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Explanatory Note

This report is one in a series on the potential for technology applications to enhance efficiency in
commercial fisheries, reduce the catch of non-targeted species, and provide new tools for fishery
assessments in support of the NMFS strategic goals to build sustainable fisheries and recover
protected species. A report synthesizing the results of this series of studies is planned. We hope the
distribution of this report will facilitate further discussion and research into the application’s
potential usefulness, but should not be construed as an endorsement of the application by NMFS.

Pursuant to changes in the Marine Mammal Protection Act in 1988, the NMFS’ SWFSC began
another series of ETP-related studies in 1990, focused on developing and evaluating methods of
capturing yellowfin tuna which do not involve dolphins. This series of studies has been conducted
within the SWFSC’s Dolphin-Safe Research Program. Studies on the potential use of airborne lidar
(LIght Detection And Ranging) systems began in 1991, and studies on low-frequency acoustic
systems to detect fish schools at ranges much greater than currently possible were initiated during
1995. In addition to their use as an alternative to fishing on dolphins, these systems have potential
to increase the efficiency of the fishing operations by locating fish schools not detectable by
customary visual means, and as a fishery-independent tool to conduct population assessments on
pelagic fish. They also have potential to adversely impact marine animals.

The Dolphin-Safe Research Program is investigating, through a series of contracts and grants, five
airborne lidars: 1) the NMFS-developed “Osprey” lidar (Oliver et al. 1994), 2) the Kaman Aerospace
Corporation's FISHEYE imaging lidar (Oliver and Edwards 1996), 3) the NOAA Environmental
Technology Laboratory’s Experimental Oceanographic Fisheries Lidar (Churnside et al.
1998), 4) the Arete Associates 3D Streak-Tube Imaging Lidar, and 5) the Detection Limited’s lidar
. An initial study on the potential effects of airborne lidars on marine mammals will be completed
during 1998 (Zorn et al. 1998).

The Dolphin-Safe Research Program has completed, through a series of contracts and grants,
acoustic system studies on 1) the acoustic target strength of large yellowfin tuna schools (Nero
1996), 2) acoustic detection parameters and potential in the eastern tropical Pacific Ocean (Rees
1996), 3) the design of two towed acoustic systems (Rees 1998, Denny et al. 1998) and, 4) the
potential effects of low-frequency sound on marine mammals (Ketten 1998). Studies are in progress
to measure swimbladder volumes from large yellowfin tuna and to determine experimentally the
effects of blast and acoustic trauma on marine mammals. During 1998, the SWFSC plans to
measure the acoustic sound field produced by tuna seiners (and possibly a research vessel) and to
obtain direct measurements of the acoustic target strength of tuna schools.

Chuck Oliver

Dolphin-Safe Research Program
Southwest Fisheries Science Center
P.O. Box 271

La Jolla, California 92037



Dolphin-Safe Research Program Detection Technology Reports

Churnside, J.H., J.J. Wilson, and C.W. Oliver. 1998. Evaluation of the capability of the
experimental oceanographic fisheries lidar (FLOE) for tuna detection in the
eastern tropical Pacific. Environmental Technology Laboratory, Boulder, CO.

Denny, G.F., K.E. deVilleroy, and P.K. Simpson. 1998. Long-range tuna school detection sonar
system design specification. Grant (NA77FD0044) report. Scientific Fishery Systems,
Inc., Anchorage, AK., 38 p.

Ketten, D. 1998. Marine mammal auditory systems: a summary of audiometric and anatomical
data and its implications for underwater acoustic impacts. Contract (40JBNF600312)
report. Harvard Medical School, Boston, MA., 97 p.

Nero, R. W. 1996. Model estimates of acoustic scattering from schools of large yellowfin tuna.
Contract (40ABNF510351) report NRL/MR/774-95-7708. Naval Research Lab. Stennis
Space Center, MS. 21p

Oliver, C., W. Armstrong, and J. Young 1994. "Development of an airborne LIDAR system to
detect tunas in the eastern tropical Pacific purse-seine fishery"
NOAA-TM-NMFS-SWFSC-204. 65 p.

Oliver, C.W. and Edwards, E.F. 1996. Dolphin-Safe Research Program Progress Report II
(1992-1996). Southwest Fisheries Science Center Admin. Rpt. LJ-96-13. 91p.

Rees, C. D. 1996. Modeling of acoustic detection of yellowfin tuna in the eastern tropical
Pacific fishery area. Contract (40ABNF510351) report. NCCOSC Code 541, San
Diego, CA. 83p plus appendices.

Rees, C. D. 1998. Active towed-array acoustic system design study for yellowfin tuna in the
eastern tropical Pacific fishery area. Contract (43ABNF61572) report. NCCOSC Code
541, San Diego, CA. 58p plus appendices

Zorn, HM., J.H. Churnside, and C.W. Oliver. 1998 (in review). Laser safety thresholds for
cetaceans and pinnipeds. Environmental Technology Laboratory, Boulder, CO.

vi



Evaluation of the Capability of the Experimental Oceanographic
FisheriesLidar (FLOE) for Tuna Detection in the Eastern Tropical
Pacific

James H. Churnside
James J. Wilson
NOAA Environmenta Technology Laboratory
325 Broadway
Boulder, CO 80303

Charles W. Oliver
LaJolla Laboratory, SWFSC
National Marine Fisheries Service, NOAA
P.O. Box 271
La Jolla, California 92038-0271

Abstract A simple computer model is used to investigate the capability of alidar to detect tunain
the eastern tropical Pacific. Thelidar is similar to the Experimental Oceanographic Fisheries
Lidar (FLOE) system developed by the National Oceanographic and Atmospheric
Administration. It is an inexpensive device using commercially available components. The
model predicts a detection depth of 40 m for the specified system under typical conditions and a
maximum detection depth of 60 m under ideal conditions. The effects of changes in the lidar
design and of changesin conditions are described in a series of figures of signal-to-noise ratio
(SNR) and maximum detection depth z,«. For the various cases, peak irradiance values are

compared with the recommended maximum irradiance on the human eye.



1. I ntroduction

The Nationa Oceanic and Atmospheric Administration (NOAA) is currently developing
an Experimental Oceanographic Fisheries Lidar (FLOE) through a cooperative program of the
Environmental Technology Laboratory and the Southwest Fisheries Science Center. This report
presents the results of a study into the capabilities of this lidar or amodified version of thislidar
for detection of yellowfin tunain the tropical eastern Pacific. Currently, the tuna fishing fleet
finds fish by a combination of techniques that include visual observations from helicopters and
exploitation of the association of tuna with dolphins. The objective is to determine how
effectively an inexpensive lidar on the helicopters would increase the direct detection capabilities
to the point where ensnaring dolphins would no longer be necessary. Tuna detection by asimilar
lidar, the Osprey system, has been demonstrated (Grams and Wyman, 1993; Oliver, et al., 1994).

Section 2 describes the operating characteristics of the FLOE. The device was designed
to be inexpensive and to operate on small aircraft. Thus, the cost of reproducing this lidar would
be under $100K. The weight isunder 100 kg, and the power consumption is lessthan 1 kW. It
has been operated on a four-passenger Cessna 177 and on a six-passenger Partenavia Observer.
This system has been used to detect sardines in the Southern California Bight (Churnside, et al.,
1997).

Section 3 describes the model that was used in the calculations. Itisarelatively ssimple
model that was written with a commercial spreadsheet program (Quattro Pro). Despite its
simplicity, we feel that this model works fairly well based on comparisons with actual
measurements. The simplifying assumptions that were used to develop the model are described
in Section 3. One of the biggest areas of uncertainty liesin the physical characteristics of the
fish school that was modeled. More research is needed on the cumulative contributions of fish
size, fish reflectivity, fish distribution with depth, the number of fish in a school, and the packing
density of the school to the sensitivity of sensors.

The results of the model calculations are presented in Section 4. Three types of results

were calculated. Thefirst isa calculation of the signal-to-noise ratio of the lidar return as a



function of depth. The second type is a calculation of the maximum detectable depth of a school
of fish for various combinations of lidar, water, and fish parameters. The last is a calculation of
the maximum irradiance as a function of depth for various lidar and water parameters.

A description of the QuattroPro spreadsheet program “FiLM” isincluded as an appendix.
Formulas, parameter values, and both numeric and graphical results are described along with
instructions on how to change values to investigate other configurations.

2. FLOE

FLOE isavery smple lidar system with no scanning or imaging capabilities. The
laser is a frequency-doubled, Q-switched Nd:YAG laser, linearly polarized parallel to the plane
of incidence. A negative lensin front of the laser increases the beam divergence. The laser is
mounted beside the receiver telescope, and the diverged beam is directed by one mirror to a
second mirror in the center of the front of the telescope. Thismirror is used to direct the beam to
the water so that it is coaxial with the receiver.

The receiver consists of alens that collects the scattered light onto a photomultiplier tube
detector. An interferencefilter is placed in front of the detector to limit interference from
background light. A rotatable polarizer in front of the receiver is used to control the polarization
of the return signal to be co-polarized, cross-polarized, or un-polarized with the transmitted light.
The detector output is passed through alogarithmic amplifier, and this signal is digitized and
stored in the computer. The lidar parameters are presented in Table 1.

3. Lidar Model

The lidar model was developed to perform engineering tradeoffs quickly and easily. For
this reason, it uses a standard commercial spreadsheet (Quattro Pro). Input parameters and lidar
components can be changed quickly, and the program automatically calculates all of the affected
quantities. Plots can be quickly generated within the program to allow the results to be
immediately viewed. The lidar system was assumed to be similar to the NOAA FLOE.

Three water types characteristic of the eastern tropical Pacific were used. These are the

Jerlov types|, IA, and IB. These specify only the diffuse attenuation coefficient Kp. To get an



estimate of lidar attenuation, we need to have an estimate of the volume scattering function b(q),
where q is the scattering angle. We will use the general functional form of Petzhold, with the
exact values scaled by the value of the scattering coefficient inferred from the different values

for Kp. Wefirst note that

Kp=a+ znbf@sin@ﬂf@, (1)

2

where a is the absorption coefficient of seawater, b is the scattering coefficient, and b(qg)/b isthe
normalized scattering function of Petzhold. From this expression, we obtain the scattering

coefficient for each of the Jerlov water types. The beam attenuation coefficient is given by

€= + b (2)

The lidar attenuation coefficient lies somewhere in between the diffuse attenuation coefficient
and the beam attenuation coefficient in away that depends on the beam divergence of the lidar
and on the spot size at the surface. The details of this dependence are not completely

understood, and we will make what we hope are reasonable estimates. Following Feigels and
Kopilevich (1994), we estimate the divergence angle effect for abeam of negligible size by
assuming that photons scattered at angles greater than the lidar divergence angle f /2 arelost. We
then apply a correction to this value for the finite size of the spot at the surface based on a curve
fit to the results of Gordon (1982). The final result is an estimate for the lidar attenuation

coefficient given by

o = Ky + 2mb exp(-0.8chh) @sm(e:de, 3)

|- ra] =

where h is the height of the lidar above the surface.



To completely define the fish and the fish schools would require a large number of
parameters. To investigate the effects of variations in each of these parameters would take much
more time than was available. For this reason, we will define typical values for most of them,
and vary only those that seem to have the most effect on lidar performance. The characteristics
of the individual fish will not be varied. Y ellowfin tuna were modeled as 100-cm long, 10 cm
wide, and 20 cm deep, with amass of 20 kg. Their average reflectivity and depolarization are
assumed, for lack of any hard data, to be similar to those of sardines — 13% and 30%,
respectively.

Our generic school of tunais assumed to be 16.5 tons of fish (~750 fish). It is10 m thick
and located at a depth of 50 m. The nominal packing density is 0.125 fish per cubic meter,
which is about 2-body length spacing. The school depth, thickness, and packing density were
varied. The diameter of the school was adjusted for the packing density to maintain a constant
school mass of 16.5 tons. Thus, in some cases, the school diameter is larger than the beam
diameter, and, in others, it is smaller.

a. Signal-to-Noise Ratio

The signal and noise levels can be defined at any one of a number of pointsin the
receiver, including optical power on the detector, current out of the detector, the voltage
generated by that current through a standard 50 W resistance, the output of the log-amplifier, or
the integer value that this produces when digitized. We will consistently use the voltage across
50 W, which is the input voltage to the log-amplifier. For an infinitessmally short laser pulse, this
signal variesin time as the pulse propagates through the water. We can relate this time to the
depth at which the light was scattered back to the receiver since we know the speed at which

light travels through water. Therefore, we can write the signal as a function of depth as:
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where S isthe received signal per unit depth at depth z, P is the laser power, Risthe
responsivity of the detector and load in V/W, b(2) is the backscatter coefficient of the water plus
any fish present at that depth, h is the height of the lidar above the surface, n is the index of
refraction of water (1.33), and a isthe lidar attenuation coefficient.

To get the actual signal voltage, we must integrate Eq. (4) over the finite duration of the
laser pulse. To get the short pulses desired, it is necessary to use Q-switching. In thistechnique,
the laser resonator is blocked electro-optically while the energy is stored in the lasing medium.
The cavity isthen quickly opened. Lasing begins rapidly, and the output power quickly builds to
ahigh value. Asthe energy in the lasing medium is depleted, the output power decreases back to

zero. This technique produces a characteristic pulse shape that can be approximated by

P() - %fexp[-i], &)

IR 7L

where E isthe total pulse energy, and t is 0.408 times the full width of the pulse at one half of its
maximum value. We convert this time to distance through the speed of light, and integrate Eq.
(4) over depth.

These equations suggest severa ways in which the signal from a particular depth might
be increased. One can increase the laser energy, the telescope diameter, or the detector
responsivity. One can decrease the height of the platform above the surface. One can also
decrease the attenuation either by finding clearer water or by moving to alaser wavelength with
less absorption (blue instead of green). However, because of the technology involved, using
laser wavelengths with less attenuation than the one we have chosen is difficult. Available lasers
in the blue tend to be much more expensive, larger, less efficient, and lessreliable. A great dea
of research has been done for the US Navy on laser development, but a commercialy viable
solution has yet to be found. One promising candidate for a blue laser is being developed at the
University of Arizona. This laser isbeing marketed at a price of about $100K, or about four

times the cost of a green laser of similar capability. The attenuation also dependsto a certain



extent on both the size of the laser spot on the surface and on the divergence of the lidar; for
large spots with large divergence, the attenuation is minimized.

Noise in the signal causes fluctuations that can be mistaken for fish. Several sources are
present, although one of these will usually dominate the performance for any particular set of
conditions. The most fundamental source of noise is the so-called “shot noise” caused by the
guantum fluctuations in the light field reaching the detector. To thisis added receiver noise that
is caused by thermal fluctuations within the receiver electronics. Finally, background light (e.g.,
scattered sunlight) can add to the fluctuations. The average value of the background is not
directly a noise source, because we can measure this value and subtract it from our measured
signal. However, random fluctuations of this background are a direct source of noise. These
fluctuations arise because of the random motions of the surface under the influence of the wind.
The final noise source is caused by the variability of the optical properties of the water with
depth.

These noise components are affected differently by the different parameters that affect
the signal level. Anincrease in the laser energy increases the shot noise, but only as the square
root of the energy, so thereisanet gainin SNR. It does not affect the receiver noise or the
background noise at all. An increase in the telescope diameter affects the shot noise in the same
way as an increase in energy — as the square root of the increase in received energy — so there
isagainin SNR. Anincrease in telescope diameter does not affect receiver noise, so the SNR
can increase dramatically. It affects the background noise in the same way that it affects the
signal so thereisno gain in SNR by increasing the tel escope diameter in a background-limited
situation. An increase in detector responsivity affects both shot noise and background noise in
the same way as it affects the signal, so thereisno gain in SNR. It may or may not affect
receiver noise, depending on the exact source of the noise.

Decreasing the height of the platform increases the shot noise as the square root of the
increase in received energy. It does not affect receiver noise or background noise at all.

Decreasing the absorption coefficient can have a number of effects, depending on how it is



accomplished. If it isaccomplished by finding cleaner water or moving to a blue wavelength,
the effect is the same as an increase in laser energy or a decrease in operating height. If itis
accomplished by increasing the divergence of the lidar, it will not affect shot noise or receiver
noise. It will, however, lead to an increase in the background noise. Variability in the water
column is not affected by changes in any of the above parameters. Numerical model results of
these various tradeoffs are presented in Section 4.

While it would appear that SNR can be increased to any desired value by increasing laser
power, telescope diameter, etc., there are practical limitations. The amount of light that can be
collected is limited by the capabilities of the detector, typicaly a photomultiplier tube. Trying to
extract too much signal current from the detector will result in detector damage. Even before the
damage threshold is reached, the output will not be linear, making detection difficult. To avoid
damage to the detector, we will set the detector supply voltage so that in the standard lidar

configuration the peak current output of the detector is 0.5 of its maximum.

b. Maximum Depth Penetration

We can rewrite the signal level of alidar system as

) = 5,20~ BB D+ 8 cepi-209, ©)
1]

where & isthe signal level at the surface, by, is the clear-water backscatter coefficient, by isthe
backscatter coefficient of a school of fish, and b is the backscatter coefficient at the surface,
whereiit is assumed that there are no fish. The backscatter coefficients, b, have units of m™ and
represent the fraction of the energy that would be scattered upward by a 1-m layer of either clear
water or fish. By clear water, we mean natural seawater with its attendant load of yellow
substance, plankton, silt, etc., but without fish. The lidar attenuation coefficient is related to the

absorption and scattering coefficients of the water in away that is not completely understood, but



that depends on the field of view of thelidar. A very narrowly collimated system will have an
attenuation that is very close to the sum of the absorption and scattering. A wide field of view
collects multiple, scattered photons, and the attenuation is closer to the absorption coefficient.

As we have described, the noise in alidar system can come from several different
processes, one of which islikely to predominate in any particular set of circumstances. The
thermal noise in the receiver is an additive noise that is independent of signa level. Itis
Gaussian with zero mean. The shot noise from the sum of the signal current, background-light-
generated current, and detector dark current is a Poisson process that depends on the total
detector current. However, except for very low illumination levels, the Poisson distribution is
nearly Gaussian, and we will make this approximation. Also, we note that if the signal from the
fish school is very large, the detection probability is nearly unity, and accurate modeling of the
noise distribution is not critical. If the fish signal is small, the shot-noise variance will be very
nearly the same whether fish are present or not. Thisis the situation that must be treated
accurately, and so we can assume that shot noise can be approximated by a signal-independent,
additive Gaussian process for the purposes of this paper.

Background fluctuations are related to variations in the slope of the surface, which has
been shown to be nearly Gaussian. We can therefore assume that the optical fluctuations
themselves will be very nearly Gaussian. The final noise source is caused by variations of the
optical properties of the water with depth. Variations that are slow compared with the depth
resolution of the lidar can be estimated and eliminated. However, more rapid fluctuations will be
indistinguishable from noise. In the absence of a better model for these fluctuations, we will also
assume that they are Gaussian. Thus, an additive, signal-independent Gaussian noise will be
considered, and the source of this noise will not be considered further.

The probability-density function of the instantaneous signal can therefore by

approximated by
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where sis the instantaneous signal at some depth and N is the noise variance. For illustration, we
will assume that N is not depth dependent, although Sclearly is.

Detection is accomplished by setting a threshold signal level above which we will assert
that fish are present. The detection probability is the probability that the instantaneous signal is

above this threshold when fish are present (i.e., when bs > 0). Thus,

expl- (S _Sf>2) R

AL

P(DETECTION) = f

,/Tmr

where T is the threshold level and & isthe signal level with fish present. Specifying that fish are
present whenever the received signal exceeds some threshold value entails some probability of a

"false alarm.” This probability can be calculated from

k-5

L, ®
2N

g
FALSE ALARM) = t
: w0 £ 2T exp[

where S, isthe signal from clear water.

To reduce the number of free parameters, we can normalize everything by the noise level.
Thus, we define asignal-to-noise ratio, INR = (S - S,)/N and a threshold-to-noise ratio
TNR = (T - S,)/N. Then,

P(FALSE ALARM) = f — exp|-
2T

1.2
5 ]ﬂiﬁ" (10)

and
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The performance of this system depends on both the SNR and the TNR. One convenient way to
summarize the performance is to fix an acceptable false alarm rate, use that to determine the
threshold level, and then calculate the detection probability. The results of such a calculation are
presented in Figure 1, which isaplot of detection probability as a function of false dlarm
probability for signal-to-noise ratios of 1 and 3. The two limits of the plot correspond to a very
high threshold and to a very low threshold. In the first instance, we never determine that fish are
present, and P(false alarm) and P(detection) are both zero. In the second, we always say that fish
are present, and P(false alarm) and P(detection) are both unity.

It isalso instructive to select an alowable false-alarm rate and a signal-to-noise ratio at
the surface, and cal cul ate the detection probability as afunction of depth. This was done for a
false-alarm probability of 1% and a lidar attenuation coefficient of 0.1 m™, and the results are
plotted in Figure 2 for several values of the surface signal-to-noise ratio. There are several
interesting features of these results. Thefirst is that the detection probability goes quickly from
nearly unity to nearly zero when some depth is reached. Because of this sharp transition, we can
define as maximum detection depth z,.« as the depth at which the detection probability is 0.5.
This depth depends logarithmically on signal level because of the exponential attenuation of the
signal with depth. Thus, an order-of-magnitude increase in signal level provides an increase of
just over 10 min depth. Thisisjust about 1 lidar attenuation depth, defined asa™. If the
attenuation coefficient is different from the value used here, these depth values scale linearly
with lidar attenuation depth.

The sensitivity to the false-alarm rate was investigated by cal culating the maximum
detection depth as a function of the selected false-alarm probability for the same values of the

surface signal-to-noise ratio. The results are presented in Figure 3. We note that thereisonly a



dlight dependence on false-alarm rate. Thisimplies that we can select afairly low rate of false
alarms for a system without degrading the detection performance seriously. It also implies that
we can select anominal threshold level and obtain a smple expression for the maximum
detection depth. A value of TNR = 3 results in afalse-alarm probability of just above 0.1%.

Using this value, we can calculate that

1 3
2 - —l .
T 20 SNRD] G2

The detection probability can be approximated by unity for depths above this value and zero for
depths below it.
Because of the interference with the surface, it is difficult to actually calculate SNR,.

Instead, we note that

SNR, = SNR aexp(Za:z), (13)

where z is any arbitrary depth, and SNR; is the signal-to-noise ratio at that depth. The
calculations were actually done with a fish school deep enough that the surface effects did not
contribute.

C. Peak Irradiance

The peak irradiance at any depth can be estimated by dividing the power reaching that

depth by the area of the beam at that depth. The simplest expression is

P exp(-oz)

2 v+ 2
2
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where Py, isthe peak transmitted laser power and gisthe lidar divergence. This expression does
not take into account the additional spreading of the beam because of multiple forward scattering
of light. Because of this, it is higher than the actual value at large depths, and overestimates the
ocular hazard by an amount that is a complicated function of the water parameters.

Eq. (11) uses asimplified model of the initial irradiance distribution. The assumption is
that the total laser power is uniformly distributed within a circular area defined by the laser beam
divergence times the distance from the laser. The laser actually produces a Gaussian irradiance
distribution, where the reported beam divergence angle is the point where the irradiance has
dropped to exp(-2) of its peak value. It is straightforward to show that the peak power for the
actual Gaussian beam is twice the average power calculated assuming a uniform distribution.
Therefore, we will use the higher value in the peak irradiance calculations.

d. Eye Safety

The laser is apulsed laser and delivers most of its energy in about 10 ns. If alaser
transmits 0.067 joules of energy in 10 ns, that corresponds to a peak power of 67 MW. The
laser transmits a Gaussian shaped intensity pattern, and it can be shown that the center of the
beam has the highest intensity and that intensity is twice the peak power. So for eye safety
calculations we use twice the peak power. As the beam propagates away from the laser it
diverges and covers an area that can be calculated in m?. We divide the peak power by the area
of the beam and get power density (W/m?).

The maximum recommended exposure for this type of laser (i.e., short pulsesin the green
region of the spectrum) is about 300 kW/m?. Thislevel is noted in the plots as “Eye Safe”. For
this type of laser, the light is focused by the lens of the eye onto the retina, where damage occurs
at higher light levels.

The mechanism for laser eye damage depends on the pulse length and the wavelength; for
the range of pulse lengths and wavelengths considered here, it is a thermo-acoustic mechanism
that only depends on the optical irradiance on the retina. Thisis not true for much longer pulses

where thermal dissipation becomes important and the size of the spot on the retinais also



important. The worst possible case iswhere all of the laser light incident on the pupil of the eye
is collected into a spot determined by the resolution limit of the eye. In this case, the irradiance
ontheretinais

2

= Ipl'pﬂ DPLPJT (15)

I
refing i
(#:7)
where Dpypil 1S the diameter of the pupil, a res is the angular resolution of the eye, and f is the
focal distance. The maximum diameter of the pupil will be about 1/3 of the diameter of the eye
for humans or for cetaceans. The focal distance is about the same as the diameter. Thus, we

have the approximate formula

- o1 lpwt
L

I

rafing

(16)

res

for either humans or cetaceans. Although it varies from individual to individual, the angular
resolution of the human eye is generally accepted to be about 1 minute of arc, or about 0.3 mrad.
Measured values of angular resolution for cetaceans are poorer than this (Mobley 1990), with
typical values of 1.60 to 1.80 mrad. From this, we conclude that acceptable irradiance levels for
cetaceans are 30 to 40 times that for humans. Clearly, the maximum recommended exposure
limits for humans are also safe for cetaceans.
4. Results

The general philosophy in performing the calculations was to define a baseline system
that isvery similar to the current FLOE. The actual baseline parameters are presented in Table
2. Parameters were varied from this baseline value, and three cal cul ations were made. These

were SNR, maximum detectable depth, zm.x, and peak irradiance as described in Section 3.



Figures 4 through 17 are plots of SNR vs depth with various lidar parameters. Figures 18
through 27 are plots of maximum detectable depth, zm. VS various lidar parameters and Figures
28 through 32 are plots of laser power density vs depth for different lidar parameters. Note aso
that all of the “bumps’ that occur at 50 m depth are due to afish school being there.

a. Signal-to-Noise Ratio

The signal-to-noise ratio of the lidar return for the various cases is plotted as a function of
depth in Figures 4 through 17. Unless explicitly stated, all parameter values are the baseline case
from Table 2. The curvesin these plots are very similar to the actual signals that would be
received with two important differences. First, the received signa will not be so smooth; it will
include random fluctuations because of noise processes. Second, it will not decrease indefinitely
with depth; it will decrease to the background level and remain constant thereafter.

b. Maximum Detectable Depth z.x
here are 10 graphs (Figures 18-27) that show z.x as afunction of other lidar parameters. zmna is
the maximum depth of detection of fish. We see that detection to a depth of about 40 mis
generally possible. Under unfavorable conditions this can decrease to about 30 m, and under
favorable conditions it can increase to as deep as 60 m.

C. Peak Power Density.

Figures 28 through 32 are peak power density vs depth plots for various water and lidar
parameters. Note that amost all cases are eye safe for humans, even at the surface.

5. Conclusions

We have presented a standard fish detection lidar system that will detect our modeled,



16.5-ton school (~750 fish) of yellowfin tuna down to a maximum depth of about 40 m. Because
the maximum area of the laser beam is only 32% of the area occupied by our modeled fish
school, detection to 40 metersis actually predicted for smaller schools (~250 fish). Conversely,

if afish school contains more fish or, is packed greater than 2 body lengths or, is at shallower
depth or, in clearer water or, is more reflective, then detention is also predicted. For lack of
better information we assumed that the reflectivity and depolarization of tuna were same as
sardines (13% and 30%, respectively). This may or may not be a valid assumption. More work
must be done to improve our knowledge of the reflection and depolarization characteristics of
fish. Thelidar system has many places where it could be improved as technology gets better.
For instance, a 446 nm wavelength laser looks like it could give general improvement in zms and
avariable gain detector that could handle the surface reflection and have sufficient gain for
detecting the deep fish signal would be areal improvement. A logarithmic amplifier that matches
the large dynamic range of the detector would aso help extend the fish detection depth.
Automatic receiver FOV adjustment for best SNR for the current background light conditions

would also be an improvement.
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Table 1. FLOE Lidar Transmitter and Receiver Parameters.

Parameter Value
Transmitter
Wavelength 532 nm (green)
Pulse length 15 nsec
Pulse energy 67 mJ
Pulse repetition rate 10 Hz
Beam divergence 43 mrad
Receiver
Aperture diameter 17 cm
Focal length 37 cm
Field of view 26 mrad
Optical bandwidth 10 nm
Electronic bandwidth 100 MHz
Sample rate 1 GHz
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Table 2. Baseline Model Parameters.

Parameter Baseline Value Variations
Transmitter

Wavelength 532 nm 446 nm, 588 nm

Pulse length 15 nsec

Pulse energy 100 mJ 20 mJ, 500 mJ

Pulse repetition rate 10 Hz

Height above surface 300 m 100 m

Beam divergence 25 mrad 10 mrad, 50 mrad, 100 mrad
Receiver

Aperture diameter 20 cm Scm, 50 cm

Field of view same as transmitter divergence

Optical bandwidth 10 nm

Electronic bandwidth 100 MHZ

Sample rate 1 GHz

Receiver Noise 140 microvolts 100 microvolts, 200

microvolts

Detector Type R5800 R647, MCP (MicroChannel plate)

Polarization Un-Pol Co-pol, Cross-Pol
Water Column

Water Type IA I,IB

Background light 1/4 moon full sun, full dark

Background Light Fluctuations 2 percent 0.5 percent, 1 percent, 5

percent

Fish School

Fish Type Yellowfin Tuna

School Size 16.5 tons

Packing Density 0.125 m 0.008, 1 m™

School Depth 50 m 10 m, 100 m

School Thickness 10 m 5m,20 m

School Reflectivity 13%

School Depolarization 30%
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Figure 1. Detection probability as a function of the false-alarm probabaity for lidar systems
with signal-to-noise ratios of 1 and 2.
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Figure 2 Detection probability as a function of depth for a lidar system with afalse-alarm
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Curves are labeled by the walue of the sional-to-noize ratio at the surface.
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Figure 4 -TNE ws depth for the three different Jetlow water types. Twpe Iis the cleanest water
and type IB 15 the diutiest. Type I water has fewer particles to scatter light back to the receiver,

but also has a smaller lidar attenuation coefficient so that more energy 15 available to scatter back
to the recetver from greater depths.
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Figure 3 LTNE ws depth for three laser wavelengths, & choice of 446 nm produces the best SINE.

which 1z shightly better than 532 nm and 15 quite a bit better than 585 nm. The major problem

with going to the 446 nm wavelength as discussed eatlier iz the cost. A& 446 nn laser costs about
F 100K compared with $25K for the 532 nm.
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Figure 7 LINE ws depth for two laser heights wath a fized divergence. The default transmitter
divergence 18 25 mrad. This translates to a spot size on the surface of 2.5 m for a laser height of
100t and a spot size of 7.5t for alaser height of 200 . The lidar attenuation coefficient 13
pattially determnined by the laser spot size on the surface. Generally, the larger the spot on the
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slopes of the lines are the lidar attenmation coefficients.
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background light 1z not the dominant noise source, so changes in this parameter do not affect
petformance.
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constramnts of cost, size, and detector saturation limit.



1E+B

| I | I |
1E+5 Receiver FOV
1E+4 R
1E+3
1E+2

TE+1

1E+0

SR

TE-1 100mE

1E-2 S0mE

] Illli IIIII‘ L1l

1E-3

1E-4 I5mR

1E-5

I I T0mH
1E-6 ' | |

0 40 a0 120
DEPTH{m)

Figure 11 SINE ws depth for four recewer fields of wew (FOV). Generally, wider 15 better up to
the point where background light starts becoming a problem. As the FOV becomes wider, more
of the scattered photons remain within the recetver FOV | and the lidar attenuation coefficient
approaches the diffuse attenuation coefficient. Howewver, during the day, alarge FOV wall allow
mote background ight to enter the recetver. Optimization of the FOV under all conditions 1z an
area of active research.
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Figure 13 SINE ws depth for different polanzations. Cross polarization gives about an order of
magnitude less SMNE than the co-polanzed signal, but notice the hump in the line from the fish
return. Cotnpatre the humgp in the co-polanized signal with the hump i the cross-polanzed signal.
Wwhile you get less SIE wath crosspolarization than you get with copolarization wou can detect
the fish school better. This happens because the fish depolarize the laser more than the
surtounding water,

—
FJ
—



1E+S

1E+a K Detector Type

1E+3
1E+2
1E+1

1E+0

SMNR

1E- 1

Illlli III|,|,|,‘ Illlli ||||||‘ L|.|.|.|i_LL|.|.|.LLL|.|.|i_LL|.|.|.l

1E-2

|mq|u

1E-3
WP

1E-4 R5E00

1E-5
Rb4dY

1E-7 ] I ] I ]
0 A0 =10 120

DEPTH {(m)
Figure 14 SINE vz depth for different detectors.  SHE can be affected by the choice of detector.

There are several considerations to take into account i detector selection. In thiz plot, the micro
channel plate IMCP detector seems to be a shghtly better choice than the ESB00 photo multiplier
tube PIT detector. The MCP can take a higher power light pulse wathout damage or loss of
linearity than the ES800 PIIT. When the laser pulse hits the water surface a portion of the light 1s
reflected back toward the receiver and this reflected light 15 much greater than the light that 1z
scattered back from the particles in the water. This reflected light temporanly saturates the
detector and, if the saturation 1s great enough, the detector can be permanently damaged To
compensate for surface reflection the gain of the detector 15 turned down, sacrificing deeper
detection of fish. Other consideratons 1n detector selection are detector diameter, darle current
and noise levels. The detector diameter affects the masmmum FOV of the recewver. Datle current
and noise levels affect the mintrmum detectable signal. The bandwndth 15 another important
parammeter with short pulse lasers.  Also, the cutput veoltages and dynamic range need to match
the logatithimic amplifier o analog to digtal converter that follow the detector
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Figure 16 SINE ws depth for different fish school thicknesses. Asthe schools get thicker, more

light 15 attenuated by the school, and there iz less hight left below the school. This shows up as a
decreasze i SINE below the fish school
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Figure 17 SHE ws depth for different fish packing densities. One fish/ m® iz about a one body

length spacing, based on an average 1m long fish

0.125 fishf m? iz about 2 body length spacing

and 0.008 fish fmis about a 5 body length spacing. The plot shows that the closer the fish are
together, the more return signal there 13 and that there 15 less signal avalable below the school for
detection of additional, deeper schools. With a greater packing density the fish are closer
together so there are more fish in the laser beam, allowing more of the laser to be reflected back
to the recetver. The reflective area of the fish in the beam is the important point.  Assurmng the
same reflectivity, 10 fish with a reflective area of 10 cm? each, produce the same reflected laser
enerey ag 1fish with areflective area of 100 cm® More dense fish schools are more easily
detected and can be detected deeper than less dense fish schools.
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Figure 18 7, vz lazer energy for different polarizations in type I water. Type I water 15 the
cleanest. Cleaner water i better. Generally, wou can see deeper using the unpolanzed receiver as
thete iz more energy avalable from both polarizations but this 13 not the only criteria. Fish tend to
depolanize the light so the actual fish signal can be better discrirminated from the water signal using
cross-polarized light.
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Figure 22 7, v lazer height for a constant 50 mE recetver FOWV and for a constant 10 m
sutface spot size. This plot shows that below a laser height of 200 m, afized 10 m diameter spot
size 15 better than a fized 50 mE FOV and abowe 200 tm the fized FOW 15 better than the constant
spot stze. This 15 because the lidar attenmation coefficient 15 partially determmined by the surface
spot stze. With a smaller spot size the attenuation increases and with a larger spot size the
attermation approaches the diffuse attenmation coefficient, which 15 the funirum attermation.
Physically what happens 15 this, light that enters the water 15 etther scattered, absorbed or
continues straight. In anarrow FOV the light that 15 scattered 15 mostly scattered outside the
FOWV and 15 lost. With a large FOV more of the scattered light 15 still in the FOV and1s avalable
to scatter back to the recerver,
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Eackground light fluctuations are a source of notse and for laree fluctuations wall lirit the
mazimuim detection depth. The plot shows that for night time operations background hght
fluctnations are not a problem. Duning the day, in full sunlight, fluctuations are strong enough to
contribute to the notse and affect the Zoe.
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Figure 26 Zyp, vs receiver notse. Doubling recerver noise from 1.0E-4 to 2 0E-4 decreases Zye,

from 40 m to about 36 m.



g0

| | | | | |
B0 p— —_
£
= 40 f— —_—
i
=
]
20 — —
0 | | | | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0

Fish Density (Fish /m#*3)
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Figure 28 Peak power density vs depth for the three Jerlow water types. Tvpe I water 15 the
cleanest and type IB 15 the dirtiest. Cleaner water allows more of the laser power to get deeper
and possibly be scattered back from fish.
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Figure 30 Peak power density wvs depth for three different laser energy levels, While the 20 mJ
and 100 mI enercy pulses are eve-safe at the surface, the 200 mI energy pulse doesn’t become eve
safe until 5 m below the surface.
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mE. divergences are eve safe at the surface while the 25 mE and the 10 mE arenot



TRAMSMITTER

lazer energy per pulse (E) 0.1
beam divergence (D1 0.025
lazer height (H) 200
pulze length (TAO0 1.50E-09

Sampling Interval (517 1.00E-09

range elamert (07) 0.112782

SEMWATER CHARACTERISTICS

dif fuze gttenuation (Kd) 0.052
water backscatter (bb) 0.00616

water scattering coef (b 0. 136001

Lidar attenuation Coef [LACT 0093861

refractive index [Ri) 1.23
WMigter Backscatter coef(MBEC) 0.00063%

Diffuse Atn coef contant (KOC) 0.00654

Wiater Scattering Coef Qb 0.015334

Lidar attenuation Coef (LACC) 0.010536

FLAGS oMD WARIAELES

Wiater type flag QMTF)

0 fortypel, 1 fortype 14,

and 2 fortype 18 1
onfoff flag (fish) 1
Fizh Type Flag (FT)

0 for Sardines, 1 for Anchowvies 2
2 for Tuna

Detectar flag (Of)

0 for MCP 1for RE4Y b
2 for RG800, 3 for R920

Detector responsivity (GO0 194 4604
Detector dark Cument (DC)) 1. 5603
Detector cument gain (0CG7 YN

Palarization Flag (PF

0 for UnPal, 1 for CaPal, 2 for ¥Pal 1]
ATMOSPHERIC FARAMETERS

Amosphenc backscatter coaf (ABC) 1E12
Surface Retum (SR 2E07

Joules
radians
meters
Seconds
Seconds
meters

perm
per m
perm
perm

0z
0z
0z
0z

per m

RECEIVER

Meutral Density (MDY

receiver diameter (07

R Aperture area (Fa)

receiver FOW (FOW)

receiver bandwidth (B

detectar load (R

optical fitter bandwidth (dlambda)
receiver transmission (1)

Fx water spot size (Rx55)

Ta.R3 BMGLE MATCH
Tu, R angle match (hiatch)
Aogle hatch CAm))

LOG AMPLIFIER

hximum output (LAmax)
hdnimum output (LAminG

Qutput noise waltage (LA
hdnimum Input woltage (LS&nmin
hiasimum Input woltageLA&nmax)
LogAmp output noise converted to
input noise (LA

BLCKGROUND
LIGHT LEVELS
Wiatt=/m™d nm
Direct sun

full daylight not direct
owenzast

wery dark day
twilighit

Deep Twilight

Full moon

CQuarter moon
hioonless, clear
hboonless, awercast

Light Lewel Sun (LLS)
Light Lewel Blueshy (LLBY

BACKGROUMD LIGHT WOLTAGES

Sun Diffuse (BYWS00
Blue Sky Glint (B%BG)
Blue Sky Diffuse (B%BO0

Total Background woltage CWH)

Background Light Fluctuations(BLF)

from .01 to .

Figure 33 Columns & through G of the vanables page.

1]

0.2
0.0 14154

0.02%5
100000000

G0

10

0.04
4. 17 E8R46601

-0.54
0
4E-03
-0.00015
=25
0.00013932147

Sun

1.12
011z
o011z
o.ooi1z
o.ooo112
1.12E05
1.12E06
1.12E07
1.12E02
1.12E09

112E07
2.20ED8

51071 ED5
1.083734E-08
11499312
G.191109E-08

2.000000 E-02

m

m"
radian=
Hz
ohmsz
nm

m™2

“lts
“lts
“Woltz mis
lts
“ilt=
“Wolts mis

Blue sky
028
0023
0.002%
0.0002%
2BEDS
2. BEDG
2BEDOT7
2BED08
28ED09
2.8E10

“wilt=s
“wilt=s
“wilts

“alts

total

1.4

0.14
0.014
0.0014
0.o0014
1.4E05
1. 4E06
1.4E-07
1.4E-08
1.4E08



DETECTORS
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WGP responalduleg (MCPga)
WCR aamk cumant (WiCRac)
WCP cumene qain (MCPg)

Dozt ala (MZPala)

s dme (WA

Raalant Senzidulry (WCPrS)
WCP YWolage (MCPY)

Max supply Loltage = - 14000
pea b CLEAT Cument = 1S0ma i
12 W2 rep, 237 ma g 33 12 rep

RE4T 1.2

responslviey (REATga)

aark cumene [REATac]
cumsnt gain [FE4T)

phonoc arthoas ala (REdTala)
Aze dme [(REATT)

cathode raalant senzlduleg(RE4TT=)

REAT Wolrage (R4
Mdx supply Lolwgs = -1 200
Pgak Clrpat culmsnc = 1 ma

REAGGHD 17
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photo cathoas ala

fzedma

Raalant Senzldulcgicaloulaneal
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Max supply woltage =100
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ASH CHOROCTE RISTICS

aanines

Sanine Length (SL)

Sanaine packing coaf (5 PC)

Sdnaing ared Cosaf (345

Sanaine laser reflecdon (5 LF)

Sanaine Poladzadon Cosf Zpal (SPCA]
Sdning Podarizadon Cosef CoPol (3 PICS)
Sanaine ugdghr Caosef (5 HC)

Lp Fectay

ARChouy lengrh (4 L)

Anchoby packing cosef (4 PC)

ARChoby aned Ccoef [A41C]

ANChoLy Lassr rflscdon (A LR)
Anchoby Poladzadon Cogf Apod (APC3E])

Anchouy Polanzadon Cogf CoPol (4 PCC)

ARChoLy Halghe Sogf (4 1]
Todlowdn Tura

Tuna lengr (TL)

Tund packing cosaf (TPC)

Tuna area cod [TAC)

Tund Lasst reflecdonTLR])

Tuna Poladzadon Cogf Apdd (TRCA]
Tuna Poladzadon Coef CoPal (TRCC)
Tund Halghe Cogf [THC)

ASHDESITY CoLCALOTIONS
lenar (1)

Packing cosaf [P

Ared Cosf (AT

Laasr Reflscdon (LR

Hglghr Cogfinc)

Wgdghe of 1 AzhMF)

Humbsr of Azh Ip Schodd (HFS)
Inalvlaual Ash arsa (FA)
Schod Reflecdue Ared (3 RA)
Wolumg | Ash cocupdss (FY)
Azh Schood Yolums (FSY)

Ash Schodd Dlamener (RSO0
Humbser of Azh In a rangs ol [FH)
Ansd of Ash In BSam (FA)
Rflscdulny Cosaf (FR)
Amanuadon cosf [FAC)

Ash Poladzadon Cosg? Spad (FPCH]
Azh Poladzadon Cosef CoPol (FRCC)

Warer Polanzadon Cosf Xpdd (4 PCE)
Warer Poladzadon Coed CoPol JAIPCC)

ASHSCHOOL PoRon ETE RS

Schodd Top (5T)
Schod] Bomom (5 H)

Figure 34 Columns H through I of the variables page.
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TRAMSMITTED PULSE FOWER
peak power per nanosecond

Time in Lazer enargy Lazer power (N7 | Pulze
nanoseconds per nanosecond
0O 0.000000EHO 0.000000 B+ 12326
1 1664085603 1664085 E+0G 14670
2 4.201395E03 4 201 395 E+06 174532
3 RVBOS1Z2EDZ &.7895 12 E4HDG 20754
4 6.E247AEEDD G .G247 56 E+G 24671
& T.082483E03 T.082483EHIG 29310
6 V.130630E03 T 30630 E+HG 34804
T B.R4037IEDD 694037 3EHIG 41307
2 6.594807E03 6594407 EHIG 42097
9 6.154000E-03 6. 154000 B+ A2026
10 A6G631258E-03 A 63128 E+H0G 62313
11 & 163469E-03 6. 153469 EHG 21420
12 464700903 4 647009 EHIG Q6403
13 4158547 E-03 4. 158547 EHIG 113938
14 3.6975H49E-03 3697549 EHG 134674
18 3.269474E-03 3. 209474EHIG 153957
16 2.877352E03 2877352 EHG 187432
17 2.5821621E03 2521621 EHDG 221004
18 2.201736E03 2201736 EHG 260204
19 191614 ED03 1016141 B+ 306047
20 1.662Y11ED03 1.662711EHG 269530
21 1.438999E-03 1.433999 E+0G 421991
22 1.242419E032 1.242 19406 404624
23 1.070369E03 1.070369E+06 7209
24 9203207 E04 Q203207 E+05 BPETE2
26 T.eUsTIYED4 T.e0eTIVEHS TaQaT
26 G6.FEVEZ0ED4 6. FE7E20EHDS Q2032
27 ATFE0O11ED4 £.709911E405 1070369
28 4946241 E-04 4946241 EHI5 1242419
29 4219911604 421991 1EH05 14329409
30 3.595802E-04 3505302 EH05 1662711
31 3.060471E-04 3.06047 1 E+HD5 191611
32 2.602036E-04 2 G0Z036E+H0S 2201736
33 2.210039E-04 2.210039E+H05 2521621
34 1.878317ED4 1.878317EHS 2877352
35 1.5898V1E04 1.589371E+H0S JEE9ATS
36 1.346740E-04 1346740 E+HDS 36a7540
37 1.139884E-04 1.139384E+05 4153547
38 9G40VSREDS a9 640752 E+04 4647009
30 2148027 E0S 2. 148027 E+04 S153469
40 GERIYVIEDS G.83177IEH4 SEG3128
41 5B085VSHEDS 5. 808575E+H04 G154000
42 4809742 E-05 4.2007 42 6404 B5344507
43 4130717 EDS 4130717 E+404 BO40373
44 3 480459E-05 2.420459 E404 7120630
45 2.931014E05 2931014404 Toe24a3
46 2 467059E05 2467059404 BE24T5E6
47 | 2075541 E05 207554 E4H04 S7R0512
48 1. T45348E05 1.745342 6404 4201395
49 1 467034E-05 1467034404 1664025
a0 1.232676E-05 1232676 E+H4 1]

0.0999360437

Figure 35 Columns O through 5 of the vanables page. This
section contains the laser transritter pulse information. The first
colutnn 18 the time i nanoseconds. The second colutmn 15 the
laser energy ernitted at that time. The third column 1s the laser
energy cotvetted to power and the fourth colummn is the laser
power thverted in time.



‘ariable MNarmes Location ‘Wariable Names Location

A B:E14 AT P B:19
APC B:L13 MO B:Ex
APCC B:L17 MFXS B:L35
APCY B:L1 pPC B:L30
b B:B16 PF B:B:
BA B:B14 Pl B:01
BLF B:E5f R B.EF..Ef
BwBO B:E5: R&E00d: B:lz3
BWBG B:E5 R&e00g B:lz4
BwED B:E50 R&e00gd B:127
[ E:L3 R&a00s. B33
1] B:EZ RE47de B:117
oc B:B3Y RE47y B:11%
DCG B:B33 ReEd7gd B:I16
Of B:B34 REd7rs B:121
(LILY B:B4 REd7t B:Iz0
divide by F:I377 R Bz
DLABDA, B:E3 RaE0de B:l40
0z B:B3 RaE0g B:l
E B:B3 RaE0gd B:I39
FA B:L36 RaE0rs B:l44
FAC B:L44 RaE0t Bl
FA B:L42 Fa B:E4
FISH B:Bz4 Fi B:B19
FM B:LH Fa5s B:E1D
F o B:ES SrH=1 E:Rz
FRCC B:L47 SAC B:LA
FPRCY B:L46 SH B:L54
FR B:L43 SHC B:L10
FsD B:L40 51 B:BY
FSh B:L30 SL B:L4
FT B:B31 SLR B:L¥
Fhu B:L3a SPC B:LA
GO B:B36 SPCC B:La
H B:B5 SPCH B:L3
HC L33 SR B:B50
KO B:B14 SRA B:L3Y
Ko B:B21 5T B:L53
L B:L2a.. 124 TAC B2
Lac B:B1Y THC B:L26
Lacc B:B23 TL B:L20
Lo B:ER: TLR B:L23
Lan B:EXD0 TPC B:L21
LLE B:Ed6 TRCC B:L25
LLE BB TRCH B:l24
LF B:L32 TR B:E2..E2
hztch B:E13 H B:EAd
hAC P B4 Nt B:B22
hAC Pdia B:IG B C B:B20
hAC Py Bl M B:L34
hAC Pgd B3 MPCE B:LA0
WiCPr= Bl P CK B:L4a
hACPrt B:Iv MRC E:1H0
MITF B:B2a

Figure 36. Columns A-D, rows 1-122 of the YARIABLE LOCATION page (D).
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Figure 37 Page D columns D through K. This section describes the

volume scatterme function,



Kd interpolated from takble 315 p130 Light and Water
b calculated from volume scattering

Jerlov Water Characteristics inciuding FOY LaC

kd b 4+ & C newy b Klazer Klazer?
Caze | 0054 0036215 00064 005236 0088575 0283366 | 0.031075 | 0.033075 0072757
Caze |2 0023 0136001 000616 005134 0157584 1.064051 | 0116686 | 01636586  0.093561
Caze 1B 0063 0230001 0011323 0031677 0301675 1955977 | 0.214497 | 0266497 0.0921189

Figure 38 Page D columns I through "W This section sumtmarizes the water characteristics
calculated fromm the volume scattering function.



Saonsane i) 4 Aediierd
in3 = FAizrz ™
Dezpah (] AlmAlaner Area of Azh daar Azh reflecdon cosflclanes Lasef Auefage
Backscamer Hiuminadon Backzcamsr Sum LAC SumM K1 WIRC FRIZ. POt Homallz e
dmaps) oz Dol mp A H 2 Slgnal
[+ Bl

1 -Hpaars 1E-1z E2d1AEE H o [+ 1E-1z ¥ ZASECAIE-11 1AaXdE-1G
2 - T 1E-12 24QTSENS [H 4] [ 1E-12 T TIITOTOeEs QELLDE-11
1 R EsiT 1E-1Z S e ENS H g [+ 1E-1z T MTZMdesE 4 242 E-11
d | e 1E-12 QUG ENS [H 4] [+ 1E-12 & 1Tadde00E 2. 19E-11
S g disd 1E-1Z (R ETY | [H 1 [+ 1E-1z IR B I ¥ ph T 15m5E-11
B -1zl 1E-12 2R 2d T [H 4 [+ 1E-12 & TRMETASEND 18€22E-11
T - rits 1E-1z [T R =l =) H 1 [+ 1E-1z T SAETHIATE TAMRE-1Z
4 DT 1E-12 0G0 100 H o [+ 1E-12 & ddEAETITA D SOTSE-12
o el gmc 1E-1z G GOGEneTS [H [+ [H] 1E-1z o 1eadTdieT 4 4 T21E-12
10 | -2 ATEE 1E-1z 3 G021 H o [+ 1E-1z O FASSrAl3E S 13:dE-{Z
11 | -z e 1E-1z 0 GOETEES [H [+ [H] 1E-1z o 21T d 14EG1E-12
1z | - Edes 1E-1Z [REn et ] H - [+ 1E-1z T 19doeLEesT .1 ZESESE-1z
11 | mdcila 1E-12 [HE L Hl =Ty [H 4] [ 1E-12 F 1RA010a 115 2 £ IEITE-12
14 =4z 1E-1Z LR HD gy ge) H g [+ 1E-1z T 1deseTeREs 18<1E-1z
1S | -2l 1331 1E-12 LRI R RS [H 4] [+ 1E-12 [HIN . =-Tele LT g 1500 E-12
16 | - s 1E-1Z (IR HR b= R ] [H 1 [+ 1E-1z IR B R LN ST =g 1421ITE-12
17T | -2 aasT 1E-12 [T HEE TR TS H o ] 1E-1z & SATLHAET A 1.3212E-12
12 T Sl 1E-1Z [HE R HF ik ) H g [+ 1E-1z T A EEs1d.1s 1.422z2E-12
1o =T AST 1E-12 [ HER T ] [H 4 [+ 1E-12 & TeEATED 14 18501E-12
2 2T T 1E-1z [HE HIL Lar i [H [+ [H] 1E-1z & TIITTOTOR EZ DESLOE.11
21 -ETEME 1E-1z COEETS1S H o [+ 1E-1z H] Edrd {11514 2 ETI1E-13
22 | AT eq{aa 1E-12 [HE L HLHR [H 4] [ 1E-12 3 SALAQ1Fal 1S TooaE-11
zl -2 A3 1E-1Z GG G T H - [+ 1E-1z T SMTIZET.TT TZATE-12
24 AT a1z 1E-12 [HT R H=e ) [H 4] [+ 1E-12 o dECETd 4 12 EEIAE.{1
25| T iAss 1E-1Z LR R ) H g [+ 1E-1z T S 11a0ad &.1124E-12
26 -IRTEETT 1E-12 (R R ] [H 4 [+ 1E-12 [H G2 ld el a S ESEAE.{1
IT | -0% Sl 1E-1z [T H =L ) H 1 [+ 1E-1z T IedITad s S rdeSE-13
22 e Aded 1E-12 2 G0 {d H o [+ 1E-12 & IE4HEATTITD 4 ATTSE-11
rus B = Sy g, nh ] 1E-1z GG S o [H [+ [H] 1E-1z O 1I0AET D d S4rOE-11
3 -FEEIES 1E-12 [HE R TR P H o [+ 1E-1z & MT2MdES G od FdA0E-13
LR e Y= 1E-1z (IR E TR ) [H [+ [+ 1E-1z o ATeescad 21 1oTozE-12
1z Brus gty | 1E-1z 0 GOE 1D 1ES H o [+ 1E-1z & ZTAAETIT AL 1T4IE-12
11 e T 1E-12 0 ORI [H 4] [ 1E-12 [H] EZITATEL £ 1S5{1SE-12
M e esd 1E-1Z CoaTZITad H g [+ 1E-1z [+ odeaTEs 14 4 1IGTRE-12
LR Y N 1E-12 0 GOTEdAEE [H 4] [+ 1E-12 & ZIIREAGS 22 1421EE-12
5 S 1E-1Z [ R e=g E=rg [H 1 [+ 1E-1z [ HIR e e S Y] L ESGEE-1
r s AR 1E-12 2 RGASdTTT [H 4 [+ 1E-12 G SHSS RS EE ZTe11E{1
L= 1E-1z LR H el [T H 1 [+ 1E-1z T 19Tk 2 LRAAZE-13
=R Y = 1E-12 [ R e ot H o [+ 1E-12 G 13T LR 12 Z5144E-11
dg | e gaay 1E-1z G GOLed [H [+ [H] 1E-1z o ATAdd e 1E 2. 12E-11
ES R = - ) 1E-1z Caicdesal H o [+ 1E-1z [ [ PR R ) - = ZTdaE-{1
dr s AElr 1E-1z G e G 1daT [H [+ [H] 1E-1z [RIN [-R E-T-Sery T Y T3 Z1eT3E-11
L= [ 1E-1Z G a1 ST H - [+ 1E-1z T 1S 2Ee o ZEe21E-12
dd | s R1TE 1E-12 31332 [H 4] [ 1E-12 T 1dTdT1EE o 197TS2E-11
ds | o Qg 1E-1z 0125427 H o [+ 1E-1z H] AETH = Iy i) 12334 E-12
dE -2 Az 1E-12 [HE S Rl RE-Te) [H 4] [+ 1E-12 T 1Mo e 1A07T2E-12
37 -red BT 1E-1Z [HE S r= o) [H 1 [+ 1E-1z T 1xsdTTET &1 1T7M1E-12
43 g SARS 1E-12 2 i1d 15T H o ] 1E-1z & 12104354 5a 1E52TE-12
32 e dTIT 1E-1Z [ b =g g H 1 [+ 1E-1z T Az rsrEs 158ITE-12
S - EnD 1E-12 [T TR ] H o [+ 1E-1z [HI B = ch b R gt TS 1520 E-12
S - adadq 1E-1z [EE S [ T ) [H [+ [+ 1E-1z & 1COTEAETINT 14T2zE-12

Figure 39 Page E Columns A through L.

Page E 1z the page where the recetver output

calculations are done. This figure only shows the time for 20 ns after the pulse left the laser. This
page coes on for over 4000 ns, so vou only see the wery first of the calculations for the whole
pulse. Column & 15 titne i nanoseconds since the laser pulse left the laser. Column B 15 Depth in
meters. Megattve numbers indicate distance abowve the waters surface and posttive rumbers
indicate depth below the surface. Column Cis the Aw"Water backscatter coefficient. Column D 13
the areain m* of the laser bearmn. Colurmn E contains the fish backscatter information Columms F
and (7 are sums of the lidar attermation coefficient and Diffuse attermation coefficient. Column H
13 not used. Columns I and T are the sums of the water and fish reflection coefficients. Column K
12 the averace power density of the laser beam. Column L iz the normalized sional output
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Figure 40 Page E Columns M through T, Column M iz not used Column I
15 the voltage out of the detector. Column O s the log Amp lirmted signal.
The signal cut of the log amp cannot be less than it' s notse of greater than it's
mazimum woltage., Column P is the voltage out of the log amp. This 13 the
polatity that the log amp produces in real life. Column Q15 the inverted
voltage out of the log amp and iz given because it 15 sometitnes easter to work
with positive wvoltages. Colurnn B checles for a signal to notse ratio of 1 and
prints out the depth it occurs at. This data 1z used as a diagnostic in the model
Colutnn 5 15 the shot noise of the detector. Column T 15 the signal to nose
tatio.



note: to get tnie zmax wou must
subtract the water retum. To do
this make Bb zero. B:B15

S/M iz approx 3 at fish school 1358 for Height=100m

Fish school must be gt S0m to G0m 3132 for Height=300m

50520 peak retum from school Mote: 50525, 500 and S/ at 50070 all have to be changed
0 00027045243

S0 SfH at 501 Zmax

4 4662480344578 2058 479 | 494472 If Zmax is a negative number

there wasn't enough retum from the fish

40,3074 for no water retum
49 4172 with water retum
300m

Figure 41 Page E, columns WV through AT This section calculates the Zye,
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Figure 42 Vout ws depth. This 1z one of the five graphs that are includedin the model. Cther
craphs can be createdin Ouattro pro.



Log Amp Output
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Figure 43 Log amp cutput wvs depth.
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Figure 44 Fower density vs depth.
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Figure 45 =T ratio ws depth.
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Figure 46 Shot MNoise ws depth.



