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Abstract: Norwegian spring-spawning herring are a critical economic resource for multiple nations
in the North Atlantic and a keystone species of the Nordic Seas ecosystem. Given the wide areas that
the herring occupy, it is difficult to accurately measure the population size and spatial distribution.
Ocean Acoustic Waveguide Remote Sensing (OAWRS) was used to instantaneously measure the
areal population density of Norwegian herring over more than one thousand square kilometers in
spawning grounds near Ålesund, Norway. In the vicinity of the Ålesund trench near peak spawning,
significant attenuation in signal-to-noise ratio and mean sensing range was observed after nautical
sunset that had not been observed in previous OAWRS surveys in the Nordic Seas or in other regions.
We show that this range-dependent decay along a given propagation path was caused by attenuation
through dense herring shoals forming at sunset and persisting through the evening for transmissions
near the swimbladder resonance peak. OAWRS transmissions are corrected for attenuation in a
manner consistent with waveguide scattering theory and simultaneous downward directed local
line-transect measurements in the region in order to produce instantaneous wide-area population
density maps. Corresponding measured reductions in the median sensing range over the azimuth
before ambient noise limitation are shown to be theoretically predictable from waveguide scattering
theory and observed population densities. Spatial-temporal inhomogeneities in wide-area herring
distributions seen synoptically in OAWRS imagery show that standard sparsely spaced line-transect
surveys through this region during spawning can lead to large errors in the estimated population
due to spatial and temporal undersampling.

Keywords: acoustic remote sensing; Ocean Acoustic Waveguide Remote Sensing; OAWRS; attenua-
tion; sensing range

1. Introduction

Norwegian spring-spawning herring is a critical economic resource for multiple na-
tions in the North Atlantic. Since 2013, disagreements over the shifting spatial distribution
of this herring stock have prevented these nations from negotiating quota sharing agree-
ments, resulting in a combined catch exceeding the recommended limit by more than 30%
in the past three years [1]. It is therefore important to accurately measure the population
size and spatial distribution for Norwegian herring over ecosystem scales. Oceanic fish
groups, however, occupy vast undersea areas that are difficult to sample without significant
aliasing in space and time with conventional survey methods [2,3].

Here, we demonstrate the ability of Ocean Acoustic Waveguide Remote Sensing
(OAWRS) to instantaneously image Norwegian herring shoals over more than one thou-
sand square kilometers in spawning grounds near Ålesund, Norway. Wide-area OAWRS
scattering strength maps are generated by correcting transmissions for source level and
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areal resolution footprint, as well as transmission losses from spreading and seafloor
attenuation [4–8].

Previous OAWRS experiments have revealed the diel shoaling patterns of massive
fish groups, including vertical migrations of shoaling herring measured from changes
in the resonance frequency of the fish as they move from deep water to their spawning
locations [9]. OAWRS also revealed that shoaling fish tend to rapidly congregate in massive
groups spanning tens of kilometers when the fish population density reaches a species-
specific critical value [4]. Shoal growth was found to propagate horizontally outward in
compressional waves at speeds orders of magnitude larger than the swimming speed of a
fish, indicating that shoal formation is the result of synchronous convergence of individual
fish [4,5].

These massive fish groups are found to have a relatively stable mean size, and histori-
cal population surveys have shown that when a given species was overfished to the point
where the total spawning population fell within a standard deviation of the group size a
return to pre-industrial total spawning populations took decades [10]. OAWRS has also
been used to observe ecosystem-scale interactions between fish groups and marine mam-
mals that forage for fish, and it was shown that marine mammals will spatially converge
on fish spawning grounds and divide into separate foraging areas specific to each marine
mammal species [11].

Here, OAWRS is used to investigate the effects of diel shoaling behavior of fish groups
on acoustic sensing in the ocean. During the day, the OAWRS system revealed small,
dispersed groups of herring in the Ålesund spawning grounds with dimensions that were
typically less than 1 km. After nautical sunset, the formation of numerous dense herring
groups was observed, corresponding with a significant range-dependent decay in OAWRS
imagery even after making typical corrections for spreading loss and seafloor attenuation.

This range-dependent decay can be explained by acoustic attenuation through the
dense herring groups. Such attenuation requires exceptionally high fish population densi-
ties over significant portions of the water column and extended ranges [12] and thus was
not observed previously in OAWRS fish sensing, including Mid-Atlantic Bight herring [5],
Gulf of Maine herring [6] and Lofoten cod [10]. Reductions in the ambient noise level after
nautical sunset can be similarly explained by attenuation from the herring groups.

The organization of this paper is as follows: wide-area OAWRS maps of herring
population density are presented, and range-dependent decays in OAWRS transmissions
are corrected with a theoretical formulation that was previously shown to be consistent with
experimental measurements of attenuation from fish in a waveguide environment [12,13].
Formulations are then introduced for predicting ambient noise reductions and sensing
range reductions due to attenuation from fish. The predicted reductions in ambient noise
are shown to be theoretically consistent with the measured reductions when dense herring
shoals form after nautical sunset.

Theoretical predictions of sensing range are confirmed using measurements of OAWRS
sensing range in the presence of herring in Ålesund spawning grounds, capelin in Finnmark
spawning grounds, and cod in Lofoten spawning spawning grounds. Spatial-temporal
inhomogeneities in wide-area herring distributions observed by OAWRS indicate that
significant errors are expected in sparse temporal-spatial line transect surveys through this
region during spawning. Equivalent echosounder measurements of the herring population,
for example, are estimated by sampling 2014 spatially continuous OAWRS wide-area
population density data with the sparse line-transects of a 2001 herring survey in the same
region.

2. Methods and Materials
2.1. Population Density Measurements without Significant Fish-Attenuation

Ocean Acoustic Waveguide Remote Sensing (OAWRS) is used to instantaneously mon-
itor Norwegian herring spawning grounds over more than one thousand square kilometers
off the coast of Ålesund, Norway (Figure 1). OAWRS sound pressure level maps are gener-
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ated by beamforming, matched filtering and charting scattered returns [4–8]. Scattering
strength levels are determined by correcting sound pressure level maps for source level,
areal resolution footprint, spreading loss and seafloor attenuation [4–7] (Appendix A).

Approximately one hour before nautical sunset, the OAWRS system reveals small,
dispersed groups of herring with dimensions that are typically less than 1 km (Figure 2A),
and there are few herring groups observed in echosounder measurements from the research
vessel towing the OAWRS system (Figure 2B). Scattering strength is converted to areal
population density by calibration with local in situ measurements of population density
obtained from vertical echosounder measurements (Appendix B), and the dispersed herring
groups are found to have population densities on the order of 0.3 fish/m2 (Figure 3).

During this time, the median sensing range over azimuth for the OAWRS system is
approximately 20 km, where the sensing range is defined as the minimum range where
scattered returns from the environment fall within the detection threshold of the ambient
noise (Appendix C). Attempts to measure scattering strength beyond the sensing range
limit where ambient noise dominates will not lead to an actual scattering strength but to a
quantity that increases with range since transmission loss corrections are being applied to
ambient noise with relatively constant mean intensity over time unless it is dominated by a
particular nearby ship or sound source.

Figure 1. Spawning ground for Norwegian spring-spawning herring near Ålesund, Norway. The
green dashed circle shows 75-km diameter OAWRS areal coverage in 50 s. The red dashed circle
shows 112-km diameter OAWRS areal coverage in 75 s. The coordinate origins are at (62.00°N,
4.85°E).
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Figure 2. Wide area OAWRS scattering strength map approximately one hour before nautical sunset (20 February 2014,
17:55:49). The scattering strength is measured by correcting OAWRS measurements of sound pressure level (SPL) for source
level (SL), and areal resolution footprint and spreading loss and seafloor attenuation (TLA). The sensing range (thick white
line) is approximately 20 km. Denser fish groups appear at scattering strength levels above the labeled “Fish Shoaling
Threshold” corresponding to the critical population density where herring groups were found to form (0.2 fish/m2) [4,5].
Below the labeled “Seafloor Scattering Threshold” (0.05 fish/m2) fish groups are not reliably distinguishable from seafloor
scattering. During this time there are few herring groups observed in echosounder measurements from the research vessel
towing the OAWRS system (B), consistent with the OAWRS imagery in (A). The solid cyan line in (A) shows the path of the
research vessel corresponding to the echogram shown, and the white dot shows the position of the monostatic OAWRS
system. The cyan dotted line in (B) corresponds to the time when this OAWRS transmission was recorded. Thin white lines
in (A) designate bathymetric contours.
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Figure 3. OAWRS population density map of Norwegian spring spawning herring approximately one hour before
nautical sunset (20 February 2014, 17:55:49). Herring shoals with population density above the 0.2 fish/m2 critical density
where shoals were found to form [4,5] are relatively sparsely distributed before sunset and have densities consistent with
echosounder measurements during this time (Figure A4). The average population density measured here is 0.07 fish/m2,
where regions below the minimum detectable herring density 0.05 fish/m2 are not included in the measurement. Black
lines designate bathymetric contours.

2.2. Correcting Population Density Maps for Fish-Attenuation

On the same day and in the same region as the daylight measurements of Figures 2 and 3,
there is a significant range-dependent decay in the intensity of OAWRS transmissions
after sunset, even after making the same standard corrections as in Figure 2 for source
level, areal resolution footprint, spreading loss, and seafloor attenuation (Figure 4). This
range-dependent decay can be explained by acoustic attenuation from dense herring
groups forming at sunset, which are observed in both OAWRS imagery and echosounder
measurements from the research vessel towing the OAWRS system.

OAWRS images are corrected for attenuation from fish scattering using a theoretical
formulation that has been previously shown to be consistent with experimental mea-
surements of attenuation from fish in a waveguide (Appendix D) [12,13] (Figure 5). The
theoretical decay due to attenuation depends on the average population density of fish
within the sensing region n̄A, which is estimated by modeling the fish-attenuated scattering
strength (S̃S ≡ SS−∆SPL2way) assuming a horizontally uniform distribution of fish within
the OAWRS sensing region and performing a least-squares fit between the measured and
modeled fish-attenuated scattering strength.

Measurements of the mean fish-attenuated scattering strength (
〈

S̃Sdata

〉
) with respect

to range ρ are calculated by correcting OAWRS sound pressure level maps for source
level, areal resolution footprint, spreading loss and seafloor attenuation according to
Equation (A4), and then averaging across azimuthal angle excluding beams within 25° of
endfire. The modeled fish-attenuated scattering strength (S̃Smodel) at range ρ and assuming
average areal density n̄A is given by:

S̃Smodel(n̄A, ρ) ≡ 10 log10

(
10SS f ish(nA)/10 + 10SSsea f loor/10

)
− ∆SPL2way,model(nA, ρ) (1)
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where SSsea f loor = −43 dB is the measured scattering strength of seafloor in the region, and
SS f ish is the scattering strength of the fish groups, given [7] by:

SS f ish(nA) = TS + 10 log10(nA) (2)

where TS is the target strength of an individual fish (Appendix E) and ∆SPL2way,model is the
predicted reduction in sound pressure level caused by attenuation from fish (Equation (A15)),
which is modeled assuming the depth distribution of herring groups measured by echosounders
during this time (Figure A6).

Figure 4. Two hours after nautical sunset, several large, dense herring shoals are observed within the OAWRS sensing
region, as well as a significant range-dependent decay caused by acoustic attenuation from the herring groups. OAWRS
sound pressure level measurements (SPL) corrected for source level (SL), and areal resolution footprint and spreading losses
and seafloor attenuation (TLA) from 20 February 2014, 21:13:19 are shown in (A), where a significant range-dependent decay
is observed. Many larger herring groups are seen to have formed after sunset in the OAWRS imagery, each often spanning a
few kilometers, as confirmed by echosounder measurements from the research vessel towing the OAWRS system (B). The
position of the OAWRS system is nearly identical to Figure 2, however the sensing range (thick white line) is reduced by 20%
due to attenuation from fish. The solid cyan line in (A) shows the path of the research vessel corresponding to the echogram
shown, and the white dot shows the position of the monostatic OAWRS system. The cyan dotted line in (B) corresponds to
the time when this OAWRS transmission was recorded. Thin white lines in (A) designate bathymetric contours.
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Figure 5. The range-dependent decay in OAWRS transmissions after nautical sunset is found to be consistent with
theoretical predictions for attenuation from fish, which can be used to correct OAWRS images for fish attenuation. The
theoretical decay due to fish depends on the average population density within the sensing region, which is determined for
each OAWRS transmission by modeling scattering strength uncorrected for losses from fish attenuation (“fish-attenuated
scattering strength”) and performing a least-squares fit with measurements (A–C). Before nautical sunset, measurements
of fish-attenuated scattering strength do not significantly change with range (black line in (A)). After nautical sunset, an
increase in fish-attenuated scattering strength is observed at ranges below 6 km as well as a significant decay with range
(black lines in (B,C)). The average areal number density of herring within the sensing range of the OAWRS system is
determined by performing a least-squares fit between measured and modeled fish-attenuated scattering strength (red lines
in (A–C)). The average population density significantly increases in the hours after nautical sunset, from approximately
0.07 fish/m2 before 18:00 to nearly 0.3 fish/m2 after 21:00 (D).

The average areal density of the herring within the sensing region of the OAWRS
system is determined using a least-square estimation performed by maximizing the likeli-
hood function. Since the acoustic field can be described as a circular complex Gaussian
random variable (CCGR) and the time-bandwidth product of the acoustic measurements
µ = (1 s)(50 Hz)� 1, intensity measurements in the logarithmic domain, such as the fish-
attenuated scattering strength, can be well-approximated as Gaussian random variables
with variance independent of the mean [14,15]. The mean herring areal density is estimated
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by maximizing the log-likelihood function `(n̄A) assuming that fish-attenuated scattering
strength S̃S is a Gaussian random variable with variance independent of the mean:

`(n̄A) =
∫ ρsens

ρmin

−

(
S̃Smodel(n̄A, ρ)−

〈
S̃Sdata(ρ)

〉)2

σS̃S(ρ)
2 ρdρ (3)

where σS̃S(ρ)
2 is the variance of S̃Sdata in dB at range ρ, and the differential ρdρ is chosen

in order to integrate over range in polar coordinates. Since the log-likelihood function is
calculated by integrating the weighted difference squared across range in polar coordinates,
measurements at longer ranges are weighted more heavily since they correspond to a
larger area.

The minimum range ρmin = 2 km is chosen so that acoustic data is only considered at
ranges well above farfield ρ > L2/λ, where L = 47.25 is the length of the receiver array [16]
and λ = 1.57 m is the acoustic wavelength at the sensing frequency 955 Hz. The sensing
range ρsens is defined in Section 2.4. Once the average areal density n̄A is determined for
a given OAWRS transmission, a range-dependent correction can be applied to scattering
strength maps at each azimuthal angle according to:

SS(ρ, θ) = S̃Sdata(ρ, θ) + ∆SPL2way(n̄A, ρ) (4)

This method is used to produce herring population density maps after nautical sunset
where attenuation is significant (Figure 6). Multiple large herring groups are observed
after sunset with dimensions of several kilometers and population densities of up to
roughly five fish/m2, which is consistent with echosounder measurements during this
time (Figure A5).

Figure 6. OAWRS population density map of Norwegian spring spawning herring approximately two hours after nautical
sunset (20 February 2014, 21:13:19). Here, a correction has been applied to account for attenuation from fish, where the
modeled decay is estimated from the average areal density within the sensing region calculated in Figure 5. Multiple large
herring groups are observed with dimensions of several kilometers and population densities of up to roughly five fish/m2,
which is consistent with echosounder measurements during this time (Figure A5). The average population density measured
here is 0.29 fish/m2, where regions below the minimum detectable herring density 0.05 fish/m2 are not included in the
measurement. The color scale is chosen so that the transition from brown to blue occurs at 0.2 fish/m2, which is the critical
population density at which large herring shoals were found to form [4,5]. Black lines designate bathymetric contours.
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2.3. Predicting Ambient Noise Reductions from Fish-Attenuation

Reductions in the ambient noise level are observed after nautical sunset (Figure 7A),
and they can be explained by attenuation from herring groups. Here, a formulation
is introduced for predicting reductions in the ambient noise levels due to attenuation
from fish. Since the dominant source of ambient noise is assumed to be surface waves,
ambient noise is modeled as coming from a uniform set of uncorrelated monopoles at the
surface. The intensity of the ambient noise field in a shallow water environment is then
given [17] by:

I =
8π2q2

k2

∫ ∞

0
ξ|g(ξ; z, z0)|dξ (5)

where k is the wavenumber, q is the amplitude of an individual monopole at depth z0
near the surface, and g(ξ; z, z0) is the wavenumber-depth Green function for horizontal
wavenumber ξ and receiver depth z, which can be written in a waveguide environment in
terms of normal modes [17] as follows:

g(ξ; z, z0) =
d

2π ∑
n

un(z)un(z0)

ξ2 − ξ2
n

(6)

where ξn is the modal horizontal wavenumber, d is water density, and the amplitude of
mode n at receiver depth z is given by un(z).

In order for the integral in Equation (5) to converge, some attenuation must be included
in the system. This is because the signal from each monopole suffers cylindrical spreading
loss, but the energy radiated by the monopoles increases with the range from the receiver
squared [17]. Environmental attenuation (not including attenuation from fish) is introduced
by letting the wavenumber k be complex:

k =
2π f

c
+ iε (7)

where f is the frequency, c is the speed of sound in water, and ε is a coefficient for environ-
mental attenuation excluding fish [17,18]. The modal wavenumbers (ξn) are also assumed
to be complex, with the form:

ξn = κn + iαn (8)

where the modal attenuation coefficient αn is given [19] by

αn =
ε

κn

∫ D

0

2π f
c(z)
|un(z)|2dz (9)

where D is the water depth. In the absence of attenuation from fish, the ambient field can
then be written [17] as:

I =
πq2d2

2k2 ∑
n

un(z)2un(z0)
2

κnαn
(10)

In the presence of fish, the modal wavenumber equation is modified to include the
modal coefficients for attenuation and dispersion from fish (νn):

ξn = κn + iαn + νn(nA) = (κn +<[νn(nA)]) + i(αn +=[νn(nA)]) (11)

where νn(nA) is defined in Equation (A22). Following the same derivation that led to
Equation (10), the ambient noise field in the presence of attenuation from fish can be
written as:

Iattn(nA) =
πq2d2

2k2 ∑
n

un(z)2un(z0)
2

(κn +<[νn(nA)])(αn +=[νn(nA)])
(12)

The decrease in the ambient noise level from attenuation as fish density increases from
nA1 to nA2 can then be given by:
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∆NLpartial(nA1, nA2) = 10 log10

(
Iattn(nA1)

Iattn(nA2)

)
= 10 log10

[(
∑
n

un(z)2un(z0)
2

(κn +<[νn(nA1)])(αn +=[νn(nA1)])

)
(

∑
n

un(z)2un(z0)
2

(κn +<[νn(nA2)])(αn +=[νn(nA2)])

)−1]
(13)

where nA1 < nA2.

Figure 7. Reductions in the ambient noise level observed after nautical sunset are consistent with predicted reductions
in ambient noise due to attenuation from fish. The decrease in ambient noise (∆NL, black data in (B)) is measured as the
difference between the mean ambient noise level before nautical sunset NL1 (17:00–18:30, blue data in (A)) and after nautical
sunset NL2 (19:30–21:00, magenta data in (A)). Ambient noise measurements before and after nautical sunset are separated
by more than a standard deviation (NL1 + σ1 < NL2 − σ2) for frequencies within in an 890 Hz band near the swimbladder
resonance peak of the herring (black dotted lines in (A)). The solid black line in (B) denotes measured ∆NL for frequencies
within this band, and the dotted black lines in (B) denote measured ∆NL for frequencies outside of this band. Solid lines in
(A) show the mean ambient noise level within each time frame, and shaded patches denote the standard deviation.

2.4. Predicting Sensing Range Reductions from Fish-Attenuation

The observed reductions in signal intensity and ambient noise due to attenuation
from fish can contribute to fluctuations in the sensing range for long-range active acoustic
sensing systems in the ocean. Here, a formulation is introduced for predicting sensing
range in the presence of attenuation from fish. The sensing range (ρsens) is defined as:

ρsens( f , nA) = min[ρ|SPLA(ρ, f , nA) > NL( f )− ∆NL( f , nA) + DT] (14)

where SPLA is the azimuthally intensity-averaged sound-pressure level of the received sig-
nal, NL is the ambient noise level, DT is the detection threshold, f is the sensing frequency,
and it is assumed that fish are uniformly distributed in the horizontal within the sensing
region with average areal density nA. Ambient noise level NL is determined from mea-
surements before nautical sunset (17:00–18:30 on 20 February) in order to avoid attenuation
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effects caused by the formation of herring groups after nautical sunset (Figure 7A). The
reduction in ambient noise due to attenuation from fish (∆NL) is modeled according to
Section 2.3. The azimuthally intensity-averaged sound-pressure level SPLA is estimated by
averaging the intensity of the scattered field across the azimuthal angle θ:

SPLA(ρ, f , nA) = 10 log10

 1
θmax − θmin

∫ θmax

θmin

∣∣∣∣∣Ψ(ρ, f , nA, θ)

Ψre f

∣∣∣∣∣
2

dθ

 (15)

where Ψ(ρ, f , nA, θ) is the modeled scattered field, Ψre f = 1µPa is the reference pressure
for underwater sound, and the limits of integration θmin and θmax are chosen to exclude
beams within 25° of endfire. Assuming that scattered returns from the environment are
dominated by scattering from fish groups rather than seafloor scattering, the intensity of

the scattered field
∣∣∣Ψ(ρ, f ,nA ,θ)

Ψre f

∣∣∣2 is modeled according [12] to

10 log10

∣∣∣∣∣Ψ(ρ, f , nA, θ)

Ψre f

∣∣∣∣∣
2

= SL + TLA(ρ, f , θ) + TS( f ) + 10 log10(nA)− ∆SPL2way(ρ, f , nA) (16)

Transmission loss area TLA is calculated according to Equation (A2). The formulation
for target strength TS is shown in Appendix E and the formulation for the decrease in sound
pressure level during two-way propagation due to the attenuation from fish (∆SPL2way) is
shown in Equation (A15).

3. Results
3.1. Ambient Noise Reductions from Fish-Attenuation

Reductions in the ambient noise level observed after nautical sunset are found to be
consistent with the predicted reductions in ambient noise due to attenuation from fish
(Figure 7). The decrease in ambient noise due to the formation of herring groups at nautical
sunset on 20 February 2014 is predicted using Equation (13). The average areal density after
nautical sunset (nA1) is determined to be 0.08 fish/m2 by taking the average of OAWRS
areal density measurements between 17:00 and 18:30 (Figure 5D).

The average areal density after nautical sunset (nA2) is determined to be 0.2 fish/m2

by taking the average of OAWRS measurements of areal density between 19:30 and 21:00
(Figure 5D). The modeled coefficient for environmental attenuation excluding fish ε is
determined by maximizing the following likelihood function:

`(ε) =

N f

∑
i=1

(
−(NLmodel(ε, fi)− 〈∆NL( fi)〉)

σ∆NL( fi)2

)
(17)

where 〈∆NL( fi)〉 is the mean reduction in ambient noise at frequency fi, σ∆NL( fi) is the
standard deviation at frequency fi, N f is the number of frequencies where ∆NL is measured,
and the coefficient for environmental attenuation excluding fish ε is assumed to be in units
of λ−1. The likelihood function is maximized at ε = 5× 10−5 λ−1, which is in the same
order of magnitude as previous experimental measurements of environmental attenuation
in waveguide environments [18].

3.2. Sensing Range Reductions from Fish-Attenuation

The range-dependent decay in OAWRS transmissions due to attenuation from fish
leads to significant reductions in the sensing range (Figure 8). Thirty minutes before
nautical sunset, the average fish population density within the sensing region is below
0.1 fish/m2 and the sensing range remains approximately constant (20 km). In the two
hours following nautical sunset, the fish population density increases to nearly 0.3 fish/m2,
corresponding with reductions in the sensing range of 20%.
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Figure 8. The increase in the herring population density at nautical sunset is correlated with a
reduction in the sensing range for the OAWRS system. Before 18:00, the average areal population
density of herring (blue data) is approximately 0.07 fish/m2, and the sensing range (red data) remains
stable at approximately 20 km. Over the course of the two hours following nautical sunset, the average
areal density of herring within the sensing region increases to nearly 0.3 fish/m2, corresponding to a
20% reduction in the sensing range.

Measured reductions in sensing range are found to be theoretically predictable from
waveguide scattering theory and observed population densities. Sensing range predictions
depend on the average density of fish within the sensing region as well as the source power
of the sensing system and ambient noise level (Section 2.4). The sensing range is predicted
for both Ålesund herring and Finnmark capelin, and the predictions are in agreement with
OAWRS measurements in both environments (Figure 9). The sensing range predictions
for Lofoten cod exceed the maximum possible range that could be recorded in the 50 s
recording window that was used in this region (Figure 9C). The formulation introduced
here can be used to predict the performance of active sensing systems using historical
surveys of fish population density in the relevant region, as well as fluctuations in the
sensing range using known diel and annual variations in population density.
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Figure 9. Sensing range predictions are shown for multiple environments where fish groups are known to shoal, and
the theoretical predictions are found to be in agreement with sensing range measurements for the OAWRS system. The
expected sensing range is shown in the presence of (A) herring shoals in Ålesund waters, (B) capelin shoals in Finnmark
waters, and (C) cod shoals in Lofoten waters. Sensing range predictions depend on the input source power of the sensing
system and the ambient noise level. The sensing range is modeled in each environment for W0 − NL0 ± 10 dB re 1 µPa,
where W0 is the experimental input source power used, and NL0 is the experimental noise level. The measured sensing
ranges for the OAWRS system in the presence of Ålesund herring and Finnmark capelin (red dots in (A,B)) are shown to be
in agreement with expected sensing range at the relevant W0 − NL0 values (red lines in (A,B)). The physical parameters
used for modeling the sensing range for Finnmark capelin and Lofoten cod are shown in Table 1 of [12]. Sensing range
predictions for Lofoten cod exceed the maximum possible range that could be recorded in the 50 s recording window that
was used in this region (red dot in (C)). Here, the received signal is assumed to be dominated by scattering from fish.

3.3. Spatial Undersampling in Echosounder Surveys

Spatial inhomogeneities in wide-area herring distributions seen synoptically in OAWRS
imagery can be spatially undersampled in typical echosounder surveys, which can result
in significant overestimation or underestimation of the fish population in the survey re-
gion. Equivalent echosounder estimates of herring population density, for example, are
made by sampling 2014 spatially continuous OAWRS wide-area population density data
(Figures 3, 6 and 10) with the sparse line-transects of a 2001 herring survey in the same
region [20]. The measured population size within the survey box for each OAWRS image
shown in Figure 10 is shown in Figure 11.

The total population estimate from line-transect sampling is then calculated by mul-
tiplying the average population density along the transect with a specified survey area
(Figure 12A). Resulting population estimates in this area range from 0.5 to 2.5 times the pop-
ulation found using the entire OAWRS population density data for the region (Figure 12B).
Wide-area spatial population density maps made with OAWRS can be used in conjunction
with conventional line-transect survey methods to provide better estimates of herring
population and spatial distribution.
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Figure 10. Sample instantaneous OAWRS images of herring shoals near Ålesund trench, a historic spawning ground, over
a seven hour period (21 February 2014 (01:02:39–08:33:19). On 21 February before nautical sunrise (6:30), a large, elongated
herring shoal is observed on the northeastern edge of the trench with a total population on the order of 4 million (A,B).
Five minutes after nautical sunrise, this large shoal begins to fragment (C). Two hours after nautical sunrise, the shoal has
dissipated (D). The measured population size within the survey box for each OAWRS image shown here is in Figure 11.
The color scale is chosen so that the transition from brown to blue occurs at 0.2 fish/m2, which is the critical population
density at which large herring shoals were found to form [4,5].
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Figure 11. Herring population from instantaneous OAWRS imagery over the entire survey region
shown in Figure 10 for each instant as a function of time. Herring population is calculated by
integrating OAWRS measurements of population density over regions where the population density
is greater than 0.2 fish/m2, which is the critical population density at which large herring shoals
were found to form [4,5] (Appendix G).

Figure 12. Spatial herring distribution inhomogeneities seen in wide-area OAWRS imagery are
undersampled in sparse line-transect surveys and lead to population estimates ranging from 0.5 to
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2.5 times the total OAWRS population for the region shown. Assuming the spatial distribution of
herring found in OAWRS population density maps and echosounder tracks from a 2001 survey in the
same region (black line in (A)) [20], echosounder estimates of the herring population are simulated
by multiplying the average areal density along the echosounder transect within the survey region
with the area of the survey region. The yellow contour in (A) denotes the OAWRS survey region
for 20 February, 17:55:49 (Figure 3), the blue contour in (A) denotes the OAWRS survey region for
21:13:19 (Figure 6), and the green box in (A) denotes the data collection site for 21 February, 1:00–8:35
(Figure 10). Simulated echosounder population estimates as a percentage of OAWRS measurements
are shown in (B), where yellow, blue, and green data correspond to simulations of echosounder
estimates within the corresponding OAWRS sensing region.

4. Discussion

It is experimentally shown that Ocean Acoustic Waveguide Remote Sensing (OAWRS)
can be used to instantaneously measure wide-area fish population density, even in environ-
ments where sensing is affected by attenuation from fish. OAWRS imagery of Norwegian
spring-spawning herring is corrected for attenuation in a manner consistent with waveg-
uide scattering theory in order to produce population density maps over more than one
thousand square kilometers during dense shoaling activity. We found that attenuation from
dense herring groups forming after nautical sunset on February 20 resulted in reductions
in sensing range of roughly 20%.

It is also shown that attenuation from fish groups forming at nautical sunset can
result in ambient noise reductions. In future experiments, it may be possible to make
crude inferences about diel changes in fish population density from fluctuations in am-
bient noise. It has been previously shown that attenuation from Norwegian herring
can be significant at the sensing frequencies and typical shoaling densities in this ex-
periment, and attenuation can be significantly reduced in this environment by choosing
sensing frequencies above or below the swimbladder resonance of the herring (>2 kHz or
<500 Hz) [12]. Such attenuation requires exceptionally high fish population densities over
significant portions of the water column and extended ranges and, thus, was not observed
previously in OAWRS sensing of swimbladder-bearing fish including Mid-Atlantic Bight
herring [5], Gulf of Maine herring [6], and Lofoten cod [10].

5. Conclusions

Ocean Acoustic Waveguide Remote Sensing (OAWRS) is used to instantaneously
monitor spawning Norwegian herring population densities over wide areas, spanning more
than one thousand square kilometers, in the Nordic Seas near the Ålesund trench where
herring are known to spawn. Larger spawning shoals often spanning a few kilometers are
instantaneously imaged in their entirety. Reductions of roughly 20% in sensing range after
sunset have been found due to the corresponding formation of larger and denser herring
shoals after sunset for OAWRS transmissions near swimbladder resonance.

This attenuation is corrected for in a manner consistent with waveguide scattering
theory, leading to instantaneous wide-area OAWRS population density maps up to the
sensing range of ambient noise limitation. Sensing range reductions due to attenuation
from fish are shown to be theoretically predictable from waveguide scattering theory and
observed population densities. Such sensing range reductions may also limit the ability of
vocalizing marine mammals to echolocate in regions with dense fish shoals [21,22].

Spatial-temporal inhomogeneities in wide-area herring distributions observed by
OAWRS indicate that large errors are expected in the population density estimates made
from sparse line-transect surveys through this region during spawning. This is due to
the significant temporal and spatial aliasing of the non-homogeneous herring population
density distributions observed by OAWRS. The population density maps provided by
OAWRS can then be used in conjunction with conventional line-transect survey meth-
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ods to efficiently provide more accurate estimates of herring populations and temporal-
spatial distributions.
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Appendix A. Measurement of Scattering Strength

Data presented here is from an OAWRS experiment conducted in 2014 to survey
fish populations in the Nordic Seas via continuous monitoring with instantaneous wide-
area sensing. Roughly 10,000 active transmissions were recorded at frequencies between
850 and 1600 Hz. The experiment covered multiple species in four regions in the Nordic
Seas: herring in the Ålesund region were studied from 18–21 February, cod in the Lo-
foten region were studied on 23 February and 5–7 March, capelin in the Finnmark region
were studied from 26–28 February and 1–3 March, and capelin in the Tromso region were
studied from 28 February through 1 March. OAWRS data was produced from active trans-
missions of 1 s duration linear-frequency-modulated waveforms from a vertical source
array attached to the research vessel (Figure A1). Scattered returns from environmen-
tal features are received by a horizontal line array towed by the same research vessel
with multiple nested sub-apertures. Three linear apertures of the receiver array, i.e., the
low-frequency (LF) aperture, the mid-frequency (MF), and the high frequency (HF) aper-
ture, consist of 64 equally spaced hydrophones with respective inter-element spacing of
1.5 m, 0.75 m, and 0.375 m. Images are generated by beamforming, matched filtering, and
charting scattered returns, using nonuniformly-spaced combinations of the LF, MF, and HF
apertures, as described in [16].

In cases where there is not significant attenuation from fish, scattering strength SS can
be calculated [4–7] from

SS = 10 log10

〈∣∣∣∣∣ Ψ
Ψre f

∣∣∣∣∣
2〉
− SL− TLA (A1)

where Ψ is the scattered field, Ψre f = 1µPa is the reference acoustic pressure in water, SL
is the source level, TLA is the depth-averaged two-way transmission loss to individual
scatterers integrated over OAWRS imagining resolution, given [6] by

TLA = 10 log10

(∫
AR(ρC)

1
H

∫ z0+H/2

z0−H/2
χ(r, r0, rT)dzTdρ2

T /r−2
re f

)
(A2)

where z0 is the center depth of the fish layer, H is the vertical thickness of the fish layer,
and χ(r, r0, rT) is the magnitude squared of the two-way Green function from source r0 to
target rT to receiver r, given by

χ(r, r0, rT) = (4π)4
〈
|G(r|rT ; f , c(rw), d(rw))|2|G(rT |r0; f , c(rw), d(rw))|2|rT

〉
(A3)

where G(r|rT ; f , c(rw), d(rw)) is the Green function between the target location rT = (ρT , zT)
and the receiver location r, ρT = (xT , yT) is the horizontal target location, G(rT |r0;
f , c(rw), d(rw)) is the Green function between the source location r0 = (ρS, zS) and the
target location rT , c(rw) and d(rw) are the sound speed and density of any point rw in
the propagation path, respectively. While χ(r, r0, rT) includes transmission losses due to
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spreading and seafloor attenuation, it does not include losses due to attenuation from
fish. A parabolic equation model [23] is used to calculate the Green functions in a range-
dependent environment. The conditional expectation over the sound speed is determined
by averaging five Monte-Carlo realizations, where the Green functions are calculated along
the propagation path in range and depth for each realization. Each Monte-Carlo realization
employs sound-speed profiles measured during the 2014 OAWRS experiment (Appendix F
of [12]) every 500 m along the propagation path [18].

In cases where there is significant attenuation from fish (Figure 4), scattering strength
uncorrected for attenuation from fish (S̃S) can be calculated from

S̃S ≡ SS− ∆SPL2way = 10 log10

〈∣∣∣∣∣ Ψ
Ψre f

∣∣∣∣∣
2〉
− SL− TLA (A4)

where ∆SPL2way is the decrease in sound pressure level due to two-way attenuation from
fish. Measurements of fish-attenuated scattering strength can be corrected using the method
described in Section 2.2.

Figure A1. OAWRS system used for herring measurements during the Nordic Seas 2014 Experiment [10]. The system is
effectively monostatic with source and receiver arrays were towed from the same research vessel (RV Knorr). The OAWRS
source was developed under the National Science Foundation and Sloan Foundation MRI program for wide-area sensing of
marine life, and the ONR Five Octave Research Array (FORA) was used as the OAWRS receiver.

Appendix B. Calibration of Target Strength

Scattering strength is converted to areal population density by calibration with local in
situ measurements of areal population density obtained from echosounder measurements.
This calibration is performed using OAWRS images of the large, elongated herring shoal
observed on February 21 (Figure A2A) with a nearly concurrent echosounder transect
(Figure A2B). Areal density nA at range r along the transect is calculated according to
Equation (A32). Target strength measured by OAWRS at frequency fi and range r along
the transect is calculated according to:

TSdata( fi, r) = 10 log10(10(SSdata( fi ,r)−10 log10(nA(r)))/10) (A5)

where SSdata( fi, r) is the scattering strength measured by OAWRS at range r along the
transect and sensing frequency fi (Appendix A). Neutral buoyancy depth znb is then
determined by modeling target strength TSmodel(znb, fi) according to Appendix E assuming
the measured distribution of herring depths (Figure A2C) and maximizing the following
likelihood function:
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`(znb) =

N f

∑
i=1

(
−(TSmodel(znb, fi)− 〈TSdata( fi)〉)

σTS( fi)2

)
(A6)

where 〈TSdata( fi)〉 is the mean target strength measured along the transect at frequency fi,
σTS( fi) is the standard deviation at frequency fi, and N f is the number of frequencies. The
likelihood function is maximized by searching for across possible neutral buoyancy depths
from sea surface to seafloor, and calibrated neutral buoyancy depth is determined to be
znb = 3 m below the sea surface (Figure A2D).

OAWRS scattering strength maps are then converted to areal population density maps
according to:

10 log10(nA(ρ, θ) = SS(ρ, θ) + TS(znb, f ) (A7)

where nA is the areal population density at range ρ and azimuth θ, SS is the OAWRS
scattering strength, f = 955 is the frequency of the OAWRS transmissions shown here, and
znb is the calibrated neutral buoyancy depth.

Figure A2. The target strength of herring in Ålesund is determined by calibrating OAWRS scattering strength measurements
of a large, elongated herring shoal observed on 21 February with nearly concurrent echosounder transects. The OAWRS
scattering strength map from 21 February 2014 at 3:26:39 at sensing frequency 955 Hz is shown in (A) with the echosounder
transect from 2:52:00–2:58:00 overlain in white. Echosounder data is shown in (B), where vertical black dotted lines denote
the transect studied here. The average areal population density along the echosounder transect is shown in (C), and average
volume density of herring with respect to depth along this transect is shown in (D). The target strength of herring in this
shoal is modeled assuming the depth distribution shown in (D), and neutral buoyancy depth is determined to be 3 m by
performing a least-squares fit between measured and modeled target strength (E).
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Appendix C. Measuring Sensing Range

Sensing range ρsens is measured as the maximum range ρ at which the azimuthally
intensity-averaged sound-pressure level SPLA is greater than the attenuated ambient noise
over the frequency band of the signal by more than the detection threshold DT:

ρsens = max[ρ|SPLA(ρ) > NL− ∆NL + DT] (A8)

where NL is the ambient noise level and ∆NL is the reduction in ambient noise due to
attenuation from fish over the frequency band of the signal. Here, the detection threshold
DT is set at 5.6 dB, which is the standard deviation of an acoustic measurement after
saturated multipath propagation when the time-bandwidth product is one [15,24]. The
azimuthally intensity-averaged sound-pressure level SPLA(ρ) is calculated by averaging
the intensity of the beamformed scattered field across azimuthal angle θ over multiple
transmissions within the relevant time frame:

SPLA(ρ) ≡ 10 log10

〈∣∣∣∣∣Ψ(ρ)

Ψre f

∣∣∣∣∣
2〉

= 10 log10

 1
N

N

∑
k=1

1
θmax − θmin

∫ θmax

θmin

∣∣∣∣∣Ψ(k)(ρ, θ)

Ψre f

∣∣∣∣∣
2

dθ

 (A9)

where Ψ(k)(ρ, θ) is the beamformed scattered field from transmission k at range ρ and
azimuthal angle θ, N is the number of transmissions within the time frame analyzed,
Ψre f = 1µPa is the reference pressure for underwater sound,

〈
|Ψ(ρ)|2

〉
is the magnitude

squared of the beamformed scattered field averaged over θ and k, and the limits of integra-
tion θmin and θmax are chosen to exclude beams within 25° of endfire.

Attenuated ambient noise over the frequency band of the signal (NL − ∆NL) is
measured from the average acoustic intensity above a minimum range ρmin:

NL− ∆NL = 10 log10

 1
ρmax − ρmin

∫ ρmax

ρmin

〈∣∣∣∣∣Ψ(ρ)

Ψre f

∣∣∣∣∣
2〉

dρ

 (A10)

where ρmax = 33 km is the maximum recorded range, determined by the recording time
for each OAWRS transmission, and ρmin is the range after which we can safely say that
ambient noise dominates the received sound pressure level for each OAWRS transmission.
ρmin is chosen so that the recorded sound pressure level between ρmin and ρmax does not
significantly change with range, indicating that the measured sound pressure level is
dominated by ambient noise. This is quantified by expressing ρmin as:

ρmin = min

[
ρ′min

∣∣∣∣ 1
N

N

∑
k=1
|β(k)(ρ′min)| < βthreshold

]
(A11)

where β(k)(ρmin) is the slope of the linear regression of sound pressure level with respect
to range for transmission k between ρmin and ρmax, given by:

β(k)(ρ′min) =

∫ ρmax
ρ′min

(
(SPL(k)

A (ρ)−
∫ ρmax

ρ′min
SPL(k)

A (ρ)dρ)(ρ− 1
2 (ρmax − ρ′min)

)
dρ∫ ρmax

ρ′min
(ρ− 1

2 (ρmax − ρ′min))dρ
(A12)

where SPL(k)
A (ρ) is the range-dependent sound pressure level for a single transmission k,

and βthreshold is the maximum slope at which we determine the sound pressure level to be
sufficiently flat with respect to range. Setting the slope threshold at βthreshold = 0.01 dB/km,
ρmin is calculated as 29.5 km. Visual inspection of Figure A3C,D confirms that measured
sound pressure level flattens with respect to range above 29.5 km.

Combining Equations (A8) and (A10) yields the following formulation for measuring
sensing range:
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ρsens = max

ρ|SPLA(ρ) > 10 log10

 1
ρmax − ρmin

∫ ρmax

ρmin

〈∣∣∣∣∣Ψ(ρ)

Ψre f

∣∣∣∣∣
2〉

dρ

+ DT

 (A13)

Sensing range at azimuthal angle θ for OAWRS transmission k can be similarly
defined as:

ρ
(k)
sens(θ) = max

ρ|SPL(k)
A (ρ, θ) > 10 log10

 1
ρmax − ρmin

∫ ρmax

ρmin

〈∣∣∣∣∣Ψ(k)(ρ)

Ψre f

∣∣∣∣∣
2〉

dρ

+ DT

 (A14)

Example measurements of sensing range are shown in Figure A3, where a 20% reduc-
tion is observed after nautical sunset.

Figure A3. Reductions in signal intensity and ambient noise caused by attenuation from herring
groups resulted in a 20% reduction in the sensing range after nautical sunset. “Sensing range”
is defined here as the range at which scattered returns from the environment can be observed
above ambient noise. OAWRS maps of normalized pressure level are generated by averaging 12
instantaneous OAWRS images at 955 Hz at 17:00–17:10 (A) and 21:00–21:00 (B). The mean sensing
range over each hour-long interval is calculated by averaging each sound pressure level map across
all azimuthal angles, excluding angles within 25° of endfire (C,D). Sensing range (red dots in (C,D))
is measured as the range where sound pressure level (blue lines in (C,D)) falls within the detection
threshold DT = 5.6 dB of the ambient noise. Over the course of the four hours shown here, sensing
range reduces by 20%. Light blue patches in (C,D) denote the standard deviation of normalized
pressure level. The pressure levels shown here are normalized by the ambient noise level measured
between 17:00 and 17:10 (A,B).

Appendix D. Modeling Two-Way Attenuation in a Waveguide Environment

The decrease in sound pressure level due to attenuation from fish during two-way
propagation can be expressed [12] as

∆SPL2way = 10 log10

∣∣Ψi,2way(r|r0)
∣∣2 − 10 log10

(〈∣∣ΨT,2way(r|r0)
∣∣2〉) (A15)

where
∣∣Ψi,2way(r|r0)

∣∣2 is the intensity of the two-way scattered field without attenuation

from fish and
〈∣∣ΨT,2way(r|r0)

∣∣2〉 is the total mean intensity of the two-way scattered field
with attenuation from fish. For a distribution of fish with scatter function S and volume
number density nV , the intensity of the scattered field without attenuation at resolution
footprint AR(ρC) can be written [12] as
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∣∣Ψi,2way(r|r0)
∣∣2 =

∫
AR(ρC)

∫
z
|Ψi(rt |r0)|2

∣∣∣∣S(zt)

k

∣∣∣∣2nV(rt)|Ψi(r|rt)|2dztdρ2
t (A16)

where Ψi(rt |r0) is the incident field from source r0 = (ρ0, z0) to target rt = (ρt, zt) and
Ψi(r|rt) is the field scattered from target rt = (ρt, zt) to receiver r = (ρ, z), defined
according to

Ψi(r|r0) = ∑
n

Ψ(n)
i (r|r0) (A17)

where Ψ(n)
i (r|r0) is the contribution to the field by mode n, S is the scatter function of

an individual fish with respect to depth z as defined in Equation (A27), and with the
approximation that it is uniform in range, the depth-dependent volumetric population
density nV is

nV(rt) = nA p(zt) (A18)

where nA is the constant areal population density and p(z) is the probability distribution
function of herring depth, which is determined from echosounder measurements during
the experiment and explicitly defined in Appendix F. The mean intensity of the scattered
field including attenuation can be written as

〈∣∣ΨT,2way(r|r0)
∣∣2〉 =

∫
AR(ρC)

∫
z

〈
|ΨT(rt |r0)|2

〉∣∣∣∣S(zt)

k

∣∣∣∣2nV(rt)
〈
|ΨT(r|rt)|2

〉
dztdρ2

t (A19)

where
〈
|ΨT(rt |r0)|2

〉
is the total mean intensity from source r0 to target rt and

〈
|ΨT(r|rt)|2

〉
is the total mean intensity from target rt to receiver r, defined according to〈

|ΨT(r|r0)|2
〉
= |〈ΨT(r|r0)〉|2 + Var(ΨT(r|r0)) (A20)

where 〈ΨT(r|r0)〉 is the total mean forward field in an acoustic waveguide with scatterers
and Var(ΨT(r|r0)) is the variance of the forward field. The total mean forward field with
scatterers can be expressed as

〈ΨT(r|r0)〉 = ∑
n

Ψ(n)
i (r|r0)ei

∫ ρ
0 νn(ρs)dρs (A21)

where each dispersion and attenuation coefficient νn describes the change in the horizontal
wavenumber of mode n as it propagates through the scatterers. Dispersion and attenuation
coefficients depend on the horizontal wavenumber ξn, the shape of the corresponding
mode un, the volume density of the scatterers nV and the scatter function of an individual
scatterer S. A general formulation for νn can be found in Equation (60a) of Reference [13].
Since long-range ocean sensing systems typically operate at low frequencies where the
acoustic wavelength is larger than the dimensions of a fish, individual fish will be compact
scatterers and the dispersion and attenuation coefficients for fish shoals can be obtained
from Equations (19) and (60a) of Reference [13]:

νn(ρ) =
∫ ∞

0

2π

k
1
ξn

1
d(zt)

(un(zt))
2〈s(ρ, zt)〉dzt (A22)

where 〈s(ρ, z)〉 is the expected scatter function density of the scatterers. Since the spacing
between individual fish is larger than the acoustic wavelength, the fish are incoherent
scatterers and the expected scatter function density of a group of fish can be expressed as
〈s(ρ, z)〉 = nV(ρ, z)〈S(z)〉, where nV is defined according to Equation (A18).

The variance of the forward field can be expressed as

Var(ΨT(r|r0)) = ∑
n

2π

d2(z0)

1
|ξn|ρ

|un(z0)|2|un(z)|2e−2=[ξnρ+
∫ ρ

0 νn(ρs)dρs]
(

e
∫ ρ

0 µn(ρs)dρs − 1
)

(A23)
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where µn(ρ) is the exponential coefficient of modal field variance. A general formulation
for µn can be found in Equation (94a) of Reference [13]. Since the scatter function of an
individual fish is omnidirectional in long-range ocean sensing applications, the exponential
coefficient of modal field variance for fish shoals can be obtained from Equations (19), (72)
and (94a) of Reference [13]:

µn(ρs) = ∑
m

√
ρ

2πξmρs(ρ− ρs)

1
|ξm|

∫ ∞

0

4π2

k2d2(zt)
|un(zt)|2|um(zt)|2Vc(zt)Var(s(ρ, zt))dzt (A24)

where the scatter function coherence volume Vc quantifies the spatial scale over which the
scatter functions of two fish are correlated. The variance of the scatter function density for
incoherent scatterers can be obtained from Equation (A23) of Reference [13]:

Var(s) =
1
Vc

nVVar(S) (A25)

The exponential coefficient of model field variance µn (Equation (A24)) is independent
of the coherence volume Vc since the scatterers are incoherent.

Appendix E. Modeling the Target Strength of an Individual Fish

The target strength of an individual fish in a shoal is determined [6] by

TS = 10 log10

(
1
H

∫
z

∫
l

∣∣∣∣Sk
∣∣∣∣2 p(z)g(l)dldz

)
(A26)

where k is the wavenumber, l is the fork length of an individual fish as measured from trawl
samples, g(l) is the Gaussian probability density function of the fork length, z is the fish
depth, p(z) is the probability density function of fish depth as determined by echosounder
measurements (Figure A6), and S is the far-field scatter function of an individual fish,
given [25] by:

S(z, znb, l, f ) =

(
f 2
0 (z,znb ,l)

f 2 − 1
)

kā(z, znb, l)(
f 2
0 (z,znb ,l)

f 2 − 1
)2

+ δ2(z, znb, l, f )
+ i

δ(z, znb, l, f )kā(z, znb, l)(
f 2
0 (z,znb ,l)

f 2 − 1
)2

+ δ2(z, znb, l, f )
(A27)

where k is the wavenumber, f is the sensing frequency, f0(z, znb, l) is the resonance fre-
quency of swimbladder, ā(z, znb, l) is the equivalent swimbladder radius and δ(z, znb, l, f )
is a dimensionless damping coefficient. The mean fork length l for herring is 34 m and
the neutral buoyancy depth is 3 m (Appendix B). The equivalent swimbladder radius is
determined [26] by

ā(z, znb, l) =

[
3

4π

cnbm f lesh(l)
ρ f lesh

1 + znb/10
1 + z/10

]1/3

(A28)

assuming that the swimbladder volume varies with pressure according to Boyle’s law,
where cnb is the ratio of the swimbladder volume at neutral buoyancy to the volume of
the fish flesh Vf lesh = m f lesh(l)/ρ f lesh. m f lesh(l) is the mass of a single fish empirically
determined by the fork length l [7] and ρ f lesh is the density of the fish flesh. The resonance
frequency of the swimbladder is determined by

f0(z, znb, l) =
κ(ε(z, znb, l))
2πr(z, znb)

√
3γPatm(1 + z/10)

ρ f lesh
(A29)

where γ = 1.4 is the ratio of the specific heats of air and Patm = 1.013 Pa is the atmospheric
pressure. The correction term κ(ε(z, znb, l)) is a function of ε(z, znb, l), the swimbladder’s
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eccentricity. The correction term κ(ε(z, znb, l)) for a prolate spheroidal swimbladder is
given [27] by:

κ(ε(z, znb, l)) =
√

2(1− ε2(z, znb, l))1/4

ε1/3(z, znb, l)

[
ln

(
1 +

√
1 + ε2(z, znb, l)

1−
√

1− ε2(z, znb, l)

)]−1/2

(A30)

where ε(z, znb, l) is the ratio of the minor to major axis of a prolate spherical swimbladder

given by ε(z, znb, l) =
(

csb l
ā(z,znb ,l)

)−3/2
and csb is the ratio of the major axis of the swimblad-

der to the fish fork length l [7].
The dimensionless damping coefficient δ(z, znb, l, f ) in Equation (A27) is obtained

from the sum of radiation damping δrad and viscous damping δvis:

δ(z, znb, l, f ) = δrad + δvis =
2π f ā(z, znb, l)

c
+

ξ f

πā2(z, znb, l) f ρ f
(A31)

where f is the frequency, c is the sound speed, ξ f is the viscosity of the fish flesh and ρ f is
the density of fish flesh [8].

Appendix F. Synoptic Echosounder Measurements of Herring Areal Density and
Depth Distribution

Synoptic echosounder measurements of Ålesund herring population density collected
during the 2014 OAWRS experiment (Figure A5) are consistent with estimates of herring
population shown in Figure 5. Shoal volume density (fish/m3) is measured from echogram
data according [7] to

nV =
1

σbs
sv (A32)

where sv is the volume backscattering coefficient (m−1) and σbs = 10TSCFFS/10 is the fish
backscattering cross section of an individual fish at at the echosounder sensing frequency
(38 kHz) in units of m2, where TSCFFS is the target strength at this frequency, given [28] by

TSCFFS = 20 log10 LTL − 2.3 log10(1 + z/10)− 65.4 (A33)

where LTL is the length of an individual herring (cm), and z is the water depth (m). Shoal
areal density (fish/m2) is given by

nA =
∫ z2

z1

nVdz (A34)

where z1 and z2 delimit the depth bounds of the fish aggregations.
The probability density function of herring depth p(z) is measured by aggregating

echosounder measurements of herring in Ålesund waters according to:

p(z) =

∫
ρ nV,CFFS(ρ, z)dρ∫

z

∫
ρ nV,CFFS(ρ, z)dρdz

(A35)

where nV,CFFS(ρ, z) is the volumetric population density of herring at horizontal position ρ
and depth z measured by echosounders between 17:00 and 21:00 on 20 February, where
p(z) appears in Figure A6.
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Figure A4. Synoptic echosounder measurements of Ålesund herring shoals are consistent with OAWRS population density
measurements before nautical sunset. In (A), bathymetric contours are shown in black, the path of the research vessel
towing the OAWRS system (RV Knorr) between 17:00 and 18:30 on 20 February 2014 is overlain in blue, and the path of the
research vessel from which echosounder measurements were recorded during this time is overlain in magenta. Echosounder
measurements of volumetric population density are shown in (B), and measurements of areal population density are shown
in (C). Sparse herring groups are observed with population densities on the order of 0.3 fish/m2, which is consistent with
OAWRS population density measurements during this time (Figure 3).

Figure A5. Synoptic echosounder measurements of Ålesund herring shoals are consistent with OAWRS population density
measurements after nautical sunset. In (A), bathymetric contours are shown in black, the path of the research vessel
towing the OAWRS system (RV Knorr) between 19:30–21:00 on 20 February 2014 is overlain in blue, and the path of the
research vessel from which echosounder measurements were recorded during this time is overlain in magenta. Echosounder
measurements of volumetric population density are shown in (B), and measurements of areal population density are shown
in (C). Several dense herring groups are observed with population densities on the order of 5 fish/m2, which is consistent
with OAWRS population density measurements during this time (Figure 6).
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Figure A6. Probability density function of herring depth p(z) inverted from echosounder measure-
ments on 20 February 2014 between 17:00 and 21:00 in Ålesund spawning grounds (Equation (A35)).

Appendix G. Measurements of Herring Population from OAWRS Population
Density Maps

Herring population within OAWRS survey regions is calculated by integrating OAWRS
measurements of population density over regions where the population density is greater
than 0.2 fish/m2, which is the critical population density at which large herring shoals were
found to form [4,5]. It is found that selecting regions above this threshold is an effective
way to include discrete herring shoals in population measurements without including
measurements contaminated by background seafloor scattering (Figure A7). It is found
that 87% of the herring population measured by echosounders during this experiment was
above the 0.2 fish/m2 threshold (Figure A8).

Figure A7. Echosounder measurements confirm that the majority of herring contained in the discrete
shoals observed by OAWRS are in regions where the population density is greater than the critical
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population density 0.2 fish/m2 [4,5]. An OAWRS population density map from 21 February, 3:26:39
is shown in (A), where the path of an echosounder is overlain in white and the corresponding
echosounder data from 2:48–3:40 are shown in (B). The green dot in (A) and the green line in (B)
correspond to the echosounder position for the OAWRS image shown in (A). Black dotted lines in
(B) designate regions α, β, and γ, where both systems co-register dense fish groups (A). The areal
population density measured by the echosounder along this transect is shown in (C), where red
data denotes regions where the OAWRS population density is greater than 0.2 fish/m2 and black
data denotes regions where the OAWRS population density is less than 0.2 fish/m2. It is found that
selecting regions above the 0.2 fish/m2 threshold is an effective way to segment discrete herring
shoals (red data in (C)) without including measurements potentially affected by scintillation and
contamination from background seafloor scattering (black data in (C)). By contrast, a significant
portion of OAWRS data above 0.05 fish/m2 falls outside the dense, discrete shoal (D).

Figure A8. The percentage of the herring population measured by echosounders between 17 February,
23:30 and 21 February, 21:00 above the population density threshold nA is shown here. 87% of the
herring population is found to be above the critical population density 0.2 fish/m2 (red dotted line).

Appendix H. Measured Wind Speed Variations

Figure A9. Wind speed measurements recorded by the research vessel towing the OAWRS system
(RV Knorr) are shown here from 20 February 2014 between 17:00–18:30 (before nautical sunset) and
between 19:30–21:00 (after nautical sunset). There is no statistically significant difference between
wind speed before and after sunset, indicating that reductions in ambient noise after sunset are not
caused by changes in wind speed.

Wind speed measurements recorded by the research vessel towing the OAWRS system
(RV Knorr) before and after nautical sunset on 20 February 2014 are shown in Figure A9.
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There is no statistically significant difference between wind speed before and after sunset,
which demonstrates that reductions in ambient noise after sunset are not caused by changes
in wind speed.
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