noise as composed of
quadrupoles, or dipoles if solid boundaries are present, e.g.,
if solid particles are entrained or if a jet flow interacts with
solid vent walls. As we can see, this was the prevailing view
of jet noise at the time [Lighthill, 1954, 1963; Curle, 1955].

[13] However, many modifications and extensions to
acoustic analogy theory were subsequently proposed [see
reviews by Lilley, 1991; Tam, 1998; Tam et al., 2008;
Viswanathan, 2009, and references therein], none of which
have been considered in the volcano acoustics literature.
Important modifications included attempts to include mov-
ing sources, temperature effects, and the highly directional
nature of jet noise as revealed by laboratory experiments,
which could not be explained by the more basic formulations
of Lighthill [1952] and Curle [1955]. For example, some
extensions of acoustic analogy theory argued that jet noise
consists of not just dipoles and quadrupoles, but monopoles
as well [Viswanathan, 2009, and references therein]. How-
ever, in the 1970s, coherent structures were identified in
turbulence [e.g., Crow and Champagne, 1971]. Soon after-
ward, coherent turbulence structures were recognized as
important jet noise sources [7am, 1998]. From the 1970s and
1980s onward, jet noise studies underwent a fundamental
shift away from acoustic analogy theory [Tam, 1998] (see
section 2.3).

2.3. Modern Jet Noise Studies

[14] In current jet noise studies, the idea of jet noise
as composed of equivalent sources of monopoles, dipoles,
and quadrupoles has largely been abandoned [7am, 1998;
Tam et al., 2008; Viswanathan, 2009]. Jet noise is char-
acterized in laboratory and field aeroacoustics studies by
considering how acoustic signal properties vary as a func-
tion of angle to the jet axis (angle #; Figure 2a) and jet
operating parameters such as the jet velocity, diameter, tem-
perature, density, and nozzle geometry. These data indicate
that there are three main components of jet noise: (1) jet
mixing noise, (2) broadband shock-associated noise, and (3)
screech tones. For simplicity, we only consider the jet mix-
ing noise component (1) in this paper. Jet mixing noise (1)
is the most basic component of jet noise and appears to be
relevant for volcanic jets [Matoza et al., 2009a]. Broadband
shock-associated noise (2) and screech tones (3) both require
well-formed and steady internal shock structures, which are
difficult to achieve in volcanic systems because of, e.g., noz-
zle irregularity, lithics, or tephra larger than fine ash, wind,
and evolution of vent shape. In addition, jet noise research
indicates that strong broadband shock-associated noise is not
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Figure 2. (a) Cartoon illustrating the dominant radiation directions of the two sources of jet mixing
noise as a function of angle from the jet axis 8, as determined from laboratory experiments [7am et al.,
1996; Tam, 1998; Tam et al., 2008]. The two jet mixing noise sources are the fine-scale turbulence (FST)
and large-scale turbulence (LST). Laboratory jet noise characteristics are highly directional, i.e., a strong
function of angle from the jet axis 6. (b) In the case of volcano acoustics field experiments, sampling of
the hypothesized volcanic jet noise as a function of angle from the jet axis (arc with arrowheads) is not
usually possible; we are typically restricted to observations at a limited angular range, e.g., the infrasound
sensor indicated as a black triangle (see also Figure 3). The figure is modified from 7am et al. [2008].

seen for military jet or rocket noise [Neilsen et al., 2013a].
Laboratory-scale measurements suggest that the broad-
band shock-associated noise saturates while the mixing
noise continues to increase with temperature [Viswanathan
etal.,2010].

[15] We also do not consider noise generation processes
involving the interaction of a jet flow with solid boundaries
such as vent walls, considering only the case of a free jet.
While volcanic jets probably interact with the shallow con-
duit structure and vent walls (see section 5), this additional
complication is beyond the scope of the present study.

[16] For jet mixing noise (1), laboratory data support a
two-source model, composed of the noise from (a) fine-
scale turbulence (FST), and (b) large-scale turbulence (LST)
[Tam et al., 1996]. The primary difference between modern
jet noise studies and studies based on the acoustic analogy
is the recognition of the importance of coherent structures
within the jet flow. In the acoustic analogy framework, sound
results from small-scale and incoherent turbulent eddies. In
contrast, LST noise is modeled by the growth and decay of
stochastic instability waves (coherent structures) propagat-
ing downstream at the edge of the jet flow in the shear layer
between the jet flow and ambient atmosphere (Figure 2a)
[Tam and Burton, 1984].

[17] We point out for clarity that LST noise, which was
proposed as a source mechanism by Matoza et al. [2009a], is
not quadrupole radiation. This is incorrectly cited in several
recent papers [e.g., Caplan-Auerbach et al., 2010; Kim et al.,
2012; Delle Donne and Ripepe, 2012; Ripepe et al., 2013;
Johnson et al., 2013].

2.4. Acoustic Power vs. Gas Exit Velocity in Acoustic
Analogy Theory

[18] In the original acoustic analogy formulation,
Lighthill [1962, 1963] performed dimensional analysis. The
dimensional analysis predicts that the total acoustic power
(IT or OAPWL; see Appendix A) radiated by a jet varies
with the eighth power of jet velocity; this is known as the 13

law. More specifically, the total acoustic power is predicted
to have a linear relationship with the Lighthill parameter

pod?V®
CS

, 0

where p, is the ambient air density, d is a characteristic
dimension of the flow, V is the jet velocity, and c is the
ambient sound speed. A similar analysis by Curle [1955]
predicted that the total acoustic power radiated by a flow
past a solid boundary varies like ¥°. These results were
used by Woulff and McGetchin [1976] (equations (2)—(3)).
Equations (2)—(3) can be written more generally

o V n
H=Kmmé(i), ®)

where n is 4, 6, or 8 and K is an unknown acoustic power
coefficient (see section 4.2).

[19] In sections 3 and 4, we reconsider these relationships
(equation (8)) in light of modern aeroacoustics research. We
address two fundamental and related issues. The first issue,
which we address in section 3, concerns how the acous-
tic power II (the quantity appearing on the left-hand side
of equation (8)) is estimated. Woulff and McGetchin [1976]
estimated IT by assuming isotropic radiation. They used
a spherical spreading correction of 4m7? to obtain II
from a point microphone measurement (i.e., they used
equation (A4) in Appendix A). More recent infrasound stud-
ies have used a hemispherical correction of 2w [Garces
et al., 2013]. In section 3 and Appendix A, we show
that both of these assumptions (hemispherical or spheri-
cal correction) lead to incorrect results if the underlying
source is not isotropic but actually directional. Jet noise is
known to be highly directional (Figure 2a); thus assum-
ing isotropic radiation in order to estimate IT will lead to
erroneous results.

[20] The second issue, which we address in section 4,
is that the relations between acoustic power and jet veloc-
ity shown in equation (8) have been revised and replaced
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in current jet noise studies based upon detailed laboratory
data. Additionally, volcano acoustics experiments represent
point measurements of acoustic intensity rather than acoustic
power and the relationships between acoustic intensity and
jet velocity are different from those between acoustic power
and jet velocity.

3. Jet Noise Directionality and Acoustic Power

[21] Jet noise is highly directional, i.e., jets do not radiate
sound equally in all directions (Figure 2a). In this section,
we show that reliable estimates of acoustic power I1 are very
difficult to obtain for volcanic jets because typical volcano-
acoustics field experiments do not adequately sample the
directionality of volcanic jet noise. It has been known that jet
noise is directional since the first experimental jet noise stud-
ies [e.g., Fitzpatrick and Lee, 1952], even though this was
not accounted for in the early acoustic analogy formulations
[Lighthill, 1952, 1954; Curle, 1955; Woulff and McGetchin,
1976]. Thus, jet noise is not a simple source. The assump-
tion of a spherical spreading correction of 472 [Woulff and
McGetchin, 1976], or a hemispherical correction of 2772, is
therefore not valid if the acoustic source is a jet flow.

[22] For a directional source such as jet noise, estimating
the acoustic power IT requires integration of measurements
across a swath of angles covering the far-field directionality
(Figure 2) (the far-field is defined as distances r > A/2x).
In the typical volcano acoustics field experiment, which is
usually limited to observations on the ground surface with
limited angular coverage of the volcanic jet (Figure 2b),
sampling the jet noise directionality is not possible. In this
section, we highlight the issues that may be encountered
when trying to infer the total acoustic power I1 radiated
by a jet when the only data available are microphones at
a limited angular range (Figure 2b). We do this using jet
noise data recorded from jet flows with a variety of length-
scales: a laboratory-scale jet, a full-scale military jet aircraft,
and a full-scale reusable solid rocket motor. These systems
represent different regimes of man-made jets with differ-
ent radiation patterns, which we use to illustrate how TII
estimates might vary.

[23] The jet noise directionality discussed in this section
and shown in Figure 2 is different from (and not related to)
the directionality of a single theoretical dipole or quadrupole
as shown in Figure 1. The directionality of jet noise revealed
in laboratory experiments is generally explained in terms of
the angular regions of dominance of FST and LST noise
sources (Figure 2a) [Tam et al., 2008]. For pure-air labora-
tory jets, LST noise is usually dominant in a narrow angular
region from the jet axis (6 less than ~ 55°), while FST noise
is dominant at other angles [7am et al., 2008]. In general, the
crossover point between LST and FST dominance occurs at
different 6 for different types of jet flows and jet conditions
[Neilsen et al., 2013a, 2013b], and there is an intermediate
region where a mix of FST and LST noise components is
observed [Tam et al., 1996].

3.1. Acoustic Power Estimation

[24] In this section, we describe the estimation of acous-
tic power for isotropic and directional sound sources. In
Appendix A, we clarify the difference between the acous-
tic intensity at a particular observation point from a source,

and the acoustic power of the source. The acoustic power
represents the total power radiated by the source, integrated
over all angles, whereas the acoustic intensity represents the
power per unit area at a particular observation angle. The
acoustic power IT is the time-averaged rate of total acoustic
energy flow radiated by the source with units of watts (W)
(Appendix A). It is evaluated

ﬁ = /i * Nout dS, (9)
N

where T is the time-averaged acoustic intensity vector on
a surface S enclosing the source, and n,, is the outward
pointing unit normal vector on that surface. This is often
expressed logarithmically as the overall sound power level
(OAPWL)

vl
OAPWL = 10log,, (H ) (10)

ref

where I1,; is the reference power of 107> W or 1 pW.

[25] For spherically symmetric waves (radiating equally
in all directions), I is in the radial direction and there is no
variation in its magnitude with angle, and at a distance r
from the source in the far-field (and assuming no reflect-
ing boundaries, i.c., the free-field case) the power can be
recovered from

T, = 4nr7, (11)
where 7 is the time-averaged radial component of inten-
sity. For a directional source such as jet noise, however,
equation (11) is not valid. Instead, the integral in equation (9)
must be approximated. In practice, measurements are not
made continuously over a surface; the power is estimated
from a discrete set of measurements.

[26] In experiments designed to investigate jet noise
directionality, measurements are taken along an arc in the
far field (Figure 3). Typically, the mean-square pressure p?
is measured at a finite number of angles from the jet axis
(0° < 6 < 180°, see Figures 2 and 3) in a single horizontal
plane (defined as ¢ = 0). To estimate power, an axisymmetric
assumption is made to extend the measurements to multiple
polar angles ¢ and approximate the normal component of
the intensity over the surface of the sphere. Discrete surface
area elements AS;; are defined to account for the surface area
associated with each measured and extrapolated value. The
power is then estimated by a double summation

L J

o= ij,lASj,l,

=1 j=1

=

(12)

where L is the number of sampled angles from the jet axis 6,
and J is the number of polar angles ¢. For the axisymmetric
case, the double sum collapses such that

L L
=) "T0,=) X6)AS(). 13)
=1

=1

The factor AS(6,) is an area weighting factor, representing
the effective sampling area per microphone on the measure-
ment of a sphere of radius r [Leishman et al., 2006]. A
more detailed explanation of AS is found in the work by
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Leishman et al. [2006], but the expressions for the axisym-
metric case are
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[27] We note that in this section, all of our acoustic power
estimates are made for steady-state jet velocity conditions.
Thus, because there is no variation in jet velocity, we do
not consider the variations of acoustic power or intensity
as a function of jet velocity that are considered later in
section 4. Our aim is to show how acoustic power estimates
require a decent sampling of jet noise directionality, which
is a separate issue to the velocity dependence discussed in
section 4.

3.2. Laboratory-Scale Jet

[28] We now present an example of how the method
described in section 3.1 is employed to find the acoustic
power of a laboratory-scale jet. We use data collected from a
Mach 2.0, unheated jet with a 3.49 cm diameter nozzle [Gee
et al., 2010]. The jet flow geometry was horizontal and the
data were recorded in an anechoic chamber. The data were
recorded on Bruel and Kjaer 6.35 mm and 3.18 mm pressure
microphones mounted at 75 nozzle diameters (D;) on a boom
that swept out a measurement arc between 30-100° (relative
to the jet axis and to a reference position 4D; downstream)
in 5° increments (Figure 3). Note that it is conventional in
jet noise studies to scale distances by the jet diameter D;.
The sampling rate was 192 kHz. The experimental setup is
described in more detail by Gee et al. [2010].

[29] Figure 4a shows the acoustic intensity for each angle
at a far-field distance of 75D;. Although good angular sam-
pling was achieved in the experiment, we use a linear fit
to extrapolate to angles greater than 100°, and a quadratic
fit to extrapolate to angles less than 30° (dotted blue line,
Figure 4a). These intensity values (for ¢ = 0) are extended
over the surface of a sphere of radius 75D; by assuming
axisymmetric propagation.

[30] Because the surface area elements are larger toward
the equator of the sphere, the power contributions associated
with the acoustic energy flux through AS(6,) differ from the
intensity values (Figure 4b). The resulting acoustic power,
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Figure 4. Directionality of noise from a laboratory-scale jet (blue circles), a full-scale military jet aircraft
(green diamonds), and a full-scale rocket motor (RSRM) (red squares). (a) Intensity for the Mach 2.0,
unheated laboratory jet at a distance of 2.6 m (750); for the military jet at a distance of 76 m (~89D;);
and for the rocket motor at a distance of 305 m (~80D;). The dip in intensity for the military jet at around
100° is due to shielding from the aircraft. (b) Estimated radiated power per 5° increment on the surface
of a sphere with the radius indicated in the legend: I1; = 1(6;) AS(6),).
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Table 1. Acoustic Power Estimates for Various Jet Flows Taking Into Account the Measured Directionality Compared to
Estimates Based Only on the Acoustic Intensity at 90° From the Jet Axis®

TI Overa Sphere (W)

TI Overa Hemisphere (W)

Jet HALL = Z?AS Hq() = 4]7}”279() % Error H/\LL = Z?AS Hg() = 2]1'}”2790 % Error
Lab-scale 213 W 393 W 82% 203 W 19.7 W 90%
(r=2.6 m) (143 dB) (136 dB) (143 dB) (133 dB)

Military aircraft 345x 10°W 3.47 X 104 W 90% 323 x 10°W 1.74 x 10* W 95%
(=76 m) (175 dB) (165 dB) (175 dB) (162 dB)

Rocket motor 7.95 % 107 W 3.73x 10" W 53% 7.42 x 107 W 1.86 x 107 W 75%
(r =305 m) (199 dB) (196 dB) (199 dB) (193 dB)

Tungurahua 32x107to 1.6 x 10° W® 1.6 x 107 W 50-90"%  3.2x 107 to 1.6 x 108 WP 8.1x10°W 75-95%%
(r=36.8 km) (195 to 202 dB)® (192.1 dB) (195 to 202 dB)® (189.1 dB)

2We compare estimates assuming both a sphere and a hemisphere of radius 7 (see text for details). The overall power level in dB (re 1 pW) is

given in parentheses.

"These values for Tungurahua volcano are inferred by assuming the same range in % error as obtained for the other jet sources and are

provided simply for discussion.

computed using equation (12) for I, is 213 W (OAPWL =
143 dB) (Table 1).

[31] To make this example more similar to a volcano, we
now restrict the angles from the jet axis to the upper half
plane (angles less than vertical dashed line in Figure 4a),
assuming now that the jet is pointing in the upward direc-
tion (z > 0). The resulting acoustic power is 203 W (143 dB)
(Table 1). The power value that results from including only
6 < 90° is not significantly different from when all angles
are included because the power contributions at the large val-
ues of 8 are considerably less than those closer to the exhaust
axis (Figure 4b).

3.3. Reusable Solid Rocket Motor and Military Jet

[32] A solid rocket motor is a man-made jet noise source
that is perhaps more analogous to a volcanic jet than the
laboratory-scale jet. Unlike the laboratory-scale jet dis-
cussed in section 3.2, the exhaust of a solid rocket motor is
a high-temperature, multiphase jet. Recently, NASA funded
acoustics measurements from three static reusable solid
rocket motor (RSRM) firings at ATK Space Systems in
Promontory, UT [Kenny et al., 2009]. The four-segment
RSRMs were those used in the NASA Space Shuttle. The
RSRMs were fired horizontally toward a hillside at ATK
in northern Utah [Kenny et al., 2009]. Data were collected
using Bruel and Kjaer 6.35 mm pressure microphones at
sampling rates of 48 and 96 kHz. The microphones were
placed along an arc of radius 305 m (1000 ft), which is
approximately 80D; (Figure 3). Jet velocity information is
not available for the rocket motor data.

[33] Figure 4a shows the acoustic intensity as a function of
angle along the 80D; arc between 50-60 s during the ~120 s
rocket motor burn [Gee et al., 2013]. The greatest varia-
tion of intensity values between firings occurs in the region
of maximum intensity at 45-70°. We use a polynomial fit
to the intensity (dashed red line, Figure 4a) for the calcula-
tions because of the spread in the data between firings and
to extrapolate the function an extra 20° on either side of the
measurement aperture.

[34] Similar to the method used for the laboratory jet, we
extend the intensity in Figure 4a for the rocket over the sur-
face of a sphere and hemisphere of radius 305 m (1000 ft)
to calculate acoustic power (Table 1). For the rocket, the
acoustic power over the sphere is 7.95 x 10" W (199 dB),

whereas over the hemisphere it is 7.42 x 10”7 W (199 dB)
(Table 1).

[35] We follow the same procedure for data recorded at
76 m (250 ft, approximately 89D;) from a high-performance
military jet aircraft operating at military power [Gee et al.,
2012]. The data are from a tie-down test in which the jet
exhaust flow is horizontal. Jet velocity information is not
available for the military aircraft data. The green dashed-
dotted line in Figure 4a is a linear interpolation through
the data points from 30 to 180° and a polynomial fit from
0 to 30° degrees based on the 30-50° data points. For
the military aircraft, the acoustic power over the sphere is
3.45 x 10° W (175 dB), whereas for the hemisphere it is
3.23 x 103 W (175 dB) (Table 1). Similar to the lab-scale jet
and the solid rocket motor, when the directionality of the jet
noise is accounted for, there is little difference between the
power radiated over a sphere versus a hemisphere because
the dominant power contributions are from angles close to
the jet exhaust.

[36] We note that for the military aircraft and rocket
data, the measurement conditions are not ideal. Because
these experiments were conducted outdoors and not in an
anechoic chamber, the ground surface likely affects sig-
nal amplitudes via ground reflections. Furthermore, there
is the possibility that additional solid-fluid turbulent inter-
actions occurred between the rocket exhaust jet flow and
the solid ground surface. This is more likely for the rocket
motor exhaust than for the military jet exhaust, because the
rocket motor exhaust impinged more on the ground sur-
face. While important to note, these complications do not
significantly affect the conclusions and recommendations of
this study.

3.4. Comparison With Spherical
Spreading Assumption

[37] We now determine the value of acoustic power
obtained by assuming spherical spreading from a single
microphone measurement (i.e., neglecting all source direc-
tionality); this assumption has been used in numerous vol-
cano acoustics studies [e.g., Woulff and McGetchin, 1976;
Vergniolle and Caplan-Auerbach, 2006; Caplan-Auerbach
et al., 2010; Delle Donne and Ripepe, 2012; Ripepe et al.,
2013]. While this may be a reasonable approximation for
a relatively compact strombolian explosion, it will be inac-
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curate for a large extended subplinian or plinian jet. If a
single measurement is chosen to represent all of the 1(6;)
in the summation for IT (equation (13)), the assumption
is being made that a monopole is radiating at the origin.
Factors of 477? for a sphere and 2772 for a hemisphere
could then be used in place of the summation and the fac-
tors of AS(6;) (equation (13)). If this monopole assumption
is made, a significantly different value is obtained for the
acoustic power.

[38] Asan example, we predict the acoustic power values
that would be obtained assuming spherical spreading with
the laboratory-scale jet (section 3.2). Using the sideline (6 =
90°) measurement of the mean-square pressure, the acoustic
power calculation yields 39.3 W (136 dB) for a sphere and
19.7 W (133 dB) for a hemisphere (Table 1).

[39] In Table 1, we show the results of similar calcula-
tions for the rocket and military jet aircraft. The columns
labeled “IT,.,” contain the power calculated with the
method described in sections 3.1-3.3, namely by numeri-
cally approximating the integral of the intensity over the
surface (equation (13)). The columns labeled “Ilgy” show
the acoustic power obtained by using a monopole assump-
tion with spherical spreading and the acoustic intensity
at 90° (sideline). In Table 1, we also report the % error
calculated from

% etror = IOOM.

ALL

(15)

It is important to note that the 90° case can underestimate
the acoustic power by about 50 to 95% (Table 1).

[40] This leads to the important question of how much
the acoustic power of a volcanic jet is underestimated by
assuming spherical spreading and using data from lim-
ited infrasound measurement locations. Although difficult
to answer without sampling the full directionality of vol-
canic jet noise, we make an estimate based on the % errors
obtained for the other jet sources (Table 1). The final row
in Table 1 shows Il values estimated for an infrasound
signal from an eruption on 14-15 July 2006 at Tungurahua
Volcano, Ecuador (see section 4 for more details). The infra-
sound data are collected at a distance of » = 36.75 km from
the source, and the angle between the vent at 5 km altitude
and station at 2 km altitude is about 94.6°, which we take to
be ~90° (Figure 3) [Matoza et al., 2009a; Fee et al., 2010a].

[41] The Ilgo value is estimated by assuming spherical
spreading over the entire sphere (Ilgy = II,) or a hemi-
sphere (ﬁgo = ﬁhcm) (Appendix A), even though we know
this assumption is not valid, and by additionally assum-
ing that py = 1.2 kg/m’ and ¢ = 330 m/s. The values of
Iy reported in Table 1 correspond to the maximum 5 min
intensity values measured during the eruption (see
section 4). We then scale the values of Ilgy into an esti-
mate of II,, by assuming 50-90% underestimation for
the spherical spreading assumption, and 75-95% underesti-
mation for the hemispherical assumption, which cover the
ranges obtained for the other jet sources; we report these
estimates in the last row of Table 1. We note, however, that
the % errors are likely to vary with jet velocity (Mach num-
ber) and other factors and these examples should therefore
be taken only as an illustration of potential errors in this
approach for estimating acoustic power. The % error values

in Table 1 are unlikely to be generally applicable for con-
verting IT,,, estimates into I1,,,, and should not be used this
way in future work.

[42] While there are logistical limitations on the available
microphone measurement locations in field studies of mili-
tary jets, rockets, and volcanoes (Figure 2b), the variation in
these estimates of acoustic power (Table 1) clearly indicates
that a decent representation of the jet noise directionality is
needed to make reliable acoustic power estimates. This has
important implications when considering acoustic power I1
versus jet velocity scaling laws of the forms in equations (2)—
(3). Given the logistical considerations of most volcano
acoustics experiments, we conclude that IT is very diffi-
cult to estimate reliably for volcanic jets. Therefore, scaling
laws in terms of acoustic power cannot be used. Typical vol-
cano acoustics measurements, which have limited angular
sampling of jet noise directionality, better represent point
measurements of acoustic intensity /(6) rather than acoustic
power. In section 4, we show that the scaling laws describing
the velocity dependence for acoustic intensity are different
from those for acoustic power.

4. Velocity Dependence of Jet Noise

[43] The acoustic power versus gas exit velocity scal-
ing laws used in previous volcano acoustics studies
(equations (2)—(3)) are largely outdated and have been
replaced with new scaling laws that take into account fac-
tors such as observation angle and temperature. In sections 1
and 2.4, we introduced the acoustic power versus gas exit
velocity scaling laws used by Woulff and McGetchin [1976]
(equations (2)—(3)), which were from early acoustic anal-
ogy theory. These results did not take into account jet noise
directionality. Even from the point of view of acoustic anal-
ogy theory, the study by Woulff and McGetchin [1976] is
outdated. Woulff and McGetchin [1976] state that jet noise
without a solid boundary is purely quadrupole and this
does not reflect later research based on the acoustic anal-
ogy [e.g., Lilley, 1991] that suggested that jet noise free
from boundaries could contain dipole and monopole contri-
butions as well. As reviewed by Viswanathan [2006, 2009],
later research using acoustic analogy theory provided differ-
ent formulations and more general scaling laws for heated
jets of the form

8 6 4
16 =90%) o A’ (5) +B (5) +C (E) . (16)
c C C

where I(# = 90°) is the acoustic intensity radiated at an
angle 90° from the jet axis (see Figure 2a); and A’, B’, and C’
are complex functions of the temperature ratio (7,/7y, where
T, is the stagnation or reservoir temperature, and 7y is the
ambient temperature). The right-hand side of equation (16)
can be recognized as a multipole addition of the three basic
sources in equations (2)—(3). Note, however, that this for-
mulation with fixed integer exponent values of 4, 6, and
8 (i.e., monopoles, dipoles, and quadrupoles) has subse-
quently been abandoned (section 2.3). In this section, we
highlight the new scaling laws proposed by Viswanathan
[2004, 2006, 2009] and discuss their implications for
volcano acoustics.
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Figure 5. Variation of OAPWL with jet velocity for jets
with various temperature ratios: 7,/Ty = 1.0 (black squares);
T,/Ty = 1.8 (crosses), T;/Ty = 2.2 (triangles); T,/Ty = 2.7
(open circles); Ty/T, = 3.2 (filled circles). Jet velocity is
expressed as a ratio with respect to the ambient sound
speed c. The jet diameter is 2.45 inches and OAPWL has
been corrected for jet nozzle exit area 4 by 101log(4). The
labels indicate the velocity power law dependence V" for
each case. The abscissa corresponds to a Mach number
(Vj/c) ranging from ~0.4 to 2. This figure represents a rel-
atively small range of Mach number. The approximately V3
relation obeyed for these data is known to break down at
higher Mach numbers toward a J® dependence. Figure is
reproduced from Viswanathan [2004, 2006] and used with
permission.

4.1. New Scaling Laws Based on Experimental Data

[44] Laboratory experiments indicate that the acoustic
power dependence on jet velocity does closely approxi-
mate Lighthill’s /® law for a small range of Mach number
[e.g., Viswanathan, 2006; Tam et al., 2008; Viswanathan,
2009], however, with weak additional dependence on the
temperature ratio [ Viswanathan, 2004, 2006]

o V n

1'[0((—’) ,
c
(%)

n=n|—]».
To

As shown in Figure 5, the exponent # in the acoustic power
with jet velocity scaling law (equations (17), (18)) is close
to, but not exactly, 8. The V® power law is known to break
down at higher Mach number [e.g., Chobotov and Powell,
1957; Howes, 1960; Ffowcs Williams, 1963; Schlinker et al.,
2007], a fact pointed out by Woulff and McGetchin [1976].
For rockets, the acoustic power dependence on jet velocity
is found to approximate V* [Chobotov and Powell, 1957,
Eldred, 1971].

[4s5] However, the exponents in the acoustic intensity
dependence on jet velocity are much more variable than
those for acoustic power [ Viswanathan, 20006]

1(0) x (E)ne )
C

amn

(18)

(19)

T

ng =n (9, To) . (20)
The exponent ng in this case (equations (19) and (20)) is
a function not only of the temperature ratio but also of
the observation angle 6 (the angle from the jet axis, see
Figure 2). The dependence on observation angle 6 is very
strong (Figure 6), reflecting the highly directional nature of
jetnoise. Note in Figure 6 that the exponent ng varies nonlin-
early between ~5 and 10 as a function of temperature ratio
and observation angle. This extreme variability in power law
exponent has major implications for the use of such scaling
laws to understand infrasonic signals from volcanic erup-
tions. In stark contrast to the scaling laws used by Woulff and
McGetchin [1976], where n takes only integer values of 4, 6,
or 8 (equations (2)—(3) and (8)), ng in equation (20) varies
smoothly between ~5 and 10.

[46] It is important to note that these scaling laws
(equations (17)—(20)) were derived from laboratory
measurements of pure-air jet flows [Viswanathan, 2006].
Volcanic jet flows are likely to deviate significantly from
the pure-air case (see section 5). Thus, we may reasonably
conclude that n (equation (18)) and ng (equation (20)) are
not yet known for volcanic jet flows and that Figure 6
would differ significantly for the volcanic case because of
additional complexities and unknowns in volcanic jet flows
(see section 5). We also note that the results of Viswanathan
[2006] shown in Figure 6 are for a relatively limited Mach
number range, and the exponents ng are expected to change
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Figure 6. Variation of the wvelocity exponent ng in
equations (19) and (20) with angle from the jet axis 6 for
pure-air jet flows. This figure, produced using a high-quality
laboratory jet noise database, illustrates the strong variabil-
ity in observed power law exponent ng due to jet noise
directionality. Different curves correspond to different val-
ues of temperature ratio 7,/T;, where 7; is the stagnation
or reservoir temperature and 7 is the ambient temperature.
Note that the crossover point between LST and FST domi-
nance occurs at different 6 for different temperature ratios.
Figure is reproduced from Viswanathan [2006] and used
with permission.
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with increasing Mach number [see Figure 7 in the paper by
Schlinker et al., 2007].

4.2. Implications of the New Scaling Laws

[47] In this section, we discuss the implications of
sections 3—4.1 for methods used to solve for gas exit veloc-
ity and other quantities that depend on gas exit velocity [e.g.,
Vergniolle and Caplan-Auerbach, 2006; Caplan-Auerbach
et al., 2010; Delle Donne and Ripepe, 2012; Ripepe et al.,
2013]. Rearranging equation (8), we obtain

()

Based upon sections 3—4.1, we contend that the empirical
constant K and exponent 7 are largely unknown for volcanic
jets. Values of Kp = 107 and Ky = 10> (equations (3) and
(3)) were proposed by Woulff and McGetchin [1976]. The
value of K, = 1072 originated from experiments on the ide-
alized case of jet flow past a taut wire [Leehey and Hanson,
1971], while the value of K, = 10~ originated from early
jet noise experiments. However, K is not a universal con-
stant and is likely to vary strongly with factors such as tephra
loading, nozzle geometry, etc. o

[48] In section 3, we showed that IT is difficult to esti-
mate reliably unless there is good angular sampling of the jet
directionality; this is not usually possible for volcanic jets.
Because volcano acoustic field experiments therefore repre-
sent point measurements of 7(#) rather than T, the pertinent
exponent is actually ng (equation 19), which is highly vari-
able (Figure 6). When using I1,,, as an estimate of I1, as done
by Woulff and McGetchin [1976], the distinction between n
and ng becomes unclear.

[49] Previous studies have investigated the suitability
of the scaling laws proposed by Woulff and McGetchin
[1976] using infrasound data combined with other data used
to infer gas exit velocity. For example, Caplan-Auerbach
et al. [2010] found that a good fit to plume height data
was obtained by using equation (3), i.e., a dipole source
with n = 6. Similarly, Ripepe et al. [2013] investigated the
same scaling laws and again found that a dipole source
(n = 6) results in the best fit with velocities derived
from thermal camera imagery. However, the scaling laws
of Woulff and McGetchin [1976] only allow for inte-
ger values of n = 4, 6, or 8, and we propose that a
larger range of (non-integer) values could be explored in
future work.

[s0] To summarize, the following issues
equation (21) are identified based on sections 3—4.1:

[51] 1. Jet noise is directional and therefore isotropic radi-
ation cannot be assumed. For this reason, typical volcano
acoustics source-receiver geometries do not measure IT for
volcanic jets; they measure 1(9).

[52] 2. The exponents ng in the velocity dependence
for 1(9) (~5-10 for pure-air jets, unknown for volcanic
jets) are different from the exponents n in the relations
for TI. .

[53] 3. I, is a poor approximation to IT for two reasons:

a. ﬁsph systematically underestimates I for a fixed
(steady state) value of velocity.

1

ﬁ n
3K p()AV

@n

J

with

10

b. TI,,, does not have the same velocity dependence

as II. Because ﬁsph is linearly related to 1)
(equation (11)), the exponents in ﬁsph will be sim-
ilar to those for I(8) (~5-10 for pure-air jets,
unknown for volcanic jets).

[54] 4. The acoustic power coefficients K are unknown for
volcanic jets.

[55] 5. Poor constraints on n, ng, and K propagate into
poor constraints on V.

[s6] We illustrate these issues with an example, which
is intended as a caution about using equation (21) to infer
V;. We take data recorded from the 14-15 July 2006 erup-
tion of Tungurhua Volcano, Ecuador (Figure 7a) (also used
in section 3.4). The data are from the RIOE infrasound
array, 36.75 km from Tungurahua and sampled at 40 Hz
[Matoza et al., 2009a; Fee et al., 2010a]. We only con-
sider signal that has been identified by array processing as
originating from the volcano. We estimate the mean-square
pressure p? in 5 min time windows (Figure 7b). Following
Woulff and McGetchin [1976], we then assume a spherical
source and recover Il,, from equation (11), even though
we know that this is not a valid assumption because we
have not captured the jet noise directionality (points 1 and
3a, above) (Figure 7c). In addition, we allow n to vary
by as much as ng to account for the ambiguity associated
with the assumption of isotropic radiation (points 2 and
3b, above).

[57] We assume the following parameters: py = 1.2 kg/m?,
¢ =330 m/s, source (jet) radius = 150 m, and » = 36.75 km
[Matoza et al., 2009a]. In Figure 7d, we show the effect
of additionally assuming that K = 107 and n = 6 [these
are the best-fit values obtained by Caplan-Auerbach et al.,
2010; Ripepe et al., 2013]. Because p? gradually increases
with time during this eruption (Figure 7a), the inferred V;
(Figure 7d) also increases. Based on these assumptions, the
jet velocity V; ranges from 52 m/s to 94 m/s during the
eruption (Vimax = 94 m/s, V.. = 42 m/s).

[58] We now repeat these steps, using values of K rang-
ing from 107 to 10~ and values of n ranging from 5 to
10. We have deliberately chosen a very wide range in K,
because we contend that K is not constrained for volcanic
jets (point 4, above). Nevertheless, the range covers the
values of 107 to 1072 proposed by Woulff and McGetchin
[1976]. We report the range in implied velocities V,,,. and
the maximum inferred velocity V.« for different values of n
and K (Figures 7¢ and 7f). Figures 7e and 7f show that the
effect of unknown K and » leads to large uncertainty in the
values of inferred jet velocity (point 5, above). Indeed, based
on our chosen range in values of K and n, the implied max-
imum jet velocity V.« could be anything from ~50 m/s to
450 m/s. This is a large range in velocities that spans sub-
sonic and supersonic values relative to the ambient sound
speed, with widely different implications for eruption col-
umn scenarios that would result from a volcanic jet with
this velocity.

5. Discussion

[59] The infrasound produced by volcanic jet flows is in
some ways similar, but is not perfectly analogous, to the jet
noise produced by smaller scale man-made jets [Matoza et
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Figure 7. Application of equation (21) to the 14—15 July 2006 Tungurahua eruption in order to illustrate
the large uncertainties in ¥; when K and n are unconstrained. (a) Beamformed waveform from the RIOE
array showing the eruption infrasound signal (*“volcanic jet noise”) with amplitude increasing with time.
Plot origin time is 22:36:18 UTC, 14 July 2006. (b) Five minute mean-square pressure p?. (c) Acoustic
power assuming spherical spreading IT,; this assumption is not valid. (d) Inferred jet velocity V; from
equation (21) assuming p, = 1.2 kg/m?, ¢ = 330 m/s, source (jet) radius = 150 m, » = 36.75 km, K = 1072,
and n = 6. Based on these assumptions, V; ranges from 52 m/s to 94 m/s (Vmax = 94 m/s, V... = 42 m/s).
We then assess how (e) V... and (f) Vmax (see Figure 7d) vary as a function of different trial values of n
and K, while keeping all other parameters held fixed. White circles indicate values of K =102 and n =6
used in Figure 7d. Because, e.g., K and » are currently unconstrained for a volcano, a very wide range of
different velocities can be inferred (jet velocity is poorly constrained).

al.,2009a]. In volcano acoustics, we want to know the veloc-
ity and angular dependence of an exotic jet noise source.
Volcanic jet noise is likely to deviate from the pure-air man-
made case because of complexities such as multiphase flow
(especially loading with tephra particles); interaction with
the shallow conduit structure and vent walls; nozzle (vent)
geometry and roughness; complex and dynamic crater mor-
phology (e.g., volcanic jet eroding a vent and/or crater);
buoyancy effects; and high temperature and density effects.
An additional complication is that the internal sound speeds
for volcanic jets [e.g., Kieffer and Sturtevant, 1984] are dif-
ferent from the internal sound speeds in jets that have previ-
ously been studied, e.g., pure-air laboratory jets and exhausts
of jet aircraft and rockets. Therefore, in the case of volcanic
jets, the combination of the Mach number with respect to the
ambient sound speed and the Mach number with respect to
the fluid composing the jet (called the exhaust Mach num-
ber) is likely different from any jet noise source that has
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previously been studied. The exponents (equation (20)) are
not yet characterized for a solid rocket motor, much less for a
volcanic jet.

[60] We note that even for pure-air jet flows, a first-
principles noise prediction theory is far from complete
[Tam, 1998; Tam et al, 2008]. Advances have been
made in aeroacoustics research based upon detailed empir-
ical data. Advances have also been made with numeri-
cal simulations of jet noise, although major computational
challenges remain to be addressed [Bailly and Bogey, 2004;
Tam, 2004; Wang et al., 2006; Bodony and Lele, 2008].

[61] We have emphasized that in volcano acoustics field
experiments, we are generally confined to upstream observa-
tion angles (8 > 90°), such that sampling the directionality
of volcanic jet noise is limited or impossible (Figures 2
and 3). Figure 8 illustrates the sound propagation from Tun-
gurahua Volcano to the RIOE array 36.75 km away. Similar
to Figure 2b, Figure 8 shows that rays arriving from the



MATOZA ET AL.: VOLCANIC JET AEROACOUSTICS

Tung-RIOE, 15 July 2006 0000 UTC, 5 km height
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Figure 8. Ray-tracing simulation of acoustic propagation from Tungurahua to the RIOE array (black
diamond) at 0000 UTC 15 July 2006 for a source at 5 km elevation (vent altitude) using G2S atmo-
spheric specifications [Drob et al., 2003]. Rays are launched at angles 60° < 6 < 110° (color scale),
where 6 is the angle from the jet axis. Rays terminate when they intersect the ground-surface topog-
raphy (brown shaded profile). The line-of-sight angle 6 between the vent (5 km elevation) and RIOE
(2 km elevation, 37 km range) is about 94.6°, whereas 6 for the eigenray connecting source to receiver

is about 97.5°.

upstream direction of the jet (8 > 90°) are recorded at
RIOE, whereas rays in the downstream direction propagate
upward into the atmosphere and are not recorded by the
local array. Matoza et al. [2009a] showed that the infra-
sound signals associated with sustained explosive eruptions
at Tungurahua and Mount St. Helens resemble the spectrum
of large-scale-turbulence (LST) mixing noise more than that
of fine-scale turbulence (FST) mixing noise. This is not
consistent with the directionality of jet noise characterized
in laboratory experiments with pure-air jets (Figure 2a),
which indicate that LST noise is dominant in the down-
stream direction of the jet (8 < 55°; the crossover angle
varies with jet conditions) [7am, 1998]. This observation
further emphasizes the need to characterize and understand
the directionality of volcanic jet noise sources before we
can make quantitative inferences about jet velocity from
acoustic intensity or power. This also highlights the pre-
liminary nature of the comparison between volcanic infra-
sound and jet noise source processes [Matoza et al., 2009a]
and shows that much more work is required to test the
applicability of the LST noise generation mechanism to
volcanic jets.

[62] In Figure 8, the takeoff angle with respect to the jet
axis (0) is 97.5° for the eigenray, defined as the ray con-
necting the source at 5 km elevation and RIOE. Because
Figure 8 represents atmospheric conditions for a single spe-
cific time (0000 UTC 15 July 2006), we further investigated
the variability in eigenray takeoff angle. We launched sepa-
rate simulations for example days from each season, running
four simulations for each day at 6 hr sampling intervals (16
simulations total). We found that the eigenray takeoff angle
changed by less than 3° in these simulations, indicating very
minor variability in jet directionality sampling as a func-
tion of atmospheric conditions at this source-receiver range.
However, as shown in Figure 8, the RIOE array is located
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near the beginning of the shadow zone, where propagation
effects on acoustic intensity values can be significant [Fee
and Garces, 2007].

[63] In section 3, the assumption was made that at a
certain distance (i.e., in the far-field), the extended jet
noise source (Figure 2) can be treated as compact with
sound radiating radially from a point source. Such a far-
field distance would also exist for a volcanic jet flow
if it were radiating into a homogeneous atmosphere. In
reality, the length scale of the volcanic radiation pattern
likely approaches those of atmospheric wind and tempera-
ture gradients that control infrasonic propagation [see, e.g.,
Le Pichon et al., 2010]. In this case, sound is refracted
and ducted in various waveguides before reaching the dis-
tance at which a far-field assumption is valid. Thus, as
shown in Figure 8, noise from small 6 angles is radi-
ated to elsewhere in the atmosphere and does not con-
tribute to the wave field recorded horizontally from the
source, such that a compact point source assumption cannot
be used.

[64] Throughout this paper, we have argued that the rela-
tions between volcanic gas exit velocity V' and acoustic
power IT proposed by Woulff and McGetchin [1976] are
likely inaccurate for infrasound signals from volcanic erup-
tions. Instead, relations involving acoustic intensity may
be more appropriate. 7Tam [2006] and Tam et al. [2008]
provided a dimensional analysis of jet noise data, with
similar conclusions to those of Viswanathan [2006, 2007]
(equation (19)). Tam [2006] expressed the relationship in
equation (19) in a non-dimensional form

(o
()

Q

P(r,6) _

y
r}

(22)

5
I

D;
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where ng and the proportionality factor 4 are both func-
tions of ¢ and the temperature ratio 7,/7;. We note that
Tam [2006] interchanges the mean-square pressure p?> with
a loose “acoustic intensity”, by dropping the constant factor
of pyc, which we do not follow here. Geometrical spreading
(1/%) is included by the denominator (+/D;)*.

[65] Pure-air laboratory jet noise data can be described
by the form in equation (22) [7am, 2006]. Based on these
results, the existence of a scaling law with a similar form
to equation (22) seems promising for volcanic jets. For vol-
canic jets, we may expect ng and 4 to depend on, e.g.,
density, tephra particle loading, and other factors discussed
above, in addition to the temperature and angular depen-
dence observed for pure-air jets. Detailed field measure-
ments and numerical and laboratory studies are necessary
to determine the functional dependence of A4 and ng on
volcanic jet parameters. This work can build upon the stud-
ies of Caplan-Auerbach et al. [2010], Delle Donne and
Ripepe [2012], and Ripepe et al. [2013], which investi-
gated the previous scaling laws of Woulff and McGetchin
[1976]. It is important to constrain the functional depen-
dence of acoustic intensity or power on volcanic jet velocity
because incorrect estimates of eruption velocity will prop-
agate into predictions of, e.g., plume altitude and mass
eruption rate.

[66] Regarding future directions of this work, we envision
that field studies correlating infrasound data with, e.g., high-
speed imaging techniques will enable relationships between
acoustic intensity and gas exit velocity to be determined
empirically [see, e.g., Gerst et al., 2008; Marchetti et al.,
2009; Taddeucci et al., 2012; Delle Donne and Ripepe, 2012;
Gerst et al., 2013; Ripepe et al., 2013]. The form shown in
equation (22) is a potential starting point. These empirical
relations should be explored for a range of eruption styles.
For example, it is important to differentiate sustained erup-
tions involving jet flows from more impulsive and discrete
explosive blasts. Intermediate scenarios (e.g., discrete blasts
combined with short-lived jetting) represent additional chal-
lenges that deviate further from what is characterized in
aeroacoustic studies of sustained jets.

[67] Empirical relations based upon infrasound field mea-
surements will be limited to acoustic intensity at a given
angular range. However, laboratory and numerical experi-
ments are not constrained by the same logistics. The direc-
tional properties of jet noise from conditions mimicking
those found in volcanic jets could potentially be investigated
in laboratory experiments (e.g., seeding with particles, jet
flow through complex vent, and crater morphology). In tan-
dem, numerical simulations could enable the full directional
wave field from more complex volcanic scenarios to be
investigated. The results of laboratory and numerical exper-
iments could be compared with the data from angles that
volcano acoustic field studies permit.

[68] Finally, we note that in this paper we have neglected
all properties of the volcanic recording environment,
such as diffraction and scattering from topography, wind,
temperature, and atmospheric attenuation [Fee and Garces,
2007; Matoza et al., 2009b; Marcillo and Johnson, 2010;
Kim and Lees, 2011; Lacanna and Ripepe, 2013; Fee
and Matoza, 2013]; these additional factors must also be
accounted for (or justifiably neglected) in order to arrive at
robust scaling relationships.
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6. Conclusions

[69] Infrasound can provide detailed constraints on the
timing, duration, and relative vigor of local and remote
explosive volcanism, and has been used in prototype erup-
tion early warning systems [e.g., Kamo et al., 1994; Garces
et al., 2008; Ripepe et al., 2009; Fee et al., 2010a; Matoza
etal.,2011; De Angelis et al., 2012; Fee and Matoza, 2013].
However, estimating eruption column parameters such as jet
velocity and diameter, or predicting plume altitude or mass
eruption rate from infrasound data, requires a quantitative
relationship between the volcanic jet flow source process
and the radiated infrasound. We have reevaluated, within a
modern aeroacoustics framework, approaches used to infer
volcanic gas exit velocity (jet velocity) from infrasound data.

[70] Previous work in volcano acoustics proposed rela-
tions between volcanic gas exit velocity V' and acoustic
power IT of the form IT ~ V", where n is 4, 6, or 8.
Because estimating acoustic power requires the integration
of acoustic intensity over a surface, estimating IT is difficult
in volcano acoustics field experiments, where observations
are typically limited to angles 8 > 90°. We have shown,
using data from a laboratory-scale jet, a military aircraft,
and a solid rocket motor, that a decent sampling of jet noise
directionality is necessary to obtain a reliable estimate of
I1. Therefore, in light of recent advances in aeroacoustics
research, a more appropriate starting formulation is (6) ~
(Viey'e (see equation (22)). In equation (22), the acoustic
intensity (or mean-square pressure) in a particular direction
0 from the jet centerline axis depends on jet velocity via a
power law whose exponent ng and proportionality factor 4
are functions of 6 and temperature. Because such an exotic
jet noise source has not yet been explored in the laboratory
or numerically, we do not know how ng and A vary for a
volcanic jet. For a volcanic jet flow, we hypothesize that ng
and 4 will also significantly depend upon density and tephra
particle loading, etc. Constraining ng and 4 in equation (22)
for volcanic jet flows, and characterizing their dependence
upon volcanic jet parameters, represents a new framework
and a challenge for volcano acoustics. This new frame-
work can be developed through quantitative integration of
field, numerical, and laboratory studies and would lead to a
more accurate relationship between volcanic infrasound and
eruption column parameters.

Appendix A: Acoustic Observations

[71] Here we review quantitative measures of sound and
how they are estimated for directional and spherically sym-
metric sources. Our discussion follows those of Morse
and Ingard [1968], Lighthill [1978], Pierce [1989], and
American National Standards Institute (ANSI) [1994], to
which the reader is referred for more details.

[72] Acoustic energy is the energy in a fluid associated
with a sound wave. The instantaneous acoustic intensity
vector I describes the rate of transport of acoustic energy

I=pu, (A1)
where u is the acoustic particle velocity (m/s) and p is the
acoustic pressure (Pa). Intensity has units of watts per square
meter (Wm2). I-n is the acoustic energy flux through a unit
area perpendicular to the unit normal vector n.
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[73] The acoustic power II of a source is the time-
averaged rate of energy flow, with units of J/s or watts (W).
Acoustic power is evaluated as

ﬁ: /i'noulds,
N

where I is the time-averaged intensity vector on the surface
S, and n,,, is the outward pointing unit normal vector on that
surface.

[74] In the near field, determining the normal component
of the intensity is nontrivial. In the far field, however, we can
assume that the signal is propagating outward along a radial.
In this case, the time-averaged radial component of intensity
1 is related to the mean-square pressure p?

(A2)

Il
N

sl

, (A3)

i)
[3Y

0

where p, is the ambient density and c is the sound speed.
[75] For a spherically symmetric wave field, such as that
originating from a monopole, I is in the radial direction,
and there is no variation in its magnitude with angle. At a
distance  from the source, the power can be recovered from
471r2;?

T, = 47T = .
PocC

(A4)

For a symmetric source radiating as a hemisphere over a flat
ground surface

— _ 2arp?
M, =2m27= 212
Poc

(AS)

For a directional acoustic source, I varies as a function of
observation angle to the source and equations (A4) and (AS)
are not valid.

[76] Quantitative measures of sound commonly make use
of logarithmic scales or levels with decibel units (dB). The
sound-pressure level (SPL) or L, in a stated frequency band
is defined as

2

52) : (A6)

ref

L, =101log;, (

where p,; is the reference pressure 20 pPa for airborne
sound, and the frequency band of the mean-square pressure
p? is stated. The overall sound pressure level (OASPL) is the
SPL over the whole bandwidth of a signal.

[77] Similarly, the sound intensity level (SIL) is defined as

1
[ b

ref

L;=101og, ( (A7)

where 7 is the magnitude of the vector I and I, is the
reference sound intensity 10~'> Wm™. For far-field measure-
ments, equation (A3) implies that

For cases in which the ambient density and sound speed
are good approximations, the SPL and the SIL are approxi-
mately equal for far-field measurements (they differ by about
0.16 dB because of how the reference pressure and intensity
are defined).

2
Doverall

(A8)
]rct'p()c

L;=101log,, (
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[78] Finally, the overall sound power level (OAPWL) of a
source is obtained by

m
OAPWL = 101og,, (H ) ,

ref

(A9)

where TT is defined as in equation (A2) and IT, is the refer-
ence power of 10712 W. For a spherically symmetric source,
this reduces to

OAPWL,, = OASPL + 10log, (47/7) . (A10)

However, for a directional source, OAPWL must be deter-
mined by integrating microphone measurements from a
swath of angles sampling the source radiation pattern as is
done in section 3. In the case of a directional source, applica-
tion of equation (A10) from a single observation point leads
to erroneous results.

Notation
po  ambient density
po ambient pressure
T, ambient temperature
¢ ambient sound speed
_p  acoustic pressure
p?> mean-square pressure (bar denotes a time-
averaged quantity)
p  acoustic density
u acoustic particle velocity
A wavelength
r  source-receiver radial distance
t time
q  source strength
T;  Lighthill stress tensor
T;  viscous stress tensor
I  acoustic intensity vector
I magnitude of acoustic intensity vector
_7 radial component of acoustic intensity
T acoustic power
IT,,, acoustic power from a spherical source
Eem acoustic power from a hemispherical source
[T, reference power =1 pW
I; reference intensity = 1 pWm™
p.. reference pressure =20 uPa
SPL, L, sound pressure level
SIL, L; sound intensity level
OASPL  overall sound pressure level
OAPWL  overall sound power level
LST large-scale turbulence
FST fine-scale turbulence
n,, outward pointing unit normal vector
AS  area weighting factor
V' loosely: jet velocity or “gas exit velocity”
V;  fully expanded jet velocity
D;  fully expanded jet diameter
T, stagnation temperature .
n  exponent in power law relating V; to IT
ng  exponent in power law relating V; to 1(6)
K acoustic power coefficient
A, ventarea
d characteristic length scale
6  angle from the jet axis
¢  polar angle around the jet axis
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