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Abstract
The Marine Animal Alert System (MAAS) in development by the Pacific Northwest National
Laboratory is focused on providing elements of compliance monitoring to support deployment of marine
hydrokinetic energy devices. An initial focus is prototype tidal turbines to be deployed in Puget Sound in
Washington State. The MAAS will help manage the risk of injury or mortality to marine animals from
blade strike or contact with tidal turbines. In particular, development has focused on detection,
classification, and localization of listed Southern Resident killer whales within 200 m of prototype
turbines using both active and passive acoustic approaches. At the close of FY 2011, a passive acoustic
system consisting of a pair of four-element star arrays and parallel processing of eight channels of
acoustic receptions has been designed and built. Field tests of the prototype system are scheduled for the
fourth quarter of calendar year 2011. Field deployment and testing of the passive acoustic prototype is
scheduled for the first quarter of FY 2012. The design of an active acoustic system that could be built
using commercially available off-the-shelf components from active acoustic system vendors is also in the
final stages of design and specification.
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Acronyms and Abbreviations
2D

two-dimensional

COTS

commercial off-the-shelf

dB

decibel

DSP

digital sound processor

ESA

Endangered Species Act of 1973

FPGA

field programmable gate array

GPS

Global Positioning System

JSATS

Juvenile Salmonid Acoustic Telemetry System

kHz

kilohertz

µPa

micropascal

µs

microsecond

m

meter

MAAS

Marine Animal Alert System

MHK

marine and hydrokinetic

MHz

megahertz

MMPA

Marine Mammal Protection Act of 1972

NMREC

National Marine Renewable Energy Center

NOAA

National Oceanic and Atmospheric Administration

PNNL

Pacific Northwest National Laboratory

SEL

sound exposure level

SPL

sound pressure level

SnoPUD

Snohomish County Public Utility District

SRKW

Southern Resident killer whale

STFT

short-time Fourier transform

TDOA

time difference of arrival
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1.0 Introduction
Marine and hydrokinetic (MHK) power sources in general and, for this project, tidal power, have
been identified as a potential commercial-scale source for sustainable power. A number of tidal power
developers and utilities are pursuing deployment of prototype tidal turbines to assess the viability of
current designs and sites to provide economically viable power production at commercial scales.
Deployment of prototype turbines requires permits from regulatory authorities with the responsibility to
protect the safety of marine animals. The most challenging aspect of selecting a site and permitting tidal
turbines in U.S. waters is ensuring the safety of marine animals, particularly those under special
protection of the Endangered Species Act of 1973 (ESA) and the Marine Mammal Protection Act of 1972
(MMPA). The greatest perceived danger to marine animals is from strike by the rotating blades of tidal
turbines. When marine mammal species in the vicinity of a proposed MHK project are listed under the
ESA, the regulatory mandate allows zero “take,” defined as injury, mortality, or harassment of the
animals, without an action-specific “no jeopardy” opinion and associated incidental take authorization.
National Oceanic and Atmospheric Administration (NOAA) Fisheries has responsibility for enforcing the
MMPA and the ESA; NOAA regulators have stated that they will not allow deployment of tidal turbines
unless they are assured that listed marine mammals are not at risk. Potential risk to other animals with
special protection has not yet been addressed.
Pacific Northwest National Laboratory (PNNL) proposed to develop technology to assist the MHK
industry in managing the risk of injury or mortality to animals from blade strike or other direct interaction
with MHK devices, using passive and active acoustics. The primary purpose of the Marine Animal Alert
System (MAAS) technology is to provide monitoring of animals in the vicinity of the MHK devices;
secondarily, the MAAS can assist with mitigating the risk to marine animals.
The initial target application for MAAS development has been focused on monitoring for interaction
of the ESA-listed Southern Resident killer whales (SRKWs) in Puget Sound with operating OpenHydro
devices proposed for development by the Snohomish County Public Utility District (SnoPUD).
Regulatory authorities have taken the position that they will not permit prototype tidal turbines to be
deployed unless they are assured that the SRKW will face no risk from blade strike by operating turbines.
The MAAS has been developed as a monitoring device to detect and estimate the location of SRKW
when they are within 200 m of the prototype tidal turbines and alert turbine operators about the presence
of SRKW in proximity to the turbines so that mitigating action may be taken.
Passive acoustics were selected as a means to detect the presence of SRKWs because of the vocal
nature of these animals. SRKWs use echolocation to find their food and communicate with one another
using a variety of calls. Active acoustics were selected to detect and localize SRKWs within 200 m of
tidal turbines when they were not vocalizing and to provide information about other protected but not
listed species of marine animals that might approach an operating turbine.
Elements in the strategy for development of the MAAS include
•

Establishing performance requirements for both passive and active acoustic system detection and
tracking of SRKW, and alerting turbine operators to the presence of SRKW.
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•

Developing specifications and prototype MAAS system elements to permit MHK project developers,
regulators, and stakeholders to evaluate the potential effectiveness of the system in managing risk to
the SRKWs.

•

Carrying out a validation test of the MAAS in the presence of SRKWs, in waters similar to the
proposed SnoPUD deployment site.

•

Investigating the availability of commercial off-the-shelf (COTS) acoustic instruments to manage
costs and enable deployment of MAAS on commercially deployed MHK devices.

•

Working with regulators and stakeholders to ensure that the effectiveness and utility of the MAAS
meets siting and permitting requirements to get MHK devices in the water.

Progress has been made in all areas of the MAAS development strategy during FY 2011, the first year
of the project. Section 2 of this progress report presents a summary of the status of the passive acoustic
portion of the MAAS and the steps remaining to completion of the MAAS. A review of development
progress for the active acoustic portion of the MAAS is given in Section 3. The summary in Section 4
presents the steps for completion of the MAAS. Sources cited in this report are listed in Section 5.
Technical papers produced during FY 2011 as part of this project are included as Appendices A, B,
and C.
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2.0 Marine Animal Alert System
Passive Acoustic Component Status
The MAAS passive acoustic system consists of the hardware and software that process the output of
receiving array hydrophones to obtain the bearing and range to a sound source. The system also includes
the software to perform signal processing to complete a two-stage process to distinguish between calls
from killer whales and noise.

2.1 System Bearing and Range Estimation
The MAAS passive acoustic system consists of the elements shown in the block diagram of
Figure 2.1.

Figure 2.1. Marine Animal Alert System passive acoustic system.
The in water portion of the system is two modified star arrays (Au and Herzing 2003), each consisting
of four Reson TC4032 hydrophones. One hydrophone is located in the center of the array with the other
three on 2-m-long extensions with 120° separation (Figures 2.2 and 2.3). The two star arrays when
deployed will be separated by 20 m. When in use, the two arrays are operated independently but are
synchronized to a common clock using a Global Positioning System (GPS) receiver. A bearing to a
detected sound source is determined for each array, and the range to the source is determined using the
intersection of the two bearings. Figure 2.4 provides additional detail to that of Figure 2.1 for the
localization function of the passive acoustic system.
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Figure 2.2. Location of the four hydrophones in a star array and their location relative to a sound source
located at (Sx, Sy, Sz).

Figure 2.3. A star array mount prior to deployment. When deployed, a hydrophone is attached to the
uprights at the center and the end of each of the arms of the mount.

2.2

Figure 2.4. Function of the MAAS passive acoustic system to obtain the bearing and range to a
vocalizing SRKW.
The four channel receivers for the star arrays are based on four-channel acoustic telemetry receivers
developed for the U.S. Army Corps of Engineers (Deng et al. 2011; Weiland et al. 2011). These receivers
simultaneously sample the output of the hydrophones in the arrays at a 1-MHz rate and perform a twostep SRKW call detection process in real time, followed by computation of the differences in the time of
arrival of whale calls at the elements of the two star arrays. The arrival time differences are manipulated
to estimate the bearing to the whales from each array. Finally, the intersection of the two bearing
estimates is computed to provide an estimate of the location of the calling whale.
The expected performance of the array for a 20-m separation of the star arrays based on mathematical
modeling is as follows:
• Within 200 m of the array baseline, the error of bearing estimates in the x–y plane (two-dimensional
[2D] error) are expected to be within 5°. The error in bearing estimates is largely independent of
depth (z).
• The detection range and the error in range estimates depend on the time difference of arrival (TDOA)
errors of a call at array hydrophones resulting from different types of measurement errors (hydrophone
location estimation error, sound of speed estimation error, and time of arrival estimation error).
• •If the combined TDOA error is on the order of 10 µs, the detection range will be up to 200 m with
15-m accuracy in the sound source location estimate. If the combined TDOA error is on the order of
100 µs, the detection range will be about 100 m with 15-m sound source location estimate accuracy.
• The sampling frequency of the MMAS receivers is 1 MHz, and the GPS receiver clock has 0.4-µs
accuracy. Therefore, we expect TDOA errors to be on the order of 10 µs.
Overall, the accuracy and precision of the bearing and range estimates system are functions of accurately
knowing the spacing orientation of the star arrays and the spacing of the array of hydrophones on each
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star. The selected spacing of 20 m would permit the arrays to be located within the perimeter of the
foundation of the 6-m OpenHydro tidal turbine currently being planned for deployment in Puget Sound.
The prototype MAAS passive acoustic system will be completed in the last calendar quarter of 2011
and deployed in Sequim Bay for evaluation. The performance of the system will be evaluated using a
variety of signal types including SRKW calls that were acquired from various sources during the early
phases of the project.

2.2 Southern Resident Killer Whale Call Detection and Classification
The requirements for the MAAS passive acoustic system SRKW call detection and classification
tasks are particularly rigorous. The objective of the MAAS is to provide tidal turbine operators with
information with which they can assess the risk to SRKW within 200 m of continued turbine operation. If
the system determines that SRKW are present when they are not (a false detection), the turbine will be
shut down needlessly. If the occurrence of false detections is too frequent, testing of the prototype
turbines for mechanical function and power production may not be successful.
The MAAS SRKW detection system has two stages (Figure 2.5). In the first stage, an energy
detector determines if a sound that may be a SRKW call is present. If a candidate sound is determined to
be present, it is captured for the second stage of processing. In the second stage, the candidate sound is
processed to determine if it has the characteristics of a SRKW call or is another sound, such as vessel
noise, that was not produced by a SRKW.

Figure 2.5. Major elements of the detection and classification component of the MAAS passive acoustic
system.
The processing flow for the MAAS whale call energy detector, the first of two stages in processing of
array hydrophone output to detect and classify SRKW calls, is shown in Figure 2.6. Audio signals enter
the detector from star array hydrophones. The signals are filtered to a band that is known to contain most
of the energy in killer whale calls, and then the signals are squared. The squared signal from each
hydrophone is accumulated if the energy in a sum window of specified length continues to increase. If
the signal continues to increase over a set period of time, it is classified as a candidate whale call and
saved to storage. Figure 2.7 shows a section of an audio signal received from a hydrophone and the
response of the detector to segments within the sample that contain known whale calls. Also shown are
2.4

audio signal segments that are noise but satisfy detector rules and are identified as candidate whale calls
and captured for further processing.

Figure 2.6. Processing flow diagram for the MAAS whale call energy detector.
Segments of star array hydrophone audio signals that are identified as candidate whale calls are
further processed to reduce the occurrence of false detections while preserving true detections. The
processing flow for the classification stage of the whale call detector is shown in Figure 2.8. The first
step in processing a candidate whale call is to obtain a spectrogram. A spectrogram is a plot of the
frequency content of a signal over time. The spectrogram is then filtered and statistically processed to
remove elements that are not typical of whale calls and converted into a binary image. Image processing
techniques are then used to determine if the remaining spectrogram has features that are typical of a whale
call. If the answer is yes it is classified as a valid detection.
Figure 2.9 shows a series of spectrograms at three stages in processing in classification of a candidate
whale call. The first spectrogram is that recovered by applying a short-term Fourier transform to the
candidate whale call audio segment. The second spectrogram is that resulting from applying a 2D lowpass filter to the initial spectrogram. This step preserves the peaks in the spectrogram that contain the
most information about the probable source of the audio segment. The final spectrogram is that resulting
from a process that subtracts the background noise from the spectral data and converts the spectrogram in
to a binary image that can be rapidly processed to complete classification of the candidate signal. A paper
prepared for the IEEE OCEANS 2011 conference and presented in September 2011 is included as
Appendix A. This paper provides information summarizing development of the whale call detection
process described and the results of investigation of whale call detection algorithms developed by others
that were investigated during the earlier stages of this project.
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Figure 2.7. Audio signal from a star array hydrophone (upper panel) and corresponding output of the
whale call detector (lower panel). Upper panel regions highlighted in green are known
whale calls. In the lower panel, orange highlights are segments of the detector output that
correspond to the known whale calls. Detector segments circled in blue are segments of the
audio signal out of the hydrophone that satisfy the detector rules as whale call candidates.

Figure 2.8. Steps in processing a candidate whale call detection to decide if it is a valid whale call
detection or not.
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Figure 2.9. Spectrograms illustrating treatment of the spectral information in the whale call candidate
signal to prepare the sample for classification.
As of the end of FY 2011, the structure of the two-stage whale call detector, coding of algorithms in
MATLAB, and initial evaluation of detector performance have been completed. The remaining steps for
completion of the whale call detection section of the MAAS passive acoustic system currently under way
are optimization of signal processing algorithms so that they can be implemented in real time, followed
by in-field evaluation of real-time performance using playback of recorded SRKW calls.
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3.0 Marine Animal Alert System
Active Acoustic Component Status
The design of an active acoustic system for SRKW detection had to take into consideration the
frequency of operation of candidate sonar systems, the noise environment within the frequency band of
operation of the system at the prospective turbine locations, the target strength of SRKW, and
development of algorithms and the computing environment for processing multiple channels of active
acoustic echo returns. Here we will report the progress to date for sonar operating frequency selection,
assessment of the noise at sonar frequencies at prospective tidal turbine locations in Puget Sound, and
progress on estimation of the target strength of SRKW. Work has been initiated on echo return
processing, but there are no significant results to present at this time.

3.1 Sonar Operating Frequency
The operating frequency of the active acoustic system was selected to be 200 kHz. This frequency of
operation for sonar systems in the presence of killer whales and other marine mammals has been accepted
by regulatory authorities. The 200-kHz frequency has been accepted because it is above the known
frequency range of hearing of marine mammals, including killer whales. Szymanski et al. (1999)
developed audiograms for killer whales using both behavioral responses and auditory evoked potential
observations. The most sensitive region of hearing for these animals was in the range from 18 to 42 kHz
with threshold sound pressure level (SPL) values in the range of approximately 40 dB re 1 µPa. The
audiogram shows rapidly decreasing hearing sensitivity from about 80 kHz up to 100 kHz. 100 kHz was
the highest frequency at which the whale’s hearing was tested. At 100 kHz, the threshold of hearing was
observed to be an SPL of approximately 120 dB re 1 µPa. Functionally, given the noise environment in
the ocean, the threshold for hearing at 100 kHz is the upper end of the killer whale’s hearing range. This
is the reason 200 kHz has been identified as an acceptable frequency of operation for active sonar systems
that will be used in the presence of killer whales.
Our selection of the 200-kHz frequency and request for permit to deploy an active sonar system in a
location known to be frequented by SRKW and other killer whales at this frequency level was contested
by state and county permitting authorities at the recommendation of private parties who expressed
concern about the use of 200 kHz sonars near killer whales. The concern expressed by the private parties
at the base of concerns by the regulatory authorities was that previous experience with sonars operating at
this frequency seemed to affect the behavior of exposed killer whales. Given this response, we
investigated the frequency content of the pulses generated by the COTS sonar systems we had identified
as candidates for the data acquisition portion of the active acoustic portion of MAAS.
The manufacturers of the candidate active acoustic systems were contacted and asked if they would
participate in an in-field evaluation of the frequency content of the pulses transmitted by their sonars. An
example of a typical result is shown in Figure3.1. Although on the order of 99% of the energy in the
transmitted signals below the carrier frequency of 200 kHz was within 50 kHz of the carrier frequency,
there was sound within the hearing range of killer whales. Comparison of the level of sound in the sonar
pulses measured at a range of 100 m from the sonar transducer with the audiogram of killer whales shows
sound levels between 10 and 100 kHz that are on the order of 60 dB ref 1 µPa above the hearing threshold
of the whales. Analysis of these data in the context of the noise within the hearing range of killer whales
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is under way. Initial indications too premature to report in detail here suggest that assessment sonars of
the type tested could be heard by killer whales at ranges of about 200 m from the sonar’s transducers.
Consideration of the acceptability of active sonar as an element of a MAAS in Puget Sound by regulatory
authorities and others will be conducted following receipt of our final report on our measurements and
analysis.
Appendix B provides a paper prepared for the IEEE OCEANS 2011 conference that contains some
additional analysis of the frequency content of active sonar signals.

Figure 3.1. Pulse received from an active sonar system at a range of 100 m from the sonar transducer
(upper panel) and frequency content of the received signal in terms of sound pressure level
(SPL) in decibels referenced to a micropascal (lower panel).

3.2 Assessment of Broadband Noise at a Prospective Tidal Turbine
Site in Puget Sound
The background noise over the operating frequency bandwidth of a sonar system affects the ability of
the system to detect echoes from targets. No noise data for the operating bandwidth of a 200-kHz sonar
were available for Admiralty Inlet. In collaboration with staff from the Northwest National Marine
Renewable Energy Center (NMREC) at the University of Washington, PNNL fielded broadband sound
measurement equipment at the proposed site for deployment of a prototype tidal turbine in Puget Sound.
Analysis of one of the first blocks of acquired data was conducted and is presented in a paper to the IEEE
OCEANS 2011 conference (Appendix C). Analysis of all of the noise measurement data acquired at the
Puget Sound tidal turbine site is currently under way. This work is being conducted in collaboration with
NMREC staff and will be presented in a final project report in FY 2012.
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3.3 Estimation of Killer Whale Target Strength
Target strength of the targets of interest is a required measure in design of an active sonar system. It
is a measure of the ratio of the sound reflected back from the target toward the sonar transducer to that
transmitted by the sonar system that is incident on the target. The target strength of an object such as a
killer whale is complex because of the physics of the response of the incident sound to the properties of
the body of the whale, the size of the whale, and the aspect of the whale at the instant of ensonification.
We are currently completing work on a model of the target strength of killer whales that is based on
measurements of a bottlenose dolphin, a relative of killer whales (which are also dolphins), made by Au
(1966). Au made measurements of a trained bottlenose dolphin at 67 kHz. By changing the aspect at
which he ensonified the dolphin, he was able to obtain target strength directivity. The target strength
directivity Au obtained for his trained dolphin is presented in Figure 3.2. The target strength values
shown are relative, not absolute, and are in decibels. Also shown in Figure 3.2 is our initial estimate of
the directivity of killer whales. These values were estimated by assuming allometry between dolphin
species, particularly in lung volume. Au found that the lungs of the bottlenose dolphin were the major
source of backscatter at 67 kHz from the bottlenose dolphin he measured. Additional information on the
method used to obtain the killer whale target strength directivity can be found in the paper in Appendix B.

Figure 3.2. Polar plot of the relative target strength in dB for measurements of a bottlenose dolphin by
Au (1966) and estimates for the relative target strength of a killer whale.
We are currently extending our killer whale target strength model to include the properties of the
killer whale body. We need to estimate the reflectivity of killer whales at sonar operating frequencies of
200 kHz. We have not been able to find any reports in either the peer-reviewed or gray literature of target
strength measurements of killer whales at 200 kHz. However, we have obtained a data set of raw acoustic
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returns obtained from killer whales ensonified at 200 kHz from BioSonics Inc. We are analyzing these
data and will use them to assess the validity of the results of our analytical killer whale target strength
model. In turn, the killer whale target strength model we derive will be used in conjunction with
deployment site noise observations, the operating characteristics of COTS sonar systems, a strategy for
system deployment coincident with a tidal turbine, and a model for the behavior of killer whales to
estimate the likely operational performance of an active acoustic system for the MAAS.

3.4

4.0 Summary
The passive acoustic system portion of the MAAS is in the final stages of development and
prototyping. A prototype will be deployed for in-field testing within the fourth quarter of calendar year
2011. In-field testing will assess the performance of the system using a variety of sound sources
including playback of recorded SRKW calls. The prototype passive acoustic system and a report of its
performance will be completed in 2012.
The active acoustic system portion of the MAAS is in design. The final stages of design require
completion of analysis of noise data and validation of a killer whale target strength model. Specifications
for an active acoustic system to detect marine animals in the immediate vicinity of tidal power
installations will be completed in FY 2012.
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