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1. Executive Summary 
This report summarizes the activities and recommendations of the Infrasound Propagation 
Working Group (IPWG). The working group conducted background research, gathered input from 
the broader infrasound community, and had an in-person meeting to 1) assess the current state of 
infrasound propagation modeling and 2) make a number of recommendations for improvements. 
The recommendations provided at the end of this report will provide substantial improvements to 
infrasound propagation modeling and will result in advances in nuclear treaty monitoring and 
related efforts. 

 
2. Introduction 
Infrasound, or low frequency sound below ~20 Hz, is used to aid in detecting, localizing, and 
characterizing explosions and other infrasound sources. This requires robust sensor network design 
and signal analysis. Infrasound sensor network design, network capability assessment, and signal 
interpretation depend on the availability of robust, validated infrasound propagation models. 
Recent advances in acoustic wave propagation modeling have resulted in tested and validated 
software packages, and good progress has been achieved in modeling infrasound wave propagation 
over local (<15 km) and occasionally regional (25-250 km) and global (>250 km) source-receiver 
distances [e.g. Kim et al. 2014, Waxler et al. 2017, Lonzaga et al. 2015, de Groot-Hedlin 2017, 
Assink and Waxler 2017, Waxler et al 2019]. Atmospheric specifications and limited source 
models are also available as inputs to these software packages. However, it is clear that 
observations often do not match models, even with multiple infrasound arrays at regional distances 
[e.g., Green et al., 2018] or when high-quality meteorological data are incorporated for propagation 
over a few kilometers [e.g. Kim et al., 2018]. The infrasound community has, at times, struggled 
to get coherent, consistent results, and many unknowns and uncertainties exist to-date. 
Improvements in infrasound propagation modeling will lead to substantial progress in 
characterizing explosive sources.  
 
The Infrasound Propagation Working Group (IPWG) was formed in early 2020 to assess the 
current state of infrasound propagation modeling and guide future research and development. The 
primary goals of the working group were to: 
 

1) Assess current infrasound propagation research. 
2) Identify gaps and deficiencies 
3) Clearly define a path to produce robust, reliable infrasound propagation software tools. 

This will be primarily through a set of recommendations for propagation tool development 
with an expected timeline and milestones. The recommendations will be divided into short- 
and long-term projects. 
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The working group met in-person for two days and consisted of an international mix of Subject 
Matter Experts (SME) from academia, national labs, and government. A pre-meeting survey of 
related questions was also distributed to a larger group of infrasound scientists to get a broader 
view on the topics.  
 
This report summarizes the activities of the IPWG, including recommendations and a roadmap for 
future software development. 
 
3. Background 
3.1. Infrasound and Infrasound Propagation 
Atmospheric infrasound wave propagation physics is closely related to the cases considered for 
audible acoustics, hydroacoustics (ocean acoustics), seismology, and acoustic-gravity waves, but 
fundamental differences in the medium properties, boundary conditions, and the relevance of 
various terms in the governing equations lead to significant departures and complexity. Major 
progress in infrasound propagation research to date has been made through modification and 
adaptation of theory and numerical approximations in these related waveform technologies. The 
highly dynamic state of the atmosphere (including high Mach number wind effects) and the 
sensitivity of infrasound propagation to relatively fine-scale spatiotemporal atmospheric structure 
result in major departures from approaches used in seismology and hydroacoustics. Advancing 
infrasound propagation research requires progress in two distinct areas with the combined goal of 
improving prediction accuracy: (1) the wave propagation physics itself given a particular 
atmospheric state, and (2) characterization of the atmosphere at the requisite multiple 
spatiotemporal scales.  

 
A variety of infrasound wave propagation modeling approaches have been developed ranging in 
computational cost and levels of approximation to reality (fidelity). Finite difference (FD) 
[Ostashev et al. 2005, Kim et al. 2014, Sjogreen and Petersson 2016, de Groot-Hedlin 2017], finite 
element (FE), and spectral element (SE) methods [Brissaud et al., 2017] have the greatest 
computational cost but can produce full-waveform synthetics for a broad bandwidth (limited by 
the discretization) and allow specification of arbitrary heterogeneous atmospheres in 2- or 3-
dimensions in a chosen coordinate system. Geometrical acoustics (ray-tracing) is based on the 
high-frequency eikonal and transport approximations to the wave equation and permits predictions 
of arrival times, incoming signal azimuth and elevation angle, and signal amplitudes accounting 
for geometrical spreading and attenuation, with rapid computation even for 3-dimensional 
atmospheric specifications. Weakly non-linear wave propagation effects have also been 
incorporated into ray-tracing methods [Lonzaga et al. 2015]. Modal and parabolic equation (PE) 
approaches involve solving the frequency-domain convective Helmholtz equation and have 
intermediate computational cost and fidelity capturing diffraction and scattering [Waxler et al. 
2017, Assink et al. 2017]; a standard run yields amplitude predictions for a particular frequency, 
but broadband synthesis to produce full waveform synthetics is possible with both methods. The 
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standard one-way PE method does not capture backscattering, but two-way PE methods have been 
developed in ocean acoustics [e.g., Collins and Evans, 1992]. Finite difference, finite element, 
spectral element, and ray-tracing methods are commonly employed in seismology applications, 
while modal and PE methods are more typically utilized in ocean and audible acoustics.  
 
All infrasound propagation modeling approaches, except ray-tracing, become increasingly 
inefficient with increasing frequency. However, there is interplay between the frequency and the 
details required for the atmospheric specifications. Higher frequencies require smaller spatial 
domains, since the ranges and altitudes to which signals propagate efficiently is smaller, but higher 
frequencies are more sensitive to finer atmospheric and topographic structure. Different 
propagation methods and numerical solutions involve different approximations and assumptions. 
Common simplifying approximations include the effective sound speed (motionless medium) 
approximation, vertical atmospheric stratification (range independence), and neglect of cross-
winds. All methods can be implemented in a range-independent (1-D atmosphere) approximation; 
however, PE methods are particularly well suited to range-dependent scenarios, while modal 
models have been developed for range-dependent atmospheres, but are comparatively inefficient.  
 
Ground-surface boundary conditions are straightforward to implement in PE and modal models 
with little to no computational cost. Their implementation in FD, FE, and SE models is less 
straightforward. The introduction of ground topography is more complex. Topography is 
intrinsically range dependent and, although 2-D topography can be implemented, it has been found 
in applications that 3-D topography is often required to model diffraction around mountain peaks 
and out-of-plane scattering.  
 
The tradeoff between computational cost and fidelity depends upon the application and user; 
ultimately all of these approaches are needed in different scenarios. Table 1 lists the currently 
available infrasound propagation codes, and Table 3 provides a graphical representation of the 
available codes and their capabilities.  

 
3.2. Atmospheric specifications 
Infrasound propagation modeling requires accurate atmospheric specifications of temperature, 
wind velocity, density, and molecular composition from the ground surface up to ~140 km altitude 
(infrasound attenuation increases dramatically with altitude in the thermosphere above 100 km; 
Sutherland and Bass, 2004). A variety of atmospheric specification products are available from the 
atmospheric science community, none currently ideally suited to accurate infrasound propagation 
predictions. The product types in most common usage for infrasound research are numerical 
weather reanalyses (hindcast predictions) and empirical climatologies (e.g., HWM, MSIS), which 
have been fused into hybrid or semiempirical models [Drob et al., 2003; Schwaiger et al., 2019]. 
We follow the nomenclature of Drob [2019] and divide the atmosphere based on altitude into the 
lower (<35 km), middle (35 to 80 km), and upper (85 to 450 km) atmosphere. 
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Operational data assimilation analyses are provided directly by Numerical Weather Prediction 
(NWP) Centers, e.g, the National Oceanic and Atmospheric Administration (NOAA) National 
Center for Environmental Prediction (NCEP) Global Forecast System (GFS) and the European 
Center for Medium Range Weather Forecasts (ECMWF) Integrated Forecast System (IFS) (see 
Drob, 2019 for a review). These analyses (sometimes called hindcast or nowcast predictions) 
combine atmospheric data assimilation of numerous types (including ground-based systems and 
profilers, radiosondes, rocketsondes, aviation-based systems, satellite data, etc.) with 
observationally adjusted and constrained numerical solutions of the geophysical fluid dynamics 
equations for atmospheric dynamics to give a best possible estimate of the atmospheric state in a 
given time snapshot (typically every 3 or 6 hours). However, the altitude range of available 
atmospheric data as well as the primary mission focus of the NWP centers on the lower atmosphere 
limits the altitude range of specification products: below 55 km for the NCEP-GFS and below 80 
km for the ECMWF-IFS. For example, the ECMWF specifications currently have a global 
resolution of 9 × 9 km consisting of 137 isobar levels from 1000 to 0.01 hPa (altitude range from 
~0 to ~80 km above sea level) and are provided every 3 hours. In addition to global atmospheric 
reanalysis products, mesoscale models (resolutions down to 2 × 2 km) for the troposphere provide 
significant gains in prediction accuracy for local-regional infrasound propagation problems at 
greater computational/implementational cost [Drob, 2019].  
  
Infrasound propagation paths for source-receiver pairs at the Earth’s ground surface involve 
turning heights up to ~140 km altitude, exceeding the altitude range of current global reanalysis 
products. Above the altitude range of the global reanalyses (NCEP, ECMWF), the infrasound 
research community commonly relies on empirical climatologies, i.e., the Horizontal Wind Model 
(HWM) for winds and NRL-MSISE for temperature and density to provide some constraint on the 
state of the upper atmosphere (upper stratosphere, mesosphere, thermosphere). Climatologies 
represent empirical fits to decades of historical atmospheric data; they capture the dominant, 
repeatable behavior of the atmosphere, but natural, stochastic departures (e.g., sudden stratospheric 
warmings [e.g. Smets et al. 2015]) are not captured and climatologies fail to capture more variable 
spatiotemporal structure related to meteorology.  
  
Fusing these approaches, the hybrid or semiempirical Naval Research Laboratory Ground-to-
Space (NRL-G2S) system [Drob et al., 2003] was developed to provide seamless atmospheric 
models from the ground to the thermosphere specifically for infrasound applications. G2S fuses 
NWP data assimilation products below 50 km with empirical climatologies for the atmosphere 
above 50 km in a seamless 3-dimensional spherical harmonic expansion. The NRL-G2S 
semiempirical models consist of time-dependent specifications of sound speed, pressure, density, 
temperature, and wind speed with a standard resolution of 1˚ × 1˚ up to the stratosphere (50 to 55 
km), and 10˚ × 10˚ to above the thermosphere (170 km). An alternative open-source 
implementation of G2S has recently been developed, AVO-G2S, which provides relevant 



6 

specifications from the surface to an altitude of 225 km and which can also incorporate regional 
mesoscale products [Schwaiger et al., 2019]. Looking to the future, whole-atmosphere analyses 
(troposphere through the thermosphere) are currently being developed [Marsh et al., 2013], but 
observational constraints on the upper atmosphere remain limited. 
  
At spatial resolutions below available specification products exist gravity waves or internal 
buoyancy oscillations, typically with periods of ~10 to 180 min, vertical wavelengths of 1 to 20 
km, and horizontal wavelengths of ~15 to >100 km, which cannot be resolved globally with current 
observation systems and must be removed by filtering in the production of the spatially smoothed 
specifications to prevent numerical artifacts [Drob, 2019]. Infrasound propagation paths can be 
strongly sensitive to these stochastic small-scale perturbations to the available atmospheric 
profiles, which produce marginal ducts and scattering effects [Lalande et al., 2016; Assink et al., 
2014; Green et al., 2011; Le Pichon et al., 2015; Smets et al., 2016].  
 
The recognition that infrasound propagation paths are sensitive to fine-scale stochastic structure 
motivates the use of ensembles comprising multiple atmospheric realizations (see recommendation 
1, Section 7). Statistical models for the atmosphere comprise probabilistic models of the 
atmosphere made of ensembles of atmospheric specifications with associated probability 
distributions. These distributions should contain several layers of increasing physical detail and 
complexity. At the least detailed level are distributions of mean atmospheric specifications, such 
as those being made available by ECMWF. On top of these, we eventually expect to also have 
distributions of fine-scale fluctuations. Statistical models of signal propagation can be obtained by 
statistical sampling from the ensemble(s) of atmospheric specifications and then feeding the 
sampled specifications into the propagation model being used.  
 
3.3. Currently available codes 
Tables 1 and 2 in Appendix B provide representative (not exhaustive) lists of currently available 
infrasound propagation software and atmospheric specification products. Table 3 provides a 
graphical representation of the propagation model capabilities. 
 
4. Motivation: The Need for Improved Infrasound Propagation Modeling  
Studies with relatively dense infrasound observations highlight the need for additional work to 
bring observations and modeling predictions into better agreement. We note that a variety of 
explosion sources have been useful in testing infrasound propagation models, ranging from 
accidental anthropogenic (e.g., Buncefied), natural (e.g., Chelyabinsk), and ground-truth 
“calibration” experiments (e.g. Sayarim). Here we highlight three representative samples from the 
literature, for other examples, see Herrin et al. [2008]; Gainville et al. [2010]; de Groot-Hedlin et 
al. [2014]; Vergoz et al. [2019] and others. 
 
4.1. Buncefield [Ceranna et al. 2009] 
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A large accidental vapor cloud explosion occurred on December 11, 2005 at the Buncefield Oil 
Depot in Buncefield, United Kingdom. Yield estimates across different acoustic phases and arrays 
were highly variable, with a reported range of 19 - 153 tonnes and mean of 51 tonnes. The origin 
time was estimated to be 06:01:31.45 ∓ 0.5 UTC from P-wave arrival times, and the seismic source 
was estimated to be M_L = 2.2 [Ottemöller and Evers, 2008]. Seven infrasound stations in 
Germany, France, and Sweden were examined in this analysis, and acoustic arrivals were observed 
at distances up to 1500 km. Initially, propagation modeling was conducted with 1-D 𝛕-p raytracing 
[Garces et al., 1998] and the HWM-93 wind model [Hedin et al. 1996a, Hedin et al. 1996b], but 
this effort was unsuccessful. Modeling with the NRL-G2S model [Drob et al. 2003] and WASP-
3D ray tracing [Virieux et al. 2004, Dessa et al. 2005] was more effective at predicting arrival 
times and the arrival of multiple acoustic phases. This approach was particularly successful at 
explaining the onset times of multiple acoustic phases at both the Flers array in France and IS26 
in Germany. In Waxler et al. [2015] it’s shown that this is a case in which waveforms can be 
reproduced.  

 
4.2. Sayarim [Fee et al. 2013] 
Three large scale calibration experiments were conducted in 2009 (26 August) and 2011 (24 
January and 26 January) in order to test the detection capability of the International Monitoring 
System (IMS) infrasound network. Three surface explosions with estimated yields of 96.0, 7.4, 
and 76.8 tonnes of TNT equivalent were detonated at the Sayarim Military Range, Israel. The 2009 
explosion was detected at 13 arrays to the west and north of the detonation site, with a maximum 
range of 3428 km [Fee et al. 2013]. From celerity calculations, primarily tropospheric and 
stratospheric returns were detected, and a single thermospheric signal was recorded at arrays IN1 
and IN2 in northern Israel. The 2011 explosions were widely recorded at arrays to the north and 
east of Sayarim (maximum range of ~6300 km for the 26 January experiment) . 
 
In this work, two different propagation modeling techniques were used. A range-dependent, high-
Mach number, planar approximation parabolic equation (PE) method [Lingevich et al., 2002] was 
used to examine transmission loss as a function of range and height. Attenuation was accounted 
for using estimates from the Sutherland and Bass [2004] attenuation model. This model also 
assumed a rigid boundary condition and no topography. To predict arrival times and visualize 
propagation paths, 3D spherical ray tracing based on the planar approximation to the  
 
classical, range dependent, Hamiltonian ray tracing equations was used [Gossard and Hooke, 
1975]. 
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Figure 1. PE transmission 
loss compared to array 
detections for the 2009 
Sayarim test. Arrays with a 
filled triangle detected the 
event, while arrays with an 
open triangle did not. 
Figure from Fee et al. 
[2013]. 
 
 
 
 
 
 
 

Qualitatively, the propagation and transmission loss predictions for the 2009 event generally agree 
(Fig. 1). However, multiple arrays to the north detected the event, indicating a more northerly 
component to the stratospheric winds than present in the models. A set of low celerity arrivals (< 
0.230 km/s) were observed at multiple arrays (e.g. PELO, Greece) but were not predicted by ray 
tracing or PE modeling. These arrivals have a celerity near the expected values from thermospheric 
propagation, but both the frequency content and the amplitudes were higher than expected. The 
frequency of these arrivals was higher than the faster arriving set of stratospheric phases. A 
mesospheric wind jet not present in the models was proposed to explain these observations. 
Additionally, small scale inhomogeneities beneath the resolvability of the atmospheric 
specifications was proposed as a source of multipathing. Weakly nonlinear ray theory has been 
shown to better reproduce amplitudes from propagation through the upper atmosphere [Lonzaga 
et al. 2015]. 
 
Detections to the north and east of Sayarim were overall well-predicted for the 2011 experiment, 
and transmission loss from the PE modeling qualitatively matches results. No arrivals were 
detected in the opposite direction of the tropospheric and stratospheric jets, which is consistent 
with theory. A potential discrepancy may be found when examining the data from the Oman arrays. 
Only receiver OM_N detected the 2011 explosions, but the arrays appear to lie in a region of low 
transmission loss. There is a high noise local noise level for these arrays.  
 
 
4.3. Humming Roadrunner [Green et al. 2018] 

The Humming Roadrunner (HRR) trials were a series of six ground-based explosions that took 
place in the western United States over 18 days in August 2012. Thirteen infrasound arrays 
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consisting of four to nine microbarographs were deployed between 53 and 500 km from the 
detonation locations. Atmospheric specifications were compiled using the Ground-to-Space 
atmospheric model [Drob et al. 2003]. 
 
Propagation modeling was performed with a normal mode method [Waxler et al. 2017], and the 
GeoAc (now called infraGA) software package [Blom and Waxler 2012, 2017] was used for ray 
tracing. 

 
Figure 2. Humming Roadrunner infrasound observations for two tests compared to ray tracing 
predictions. The vertical lines indicate detections as a function of celerity and range for various 
arrays, with the color indicating the direction from source and amplitude. The dotted lines indicate 
ray tracing predictions using G2S. Note the considerable discrepancy between the multiple long-
duration observations and ray tracing predictions, with the models underpredicting the observed 
arrivals. Figure from Green et al. [2018]. 
 
Green et al. [2018] summarize the propagation results as follows and indicated in Figure 2: (1) the 
spatial extent of the major stratospheric arrivals is underpredicted by models constructed from 
current meteorological specifications, (2) many of the waveforms exhibit coherent, long-duration 
coda that are inconsistent with refraction from the smoothly varying temperature and wind 
gradients in the meteorological specifications, and (3) impulsive short-duration waveform packets, 
distinct from the stratospheric pairs induced by the caustic structure of the propagating field, arrive 
within a few seconds of one another on some of the arrays. Multipathing caused by propagation 
through shorter wavelength atmospheric sound speed fluctuations than are captured by the 
meteorological specifications was suggested as the cause of these observations. In later work, the 
along-path variability of the strength of the stratospheric waveguide was shown to influence the 
duration of observed acoustic signal [Green and Nippress, 2019], which may address conclusion 
(2). 
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5. IPWG Overview 
5.1. IPWG Goals 
As stated in the introduction, the initial goals of the IPWG were to:  

1) Assess current infrasound propagation research. This is covered in Sections 3 
(Background) and 4 (Motivation). 

2) Identify gaps and deficiencies. This was done through a combination of background 
research by IPWG leaders, survey questions distributed via email, and in-person 
discussions. 

3) Clearly define a path to produce robust, reliable infrasound propagation software tools. 
This will be primarily through a set of recommendations for propagation tool development 
with an expected timeline and milestones. The recommendations will be divided into short- 
and long-term projects. 

 
5.2. Survey questions 

To address gaps and deficiencies in the state of the art of infrasound propagation modeling, 
a six-question survey was sent to researchers in the infrasound community to assess their needs 
and desired tools. The survey asked about propagation codes in use, infrasound sources of interest, 
data access, computing capabilities, and perceived inadequacies of currently available propagation 
codes. The responses were used to guide the in-person meeting and this report. The questions sent 
out were: 

1. What codes do you use to model the propagation of acoustic waves?  
2. What kind of infrasound sources and signals do you typically study (e.g. man-made 

explosions, volcanoes, ocean noise)? 
3. Do you have access to the codes and resources (including atmospheric and topographic 

specifications) you need?  
4. What ranges, scales, and frequencies are of interest to you?  
5. What parallel processing capabilities do you envision using? This could include multi-core 

computers, traditional high performance computing resources, and GPU clusters.  
6. What are the most significant gaps or deficiencies you see in infrasound propagation 

modeling?  
 
Approximately 70 surveys were sent out and 32 participants responded. The responses are 
summarized in Section 6. 
 
5.3. In-person meeting summary 
 A two-day, in-person meeting was held in Oxford, MS at the National Center for Physical 
Acoustics (NCPA). Eighteen Subject Matter Experts (SME) from across US and international 
academia, national labs, and government agencies attended the in-person meeting, and included 
both code authors and users. These SME were selected based on their relevant expertise and 
availability. The relatively small size of the group facilitated in-person discussions. The first day 



11 

was focused on the background of the IPWG, motivation, and detailed presentations and 
discussions of various codes and modeling capabilities and the associated gaps and deficiencies. 
The second day focused on further identification of gaps and deficiencies and prioritization of 
future work. The meeting agenda is included as Appendix C and the discussion topics are pasted 
below. 

● Global vs regional models 
● Addressing uncertainty in atmospheric specifications 
● Importance of 3D modeling 
● Spherical vs Cartesian coordinate systems 
● Incorporating topography into modeling scenarios 
● Computationally efficient versus computationally intensive models and the need for both. 
● Ground surface boundary conditions 
● Spherical earth implementation and transformations 
● Low-frequency <0.05 Hz capability; gravity and atmospheric normal modes 
● Desired atmospheric specification package capabilities 
● Importance of open-source codes 
● Code languages and benchmarking 

 
6. IPWG Summary 
6.1. Survey responses 
Here we present a summary of the 32 survey responses to the question in Section 5.2. From the 
responses, InfraGA/GeoAc, NCPAprop Modess and PaPe, and InfraFDTD were among the most 
commonly used propagation codes. These codes are example solvers for ray theory (geometric 
acoustics), a modal expansion, a parabolic equation, and a full wave solution. Other responses and 
example solvers can be found in Table 1. 
 
For atmospheric profiles, the ECMWF-ERA5 and GEOS-5 MERRA-2 reanalysis were commonly 
mentioned. At the mesoscale, WRF and NCEP NAM are also used. Atmospheric specifications 
above the maximum height (Table 2) of these tools is sometimes required for infrasound 
propagation. Empirical climatologies such as HWM14 and NRLMSISE-00 are currently used to 
vertically extend the reanalysis profiles. Tools such as G2S and AVO-G2S can be used to combine 
the data sets into a reconstructed profile for atmospheric winds and temperature. An overview of 
different atmospheric specifications is listed in Table 2. 
 
Numerous infrasonic sources are investigated by the community. Broadly, three (non-exclusive) 
branches of research were reported: CTBT relevant events, volcanism, and atmospheric structure 
and processes. These topics are further specified as: 

● Anthropogenic explosions 
● Volcanic activity, which has multiple associated sources such as volcanic jetting, discrete 

eruptions, and mass flow 
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● Bolides and meteors 
● Earthquakes, which can generate acoustics through a variety of processes such as ground 

motion at the source, Rayleigh (seismic) waves coupling into the atmosphere, and the 
shaking of mountain ranges, cliff faces, and alluvial basins 

● Ocean Noise - the oceanic microbarom and surf noise 
● Sonic booms 
● Industrial sources, which includes wind farms and mining activity 
● Atmospheric flow, which includes ducting, mountain-associated infrasound, and the 

atmospheric boundary layer 
● Gravity waves 
● The Ionosphere 
● Wind noise 
● Acoustics on Mars and Venus 

 
Reported access to propagation codes and resources varied widely. The most commonly mentioned 
resources were atmospheric specifications (i.e. atmospheric profiles), Digital Elevation Models 
(DEMs) and derived topography files, and access to various propagation codes mentioned above 
(Survey Question 1). Some researchers reported that they had everything they needed. Others 
suggested that they were unable to access codes for desired propagation paradigms (e.g. a full-
wave code or a 2D PE code) or high-resolution atmospheric or topography files. With a nod 
towards community accessibility, one respondent mentioned that their access was related to their 
institution and collaborator network. 
 
Responses broadly indicated that researchers were interested in nearly all infrasonic frequencies 
(Fig. 3), amplitudes (scale), and propagation range. 

 
Figure 3. Frequency bands of interest from 
quantitative responses to Question 4 from 
the survey. The vertical blue line denotes the 
conventional 20 Hz upper limit for 
infrasonic frequencies. The vertical red line 
marks the Brunt-Vaisala frequency in the 
lower atmosphere (approximately 3.3 mHz). 
The two gray boxes denote the secondary 
(left, 0.04 - 0.1 Hz) and primary (right, 0.4 - 
1.2 Hz) monitoring bands for the IMS 
infrasound network. In responses 1, 6, 7, and 
11, a lower bound was not provided. 
 



13 

The survey asked about the parallel computing capabilities across the pool of researchers. Current 
usage or experience with multi-core computers and traditional high performance computing 
clusters (HPCCs) were the most common responses (Figure 4). Computing with GPUs is 
increasingly popular, and a number of responses indicated interest in potentially using this 
capability. It was explicitly indicated by one response that their choice of computing platform 
depended on the code that they wanted to use. We note that a number of responses indicated that 
some researchers had no experience with parallel computing capabilities. HPCC is clearly a critical 
area for future advances in this field. 
 

 
Figure 4. A simple schematic showing the different computing resources indicated in the survey 
responses. Note that some responses indicated multiple computing resources. Solid colors indicate 
resources currently in use, and transparent colors indicate a response suggesting that a researcher 
would consider using that class of parallel computation.   
 
Finally, the survey asked researchers about the perceived inadequacies in current propagation 
modeling. Popular responses can be broadly grouped as follows: 

● Better incorporation of topography into propagation codes, and an extension to the 
coupling between acoustic and seismic waves. 

● Better atmospheric data (higher spatio-temporal resolution to higher altitudes) and 
parametric models  for fine-scale structure, turbulence, and gravity waves. 

● Better incorporation of atmospheric state uncertainty, which may be propagation path 
dependent, and the implication of this uncertainty on predictions. 

● Inclusion of a wider variety of source models and flexibility to implement these models 
into existing propagation codes. 
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● Thorough benchmarking and cross-validation of both new and existing codes with data and 
across the various physical, mathematical, and numerical approximations. 
 

6.2. In-person presentations and discussions  
The IPWG meeting began with a series of presentations to provide background on current 
capabilities. Each participant was encouraged to give a short presentation on a research topic, 
followed by in-depth presentations by experts in various infrasound propagation modeling areas: 
Parabolic Equation, Finite Difference, Spectral Element, Modes and Geometric Acoustics, Gravity 
Wave Modeling, and Atmospheric Specifications. These presentations highlighted the current 
state-of-the-art in infrasound propagation modeling, as well as the gaps and limitations.  
 
The group discussions touched on most of the topics noted in Section 5.3. However, the 
discussions generally focused on a few broad topics. Below we discuss these topics and the 
discussions in some detail. 

 
Uncertainty. Uncertainty in infrasound propagation has, for the most part, not been addressed, and 
all acknowledged that this is a clear deficiency. Two primary sources of uncertainty were 
identified: systematic bias from the atmospheric models and uncertainty resulting from internal 
waves in the atmosphere. The study of uncertainties associated with atmospheric specification has 
been ongoing in the atmospheric sciences community for some time and statistical models for 
those uncertainties are beginning to appear. As models for atmospheric uncertainties become 
available, these uncertainties should provide models for the uncertainties of infrasound signal 
detection and analysis through infrasound propagation modeling. Methods for translating 
atmospheric uncertainties into infrasound signal uncertainties, as well as sufficiently robust and 
efficient infrasound propagation models, are needed.  

 
Topography. There are several effects that ground surface topography has on signal propagation. 
It is well established that the topography around an acoustic source can strongly affect local 
propagation, and thus the nature of the acoustic signal that gets launched to the far field. Within 
the last decade, studies have moved beyond analytical explorations with simulated screens and 
wedges to full 2D and 3D Green’s function evaluation over realistic topography sourced from 
high-resolution digital elevation models.  
 
Topography also influences long range propagation in several ways. For signals propagating in 
low altitude ducts in the troposphere ground topography can introduce in and out-of-plane 
scattering, it can produce shadow zones downhill and more efficiently insonified regions uphill, 
and it leads to severe signal dispersion. In elevated ducts, signals refracted back down to earth 
from high altitudes can have ground bounces over mountainous terrain. This will lead to loss of 
signal coherence and signal attenuation due to out of plane scattering. Finally, topography 
influences the atmospheric state itself, mostly through mountain induced winds.  
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Currently, the only publicly available model that incorporates realistic topography in the 
geometrical acoustics approximation is the LANL infraGA package. Full wave models 
incorporating topography have been developed, ranging from comprehensive computationally 
expensive models using finite difference or finite element approaches to the more efficient 
Parabolic Equation (PE) models. Only the FDTDWave and SPECFEM3D packages are currently 
available for general use (Table 1,3, Appendix B). In addition, many of the existing models are 2d, 
ignoring out of plane propagation caused by scattering or diffraction. Effects such as the previously 
mentioned out of plane scattering, and the diffraction of signals around mountain peaks, suggest 
that introducing topography into 2d propagation models will not be sufficient.  

  
3D effects.  Restricting signal propagation to a single range-altitude plane is sufficient for many 
applications and significantly reduces the required computational resources. However, out of plane 
propagation is sometimes critical. In addition to the issues of 3D effects involving ground 
topography, there is the influence of cross winds, that is, winds with a component perpendicular 
to the plane of propagation. These cause the signal propagation paths to deviate from planar. To 
estimate azimuth deviation induced by cross winds requires the capability to model out of plane 
propagation, and is critical in eliminating bias in source localization [Blom et al. 2015]. In some 
cases, under conditions of particularly strong wind jets, out of plane propagation is required to 
accurately estimate travel times [e.g. Evers et al. 2007]. Full, 3D propagation can be included in 
the geometrical acoustics approximation in a reasonably straightforward and efficient manner and 
is available in the LANL infraGA package. This works well when geometrical acoustics is 
applicable, however, this is not always the case [Waxler et al. 2015 and Waxler et al. 201]), 
particularly in the presence of tropospheric waveguides. For these scenarios full wave, out of plane 
capability is required. Currently, this is provided only by computationally intensive finite 
difference models, many of which are not available to the general public. More efficient 3D PE 
models have been developed and used in ocean acoustics to model signal diffraction around islands 
and seamounts.  

 
Source Complexity. Point sources are the dominant source type considered in propagation models. 
Although this appears valid for many scenarios, there is increasing evidence that more complex 
sources need to be taken into account. Adaptation to different source types, e.g. a line source, could 
be useful for more accurate modeling for realistic sources. Monopole isotropic source radiation is 
also commonly assumed, although anisotropic radiation is likely from buried sources and those 
with boundaries in the near-field. Overall the relative importance of source complexity is not well-
understood and likely varies considerably with the scenario. 

 
Spherical Earth. Long-range infrasound propagation needs to account for a spherical earth. Recent 
work [Blom 2019] has shown that the consideration of a spherical earth and atmospheric in the 
geometrical acoustics approximation shows that there is a shift of the stratospheric bounce points 
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towards the source when compared to a Cartesian flat earth model. These results are apparent even 
at the first stratospheric bounce at a distance of a couple hundred meters. Furthermore, the structure 
of the stratospheric waveform is altered slightly, although this prediction has yet to be validated 
by comparison with full wave solvers. Regardless, it is clear that to accurately model signal 
propagation at ranges greater than several hundred kilometers the curvature of the Earth, and the 
associated curvature of the atmospheric layers, must be taken into account. For propagation out to 
thousands of kilometers, a full spherical Earth model appears to be necessary. At present there 
does not seem to be either 2D or 3D full wave codes that use spherical coordinates about a spherical 
earth.  

 
Nonlinearity. When the amplitude of an acoustic wave is a significant portion of the ambient 
pressure, the resulting wave will exhibit a variety of phenomena that do not occur under linear 
conditions. The nonlinear infrasonic wave distorts - the wave velocity becomes amplitude 
dependent, energy is distributed to harmonics, and shock fronts form. The two most common 
scenarios that lead to nonlinear infrasound propagation appear to be large anthropogenic or 
volcanic explosions and propagation through the rarefied atmosphere at the stratopause and above. 
This effect is particularly prominent for thermospheric propagation, but is thought to be 
responsible for the audibility of signals propagating through a stratospheric duct to ranges 
hundreds of kilometers from an event. In the former case, fluid dynamic equations are solved in 
the near field, which can be computationally expensive and may be beyond the scope of this report. 
In the latter case, weakly nonlinear ray theory (geometrical acoustics) appears to capture the 
phenomenon well, in part because the geometrical acoustics approximation is usually appropriate 
for thermospheric propagation. Full wave modeling is required to account for such phenomena 
more generally, and in particular in cases in which geometrical acoustics fails, for example for 
large amplitude propagation in the troposphere [e.g. Bonner et al. 2013]. A middle ground between 
nonlinear ray theory and fluid dynamic equation solvers are nonlinear parabolic equation models. 
These are in wide use in medical acoustics and ocean acoustics. These would be particularly useful 
to model large amplitude signal propagation in the troposphere.   

 
Acoustic-gravity waves. Below approximately 0.08 Hz, the effect of gravity must be incorporated 
into acoustic propagation of these so called acoustic-gravity waves.  Numerous recent and past 
explosions have energy in this frequency range. Long period acoustic waves can also be produced 
by nonlinear distortion during propagation in the thermosphere. Some codes exist to model 
acoustic-gravity waves, but their application is generally different from those of interest to the 
infrasound community. Additionally, these codes are generally proprietary and difficult to use. 

 
Ground impedance. The effect of the ground surface on an acoustic wave varies according to a 
number of factors, including frequency. Above approximately 10 Hz, it is hypothesized that the 
ground only reacts locally. Impedance models primarily consider the interface of a porous medium, 
and in practice, these models will be externally generated. Some codes, such as those in 
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NCPAprop, have ground impedance capability, however, NCPAprop does not, at present provide 
any ground impedance models. At lower frequencies, coupling with seismic waves becomes 
relevant and the coupling is described by seismo-acoustics. This is an active area of research, 
particularly seismo-acoustic and acoustic-seismic coupling. 

 
Code, Benchmarking, and Validation. All participants noted the importance of code style and 
programming language. When possible, all agreed that working in an easy-to-use and open-source 
programming language, such as Python, is preferred. Computationally intensive tasks would 
require compiled languages such as C and Fortran. Some discussion occurred on the utility of 
multi-core processing, including both CPU and GPU. This is a key area for future development, 
but care should be taken to ensure broad usage and future development (e.g. we should not be tied 
to a certain graphics card on the one hand, and on the other we should be mindful of the ubiquity 
of multi-CPU environments and not abandon this capability). Balancing computational efficiency 
and ease-of-use is an important consideration. 
 
All IPWG attendees agreed that codes should be properly benchmarked and validated before 
becoming “community codes”. The infrasound community has suffered in the past from a lack of 
code validation, although marked improvements have occurred. Single-user “research” versus 
community codes should be differentiated, with the latter following validation standards. The 
IPWG also agreed that standard input and output files and metadata would greatly enhance the 
usability and effectiveness of infrasound modeling. 

 
7. IPWG Recommendations and Roadmap 
Below we list recommendations for future work in infrasound propagation modeling and provide 
a roadmap to achieve these goals. Firstly (Section 7.1), we identify high priority scientific targets 
and list projects in order of priority. Secondly (Section 7.2), we provide a logical roadmap for 
progressing this research in a cohesive and constructive chronology so that new propagation tools 
are modular, interface efficiently with prior tools, and are backward compatible. Thirdly (Section 
7.3), we define guiding principles that will hopefully maximize scientific progress, reproducibility, 
and community usage and buy-in.  
 
7.1 High-priority infrasound propagation research goals 
Here we list highest priority projects first. Note that some of these projects are relatively easily 
attainable and short-duration (e.g. #3), while others will require a sustained effort over a period of 
years (#1). The priority reflects the needs of the community and potential for advancement, not 
the effort or duration. We attempt to quantify those aspects separately for each project. We also 
estimate durations for completion and yearly Full-Time Equivalent (FTE) personnel required to 
complete the work. 
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1) Quantify and incorporate uncertainty into the atmospheric models. This topic was clearly 
the highest priority for improved infrasound modeling. Some effort and progress has been 
made recently (e.g. Fig. 5), but more work is needed. Specifically, we recommend creating 
both (a) ensemble and statistical representations of atmospheric models and (b) fine-scale 
structure that can be mapped directly into propagation scenarios. Samples of the realistic 
atmospheric state would then need to be integrated into the propagation codes. Some 
research and collaboration with atmospheric physicists is needed to determine what 
information is available and how it could be integrated into our models.  
 
The atmospheric specifications should reside in their own software module and standards 
for atmospheric output into the propagation software modules should be developed. As 
propagation models are updated and extended, care should be taken that they remain robust 
to advances in atmospheric specifications. 

 
The work proposed on this topic will likely need to be a multi-faceted effort. R&D is 
needed on the ensemble and statistical atmospheric representations listed above in a). Some 
recent progress has been made (e.g. Smets et al., [2015]), although broad-scale applicability 
and evaluation has not been achieved. The actual integration of the uncertainty estimates 
into atmospheric specifications such as G2S and AVO-G2S also needs consideration. 
Direct involvement of atmospheric physicists will be key to the success of these efforts 
 

 
Figure 5. ECMWF atmospheric model ensemble spread of sound speed, wind direction, wind 
velocity, and effective sound speed above IMS infrasound array IS37 in 2014. This figure 
demonstrates the variance and confidence for the principal variables used in atmospheric models 
relevant to infrasound propagation. There is a clear increase in variance, and therefore 
uncertainty, with increasing altitude. Figure from Smets et al. [2015]. 
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We note this topic is currently at the research stage. Here the emphasis should be on the 
development of propagation packages that will facilitate integration of statistical models 
for atmospheric uncertainties into the propagation analysis. Coordination with the 
atmospheric sciences community is crucial here, as this is a subject of current interest and 
development in that community. There should be two independent streams in this research: 
a) the introduction of probabilistic uncertainty models for mean profile specification, and 
b) the introduction of statistical ensembles of fine-scale (gravity wave) fluctuations. This 
effort will continue throughout the duration of this project as advances from the 
atmospheric sciences community are integrated into our propagation analysis. 
Uncertainties from mean atmospheric profiles are also becoming available, and these 
should also be integrated into the relevant propagation codes. Close examination and 
validation of the uncertainties should be conducted to ensure the uncertainties are providing 
useful information. This effort is estimated to take ~1.5 years and 1.0 FTE. 
 
In the earliest stages of the a) probabilistic uncertainty work, the sampling methods 
recently developed for DTRA to support infrasound network design should be updated and 
improved to propagate uncertainty distributions for atmospheric specifications to 
uncertainty distributions for signal propagation. This should provide the end user the 
capability to import and use atmospheric uncertainty specifications as they become 
available. For this, sufficiently efficient signal propagation models will be required. 
Parallelization leveraged off of other efforts can be brought to bear. This initial effort can 
be completed in 0.5 years with 1 FTE. 
 
A number of fine-scale (i.e. gravity wave) models have been proposed [e.g. Lalande and 
Waxler, 2016], and the community can begin to integrate these more fully into propagation 
models and scenarios. We suggest future efforts on this topic focus on integrating 
parsimonious gravity wave models that have reduced dimensions and will allow in-depth 
analysis, as the existing models are computationally expensive.  
 
The infrasound community should closely follow advances in the atmospheric physics 
community and be prepared to integrate improved and relevant uncertainty 
characterization. We anticipate notable advances from this community in upcoming years 
and suggest the focus of integrating the uncertainties into G2S, AVO-G2S, and ECMWF 
occur in Years 3-4 of the proposed research efforts. Improvements in integrating 
uncertainty into infrasound modeling will substantially improve the reliability of our 
modeling and improve the correspondence between observations and modeling. 

 
Estimated duration:  
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a) 0.5 years for initial probabilistic uncertainty work, followed by 0.5 years for 
integrating mean profile uncertainties, 1.5 years for investigating the statistical 
uncertainties for the mean profile models, and 2+ additional years for related R&D 

b) 1.5 years for initial gravity wave integration, 2+ additional years for R&D 
Estimated effort: 4-5 FTE 

 
2) Address Topography and 3-D effects. A mixture of techniques should be applied here, as 

full 3-D propagation modeling can be very computationally intensive. For many users and 
ranges, 2-D with topography or a reduced 3-D approach that accounts for out-of-plane 
effects may be sufficient. These simplified models can be used for exploratory or “quick” 
analyses and to inform statistical studies. Highly computationally intensive models such as 
ElAC (Fig. 6) [Sjogreen and Peterssen 2016] and SPECFEM3D-DG [Brissaud et al. 2017] 
can be used for comparison and understanding the full physics, although these models are 
currently not publicly available and require substantial HPCC resources.  

Figure 6. Coupled seismo-acoustic simulation using Elac, showing a) simulation domain with 
topography and seimo-acoustic wave propagation at b) 5 s and c) 11 s. Figure from Rodgers 
[2016]. 

 
Of particular use to the community would be a 3-D cartesian Finite Difference or Finite 
Element code that accounts for topography, wind, attenuation, and variable source 
functions and representations. Simplified 3-D FDTD codes, such as that of Kim and Lees 
[2014], have been very useful at distances <15 km, but a related code that accounts for 
wind at longer ranges is clearly needed. Rather than a full-physics approach, a relatively 
simple 3-D linear seismo-acoustic elastodynamics solver that can handle topography, wind 
(advection), arbitrary velocity model specification, and a variety of seismic and acoustic 
sources (e.g., moment-tensors and single forces) would be useful for many research 
applications at local-regional distances (out to ~250 km range) [e.g., Virieux, 1986; 
D’Auria and Martini, 2007; Matoza et al., 2009]. The ability to specify sources using a 
combination of acoustic analogies (distributions of monopoles, dipoles, quadrupoles) 
and/or seismic equivalent point sources (distributions of moment-tensors and single-
forces) would provide flexibility for a range of applications. We recommend first 
producing a 3-D finite-differences acoustics solver with a rigid ground that can handle 



21 

topography and wind effects out to ~250 km range. This code could also be run in 2-D to 
reduce computational time. We note a planned project already exists for this effort in the 
next couple years, so no additional funding is needed. Secondly, a 3-D elastodynamics 
(seismo-acoustic) solver could be developed utilizing the same I/O structure so that both 
acoustics-only and seismo-acoustic solutions are available by running different programs 
with similar I/O formats. The I/O structure developed for these routines should provide 
unified gridding options to fuse atmospheric profiles with arbitrary topography data at 
different spatial resolutions.  

 
  Estimated duration: 2-4 years [+2 years to add seismo-acoustics] 
 Estimated effort: 6 FTE 

 
For longer ranges and for situations involving less computational power, a 3-D non-
effective sound speed PE that can handle topography should be produced. This would 
complement the aforementioned cartesian FD/FE code and provide users with a 
computationally-efficient code that solves much of the relevant physics at longer ranges. 
The development of 3-D PE capability should proceed in discrete steps, each providing 
useful products of increasing complexity while working towards the goal of efficient 3-D 
full wave modeling over realistic ground topography regardless of elevation angle and 
wind speeds.  
 
The first step would be to develop a 3-D PE over flat ground in the effective sound speed 
approximation. This would provide the capability to model azimuth deviation due to cross 
winds, but would be limited, by the effective sound speed approximation, to elevation 
angles of roughly 20 degrees or so and to moderate wind speeds (appropriate for most 
stratospheric and tropospheric cases). The next step would be to introduce topography into 
the effective sound speed model.  
 
Subsequently, the effective sound speed approximation would be removed, leading to 
codes that can model high angle propagation in high winds. These high angle/high wind 
speed models require more computational resources, but are still efficient compared to 
FDTD and FEM models and have no limitations of range of propagation. The development 
here would also proceed in two steps: begin with flat ground, and then introduce realistic 
topography.  
 
This would result in a four tiered program, providing useful code at each level.  
 
Estimated duration: 2-3 years 
Estimated effort: 3 FTE 
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3) Form a university consortium to host a website to disseminate key information on 
propagation codes. The long-term website will have information on the availability and 
access of current codes, as well as educational materials on how to use the codes and 
understand the background theory. This consortium provides a straightforward solution to 
the notable lack of knowledge on code usage and availability. Three universities with long-
standing and active programs in infrasound were suggested to act as hosts: UAF, UMiss, 
and SMU. This effort can use the Ocean Acoustic Library (OAILB) as a model: 
https://oalib-acoustics.org/. After an initial set-up period there would likely be minimal 
effort to maintain the website and information. This recommendation can be achieved with 
relatively little new R&D and will provide both short-term and lasting benefit to the 
community. We note that the consortium was suggested to be run by university personnel 
for ease of website construction and maintenance, but that US Government, National Lab, 
and international experts would also be closely involved. 

 
 Estimated duration: 1 year set-up, maintained in perpetuity at low cost 
 Estimated effort: 0.5 FTE in year 1, 1 month effort in additional years 

 
4) Code Benchmarking, Validation, and Documentation. A set of benchmark atmospheres 

should be identified with the idea that they will test different aspects of propagation 
physics. The benchmark paradigm should be one in which benchmark atmospheres will be 
added as increased complexity becomes possible (e.g. statistical uncertainty), or new 
physical effects are identified (e.g. reducting over mountain peaks). Benchmarks should 
test the accuracy and limitations of the hierarchy of approximations as well as 
computational efficiency. Documentation needs to exist for all community-supported tools. 
See the “guiding principles” section below for additional recommendations on code 
development. 

 
 Estimated duration: Ongoing. Expect 1 to 2 months per year 
 Estimated effort: 0.2 FTE per year 

 
5) Implement More Complex Sources. More complicated sources should be implemented into 

existing and future codes. Currently only linear, isotropic acoustic point sources are 
considered. The IPWG recommends using generalized acoustic analogies (e.g. monopoles, 
dipoles, quadrupoles) to approximate realistic source complexity. This does not include 
nonlinear sources, although that is a deficiency as well that should be addressed in related 
work. Basic research to develop joint equivalent seismo-acoustic source representation 
theory will also help to unify seismic and acoustic source and propagation research [e.g., 
Haney et al., 2018].  
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Estimated duration: Highly variable depending on the code selected and desired source 
complexity.  
Estimated effort: Highly variable depending on the code selected and desired source 
complexity.  

 
6) Spherical Earth Approximation. Long-range propagation codes should account for the 

spherical earth. The impact of the earth’s sphericity on propagation modeling accuracy has 
just begun to be studied [Blom 2019]. It is clear that it has an impact on long range 
propagation, more investigation is needed to determine the best way or ways to address the 
problem. This investigation should begin with a spherical Earth full wave model.  
 
Estimated duration: 2 year 

 Estimated effort: 1.5 FTE 
 

7) Nonlinearity. A non-linear ray theory model is now included in LANL’s infraGA. 
Although some full wave nonlinear acoustic modeling capabilities exist, they are limited, 
difficult to access, or require large HPC. We recommend two parallel research streams that 
follow upon related approaches for linear propagation modeling discussed in section 2. On 
the one hand we recommend improvements to existing Finite Difference Time Domain 
codes (e.g. FDTDWave [deGroot-Hedlin, 2012, 2016]). These codes share the advantages 
and limitations of the linear FDTD codes: physically comprehensive, but computationally 
burdensome, requiring significant computational resources. On the other hand we 
recommend the development of a nonlinear PE code which could run on a desktop 
computer. The non-linear PE development would follow the same development plan as the 
linear PE’s, but initially a 2-D effective sound speed model should be developed. The PE 
codes would be more accessible and usable by the community, but would be limited with 
respect to severe topography. The Finite Difference improvement could be implemented 
under recommendation “2) Address Topography and 3-D effects” above. 
 
Estimated duration:  

-Nonlinear PE: 1 year, plus 0.5 year for topography, 0.5 year for 3-D, 0.5 year for  
non-effective sound speed. 
-3-D seismic-acoustic FDTD integration: 1 year 

 Estimated effort:  
-Nonlinear PE: 2.5 FTE 

 -3-D seismic-acoustic FDTD integration: 1.0 FTE 
 

8) Acoustic-gravity waves. Modeling of low-frequency acoustic-gravity waves should also be 
improved. Multiple current codes exist to model acoustic-gravity waves, but they are 
unusable by the community or lack validation or acceptance. Full wave acousto-gravity 
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models were developed as early as the 1960’s in several classic papers by Allan Pierce 
(Pierce 1967) who was tasked to model signal propagation from megaton scale nuclear 
weapon tests. These models should be revisited, extended as needed, and implemented 
according to contemporary programming standards. When possible, geometrical acoustics 
should be used. A geometrical acousto-gravity model should be developed. Ultimately, the 
geometric model should be generalized to include weak non-linear effects.  

 
 Estimated duration: 2 years: 1 year each for linear full wave and geometrical model  

development and testing. An additional year to generalize to a non-linear geometrical  
acousto-gravity model  

 Estimated effort: 1 FTE for each year of the linear full wave and geometrical model  
development and testing. 2 FTE for the non-linear generalization.  

 
9) Ground impedance. The effect of a non-perfectly reflecting ground surface is currently not 

accounted for by most propagation codes. First the relative importance of various ground 
surfaces at infrasonic frequencies should be quantified, and if found to be significant, 
should be integrated into community-supported codes. To fully characterize the influence 
of the ground surface, some additional research may be needed to characterize acoustic-
seismic coupling.  
 
Ground impedance boundary conditions are currently implemented in NCPAprop and the 
user may input a single ground impedance value at a single frequency. No ground 
impedance models or the ability to input a model are included in the current NCPAprop 
distribution.  
 
Estimated duration: 1 month for implementation in NCPAprop; Highly variable for other 
codes.  
Estimated effort: 0.1 FTE for implementation in NCPAprop; Highly variable for other 
codes.  
  

7.2 Roadmap 
Here we provide a 4-year timeline for the execution of the recommendations in Section 7.1. Most 
recommendations are not reliant on the others and start dates are somewhat flexible. We suggest 
the projects should be pursued in order of priority. We consider the involvement of atmospheric 
physicists and education and training as keys to success of the recommendations. As much as 
possible, we think it wise to break each project up into sub-tasks, each of which will lead to usable 
products that build on each other towards the final goal, and mirroring the way in which this 
research is generally carried out. Throughout, there should be benchmarks for success and/or 
reevaluation. We note that some topics, including the two highest priority, will involve multiple 
lines of effort.  
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We also suggest the infrasound community continue to meet and establish and define format 
standards for input/output, metadata, benchmark atmospheres for validation, etc. Examples of 
criteria include availability of an analytic solution and levels of realism. For example, a standard  
Gaussian stratospheric wind jet and a US standard atmosphere. Some thought will be needed to 
develop standard tools to parameterize scattering problems at different frequencies. This could be 
facilitated by in-person or online technical workshops in which different research groups apply 
different research codes to the same standard runs (e.g., a 1-day workshop add-on to ITW). 
Educational infrastructure would also greatly benefit the community and scientific advancement. 
These infrasound community topics could be facilitated through recommendation 3) “Form a 
university consortium”.  
 
7.3 Guiding principles 
The IPWG strongly recommends that future infrasound propagation code development should 
adhere to the following “guiding principles”. This will facilitate use amongst the community and 
advance scientific progress. The IPWG will only endorse codes that follow these guiding 
principles. Those that do not adhere to these principles will not be listed on the IPWG website or 
recommended for general use.  
 
All IPWG-endorsed codes need to have: 

● standard input/output and metadata 
● a table or flowchart to guide user choices 
● clear and maintained manuals (which require serious long-term effort) with example code 

runs 
● been tested and validated using standard atmospheres, analytical examples, and topography 

examples 
● the ability to be “packaged” in a common language (e.g., python) 
● a minor repository of seminar peer-reviewed papers for reference 
● use git for version control and be hosted on a publicly accessible open-source repository 

such as github 
 

All IPWG-endorsed codes are suggested to have: 
● the ability to run via multicore CPU and/or GPU (not tied to a specific architecture). 
● been compiled, tested, and maintained on multiple platforms (linux, macos) 
● the ability to incorporate uncertainty (when available) 
● a modular architecture to maximize usability of a particular propagation component (e.g., 

attenuation model, ground impedance routine) and enhance robustness and backward 
compatibility in future developments 
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To ensure the maintainability of propagation codes over the planned lifetime of their use, which 
may extend beyond the current funding cycle, a number of steps should be taken.  Due to operating 
system, hardware, and compiler updates, as well as coding language evolution, codes initially 
endorsed by the IPWG may fail to compile on one or more operating systems after a period of 
time. The public release of these codes may encourage community solutions, i.e. updates, to the 
most popular codes. Some codes, however, may serve more specialized functions and might need 
annual effort to maintain. Software updates need to be accompanied by companion updates to the 
manuals and any other associated documentation. 
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Appendix A - Acronyms 
AVO-G2S - Alaska Volcano Observatory Ground-to-Space 
CPU - Central Processing Unit 
CTBT - Comprehensive Test Ban Treaty 
DEM - Digital Elevation Model 
ECMWF - European Center for Medium Range Weather Forecasts 
FD - Finite Difference 
FDTD - Finite Difference Time-Domain 
FE - Finite Element 
G2S - Ground-to-Space 
GFS - Global Forecast System 
GPU - Graphics Processing Unit 
GSM - Global Spectral Model 
HPC - High Performance Computing 
HPCC - High Performance Computing Cluster 
HWM - Horizontal Wind Model 
IFS - Integrated Forecast System 
IPWG - Infrasound Propagation Working Group 
I/O - Input/output 
ITW - Infrasound Technology Workshop 
JMA - Japanese Meteorological Agency 
MERRA - Modern-Era Retrospective Analysis for Research and Applications 
MSIS - Mass-Spectrometer and Incoherent Scatter 
MSISE - Mass-Spectrometer and Incoherent Scatter Radar Empirical 
NCEP - National Center for Environmental Prediction 
NCPA - National Center for Physical Acoustics 
NOAA - National Oceanic and Atmospheric Administration 
NRL - Naval Research Laboratory 
NWP - Numerical Weather Prediction 
OAILB - Ocean Acoustics Library 
PE - Parabolic Equation 
SCEC - Southern California Earthquake Center 
SE - Spectral Element 
SME - Subject Matter Experts 
SMU - Southern Methodist University 
SSA - Seismological Society of America 
UAF - University of Alaska Fairbanks 
UCSB - University of California, Santa Barbara 
UKMO - United Kingdom Met Office 
UM - Unified Model 
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UMiss - University of Mississippi
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Appendix B - Tables 
 
Table 1: A representative, but incomplete, list of infrasound propagation codes. 

 
 
Table 2: A Summary of Atmospheric Specifications and Models 
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Table 3: Graphical view of modeling capabilities from representative codes 
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Appendix C - In-person Meeting Agenda 
 
Infrasound Propagation Working Group Meeting 
Oxford, Mississippi 
Updated 1 February 2020 
Contact info: David Fee, dfee1@alaska.edu, +1-907-347-8599 
 
Organizers: 
David Fee, University of Alaska Fairbanks 
Roger Waxler, University of Mississippi 
Robin Matoza, University of California, Santa Barbara 
Jordan Bishop, University of Alaska Fairbanks 
 
Goal: This working group meeting will engage the infrasound community to address three main 
goals: 1) assess the state of infrasound propagation modeling, 2) identify gaps and deficiencies, 
and 3) clearly define a path to produce robust, reliable infrasound propagation software tools. A 
pre-meeting survey was distributed to a broad group and a two-day in-person meeting will occur 
in mid-February 2020. A report with clear recommendations for future work will be written by 
the organizers and distributed to the funding agency. 
 
Tuesday, Feb. 11 
Location: National Center for Physical Acoustics 
08:30 - Coffee. Meet and greet. 
09:00 - Meeting introduction and Overview (Fee) 
09:30 - Infrasound Propagation Overview (Waxler) 
10:00 - Lightning talks from each participant on their current research 
-approx. 3 min each. 
10:45 - Coffee break 
Modeling Presentations (15 min each): 
11:00 - Parabolic Equation (Assink) 
11:15 - Finite Difference (Kim) 
11:30 - Finite Element (Martire) 
11:45 - Modes and Geometric Acoustics (Waxler) 
12:00 - Lunch 
13:00 - Gravity Wave Modeling (Snively) 
13:15 - Atmospheric Specifications (Drob)  
13:45 - IPWG Survey Results (Bishop) 
14:00 - Discussion of Survey Results: Identifying Gaps and Current Needs 
14:30 - Coffee break 
15:00 - Discussion of Survey Results: Identifying Gaps and Current Needs 
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17:00 - End 
18:15 - Group Dinner at Snack Bar Restaurant: https://citygroceryonline.com/snackbar/ 
 
Wednesday, Feb. 12 
Location: National Center for Physical Acoustics 
08:30 - Coffee. Introduction. 
09:00 - Discussion: Addressing Gaps and Current Needs 
TBD - Coffee Break 
12:00 - Lunch 
13:00 - Discussion: Prioritizing Future Work 
TBD - Coffee Break 
16:00 - End of meeting 
 
Some suggested discussion topics: 
-Global vs regional models 
-Addressing uncertainty in atmospheric specifications 
-Importance of 3D modeling 
-Spherical vs Cartesian coordinate systems 
-Incorporating topography into modeling scenarios 
-computationally efficient versus computationally intensive models and the need for both. 
-Ground surface boundary conditions 
-Spherical earth implementation and transformations 
-Low-frequency <0.05 Hz capability; gravity and atmospheric normal modes 
-Desired atmospheric specification package capabilities 
-Importance of open-source codes 
-Code languages and benchmarking 
 
In-Person Participants 
David Fee, University of Alaska Fairbanks 
Jordan Bishop, University of Alaska Fairbanks 
Roger Waxler, University of Mississippi 
Robin Matoza, University of California, Santa Barbara 
Stephen Arrowsmith, Southern Methodist University 
Alex Iezzi, University of Alaska Fairbanks 
Jonathan Snively, Embry-Riddle Aeronautical University 
Danny Bowman, Sandia National Labs 
Keehoon Kim, Lawrence Livermore National Labs 
Doug Drob, Naval Research Lab 
Jelle Assink, KNMI 
Pierrick Mialle, CTBTO 
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David Norris, ENSCO 
Scott Clay, MSIC 
Jeremy Webster, Los Alamos National Laboratory 
Léo Martire, ISAE-DEOS-SSPA   
Claus Hetzer, University of Mississippi 
Jeff Miller, AFTAC 


