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From the Editor | Arthur N. Popper

This is the first issue where
I solicited all of the articles,
and I hope you find them di-
verse and interesting. And,
we have increased focus on
making articles more read-
able by the whole ASA mem-
bership rather than special-
ists. Writing for a more general audience is not particularly
easy for those of us in STEM areas, but I have been encour-
aging authors to provide high quality information, and yet
write articles that read more like, for example, an article in
New Yorker and the New York Times science section. While
not always achieved, I thank all for working hard to reach
this goal.

The issue is rather eclectic in the topics covered including su-
perconductivity, DOSITS.ORG, risk analysis for fish sound
exposure (note, I am co-author of this article), sound field
synthesis, and the international competition in signal pro-
cessing. Ialso invited 2013-2014 ASA President Jim Miller
to write about ASA from his perspective and ASA Executive
Director Susan Fox to bring us up to date on a number of in-
teresting ASA plans. I will be encouraging Susan and future
ASA Presidents to regularly contribute to Acoustics Today in
order to ensure that members are well aware of what is hap-
pening, and what will be happening, in our Society.

I have also started to work on future issues. Promised ar-
ticles include a discussion of the “evolution” of the flute from
prehistoric times, climate change and bioacoustics, micro-
phone arrays, and a special fall issue honoring a truly excep-
tional colleague on a “big” birthday.

If you have an idea for an article please don’t hesitate to con-
tact me. And, I have also put out an invitation to all Techni-
cal Committee chairs to suggest articles or potential authors.
That invitation is permanent, with the goal of ensuring that
material of greatest interest to all members of ASA will be
found, over time, in the magazine.
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AcousticsToday.org

By now, many of you will have seen the new Acoustics To-
day web site (www.AcousticsToday.org). We are quite proud
of the site, and grateful for the many positive comments we
have received since it was launched. We have also received
a number of suggestions for “tweaks” on the sites and many
of these have already been instituted. We are grateful for
these suggestions, and we have tried to respond to each per-
son who has taken the time to contact either our web master
Dan Farrell or me. We also have ideas for future additions to
the site, and these will be forthcoming over time.

I do want to express my thanks to Dan Farrell, the (relatively)
new web master for ASA. Dan is responsible for design and
implementation of the site. Indeed, Dan was truly creative
in his design for the site and all I had to do was make sug-
gestions and “critique” what was done. Dan is great to work
with and I know we will all benefit from his imagination and
skills in web design for future ASA projects.

Of course, the primary purpose of developing a site was to
make Acoustics Today easily available to ASA members and
to others interested in acoustics. To that end, all issues of the
magazine are now on the site, open access, and beautifully
displayed in a PDF reader that, appropriately for ASA, in-
cludes sounds as one turns the pages. The site search engine
will return material from all articles, and so searching for
particular topics within Acoustics Today is now quite easy.

We are particularly hoping that the site and magazine be-
come a “go to” place for information about acoustics. To help
accomplish this, Dan will be working on the “back end” of
the site to make sure that it is found by major search engines.
We will also, over the next months, be working to improve
the metadata on each journal article so that they are more
easily found by search engines.

An additional feature of our site is that we can now have
multimedia associated with magazine articles. Thus, some
of the articles in this issue have URLs for images and sounds,
while the pdf on our web page has live links to the material.
We are encouraging authors to consider providing multime-
dia with their articles as appropriate.


http://www.AcousticsToday.org

Another feature of AcousticsToday.org is an RSS feed of
news about a wide range of acoustics.

The site also includes announcements, but these are limited
to items of broad appeal (and perhaps with some focus on
items that would appeal even beyond ASA).

Books

As I mentioned in the last issue of Acoustics Today, we will
no longer do announcements about new books. Rather, we
will be co-publishing book reviews with our sister publica-
tion, the Journal of the Acoustical Society of America. Our
purpose here is to ensure that book reviews, which are the
product of very hard work by the reviewers, get more widely
seen, and that Acoustics Today readers are made aware of
new publications in our disciplines.

At the same time, we are starting to get new books from our
own ASA Press. Starting with this issue, we will have listings
and information about each of these books.

Moreover, I think it is important that we do continue to at
least list new books by ASA members and so we will start to
mention books by title. If any member of ASA publishes a
new book or monograph please submit the title and other
publication information (including a URL) to me and we
will include that information in Acoustics Today.

Cartoons

Acoustics Today is looking for members of ASA who like to
create cartoons about acoustics and acoustics-related topics
(e.g., anything that would fit within the breadth of ASA) and
who would like to be published cartoonists. The goal is to
use cartoons to fill otherwise empty space in the magazine
at the end of articles or other otherwise blank space. The
cartoonist would get full credit for her/his work. No pay is
involved, but the cartoons would be distributed widely and
also be in our web and print versions of the magazine.

If you want to contribute a single cartoon or perhaps be-
come a regular “Acoustics Today” cartoonist, please contact
(apopper@umd.edu) with a sample of your work and/or
your ideas. The only “criteria” are that the cartoons: have
some kind of acoustics-related focus; be funny; be no more
than a page wide and a few inches high (or one panel); and
not be “oft-color”

Acoustics Today Interns

In the winter 2014 issue we talked about having Acoustics
Today Interns (ATI). These are to be graduate students or
people within three years of their advanced terminal degree
who will work with the magazine in special capacities. The
goal is for the ATI to learn something about working on a
magazine and about publishing, while at the same time let
them contribute to some specific aspect of the magazine.

I am pleased to announce that our first ATI is Dr. Laura
Kloepper. Laura introduces herself on page 64 of this is-
sue and we are really excited about having her work with
us. Asyou will learn, Laura has strong scientific interests in
echolocation, while also having a passion for education and
outreach. Her primary role as an ATI will be to help move
Acoustics Today into social media, with the goal of helping
the magazine be better known, and increase its, and ASA’,
influence in the field of acoustics.

I am hoping that Laura will be the first of a cadre of ATIs.
If you are interested in becoming an ATI, please drop me a
note and I'll send you application material. While we had
originally given a May 1 application date, we would be will-
ing to consider applications at any time. You can also find
more information about becoming an ATT at AcousticsTo-
day.org.

W Follow us on Twitter @acousticsorg

Input

Finally, we have already benefitted from input about our web
site from ASA members. We continue to ask for your ideas,
and that goes for the magazine as well. If you have ideas for
articles (or want to write an article), suggestions for new
sections, letters to the editor, or anything else, please don’t
hesitate to contact me. Ilook forward to hearing from you.

Arthur N. Popper


mailto:apopper@umd.edu

Commentary | James H. Miller

I would like to thank Acoustics
Today editor Arthur Popper for
the opportunity to share some
thoughts about the ASA and the
challenges the society faces. The
Providence meeting of the ASA
has just wrapped up and things are starting to settle down.
My term as President has ended and my very good friend
Judy Dubno has taken the reins. I hope that a President’s (or
a Past President’s) column will be a regular feature in Acous-
tics Today. In this piece, I would like to discuss the tension
between tradition and change. Connecticut native, political
scientist and breast cancer activist Pauline R. Kezer wrote
that “Continuity gives us roots; change gives us branches, let-
ting us stretch and grow and reach new heights” By the end
of the column, I hope I convince you that 1) ASA is a success-
ful, well run and financially-solvent scientific society, 2) this
success is due in no small part to the fine-tuned collabora-
tion between the dedicated volunteer members and the paid,
professional staff of the society, and 3) challenges lie ahead
that may require ASA to do some things differently than we
have done in the previous 85 years.

The Acoustical Society of America is in great shape, mea-
sured both by reputation and financially. As we state on our
web site, the ASA is the “premier international scientific so-
ciety in acoustics, dedicated to increasing and diffusing the
knowledge of acoustics and its practical applications.” I think
you agree with that statement given your membership in the
ASA. On the financial front, Treasurer David Feit reports
that the society has net assets of more than $16M. In addition
to those members who have made generous gifts to the Soci-
ety over the years, we need to also thank the stewardship of
David, recently-retired Executive Director Charles Schmid,
the Acoustical Society Foundations past and present lead-
ership including Mahlon Burkhard, Anthony Atchley, and
Carl Rosenberg and all those members who have served as
officers and on the Executive Council. As I discuss below, the
Journal of Acoustical Society of America generates most of the
income and JASA has been very ably managed by Editor-in-
Chief Allan Pierce.
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But while we should be congratulating ourselves, there are
storm clouds on the horizon. Open Access, the unrestricted
online access to scientific journals, is, at least, a threat to the
society’s business model. This business model is very easy
to explain. JASA, from its institutional subscribers, mainly
university libraries, generates about $1M each year in net in-
come. These funds are used to support the mission of the
society mentioned above including acoustics education, en-
hancing our meetings while keeping them affordable, espe-
cially for students, and supporting the very important work
the ASA does in Standards. In addition to the risks posed by
Open Access to the Society’s business model, our total mem-
bership has, at best, been flat at approximately 7,000 for the
last few years.

Right now, the Journal of Acoustical Society of America is
not an Open Access journal. However, there is much discus-
sion about Green, Gold, Gold-Hybrid and other Open Ac-
cess variants. Green Open Access is the label given to the
process of authors uploading articles to Open Access reposi-
tories. Gold Open Access refers to online journals that are
open to the public. Gold-hybrid is used to refer to journals in
which only papers whose authors or their institutions have
paid an Open Access publishing fee are available without
charge. Whatever we decide, I suggest that we keep in mind
the meaning of the word member. Currently, Students, Asso-
ciates, Corresponding Electronic Associates, Members, and
Fellows can get access to the Journal as well as many other
benefits for varying fees. Other societies such as the Ameri-
can Geophysical Union have separated journal access and
membership. We need to have a dialogue on what kind of
society we want to have and what a member of ASA means in
the future. In other words, what will be the relationship be-
tween the member and Society in terms of journal and stan-
dards access, meeting costs, and other services? We have now
what might be termed a “full service” society. Is there another
model for a scientific society in which benefits are separately
delivered? One of the ideas I have been discussing with many
of you is a new journal dedicated to applied acoustics. The
audience for this applied acoustics journal would be primar-
ily practitioners but also academics. If this journal were to be
established, what would be its business model?



Today, the business of publishing science is like the wild west
of the 1800’. Predatory publishers, fully Open Access, are
luring authors away from reputable journals. These publish-
ers have no goals except to extract the most money from au-
thors; and these proceeds are not supporting a comparable
mission like the ASAs. There is even the “Beall's List of Pred-
atory Publishers™ which warns authors of substandard jour-
nals. One of journals on that list recently accepted a paper
composed purely of computer-generated nonsense.

This segues naturally into a discussion of change. The theme
of my term as President could be “change” After 23 years
of effective leadership, Charles Schmid retired as Executive
Director (ED) of the Society. Following a national search
by a committee chaired by former President Mardi Hast-
ings, Susan Fox was selected by the Society as our new ED.
Also, Editor-in-Chief (EIC) Allan Pierce announced his re-
tirement after 14 years in that position, and a search for an
EIC is underway by a committee chaired by Christy Hol-
land. That search should be concluded in a few weeks. The
Society also hired a Web Developer as a new staff member,
Dan Farrell, based on the recommendations of a search com-
mittee chaired by incoming President Judy Dubno. Arthur
Popper took over as Editor of Acoustics Today this past Janu-
ary 1 after founding Editor Dick Stern passed away. Brenda
Lonsbury-Martin chaired the AT Editor Search Committee.
These search committees did, and are doing, a fine job of
finding the best possible candidates for these crucial posi-
tions. Thanks to the committee chairs and their members for
all their hard work.

So, we have a financially healthy ASA and a legion of new
and energetic people who believe strongly in the mission of
the Society, but storm clouds including Open Access and the
ramifications of a flat membership are ahead of us. In addi-
tion, the Society’s governance is a worthy issue for debate.
Let me describe how the Society is managed right now. The
Acoustical Society of America is a 501(c)(3) not-for-profit
organization incorporated in the State of New York. ASA is
governed by its Bylaws which are available online®. The most
important section of the bylaws describes the role of the Ex-
ecutive Council:

! “Beall’s List of Predatory Publishers”, http://scholarlyoa.com/2012/12/06/bealls
-list-of-predatory-publishers-2013/

2 http://acousticalsociety.org/sites/default/files/docs/bylaws.pdf

The affairs of the Society shall be managed by an Executive
Council which shall consist of the President, the President-
Elect, the Vice President, the Vice President-Elect, the Trea-
surer, the Editor-in-Chief, the Executive Director, the Stan-
dards Director, the immediate past President and immediate
past Vice President, and six members elected from the Mem-
bers and Fellows of the Society. The Treasurer, the Editor-
in-Chief, the Executive Director, and the Standards Director
shall be members of the Executive Council without vote.

The President chairs the Executive Council and serves as the
Chief Executive Officer (CEO) of the Society. The Executive
Director manages the ASA staff and is in charge of the of-
fices of the ASA, among other duties. The President and ED
bring the best of both worlds to management of the Soci-
ety - a CEO democratically elected by the membership each
year and a professional ED who has the “corporate memory”
and the skills to implement the instructions of the Executive
Council. The Presidents term starts after the spring meet-
ing and ends on the Friday of the spring meeting of the fol-
lowing year. The Executive Director serves a three-year term
renewable if both the ED and EC agree. Judy Dubno’s term
as President started on May 9. Christy Holland was elected
as President and has started her term as President-Elect.
You can see in the above description of the EC that it in-
cludes six elected members from the Members and Fellows.
Two of these members are elected each year. Michael Bailey
and Christine Shadle were elected to join the EC after the
Providence meeting. Paul Schomer serves as the Standards
Director, Allan Pierce as the Editor-in-Chief, and David Feit
as Treasurer.

The staff of the Acoustical Society of America is one of the
reasons we are in such a strong position. In Melville, Long
Island, New York, Office Manager Elaine Moran works with
the staff of Jolene Ehl, Kelly Quigley, and Lou Vollmer, and
Web Developer Dan Farrell. The Standards Office, also in
Melville, includes Standards Manager Susan Blaeser, Ewa
Koguciuk, and Caryn Mennigke. In West Barnstable, Massa-
chusetts, on Cape Cod, the ASA Publications Office includes
Publications Manager Mary Guillemette and Helen Wall
Murray. Saana McDaniel assists in the production of JASA
Express Letters.
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In many respects, the Technical Council (TC) is as important
to the members of the ASA as the EC. The members of each
TC are elected by their respective Technical Committees.
The bylaws described the Technical Council as follows:

The Technical Council shall consist of the Chairs of the Techni-
cal Committees, the Vice President, the Vice President-Elect,
and as ex officio members without vote, the immediate past
Vice President, the Chairs of technical groups appointed by the
President, and the other officers of the Society. The Technical
Council shall be responsible for coordinating the policies and
activities of the Technical Committees and technical groups,
and advising the Executive Council by formal resolutions on
matters of policy concerning technical considerations. The
Technical Council shall be presided over by the Vice President,
or in his or her absence, by the Vice President-Elect.

Barbara Shinn-Cunningham took over as Vice President as
Peter Dahl completed his term. Lily Wang was elected Vice
President and she becomes Vice President-Elect. The Tech-
nical Council is the direct line from the members and the
Society’s leadership.

As you know, the Technical Committee meetings at each
ASA meeting are similar to New England town meetings.
You may be familiar with Norman Rockwell’s painting en-
titled “Freedom of Speech” Like the ideal represented in
that painting, anyone can speak at a Technical Committee
meeting. Often, the membership is asked about their opin-
ion on a potential change to our Society’s operations. If you
have attended any Technical Committee meetings lately, you
know what I mean. When members of a Technical Commit-
tee have something to say, that information, if appropriate,
is passed to the Technical Council and then to the Executive
Council for consideration. And, of course, all of the officers
of the society, both elected and appointed, are glad to hear
directly from anyone about a new idea, a concern, or a sug-
gestion for improving the ASA. Many of our members are
very forthright in letting the leadership know directly what
they are thinking.

This bicameral governance structure with strong input from
the membership together with highly qualified and hard
working staff has enabled ASA to reach its status as the pre-

mier scientific society in acoustics and with its presently
strong financial position. The renewed leadership from the
membership on the Executive Council along with a new Ex-
ecutive Director is up to the challenges faced by the society.
But how best should we address these challenges? At the
recommendation of Executive Director Susan Fox, the ASA
has engaged the services of consultants Cate Bower and Ma-
rybeth Fidler on scientific society practices and governance.
This process will likely take 18 months to complete. They
have worked with a number of scientific societies including
the American Geophysical Union and the American Physical
Society.

Michael McFadden is a past President of the American Geo-
physical Union. I wrote to him about his appraisal of Cate
Bower and Marybeth Fidler. He replied almost immediately
with a very positive recommendation. A portion of his reply
is as follows:

We are now into our fourth year of exercising the new AGU
governance structure and strategic plan (the details of both
you can find on the AGU website)'. ... As with any transfor-
mation, the way it works out in practice is not exactly as was
originally envisioned. However, the governance principles,
governance tools, and strategic plan that Cate and Marybeth
helped us develop have enabled us to successfully navigate the
twists, turns, and bumps along the way. As an organization,
we have a new confidence in our ability to serve our members
better and a clarity about what's critical to our mission.

We have started the discussions with Cate and Marybeth.
The Executive Council continued the conversation with
them in Providence. It is likely that the ASA will convene
a “summit” with their help outside of the regular meeting
schedule in early 2015. Soon, President Judy Dubno will be
asking some of you to help the Society study and perhaps
revise its business model to address the challenges of Open
Access, find ways of increasing membership and the scope of
the Society, and look closely at governance. Everything about
the ASA that I described in this column can be changed if
we, as a Society, decide to change. Nothing is written in stone
as they say. But, I'll think you agree with me that ASA has

Continued on page 14
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Commentary | Susan E. Fox

Carrying the Torch

“The Acoustical Society of Amer-
ica is in a state of evolution. We
don’t know what the form of the
Society will be or what the subject
matter of the papers will be at the
Hundredth Anniversary Celebration. We wish that we could
look into the crystal ball. There is a crystal ball up here [point-
ing toward the movie camera], but it is only half a crystal ball,
it’s a one-way affair, posterity is able to look at us, but we can’t
look back through that lens and see you on the other side. 1
wish we could. I know that we would find you as strange and
quaint and amusing, in your ways, different from us as you
find us as you look at our faces on the screen. However, you are
our descendants, you carry the torch; and with this salute to
posterity, I declare this meeting, our Twenty-Fifth Celebration,
adjourned.”

Hallowell Davis
June 1954, New York City

As I pick up the torch as ASA’s newest Executive Director, I
do so with respect and admiration for the members and lead-
ers of this eminent Society, past and present. From the solid
stewardship of the founding visionaries to the conscientious
commitment of present day leaders and members, ASA
stands apart. What makes ASA unique among professional
societies is our embodiment of a set of core values evident
since our founding in 1929.

I will elaborate on these values below, but first allow me to
discuss what drew me to this position. I come to you as a
professional association executive. What that means is that
I've built my career managing and co-leading professional
membership organizations with the goal of helping them to
become transparent, nimble, and accountable both to mem-
bers and to society-at-large. I felt an immediate attraction to
ASA, at first because I find the field of acoustics endlessly fas-
cinating then, after digging deeper into the Society’s records
and reports — especially the award citations - I fell in love
with ASA’ culture and values.

The warmth and humanity in the citations told me this is a
special place. The citations speak not just to an individual’s

impressive professional accomplishments. They go deeper
to include families, hobbies, wit and passions, providing a
rounded, humane, and an appreciative view of the individ-
ual. Every award citation contained as much respect for the
heart as for the head. After reading a series of these citations,
I knew I found my professional home.

Core Values

Throughout the interview process, and carried forward
through the Montreal and San Francisco meetings, several
ASA core values became clear to me. I saw four that stood
out the most:

Collegiality - Members exhibit great respect for each other
and for the breadth of disciplines regardless of specialty. We
pride ourselves on being a big tent that enfolds dozens of dis-
ciplines, both theoretical and applied. In reviewing Wallace
Waterfall's oral history this is a value embraced from the So-
ciety’s very beginning:

“Well, you can thank Harvey Fletcher for this,” Waterfall said,
“because when we first started talking about a society it was
to be a society of architectural acoustical engineers. He said,
why don’t you expand, why dont you increase the scope. I
think you will benefit your architectural acoustical engineers
too because they are much interested in speech and hearing,
that has to be a part of it, you'll get in a wider circle of people
without diluting the thing”

This wider circle, to my mind, strengthens not just the orga-
nization but the scientific enterprise. The prescience on the
part of Fletcher, Waterfall, and others helped establish bed-
rock collegiality into our culture. This is especially important
because as science becomes interdisciplinary and synthe-
sized, the value of big tent Societies such as ASA expands
and pushes the field forward.

Collaboration - A high degree of collegiality inevitably
yields a higher degree of collaboration. ASA members do not
hesitate to get the work done and to tackle goals regardless
of size and ambition by working together in diverse groups
large and small. This enduring attitude of “let’s roll up our
shirtsleeves and get this job done” is what elevates ASA’s stat-
ure as the premier international scientific society in acous-
tics. The amount of intellectual energy and enthusiasm in our
ranks is some of the highest I've ever seen in a professional
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society. It’s a joy to experience and observe, and best yet, to
be a part of something bigger than ourselves.

Commitment - ASA members do what they say and say
what they do. The commitment to the Society and the pro-
fession is profound, demonstrated by the capacity to mount
year after year two large meetings just six months apart. It’s
this commitment that results in a large number of commit-
tees, task forces, formal and informal work groups all dedi-
cated to advancing acoustics and the work of ASA.

Conscientiousness - similar to commitment, conscientious-
ness about the importance of the work at hand and the re-
sponsibility of carrying it out underscores the depth of en-
gagement throughout ASA. Our work embodies integrity,
with a focus on doing the right thing for the greater good.

Challenges

These values undergird ASA’s core strengths that include a
competent and equally committed staff, fiscal stability, glob-
al credibility, and longevity. This is a solid foundation from
which to build our future. It gives us the stability needed to
address some of the challenges we will and are encountering.
According to the American Society of Association Execu-
tives (ASAE), chief among them are:

Increased competition and atomization: Several organiza-
tions serve as prime competitors to ASA, such as the Audio
Engineering Society and the Institute of Electrical and Elec-
tronics Engineers, among many others. ASA risks becoming
an incubator for spin off organizations, or losing members
to related associations. If realized, this risk will diminish the
robust nature of our big tent.

Increased demand for member time: All of us place high
value on our time, especially when demands for it keep mul-
tiplying. Where we spend our time and how become more
critical and often tough decisions enter the mix. Will ASA
continue to be a factor? If so, in what manner and can the
current level of activities be sustained as newer generations
enter the fold?
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Changing expectations: More and more often society mem-
bers, not just with ASA but across the board, expect a high
return on investment for time spent, fees paid, and services
received. As a consequence, ASA needs to constantly assess
the value we provide our members and to be aware of ways to
increase the value so that we remain relevant. Professionally
administered member surveys, strategic visioning processes,
and nimble responsiveness will help us identify and counter
changing expectations with appropriate responsiveness.

Changing technology: The fastest change occurring today is
the pace of change itself, and that especially applies to tech-
nology. Keeping up with the platforms, the delivery systems,
the fluid and disruptive technological innovations are crucial
for our future. Which platforms should we adopt? Which
need to be abandoned? How far ahead of the curve do we
need to be and still be cost-effective?

In addition to these fundamental challenges we face tactical
challenges of a serious nature.

Open Access: our primary scholarly journal, the Journal of
the Acoustical Society of America, is fundamental to all that
we aspire, intellectually and economically. How will the drive
toward open access affect the journal? How do we mitigate
the inevitable loss in revenues to the Society when the jour-
nal becomes accessible without subscription fees? This, to
my mind, is our most pressing concern.

Outdated Systems and Processes: It's not just our technol-
ogy that needs updating. We need to examine all of our sys-
tems and processes with an eye toward efficiency and econ-
omies. This is especially important as demand on member
time rises. No one has the patience or certainly the will to
tolerate unnecessary duplication of effort or red tape.

Aged Web Presence: Fortunately, this is a tactical challenge
with a relatively easy fix. Within two weeks of my hiring we
hired Dan Farrell as our full-time web developer. He is just
the antidote to our weak and vastly outdated digital presence.
While our Google PageRank is an impressive 7 on a 0-10
scale, the optics and back end of our web site needs a great
deal of work, to say nothing of our need to address social
media platforms. Dan’s just the professional we need at this
particular helm. You can expect to see exciting results of his
work soon, particularly with the new Acoustics Today.org.



This will give you a preview of a more vibrant and exciting
presence for ASA on the web.

Bifurcated Demographics: ASA is impressive in our work
with, and attention to, students. This is an investment well
worth the time and effort. Nonetheless, the demographics
show a stark bifurcation between the distribution of younger
and older members. We appear to be missing the mid-career
acousticians, a problem that many other societies also face.
Why is that? Are Millennials simply not joiners? Is there any-
thing we can do to attract them in and what do we need to do
to retain students once they become early career professionals?

International Partnerships: Fully a third of our members
are international. Science and society alike recognize the
importance of developing international partnerships in fur-
therance of the research, applied acoustics, and development
of the field. This requires a thoughtful approach on how best
to deploy finite resources to gain as much impact from the
partnerships and to strengthen our presence in those areas
where the field is growing fastest, such as China, which ac-
counts for 11% of the manuscripts submitted to JASA.

Executive Director Transition: Having a new Executive Di-
rector on board after Charles Schmid’s laudatory 23 years in
this position is a significant change for ASA. Opportunities
abound, but it is also a challenge for the Society. I will spend
a good part of the first year — and every year - listening care-
fully to members, leaders, staff and stakeholders in order to
fully understand the wants and needs of the Society and the
profession it serves. This regular column is a first effort of
many that I will use to open communication channels. You
are always welcome to email me, call, or invite me to your
meetings. I welcome all efforts that put me in touch with all
members at all levels of ASA. Email me at sfox@aip.org or
call the direct line to my office at 516-576-2215.

Grand Challenge: Finally, I come to ASA’s grand challenge.
We must maintain and enhance our relevance as a profes-
sional society. Our work and actions must resonate, reflect-
ing authenticity and the value ASA brings to our members
and the profession. We must continue to strive for moder-
nity. Last and perhaps most important, we need continuity
with the past as we move forward into the future. Continuity
insures smooth operations and results from a clear focus on
the core values established 85 years ago that remain relevant
today.

Our Way Forward

One of my favorite Saul Steinberg New Yorker covers depicts
a tiny man rocketing forward atop a jet powered “Yes” about
to hit a solid wall of “BUT;” his shock expressed by his fe-
dora 10 ft. above his head. How do we move forward without
slamming into an unexpected BUT? The answer is, through
proper planning. The Executive Council recently approved
our bringing on board two well-respected consultants to
help ASA develop and execute a strategic plan. Cate Bower
and Marybeth Fidler of Cygnet Strategy, LLC have worked
with dozens of scientific societies, helping them develop a
clear, collaboratively developed, vision, mission, purpose
and goals. Most notably they worked with the leadership of
the American Geophysical Union (AGU) in developing their
new direction and purpose when they experienced a similar
transition in Executive Directors.

We are very early in the process; in fact we are in the “plan for
the plan” phase of work which will take about 18 months to
fully complete. You can be assured that this visioning will be
developed transparently and cooperatively with all of ASAs
stakeholders and beyond. We will conduct a professionally
administered member needs assessment, a business model
analysis and once we have a solid set of data and feedback,
we will put all of that to use in developing the plan for our fu-
ture. We will be communicating with you about this at each
stage of the process and asking for your input in a number of
ways so be alert for more information, on the web and here
in Acoustics Today, as well as other means as appropriate.

Once we have the framework and clarity of purpose and
goals in place we will be in a position to develop or enhance
our governance structure so that it is based on a foundation
of knowledge, trust, nimbleness and clear role delineation.

It’s an exciting time to be engaged with the work of ASA.
ASA is vibrant, always in a state of evolution. Together we
carry the torch so that when we celebrate our 100" anniver-
sary in 2029 we will do so knowing that as we salute the past
we succeeded in embracing the future.

Susan E. Fox

ASA Executive Director
Melville, New York
sfox@aip.org
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Letter to the Editor

Robert Dobie’s letter regarding Salt & Lichtenhan
(Acoustics Today, Winter 2014)

Arguing that inaudible infrasound from wind turbines
(WTs) might be harmful, Salt and Lichtenhan list five
possible mechanisms that may lead to harm, but without
mentioning the sound levels in the experiments they cite:

1. Biasing of audible sounds: the cited study used 50 Hz
tones (= 84 dB SPL).

2. Endolymphatic hydrops: one cited study used > 50 Hz
tones (= 95 dB); the other used 30 Hz (120 dB).

3. Excitation of outer hair cell afferents: neither cited pa-
per reported sound-evoked responses of these affer-
ents.

4. Exacerbation of noise-induced hearing loss: the cited
study used 30 Hz tones (100 dB).

5. Infrasound stimulation of vestibular sense organs: no
studies were cited, but the VEMP test is mentioned.
This test requires loud sounds (typically 500 Hz, > 100
dB).

All of these sounds would be audible and at least mod-
erately loud (> 60 phons). In addition, their levels are at
least 30 dB greater than those measured at the same fre-
quencies at residential distances from WTs (O’Neal et al.,
2011). Without evidence of effects at more realistic sound
levels, the relevance of these mechanisms to WT sound is
unsupported, as is the authors’ statement that “we know
this [lack of effect of inaudibleinfrasound from WTs] is
highly unlikely”

Robert Dobie

Clinical Professor

Dept. of Otolaryngology — Head and Neck Surgery
University of Texas Health Science Center at San Antonio
dobie@uthscsa.edu

O’Neal RD, Hellweg RD, Lampeter RM 2011. Low frequency noise and

infrasound from wind turbines. Noise Control Engineering Journal 59
(2): 135 - 157.
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Commentary | James H. Miller

Continued from page 10

performed its mission very well since 1929. “Best
practices” at one society may or may not be ap-
propriate for the ASA. I hope that Marybeth and
Cate challenge us, prompt us to think outside of the
box, and share the experiences they have had with
other scientific societies. ASA has very strong roots
and meeting these challenges I described will re-
quire some change. Successfully branching out into
new areas, reaching new heights, and “diffusing the
knowledge of acoustics and its practical applica-
tions” will need your energy, your ideas, and your
collegiality. When President Dubno calls for help
later this year, I hope you will respond affirmatively.

As 1 leave the office of President of ASA, I would
like to express my gratitude to The University of
Rhode Island and the NATO Centre for Maritime
Research and Experimentation in La Spezia, Italy.
These organizations were most supportive of my
work as President. While I have been President,
I have had the additional duty as Co-Chair of the
Providence ASA meeting. Co-Chair Gopu Potty
and Meeting Administrator Gail Paolino, with
much help from our local committee, shouldered
most of the load in getting this meeting organized. I
would like to thank so many people in the ASA for
their encouragement and guidance. Former Execu-
tive Director Charles Schmid was so kind with his
help and vision. Past-President Dave Bradley was a
font of wisdom and I now am very thankful I fol-
lowed most of his advice. Then President-Elect Judy
Dubno said something inspirational in the Officers
and Managers Meeting in Melville a few weeks ago.
She said she would do almost anything for the Soci-
ety. I couldn’t agree more. Executive Director Susan
Fox and I have worked closely since she joined the
Society. She has brought a new point of view and
skills in scientific society management and I have
learned much from her. I look forward to work-
ing with, and learning more from, Susan for many
years. Finally, I would like to thank Elaine Moran
for her advice over these past 11 months. As all
Presidents know after their year of service, she is an
indispensible asset.

James H. Miller
President, ASA 2013-14
Narragansett, Rhode Island
miller@uri.edu
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Sound Field Synthesis for
Audio Presentation

The use of loudspeaker arrays for audio presentation offers possibilities
that go beyond conventional methods like Stereophony.

In this article, we describe the use of loudspeaker arrays for sound field synthe-
sis with a focus on the presentation of audio content to human listeners. Arrays
of sensors and actuators have played an important role in various applications as
powerful technologies that create or capture wave fields for many decades (van
Trees, 2002). In acoustics, the mathematical and system theoretical foundations
of sensor and transducer arrays are closely related due to the reciprocity principle
of the wave equation (Morse and Feshbach, 1981). The latter states that sources
and measurement points in a sound field can be interchanged. Beamforming tech-
niques for microphone arrays are deployed on a large scale in commercial appli-
cations (van Veen and Buckley, 1988). Similarly, arrays of elementary sources are
standard in radio transmission (van Trees, 2002), underwater acoustics (Lynch et
al., 1985), and ultrasonic applications (Pajek and Hynynen, 2012). When the ele-
ments of such an array are driven with signals that differ only with respect to their
timing then one speaks of a phased array (Pajek and Hynynen, 2012; Smith et al.,
2013). Phased arrays have become extremely popular due to their simplicity.

We define sound field synthesis as the problem of driving a given ensemble of
elementary sound sources such that the superposition of their emitted individual
sound fields constitutes a common sound field with given desired properties over
an extended area. As discussed below, phased arrays in their simplest form are not
suitable for this application and dedicated methods are required.

The way electroacoustic transducer arrays are driven depends essentially on what
or who receives the synthesized field. Many applications of, for example, phased
arrays aim at the maximization of energy that occurs at a specific location or that is
radiated in a specific direction while aspects like spectral balance and time-domain
properties of the resulting field are only secondary (Pajek and Hynynen, 2012;
Smith et al., 2013). The human auditory system processes and perceives sound
very differently from systems that process microphone signals (Blauert, 1997; Fastl
and Zwicker, 2007). Human perception can be very sensitive towards details in the
signals that microphone-based systems might not extract and vice versa. Among
other things, high fidelity audio presentation requires systems with a large band-
width (approximately 30 Hz - 16,000 Hz, which corresponds to approximately 9
octaves) and time domain properties that preserve the transients (e.g. in a speech
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Sound Field Synthesis for Audio Presentation

or music signal). Obviously, the extensive effort of deploying
an array of loudspeakers for audio representation only seems
reasonable if highest fidelity can be achieved given that Ste-
reophony (stereos: Greek firm, solid; fone: Greek sound,
tone, voice) and its relatives achieve excellent results in many
situations with just a handful of loudspeakers (Toole, 2008).

At first glance, we might aim at perfect perception by syn-
thesizing an exact physical copy of a given (natural) target
sound field. Creating such a system obviously requires a
large number of loudspeakers. Though, auditory perception
is governed by much more than just the acoustic signals that
arrive at the ears; the accompanying visual impression and
the expectations of the listener can play a major role (Warren,
2008). As an example, a cathedral will not sound the same
when its interior sound field is recreated in a domestic living
room simply because the user is aware in what venue they are
(Werner et al., 2013). We will therefore have to expect certain
compromises when creating a virtual reality system. But we
still keep the idea of recreating a natural sound field as a goal
due to the lack of more holistic concepts.

The most obvious perception that we want to recreate is ap-
propriate spatial auditory localization of the sound sources a
given scene is composed of. The second most important au-
ditory attribute to recreate is the perceived timbre, which is
much harder to grasp and control. On the technical side only
the frequency response of a system can be specified. As Toole
(2008) puts it: “Frequency response is the single most impor-
tant aspect of any audio device. If it is wrong, nothing else
matters.” Actually his use of the term “frequency response”
encompasses also perceptual aspects of timbre, like distinc-
tion of sounds (Pratt and Doak, 1976) or identity and nature
of sound sources (Letowski, 1989).

Why Sound Field Synthesis?

The undoubtedly most wide-spread spatial audio presenta-
tion method is Stereophony where typically pairs of loud-
speakers are driven with signals that differ only with respect
to their amplitudes and their relative timing. Obviously,
sound field synthesis follows a strategy that is very different
from that of Stereophony. So why not build on top of the lat-
ter as it has been very successful?

Remarkably, methods like Stereophony can evoke a very nat-
ural perception although the physical sound fields that they
create can differ fundamentally from the “natural” equiva-
lent. Extensive psychoacoustical investigations revealed
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that all spatial audio presentation methods that employ a
low number of loudspeakers, say, between 2 and 5, trigger a
psychoacoustical mechanism termed summing localization
(Warncke, 1941), which had later been extended to the asso-
ciation theory (Theile, 1980). These two concepts refer to the
circumstance that the auditory system subconsciously de-
tects the elementary coherent sound sources - i.e., the loud-
speakers — and the resulting auditory event is formed as a
sum (or average) of the elementary sources. In simple words,
if we are facing two loudspeakers that emit identical signals
then we may hear one sound source in between the two ac-
tive loudspeakers (which we interpret as a sum or the average
of the two actual sources, i.e., the loudspeakers). This single
perceived auditory event is referred to as phantom source
(Theile, 1980; Blauert, 1997).

Whether and where we perceive a phantom source depends
heavily on the location of the loudspeakers relative to the lis-
tener and on the time and level differences between the (co-
herent) loudspeaker signals arriving at the listener’s ears. All
these parameters depend heavily on the listener’s location.
Thus if it is possible to evoke a given desired perception in
one listening location (a.k.a. sweet spot) then it is in general
not possible to achieve the same or a different but still plau-
sible perception in another location. Note that large conven-
tional audio presentation systems like the one described by
Long (2008) primarily address the delivery of the informa-
tion embedded in the source signals rather than creating a
spatial scene and are therefore no alternatives.

At the current state of knowledge it is not possible to achieve
a large sweet spot using conventional methods because all
translations of the listener position generally result in chang-
es in the relative timing and amplitudes of the loudspeaker
signals. Interestingly, large venues like cinemas still employ
Stereophony-based approaches relatively successfully. This is
partly because the visual impression from viewing the mo-
tion picture often governs the spatial auditory one (Holman,
2010). Closing the eyes during a movie screening and listen-
ing to the spatial composition of the scene often reveals the
spatial distortions that occur when not sitting in the center
of the room. The focus lies on effects rather than accurate
localization of individual sounds. Additionally, movie sound
tracks are created such that they carefully avoid the limita-
tions of the employed loudspeaker systems in the well-de-
fined and standardized acoustic environment of a cinema.



Figure 1a: Photo of loudspeaker system
used for research on sound field synthesis.

Pictuted is a 56-channel circular array
at Quality and Usability Lab, TU Berlin

In conclusion, satisfying an extended listening area with pre-
dictable and plausible perception requires approaches differ-
ent than those based on Stereophony. Sound field synthesis
tries to physically recreate natural sound fields so that hu-
man hearing mechanisms are addressed.

A Brief History

The cornerstone of modern sound field synthesis theory
was laid by Jessel (1973), whose work is based on some of
the most fundamental integral equations in the physics of
wave fields such as the Rayleigh Integrals or the Kirchhoft-
Helmbholtz Integral. Having been ahead of his time, Jessel did
not have the means of creating a practical implementation
of his work. Concurrent with Jessel, Gerzon (1973) worked
with momentum on an approach that he termed Ambisonics
(ambo: Greek both together; sonare: Lat. to sound). Gerzon’s
work used a much simpler and more intuitive theory com-
pared to Jessel’s, but Gerzon was soon able to present analog
implementations based on a small number of microphones
and loudspeakers.

The next big push of sound field synthesis started in the
late 1980s with the work of Berkhout (1988) and coworkers
(Berkhout et al., 1993) who created an approach that they
termed Wave Field Synthesis. Having a background in seis-
mology, Berkhout did not seem to have been aware of Jes-
sel’s work but he followed very similar concepts. His ideas
were pursued over more than two decades and the team was
able to present a ground breaking realtime implementation
in 1992 featuring as many as 160 loudspeakers and dedicated
digital signal processing hardware (de Vries, 2009).

The comprehensive availability of personal computing and
suitable audio hardware led to the latest practical and theo-
retical push of sound field synthesis from the mid 2000s on
resulting in more than 200 commercial and research systems
worldwide. The largest one comprises more than 832 inde-
pendent channels on a quasi-rectangular contour with a cir-
cumference of 86 m and fills an entire lecture hall at the Uni-
versity of Technology Berlin, Germany, with sound (de Vries,
2009). Refer to Figure 1a and Figure 1b for photographs of
selected systems.

Especially the advancements during the last couple of years
led to a mature theoretical and practical understanding of
sound field synthesis and the next logical chapter is actively
worked on in the audio community: The psychoacoustical
study and perceptual evaluation of synthetic sound fields
(Spors et al., 2013).

Theory

Several ways of deriving an analytic solution for the loud-
speaker driving signals in sound field synthesis have been
presented in the literature (Berkhout, 1993; Poletti, 2005;
Spors et al. 2008; Fazi et al., 2008; Zotter et al., 2009). All
these solutions start with the assumption of a continuous
distribution of elementary sound sources (a.k.a. secondary
sources) that encloses the listening area on a boundary sur-
face. Starting with a continuous distribution has the advan-
tage that concepts can be developed for which a perfect solu-
tion exists. Other (imperfect) solutions can then be treated as
a degenerated problem based on the perfect ones.

An obvious imperfection of practical systems is the circum-
stance that a continuous distribution of secondary sources
is impossible to implement. We always have to use a finite
number of discrete sources. Due to technical constraints it is
often desired to reduce the two-dimensional boundary sur-
face to a one-dimensional enclosing contour, preferably in a
horizontal plane leveled with the listeners’ ears.

The imperfections of real-world systems lead to artifacts in
the generated sound field which can be described analytical-
ly or can be measured for an implemented system. However,
they are not always perceptible by human listeners and can
thus be tolerated. For convenience, we postpone the discus-
sion of these imperfections and their perception and start the
discussion with the ideal case.

Assuming a simply connected enclosing surface 0Q of sec-
ondary sources that encloses our target volume (), we can
formulate the synthesis equation in the temporal-frequency
domain as

S(x,w) = jg D(xg, )G (% — %o, w)dA(X,)
an
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D(xo, ®) represents the driving signal of the secondary source
located at point x, €9Q and G(x-x,, ®) represents the spatio-
temporal transfer function of that secondary source. We use
the letter G because this function can be interpreted as a
Green’s function. The product D(x,, ®) G (x-x0, ®) describes
the sound field that is evoked by the considered secondary
source. Integration over the entire surface Q2 yields the syn-
thesized sound field S(x, ®) by summation of all contribu-
tions from the elementary sound sources. Usually, one is not
interested in what sound field is created when the secondary
source contour is driven in a specific way. One would rather
want to know how to drive the system that a specific desired
sound field arises, i.e., we want to dictate S(x, ®) and solve (1)
for D(xo, ®) . It can indeed be shown that a perfect solution
exists when the boundary dQ encloses the target volume and
is simply connected (Poletti, 2005; Zotter et al. 2009; Ahrens,
2012; Zotter et al. 2013).

There are two different fundamental approaches for this task:
1) an implicit solution, i.e., we analyze the situation from a
physical point of view and exploit our knowledge on the re-
lation between the sound field on the boundary 0Q) and the
sound field inside the target volume Q to derive D(x,, ®), and
2) we manipulate (1) mathematically so that we are able to
solve it explicitly for D(xo, ®). Both approaches are outlined
in the following two subsections.

Implicit Solution

There are several ways of deriving an implicit solution to
equation (1) leading to identical results, all of which start
from well-known integral representations of sound fields
(Berkhout, 1993; Spors et al. 2008). Here, we chose to derive
the implicit solution via the Rayleigh I Integral. This deriva-
tion appears hands-on at first sight but rigorous treatments
exist that prove the appropriateness of the applied approxi-
mations (Zotter and Spors, 2013).

The Rayleigh I Integral describes the sound field P(x,®) in a
target half-space () that is bounded by a planar surface 0Q
and is given by (Williams, 1999).

T2
P(x, @) = ﬂ ~2 o S0 0) ey Gx

- =D(x0,m)
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Schematics illustrating the theory of sound field synthesis.

Figure 2a: Planar distribution of secondary sources. The distribu-
tion is continuous and of infinite extent.

Figure 2b: Illustration of the secondary source selection that has
to be performed when the physical optics approximation is applied.
The virtual monopole source is located at xs. The thick solid line
represents the active part of the contour; the dashed part represents
the inactive part.

The geometry is depicted in Figure 2(a). In words, the inte-
gral in (2) states that we can perfectly recreate a sound field
S(x,m) that is source-free in the target half-space Q if we
drive a continuous planar distribution of monopole second-
ary sources with a signal that is proportional to the direc-
tional gradient % of S(x,w) evaluated along the secondary
source distribution.

So we actually have a solution for our problem assuming
that we are able to implement a continuous distribution of
monopole sound sources. This latter assumption is actually
fulfilled sufficiently well by small conventional loudspeakers
with closed cabinets (Verheijen, 1993). The inconvenience
related to the above solution is that the secondary source
distribution has to be planar and of infinite extent. Ideally,
we want to enclose the target area with a secondary source
distribution in order to be able to immerse the listener.

Xo, w)dxdy; P(x, @) =8(x,w)Vx € ()



If we are willing to accept a far-field/high-frequency solution
we can apply the physical optics approximation (or Kirchhoft
approximation) (Colton and Kress, 1992). The latter is based
on the assumption that a curved surface may be considered
locally planar for sufficiently short wavelengths. We can then
locally apply the Rayleigh-based solution. Only those sec-
ondary sources must be active that are virtually illuminated
by the desired sound field as illustrated schematically in Fig-
ure 2(b).

Conveniently, the secondary source contour does not need
to be smooth. Even corners are possible with only moder-
ate additional inaccuracy (Verheijen, 1997; Ahrens, 2012).
When the boundary of the illuminated area is not smooth
(like case A in Figure 2(b)) then tapering has to be applied,
i.e., a windowing of the amplitude of the driving function to-
wards the end-points to smear the truncation artifacts (Ver-
heijen, 1997).

An essential aspect is of course that the physical optics ap-
proximation holds when the dimensions of the secondary
source distribution are much larger than that of the consid-
ered wavelength. This prerequisite is not always fulfilled in
practice at low frequencies where the wavelength can reach
several meters.

This approximated solution is much more flexible than the
one based directly on the Rayleigh integral but it still re-
quires two-dimensional surfaces of secondary sources. Im-
plementing a surface of secondary sources is a massive effort
(Reusser et al., 2013). Recall that we have to approximate a
continuous distribution. A densely-spaced placement of the
loudspeakers results in channel numbers that are nearly im-
possible to handle even for moderate sizes of the target space.

In many situations it has been shown to be sufficient to pres-
ent only the horizontal information with high resolution. All
other signals can be delivered by simpler conventional pre-
sentation methods or can even be fully discarded. So we seek
for a solution that is capable of handling one-dimensional
secondary source distributions like rectangles and circles.
This solution can be obtained from our previous one by ap-
plying another approximation referred to as stationary phase
approximation and that reduces the integration of the verti-
cal dimension in Eq. (2) to a single point in the horizontal
plane (Berkhout et al., 1993; Vogel, 1993). The result is then
termed a 2.5-dimensional solution because it is neither 2D
nor 3D, but in between.

The major limitation of the 2.5D solution is the fact that the
amplitude decay of the synthesized sound field is typically
faster than desired, which turned out to be inconvenience
with large systems. However, we still have extensive control
over the curvature of the wave fronts in the horizontal plane.
Refer to Figure 3 for an illustration.

-
Amplitude
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z E Figure 3: 2.5-dimensional synthesis of a mono-
chromatic plane wave of 1000 Hz by a continuous
circular distribution of monopole sources. The

. synthesized plane wave travels into positive -direc-
tion. The unintended amplitude decay along the
plane waves travel path is evident. (an animation of
Figure 3 is available at: https://acousticstoday.org/
sounds/#.U4ihSJRAUto

A very convenient property of the solution is the fact that it
can be implemented extremely efficiently: In order to drive
a virtual sound source with a specific signal like a speech or
music signal, one single static common filter has to be applied
to the input signal: The latter is then delayed and weighted
individually for each speaker (Verheijen, 1997). This imple-
mentation may be regarded as an advanced phased array.

The 2.5D solution described in the previous paragraph cor-
responds to the Wave Field Synthesis approach mentioned
in the Introduction and proposed in (Berkhout et al., 1993).
The vast majority of the existing realtime implementations
nowadays use it and can handle hundreds of virtual sources
using standard personal computers as processors, for exam-
ple (Geier et al., 2008).

Explicit Solution

As an alternative to the implicit solution described in the pre-
vious section, it is also possible to solve the synthesis equa-
tion (1) explicitly for the unknown function D(x,, ®). Taking
a second look at (1) reveals that the integral actually consti-
tutes a convolution of the driving function D(xo, ®)with the
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radiation function G (x-xo, ®) of the secondary sources. For
simple contours 0() like spheres, circles, planes, and lines a
convolution theorem can be found that allows for represent-
ing (1) in a suitably chosen transformed domain with spatial
frequency v as

S(v,w) =D(v,w)G(v, )

Eq. (3) can be solved directly for the driving function D(v,w)
by rearranging the terms. 2.5D cases are handled by refer-
encing the synthesized sound field S(v,w) to a reference con-
tour or point (Ahrens, 2012).

The explicit and implicit solutions are almost equivalent for
simple 3D scenarios. For some secondary source geometries
— for example spheres — only the explicit solution is exact
(Schultz and Spors, 2014). For 2.5D scenarios, the explicit
solution is exact on the reference contour or location, where
the implicit solution is only an approximation. The latter as-
pect is not significant in practical scenarios but has been very
helpful in analyzing the fundamental properties of synthetic
sound fields. Most explicit solutions cannot be implemented
as efficiently as Wave Field Synthesis. They rather require de-
signing and applying an individual filter for each combina-
tion of virtual sound source and loudspeaker. Nevertheless,
realtime performance is still possible (Daniel, 2003; Spors et
al., 2011).

The particularly popular explicit solution for spherical and
circular secondary source distributions constitutes a mod-
ern formulation of Gerzon’s Ambisonics approach mentioned
in the Introduction. The domains into which the synthesis
equation is transformed by the according convolution theo-
rems are the spherical harmonics and the circular harmonics
coeflicients domains, respectively.

Spatial Discretization

As mentioned previously, practical implementations will
employ a finite number of discrete loudspeakers, which con-
stitutes a substantial departure from the theoretical require-
ments for the solutions outlined above. The consequences
of this spatial discretization for the synthesized sound field
have been studied extensively in the literature (Start, 1997;
Spors and Rabenstein, 2006; Ahrens, 2012). In summary, the
synthesized sound field is exact or at least well approximated
up to a certain frequency termed spatial aliasing frequency.
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Above this frequency, two fundamental cases can be distin-
guished:

1) Additional wave fronts arise, which are termed spatial
aliasing. Wave Field Synthesis belongs to this class of ap-
proaches. Refer to Figure 4(a) and (b) for an example.

2) A region of high accuracy is still apparent at the center of
the secondary source distribution but whose size dimin-
ishes with increasing frequency. Outside this region arti-
facts occur that are different than those in case 1). Modern
formulations of Ambisonics belong to this class. Refer to
Figure 4(c).

Intermediate cases can also be created. It is not clear at this
stage which approach is perceptually preferable in a given
scenario so that we leave this question undiscussed. We
want to emphasize here that discretization artifacts are not
a downside of a given driving method. They rather represent
practical restrictions of the loudspeaker arrangement under
consideration. The driving method only has influence on
how and at what locations artifacts occur.

Typically, the loudspeaker spacing is chosen such that the
aliasing frequency lies between 1500 Hz and 2000 Hz. Then
the desired sound field is synthesized correctly in that fre-
quency range where the powerful localization mechanisms
based on the interaural time difference are active (Blauert,
1997). The resulting loudspeaker spacings of 9-15 cm have
been shown to be a good compromise between accuracy and
practicability. Recall also the systems shown in Figure 1.

Perception of Synthetic Sound Fields
Extensive knowledge on the perception of natural sound
fields has been gathered during the last century, for exam-
ple (Blauert, 1997; Bronkhorst, 1999; Beranek, 2008; Toole,
2008), and simple situations are well understood. If we were
able to build systems that are able to create a perfect copy of
a given natural target sound field, ignoring other modalities,
then we were able to predict the perception based on this ex-
isting knowledge. Looking at Figure 4 suggests that the task
is not that easy because whenever we intend to create one
single wave front we effectively create an entire set of wave
fronts carrying closely related signals.

Fortunately, it is not necessary to create a perfect physical
copy of the target sound field when human listeners are ad-
dressed. Instead a sound field is sufficient that sounds ex-
actly like the target field (authentic reproduction) or which
evokes a perception that is indiscernible from an implicit or
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Figure 4c
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limitation and are not artifacts of the driving function.

Figure 4a: Bandwidth from 0 Hz to 2000 Hz, explicit solu-
tion (all loudspeakers are active); The non-zero components
behind the straight wave front are due to the bandwidth

= E Time-domain simulations of a circular distribution of 56 monopole loudspeakers synthesizing a plane wave that
propagates into positive -direction. (animations of Figure 4(a)-(c) are available at:

Figure 4b: Full bandwidth, case 2), explicit solution (all
loudspeakers are active).

Figure 4c: Full bandwidth implicit solution, case 1); gray
loudspeaker symbols represent active loudspeakers, white
symbols represent inactive loudspeakers.

explicit internal reference (plausible presentation) (Blauert
and Jekosch, 2003). We discuss here in how far it has been
proven or refuted that this goal has been achieved.

Sets of coherent wave fronts occur also in rooms where the
sound emitted by a given source reaches the listener on a
direct path followed by reflections off the room boundaries.
After the floor reflection, the wave fronts impinging on the
receiver follow the direct sound with a delay of several mil-
liseconds or more. This is because the path of a reflection
is usually at least a few meters longer than that of the di-
rect sound and sound travels roughly one meter every 3 ms.
However, the wave fronts that we are dealing with in sound
field synthesis may have differences in the arrival times in
the order of a fraction of a millisecond. This suggests that
other hearing mechanisms than in the perception of natural
reverberation might be triggered.

As indicated in the Introduction, there is a multitude of per-
ceptual attributes that can be essential when perceptually as-
sessing a spatial audio system. The scope of this article limits
our discussion to the two most important attributes: localiza-
tion and timbral fidelity.

When investigating human auditory perception it is impor-
tant to distinguish the sound event that describes an event
in the physical world and the auditory event that represents
the perceived entity (Blauert, 1997). Note that a sound event
does not always translate directly into an auditory event. Re-
call that in Stereophony we have two sound events (the loud-
speakers) that are perceived as one auditory event (the phan-
tom source). We want to achieve a similar situation in sound

field synthesis as well. We would like the individual wave
fronts of the loudspeakers to fuse into one auditory event. It
has been shown in various places in the literature that this is
indeed the case in most situations. Furthermore, it has been
shown that auditory localization is accurate and reliable, for
example (Vogel, 1993; de Bruijn, 2004; Wierstorf et al., 2012).

The auditory localization properties of a spatial audio system
are fairly straightforward to investigate. User studies can be
performed in which the listener reports the perceived loca-
tion via a suitable pointing method. The perceived timbre on
the other hand is composed of more abstract perceptual di-
mensions and can neither be measured directly nor can it be
represented by a numerical value. A number of studies have
been presented in the literature but the topic is still under
active research so that no ultimate conclusion can be drawn.
We summarize two representative sample studies in the fol-
lowing.

One way of assessing perceived coloration is making the
subjects compare a given stimulus to a reference and mak-
ing them rate the difference on a given scale (for example no
difference — extremely different). The reference is typically a
single loudspeaker at the position of the virtual source. As-
suring equal conditions for all subjects — especially identical
listening positions - is difficult with a real loudspeaker array.
Most experiments therefore employ headphone simulations
of a given loudspeaker array whose head-related impulse
responses had been measured (a.k.a. binaural simulation)
(Wittek, 2007). So did the studies mentioned below.


https://acousticstoday.org/sounds/#.U4ihSJRdUto

Sound Field Synthesis for Audio Presentation

De Bruijn (2004) investigated the variation of timbre in Wave
Field Synthesis over the listening area without assessing the
actual absolute coloration. The motivation for skipping the
latter was the assumption that it should be possible to com-
pensate the system for absolute systematic coloration. This
assumption is only partly true as coloration is not exclusively
determined by the frequency response of a system but can
also occur due to the presence of more than one coherent
wave front (Theile, 1980). No methods for compensation
in the latter situation are known. De Bruijn found that the
variation of timbre is negligible for a loudspeaker spacing of
0.125 m but perceivable for larger spacings.

Wittek (2007) measured the variation of timbre of Wave
Field Synthesis and Stereophony for different positions of
the virtual source. He also included a single loudspeaker as
stimulus. This gives indications on the absolute coloration of
the tested methods as the coloration introduced by the loud-
speakers themselves is ignored. His findings are that the col-
oration of Stereophony in the sweet spot and the coloration
of WES for loudspeaker spacings of 0.03 m are not stronger
than the coloration produced by a single loudspeaker. Col-
oration is similarly strong for all larger loudspeaker spacings
(tested up to 0.5 m) for the listening position that he inves-
tigated.

Above cited results give a first indication of what we can
expect from sound field synthesis when it is used for audio
presentation. These results are partly encouraging and partly
discouraging. A fundamental problem is that it is not clear
how the human auditory system integrates the various oc-
curring coherent wave fronts into one auditory event. It is
therefore not clear how we should shape the unavoidable
spatial aliasing artifacts such that their perceptual impact is
minimal. More fundamental psychoacoustical work is need.

Meanwhile another important aspect is under investigation:
Artificial reverberation is an extremely essential component
of high fidelity spatial audio signals (Izhaki, 2007). “Dry” vir-
tual scenes lack spaciousness and plausibility (Shinn-Cun-
ningham, 2001). It has been proposed in Ahrens (2014) to
design artificial reverberation in sound field synthesis such
that the additional wave fronts that occur due to spatial alias-
ing make up a plausible reflection pattern to thereby “hide”
the artifacts in the reverberation (or actually make the arti-
facts part of the reverberation).
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Examples for other topics under investigation are the render-
ing of spatially extended virtual sources (Nowak et al., 2013)
as well as the combination of stereophonic techniques with
sound field synthesis (Theile et al., 2003; Wittek, 2007).

Extensions and Applications

Sound field synthesis can be performed both with virtual
sound scenes, i.e., with sound scenes that are composed of
individual sound sources that have an input signal, position,
radiation properties, etc. that are described in metadata. Or,
sound scenes can be recorded using appropriate microphone
arrays such as spherical and circular ones. For convenience,
we show two examples in Figure 5 of special virtual sound
sources that can be used in the former case:

o Focused virtual sound sources: A synthesized sound field
can be designed such that it converges in one part of the
listening area towards a focus point and diverges behind
that focus point (Verheijen, 1997; Ahrens and Spors, 2009).
Refer to Figure 5(a). When a listener is located in the di-
verging part of the sound field they perceive a virtual sound
source “in front of the loudspeakers”

« Moving virtual sound sources (Ahrens and Spors, 2008;
Frank, 2008): As evident from Figure 5(b), it is possible to
synthesize the sound field of a moving sound source so that
the Doppler Effect is properly recreated, not only the fre-
quency shift as it is the case with conventional methods.

This history of sound field synthesis as well as the overview
presented in this article have been guided by a traditional
application: the presentation of audio content to human lis-
teners. This is also the application that the vast majority of
the commercial systems mentioned in the Introduction fo-
cus on. However, there are also emerging applications that go
beyond entertainment and infotainment. A few of these are
mentioned here briefly:

« While visual rendering in the planning stage is a state-of-
the-art feature of architectural software, the corresponding
audio rendering of the expected noise exposure of new in-
dustrial or traffic infrastructure is still in its infancy. Here
the purpose is not to please the listener with sound, but to
create a virtual acoustic environment that conveys the cor-
rect level of annoyance for assessment by human listeners
(Vorlander, 2010; Ruotolo et al., 2013).
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sound source with complex properties
(Animations of Figure 5a and 5b are available at:
i https://acousticstoday.org/sounds/#.U4ihSJRdUto

Figure 5a: Time-domain simulation of a focused monopole source. The black
mark represents the location of the focus point at (x, y) = (0, -0.5) m. The focused
source radiates in direction of the positive y-axis.

Figure 5b: Monochromatic simulation of a moving monopole sound source of
1000 Hz moving parallel to the x-axis at a velocity of 240 m/s. The marks repre-
sent the positions of the loudspeakers.

« Testing of mobile speech communication equipment has
to include also the performance in adverse acoustical envi-
ronments. Rather than conducting extended outdoor test
drives, the spatial and spectral structure of street noise can
also be reproduced in the laboratory with suitable sound
field synthesis techniques.

Noise rendering still tries to produce some kind of reality,
but there are also attempts to create sound fields that have
no counterpart in the real world. An example is the creation
of zones of silence for a part of the listeners while expos-
ing others nearby to an intended acoustic content (Wu and
Abhayapala, 2011; Helwani et al., 2014). This approach can
also be used to deliver different kinds of auditory events to
users in different locations of the listening space, for ex-
ample the different seats of a car. The challenge is to provide
individualized sound events with minimal crosstalk.

As robots of various kinds are introduced to replace or ex-
tend human functions also the acoustic perception of ro-
bots is investigated. Of course the hearing systems of robots
are purely technical and their abilities are by far inferior
to human perception. Further developments of robot au-
dition require reproducing sound fields with well-defined
physical properties, since psychoacoustics in the tradi-
tional sense does no longer apply (Tourbabin and Rafaely,
2013). Similarly, also the research on hearing aids requires
the ability to synthesize complex sound fields under labora-
tory conditions (Vorldnder, 2010).
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International Student
Challenge Problem in Acoustic
Signal Processing

Time-frequency signal analysis provides information about
a source from the sound that it makes.

A Student Challenge problem has been proposed under the auspices of the Technical
Committee on Signal Processing in Acoustics (TC-SP) of the Acoustical Society of
America (ASA). The problem is to estimate relevant parameters for a vehicle travel-
ing along a road using a wav file recorded using a microphone located near the side
of the road as the truck passes by. This problem, in which considerable information
is to be extracted from a single sensor recording, is both realistic and relevant. Al-
though sensor arrays provide directionality and under some conditions even range
to a contact, in addition to array gain, sensors are expensive and a network of sensors
is not necessarily easy to install and operate. Thus it is not uncommon to find that a
signal of interest appears on only a single sensor recording. In this case it is impor-
tant to extract as much information as possible from that recording.

In general there are two approaches to using acoustics to detect or determine infor-
mation about an object: they are termed passive and active. Passive acoustic systems
make use of the sound emitted by a source while active acoustic systems transmit
sound and analyze the echo. Passive acoustic systems have the advantage that they
generally do not reveal the position of the receiving system and, thus they are covert.
The disadvantages of passive systems are that they usually provide only bearing to
the contact and not range and they do not function well when the amplitude of the
signal emitted by the target is low or when interfering background noise is high. In
this case one must turn to active systems. Active systems are not covert except in
very special cases where their transmissions are masked in some way. Active sys-
tems generally provide both bearing and range, which is very useful for tracking the
source. And while active systems require that the echo from the contact be louder
than the interfering noise (which consists of ambient noise and echoes from objects
other than the contact, or clutter), they do not depend upon transmissions from the
target and are thus useful for quiet targets.

TC-SP is one of thirteen Technical Committees in ASA and is the most recently es-
tablished Technical Committee. It was created by conversion from an Interdisciplin-
ary Technical Group in December 2000. Signal processing involves the representa-
tion, generation, transformation, and manipulation of signals. It can be thought of as
an enabling technology for the extraction and interpretation of information about a
source by processing its acoustic signature (i.e., the sound that it makes).

The TC-SP develops initiatives to enhance interest and promote activity in signal
processing in acoustics. The first initiative was the Gallery of Acoustics which had its
inaugural exhibition at the 130th Meeting of the ASA during November 27-Decem-
ber 1, 1995 in St. Louis, Missouri. The winning entry, Acoustic Dunes, became the
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Figure 1: Acoustic Dunes is a three-dimensional image of a multisource
sound field.

Figure 2: Joint Wigner-Ville time-frequency distribution for the sound re-
ceived by a microphone during the flyover of a propeller-driven aircraft; the
vertical frequency axis spans 50 — 200 Hz, the horizontal time axis 0 - 3 s.

Students are given an
opportunity to distinguish
themselves by solving a
challenging problem in

acoustic signal processing.

logo for ASA members with a common interest in
acoustic signal processing — see Figure 1. The image
shows the variation with frequency and wavenum-
ber of the acoustic energy received by a line array
of hydrophones towed below the sea surface. Each
acoustic dune feature can be ascribed to a source of
acoustic energy such as the tow vessel, surface ship
contacts, or the array self-noise which propagates as
extensional waves in both directions along the array
structure. A discontinuity in a line of constant bear-
ing is due to spatial aliasing, which occurs when the
acoustic field is spatially undersampled (Ferguson,
1998).

The Gallery of Acoustics has endured and retained
its popularity with the most recent exhibition at
the 166th Meeting in San Francisco, December 2-6,
2013. At this Meeting another TC-SP initiative was
realized, namely the Smartphone Acoustic Signal
Processing Student Competition featuring innova-
tive mobile phone applications created by our stu-
dents. Also, the TC-SP organized a tutorial lecture
on Time-Frequency Analysis which was given by
Professor Leon Cohen of the City University of New
York and Professor Patrick Loughlin of the Univer-
sity of Pittsburgh. The fundamental idea of time-fre-
quency analysis is to describe situations where the
frequency content of a signal is changing with time.
Joint time-frequency analysis enables the frequency
components of a signal to be determined at a par-
ticular time and uses a time-frequency distribution
to display the frequencies that exist at each instant in
time. An example in acoustics is the apparent change
of frequency when a sound source and an observer
move relative to each other. In 1842, Christian Dop-
pler explained this phenomenon having noticed that
sounds seemed to be of higher pitch when the lis-
tener and the source of the sound were approach-
ing each other and of lower pitch when they were
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moving away from each other.! The Doppler Effect is read-
ily experienced by a casual listener when a propeller-driven
aircraft transits overhead. If the listener is replaced by a mi-
crophone and a time-frequency analysis method is applied
to the digital time series output of the microphone, then a
visual representation of the Doppler Effect can be displayed.
Figure 2 is the Wigner-Ville time-frequency distribution of
the acoustic energy received by a microphone during the fly-
over of a turboprop aircraft. This joint time-frequency distri-
bution shows the received energy as a function of both time
(horizontal axis: 0 - 3 s) and frequency (vertical axis: 50 -
200 Hz). The dominant feature in the source spectrum is the
spectral line corresponding to the propeller blade-passage
rate, which is equal to the product of the shaft rotation rate
and the number of blades on the propeller. The frequency of
this line, when received by a stationary sensor on the ground,
changes with time due to the acoustical Doppler Effect. This
is clearly demonstrated in Figure 2. When compared with
the emitted frequency, the received frequency is observed to
be higher during the approach phase and lower as the aircraft
recedes. From the variation with time of the Doppler-shifted
blade rate, the speed and altitude of the aircraft are estimated
to be 280 km/h and 215 m (respectively), with the source (or
rest) frequency of the blade rate being 117 Hz (Ferguson and
Quinn, 1994).

A New TC-SP Initiative

The tutorial lecture in Time-Frequency Analysis prompted
a new TC-SP initiative to give students an opportunity to
distinguish themselves by solving a challenging problem in
acoustic signal processing. This latest initiative is called the
International Student Challenge Problem in Acoustic Signal
Processing for 2014. The idea is to provide a student with a
sound file (truck.wav), which is a digital recording of some
everyday acoustic phenomenon with which the student is fa-
miliar (the sound emitted by a passing truck). The student
applies a signal processing technique (short-term Fourier
transform) to the recorded data and then analyzes the out-
put (spectrogram) to extract information about the source
(e.g., its speed). The overall process is an example of time-
frequency analysis and the problem (below) was posed by
the authors on behalf of the TC-SP.

L hitp://de.wikisource.org/wiki/%C3%9Cber_das_farbige_Licht_der_Doppel-
sterne_und_einiger_anderer_Gestirne_des_Himmels
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International Student Challenge Problem
in Acoustic Signal Processing 2014

Background: A truck with a 4-stroke diesel engine travels
along a straight road with constant speed. Near the road is a
microphone that senses the radiated acoustic noise from the
truck during its passage past the microphone. The output of
the microphone is sampled at the rate of 12,000 samples/sec-
ond and 30 seconds of data are recorded during the truck’s
transit which can be found in the attached file: truck.wav
https://acousticstoday.org/international-student-challenge-
problem-in-acoustic-signal-processing/#.U4igQpRdUto.
During the recording of the data, the speed of sound propa-
gation in air is a constant 347 m/s.

Problem: Assuming that the truck is a point source,

Plot the spectrogram of the acoustic data file truck.wav
Given that the strongest spectral line is the engine firing rate,
calculate the:

(1) engine firing rate (in Hz),

(2) cylinder firing rate (in Hz),

(3) number of cylinders,

(4) tachometer reading (in revolutions/minute),

(5) speedometer reading (speed in km/hour),

(6) distance (in meters) of the closest point of approach
of the truck to the sensor, and

(7) time (in seconds) at which the closest point of

approach occurs.

Your solution should detail your approach and reasoning to
solve the problem, as well as your best estimates of the above
parameters.

Send your solutions (with your contact details) to asa@aip.
org by 31 July 2014 with the subject line “Student Challenge
Problem Entry”

Cash awards of $500 and $250 will be awarded to the first
and second place winners, respectively. Winners are invited
to prepare and present a poster no larger than 4’ x 8 at the
168th Meeting of the Acoustical Society of America in India-
napolis, Indiana, October 27-31, 2014. A travel subsidy will
be available.
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Effects of Sound on Aquatic Life

Current expansion of offshore industrial activities has led to concern about the im-
pact of man-made sounds upon marine animals (Southall et al., 2007; Hastings,
2008; Popper and Hawkins, 2012, 2014). Oftshore oil and gas exploration and devel-
opments, wind farm construction and operations, other renewable energy sources,
dredging, construction activities, naval sonars, and increases in commercial ship-
ping are all contributing to increased noise in the sea.

While most concerns have been focused on effects on marine mammals, similar is-
sues arise with other marine life including fishes, turtles, and invertebrates.! While
the basic principles we discuss, however, are applicable to all marine groups, the fo-
cus of this paper will be on fishes since that is our particular area of research interest.

Many marine animals use sound during their everyday lives to track prey, avoid
predators, navigate, and communicate with one another (e.g., Hawkins and Myr-
berg, 1983). And even species that do not communicate by sound use the acoustic
scene (or soundscape) to learn about and exploit their environment (Fay and Popper,
2000). Thus, anything in the environment that interferes with the ability of a fish to
detect and use sounds of biological relevance could have a substantial impact on fit-
ness and survival.

A succession of reports and scientific papers has now emphasized the potential risks
to marine animals from exposure to man-made sounds or noise (Southall et al.,
2007; Popper and Hawkins, 2012, 2014; Popper et al., 2014). Increasingly, environ-
mental assessments of the impact of offshore developments and other activities have
been required to consider the effects of underwater noise.

An environmental assessment essentially evaluates the effects of underwater noise
in terms of mortality or any physical injury, impairment to hearing, or behavioral
disturbance it might cause to animals in the ocean. The assessment end points are
typically aimed at determining whether there is a significant impact on populations
of marine animals and on the wider ecosystem. Often a threshold for an adverse ef-
fect is sought, and this can lead to conclusions about the likely severity of any impact.
This process, referred to as risk assessment, can subsequently be used to construct
“what-if” scenarios to evaluate methods for effective prevention, control, or mitiga-
tion of impacts, and to provide a reasoned basis for action to reduce risks.

!'The invertebrate species most susceptible to man-made sounds have yet to be identified. The most likely candi-
dates are those that may detect the kinetic components of sound. Many invertebrates have statocysts that may be
involved with sound detection. These species include cephalopods (octopus, squid, and relatives) and crustaceans
(crabs, shrimp, lobster, and relatives). For purposes of this discussion, we will refer to invertebrates, but recognize
that those affected may form only a small part of this large and diverse group of animals.
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Risk Assessment and

Sound Exposure Criteria

As part of the risk assessment process, it is necessary to pre-
dict the levels of different types of sounds that may have po-
tential impacts on marine animals, as well as those that are
likely to be of no consequence. A criterion is usually pro-
vided as a threshold value, expressed in a particular acoustic
metric, above which a particular level of damage may take
place or behavioral change occur. The precise nature of any
effects and the actual metrics that describe the sounds must
be specified clearly, although there are many difficulties in
achieving this. For example, not only the level of the sound
but its frequency range, rise time, duration, repetition rate,
and a number of other parameters can also be important
in assessing its impact. Understanding the risk to animals
therefore becomes more complex than just setting a single
threshold value. But in all cases, the fundamental question
must lie in understanding how animals respond to various
sounds.

The first set of comprehensive sound exposure criteria for
marine animals was recommended for marine mammals
(Southall, et al. 2007). There is much less information avail-
able for other marine animals including turtles, fishes, and
invertebrates, although recent guidelines, developed under
the auspices of the Standards Group of the Acoustical Society
of America (ASA), do provide directions and recommenda-
tions for ultimately setting criteria for fishes and turtles (Pop-
per etal., 2014). Currently there is insufficient information to
guide the setting of criteria for any invertebrate species.

However, impacts have to be assessed and interim procedures
have to be developed until more direct information is avail-
able. There are both explicit and subtle pressures to achieve
unity and consensus in preparing environmental statements,
and because of legal considerations the assessments are not
always based on the most recent or best science. There is
strong dependence on criteria developed or utilized by gov-
ernment agencies, although these do not always reflect the
latest scientific position. For example, the criteria for marine
mammals suggested by Southall et al. (2007) have not yet
been applied even within the legislative environment that
led to that publication. However, many of the recommenda-
tions now form the foundation of the recent draft guidance
issued by the US regulatory authority, the National Oceanic
and Atmospheric Administration, (NOAA, 2013), but at a
time when Southall and his colleagues are embarking upon a
revision of their original recommendations.

Challenges in Developing

Sound Exposure Criteria

There are a number of difficulties in achieving better sound
exposure criteria for effects upon marine life. Chief amongst
these is the lack of information on those aspects of underwa-
ter sounds that actually cause detrimental effects — whether
the result is physical (or physiological) injury, hearing im-
pairment, or changes in behavior. Sounds from various
sources differ greatly in their characteristics (see chapters in
Popper & Hawkins, 2012, 2014). Some sounds are continu-
ous, such as the sounds from ships, dredging, drilling, oper-
ating wind and tidal turbines, and some naval sonar systems.
These sounds may be tonal, or they may include a wide range
of frequencies. Some may be ‘rougher’ than others, with a
high crest factor.

Many of the sounds currently being produced in the sea and
reaching high sound levels are short-lived or transient. They
typically have a sharp rise time, are of brief duration, and
may contain a wide range of frequencies. Examples are the
sounds from explosions, seismic airguns, and percussive pile
driving. Often the impulses are repeated for long periods and
thus the duty cycle and total exposure duration need to be
taken into account in assessing any effects upon animals. In-
evitably, it is necessary to use a range of metrics to describe
these sounds fully (Ellison & Frankel, 2012; Ellison et al.,
2012).

Adding to the complexity is the diversity of animals, particu-
larly among fishes and invertebrates, which have the potential
to be affected by man-made sounds. There are relatively few
species of marine mammal to consider (about 125). Howev-
er, there are over 32,000 extant species of fish (www.fishbase.
org) and tens of thousands of species of marine invertebrates.
This diversity, particularly in body type and physiology, is
likely to result in substantial interspecific differences in how
sound affects different species, as has been shown for stud-
ies of effects of naval sonars (Popper et al., 2007; Halvorsen
et al., 2012b) and seismic airguns on fishes (McCauley et al.,
2003; Popper et al., 2005).

In setting sound exposure criteria there are a number of
scientific options. It has been commonplace in the past to
specify those sound levels that result in injury to animals,
especially if these are likely to result in death. However, this
level of damage occurs only very close to very intense sound
sources like percussive pile drivers. For marine mammals it
has been considered more relevant to estimate the received
levels, or thresholds, above which individual marine mam-
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Assessing the Impact of Underwater Sounds
on Fishes and Other Forms of Mlarine Life

mals are predicted to experience changes in their hearing
sensitivity (either temporary or permanent) from underwa-
ter anthropogenic sound sources. In its most recent guide-
lines for marine mammals, NOAA (2013) has designated
acoustic threshold levels for the onset of both temporary
(TTS) and permanent hearing threshold shifts (PTS) for dif-
ferent marine mammal groups, and for both continuous and
impulsive sources. However, NOAA has stressed that these
acoustic threshold levels do not represent the entirety of an
impact assessment. Rather, they provide one of several tools
(in addition to behavioral impact thresholds, auditory mask-
ing assessments, and other evaluations) to help understand
the ultimate effects of any particular type of impact.

With fishes, it is effects on behavior that are considered most
relevant in terms of effects upon populations (Popper et al.,
2014). These effects can occur at much greater distances
from the source than sound levels that can do physical harm,
and they almost always involve a lower onset threshold than
tissue injury or damage to the auditory system.

Metrics

Because of a general lack of information on the effects of
sounds on fishes and other marine animals the sound ex-
posure criteria that have been applied in practice do not al-
ways reflect the complexity of the sounds to which animals
are being exposed or the hearing capabilities and behavioral
responses of the animals themselves. For example, as a con-
servative measure, the NOAA Fisheries and the US Fish and
Wildlife Service (USFWS) have used 150 dB re 1 uPa RMS
(Root Mean Square) as the threshold for behavioral effects to
fish species that are listed as being threatened or endangered.
This criterion has been applied in many biological opinions
evaluating percussive pile driving activities. The criterion
was selected on the basis that sound pressure levels in excess
of 150 dB re 1 pPa RMS could cause temporary behavioral
changes (startle and stress) that might decrease a fish’s abil-
ity to avoid predators (Woodbury and Stadler, 2008; Stadler
and Woodbury, 2009). The scientific origin of this value is
not known (Hastings, 2008). In addition, species differences
have not been taken into consideration in applying this value.

Moreover, sound levels expressed as RMS values may be ap-
propriate for some continuous sounds but they do not ad-
equately describe more complex sounds, as the RMS simply
averages out varying sound levels. Sounds that are transient
(of short duration and high amplitude) can cause particu-
lar damage to tissues, and may also evoke strong behavioral
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responses. For impulsive sounds the instantaneous peak
level has been used in a number of sound exposure criteria,
although this metric does not account for the total energy
within the sound and requires a fast sampling rate for effec-
tive measurement. The sound exposure level (SEL), which is
related to the total acoustic energy, is used as a complemen-
tary metric. The SEL takes into account both level and dura-
tion of exposure (ANSI, 1994). This metric can be used to
normalize a single sound exposure to one second, enabling
sounds of differing duration to be compared.

The SEL can also be used to account for accumulated expo-
sure to repeated sound energy over the duration of a repeti-
tive activity such as pile driving, or for continuous activity
over a specified period of time. The exposure is then ex-
pressed as the cumulative SEL (SEL.,,,) (Popper and Hast-
ings, 2009; Halvorsen et al., 2012a).

The criteria agreed upon by the US Fisheries Hydroacous-
tic Working Group (FHWG, 2009) for the onset of effects
of percussive pile driving activities in terms of injuries to
fishes identified the dual criteria of a peak sound pressure
level of 206 dB re 1 yPa and an SEL,,,, of 187 dB re 1 pPas.
The additional specification of a peak level recognizes that a
cumulative SEL on its own may not be sufficient to account
for all potential impacts. However, it is clear that even the
use of these dual metrics cannot distinguish fully between a
series of sounds that are damaging and those that are not. If
the SEL,,,, is to be used as a metric for a series of impulses, it
is also important to specify the time period over which the
SEL is accumulated, the number of impulses, the repetition
rate (as there may be recovery between repeated pulses),
and the rise time of individual pulses. Recent experimental
evidence suggests that the basis for physical injury to fishes
from percussive pile driving is a combination of energy in
single strikes and the number of strikes, but these two are not
related in a linear fashion (Halvorsen et al., 2012a).

Another issue is that in some cases, sound exposure crite-
ria specify the level received by the animal. In others, they
specify a level at a particular distance from the source (of-
ten neglecting the distributed nature of many real sources,
whether they are large ships or extensive seismic airgun ar-
rays). For simplicity, it is often assumed that animals remain
at a constant distance from the source, but this may seldom
be the case. Where animals are moving, perhaps to avoid the
sounds, these movements may later take them outside the
range of any effects. Some sources, like seismic airgun ar-
rays and ships, are also moving. It can therefore be difficult



Sounds we make in the sea may
interfere with the ability of fishes
to detect and use sounds of
biological relevance, and could
have a substantial impact on their

fitness and survival.

to model the actual sound levels received by the animals over
time and space, or to define precisely the SEL,,,, they experi-
ence. There is often insufficient information about the com-
plexity of actual animal responses to understand when they
will avoid sounds and when they will not.

While, as discussed above, sound levels are commonly ex-
pressed in terms of sound pressure, not all fishes can detect
sound pressure. Fishes and all invertebrates capable of hear-
ing are essentially sensitive to the kinetic elements of sounds
(particle motion). Relatively few species of fish detect sound
pressure (Popper and Fay, 2011). But it is still relatively rare
to specify and measure sounds in terms of their particle mo-
tion levels, despite the importance of kinetic energy to these
species.

Moreover, it is not only sound that travels through the water
that is of interest, but sound may also be transmitted through
the substrate as well, either through direct propagation or via
interface waves. Pile driving and seismic airguns, in particu-
lar, may result in high levels of ground vibration to which
many fishes and invertebrates are especially sensitive. Fur-
ther complicating the issue is that ground vibrations may re-
enter the water at some distance from the source at very high
energy levels (Popper and Hastings, 2009), making standard
propagation models less than useful in predicting signal lev-
els at an animal distant from a source producing sound that
penetrates the substrate.

Frequency Weighting

Animals do not hear equally well at all frequencies within
their functional hearing range. They are more sensitive to
some frequencies than others (Figure 1). Applying frequen-
cy weighting to measurements of man-made sounds offers
a method for quantitatively compensating for differences
in the frequency response of sensory systems. It minimizes
the influence of extremely low- and high-frequency sounds
sources that may be detected poorly, if at all, by the animal.

For marine mammals, generalized frequency-weighting
functions have been derived for different functional hear-
ing groups, distinguishing species that only detect lower fre-
quencies from those that detect ultrasound. Thus, Southall et
al. (2007) developed ‘M-weighting’ curves to compare the ef-
fects of man-made sounds upon different marine mammals.

The use of weighting curves is especially relevant when ef-
fects in terms of behavioral responses of animals are being
considered. With tissue injury, or damage to the auditory
system, frequencies falling outside the hearing range of the
animals may still be important and cannot be eliminated. In
this case weighting is not always appropriate. For example,
although they may be inaudible, the high frequencies asso-
ciated with rapid rise-times in impulsive signals may bring
about or exacerbate injury. If an animal is subject to seismic
airguns or pile driving, the higher frequency components
may result in injury even if the animal cannot hear those fre-
quencies. For this reason the latest draft NOAA guidelines
for marine mammals do not recommend the use of weight-
ing for measuring peak sound levels (NOAA, 2013).

In evaluating the impact of sounds upon humans, use is
made of weighting curves based on equal loudness contours
(Suzuki et al., 2004). Observers are asked to match sounds
against one another to compare their subjective loudness.
Such curves are applied in the evaluation of effects from en-
vironmental and industrial noise, and for assessing potential
hearing damage and other noise health effects. Thus, the A-
weighting curve is derived from the inverse of an idealized
equal loudness hearing function across frequencies, stan-
dardized to 0 dB at 1 kHz (ANSI, 2006).

Equal-loudness contours are lacking for most marine ani-
mals and frequency-weighting functions are instead often
based on hearing thresholds at different frequencies. Such
weighting is not directly comparable to A-weighting. The
hearing threshold (or auditory threshold) is the sound level
that is just audible to an animal 50% of the time either under
quiet conditions, or in the presence of a specified background
noise level. Plotted as a function of frequency these threshold
data provide an audiogram (Figure 1). Hearing thresholds
are generally determined for pure tones (a single frequency),
ideally against a low level of background noise.
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Figure 1: Audiograms for four species of fish; the dab Limanda li-
manda (Chapman and Sand, 1974); the Atlantic salmon Salmo sa-
lar (Hawkins and Johnstone (1978); the Atlantic cod Gadus morhua
(Chapman and Hawkins, 1973); and the Atlantic herring Clupea
harengus (Enger, 1967). Auditory thresholds for the first three of
these species were obtained by behavioral conditioning experiments
carried out in the sea. Thresholds for the herring were obtained us-
ing auditory evoked potentials from the ear in experiments in the
laboratory. Note that the audiograms for the dab and salmon are
expressed in terms of sound pressure, for purposes of comparison, al-
though both of these species are actually sensitive to particle motion.
The values shown for these two species would only be valid under
[ree-field conditions.

Although measuring equal loudness levels in human listen-
ers is relatively straightforward, it is much more difficult to
examine loudness matching or perform loudness compari-
sons with aquatic animals. Nevertheless, some have aspired
to determine such weighting curves for marine mammals.
Thus, Finneran and Schlundt (2011) have relied upon ob-
jective measurements, such as response latency, to estimate
equal loudness contours for the bottlenose dolphin (Tursiops
truncatus). From their experiments they derived auditory
weighting functions, which they have suggested could be
used to predict the frequency-dependent effects of noise on
odontocetes (toothed whales, including dolphins).

In the latest provisional NOAA guidance on sound exposure
criteria (NOAA, 2013) marine mammals are divided into
functional hearing groups (low-, mid-, and high-frequency
cetaceans, and otariid and phocid pinnipeds). Marine mam-
mal auditory weighting functions are incorporated into the
setting of threshold criteria in the SEL,,,, metric. Use is made
of “representative” or surrogate individuals/species for estab-
lishing acoustic threshold levels for species where little or no
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data exist. This is done as a matter of practicality, as there
are insufficient adequate data for all marine mammal species
found worldwide.

Hearing Sensitivity Mleasures for Fishes

It is of course important that the audiograms on which
weighting curves are based are obtained under acoustic con-
ditions that give reliable and repeatable measures that truly
reflect the performance of the animal’s hearing system. Of
the many extant species of fishes, very few have had their
audiograms measured (e.g., Ladich and Fay, 2013), and of
these only a very few have been measured under acoustic
conditions that provided a calibrated acoustic field with valid
measurement techniques. Hawkins (2014) and Rogers et al.
(2014) have recently reviewed experiments aimed at provid-
ing those conditions. Most studies have been done without
regard to the kinetic element of the sound field. Moreover,
they have often been done in small chambers (often with
glass or plastic walls) where the sound fields are highly com-
plex and where it is almost impossible to set up and calibrate
a reliable kinetic field (Parvulescu, 1964; Rogers et al., 2014).

In addition, there are methodological problems associated
with the determination of hearing thresholds and the prepa-
ration of audiograms. Significantly, experiments to determine
audiograms for fishes are often carried out in noisy aquaria
where the thresholds determined to a particular sound may
be greatly affected by the level of man-made background
noise. Indeed, even when determined against natural aquatic
noise backgrounds, detection of the stimuli may be masked,
as shown by Hawkins and Chapman (1975). Here, the au-
diogram may parallel ambient noise levels, especially at the
lower frequencies, where ambient noise is higher. Masking
by noise may influence the curve used for weighting.

The techniques that have been used to obtain the actual
thresholds from fishes also vary by investigator and labora-
tory (ie., there is no standard protocol). Some thresholds
have been determined using behavioral conditioning tech-
niques. Here, the animal is trained to show a distinctive be-
havioral response when exposed to sounds (e.g., Tavolga and
Wodinsky, 1963). Such threshold determinations require a
significant investment of time in training each animal to re-
spond, but they do provide a true measure of the best hear-
ing capability to the sound (Sisneros et al., 2014). Behavior-
ally derived thresholds reflect the abilities of the animal to
detect and process the sound, and give an indication of the
lowest sound level to which an animal may give a behavioral
response.



Many investigators have used physiological measures such
as the auditory evoked potentials (AEP) to determine au-
diograms in fishes (reviewed by Ladich and Fay, 2013). The
AEP is measured with electrodes close to the central ner-
vous system or ear in response to short tone bursts, With
repeated signal presentation and averaging of the response,
the summed electrical activity in the vicinity of the electrode
can be discriminated against the electrical background noise,
and the “threshold” can be estimated as the minimum sound
pressure required to elicit an electrical response visible to the
investigator (or of a specified criterion magnitude).

It is important to recognize, however, that AEP measures of
the audiogram can differ significantly from those derived
using behavioral conditioning techniques (Sisneros et al.,
2014). AEPs only reflect the responses to sound at the lev-
el of the hair cells of the ear, or the responses of particular
groups of auditory nerve fibers, or in some cases the summed
responses of cells within the central nervous system. Such
physiological measures are very useful for comparing hear-
ing mechanisms, or for determining differences before and
after some intervention, such as exposure to loud sounds
(e.g., Popper et al., 2005; Halvorsen et al., 2012b). But they
are much less useful for determining the hearing capabilities
of a particular species, or comparing the behavioral respons-
es of different species.

Weighting and Sound Exposure

Criteria for Fishes

The audiogram does not give a full indication of those
sounds that will evoke behavioral responses or the magni-
tude of these responses in wild unconstrained animals. Nor
does it provide information on the performance of the ani-
mal in more complex auditory tasks. As Liberman (2014) has
pointed out, criteria for risk to the auditory system are usual-
ly constructed assuming that the audiogram is the gold stan-
dard functional test, and therefore that an exposure which
causes only a temporary threshold shift is essentially benign.
Liberman has shown that this assumption is not true for
mice and guinea pigs, and we would predict that this would
also be the case for aquatic vertebrates.

There are more than 32,000 extant species of fishes to be
considered, and the choice of appropriate surrogate species
or the definition of functional hearing groups is especially
problematic. One solution is to divide fishes into several
different categories based on the structures associated with
hearing and then develop generalized guidelines that, at least

for now, do not depend on the audiograms (Popper et al.,
2014). The functional groups include:

« fishes without a swim bladder (these can only detect kinetic
energy - e.g., sharks, gobies, flounder, some tuna including
Atlantic mackerel);

« fishes with a swim bladder that is far from the ear and thus
not likely to contribute to pressure reception, so the fishes
are primarily kinetic detectors (e.g., salmon, cichlids); and

« fishes where the swim bladder or other air bubble is
close to the ear and enables sound pressure to be detect-
ed, broadening the hearing range and increasing hear-
ing sensitivity (e.g., goldfish, herring, sprat, catfish, cod).

Popper et al. (2014) considered that fishes showing sound
pressure sensitivity are more likely to be affected by any in-
crease in man-made noise since the sound levels are more
likely to be well above their hearing thresholds than will be
the case for fishes in the other groups.

Nedwell et al. (2007) proposed a systematic weighting ap-
proach for application to aquatic animals using a metric
known as the dBy, (Species)” as a tool for quantifying the level
of sound experienced by individual marine species (includ-
ing marine mammals).
each species’ hearing ability by referencing the sound to the
hearing thresholds for that species. Since any given sound
will be detected at different levels by different species (as they
have differing hearing abilities) the species name is append-
ed when specifying a level. For instance, the same sound may
have a level of 70 dBy, for the Atlantic cod (Gadus morhua)
and 110 dB,, for a common seal (Phoca vitulina). The dB,, is
said by the originators to be similar to the A-weighting that
is used for human sound exposure in air. Actually, it is not
strictly analogous to A-weighting as the dB,, is based on the
audiogram, whereas the A-weighting is based on subjective
equal loudness contours.

The dB,, metric takes into account

The level of a man-made sound expressed as dB,, (Species)
is usually much lower than the un-weighted sound level, be-
cause the latter contains energy at frequencies that the species
cannot detect. The weighting eliminates this energy. Where
the energy within the received sound falls mainly within the
hearing range of the animal, then the weighted level may be
similar to the un-weighted level.

? Strictly the use of such attachments to the dB is incorrect, and strongly depre-
cated by standards authorities. The use of such attachments is necessary here to
enable us to refer to the work of others but we would emphasize that the symbol
dB indicates a non-dimensional ratio and is neither a quantity symbol nor an
abbreviation for level.
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Essentially, the dB,, (Species) metric is a frequency-depen-
dent, non-dimensional ratio of measured sound level to the
hearing threshold of an animal. The weighting is not just ap-
plying a frequency filter; it is providing a level that is weight-
ed by the actual sensitivity of the animal to sound, as indicat-
ed by the audiogram. The level of a sound expressed in dBy,
will be higher for an animal with greater hearing sensitivity.

It is of course critical that the dBy, (Species) be based upon ac-
curate behavioral threshold determinations. Values based on
AEP thresholds are often employed, although these thresh-
olds rarely provide valid hearing measures for fishes, as cau-
tioned earlier.

Moreover, as we have pointed out above, not all fishes and
perhaps no invertebrates, respond to sound pressure. Many
are sensitive to particle motion. In theory a dB,, value can be
determined for particle motion. However, the value is more
commonly expressed in terms of sound pressure, even for
animals that are known to be sensitive to particle motion.
Particular care must be taken in doing this as the values will
not be appropriate under all acoustical conditions, especially
for low frequency sounds. Indeed, there are many circum-
stances where it will be inappropriate; for example close to a
sound source, close to the sea surface, and in shallow water.

Despite the lack of high quality audiograms for the majority
of marine animals, the dB,, (Species) has often been utilized
within the United Kingdom for assessing the effects of man-
made sounds upon these animals, and it appears to have the
tacit approval of some regulatory agencies. In particular, the
dB,; (Species) has been used to evaluate the likelihood of
fishes responding behaviorally to sound exposure.

Nedwell et al. (2007) suggested that strong avoidance re-
sponses by fishes start at a level about 90 dB above the dB;
(Species) thresholds, while different proportions of fishes re-
spond at lower weighted levels. Mild reactions in a minority
of individuals may occur at levels between 0 and 50 dB above
the hearing threshold, and stronger reactions may occur in a
majority of individuals at levels between 50 and 90 dB above
the hearing threshold.

It must be noted, however, that these recommended levels
are largely derived from the proportion of fishes reacting to
sounds in only a very few studies on a few species of fish in
very particular environments (Maes et al., 2004; Nedwell et
al., 2007). There are very few other field data derived from
wild fishes under different conditions to support the assump-

36 | Acoustics Today | Spring 2014

tions about the sound levels at which fishes will react . More-
over, the initial observations by Nedwell and his colleagues
were based on fishes exposed to swept tonal sounds; sounds
that are rather different from the sounds generated by, for
example ships or percussive pile drivers. Clearly, substantial
caution must be exercised in applying the dB;, measure. In-
deed, defining response criteria applicable to all species may
be too simplistic an approach to evaluating behavior.

Behavioral IVleasures of the Responses
of Fishes to Sound

A major problem in assessing magnitude of effect is how to
interpret expressions used in the dBy,, approach such as “strong
avoidance reaction by virtually all individuals” in terms of the
effects on the behavior of particular fishes engaged in differ-
ent activities. Avoidance reactions by cod, perhaps gathered
in an area at a particular time of year for spawning, must be
assessed differently to avoidance responses within a routine
feeding area by dab (a species without a swim bladder).

Similarly, interruption of the annual coastal return migra-
tions of a species may need especially careful consideration.
Environmental statements often deal with these difficulties
by constructing short verbal scenarios for the fishes con-
cerned, outlining any effects upon animal populations and
the wider ecosystem. So far, however, these scenarios have
been mainly anecdotal and speculative, with a minimum of
actual evidence being presented. Thus, the most important
part of the risk assessment is often the least supported by
quantitative data.

Application of a weighted and formulaic approach to im-
pact assessment has the virtue of being relatively easy to
use. The dB,, (Species) , properly applied and based upon a
legitimate audiogram, does permit the distance at which a
sound is detected to be estimated. However, the use of this
metric to forecast the level of response is too simplistic. In
practice, very few studies have been carried out to investi-
gate the levels of sound at which behavioral responses occur
for the key species at risk. Those experiments that have been
carried out have not always defined the actual responses of
the fish in any detail. The assumption that particular levels
of response occur at specific dBy, levels for all species of fish
requires validation if it is to be routinely applied in risk as-
sessments. It is apparent from experiments in the field that
the behavior of fishes and other animals can be greatly af-
fected by a wide range of factors, including their previous



experience of sound exposure, seasonal changes, day/night
differences, and the very nature and condition of the animals
themselves (e.g., their motivation). Where sounds are well
above their hearing thresholds animals will not necessarily
be constrained in their behavioral responses by their hearing
abilities. As the NOAA (2013) guidelines point out, auditory
weighting functions best reflect an animal’s ability to hear a
sound. These functions may not necessarily reflect how an
animal will perceive and react behaviorally to that sound.

Based on this discussion, it is evident that there are major
procedural difficulties in bridging the gaps between setting
sound exposure criteria, estimating the distance and time
over which specified effects upon behavior might occur, and
then evaluating the actual risk to fish populations.

Behavioral Studies of Fishes

Supporting the need to better understand the actual behav-
ioral responses of fishes is a recent series of experiments on
the behavior of wild, pelagic fishes in response to sounds.
These studies indicate that fishes can show strong behavioral
reactions to impulsive sounds (Hawkins et al., 2014). The ex-
periments also showed that the responses of a particular spe-
cies to sounds can differ greatly from day to night ( Figure 2).

In these experiments, two species of fish, the sprat Sprattus
sprattus (related to herring) and Atlantic mackerel Scomb-
er scombrus (related to tuna) (Figure 2) were examined at
the same coastal location. Schools of both sprat and mack-
erel were exposed to short sequences of repeated impulsive
sounds, simulating the strikes from a percussive pile driver,
at different sound pressure levels. The sound exposure exper-
iments were carried out in a quiet area where fishes were not
accustomed to heavy disturbance from shipping and other
intense sound sources. Two small boats, tethered together,
were allowed to drift silently over fish schools, and sounds,
as well as silent control trials, were presented from an array
of custom-built sound projectors (Figure 3).

Behavioral responses included the break up of fish schools
and changes in the depth of the schools (Figure 4).

The incidence of responses increased with increasing sound
levels, with sprat schools being more likely to disperse and
mackerel schools more likely to change depth. The sound
pressure levels to which the fish schools responded on 50%
of presentations were 163.2 & 163.3 dB re 1 yPa peak-to-
peak, and the single strike sound exposure levels were 135.0
& 142.0 dB re 1 uPa*s, for sprat and mackerel respectively,
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Figure 2: Atlantic mackerel Scomber scombrus (top) and European
sprat Sprattus sprattus (bottom). Both species may gather in large

schools in the sea.
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Figure 3: Sound playback experiments were carried out from two
boats, tethered together, drifting silently over fish schools. An array
of four low frequency sound projectors was suspended from one boat,
and a sonar system on the second boat used to observe fish schools. A
short sequence of impulsive sounds (simulating percussive pile driv-
ing sounds) was transmitted and the subsequent responses of the fish
followed on a combined echo sounder and side-scan sonar. A hydro-
phone was subsequently deployed at different depths to measure the
received sound levels.
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Figure 4: Responses of a sprat school (A, at 5 m depth) and a macker-
el school (B, at 17 m depth) to sound playback, observed on the echo
sounder. The sound was a 20 s sequence of 10 impulses, occurring
between the two vertical lines. After a short latency the sprat school
breaks up and the fish disperse. The mackerel school changes depth.

estimated from dose response curves (Figure 5). These lev-
els were remarkably similar for sprat and mackerel. It was of
particular interest, however, that the fish responded strongly
to sound playback during daytime when they were aggre-
gated into schools, but did not respond at night, when the
schools had already broken up and the individual fish were
dispersed.

Mackerel and sprat are very different species. The mackerel is
a fast-moving predator, able to move rapidly from one depth
to another. It lacks a gas-filled swim bladder, an organ which
serves as an accessory hearing organ in many other fishes
and which enables them to detect sound pressure (Popper
and Fay, 2011). The hearing abilities of mackerel appear to be
relatively poor. Iversen (1969) examined hearing in a closely
related scombrid fish lacking a swim bladder, the mackerel
tuna Euthynnus affinis, and found that it was much less sensi-
tive to sound than other scombrid fishes with swim bladders.
The mackerel audiogram is likely to be similar to that shown
for the dab in Figure 1.
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Figure 5: Dose response curves showing the responses of sprat and
mackerel schools to sounds at different levels. Each data point is de-
rived from a single school exposed to sound, with a response designat-
ed 1, and a lack of response designated 0. The response level effectively
represents the proportion of occasions on which the fish responded.
In each figure the solid line represents the non-linear regression fit to
the data, and the dashed lines are the 95 % confidence intervals. In
both cases, the received sound pressure is expressed as peak-to-peak
level. Results were also examined in terms of the single strike sound
exposure level and showed the same trends. Note that the mackerel is
likely to be sensitive to particle motion.

In contrast, the sprat is a small forage fish, forming large
dense schools. Clupeid fishes including the sprat are thought
to be especially sensitive to sounds by virtue of specialized
gas-filled bullae in the head, associated with the ear, that en
ables them to detect sound pressure (Enger, 1967; Blaxter et
al., 1981). The sprat audiogram is likely to be similar to that
shown for the herring in Figure 1.

During the day, when sprat aggregated in schools as a defense
against predation, they were especially sensitive to sounds.
At dusk, when attacks from visual predators were greatly re-



duced, the sprat schools broke up and the individual sprat
dispersed, perhaps allowing them to forage and feed more ef-
tectively (Hawkins et al., 2012). At night the individual sprat
no longer responded to the playback of pile driving sounds.
During daytime, responses by both sprat and mackerel to im-
pulsive sounds occurred at similar and relatively low sound
pressures, corresponding in level to those recorded at tens of
kilometers from an operating pile driver. We would stress,
however, that it would be premature to use these data to de-
fine sound exposure criteria for sprat and mackerel. Other
schools of the same species, under different conditions,
might respond difterently. Moreover, although the response
levels were provided in terms of sound pressure it is likely
that the mackerel responds to particle motion.

The next step must be to assess the implications of the be-
havior observed from these fishes. Does the break up of
sprat and mackerel schools result in lasting damage to their
populations? To answer this question it will be necessary to
examine the effects of repeated exposure of the same fish ag-
gregations to sound over time, and to evaluate the energetic
and other fitness consequences of their responses.

Examining the Impact and Significance of
the Observed Changes in Behavior

More detailed studies of the behavior of the key species that
are at risk are required to establish whether the responses
observed are likely to result in adverse effects upon fish pop-
ulations. Attempts have been made to model fish responses
in the absence of direct information on their behavior when
exposed to noise. Thus, Rossington et al. (2013) used an in-
dividual based model to predict the impacts on Atlantic cod
from noise generated during a pile-driving event at an off-
shore wind farm in Liverpool Bay, UK. The model tracked
individual “fish” within the population. Each “fish” was rep-
resented as a particle that was subject to advection by the
tides and also had a set of behavioral rules, which governed
their responses.

Compared with the “non-hearing” fish, the “hearing” fish
were delayed in reaching their destination in the estuary as
a result of the assumed behavioral changes. However, what
significance can be attached to this finding? The assumption
that cod were swimming towards a particular destination
may not apply in practice. There are no available data on cod
movements in the area concerned, and their movements may
vary with season, time of day, and other factors. Moreover,
the assumptions made on the responses of cod may not have

been realistic representations of what would happen if cod
were actually exposed to pile driving noise. Indeed, it is very
likely that context plays an important role in determining
the behavior of fish including their responses to sounds, as
it does for marine mammals (Ellison et al. 2012). The sig-
nificance of behavioral responses will vary, depending on
whether animals are feeding, migrating, seeking particular
habitats, spawning, or engaged in other activities.

The Way Forward

There is a need to examine more closely those sound expo-
sure response patterns that give rise to significant detrimen-
tal effects on fish populations before a more complete risk
assessment approach can be developed and incorporated
into environmental statements. The development of specific
sound exposure criteria, whether weighted or unweighted, is
only the first step in performing risk assessment. It is impor-
tant to specify in greater detail the characteristics of those
sounds that result in effects. It is also necessary to describe
the behavioural responses of the animals in greater detail and
to assess the implications of those responses in terms of risks
to populations. Significant changes in behavior might in-
clude abandonment of spawning behavior or spawning sites,
movement away from preferred habitats, disruption of feed-
ing, increased energy consumption, and diversion or delay
of migrations.

There is also a need to reappraise the use of weighting curves,
especially where these are used to assess the likelihood of be-
havioral responses from fishes (and other animals) to sound
exposure. The use of the audiogram for weighting behavior,
and its use to assess and compare responses at much higher
sound levels is itself open to question. There is currently in-
sufficient evidence to justify the establishment of a scale of
weighted values, specifying the level of response for all spe-
cies, to be routinely applied to environmental assessments.

Currently, our ability to model the levels of sounds from par-
ticular sources over space and time, although still imperfect,
is improving. It is becoming possible to map the areas over
which animals might experience effects and to assess the level
of exposure of marine animals to sound under a range of cir-
cumstances. Predicting the effects of that exposure in terms
of physical injury to fishes is now possible for some sound
sources as a result of recent laboratory experiments (e.g.,
Halvorsen et al., 2012a; Casper et al., 2013). However, pre-
dicting effects upon behavior is much more difficult. Model-
ing behavior may offer scope for improving the objectivity
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of risk assessment, rather than relying on simple anecdotal
scenarios for describing the impact of behavioral changes.
However, what we really need are more behavioral observa-
tions and experiments on the behavior of wild fishes. Only if
we know how and when they react, and are able to assess the
significance of those reactions, can we estimate the risks to
which they will be exposed in an objective and valid way.

Biosketches

Professor Anthony (Tony) Hawkins is
a Director of Loughine, a small com-
pany carrying out marine research for
government departments and other
customers. Dr Hawkins’ PhD thesis
was on sound production by fish and
resulted in a lead article in the journal
Nature on the spawning behavior of
haddock, an important food fish. He
subsequently received the A B Wood Gold Medal and Prize
from the British Acoustical Society for his work on the hear-
ing abilities of fish. After carrying out further research on
fish migrations, fish energetics and the behavior of fish in
response to fishing gears, Dr Hawkins was appointed Direc-
tor of Fisheries Research for Scotland in 1987 and served in
that post until 2002. He is currently working with fishermen
and other stakeholders to provide advice to the European
Commission on the management of fisheries in the North
Sea — one of the most intensively fished areas in the World.
Dr Hawkins is a fellow of the Royal Society of Edinburgh and
was appointed a Commander of the British Empire by Queen
Elizabeth for his work on fisheries.

Arthur Popper is professor of Biology
at the University of Maryland and edi-
tor of Acoustics Today. His research
interests over his career have focused
on hearing by fishes, and this has
more recently evolved into a focus on
applied issues on effects of man-made
sound on aquatic animals. Dr. Pop-
per is also the editor of the Springer
Handbook of Auditory Research (SHAR), a series of over 50
books that are very widely used in the auditory community.
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Dr. Popper has also organized three international meetings
on effects of noise on aquatic life (with Dr. Hawkins) and
serves as consultant on the topic for government agencies
and industry both in the U.S. and abroad. He is a fellow of the
American Association for the Advancement of Science and
of the Acoustical Society of America. Dr. Popper will formal-
ly “retire” from the University of Maryland at the end of June,
2014 but will continue his editorial and research activities as
professor emeritus. And, in addition to his science-related
activities, he will continue in his role as co-director of Ter-
rapin Teachers (www.tt.umd.edu), a program that is focused
on increasing the number, and improving the discipline-fo-
cused education, of college students who go on to become
science and math teachers in U.S. high schools.
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High Temperature
Superconductivity and
Ultrasound

Resonant ultrasound reveals a thermodynamic phase that may be important
in understanding high temperature superconductors.

The phenomenon of superconductivity is one of the many great surprises of science.
Building on the liquefaction of helium on 10 July 1908, on 28 April 2011 H. Kam-
merlingh Onnes (Onnes, 1911) cooled mercury to a low enough temperature that
its resistance was “...near enough null”. By 1986, the highest temperature T at which
superconductivity had been observed was just above 20K. Work over the seven de-
cades after the discovery of superconductivity revealed many unusual properties of
superconductors. Of those properties, the most obvious is the vanishing of electrical
resistance. The resistance was so low that no simple resistance measurement was
found to be good enough to confirm this. Instead, a persistent current was induced
in a closed loop of superconductor and the decay of the current was measured to a
part in 10° over year time scales to put bounds on the resistance of the loop of less
than 10% ohms, with million-year decay times. However the defining characteristic
of superconductivity is the Meissner effect (Meissner and Ochsenfeld, 1933), which
is the property that when a metal in a magnetic field is cooled to below its super-
conducting transition temperature, it expels the magnetic field from the interior of
the superconductor (we'll come back to this later). This is not what a simple perfect
electrical conductor would do--it has no problem with the magnetic field threading
through it. The expulsion of the magnetic field by a superconductor requires energy
and that can only come from a thermodynamic phase transition like that of water to
ice. The difference in energy between the normal and superconducting state is the
energy of the magnetic field in the volume of the material when it is in the normal
state, just like the latent heat that must be removed from water at 273.15K to make
ice.

To do this, persistent currents form on the surface of a superconductor in just the
right way to cancel the interior magnetic field. The currents penetrate a small dis-
tance, the London penetration depth, AL, and for magnetic fields above some critical
magnetic field H,, superconductivity is destroyed. It is a curiosity that the Meissner
effect is intimately related to “gauge symmetry” breaking. The phenomenon of gauge
symmetry breaking, which we will not explain here, originally introduced for su-
perconductivity in metals and reviewed by Anderson (Anderson, 1966), is now an
important part of the “standard model” of particle physics and is the basis for the
“Higgs mechanism” which gives mass to all elementary particles.

In 1986 scientists were stunned by the discovery of a superconductor with twice the
transition temperature of the best superconductors found in the preceding seven de-
cades. Adding to this baftling discovery was that this sudden jump in the usable tem-
perature of superconductors occurred not in a conventional metal but in a copper
oxide compound (a cuprate). The phenomenon was so outside the current thinking
about superconductivity that it was distinguished with the name “high temperature
superconductivity”, or HTS. It is, today, still not understood.
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Understanding high temperature superconductivity will re-
quire new theoretical insight outside the scope of the existing
theory of metals. The success of the 1957 Bardeen, Cooper,
and Schreiffer (BCS) theory of superconductivity (Bardeen
et al., 1957) was a direct result of a deep understanding of
the conventional metallic state. In cuprate HTS, the normal
metallic state out of which HTS emerges is today not under-
stood and this is the main scientific attraction. Even though
theory is in the dark, HTS has motivated enormous advanc-
es in many measurement techniques that have also proved
fruitful in understanding other condensed-matter systems.
We review here some aspects of superconductivity, lay out
incompletely and with bias some of the problems before us in
the grand challenge to understand high temperature super-
conductivity, and briefly describe our recent insights (Shek-
hter et al., 2013) using Resonant Ultrasound Spectroscopy
(RUS) that reveal a “pseudogap” and hint at the origin of the
unusual metallic state in cuprates.

Important Ingredients for a Theory

of Superconductivity

The microscopic theory of superconductivity is extensively
reviewed and beyond our intended scope here. Here we only
provide a broad sketch of the theory of conventional super-
conductivity that indicates how scientists direct work toward
understanding HTS, and why acoustic measurements are
relevant. This will also provide the context for our recent
measurements using RUS. Let’s begin with the theory of met-
als (Ashcroft, and Mermin, 1976).

In empty space an electron has well-defined momentum,
“theory jargon” for an electron moving at constant speed in
a fixed direction. It also has spin. Surprisingly, when an elec-
tron moves in a periodic array of atoms (crystal) that make
up a metal, its quantum wavelike nature enables it to do this
without losing energy just like sound waves diffracting in a
phononic crystal or light through a diffraction grating.

We can imagine constructing a metal by adding electrons
one by one to a fixed array of atoms (ions) whose position
is determined by the crystal lattice structure. The first elec-
tron goes to the lowest energy state permitted by the lattice,
almost a state of rest (~zero momentum). You can think of
this like sound waves in a room. The lowest resonance of the
room is a sound wave where a half wavelength fits in the lon-
gest dimension of the room. But we're dealing with electrons.
No two electrons (fermions) can be in the same momentum
(and spin) state. The second electron can also be in this low
est energy state (but with opposite spin), however the third

...Similar to magnetization, heat
capacity, electric polarization, the
elastic stiffness is fundamentally
connected to thermodynamics

and the free energy.”

electron is out of luck. It must be in a state of higher energy.
The acoustics analogy is a half wavelength now fits in the sec-
ond-longest dimension of the room. By the time we throw in
10* electrons to make the metal electrically neutral, the last
electrons have the highest energy in the metal (the Fermi en-
ergy) and are moving at about 300 times the speed of sound
or about 1% of the speed of light.

Because the atoms in the crystal are equally spaced (period-
ic) there are only a finite number of meaningful solutions to
the electron wave equation, and therefore only a finite num-
ber of allowed energy states for an electron in a solid. The
acoustics and digital electronics analogy here has to do with
aliasing and the Nyquist limit. Consider a digitizer acting on
a sinusoidal signal. Lets say the digitization rate is exactly
twice the sine wave frequency, and the digitization starts at
the first zero crossing of the sine wave. The next data point
will be at the next zero crossing and so on. The end result
is that the digitizer output is all zeros. This is the Nyquist
limit. For a sine wave of lower frequency, the digitizer more
or less captures the sine wave. The curious effect occurs if
the sine wave frequency is slightly higher than that half that
of the digitizer. The digitizer captures a sine wave, but it is at
a very low frequency—namely one that is at the difference
between sine wave and half the digitizer frequencies. This
is called aliasing, and is used in such things as cell phones
so that the very high radio frequencies can be reduced to a
lower value for processing (called an undersampling mixer).
If we consider the ions as the digitizer for electron wave
functions, then just as in the electronics case, any electron
wave function with wavelength shorter than twice the lattice
spacing is the same physically as a much shorter wavelength
electron. This forces the system to have only a finite number
of physically-meaningful allowed electron wavelengths, and
therefore a finite number of allowed energies.
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Figure 1. The theory of metals takes the crystallographic array of
nuclei and pours electrons in, each going into a different quantum
state until enough go in to cancel the positive charge of the nuclei.
When a plot is made of energy versus momentum, in the very
simplest case, the electrons fill a sphere whose surface is at a single
energy, the Fermi energy— ~30,000K, so that the electrons at the
Fermi surface are moving on order 300 times the speed of sound.

Electrons move in 3-dimensional space, their momenta are
vectors. This is the starting point for any modern discussion
of a metal. An important concept is the Fermi surface. It
is a surface in a plot of electron energy versus momentum
inside of which all electron energy states are occupied, and
all states above it are empty (Figure 1). The difference be-
tween a metal and an insulator is that in a metal, not all the
allowed energy levels are occupied, while in an insulator, ev-
ery one is occupied, and, not surprisingly, in any particular
direction for metal or insulator, there are an equal number
of electrons moving one way as another, so there is zero net
electrical current. The empty energy states in a metal are very
close to the occupied ones, of order the Fermi energy divided
by Avogadros number. The tiny energy needed to shift an
electron to an empty state makes it easy for an electric field
to induce an electron to change its momentum, unbalancing
the number of electrons moving in a particular direction so
that an electric current is the result.

The shape of the Fermi surface and the properties of elec-
trons very near this surface determine most metallic proper-
ties including electrical and thermal conductivity, heat ca-
pacity, magnetization, and more. The electrons with energy
close to the Fermi surface are the only electrons that par-
ticipate in superconductivity (note that we will, throughout,
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use temperature as the unit of energy where E=k,T =hw and
where E is energy, T is absolute temperature, % is Planck’s
reduced constant, and k, is Boltzmann’s constant).

There are several energy scales at play when we discuss su-
perconductivity. The first energy scale is the one just dis-
cussed, the Fermi energy T}, about 30,000K, the same order
of magnitude as chemical binding energies. We see, then,
that metals are very “cold”, that is, the primary energy scale
for electrons in a metal is 100 times room temperature.

The second energy scale is the Debye energy. Although this,
as we will show, is connected to sound and ion motion, it is
intimately also connected to electron motion. We've ignored
electron and ion charge up to this point. Electrons and ions
are charged and we would expect them to interact over long
distances via the ordinary coulomb electrostatic force. How-
ever electrons near the Fermi surface in a metal can adjust
their motion to screen all long range electrical forces. That
is, if, say, a positive charge were placed inside a metal then a
cloud of electrons would form around it so that the positive
ion and its negatively charge electron cloud would appear
electrically neutral some short distance away. This ensures
that in the metal the “coulomb forces™ act only over very,
very short distances-less than a unit cell. Such screening
makes the forces between ions short range so that a useful
model of ions in a solid is an array of masses and springs, as
diagrammed in Figure 2. This model of a huge array of mass-
es and springs is of order Avogadro's number of quantum
harmonic oscillators, and is responsible for all the acoustic
properties of a metal. Each oscillator contains quanta of vi-
brational energy or phonons. The spectrum of phonons form
the dispersion curve in a solid, Figure 3.

Xi

Figure 2. Screening of charges from each other by weak dynamic

motion of electrons shields the the positive ion motion u; at x; and
makes a useful model of vibrations in solids to be that of masses m
more or less connected within a few nearest neighbors by springs c.




o(K)
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Figure 3. The solution to an array of order Avogadro’s number of
simple quantum harmonic oscillators, called the phonon disper-
sion curve. The horizontal axis is the momentum in units of h. The
maximum momentum is that of a vibration whose wavelength is
twice the unit cell distance. The vertical axis is in arbitrary units of
angular frequency. In a typical solid, the maximum frequency of a
phonon is 300K or so and the solid line is really of order 107 discrete
points.

The allowed phonon wavelengths are also subject to a Ny-
quist-like argument but, because phonons are bosons, a solid
can have as many phonons as you like. The hotter the solid,
the more phonons there are. The maximum frequency of
vibration in a solid (maximum energy for a single phonon)
is of order 300K, or the Debye energy. Notable, the linear
slope of the phonon dispersion curve at low momentum is
the speed of sound.

In real metals, the coulomb interactions are not weak. How-
ever the short-range (screened) interactions enable a very
successful description of metallic and elastic properties, the
“Fermi liquid” theory of metals in which the ensemble of
electrons is treated as liquid. In so-called “correlated” metals
such as the HTS cuprates, the effect of coulomb interactions
is not captured by Fermi liquid theory—electrons are no lon-
ger independent as they are in our simple description of the
effects of screening. The breakdown of the Fermi liquid de-
scription is why we do not understand HTS and what makes
the physics of cuprates a grand challenge of condensed matter.

There is another way to break the Fermi liquid ground state.
Fifty years after the discovery of superconductivity, Cooper
(Cooper, 1956) had the essential insight that the Fermi sur-
face is unstable if electrons attract each other, no matter how
weakly. He showed that two electrons above the Fermi sur-
face form a bound state for any weak attraction, the famous
“Cooper pair”. That Cooper pair is no longer a part of the Fer-

mi surface. Bardeen, Cooper, and Schreiffer (BCS) showed
that in a real metal with an attractive inter-electron potential,
then all electrons (of order Avogadro’s number) will form
pairs, and the liquid of these pairs forms a single quantum
state, the so-called superconducting condensate, lowering
the system energy. The properties of this condensate explain
all superconducting properties. All Cooper pairs have zero
momentum. To break up a pair takes a lot of energy, of order
T,, the so-called “superconducting gap”. What this means is
that for a single electron to change its state, it has to have not
the tiny amount of energy needed in an ordinary metal to be-
gin electrical conduction, but now a large amount of energy
to jump across the superconducting gap. But the electrons
in the condensate are a different story. Because the conden-
sate is a single quantum state with a large number of elec-
trons in it, and because it takes a lot of energy, of order T to
break it up, it can move without resistance. That is, an electric
field applied to it accelerates the entire quantum state as if it
were a large chunk of electric charge in a vacuum. The ex-
planation of this led to the second superconductivity-related
Nobel Prize, the one for BCS. One important aspect of this
condensate is that the number of electrons that participate
in it is not well defined, or equivalently, for this state charge
is not conserved (it is of course conserved for the totality of
electrons). This breaks gauge symmetry, something we won’t
explain (Anderson, 1966). Though very controversial at the
time, this idea led to the Higgs mechanism, at the basis of the
standard model of particle physics.

What did BCS realize? If like charges repel, how can elec-
trons attract each other? Bardeen, convinced by an ion-mass
isotope effect, connected the missing “glue” to ion motion.
The isotope effect for most superconductors known at the
time is not the one that gave Bardeen this idea, nevertheless
in the end his theory was proved correct and predictive for a
restricted (BCS) class of superconductors. The pairing “glue”
in BCS superconductors is phonons. How does this attrac-
tion work?

It was known before 1957 that electrons couple to phonons.
What does this coupling look like? Electrons move at 300
times the speed of sound. The electrons tweak the lattice for
short times (a non-resonant drive) creating a distortion in
the crystal lattice that takes a long time to recover and so is
“retarded” because ions are heavy. Other electrons will see
that distortion as a brief increase in a local positive charge
background, creating a weak interaction between electrons.
To keep close to reality we must discuss the quantum me-
chanical form of this interaction (Abrikosov, 1965),
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with w(k) the frequency for a given energy of an object with
momentum k, e the electron energy, p the phonon momen-
tum, u(p) the phonon dispersion curve. Figure 4 shows the
energy

)
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“landscape” for this expression and the “Feynman diagram”
used to represent it. The second term in the denominator on
the right of Equation 1 is the energy of the phonon that is ex-
changed between two interacting electrons, always less than
the Debye energy w, (300K). If the change in energy (e.g.
e3-el) of each electron is much less than the Debye energy,
the phonons “mediate” an attractive interaction (the sign of
the right side is negative). Figure 5 shows how the energy
landscape is modified to form the superconducting gap in
the energy spectrum of a superconductor.

D Ds
T l 300K
Ps M

30,000

—_—

123 Dy

Figure 4. The Feynman diagram used to describe the electron-
phonon interaction, and the energy landscape for the process. For
electrons within T . of the Fermi energy, which is much less than
the Debye energy of 300K, the phase shift from driving a harmonic
oscillator (phonon) below resonance produces an attractive interac-
tion.

Superconductivity and Ultrasound

How does ultrasound connect to superconductivity? Simi-
lar to magnetization, heat capacity, electric polarization, the
elastic stiffness is a fundamental thermodynamic susceptibil-
ity of the free energy (Migliori, 2008). The free energy dif-
ference AF between the superconducting and normal states
is the energy of the (maximum possible) magnetic field ex-
pelled from the volume of the superconductor, proportional
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Figure 5. A cartoon of the occupied energies of electrons above T,
(left) and below T (right). The bound pairs sweep out an energy
gap. For electrons to show electrical resistance, they must dissipate
energy, only possible if they are driven hard enough to cross the
energy gap. Driving them gently produces motion of the entire su-
perfluid without dissipation, resulting in zero resistance.

to magnetic field squared. Because the superconducting
phase transition is second-order or continuous, absolutely
nothing seems to happen right at the phase transition so that

AR, = Hi(T,BP)=0

where T is temperature, B is magnetic field, P is pressure (we
have set all constants equal to unity). Equation 3 tells us the
volume change across a superconducting phase transition
AV is the derivative of Equation 1which is (pressure change
times volume change is energy change)
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=0

because at T, the critical field H,. is zero. The change in vol-
ume with pressure is directly related to the elastic stiffness,
Equation 4, and isat T,

_aZAI-" _ AV
P |

Te

The first term on the far right of Equation 4 is again zero,
but the last term is positive definite. For a continuous (or
second-order) phase transition such as superconductivity
(or the pseudogap), the elastic moduli ¢; are discontinuous-
-there is a step change downward upon entering the ordered
(low temperature) phase. There is also a break in slope of
moduli versus temperature. Thus elastic moduli, and the
sound speeds that they determine, are direct probes of a sec-
ond order (or any) phase transition and reveal it with the very
strong response of a discontinuous jump even though the phase
transition is continuous.



The method we used to study high temperature supercon-
ductivity, called Resonant Ultrasound Spectroscopy or RUS
is reviewed extensively (Migliori and Maynard, 2005). In
brief the mechanical resonances of a specimen of regular
shape (easy to measure) are analyzed (difficult computational
problem) to obtain the full elastic tensor. With good control
over vibration and temperature, we can detect 10”7 changes in
elastic moduli. We developed new and powerful techniques
to determine accurately the frequency and width of reso-
nances. Figure 6 illustrates part of this approach where the
in-phase and quadrature response across the two resonances
is shown. Balsa wood (we cannot seem to find anything less
acoustically dead at 4K) for the cell improves vibrational iso-
lation down to 4K. Even with these improvements, the mea-
surements we were after required perfect detwinned single
crystals (Shekhter et al. 2013), only recently available.
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Figure 6. Shown here are raw resonance in-phase and quadra-

ture data for two YBCO resonances (left) and the plot in in-phase,
quadrature space (ReV-ImV) of the same peaks (right). Note how by
choosing the data point interval to be uniform in ReV-ImV space,
the inset easily reveals that two peaks are present, while greatly
reducing the time for a measurement with no compromise in signal
to noise ratio.

How big are the effects? At the superconducting transition,
a fraction T,/ Ty of electrons change energy by the super-
conducting gap, proportional to T, so it is expected that the
fractional step discontinuity in moduli is of order (T,./ T;)2
and this is about what we observed (10*) in YBa,Cu,O, ;
(YBCO), Figure 7. This result is a first in that it suggests a
rather conventional thermodynamic signature of supercon-
ductivity in cuprates. This means that this elastic properties
of high temperature superconductivity in cuprates are not
anomalous, an important result made possible by acoustics.
Note that the transition we observed ultrasonically is very
sharp for a HTS superconductor, indicating that the speci-
mens we measured are nearly perfect. RUS is exceptionally
intolerant of flaws of any sort, but produces exceptional re-
sults when flaws are absent.

Figure 7. The overall resonant frequency response (proportional

to elastic modulus) of a compressional modulus of YBCO for both
near-optimally doped (red) and underdoped (blue), left, and the
superconducting transitions in expanded plots, right, measured with
RUS.

The Pseudogap and Ultrasound

The pairing glue in cuprates is not phonons. Instead, the pair-
ing glue is mediated by electronic excitations, yet-unknown.
It has long been recognized that the physics of superconduct-
ing pairing in HTS is related to the physics responsible for
the anomalous metallic behavior in the normal state. Electri-
cal conductivity and other measurements indicate a change
in the metallic behavior in cuprates across a boundary in the
temperature-oxygen-doping phase diagram. This boundary
defines the so called “pseudogap” phase (Figure 8) (Shekhter
etal., 2013). The conjecture is that the physics of the
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Figure 8. (Shekhter et al., 2013) The various measurements indi-
cating the presence of the pseudogap, with RUS results in red. The
transition temperatures for superconductivity are shown by the solid
black circles (left).
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“pseudogap” region of cuprates phase might provide insights
into the physics of the anomalous metallic state in cuprates.
Until it was not certain that the pseudogap was a thermody-
namic phase. A few years ago polarized neutron scattering
(Figure 8) measurements identified the onset of magnetic
order at the pseudogap boundary. Recent resonant ultra-
sound measurements (Shekhter et al. 2013) reveal a thermo-
dynamic signature at the pseudogap boundary that extends
to where the superconductivity is strongest. Because fluctua-
tions of the order parameter (basically the transition temper-
ature) associated with the pseuodogap have a similar energy
scale to that of phonons, those critical fluctuations just might
act as a glue for pairing. The jury is still out.

Summary

Understanding the anomalous metallic state in cuprates and
the high temperature superconductivity that emerges from
it are grand challenges of condensed-matter physics today.
Acoustics and RUS have proven to be revealing in studies of
HTS. The acoustic observation of the pseudogap thermody-
namic phase in HTS, though far from understood, and cer-
tainly not established as a mechanism for the glue of high
temperature superconductivity, has the ingredients needed
to replace phonons in assembling the pairs that upon forma-
tion become the charged superfluid of superconductivity.
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Underwater Acoustics
for Everyone

Discovery of Sound in the Sea (www.dosits.org) makes underwater
acoustics accessible for everyone from grade school students to
reporters, the public, and natural resource regulators.

Introduction

Seawater scatters and absorbs beams of light, making it difficult to see objects clearly
and at far distances underwater. Light penetrates only a few hundred meters into
the ocean, and trying to see underwater is similar to looking through fog on land.
Sound travels faster under water than in air (1500 meters per second (m/s) versus
300 m/s), providing information after much shorter delays (for the same distance in
air). Since sound travels far greater distances than light under water, sound is often
used to accomplish many activities by both animals and people. Oceanographers,
submariners, whales, dolphins, fishes, in short, all working or living in the ocean,
use sound to sense their surroundings, to communicate, and to navigate underwater.

For example, humpback whales have learned to utilize sound in a unique feeding
behavior, which researchers have studied using acoustic tools. Bubble-net feeding is
a coordinated foraging technique in which multiple whales emit bubbles from their
blowholes to restrict the movement of the forage fish. Whales then lunge from the
seafloor through the column of bubbles to the sea surface with a mouth full of food
(Figure 1). Researchers have designed digital suction cup tags that are attached to
animals to measure their pitch, roll, heading, depth, and sound production (Johnson
and Tyack, 2003). These tags were placed on feeding humpback whales to provide
insight into the underwater behaviors associated with bubble-net feeding (Wiley et
al., 2011). When and where in the behavior bubbles were produced were identified
using sound, which allowed researchers to identify the habitat characteristics that
constrain this unique feeding behavior.

While underwater sound is universally utilized for a wide variety of tasks, the sci-
ence of sound can be complex and difficult to grasp. Children learn at an early age
that by banging a spoon on a metal bowl, they are able to make wonderful sounds
that garner attention. A love of music is also developed and hopefully encouraged
throughout a child’s life. A fundamental presentation of the science of sound and
how it is described is often presented to students in 3rd or 4th grade in U.S. schools
and again in physical science classes in 7th or 8th grade. However, beyond these ru-
dimentary introductions, the study of the science of sound is not typically included
in traditional public school curricula.

To provide consolidated resources on underwater sound, the Discovery of Sound
in the Sea project (DOSITS; www.dosits.org) has been designed to provide accurate
scientific information at levels appropriate for all audiences, including the general
public, K-12 teachers and students, college students, regulators and policy-makers,
and professionals in industry, education, and the media (Vigness-Raposa et al., 2008,
2012, 2014; Figure 2). The DOSITS website covers the foundational physical sci-
ence of underwater sound and how sound is used by people and marine animals for
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Figure 1. Humpback whale feeding at the ocean surface on fish. The upper jaw is
displaying baleen plates that are used to sieve fish from the water, while the lower
jaw is displaying distended throat grooves that allow for large gulps of water to be
processed. Photo credit David Csepp, NOAA/NMFS/AKFSC/ABL, National Oceanic
and Atmospheric Administration/Department of Commerce.

As mentioned above,
educators in both
formal and informal
settings address the
science of sound.
It is important that
when they search for
related materials that
they are able to find
research-
based information,
founded on pub-
lished, peer-reviewed
literature. DOSITS
provides this
tent, as well as edu-

proven,

con-

cational  resources
that identify national
science education

brief introduction to

the foundational science and galleries included on the DOS-
ITS website follows, as well as a more detailed discussion of
the newly developed Career Gallery.

DOSITS has also developed specialized resources that target
a wide variety of audiences. There is much interest in under-
water sound in the general public, particularly as it relates to
potential effects of anthropogenic noise activities on marine
animals (Nowacek et al., 2007; Southall et al., 2007; Popper &
Hastings, 2009; Ellison et al., 2012; Moore et al., 2012; Popper
& Hawkins, 2012). The media widely covers marine mam-
mal stranding events due to the public’s interest and fascina-
tion with marine mammals. The pictures of dead animals on
beaches can result in an understandable desire to know the
cause of such losses and how they could be prevented. Misin-
formation in the media may mislead the public into thinking
that scientists may know the cause(s) behind specific strand-
ing events. The resources that are available for the media to
appropriately report on the issues of underwater sound and
how people’s use of sound may coincidentally occur with the
strandings of marine mammals have been limited. The me-
dia, including print, radio, Internet, and television reporters,
need easy access to short, succinct recaps of the most up-to-
date scientific research results on underwater sound and its
effects on marine life to complement the latest news event
that they are investigating.

standards. It is rela-
tively straightforward for an educator to incorporate these
resources into their learning environment once they have ac-
cess to them.

Finally, natural resource managers and regulators are re-
quired to make decisions based on the best available sci-
ence. However, they have limited time in which to find and/
or follow the plethora of published scientific manuscripts.
In addition, they may not have the backgrounds in science,
much less acoustics, on which to understand the literature or
to review the published scientific research and synthesize it,
thereby integrating it into their decision-making.

This article will focus on the resources available on the DOS-
ITS website for each of these user groups: media, educators/
students, and regulators.

Foundational Science

DOSITS has three science sections that are the founda-
tion upon which the remainder of the site is built: science
of sound, people and sound, and animals and sound. These
three major sections include approximately 400 pages of con-
tent, which provide a thorough introduction to underwater
acoustics, its many uses, and the appropriate level of concern
regarding potential effects on the environment and marine
life with both basic level information as well as in-depth con-
tent. More advanced scientific discussions of key topics are
also included.
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Figure 2. Screen shot of the newly redesigned front page of the DOSITS

ing, communication, and
research and exploration
are just a few examples of
the tasks that require the
use of underwater sound.
Throughout the Peo-
ple and Sound section,
there are extensive links
to the Technology Gal-
lery, which is described
in more detail below, to
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tools and equipment that
people use to accomplish
these tasks.
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Scientist Technology

Animals and Sound in
the Sea (www.dosits.
org/animals/animal-
sandsoundsummary/)
includes information on
how marine animals pro-

velop DOSITS content

includes an additional level of peer review. Twice a year,
the DOSITS scientific advisory panel is convened to review
new material and update existing content, as new literature
is published. The DOSITS core team of scientific advisors is
joined by additional subject matter experts who review and
edit every word before it appears on the site. With such in-
tense scrutiny, the DOSITS site offers a fair and balanced
view of the best available science on topics related to under-
water sound.

The Science of Sound section (www.dosits.org/science/sci-
encesummary/) provides a comprehensive overview of the
science of underwater sound. It begins with very basic pages
that describe what sound is; how it is characterized by in-
tensity, frequency, and wavelength; and how sound is pro-
duced. There are extensive sections on sound movement and
measurement. Several of the science pages include associated
advanced topics that extend the knowledge from the basic
level presented on initial pages to a level that is targeted for
upper high school, undergraduate, and early graduate level
students (Vigness-Raposa et al., 2014).

The People and Sound section (www.dosits.org/people/
peoplesummary/) includes information on the many impor-
tant everyday activities in which people engage and on the
ocean that depend on sound for success. Navigation, fish-
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duce and receive sound,
and use sound to sense their surroundings, communicate,
locate food, and protect themselves underwater (Figure 3).
Sounds may be intentionally produced as signals to preda-
tors or competitors, to attract mates, to maintain group
cohesion, or as a fright response, for example. Sounds are
also produced unintentionally including those made as a
by-product of feeding or swimming. The animals may in-
tentionally slap their bodies on the water or slap body parts
together to make distinct sounds, like the sounds produced
by a humpback whale breaching (Figure 4). The Animals and
Sound section also includes an in-depth discussion on the
current state of knowledge of the effects of underwater sound
on marine mammals, fishes, and invertebrates.

Eye (and Ear!) Catching Galleries

Four galleries have been developed to highlight fascinating
aspects of underwater sound and capture the imagination of
all audiences, particularly those without an extensive science
background. The four galleries focus on underwater sounds
(Audio Gallery), scientific equipment (Technology Gallery),
acoustics related research (Scientist Gallery), and related ca-
reers (Career Gallery).

The Audio Gallery (www.dosits.org/audio/interactive) is one
of the most popular places on the site, as it includes sounds,
videos, and images of over seventy-five sound sources. Even
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the youngest DOSITS user can spend hours listening and
watching the variety of sound sources included in the Au-
dio Gallery. Short descriptions of the sound sources support

the media content, provided by over 150 generous acoustic
researchers. Categories of sound sources include marine
mammals, such as the humpback whale, Weddell seal, and
killer whale; marine invertebrates, such as snapping shrimp
and spiny lobster; natural sounds, such as lightning, rainfall,
and waves; and anthropogenic sources, such as a torpedo fir-
ing, a transiting vessel, and Navy sonar. The Audio Gallery is
continually being expanded to include new sources and new
media files. Please review our current collection and if you
are able to provide sound or video files of additional sources,
we would love to talk with you!

The Technology Gallery (www.dosits.org/technology/tech-
summary/) highlights the tools and equipment that are used
in underwater acoustics. Because light travels very short dis-
tances under water, sound is used for many tasks for which
light would be used in air. To accomplish these tasks, unique
equipment has been designed and engineered. The Technol-
ogy Gallery highlights many of these, from broadly used
gear such as hydrophones and projectors (sound sources) to
very specialized technology such as Acoustic Doppler Cur-
rent Profilers (ADCPs), archival marine acoustic recording
units, acoustic fish tags, and multibeam echosounders. For
example, the Automated Benthic Explorer (ABE) is an au-
tonomous underwater vehicle (AUV) designed to collect
data and samples, which uses multibeam echosounders for
advanced seafloor mapping (Figure 5).

Figure 3. French grunts produce underwater sounds. Photo credit
Julie Bedford, NOAA Public and Constituent Affairs, National Oce-
anic and Atmospheric Administration/Department of Commerce.

Figure 4. Time series of a humpback whale breaching. Photo credit
Holly Morin, University of Rhode Island Graduate School of Ocean-

ography.

The Scientist Gallery (www.dosits.org/scientist/scsumma-
ry/) is designed to capture and motivate the next genera-
tion of science, technology, engineering, and mathematics
(STEM) scientists. Young students and the general public
are curious about the paths scientists took to get to where
they are and what their daily activities involve. The Scientist
Gallery includes interviews with five leading scientists, who
describe their research relating to underwater acoustics. It
also includes the video transcripts of the scientist interviews
along with questions focused on what brought them into sci-
ence, and acoustics in particular, and what they would rec-
ommend for the next generation of science leaders. These
very detailed interviews are a wonderful complement to
the extensive, broad Career Gallery that will be launched in
spring 2014.

Newest DOSITS Gallery: Careers

There is a need to draw students into science careers. Students
are enticed by adventure and action, and a career in ocean
sciences offers both. Sixty-five percent of U.S. naval scientists
are 40 years old or older and will need to be replaced by well-
educated, future scientists that are U.S. citizens. The Career
Gallery provides a glimpse into the variety of careers related
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Figure 5. The Automated Benthic Explorer (ABE) being launched
for another night of data collection. Photo credit Submarine Ring
of Fire 2002 Expedition, NOAA/OER, National Oceanic and Atmo-
spheric Administration/Department of Commerce.

to underwater sound. It is designed to help students gainan
understanding of the diversity of career options, ranging
from physical oceanographers, who map ocean currents, to
ship operators and defense contractors.

DOSITS has developed material to encourage workforce
development in STEM fields. The searchable career gallery
describes over twenty ocean careers. Each career description
includes details such as educational requirements, suggested
knowledge and skills, possible duties and responsibilities,

and estimated salary range taken from the U.S. Bureau of La-
bor Statistics (www.bls.gov). An example of a current person
in each career is also included to provide real-world context
to the reader. Links to the DOSITS Technology Gallery and
other content pages are listed for each career description.

Resources for the Viedia

As mentioned above, reporters need straightforward re-
sources that they can easily access (www.dosits.org/resourc-
es/). The media must often rapidly respond to events and
quickly produce news content. DOSITS provides a Facts and
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Myths section to highlight the main questions that are con-
tinually posed by the general public on the science of un-
derwater sound and to which media professionals are often
responding. In a needs assessment with media and public af-
fairs officers, an additional component to each quiz response
was identified. Not only is it important to state the science
facts, but the general public also wants a short explanation of
how scientists know the given information. This explanation
highlights the scientific process for understanding these crit-
ical questions. It also helps to educate the media and public
affairs professionals, who will then transmit that knowledge
to the general public.

In addition to the DOSITS Facts and Myths, there are sev-
eral resources specifically designed for the media. There are
two printed publications, a sixteen-page educational book-
let and a trifold pamphlet. The educational booklet (www.
dosits.org/resources/all/downloads/publications/booklet/)
is designed for readers who may never get to the website. It
includes summaries of the foundational science that is im-
perative for everyone to understand. It includes background
information on the science of sound, sound production and
reception by people and animals, recent scientific research
highlights, and our current state of knowledge on the im-
pacts of sound in the sea on marine animals.

The trifold pamphlet (www.dosits.org/resources/all/down-
loads/publications/brochure/) is designed as a teaser to the
website content and is meant to pique the interest of the
reader to explore the website for more details. It includes
engaging pictures and brief statements focusing on critical
points of underwater sound, but does not contain the rich
knowledge found on the website or summarized in the edu-
cational booklet.

Most importantly, these printed publications have recently
been translated into languages other than English, including
French and Spanish. Work is ongoing to translate them into
German and Italian. These printed materials have been dis-
tributed to members of Congress, public affairs officers, and
other media outlets, as well as at scientific and education-
al conferences. All versions of the printed publications are
available as PDF documents for download on the DOSITS
website (www.dosits.org/resources/all/downloads).

An additional resource for the media is an FAQ (Frequently
Asked Questions). This was created to focus on the most crit-
ical pieces of information about underwater sound, as well
as those that are most difficult to understand and often mis-
reported in media products. Eleven questions consolidate
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information on the site into succinct answers, with links to
other DOSITS web pages for more detailed discussions. The
topics range from “What are common underwater sounds?”
which lists sound sources and their source levels for com-
parison purposes, to “How does sound in water differ from
sound in air?” and “What do we currently know about the
effects of sound on marine animals?”. These are fundamental
concepts that the media needs to understand to accurately
report on underwater sound.

The final resource for the media is a backgrounder on the
topic of how animals hear underwater. The backgrounder
is written as a stand-alone document that summarizes the
current state of knowledge on animal hearing, but with links
back to specific DOSITS pages for a more in-depth treatment
of topics. It begins with the basic question of why sound is
important to marine animals, then summarizes how marine
mammals, fishes, and marine invertebrates hear. There is a
final section that asks “Why is this important?”. As the in-
troduction to this page states, without a fundamental under-
standing of how marine animals hear, researchers cannot ad-
dress the larger and more pressing issue of potential effects of
underwater sound on marine life. There is a short discussion
of how potential effects are quantified and a federal research
plan that outlines the steps that need to be taken to better
understand the problem.

Resources for Educators and Students
Educators and students need specialized resources to meet
their instructional needs (www.dosits.org/resources/teach-
ers/). As part of the original development of the DOSITS
website, a cohort of teachers participated in a summer in-
stitute in which they received comprehensive instruction in
the science of underwater sound. Their capstone project was
to write a short description of a chosen “feature sound” and
to develop an educational activity focused on underwater
sound that addressed national science education standards.
The content and related educational activities include high-
ly quantitative exercises such as “Thinking Inside the Box,”
which is a hands-on inquiry activity that allows students to
discover how scientists and researchers use sonar to explore
the seafloor. They also include “Humpback Whales: The
Great Communicator of the Sea,” which includes two activi-
ties that engage students in a creative understanding of how
humpback whales communicate using sound by choreo-
graphing and performing message movement phrases and
composing and performing songs.

Oceanographers, submariners,
whales, dolphins, fishes, in short,
all working or living in the ocean,
use sound to sense their
surroundings, to communicate,

and to navigate underwaternr.

Other helpful resources for teachers include a series of struc-
tured tutorials. Since educational instruction occurs with a
linear progression of content, intended on developing more
and more complex knowledge, the “web” format of an educa-
tional website can be intimidating for someone with limited
background on the topic. In a needs assessment of educators,
teachers expressed that they thoroughly enjoy the DOSITS
website, but with its 400+ pages of content, they often didn't
know where to begin. To facilitate their use of the site and its
content, structured tutorials were created on key topics of the
science of underwater sound, the technology of underwater
sound, and the effects of underwater sound on marine life.
The topics begin with foundational knowledge, then build
in complexity, providing the linear structure that educators
need for classroom instruction.

Presentations have also been created for educators to easily
integrate DOSITS content into their classrooms. The content
of the site has been transferred into Power Point files, includ-
ing embedding image, sound, and video files for multimedia
presentations on subject topics. The Power Point files are up-
dated to maintain consistency with updates to the DOSITS
site after each advisory panel meeting.

In addition to content presentations, two games have been
developed. The “Name that Sound” Power Point is a won-
derfully engaging activity for all ages to pique their interest
in underwater sounds. A sound file is played and partici-
pants are then given four choices for the source of the sound.
The answer slide plays the sound again, identifies the cor-
rect sound source, and provides background information on
the sound source. The other game is Jeopardy!, based on the
popular American television game show, with three levels of
difficulty. The game is played just as the Jeopardy game show
is played on television, with appropriate sound-related cat-
egories and increasingly difficult answers to which partici-
pants must provide the correct question. This game is a great
introductory activity to assess students’ current understand-
ing of the science of underwater sound before exploring the
DOSITS site or beginning a sound module. It can also be
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used as an end-of-lesson assessment tool to determine the
knowledge students have gained and retained during their
sound studies.

As DOSITS has developed, there have also been requests
from upper level high school and early level graduate in-
structors for materials that are more complex. While most
pages on the DOSITS website do not contain equations or
advanced mathematical functions, advanced topics have
been written in each of the science sections to address more
complex topics that are appropriate for advanced users. Re-
cent topics that have been added to the advanced topic sec-
tion include a discussion of explosive sound sources, statisti-
cal uncertainty, and detection threshold for sonar (as part of
the sonar equation).

For those users who are not ready for advanced topics but
would like to have a more comprehensive understanding of
a given topic, each page on the website includes extension
resources for expanded information. While the DOSITS site
covers a broad range of topics, with over 400 pages of edu-
cational content, it is impossible to address each topic at the
level of detail that every reader may desire. By providing ex-
tension resources, the enthusiastic user can use DOSITS as a
jumping off point for their personal exploration of a topic in
greater detail.

Resources for Regulators

It is clear that the regulator community needs easy to under-
stand and rapidly accessible resources that are consistently
available for reference. A web-based format is a logical go-to
source for these stakeholders. The DOSITS team has had in-
creasing inquiries for resources from the regulator commu-
nity. Initial discussions with these stakeholders have identi-
fied several key resources that will aid regulators in making
decisions related to underwater noise.
years, the DOSITS team will respond to this international
need by developing two new resources: structured tutorials
for regulators and an interactive iBook.

Over the next two

Similar to the problem that educators experience when first
accessing the DOSITS website, the large abundance of sci-
entific content in a web-based format, without consecutive
structure, can be intimidating. For a non-science user of the
site, the amount of information available may be overwhelm-
ing. In addition, regulators have specific informational needs
compounded with impending deadlines that require a com-
prehensive, consistent, and easily accessible resource.
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The planned structured tutorials on key topics will include
a progression of sequential knowledge using existing DOS-
ITS content. These topics will be identified through a needs
assessment of the regulator community, to be conducted in
spring 2014. The structured tutorials will be supported by
additional existing pages within the DOSITS “Animals and
Sound in the Sea” sections that maintain an up-to-date dis-
cussion of the most recently published peer-reviewed litera-
ture on the known effects on marine life from underwater
sound exposures.

One tutorial topic that has already been identified is related
to the process for determining the risk of marine animal ex-
posure to noise. The basic question that regulators attempt to
answer on a daily basis is “How do you determine if a sound
source affects a marine animal?” The DOSITS site currently
includes a single page that walks the reader through the basic
steps of this risk assessment process. However, this does not
adequately address the needs of the regulatory community.
The corresponding tutorial will discuss underwater sound
propagation; then progress to the coupling of the sound field
to the potential field of marine life, including diving and
movement behaviors, to predict exposure levels; and con-
clude with the range of potential effects that might occur
based on those predicted exposure levels.

In addition to the structured tutorial, an interactive iBook is
in development. The interactive Internet is widely recognized
as the greatest learning tool in human history, with its impact
broader than the printing press in knowledge dissemination
and more rapid in its diffusions (Lewis et al., 2010). Web 2.0
features have enabled the developments of new digital media
technologies that are not just the technical implementations
themselves, but the frameworks that allow for direct partici-
pation and sharing of content (Jenkins, 2009). Digital media,
particularly that used in hand-held devices such as smart
phones, iPods, and iPads, are dramatically changing the sci-
ence landscape, providing unprecedented opportunities for
learning science content. The DOSITS interactive iBook
will serve as a tool to make the science of underwater sound
available to a wide audience of stakeholders, as well as people
without Internet connectivity, via their hand-held and tablet
devices. The iBook will utilize existing and updated content
to provide a condensed electronic resource that will focus on
how animals use, produce, and receive sound as well as an
overview of the effects of sound on marine life.
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Figure 6. DOSITS web traffic measured in number of hits per
month from January 2003 to September 2013.
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Figure 7. DOSITS web traffic measured in number of hits per
month from January 2009 to September 2013.
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DOSITS Traffic Summary

DOSITS was launched in November 2002. The site has ex-
perienced continued growth of visitor traffic each year, mea-
sured both in number of hits (Figure 6) and in amount of
data served. Site traffic in the first few years exhibited a strong
pattern that reflected the northern hemisphere school-year
calendar, with the highest amount of traffic in the spring and
the lowest amount in the summer and early fall. However,
with additional international exposure and increasing use by
media and regulator communities, the cyclical nature of visi-
tor traffic has decreased.

In March 2010, DOSITS launched a thoroughly revised ver-
sion of the website to take advantage of the advances in In-
ternet capabilities since the original launch in 2002. The new
version included an interactive front page, Audio Gallery,
and Scientist Gallery, as well as adding video files to Audio
Gallery pages and developing complex animations to the
foundational science pages. In association with this launch,
there was a huge media push that brought a large spike in
traffic to the site.

Through September 2013, DOSITS has had over 68 million
hits and over 5.9 million page views. In 2012, the DOSITS
website saw a 20% growth in traffic to the site compared to
2011 and, through the first nine months of 2013, DOSITS
saw approximately a 30% growth in traffic compared to the first
nine months of 2012, measured in number of hits (Figure 7).

Visitors to the DOSITS website come from across the globe.
Half the visitors during 2013 were from North America and
close to a quarter of the visitors were from Europe (Figure 8).

One of the biggest changes to the traffic to the DOSITS site is
due to the rise in use of mobile devices. Two years ago mobile
devices represented only approximately 5% of the total traffic
to the site. In the first nine months of 2013, mobile devices
made up more than 27% of the site traffic (Table 1).

Since mobile devices are an increasing platform used by the
DOSITS audience, the DOSITS team is making the site more
mobile device friendly. Mobile devices, such as those run-
ning iOS platforms, cannot run Flash-based website mate-
rial. To accommodate these devices, the DOSITS front page
was recently redesigned to be Flash free and forward look-
ing, enabling access for all devices (Figure 2). Other Flash
heavy parts of the site (such as the current Audio Gallery)
redirect mobile devices to non-flash equivalents.

Conclusions

All DOSITS information is based solely on published, peer-
reviewed scientific research. Related research literature is
continuously monitored for new information that is regular-
ly incorporated into the website content and resources, en-
suring that the most up-to-date research results can be found
on the site. A new feature is the “hot topics” section, included
on the front page. This feature is designed to highlight in-
teresting and new developments provided by the research
community that may occur between advisory panel meet-
ings. Rather than waiting for new content to be written and
reviewed by the advisory panel, which may delay its incorpo-
ration into the website for six months, if new peer-reviewed
scientific papers are published in between advisory panel
meetings that represent important, cutting-edge discoveries,
a short summary of their results can be highlighted on the
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Figure 8. DOSITS web traffic by region, measured as a percentage
of total traffic for 2013.

front page. More extensive content will then be reviewed by
the advisory panel and incorporated into appropriate DOS-
ITS sections following the regular procedure for content de-
velopment.

In addition to DOSITS content being based on peer-reviewed
scientific literature, the website itself regularly undergoes a
thorough review by the DOSITS scientific advisory panel.
Expertise in each of the major topic fields ensures the highest
scientific accuracy and integrity possible for website content.
Special thanks go to the Scientific Advisory Panel members:
Dr. Peter Worcester of Scripps Institution of Oceanography,
Dr. James H. Miller of the University of Rhode Island (cur-
rent president of the Acoustical Society of America), Dr.
Darlene Ketten of Curtin University, Dr. Arthur N. Popper of
the University of Maryland (editor of Acoustics Today), Dr.
Danielle Cholewiak of NOAA Fisheries Northeast Fisheries
Science Center, and Dr. Peter Scheifele from the University
of Cincinnati.

The model that DOSITS has developed to provide extensive
science information, kept current and up to date with cut-
ting edge, peer reviewed science, is unique among educa-
tional websites on the Internet. As the public turns to the
Internet to explore any topic in which they have an interest,
sites such as DOSITS need to be created and maintained to
provide foundational science concepts and up to date infor-
mation, which support educated decision-making about cur-
rent events that may be occurring in the world around us.

The DOSITS project is currently in its 12th year. This longev-
ity is possible only due to continued dedication we have re-
ceived from funding agencies. The Office of Naval Research
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(ONR) has provided consistent support. This has been sup-
plemented by the National Science Foundation (NSF) and
the National Oceanic and Atmospheric Administration
(NOAA) for the development of specific and/or timely con-
tent. Similarly, the DOSITS team offers the opportunity to
other organizations to build on the project’s foundation and
the DOSITS well-established professional network as needs
for expanded content on underwater sound develop.

In addition to monetary support, DOSITS would not be
possible without the good will and expertise of the acous-
tics community of scientists, over 120 of whom have do-
nated content, images, and audio files. Substantial contribu-
tions have also been made by Jill Johnen, Peter Cook, and
Rebecca Briggs when employees of the University of Rhode
Island. The site has been enhanced by the work and gener-
ous contributions from many individuals and organizations,
as well as ten Rhode Island school teachers and over 40 in-
dependent scientific reviewers (www.dosits.org/about/). The
DOSITS project continues to be a highly successful initiative
that brings together scientists and education professionals to
build and maintain a high quality resource for diverse audi-
ences and stakeholders, ensuring that underwater acoustics
is for everyone!

Mobile Operating System Percentage of Total Traffic to

(0S) DOSITS
iPhone 9.8
IPad 9.1
Android 6.2
Blackberry 0.4
Windows Phone 0.3
All Other Mobile OS 1.7
TOTAL iOS 19.8
TOTAL Mobile 27.5

Table 1. Breakdown of mobile traffic to the DOSITS website
in 2013
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Biosketches

Kathleen ]. Vigness-Raposa is Vice President of Environ-
mental Programs at Marine Acoustics, Inc. in Middletown,
Rhode Island. She received her B.S. in Education from Miami
University (Ohio), and her M.S. in Oceanography and Ph.D.
in Environmental Sciences from the University of Rhode Is-
land. Her research interests combine field measurements and
predictive modeling of potential effects of underwater sound
on marine life with effective communication to diverse audi-
ences, earning her the nickname “Kathy DOSITS”

Gail A. Scowcroft is the Associate Director of the Inner Space
Center at the University of Rhode Island Graduate School of
Oceanography and Executive Director of the National CO-
SEE Network, one of the largest networks of ocean science
research and education institutions. A former paleoclimate
scientist, she is an international leader in climate change and
ocean science education. She has directed several large ocean
science related initiatives and is currently serving a four year
term on the U.S. Ocean Research Advisory Panel.

Holly Morin is a Marine Research Associate and Education
Specialist with the Inner Space Center (ISC) at the University
of Rhode Island’s Graduate School of Oceanography (URI/
GSO). Her work focuses on the development, coordination,
and promotion of a variety of ocean science education pro-
grams, including the Discovery of Sound in the Sea (DOS-
ITS) website (www.dosits.org). Before coming to URI/GSO,
Holly worked at the Northeast Regional Office of NOAA’s
National Marine Fisheries Service, assisting with large whale
management and fisheries interactions. Holly graduated
from the University of New Hampshire with a Bachelor of
Science (marine biology focus) in 2000. She then went on to
receive her Master’s Degree in Wildlife and Fisheries Science
from Texas A&M University in 2005. Her graduate work
focused on the diving behavior and movement patterns of
young Steller sea lions in Prince William Sound, Alaska.

Christopher Knowlton is the Assistant Director of the In-
ner Space Center at the University of Rhode Island Gradu-
ate School of Oceanography. He received his B.A. in Geology
from Colgate University and an M.S. in Oceanography from
the University of Rhode Island.

Chris is interested in past climate on glacial-interglacial tim-
escales but spends most of his time communicating science
through modern devices and media to convey the science of
the deep ocean, hurricanes, and underwater acoustics.

(left to right) Christopher Knowlton, Gail Scowcroft, Kathleen J.
Vigness-Raposa and Holly Morin
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D {J ASA books now available
@ through Amazon.com

The ASA Press is pleased to announce that a select group of Acoustical Society of America
titles are now available at low member prices on www.Amazon.com with shipping costs as
low as $3.99 per book. Amazon Prime members enjoy two-day delivery and free shipping.

Some of the titles offered through Amazon.com:

* Acoustics (Leo L.Beranek)

* Acoustics: An Introduction to Its Physical Principles and Applications (Allan D.Pierce)

* Acoustical Measurements (Leo L.Beranek)

* Aeroacoustics of Flight Vehicles (Harvey H. Hubbard)

* Concert Halls and Opera Houses (Leo L.Beranek)

* Deaf Architects and Blind Acousticians? (Robert E. Apfel)

* The Ear as a Communication Receiver (Eberhard Zwicker and Richard Feldtkeller) T

* Electroacoustics: The Analysis of Transduction and Its Historical Background
(Frederick V. Hunt)

* The Foundations of Acoustics (Eugen Skudrzyk)

* Handbook of Acoustical Measurement and Noise Control (Cyril M. Harris)

* Nonlinear Acoustics (Robert T.Beyer)

* Nonlinear Acoustics (Mark F.Hamilton and David T. Blackstock)

* Ocean Acoustics: Theory and Experiment in Underwater Sound (lvan Tolstoy and
Clarence S.Clay)

* Origins in Acoustics (Frederick V. Hunt)

* Sonics: Techniques for the use of sound and ultrasound in engineering and science
(Theodor F.Hueter and Richard H. Bolt)

* Sound, Structures and their Interaction (Miguel C.Junger and David Feit)

* Thermoacoustics (Gregory W. Swift)

* Vibration and Sound (Phillip M. Morse)

Currently Being Sold at Reduced Prices: A
* Acoustical Designing in Architecture (Vern O.Knudsen and Cyril M. Harris)

* Crystal Acoustics (M.J.P.Musgrave)

* Elements of Acoustics (Samuel Tempkin)

* Halls for Music Performance: Another Two Decades of Experience (lan Hoffman)

* Propagation of Sound in the Ocean (J. Lamar Worzel, C. L. Pekeris and Maurice Ewing)

To purchase ASA books quickly and easily follow these steps:
visit www.Amazon.com > select Books > enter Title in Search bar>
press on Title then New > choose the ASA Press listing

For more information and updates about ASA books on Amazon,
please contact the Publications Office at 508-362-1211 or at the address listed below.

ASA Press
ASA P Publications Office
—— 1170 Main Street, P.O.Box 274

k /4 - West Barnstable, MA 02668
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ASANews

Acoustics Today publishes news items that may be of interest to the acoustics community.

News items should be sent to the Editor (apopper@umd.edu) and copied to the ASA Publi-

cations Office (maryguillemette@acousticstoday.org). The Editor and the Publications staff

reserve the right to decide if material is appropriate for Acoustics Today NEWS and to re-

write or rephrase whatever is sent to make it compatible with the format of Acoustics Today.

News items may include announcements of meetings, awards to ASA members, or anything

else that might be of broad interest to the Acoustical Society community. In the future, news

items will be posted, shortly after receipt, on the Acoustics Today web site.

Acoustical Society Foundation Fund

The mission of the recently established Acoustical Society
Foundation Board (ASFB) is to support the mission of the
ASA by developing financial resources, namely the Acousti-
cal Society Foundation Fund (ASFF), for strategic initiatives
and special purposes.

Many years ago a number of dedicated and forward-looking
ASA members established the Acoustical Society Founda-
tion in order to develop and grow an endowment to support
and enhance the goals of the Society. Starting from that base,
ASA through its ASFB is expanding its efforts to grow the
ASFF and is seeking philanthropic support to help the Soci-
ety move forward and meet future challenges. Details con-
cerning the ASFF can be found on the ASA website:

With funds from the ASFF, the Society makes grants for stu-
dent stipends, makes service acknowledgment awards and
prizes, and develops new outreach initiatives as directed by
the Executive Council or the terms of donations. With new
momentum the ASFB plans to expand these activities and
help the Society focus on the growth of our profession.

This past year alone, contributions from general Society
membership increased by 30%. And the ASFF also was aug-
mented by the generosity and foresight of two of the society’s
most prominent recently departed members: Murray Stras-
berg and Stanley Ehrlich. Murray Strasberg left a bequest to
ASA in his will; Stanley Ehrlich made a donation many years
ago to the Pooled Income Fund (PIF); that contribution pro-
vided him with an immediate charitable tax donation and a
life-time stream of guaranteed tax-free yearly income until
his demise. Other tax-deductible opportunities to partici-
pate abound: check-off donations on the ASA dues renewal,
direct donations, bequests, lifetime income with gift annui-
ties or the Pooled Income Fund.
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The ASFF activities are coordinated for the Society by the
Acoustical Society Foundation Board, chaired by Carl J.
Rosenberg. The Board plans to present its goals and aspira-
tions to the ASA membership in future issues of ASA publi-
cations. Anyone with ideas or questions to share should send
an e-mail to the Board's Chair, using the email address asa@
aip.org.

On behalf of all the Society, the ASFB recognizes and ap-
preciates the service and generosity of all the donors to the
Fund.

From the Student Council

Ahoy from Providence! What a great week of student re-
search. We had a huge turnout at all the events: about 40
students at the Intro to the Technical Committees Session,
as well as to the New Student Orientation. We had about 80
students at the Monday night meet-n-greet, and about 150
at the Wednesday night reception! Thanks to all of the pre-
senters who volunteered their time and expertise to make
this Intro. to the Technical Committees session possible, and
thanks to the sponsors for the Wednesday night social!

Students, if you would like to nominate your professor for
the ASA Student Mentoring Award, nominations will be
coming up in the fall. The next award will be presented at
the Pittsburgh meeting. More details on Mentoring Award
and how to nominate a deserving mentor can be found on
the ASA Student Zone website at www.acosoc.org/student.

For the Indianapolis meeting in October, look forward to the
new Résumé Help Desk service. It will be offered 12:00-1:00
pm on Tuesday-Thursday, located near registration desk.
Swing by for an unbiased expert review of your resume!
The Student Council will also be hosting a special session
highlighting graduate programs in acoustics. Also new are
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Karen Johnson, Rachael Gilbert, Cristabella Trimble-Quiz, all
graduate students at University of Texas, Austin.

the student feedback form (QR code on the student bulletin
board) and the colored stickers to represent your TC. Swing
by the bulletin board or contact your representative for more
information.

Additionally, all students and new post-docs are encouraged
to attend the student events and to join us for the student
outings. It’s a great way to socialize with your fellow students
and learn about the great research they are doing. As always,
for all up-to-date news subscribe to our twitter feed @ASAS-
tudents and like us on Facebook, facebook.com/asastudents.

Hope to see everyone in Indianapolis!
Rachael Gilbert

ASA Inspired Future Acoustic
Scientists and Engineers in DC

Acoustical Society of America presented the world of acous-
tics to thousands of students and teachers at the third USA
Science & Engineering Festival in Washington, DC from
April 25-27, 2014. The largest educational event to promote
science, technologies, engineering, and math for future gen-
erations attracted more than 325,000 people of all ages in this
3-day family event. The ASA exhibition was one of 900 ex-
hibitions from the world's leading professional scientific and
engineering societies, universities, government agencies like
NASA, NSE NIH, NSA, to large corporations like Lockheed
Martin and 3M, high tech companies and STEM outreach
and community organizations, to celebrate science at the
Walter Washington Convention Center.

The ASA special exhibition was jointly organized by the DC
chapter of ASA (represented by Diego Turo) and the Phila-
delphia chapter of ASA and Women in Acoustics (represent-
ed by Kyoko Nagao). “We were able to cover a lot of top-
ics in acoustics: wave propagation, passive and active noise
control, Doppler effect, ultrasound, elastography, speech/
voice analysis, speech synthesis, ear anatomy, cochlear im-
plants, and hearing tests,” said Diego Turo. The hands-on ac-
tivities utilized from very simple toys like boom-whackers to
very high-tech techniques like ultrasound images and speech
synthesis. The children played with the different lengths of
tubes to learn resonances and bounced a slinky to get an idea
about sound propagation and cancellation. “Kids were sim-
ply amazed by the sound generated by a spinning wrinkled
pipe” said the volunteer Valeria De Giorgi. Demonstrations
of acoustic applications such as tympanometry, acoustic re-
flexes, ultrasound imaging of the carotid artery and elastog-
raphy were very popular not just among kids, but for adults
as well. It was not surprising that in such crowded environ-
ment the most appreciated items were the noise cancellation
headphones. One of the ASA volunteers, Felicia Doggett,
said she loved to see the reaction on the children's faces when
the power was turned on and the background sound all but
disappeared. Twenty volunteers made the ASA booth a great
success. Event photos and hands-on activities will be avail-
able from the Women in Acoustics website (http://acosoc.
org/WIA/).

Diego Turo is explaining to children how noise cancellation
headphones work.

| 83


http://acosoc.org/WIA/
http://acosoc.org/WIA/

ASAANnouncements

Acoustics Today regularly publishes announcements of ongoing and future activities that may

be of interest to the acoustics community. Anyone having an announcement they would like

to have considered for inclusion should send the relevant information via e-mail to the Editor

(apopper@umd.edu), with a copy to the ASA Publications Office (maryguillemette@acoustic-

stoday.org). The Editor and the Publications staff will routinely rewrite or rephrase whatever

is sent to make it compatible with the format of Acoustics Today.

I am very excited and honored to
be appointed as the first Acoustics
Today Intern (ATI). I am in the
final year of my NSF-funded post-
doctoral fellowship at Brown Uni-
versity and at the University of
Massachusetts Dartmouth. I have
been an active member of the
ASA since my first year of gradu-
ate school at the University of
Hawaii. Over the years I have en-
joyed becoming more active with the Society, both at meet-
ings and with the Journal, and value everything it has given
me in my development as a scientist. Becoming an ATI is an
exciting opportunity, and I look forward to helping further
promote Acoustics Today.

My interest in acoustics began at an early age. In an attempt
to deter the neighbor’s dog from traipsing through his gar-
den, my father installed an ultrasonic dog deterrent outside
our home. I told my parents I could hear the deterrent; my
parents told me I was crazy. After a thorough (for a seven
year old) World Book and Encyclopedia Britannica search,
I learned about species and age differences in hearing and
proved to my parents that no, I was indeed, not crazy.

My love of bioacoustics continued throughout university. I
attended Boston University, majoring in biology with a spe-
cialization in marine science. During my semester “abroad”
at the Marine Biological Laboratory in Woods Hole, I took
a course on marine mammals and learned about echoloca-
tion and research using DTAGs. At the end of the course,
we took a field trip to Dominica to study sperm whales. I
chose to work on a project investigating the timing and pat-
tern of click production among individuals. From the mo-
ment I heard my first hydrophone recording I was hooked.
I returned from my semester fascinated with echolocating
whales and digested all the literature I could find.
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After graduation I worked for one year aboard various fish-
ing and marine construction vessels in New England and
the Gulf of Mexico as a fisheries and endangered species ob-
server, and then spent two years as a high school teacher in
Ocala, Florida, where I taught introductory biology, AP biol-
ogy, and marine science. I also began consulting with the Na-
tional Science Teachers Association (NSTA) as a curriculum
developer. This began my passion for scientific education
and outreach and helped solidify the importance of effective
scientific communication to people of all ages, backgrounds,
and abilities.

Despite my love of teaching, the allure of research led me to
graduate school. In 2007, I began my Ph.D. at the University
of Hawaii with Professor Paul Nachtigall. Working in collab-
oration with an incredible network of international research-
ers, animal trainers, and facilities, I participated in research
investigating odontocete sound production and hearing us-
ing hydrophone arrays and auditory evoked potentials. Ulti-
mately my research narrowed to investigating the dynamics of
echolocation in odontocetes, and I defended my thesis in 2012.

I decided to continue my research on the dynamics of echo-
location with a different species and in a different medium.
I am currently an NSF-funded Postdoctoral Fellow working
on a project titled “Understanding bat biosonar performance
using the Cramér-Rao lower bound and adaptive beamform-
ing” This interdisciplinary fellowship allows me to work with
two mentors at two different institutions:
Professor James Simmons at Brown University and Signal
Processing Engineer Professor John Buck at the University
of Massachusetts Dartmouth. Both are Fellows of the Society.

Bioacoustician

My role with Acoustics Today will be promoting the magazine
through our brand-new Twitter account, W @acousticsorg.
The editorial team understands the importance of an active
online presence, and we look forward to using our twitter
account to publicize articles in Acoustics Today, connect with
acousticians worldwide, and help make the science of acous-
tics accessible to everyone.
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If youd like to learn more about me, I encourage you to check
out my website at www.laurakloepper.net. Most importantly,
I encourage you all to follow W @acousticsorg on Twitter!

- Laura Kloepper

Acoustics Today Interns

Acoustics Today has openings for additional Acoustics Today
Interns (ATI). This is an opportunity for graduate student
and early career acousticians (individuals within three years
of their terminal degrees) who are members of ASA to serve
the Society in a unique and different way, and, at the same
time, gain experience in publication of a major scientific
magazine. Intern appointments will be for one year and will
be expected to devote 10-20 hours/month to their internship
responsibilities.

Interns will work directly with an individual mentor in ASA
on a specific project directly related to the magazine. Men-
tors might be the Acoustics Today editor, publications man-
ager, I'T manager, etc. The specific role of each ATT will de-

pend on her/his interests and experience and the needs of the
magazine. The expectation is that the interns will enhance
the value of the magazine by taking on specific tasks. For ex-
ample, an ATT intern may be assigned gathering and writing
sort news articles that will appear on the forthcoming Acous-
tics Today web site and/or in the magazine, helping Acoustics
Today develop a presence in social media, etc.

Interns will be selected competitively the Acoustics Today Ad-
visory Committee of ASA. Selected individuals will receive
a small honorarium at the end of their internship as well as
free registration at ASA meetings (if they attend) while they
are interns. Interns will also be listed on the magazine mast-
head during their internship and will be invited to partici-
pate in meetings of the Advisory Committee.

Individuals interested in becoming Acoustics Today Interns
should contact the magazine editor to discuss their interests
and for an application packet (apopper@acousticstoday.org).

Where Noise Goes to Die

Enjoy the sound of silence. For over 60 years, Eckel Industries has
led the market in providing technology for absorbing, mitigating and
containing sound. From sound-absorbing panels to anechoic chambers

to audiometric rooms, Eckel is sure to have an industry-leading product that fits.
To learn more about our innovative sound- and noise-absorption remedies, visit
our website or contact us by phone or email.

www.eckelusa.com
email: sales@eckelusa.com
tel: 617.491.3221

ECKEI]
4 4
NOISE CONTROL TECHNOLOGIES
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Book Reviews

These reviews of books and other forms of information express the opinions
of the individual reviewers and are not necessarily endorsed by the Editorial
Board of the Journal of Acoustical Society of America and Acoustics Today.

Philip L. Marston, Book Review Editor

1 Book Review

REVIEW BY

Oleg A. Sapozhnikov High Intensity Focused

Ultrasound in Medicine

Department of Acoustics

Physics Faculty - N
Moscow State University — + e Editor L. R. Gavrilov
Leninskie Gory, Moscow 119991 (®OKYCUPOBAHHbII Publisher: PHASIS (www.phasis.ru)
Russia oleg@acs366.phys.msu.r VIIETPA3BYK ISBN: 978-5-7036-0131-2
: BbICOKO MHTEHCMBHOCTY Pages: 656 pp.
B MEQULIMHE Binding: Hardcover

Publication Date: Moscow 2013
Price: 1300 rub

The author of the monograph is Leonid R. Gavrilov,

D.Sc., Ph.D., Principal Research Scientist of the N.N.
Andreyev Acoustics Institute, Moscow, Russia. One of the experienced Russian ex-
perts in medical ultra-sound, he began investigating applications of High Intensity
Focused Ultrasound (HIFU) in medicine and physiology in the late 1960s. The mono-
graph summarizes the results of investigations carried out in this field, including the
very first studies performed in the USA by Professors W. Fry and E Fry, work con-
ducted in the USSR in the 1970s and 1980s (almost unknown to the colleagues in the
West), and more recent studies performed in the USA, Europe, and Asia.

The main content of the monograph is the investigation of the physical and techni-
cal foundations of HIFU applications in medicine. The potential to focus ultrasound
energy deep in the human body to noninvasively target and ablate remote tissue sites
without making any incisions or causing harm to other organs and tissues is extreme-
ly important in medicine. The book particularly is devoted to active applications of
HIFU that aim to induce various biological effects, such as stimulating neural struc-
tures, increasing the permeability of cell membranes, and generating local thermal
necrosis of tissues.

Especially during recent decades, the successes achieved in HIFU applications are
very impressive. Currently, MR-guided focused ultrasound has been approved in the
USA and other countries for the treatment of uterine fibroids. A similar approach has
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been approved in Europe for the treatment of pain due to
metastatic bone cancer. HIFU devices are also used clinically
for noninvasive, minimally traumatic prostate surgeries and
for treating various types of cancer (kidney and liver, breast,
sarcoma of soft tissue, etc.). Several tens of thousands of can-
cer patients across several countries have been treated with
HIFU over the last 10-15 years. There are clinical trials for
the treatment of low back pain, tremor, and other neurologi-
cal disorders. HIFU has also been demonstrated as a poten-
tial treatment for many other applications: control of bleed-
ing, vascular effects, dissolution of blood clots to restore flow
through blocked vessels, liposuction, targeted drug delivery,
gene therapy, and manipulation of neural structures. Finally,
there are good prospects for HIFU in cardiology and neuro-
surgery despite the presence of acoustic barriers such as the
skull and ribs. All of these possible applications are discussed
in the book.

The monograph begins with a foreword written by the
scientific Editor, the President of the Russian Acoustic Soci-
ety and an Academician of the Russian Academy of Sciences,
Victor A. Akulichev. Another foreword is written by the au-
thor. The book includes four chapters, a list of publications,
and a subject index.

Chapter 1 is devoted to the physical foundations of focused
ultrasound as applied to various fields of medicine, with a
consideration for the mechanisms underlying biological ef-
fects. The basic relations for a single focusing radiator are
given along with the acoustic parameters of biological tissues.
Other topics related to the physical actions of ultrasound
include thermal effects, mechanical effects including cavi-
tation, radiation forces, acoustic streaming, microstream-
ing, shear stresses, and chemical effects. Safety aspects and
threshold doses for ablation are also discussed.

Chapter 2 is devoted to how ultrasound can be focused in
tissues, with consideration of possible focusing systems.
Among these systems are single-element transducers (either
curved or flat with acoustic lenses) and powerful, multi-ele-
ment phased arrays. Both linear and two-dimensional arrays
are described, and two-dimensional arrays with randomly
distributed elements are emphasized as a subject of particu-
lar scientific interest to the author.

In Chapter 3, methods for generating and controlling ultra-
sound are considered. The tissue-mimicking phantoms are
discussed as well as approaches for monitoring and control-

ling temperature and cavitation. Because the irradiation of
tissue with focused ultrasound is inherently noninvasive, it
would be ideal to use remote and non-damaging methods
of feedback and control. Therefore, noninvasive methods
for measuring acoustic fields, cavitation, and temperature in
biological tissues are considered in detail.

Finally, Chapter 4 discusses numerous applications of high
intensity focused ultrasound in clinical and experimental
medicine. Applications in neurosurgery with ultrasound ra-
diation through an open or intact skull are considered in

addition to other types of surgery that require sonication
through the rib cage. The surgical applications discussed
include hyperthermia of tumors, sonosensitisation and so-
nodynamic therapy of tumors, treatment of prostate tumors,
control of bleeding, vascular effects, treatment of blood clots,
drug delivery, gene therapy, reversible changes in neural
structures, and neuromodulation of brain structures. Other
applications are also described involving ophthalmology,
cardiology, uterine fibroids, liposuction, intervertebral disks,
essential tremors, and physiotherapy. The author is known as
an expert in the application of focused ultrasound for activa-
tion of different peripheral receptor structures and the use of
these effects for diagnosis of various skin, neurological and
hearing diseases; accordingly, this field of investigation is de-
scribed in detail. The conclusive part of this chapter includes
a tabular summary of biological effects of HIFU, associated
mechanisms, and also prospective directions of future work.

The length of the book is 656 pages, including 128 figures
and 1140 references. On the very last page the author notes
that the rate of progress for HIFU applications in medicine is
increasing very rapidly, as indicated and by the correspond-
ing number of publications each month. Consequently, even
the reasonably large size of the book did not permit the in-
clusion of many very important topics that are essential to
the field of medical ultrasound. Building on this statement,
it is worth noting that a separate book could be written on
investigations of nonlinear effects arising with the use of
HIFU. In fact, in modern devices used in ultrasound surgery,
the intensity in the focal region often reaches tens of kW/
cm?, which leads to the generation of higher harmonics in
the propagating wave, distortion of its profile, the formation
of shocks, and additional absorption of wave energy at the
shock fronts. In these cases, local and very fast heating can
occur—overheating of tissues to temperatures higher than
100° C and the initiation of boiling are possible within a few

Continued on page 73
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Book Review

Acoustics:
Acoustics Sound Fields and Transducers

Sound Fields and Transducers

Authors: Leo L. Beranek and Tim J. Mellow
Publisher: Academic, an imprint of Elsevier
ISBN: 0123914213

Pages: 492 (with 281 illustrations)

Binding: Hardcover

Publication Date: 2012

Price: $119.95

Acoustics: Sound Fields and Transducers is an up-
date/sequel to the legendary 1954 work Acoustics by Leo Beranek. It contains more
recent and additional material, including material that is difficult to find elsewhere.
Some examples of the latter are a discussion of the “slip” boundary condition in nar-
row tubes (Chap. 4), cell phone acoustics (Chap. 8), and steps to produce satisfactory
listening room acoustics (Chap. 11). However, some topics like noise control, hearing,
speech, and psychoacoustics are not carried over into the new edition.

The authors clearly define the scope of the work, covering transducers and sound
fields in the audio range of frequencies and sound propagation in air. Thus the special
properties of infrasonic, ultrasonic, and underwater transducers are not included as
well as underwater sound propagation.

The book will be of interest to three classes of reader: Those who manufacture trans-
ducers (industrially or in-house), those who wish to understand transducers and wave
propagation (students and researchers), and those who have transducer applications
in mind (e.g., in theaters, public address systems, home entertainment). Acoustical
consultants may be included in the last group. The book will serve as an informative
text to both the novice and expert and as a handbook for information on specific issues.

The mathematical background level required of the reader varies with the nature of
the text. In the first part of the book, dealing mostly with transducers, the level of a se-
nior electrical engineering student should be sufficient, but in the latter part, dealing
with fields, expertise at more advanced levels is required. A Green’s function appears
for the first time in Chap. 13.

The introductory chapters (Chaps. 1-4) prepare the reader for the advanced analyses
to follow later. Here applicable acoustical terminology is carefully defined. Then the
discussion proceeds to the wave equation in various coordinate systems, mechani-
cal and acoustical circuit elements, impedances and admittances and their intercon-
version, monopole and dipole sources in various configurations, directivity, viscous
and thermal losses, and application to several familiar examples. Here “directivity
index” and “directivity factor” are defined, and several directivity patterns for familiar
configurations are shown.
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Chapters 5-9 describe transducers in detail (microphones,
loudspeakers, loudspeaker systems, cellphones, and horns).
All follow a common pattern. A phenomenological descrip-
tion of the transducer is given and then details of its con-
struction and component parts, together with photographs
and sketches. The governing equations lead to compre-
hensive small-signal circuit models, which are often later
simplified for special cases. The models are used to determine
specifications like input and output impedance, frequency
response, efficiency, and other specifications as applicable.
The issue of directivity is referred back to the discussions of
Chap. 4. The topic of nonlinearity is limited to loudspeak-
ers, horns, and large-amplitude waves. Metrology issues, e.g.,
transducer calibration, lie beyond the scope of the book.

Chapter 5 deals with microphones with emphasis on pres-
sure-gradient and combined pressure and pressure-gradient
microphones. Because these microphones are highly direc-
tional, directivity patterns are shown. However, the authors
do not mention that pressure microphones also have a direc-
tional response, which leads to a distinction between “pres-
sure” and “free-field” microphones. Further, the excellent de-
scription of microphone reciprocity calibration is not carried
over from the 1954 edition.

Chapters 6 and 7 describe loudspeakers and loudspeaker sys-
tems. The authors demonstrate that the low-frequency drive
unit can be completely modeled by just six “Thiel-Small” pa-
rameters. If these are not provided by the manufacturer, the
authors show how they can be measured in the laboratory.
To augment low-frequency response, the authors describe
in great detail the closed-box baffle, the bass-reflex enclo-
sure, and the transmission-line enclosure and include a nice
discussion of enclosure materials. Because “loudspeaker en-
closures are the subject of more controversy than any other
item connected with modern high-fidelity music reproduc-
tion,” the authors offer the advantages and disadvantages of
the various enclosures to assist the enclosure designer. The
discussion concludes with crossover filters.

The brief Chap. 8 on cellphone acoustics is mostly descrip-
tive but includes a discussion of approval ratings (“3GPP”
Technical Specification).

Chapter 9 describes parabolic, conical, exponential, and hy-
perbolic horn loudspeakers, both infinite and finite, together
with their advantages and disadvantages. They will be of in-
terest to those requiring large acoustic power radiated with
some control over sound direction (e.g., in theaters, concert

halls, sports arenas). The chapter includes an extended dis-
cussion of horn materials and their impact upon perfor-
mance.

Chapters 10 and 11 will be of interest to those designing
enclosures and listening rooms. Here “enclosures” has a dif-
ferent meaning from that previously, namely the space sur-
rounding the source and listener. Normal modes and rever-
beration are the key concepts; Chap. 10 is concerned with the
concert hall and Chap. 11 with the living room. The time-
honored equations of Eyring and Sabine are discussed in
detail. The authors point out the subjectivity of response. In
other words, satisfactory listening comprises a partnership,
so to speak, among the source, listening space, and human ear.

The mathematically demanding Chaps. 12 and 13 discuss
radiation and scattering of sound, Chapter 12 by the bound-
ary value method and Chapter 13 by the boundary integral
method. In the boundary value method, solutions of the
wave equation plus boundary conditions are found for sever-
al geometries like cylinders, spheres, and special geometries.
Some of the latter have practical applications. For example,
radiation from a point source on a sphere can be used to
model “the diffraction effects of the human head on sound
arriving at one ear” In the boundary integral method, solu-
tions are based on the Rayleigh integral, Green’s functions,
and the Kirchoff-Helmholtz integral for various geometries
and coordinate systems. Here the authors distinguish be-
tween a “rigid object,” where the velocity distribution is given
over the surface, and a “resilient object,” where the pressure
distribution is given over the surface. It is up to the interested
reader to determine whether any of the preceding solutions
can be applied to underwater sound. The chapter briefly
mentions the principle of reciprocity, near-field holography,
and time-reversal.

The final Chap. 14 is a review of state variable theory as ap-
plied to acoustics, especially useful for the development of
computer codes. Several worked examples are based on a
loudspeaker in an enclosure with a bass-reflex port.

The reader will appreciate the clarity of writing and attention
to technical detail. In sum, this highly recommended book is
a treasure of information and problem-solving technique for
both the novice and expert in the areas of acoustical trans-
ducers and fields.



NEW Books from ASA Press

ASA Press is a meritorious imprint of the Acoustical Society of America in collaboration with

the major international publisher Springer Science + Business Vledia. All new books that are

published with the ASA Press imprint will be announced in Acoustics Today. ASA Press books

are selected by the ASA Press Editorial Board and then published through an agreement

with Springer. ASA Press will publish books of broad interest to members of the acoustics

community. Individuals who have ideas for books should feel free to contact the ASA Press

Publications Office to discuss their ideas.

The first books from ASA Press are listed below.

The Technology of
Binaural Listening

Modern Acoustics and Signal Processing

Editor: Blauert, Jens

Publisher: Springer Publishing
www.springer.com/engineering/
BOOK/978-3-642-37761-7
ISBN: 978-3-642-37762-4
Pages: 511 pp., 198 illus.
Available Formats:

eBook $139.00 and

Hardcover $179.00

Publication Date: 2013

Jens Blauert Editor

The Technology
of Binaural

Listening

@ Springer

This book reports on the application of advanced models of
the human binaural hearing system in modern technology,
among others, in the following areas: binaural analysis of
aural scenes, binaural de-reverberation, binaural quality as-
sessment of audio channels, loudspeakers and performance
spaces, binaural perceptual coding, binaural processing in
hearing aids and cochlea implants, binaural systems in ro-
bots, binaural/tactile human-machine interfaces, speech-
intelligibility prediction in rooms and/or multi-speaker
scenarios. An introduction to binaural modeling and an out-
look to the future are provided. Further, the book features a
MATLAB toolbox to enable readers to construct their own
dedicated binaural models on demand.

ASA S3/SC1.4 TR-2014 Sound Exposure Guidelines for
Fishes and Sea Turtles: A Technical Report prepared by AN-
SI-Accredited Standards Committee S3/SC1 and registered
with ANSI
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Series: Springer Briefs in
Oceanography

SPRINGER BRIEFS IN 0CEANOGRAPHY

Arthur.N. Popper
Anthony D. Hawkins

Authors: Popper.
Richard R. Fay et al. pper,

A.N.,, Hawkins,

A.D,, Fay, RR,, Mann, D.,
Bartol, S.,Carlson,Th.,
Coombs, S., Ellison, W.T,,
Gentry, R., Halvorsen,

M.B., Lokkeborg, S., Rogers,
P, Southall, B.L., Zeddies,
D.G., Tavolga, W.N.

Publisher: Springer Publishing

- ASAS3/SC1.4TR-2014
Sound Exposure Guidelines

for Fishes and Sea Turtles:
ATechnical Report prepared by

ANSI-Accredited Standards Committee
$3/SC1 and registered with ANSI

www.springer.com/engineer-
ing/book/978-3-642-37761-7
ISBN: 978-3-319-06658-5
Pages: 80 pp., 198 illus.
Available Formats:

eBook and Softcover ($54.99)
Publication Date:

Due June 30, 2014

This Technical Report presents the outcome of a Working
Group that was established to determine broadly applicable
sound exposure guidelines for fishes and sea turtles. After
consideration of the diversity of fish and sea turtles, guide-
lines were developed for broad groups of animals, defined
by the way they detect sound. Different sound sources were
considered in terms of their acoustic characteristics and ap-
propriate metrics defined for measurement of the received
levels. The resultant sound exposure guidelines are pre-
sented in a set of tables. In some cases numerical guidelines
are provided, expressed in appropriate metrics. When there
were insufficient data to support numerical values, the rela-
tive likelihood of effects occurring was evaluated, although
the actual likelihood of effects depends on the received level.
These sound exposure guidelines, which are based on the
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best scientific information at the time of writing, should be
treated as interim. The expectation is that with more research
the guidelines can be refined and more cells in the tables
completed. Recommendations are put forward defining the
research requirements of highest priority for extending these
interim exposure guidelines.

Acoustics, Information,
and Communication
Series: Modern Acoustics and
0 Xang Signal Processing

Gerhard M. Sessler Editors

Acoustics, Memorial Volume in Honor of
Information, and Manfred R. Schroeder

Communication

Bl o Authors: Xiang, Ning, Sessler,
Manfred R. Schroeder Gerhard M. (Eds.)

Publisher: Springer Publishing
www.springer.com/physics/
e L classical+continuum+physics/
book/978-3-319-05659-3
ISBN: 978-3-642-37762-4
Pages: 5412 p. 164 illus.,

29 illus. in color

Available Formats:

eBook $139.00 and

hardcover $179.00
Publication Date: 2014

This book explores the life and scientific legacy of Manfred
Schroeder through personal reflections, scientific essays,
and Schroeder’s own memoirs. Reflecting the wide range of
Schroeder’s activities, the first part of the book contains thir-
teen articles written by his colleagues and former students.
Topics discussed include his early, pioneering contribu-
tions to the understanding of statistical room acoustics and
to the measurement of reverberation time; his introduction
of digital signal processing methods into acoustics; his use
of ray tracing methods to study sound decay in rooms; and
his achievements in echo and feedback suppression and in
noise reduction. Other chapters cover his seminal research
in speech processing including the use of predictive coding
to reduce audio bandwidth which led to various code-excited
linear prediction schemes, today used extensively for speech
coding. Several chapters discuss Schroeder’s work in low-
peak factor signals, number theory, and maximum-length
sequences with key applications in hearing research, dif-
fraction gratings, artificial reverberators, and de-correlation

Continued on page 73
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Laymon N. Miller
1918-2013

Laymon N. Miller passed away
on 21 October 2013 after a 37-
year career in noise and vibra-
tion control.

He participated in a diverse
range of projects starting with
the acoustic homing torpedo
developed in 1942 at the Har-
vard Underwater Sound Lab; researched methods to predict
noise from fans, cooling towers, and other mechanical equip-
ment; helped usher in the jet age for the Port of New York
Authority in the late 1950’s; developed subway vibration iso-

lation and HVAC noise control for New YorK’s Philharmonic
Hall (later called Avery Fisher Hall); provided noise control
for manufacturing plants aimed at meeting OSHA employee
noise exposure regulations; and created the first commercial
training seminars in noise and vibration control, among nu-
merous other achievements. During his 27 years at Bolt, Be-
ranek and Newman (BBN), Laymon completed nearly 2,000
consulting assignments. He modestly described his life and
accomplishments as “a collection of happy and rewarding
surprises.

Laymon was one semester short of completing his Ph.D. at
the University of Texas when Professor Ted Hunt selected
him (at the suggestion of Professor Charles Boner) to go to
Harvard University in October 1941 to work on acoustic
homing torpedoes. After the war the Harvard research group
was transferred to Pennsylvania State University and became
the Ordnance Research Lab (ORL), which later became the
Applied Research Laboratory. Laymon decided to relocate
with his Harvard colleagues rather than return to the Uni-
versity of Texas to complete his Ph.D. At ORL from 1946 to
1954, Laymon was head of the Acoustics Section and was on
the faculty at the Engineering School, advancing from As-
sistant Professor to full Professor of Engineering Research.

Leo Beranek of BBN recruited Laymon in 1954 to work
there, where he remained until retirement in 1979. At BBN,
Laymon’s projects included both practical consulting and
research and development. His research work included the
acoustic characteristics of wind tunnel noise control for sub-
sonic, sonic, and supersonic speeds and the generation of
cooling tower noise. This latter research resulted in an in-
dustry standard reference book for engineers and specifiers.
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During a BBN sabbatical in 1968, Bill Cavanaugh suggested
to Laymon that he develop a course in practical noise con-
trol techniques. Laymon developed the course material, and
from 1969 to 1979 traveled the country with a Winnebago
trailer outfitted with acoustic instruments, teaching the class
to hundreds of engineers, architects, and facility managers.

Upon retirement in 1979, Laymon remained active volun-
teering his time with community, religious, and cancer ad-
vocacy groups. His generosity was extended to the National
Council of Acoustical Consultants (NCAC) for which he
wrote nearly 60 articles between 1994 and 2013 for the or-
ganization’s Newsletter. His writings, along with his collect-
ed industry publications, will be released in book form by
NCAC in 2014.

Laymon became a member of the Acoustical Society of
America (ASA) in the late 1940s and was elected Fellow in
1956. He was a member of the ASA Committee on Noise
from 1958 to 1961 and Technical Editor of NOISE Control
magazine from 1960 to 1961.

Laymon was the recipient of many awards in recognition
for his professional contributions. He became Board Certi-
fied by the Institute of Noise Control Engineering (INCE) in
1993. NCAC made Laymon an Honorary Member in 1994.
He gave the “Distinguished Lecture” at the 75® Anniversary
ASA meeting in 2004. NCAC again honored Laymon at its
2007 meeting with the “Paul Boner Award.” In 2009, Laymon
and his wife Lucy were honored with the INCE “2008 Out-
standing Educator” Award.

Laymon is survived by his beloved wife Lucy, children Rob-
ert, Arthur, and Lucy Lee, 12 grandchildren, and 10 great-
grandchildren.

Indeed his was a life of surprises. Those honored to know
Laymon will miss his humbleness and willingness to share of
his experiences and wisdom. The acoustics and noise control
community has lost one of its founders.

Neil Thompson Shade
Acoustical Design Collaborative, Ltd
Peabody Institute of Johns Hopkins University
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Book Reviews
Continued from page 67

milliseconds. The use of non- linear regimes of sonication
could lead to the development of new HIFU technologies.
The use of lithotripters and associated mechanisms for de-
stroying stones and tissues is discussed very briefly in this
book, as well as the problems of ultrasound medical metrol-
ogy. However, it would be useful to have further description
of precise methods for measuring and calculating the fields
of focused ultrasound transducers. The list of similar gaps
in the content of this book could be continued. So a task of
future authors is to write new books and fill these gaps.

There are not that many books devoted to applications of
HIFU in medicine. One such book is the second edition of

Physical Principles of Medical Ultrasonics (edited by C. R.
Hill, J. C. Bamber, and G. R. ter Haar, John Willey & Sons,
London, 2004). This well-known book describes all aspects
of medical ultrasound, including, first of all, its application
for visualizing diagnostic information by acoustic meth-
ods. However, particular issues associated with HIFU ap-
plications are discussed rather briefly in this book. Another
recent book is MRI-Guided Focused Ultrasound Surgery
(edited by E A. Jolesz and K. H. Hynynen, Informa Health-
care, USA, 2008). In accord- ance with its title, this book
concentrates mainly on ultrasound surgery and the use of

MRI in surgical procedures. These specific problems are not
considered in details in the reviewed book by Dr. Gavrilov.

The monograph will be useful for Russian specialists in
physical and medical ultrasound, for engineers developing
new devices for medical applications, for physicians applying
these devices in different fields of clinical and experimental
medicine, and for physiologists and biophysicists.

Students and graduate students of all these specialties will
also find the book to be useful. A characteristic feature of
the book is that it is written in plain and clear language un-
derstandable to representatives of these different special-
ties. Thus, this informative and useful book certainly merits
translation into English.

NEW Books
Continued from page 71

techniques for enhancing subjective envelopment in sur-
round sound. In style, the articles range from truly scientific
to conversationally personal. In all contributions, the rela-
tionship between the current research presented and Man-
fred Schroeder’s own fields of interest is, in general, evident.
The second part of the book consists of Schroeder’s own
memoirs, written over the final decade of his life. These rec-
ollections shed light on many aspects not only of Schroeder’s
life but also on that of many of his colleagues, friends, and
contemporaries. They portray political, social, and scientific
events over a period that extends from pre-war to the pres-
ent. These memoirs, written in an inimitable and witty style,
are full of information, entertaining, and fun to read, provid-
ing key insight into the life and work of one of the greatest
acousticians of the 20th century.
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