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ABSTRACT 

 
Physics-Guided Modeling of Acoustic Environments 

Using Limited Spatio-Spectro-Temporal Data 
 

Mylan Ray Cook 
Department of Physics and Astronomy, BYU 

Doctor of Philosophy 
 

When creating data-based models it is important to include the underlying physical 
characteristics and constraints of the data. If physical characteristics are not properly included in 
the model, results may be infeasible or physically impossible. Acoustic environments are better 
characterized by ensuring that models include the fundamental spatial, spectral, and temporal 
characteristics of noise sources, or how they change based on location, frequency, and time. 
When model data are limited, in availability or in reliability, additional care must be taken to 
ensure models predict feasible results. This dissertation focuses on physics-guided modeling of 
acoustic environments using limited data, taking into consideration spatial, spectral, and 
temporal characteristics of noise sources, specifically focused on wind noise and traffic noise.  

Wind noise contamination in spectral data can be significant, even when using a 
windscreen. By modeling spectral characteristics of temporally varying wind noise 
contamination, a method for automatically detecting and reducing wind noise was developed. 
Reducing non-acoustic wind noise contamination allows for better characterization of outdoor 
acoustic environments and is useful for accurately measuring other noise sources. 

Traffic noise varies spatially, spectrally, and temporally, and depends on traffic volume 
(the number of vehicles per unit time) and traffic class mix (e.g., the relative number of small 
vehicles compared to large trucks). Using the temporal variation found in reported traffic volume 
at thousands of locations, a model was developed to represent and predict the spatio-temporal 
variability of traffic volume nationwide. Further models were created to include dynamic 
changes in traffic class mix and to predict spectral source traffic noise. The resulting model for 
predicting source traffic noise is known as VROOM, the Vehicular Reduced-Order Observation-
based Model. 

The physics-guided modeling techniques presented in this dissertation are intended for 
characterizing acoustic environments, which has applications for such diverse areas as human 
health and wellness, bioacoustics, wildlife conservation, urban and roadway planning, land 
development and conservation, noise ordinance legislation, homebuying, and more. 
 
 
 
 
 
 
 
 
 
Keywords: noise, modeling, wind noise, traffic noise, traffic modeling, physics-guided modeling
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Introduction 

When taking outdoor acoustic measurements, measured data can contain multiple types of 

noise, including non-acoustic noise signals, such as wind noise contamination, as well as acoustic 

noise signals, such as noise from vehicular traffic. To characterize an acoustic environment, noise 

signals must be understood and accounted for. Modeling these noise signals properly so as to allow 

for accurate noise predictions of acoustic environments requires a physics-based modeling 

approach. 

Noise can show many types of variation. First, noise can vary spatially. This means that 

the noise can change from one location to another. Second, noise can vary spectrally. This means 

that it changes based on frequency. Third, noise can vary temporally. This means that the noise 

can change from one time period to another. Noise does not have to change in only one of these 

ways, but can change spatially, spectrally, and temporally. Measuring noise that changes in these 

three ways produces spatio-spectro-temporal data.  

In modeling data, determinations must be made as to which mathematical methods are used 

to represent the underlying system. Methods with the smallest errors may not properly represent 

the physical processes and can ignore relationships within data. Special considerations must be 

taken in modeling spatio-spectro-temporal data so that data representation and predictions are 

physically meaningful and can accurately represent the acoustic environment, which fully data-

driven models may fail to do. A physics-based modeling approach ensures that non-physical 
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effects are not allowed. In particular for this research, physics-based models are used to represent 

an acoustic environment to preserve spatial, spectral, and temporal relations of noise. 

Using limited data further complicates modeling of acoustic environments. Data may be 

limited to relatively few locations, to a specific frequency range, to a relatively short time period, 

or may be limited in availability or even reliability. Data weighting methods and other signal 

processing techniques may be used so that limited data does not disproportionately negative impact 

models.  

1.1 Part I: Spectro-temporal data modeling  

Part I of this dissertation focuses on spectro-temporal data modeling, specifically applied 

to detecting and reducing wind noise in outdoor acoustic measurements. Wind noise is a non-

acoustic signal caused by atmospheric conditions [1-2]. Many methods have been used to mitigate 

wind noise contamination, including the use of microphone windscreens, signal processing 

techniques involving multiple microphones, and removing data when the measured wind speed is 

high [3-7]. Even with a windscreen, contamination is only partially reduced. However, wind noise 

produces contamination with specific spectral characteristics, even though the amount of 

contamination can vary with time [8]. By modeling the spectral characteristics of temporally 

varying wind noise, a model was created to automatically detect and remove wind noise in spectral 

data obtained with a screened microphone so that non-acoustic wind noise contamination does not 

erroneously contribute to the characterization of the acoustic environment. 

1.2 Part II: Spatio-temporal data modeling 

Part II of this dissertation focuses spatio-temporal data modeling, specifically applied to 

modeling traffic volume on a national scale, which is prerequisite to characterizing traffic noise 
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on a national scale. Traffic volume—or the number of vehicles per time period—changes based 

on location and time period, with especially pronounced diurnal (day/night) patterns which can 

differ in urban and rural locations. Day-of-week and month-of-year patterns, along with yearly 

variation, are also commonly seen, and many models have been created that characterize traffic 

volume at particular, targeted spatial locations [9-17]. Using reported traffic counts from the 

Federal Highway Administration, which are limited in both amount and in reliability, a traffic 

volume model has been created using physically meaningful temporal traffic volume cycles which 

can represent and predict the spatio-temporal variation of road traffic across the continental United 

States. This traffic volume model is part of a larger model called VROOM, the Vehicular Reduced-

Order Observation-based Model, which can predict traffic noise nationwide with hourly resolution. 

1.3 Part III: Spatio-spectro-temporal data modeling  

Part III of this dissertation focuses on modeling spatio-spectro-temporal data modeling, 

specifically applied to modeling road traffic noise on a national scale. The Federal Highway 

Administration uses traffic volume data in the production of the National Transportation Noise 

Map [18-19]. Despite road traffic noise being one of the most widespread sources of anthropogenic 

noise across the country, this map lacks temporal and spectral variability, and acoustic signals 

taken at a particular time can often differ from the average levels reported [20].  

In addition to the traffic volume model, a traffic class mix model was created to predict not 

just total traffic volume, but traffic volume by traffic class type, which includes combination 

trucks, single-unit trucks, and other vehicles. The class mix model uses reported traffic volume of 

different traffic class types from Hallenbeck et. al. (1997) [21]. Then, a traffic noise source model 

was created to predict source traffic noise near roads using vehicle source emission equations from 
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the Federal Highway Administration’s Traffic Noise Model 3.0 Technical Manual [22]. Together 

these three models comprise VROOM, the Vehicular Reduced-Order Observation-based Model, 

which is used to predict traffic noise nationwide with spatial, spectral, and temporal variability. 

1.4 Additional notes on chapters and organization 

This dissertation includes six papers, including conference proceedings as well as journal 

publications. This introduction comprises Chapter 1, and Chapter 8 contains conclusions and final 

remarks. The body of the dissertation is divided into three parts, which were described above, with 

two papers in each section. Chapters 2-7 each contain one paper, with titles and publication status 

as follows: 

• PART I: SPECTRO-TEMPORAL DATA MODELING  

o Chapter 2: “Automatic classification and reduction of wind noise in spectral data,” 

published in the Journal of the Acoustical Society of America Express Letters 1 (6), 

063602 (2021). 

o Chapter 3: “Application of a spectral-based wind noise reduction method to acoustical 

measurements,” published in Proceedings of Meetings on Acoustics, Vol. 45, 045002 

(2022). 

• PART II: SPATIO-TEMPORAL DATA MODELING 

o Chapter 4: “Toward improving road traffic noise characterization: A reduced-order 

model for representing hourly traffic volume dynamics,” published in Proceedings of 

Meetings on Acoustics, Vol. 45, 045002 (2022).  
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o Chapter 5: “Toward a dynamic national transportation noise map: Modeling temporal 

variability of traffic volume,” submitted to the Journal of the Acoustical Society of 

America on 23 May 2023. 

• PART III: SPATIO-SPECTRO-TEMPORAL DATA MODELING 

o Chapter 6: “Toward a dynamic national transportation noise map: Modeling spectral 

traffic noise emission levels,” being prepared for submission to the Journal of the 

Acoustical Society of America. 

o Chapter 7: “An app for nationwide dynamic traffic noise prediction,” accepted to INTER-

NOISE and NOISE-CON Congress and Conference Proceedings in May 2023, 

publication forthcoming. 
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Automatic classification and reduction of wind noise in spectral data 

2.1 Introduction  

This article focuses on a spectral-based method of automatically detecting and removing 

wind noise for a screened microphone. It was selected as an editor’s pick article, and within a few 

months of publication received thousands of views and hundreds of downloads.  

2.2 Required Copyright Notice  

The following article appeared in the Journal of the Acoustical Society of America Express 

Letters and may be found at https://doi.org/10.1121/10.0005308, under the title “Automatic 

classification and reduction of wind noise in spectral data”. It is reproduced in its original published 

format here by rights granted in the Acoustical Society of America Transfer of Copyright 

document, item 3.  

https://asa.scitation.org/pb-assets/files/publications/jas/jascpyrt-1485379914867.pdf  

Citation: Mylan R. Cook, Kent L. Gee, Mark K. Transtrum, Shane V. Lympany, Matt 

Calton; Automatic classification and reduction of wind noise in spectral data. JASA Express Lett 1 

June 2021; 1 (6): 063602. https://doi.org/10.1121/10.0005308  

I hereby confirm that the use of this article is compliant with all publishing agreements. 

 

2.3 Published Article  
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Application of a spectral-based wind noise reduction method to acoustical 
measurements ……… 

3.1 Introduction  

This article focuses on applications of the spectral-based wind noise reduction method 

described in Chapter 2. It was selected for first place in the Physical Acoustics Student Paper 

Competition 2021 (Seattle, WA).  

3.2 Required Copyright Notice  

The following article appeared in Proceedings of Meetings on Acoustics and may be found 

at https://doi.org/10.1121/2.0001526, under the title “Application of a spectral-based wind noise 

reduction method to acoustical measurements”. It is reproduced in its original published format 

here by rights granted in the Acoustical Society of America Transfer of Copyright document, item 

3. https://asa.scitation.org/pb-assets/files/publications/jas/jascpyrt-1485379914867.pdf  

Citation: Mylan R. Cook, Kent L. Gee, Mark K. Transtrum, Shane V. Lympany, Matt 

Calton; Application of a spectral-based wind noise reduction method to acoustical measurements. 

Proc. Mtgs. Acoust. 29 November 2021; 45 (1): 045002. https://doi.org/10.1121/2.0001526  

I hereby confirm that the use of this article is compliant with all publishing agreements. 

3.3 Published Article  
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Toward improving road traffic noise characterization: A reduced-order model 
for representing hourly traffic volume dynamics 

4.1 Introduction  

This article describes the development of the traffic volume model, which is the 

foundational model developed for VROOM, the Vehicular Reduced-Order Observation-based 

Model. This model gives a concise way to represent and predict traffic volume anywhere, requiring 

just nine principal components. This article describes the model itself, while model and prediction 

errors are explored in the article in Chapter 5. 

4.2 Required Copyright Notice  

The following article appeared in Proceedings of Meetings on Acoustics and may be found 

at https://doi.org/10.1121/2.0001636, under the title “Toward improving road traffic noise 

characterization: A reduced-order model for representing hourly traffic volume dynamics”. It is 

reproduced in its original published format here by rights granted in the Acoustical Society of 

America Transfer of Copyright document, item 3.  

https://asa.scitation.org/pb-assets/files/publications/jas/jascpyrt-1485379914867.pdf  

Citation: Mylan R. Cook, Kent L. Gee, Mark K. Transtrum, Shane V. Lympany, Matthew 

F. Calton; Toward improving road traffic noise characterization: A reduced-order model for 
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representing hourly traffic volume dynamics. Proc. Mtgs. Acoust. 29 November 2021; 45 (1): 

055001. https://doi.org/10.1121/2.0001636  

I hereby confirm that the use of this article is compliant with all publishing agreements. 

4.3 Published Article  
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Toward a dynamic national transportation noise map: Modeling temporal 
variability of traffic volume 

5.1 Introduction  

This article describes the basic aspects of the traffic volume model, and gives expected 

model errors, comparing them to expected errors when using the annual average daily traffic. It 

shows the utility of VROOM, the Vehicular Reduced-Order Observation-based Model, which 

predicts dynamic road traffic volume and road traffic noise, and shows how VROOM predictions 

are much more accurate than using average vehicle numbers in predicting traffic volume.  

5.2 Required Copyright Notice  

The following article was submitted to the Journal of the Acoustical Society of America 

on May 23, 2023, under the title “Toward a dynamic national transportation noise map: Modeling 

temporal variability of traffic volume”. It is reproduced in its original submission format here by 

rights granted in the Acoustical Society of America Transfer of Copyright document.  

https://asa.scitation.org/pb-assets/files/publications/jas/jascpyrt-1485379914867.pdf  

I hereby confirm that the use of this article is compliant with all publishing agreements. 

5.3 Submitted Article 
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Toward a dynamic national transportation noise map: Modeling spectral traffic 
noise emission levels 

6.1 Introduction  

This article expands upon the article in Chapter 5, going on to describe the traffic class mix 

model and how vehicular source noise is obtained from predicted traffic volume by class type. It 

shows how VROOM, the Vehicular Reduced-Order Observation-based Model, predicts traffic 

noise with hourly resolution and gives predicted traffic noise nationwide. 

6.2 Required Copyright Notice  

The following article is being prepared for submission to the Journal of the Acoustical 

Society of America, under the title “Toward a dynamic national transportation noise map: 

Modeling traffic class mix dynamics and traffic noise spectral source emission levels”. It is 

reproduced in the format intended for submission, with rights granted in the Acoustical Society of 

America Transfer of Copyright document. 

https://asa.scitation.org/pb-assets/files/publications/jas/jascpyrt-1485379914867.pdf  

I hereby confirm that the use of this article is compliant with all publishing agreements. 

6.3 Article for submission 
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An app for nationwide dynamic traffic noise prediction 

7.1 Introduction  

This article describes the VROOM (Vehicular Reduced-Order Observation-based Model) 

app, which was developed using the techniques and models described in Chapter 4, Chapter 5, and 

Chapter 6. The app allows for real-time prediction of traffic noise and utilizes user inputs to predict 

traffic noise with the spatial, spectral, and temporal resolution desired. It was accepted for the 

INTER-NOISE and NOISE-CON Congress and Conference Proceedings, with the publication 

forthcoming.  

7.2 Required Copyright Notice  

The following is the author-submitted version of an article for the INTER-NOISE and 

NOISE-CON Congress and Conference Proceedings, entitled “An app for nationwide dynamic 

traffic noise prediction”. It is reproduced in its original author-submitted format here by rights 

granted in https://www.ieee.org/publications/rights/#author-posting-policy. 

I hereby confirm that the use of this article is compliant with all publishing agreements. 

7.3 Accepted Article 
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Conclusions 

Physics-guided approaches for modeling spatio-spectro-temporal data allow for more 

accurate characterization of acoustic environments. By ensuring that spatial, spectral, and temporal 

relationships are maintained, models are able to not just represent the data, but are better able to 

give physically meaningful predictions. By using physics-guided approaches, wind noise can be 

automatically detected and reduced, and both traffic volume and traffic noise are better 

characterized and predicted on a nationwide scale.  

Much of the research performed for this dissertation was done in collaboration with Blue 

Ridge Research and Consulting, LLC, under a U.S. Army SBIR. Results have been instrumental 

in furthering characterizing outdoor acoustic environments on a nationwide scale. This research 

has applications in many areas, including human health and wellness, bioacoustics, wildlife 

conservation, urban and roadway planning, land development and conservation, noise ordinance 

legislation, homebuying, and more. 

While limitations of the different models were considered in the papers, a few additional 

notes should be made. With regard to the wind noise classification and reduction method, the 

classifier can fail for high wind speeds. This is because only above the crossover frequency does 

the characteristic slope of wind noise approach -26.7 dB per decade. Additional improvements 

could be made by searching not just for this slope, but by also searching for the crossover frequency 

itself. This could be further improved by explicitly accounting for the temporal variability of wind 
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speed. Each time interval was treated independently in the classifier, rather than accounting for 

spectra that were temporally adjacent. 

For VROOM, the Vehicular Reduced-Order Observation-based Model, the major 

limitation is the lack of experimental validation. Analyses were performed to quantify the 

uncertainty of the model, though this is not a substitute for experimental validation. Because source 

traffic noise levels cannot be measured directly, it is necessary to account for sound propagation 

(as well as for barriers and other obstructions near roadways) to compare model predictions with 

acoustic measurements. A detailed comparison with measured acoustic data is necessary to 

validate the VROOM predictions and remains a topic of further research. 

Of particular note, as implied by the title of and the paper presented in Chapter 7, an app 

for nationwide dynamic traffic noise prediction has been developed utilizing VROOM. Since the 

submission of the article, improvements have been made, and many additional road segments have 

been included. The app is now approximately 1.5 GB and is being tested for errors. Efforts are 

being made to develop this app for commercial use, and applications of the methods and models 

developed are being considered for other private and commercial applications. 

VROOM should not be considered as the epitome of traffic noise prediction, but rather as 

a tool to improve understanding of the temporal variability of road traffic noise. Further 

improvements, particularly in treating road segments as a network rather than independent points, 

could improve reliability and accuracy of road traffic noise predictions. 

The research and the models presented herein outline some of the present limitations when 

dealing with limited data, as well as the advantages of using a physics-guided modeling approach. 

While predictions may or may not be proven correct in future, these models are tools for increasing 

understanding of some of the most prevalent sources of noise in this present-day world. This 
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research can be used to assist others in understanding the usefulness of physics-guided modeling 

of acoustic environments using limited spatio-spectro-temporal data. 
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