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cxecuTiue sumim
Scientists from industry, academia, NOAA, and 

the Canadian Department of Fisheries and Oceans 
met in Boulder, Colorado, from March 22 to 24,
1994. They reviewed the status of airborne remote 
sensing technology in fisheries, discussed how 
such technology could be used to improve fishery 
management, and identified optimal research 
strategies for developing airborne survey instru
ments. The consensus of the workshop was that 
airborne surveys using modem techniques have 
important applications in management and in fish
ery science in general. Participants also recognized 
that airborne remote sensors could reduce the cost 
of commercial fishing for pelagic fishes by im
proving searching efficiency (increasing depth and 
area covered) and reducing observer bias; substan
tial improvements over current vision-based sys
tems are possible.

Three research goals were identified: (1) im
prove existing indices of abundance for small pe
lagic fishes and bluefin tuna; (2) develop a biomass 
measurement system for small pelagic fishes; and 
(3) develop an airborne fishery oceanography ob
servation system for studying and monitoring the 
distribution and movements of oceanic salmon and 
tunas.

Substantial opportunities exist to improve the 
precision of indices of abundance that are based on 
visual inventories or conventional aerial photogra
phy. The optimal research strategy for improving 
surface indices of abundance is to focus on improv
ing near-surface detection, identification, and reso
lution of schools. New passive imaging technology 
or lidar can improve precision by detecting schools 
under a greater range of sea states and at greater 
depths; by eliminating night observations’ depend
ency on moon phase and ambient biolumines
cence; and by providing criteria (in addition to the 
horizontal area of a school) that can be used as 
indices of school biomass.

The development of an airborne survey instru
ment for estimating biomass would most benefit

the fishery management of small pelagic 
fishes. Accurate airborne biomass surveys of 
some epipelagic fishes are feasible with a 
combination of existing lidar and passive im
aging technologies. Lidar systems can detect 
fish four to six times deeper than vision alone, 
whereas passive imaging and image process
ing systems can only triple the visual depth. 
But passive imaging systems may provide 
information for species identification not 
available from lidar.

Direct airborne estimates of biomass are 
probably most practical for stocks of small 
epipelagic fishes (sardines, menhadens, an
chovies, mackerels, herrings, and capelins). 
The optimal strategy for developing an open- 
ocean airborne survey instrument for estimat
ing biomass would be to combine modeling 
with airborne field testing that includes target 
validation. The key initial steps that need to 
be taken, in order of priority, are: (1) deter
mine how consistently school thickness can 
be measured within a swath, or develop a 
within-swath index of fish-packing density, 
and (2) develop criteria for identifying spe
cies, and estimate the depth-specific attenu
ation coefficient for species identification.

For smaller pelagic fishes, where counts of 
individuals are impractical, biomass can be 
estimated from the biomass of fish within the 
narrow transect lines, regardless of how the 
lines traverse a school. Thus, detailed recon
naissance and measurement of the volume and 
packing density of entire schools may not be 
needed. Owing to the patchiness of fish 
schools and their sizes, increasing the swath 
width from less than one meter to tens of 
meters (or in some cases hundreds of meters) 
only slightly affects school detection rates. 
This means that biomass survey instruments 
for small pelagic fishes need only sense a path 
less than a meter wide.
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The usefulness of airborne biomass surveys 
will depend upon the consistency that school 
thickness or packing density can be measured, 
the depth-specific attenuation coefficient for 
species identification, the depth-specific attenu
ation coefficient for fish detection, and the verti
cal distribution of the species. If initial work 
indicates that acceptable levels of precision for 
biomass estimation are unlikely, the research 
should change focus from estimating biomass to 
improving the precision of aerial indices of abun
dance. Fishery managers have little use for an 
imprecise biomass estimate, but indices of abun
dance are valuable stock assessment tools when 
used to monitor trends in abundance over years.

The most useful management applications of 
airborne remote sensing for salmon and tuna in 
general are studies of distribution and move
ments in relation to ocean characteristics. Fish 
distribution could be related to a wide range of 
ocean characteristics, since airborne instruments 
presently exist for measuring sea-surface tem
perature, ocean color, surface chlorophyll, parti
cle concentrations, and temperature and salinity 
profiles. Airborne studies of the movement and 
distribution of salmon and tuna would require 
greater consistency in the detection of fish, as 
well as detection at greater depths than present 
methods allow. Thus the first step in developing 
an airborne fishery-hydrography system for large 
pelagic fishes would be to improve present air
borne detection methods. Some special regional 
uses of airborne sensing for salmon and tuna 
include developing indices of abundance for At
lantic bluefin tuna; improving the census of 
spawning salmon in remote or inaccessible areas 
of Alaska; and, in the eastern tropical Pacific, 
reducing dolphin bycatch by locating large yel- 
lowfin tuna that are not associated with dolphins. 
The initial step in any of these regional projects 
would be to develop and test modem airborne 
detection methods.

1. INTRODUCTION

Direct biomass surveys are an important tool 
for fishery research and stock assessment. 
Biomass survey data are used in stock assess
ments, along with data on fishing effort and age 
composition of landed fish, to determine stock 
size, productivity, and sensitivity to fishing. The 
use of biomass surveys is increasing as resources 
become fully utilized and require frequent and 
accurate monitoring to be managed properly. 
The traditional direct surveys—ichthyoplank- 
ton, acoustic, and trawl—have substantial limi
tations when applied to active epipelagic fishes 
such as mackerels, sardines, anchovies, menhaden, 
tuna, and oceanic salmon. The goal of the Airborne 
Fishery Assessment Technology Workshop was 
to evaluate the potential of an alternative, and 
infrequently used, survey method—airborne re
mote sensing—and to define the optimal strategy 
for incorporating new sensing technology into 
airborne surveys.

Fishermen have used aircraft to locate schools 
of sardine, anchovy, mackerel, menhaden, and 
tuna for many years (Squire 1972; Hara 1985b; 
Lo et al. 1992), and aerial observations of schools 
are used now and then as indices of abundance 
or crude estimates of biomass. In southwest Af
rican waters pilchard schools were surveyed with 
a low-light television camera (Cram and Hamp
ton 1976), and the same technique was used once 
in a survey of gulf menhaden schools (Roithmayr 
and Wittmann 1973). The turbulence associated 
with the movement of fish in these schools 
caused the school to be imaged by its biolumi- 
nescent wake, which was detected at night with 
a low-light camera (Figure 1). Daytime visual 
counts of schools of bait fishes (anchovy, men
haden, and thread herring) in shallow nearshore 
waters of the Gulf of Mexico were made from 
aircraft by Lohoefener et al. 1988. Since 1985, 
estimates of school areas from aerial photo
graphs have been used to determine abundance 
of mature spawning capelin in Newfoundland 
(Nakashima 1990). Also in Newfoundland, en
hanced airborne spectrographic images of
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Figure 1. Videotaped image of bioluminescence produced by movements of a menhaden scho
at night, in characteristically V-shaped patterns (from a videotape by C.M. Roithmayr).

ol 

schools have been used since 1990 as an index of 
capelin abundance (Nakashima and Borstad 1993) 
and in New England, aerial photographic surveys 
were recently used to obtain data on distribution 
and minimum abundance of giant and large-me
dium bluefin tuna (Lutcavage and Kraus, in press). 
For California waters the observations of airborne 
fishermen cumulated over each year provide a 
30-year time series of relative abundance of an
chovy, mackerel, and sardine (Lo et al. 1992). In 
the last few years, these data have been used as an 
index of fish abundance in annual stock assess
ments (Barnes et al. 1992).

Present aerial surveys lack precision (Figure 2) 
and are not sufficiently accurate to provide a stand
alone estimate of stock biomass. The reasons are 
obvious: the links between biomass and school 
counts or areas are tenuous, and the proportion of 
the stock that is detectable with these methods is 
largely unknown and variable because of differing 
sighting conditions and the vertical distribution of

the fish. In some cases, only a small fraction 
of the stock may be shallow enough to be 
detected by present methods.
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Figure 2. Annual estimate of the rela
tive abundance of northern anchovy 
based on aerial observations of fisher
man pilots (fish spotters), compared to 
the annual estimate of total biomass of 
the stock in the same year. Each point 
is based on 3000-4000 hours of aerial 
observation by 4—6 fish spotters during 
a year.
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Technology exists that could overcome man
of these problems and vastly improve the preci
sion and accuracy of aerial surveys, making i
possible to accurately estimate the biomass o
some species. Much of this technology was de
veloped for the U.S. Department of Defense an
has only recently been declassified. Thus th
primary objective of this workshop was to defin
the optimal strategy for using existing hardware
algorithms, and expertise for airborne sensing o
fish schools and, in particular, for estimatin
their biomass. A secondary objective was to con
sider airborne remote sensing of physical an
biological properties of the ocean habitat tha
might be carried out simultaneously with air
borne fish inventories. Discussions of the latte
topic were limited to identifying existing sensor
that could be used in airborne fishery oceano
graphic studies.

y 

t 
f 

d 
e 
e 
, 
f 
g 

d 
t 

r 
s 


This workshop report comprises review and 
recommendation sections. The review sections 
are based on workshop presentations, and were 
designed to inform physicists and biologists 
about important aspects of each other’s fields; for 
example, characteristics of fish schools (for 
physicists), and characteristics of instruments 
(for biologists). Recommendation sections are a 
product of workshop discussions. They include 
a strategy for developing and testing systems for 
estimating aerial biomass and indices of abun
dance, as well as special applications for re
motely sensing salmon and tuna.

2. CHARACTERISTICS OF 
FISH AND SCHOOLS

The most important characteristics of pelagic 
fish and schools, from the standpoint of airborne 
survey technology, are school shape, area, and 
thickness; fish-packing density; horizontal and 
vertical distribution; and reflectivity. The litera
ture on these subjects is summarized below.

2.1 School Size and Shape

Virtually all aspects of school morphology are 
highly variable, but the most variable of all is 
size. No evidence exists that schools concentrate 
around a certain optimal size. In some boreal 
coastal pelagic fishes (herring, saithe, and sprat) 
school sizes vary by a factor of 10,000 or more 
(Misund 1993b). Similarly, the area of daytime 
anchovy schools ranges from less than 5 m2 to 
50,000 m2. Small schools are by far the most 
numerous, but most of the biomass of a stock 
may be concentrated in relatively rare, very large 
schools. For example, cumulative frequency dis
tribution of the horizontal areas of schools indi
cated that 50% of anchovy schools are less than 
30 m in diameter, but 90% of the summed hori
zontal areas of all schools were produced by 
schools larger than 30 m across (Hewitt et al. 
1976). Mais (1974) reported that most anchovy 
schools were 5-30 m in diameter and 4-15 m 
thick; such schools were common year-round. 
Large anchovy schools—with a 25-30 m hori
zontal axis, and 12-40 m thick—were most fre
quent in fall and winter.

The shapes of schools, in the horizonal plane, 
re described as ovoid, ameboid, ribbonlike, and 
rescent-shaped (Figure 3). Interestingly, the ad
ancing edge of crescent-shaped schools appears 
onvex (Hara 1985a). Nighttime anchovy 

schools tend to be more elongated than daytime 
schools (Figure 3). Accelerated swimming can 
ause ovoid schools to become more elongated 

(Blaxter and Hunter 1982). Giant bluefin tuna 
typically swim in soldier formations (large fish, 
typically <30 individuals), wedge- or dome
shaped schools, and flat surface sheets (Lutcav- 
age, pers. comm.). Species specificity in school 
shape probably exists but has not been studied.

a
c
v
c

c

Epipelagic fish schools tend to be vertically 
truncated; that is, they tend to be broader in the 
horizontal dimension than they are thick. This is 
one of the few characteristics of schools that 
seems consistent. Hara (1984) measured the 
thickness of sardine schools with an echo 
sounder; the mean thickness varied between 3.4
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Figure 3. Profiles of northern anchovy 
schools from daytime aerial photographs 
and videotapes of bioluminescence at night 
(redrawn from Squire 1978).

and 3.9 m for different surveys, and nearly all 
schools were less than 10 m thick (Hara 1983, 
1984). Similarly, the median thickness of anchovy 
schools appears to be about 4 m, but values range 
upward to 19 m (Holliday and Larsen 1979). 
Pitcher and Partridge (1979) concluded from older 
literature that schools typically have average 
length:width:thickness ratios of 3:2:1. More re
cently, Misund (1993b) presented the mean ratio 
of the “crosswise” horizontal dimension to thick
ness for nine acoustic surveys of herring, saithe, 
and sprat; the means ranged from 1.7 to 4.7, with 
the median at 2.6. Misund points out that nearness 
of schools to the surface or the bottom influences

their shape: the schools become thinner as 
they approach either interface, whereas 
schools in open water tend to be more spheri
cal. Schools within a few meters of the surface 
had length-to-thickness ratios as high as 10. 
Anchovy schools are very thin at night (Squire 
1978), when they are close to the surface.

2.2 Packing Density

In large fishes, such as giant bluefin tuna, 
some or all of the individual fish making up 
the school may be visible from the air and 
packing density can be estimated directly by 
counting individuals (Figure 4). In fishes too 
small to be counted individually, packing den
sity must be estimated indirectly from a cali
brated index. No single characteristic of 
schools has attracted more attention nor has 
been more difficult to calibrate accurately in 
the sea, than packing density. Packing density 
is highly variable because it is a function of 
feeding, fright, swimming behavior, diel 
rhythms, and other factors. Procedures used to 
measure packing density in the sea—dropping 
cameras through schools, counting the fish in 
purse seine catches, and driving ships equipped 
with echo sounders over schools—generally

Figure 4. Giant bluefin school where 
individual fish are visible. Fish are ar
ranged in a densely packed dome, 
from Lutcavage and Kraus (in press); 
photograph taken by Norman St. 
Pierre.
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TABLE 1. Packing density in fish schools determined from photographs taken of schools at sea.

Packing Density

Species
Time

of
Day

Fish per cubic meter
Mean distance to 
nearest neighbor 

(body lengths)
References

Min Max Min Max

Northern anchovy Day 50.0 366.0 0.79 1.63 Graves 1977

Japanese anchovy Night 0.25 0.87 7.8 12.0 Aoki and Inagaki 1988

Jack mackerel Night 6.6 19.5 18.0 21.5 Aoki et al. 1986

frighten the fish and increase density. Night and 
day schools differ the most: night schools are 
much less dense. Night schools are often so dif
fuse that some researchers have concluded that 
schooling ceases, an idea clearly rejected by the 
night purse seine fisheries for sardine, anchovy, 
and menhaden. These fisheries use biolumines
cence to detect and capture schools. Night purse 
seine fisheries for herring use lights to bring fish 
together and attract them toward a vessel.

Fish size, of course, affects packing density in 
an absolute sense, but one can adjust somewhat 
for fish size by expressing packing density in 
terms of length. Pitcher and Partridge (1979) 
provided the rule of thumb for packing density, 
normalized to fish length, of 1 x L3 (equivalent 
to average packing density = L’3, see Figure 5). 
They qualify this generalization (based largely 
on laboratory observations) by saying “greater 
volumes may be found in loosely organized 
schools.” There is the rub: average packing den
sities of fish in the sea are typically much lower 
than in laboratories. Misund’s 1993b summary 
of data for sprat, herring, and saithe indicates that 
average packing density may be greater than the 
estimate of 2.44L’3 estimated by Serebrov 
(1976); see Figure 5.

Measurements made from underwater photo
graphs (Graves 1977; Aoki et al. 1986) clearly 
demonstrate the extent of schools’ variability in 
packing density under natural conditions (Table 
1). For anchovy, these data indicate a range of

g
x
H
a.
LLI
Q
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6 43 80 117 154

DISTANCE (m)

Figure 5. Variation in packing density 
within a herring school (upper), and 
packing density for sprat, herring, and 
saithe plotted as a function of fish length 
(lower). Dashed line L'3 = packing den
sity according to Pitcher and Partridge 
(1979), and lower line 2.44L'3 = packing 
density according to Serebrov (1976). 
Figures redrawn from Misund 1993b

FISH LENGTH (cm)
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nearest-neighbor measurements from 0.79 body 
lengths (bl; daytime school photographed with a 
camera dropped through the school) to 12 bl (night 
school, with a tethered camera). This indicates a 
1000-fold range in fish density. A somewhat 
smaller range would be obtained if only day or 
night schools were considered.

Packing density also varies within the school. A 
herring school may have regions with fewer than 
0.1 herring m~3 and regions with more than 8 
herring m ' (Figure 5; Misund 1993b). Similarly, 
the leading edge of crescent-shaped sardine 
schools has a much higher density than the trailing 
edge (Hara 1985a). Variation in fish length be
tween regions within a school would also cause 
differences in packing density.

Estimates of biomass from horizontal sonar sur
veys depend upon a fixed conversion from sonar 
targets to biomass. Typically, these estimates are 
based on a relation between purse seine catch and 
the school area, assuming a circular school shape 
and proportionality between target strength and 
area. Misund (1993a) obtained a remarkably strong 
relationship between acoustic areas of herring and 
mackerel schools and biomass (r = 0.94) despite all 
the uncertainties, including the fact that mackerel 
schools clearly violated the assumption of circular
ity. The overall relationship was log (biomass)= 
1.329 x log (school area) + 0.428. This is encour
aging for airborne work, because horizontal school 
areas can be measured directly without assump
tions about school shape.

A possible improvement to this approach would 
be to include an index of packing density, such as 
the optical density of the target. If fish are suffi
ciently large it may be possible to use direct counts 
of individuals in the surface layers of the school as 
an index of packing. This may be possible for some 
tunas, since Lutcavage and Kraus counted individ
ual bluefin tuna in 126 aerial photographs taken 
with a 35 mm camera. As many as 4000 fish could 
be counted in a single photograph.

2.3 Depth of Schools in the Sea

In the daytime, some schools of small 
epipelagic fishes occur at depths that exceed 
the most optimistic forecast for depth of pene
tration by airborne lasers (Figure 6). A com
mercial species that may be an exception is 
the Pacific saury, an obligatory nuestonic spe
cies restricted to the upper few meters of the 
water column. The swimming tracks of indi
vidual tuna in Figure 6 indicate that they 
spend much of their life below the maximum 
penetration depth of surface lasers. Tuna do 
make frequent brief vertical excursions to
ward the surface throughout the day and night, 
and they could be detected during these excur
sions.

A common feature of the vertical distribu
tion of epipelagic schooling fishes is that 
schools are closer to the surface at night. This 
feature is indicated by acoustic records of 
daily migration from the greater depths to the 
surface at night (Mais 1974) and by surface 
observations (Squire 1978). The swimming 
paths of tunas tracked with acoustic transmit
ters show similar diel patterns of swimming 
depth and vertical excursion closer to the sur
face at night. Whitney (1969) reviewed data 
on visual thresholds for schooling and con
cluded that sufficient light existed in the sea 
for schooling to continue at night if the fish 
were close enough to the surface. Hunter and 
Nicholl (1985) proposed that the nighttime 
depth of schooling was closely linked to inter- 
fish visibility, with schools’ maximum depth a 
function of attenuation coefficients and ambient 
irradiance. Hunter and Nicholl’s model indi
cates that sufficient light exists in the upper 
10 m for anchovy to maintain schools at night 
under most optical conditions (Figure 7).

Nighttime schools are not only closer to the 
surface, but also have a lower packing density. 
The average density of the South African pil
chard was 4.3 times as great in the day as at 
night (Hampton et al. 1979) and Smith (1981) 
estimated that the typical density of adult an-
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chovy schools in the day was 20 times that at 
night. Schools at night—at least anchovy 
schools—are also more elongate than in the day 
(Squire 1978). School thickness does not appear 
to vary greatly between day and night (Hampton 
etal. 1979).

Many of the fisheries for anchovy, sardine, 
mackerel, and menhaden are night fisheries, in 
which aerial observers use the bioluminescence 
produced by swimming fish to find schools (Lo 
et al. 1992). Night fishing is not effective when 
the moon is full, nor when bioluminescent organ
isms are in low abundance. Fish may use biolu-
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Figure 7. Maximum depth of northern an
chovy schools in waters of various chloro
phyll concentrations (Chi a) under starlight 
and full moon. Darkly shaded area indicates 
proportion of water column where no school
ing is expected; lightly shaded area indi
cates depth range of schooling threshold. 
Central dotted line is the geometric mean.
From Hunter and Nicholl 1985.

minescence to school at night, a topic discussed by 
Whitney (1969). Tuna fishermen commonly fish 
in the day, although they also fish at night for
bioluminescent schools. In the Atlantic bluefin 
fishery, aerial spotters conclude their activities by
sundown (Lutcavage and Kraus, in press).

Night may be the best window of opportunity 
for aerial biomass surveys of most species. Night 
schools are not only closer to the surface, but also 
have a lower packing density. Predictive models 
for maximum depth of night schools seem not only 
practical, but also a valuable part of survey design 
because they could be used to develop statistical 
weights for depth-specific detection and identifi
cation of schools.

2.4 Patchy Distribution of Schools

Schools of pelagic fishes are often arranged 
in distinct aggregations called shoal groups or 
school groups (Cram and Hampton 1976; 
Smith 1978; Fiedler 1978). Such school 
groups have distinct coherent properties; the 
presence of one such group (presumably an
chovy) seems to diminish the probability that 
another group will occur within 13-27 km 
(Smith 1978); and these groups move consid
erable distances as a unit (Cram and Hampton 
1976). The contagious nature of school distri
butions directly affects the precision and de
termines the optimal spacing of transect lines 
(Smith 1978; Fiedler 1978).

2.5 Fish Reflectivity

All the fishes considered in this report have 
silvery sides, silvery and white lower sur
faces, and blue or greenish backs with lower 
reflectivity. The silvery sides are good specu
lar reflectors: the vertical sides of some spe
cies reflect over 80% of the light striking them 
(Denton and Nicol 1962). Denton and Nicol 
(1965, 1966) show that reflecting layers of 
platelets of guanine crystals are arranged so 
that they act as vertical or near-vertical mir
rors. The scales and crystals overlap, and the 
wavebands of light not reflected by one layer 
are transmitted to deeper ones. The combined 
reflections of several layers give a very bright 
silvery effect, the high reflectivity being 
caused by constructive interference between 
reflections at a number of surfaces. The net 
effect of this coloration is to greatly reduce the 
contrast between the pelagic fish and its back- 
round from all directions except straight up
ward from below (Figure 8a).

The maximum depth for detecting fish 
could be increased somewhat if the laser beam 
would be reflected off the silvery sides rather 
than the absorbing backs of the fish. Labora
tory experiments with a 532 nm laser indi
cated that the white bellies of mackerel,
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herring, and sprat gave rise to a signal four times 
stronger than their backs (Fredriksson et al. 1978). 
At 15 m underwater, the signal from the backs was 
barely detectable, while the bellies produced a 
strong signal, and one would expect a signal from 
the sides to be even more intense. Under natural 
conditions, the extent that a laser beam could be 
reflected from the silvery sides depends upon the 
tilt angle of the laser, the tilt angle of the fish, and 
the dorsal extent and angle of the reflecting plate
lets. The maximum tilt angle practical for an air
borne laser might be about 30°. We do not know if 
this angle would be sufficient to reach the highly 
reflective sides of fish, but the approach warrants 
investigation. Fish have a dorsal light response, 
which allows them to maintain their backs perpen
dicular to the downwelling irradiance, thereby 
maintaining a tilt angle close to 0 under most 
daytime conditions. There may be an exception to 
this pattern: on clear days with low sun angles, fish 
close to the surface may lean toward the light, 
increasing their tilt angle. The angle of the platelets 
of surface-dwelling mackerel (Figure 8c) seems 
suited to conditions where the sun falls obliquely 
on the body, since the platelets are tilted down
ward, which is not the case for herring (Figure 8b) 
or other species living at greater depths (Denton 
and Nicol 1966).

Using airborne lasers at night may have a dis
tinct advantage, since tilt angles may be large
when dorsal light responses of fish are weak o
absent. At night, Japanese anchovy display highly
variable tilt angles (Aoki and Inagaki 1988; Figure
8d). Thus fish may not only be closer to the surface
at night but also more easily detected because o
increased variability in tilt angle.
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Momentary breaks in the normal cryptic match 
between fish and background also occur during the 
day. These breaks are caused by postural changes 
that produce flashes of light visible from the air. 
Such flashes are used by aerial observers to iden
tify fish species. For example, twinkling (small 
frequent flashes) is characteristic of small fishes 
such as anchovy, whereas occasional long, broad 
flashes are characteristic of tunas. Flashes result 
from changes in tilt angle during rolls and turns and 
other swimming maneuvers, and from the exten

sion of the opercula during filter feeding, a 
common behavior in anchovies and sardines 
(Hobson 1968). Flashes produced by breaks 
in the cryptic coloration of pelagic fishes due 
to postural changes may be one of the few 
species-identification characters detectable 
with lidar.

3. BIOMASS SURVEY 
DESIGN

An optimal survey instrument delivers the 
greatest statistical precision for the lowest 
cost while minimizing potential biases. To 
achieve this goal, fishery surveys and survey 
instruments need to be developed in concert, 
to take full advantage of their synergism.

Precision of aerial surveys for biomass or 
for indices of abundance will depend strongly 
upon the number of transect miles surveyed 
and, consequently, on the cost of the air hours. 
This has two implications for the develop
ment of a survey instrument: first, a large 
instrument requiring a large aircraft must in
crease the precision or accuracy of the survey 
enough to justify the higher air costs. Second, 
survey instruments requiring departures from 
transect lines to identify targets and to quan
tify school biomass will be more costly, or less 
precise, than instruments that can make these 
measurements without deviating from the 
transect line. This means that the most effi
cient instrument may be one that measures 
biomass within the vertical sections of the 
transect line, assuming that species identifica
tions could be made.

Minimizing potential biases in airborne 
surveys should be given a high priority, par
ticularly if the survey is to be used for biomass 
estimation. Gunderson (1993), speaking of 
aerial and other kinds of counting surveys, 
points out that “few surveys have been sub
jected to as many violations of availability, 
vulnerability and selectivity assumptions.”
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He goes on to say that establishing the vulner
ability of the target species’ entire stock to the 
counting technique should be given first priority. 
In the present application, vulnerability—or de
tectability, as we prefer to call it—is a function 
of the penetration depth and swath width of the 
airborne sensor and the size and vertical distribu
tion of the target species in the water column. The 
vertical distributions of most epipelagic fishes 
will probably never be known with great accu
racy because the distributions are affected by 
many variables (time of day; nighttime irradi- 
ance; visibility; and spawning, feeding, and mi
gratory behaviors). Species identification may be 
even more difficult than biomass detection, since 
the ability to identify would attenuate more rap
idly with depth.

Inevitably, in most biomass surveys, some 
assumptions regarding detectability and species 
composition will have to be made. Evaluation of 
the effects of these assumptions should begin 
early in the development of survey systems so 
that instrument and survey design can evolve 
together to minimize bias and improve precision. 
The studies of Lo and Hunter (in prep.) described 
in the next three sections illustrate how simulat
ing an airborne biomass survey can influence the 
development of survey instrumentation.

3.1 Swath Width and the Detection of
Schools

If fish schools were randomly distributed over 
their habitat, school detection probability, p 
(probability that a transect path or swath will 
intercept one or more schools), would be a simple 
function of the width of the swath and the hori
zontal area of the school. But typically, fish 
schools are not randomly distributed; usually 
they are clustered together to form discrete ag
gregations at various locations in the habitat. 
Owing to the contagious distribution of schools, 
detection is a function of the diameter of school 
aggregations as well as that of the schools them
selves.

An effective survey is one in which schools
are detected with a minimum number of swaths,
and observations are unbiased. The probability at
which schools are detected (p) affects the preci
sion and therefore the effectiveness of a biomass
estimate, because when p is small many swaths
are necessary to ensure a low variance of the
estimate.

 
 
 

 
 
 

When the swaths in a survey are perpendicular 
to the coastline, p can be computed from the 
following two equations.

M

p='-n
i

Xj + y
L

(1)

xi = Uxij (2)
j

where y is the swath width,

Xi is the diameter of a fish school group (a 
group of fish)

and xij is the diameter of the fish school. Note 
that a single fish school is a school group of 
one fish school.

Lo and Hunter (in prep.) used simulations to 
determine the effect of swath width on detection 
probabilities because equation 2 is difficult to 
compute owing to the random distribution of 
schools within the groups and the random distri
butions of school groups. In these simulations, 
the swath width was varied from 0.1 m—about 
the size of a nonscanning laser beam—to 900 
m—a field size for an observer looking for 
schools from the air (Fiedler 1978; Hara 1990).

The simulations indicated that, as expected, 
the probability of detection of fish schools, p, 
does not increase linearly with the width of the 
swath; rather, it is a nonlinear function of swath 
width, school size, and school distribution (Fig
ure 9). The most striking result of the simulation 
was that increasing the swath width of the hypo
thetical instrument from a nonscanning mode of
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Figure 9. Results of a simulation of how the 
width of a transect line (swath width) affects 
the probability of detecting an anchovy 
school. Lines are for different numbers of 
schools in a 13,500 nm2 survey area (about 
the area of the Southern California Bight).

less than 1 m diameter to a broad scanning mode 
of 10 m diameter barely affected detectability. 
Even increasing the swath width from 1 m to the 
900 m of a visual observer only increased detecta
bility by a factor of about 2. Thus, owing to the vast 
habitat of pelagic fishes and the contagion of 
schools within it, a driving force in school detecta
bility is the chance encounter of the swath with an 
aggregation of schools; the width of the transect 
path that intersects such an aggregation is of neg
ligible importance. As equation 1 indicates, swath 
width will play an important role where schools are 
small and less contagious.

3.2. Attenuation of Targets with Depth

The accuracy of any absolute biomass estimate 
depends upon the “catchability” of the collecting 
or sensing device—that is, the fraction of fish or 
targets in the path of the device that are counted or
captured. In the case of airborne sensing devices, 
the maximum water depth at which fish schools 
can be detected and counted largely determines the
catchability of the instrument, and therefore the
accuracy of the survey. The probability of detect
ing schools decreases with depth (d) due to attenu
ation of light, and was modeled using the

exponential function Pa(d) = exp(-z d). The
coefficient was arbitrarily set to z = 0.05,
giving an attenuation length of 20 m
(=1/0.05). When z = 0.05 the instrument
would detect 37% of the targets at 20 m depth
(Pa(20) = 37%).

For an airborne sensor, catchability will 
also vary with the vertical distribution of the 
fish in the water column. For this exercise, Lo 
and Hunter (in prep.) fit a Weibull model to 
the cumulative vertical distributions of an
chovy, sardine, Pacific mackerel, and hake 
eggs and larvae (because accurate data on 
adult fish are lacking). Distributions of eggs 
and larvae probably resemble those of adults 
at night (Table 2). In the computation, these 
distributions were considered to be the actual 
distributions of fish schools that were sam
pled imperfectly by an airborne sensor having 
a coefficient of 0.05. Undetected schools were 
also considered to be unidentifiable. They 
were assigned to species on the basis of the 
average vertical distribution for the species, 
but the variance of this added information was 
a function of the probabilities for all four 
species at a given depth.

Table 2. Biomass/unit area (K) of 
four species in Los Angeles Bight, based 
on historic capacity of habitat (Smith,
P.E. pers. comm.), the average depth 
(o(m)) based on egg and larval data 
and the shape parameter of Weibull 
distribution (x): k(d)=K\ l-exp(-£//o)xJ 
where k(d) is the biomass/unit area in 
the upper d meters. When t is equal to 
1, the Weibull distribution is reduced 
to the exponential distribution.

Anchovy

Hake

K(kgn0m2)

0.414

0.033

o(m)

33.56

90

X

1.2

5

P. Mackerel 0.00026 5 1

Sardine 0.13 10 1
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As expected, the results indicated that the
variance of the biomass estimate increases with
the proportion of undetected schools. The mos
precise biomass estimates are obtained for the
most shallow-living species (mackerel), and the
worst for the mesopelagic hake, which occu
mostly below the range of our hypothetical sen
sor. When more than 50% of the schools are
undetected and unidentified, allocation of un
identifiable schools may produce unbiased esti
mates of biomass, but the variance of such
estimates will be very high. Fishery managers
may prefer a more precise index of abundance
over a very imprecise estimate of biomass. The
analysis also indicates that value is gained by
including less-specific information on targets,
despite the loss in precision. Since a biomass
estimate is inherently more valuable than an in
dex, inclusion of weakly classified information
has considerable merit.

 
 

t 
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In this exercise, we assumed that all targets 
that were detected were identified. This, of 
course, was an idealized conceptualization of the 
detection function for airborne sampling. In the 
real world, the attenuation lengths for species 
identification, biomass, and simple detection 
probably differ, with species identity having the

shortest attenuation lengths and simple detection 
having the longest. The computation indicates 
that even weakly classified information is valu
able and should be incorporated into the overall 
strategy for a survey and biomass estimate.

3.3 An Example of Possible Trade-offs

Two aspects of survey instrumentation that 
might be considered as possible trade-offs in 
instrument design are swath width and laser 
penetration depth. Lo and Hunter (in prep.) used 
their model to examine the relative merits of 
these two properties. The probability of detection 
of fish schools (p) measures the effectiveness of 
swath width, whereas the proportion (q(d)) 
measures how effectively an instrument detects 
schools in the upper d meters of the water col
umn. The quantity (q(d)) is the product of the 
attenuation probability (Pa(d)) and the propor
tion of fish schools for one species above depth 
d. The quantity pq is a measure of the overall 
effectiveness of any combination of swath width 
and penetration depth.

The analysis of pq indicates that a laser with 
beam width of only 0.04 m and a fish detection

Table 3. Comparison of efficiency (pq) between laser and aerial sensing devices for four fish
species. P is the probability of detecting any fish schools by one swath (Figure 9), and q(d) is the
detected proportion of fish in the upper d meters. Z is the attenuation coefficient. Ratio=
Phaser//^aerial >1 indicates that the laser is more effective than an aerial sensing device.

Detection 
Depth (d) 

(m)

Swath
width

(m)
P

Hake

q(d)

Anchovy Sardine P. mac.

Laser 30 0.04 0.13 0.00201 0.383 0.673 0.751

Aerial 4 >900 0.19 1.57E-0.7 0.101 0.298 0.498

pq Z

Hake Anchovy Sardine P. mac.

Laser 30 0.000262 0.049 0.087 0.097

Aerial 4 2.98E-08 0.019 0.056 0.094

Ratio — 2.5821 1.545 1.032 0.05

1.74 1.11 0.78 0.10

12.582 = 0.049/0.019
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attenuation length of 20 m (z = 0.05) is much more 
effective for estimating sardine and anchovy 
biomass than would be a visual observer with a 
swath width of 900 m and penetration depth of only 
4 m (Table 3, on previous page). The laser and the 
visual observer are equally effective for mackerel 
because of the mackerel’s shallow depth distribu
tion (at least in this example). From the standpoint 
of survey design, the optimal survey would be one 
in which penetration exceeded maximum species 
depth by a considerable margin. Thus, in the exam
ple, the laser might be preferable to a visual ob
server.

4. INSTRUMENTS FOR 
AIRBORNE FISH DETECTION

Several types of instruments have been devel
oped for airborne remote sensing of the ocean.
Among these, lidar, microwave radar, and passive
imaging seem to hold the most promise for use in
fish surveys.

4.1 Lidar

Squire and Krumboltz (1981) were among the 
first to document that lidar could be used to detect 
and even measure the cross-sectional area of 
schools (Figure 10). Lidar is an acronym for li(ght)

d(etecting) a(nd) r(anging), derived by analogy 
from radar— ra(dio) detecting a(nd) hang
ing). In its simplest form, a short pulse of laser 
light is directed toward a possible target. A 
receiver pointed in the same direction waits for 
a return signal reflected from a target. The 
return of a signal indicates the presence of a 
target, and the elapsed time indicates its range. 
The strength of the return provides additional 
information on the size and reflectivity of the 
target. Multiple targets, of course, produce 
multiple returns.

A rather generic block diagram of a lidar is 
presented in Figure 11. The laser is used to 
generate a pulse of light in the blue-green re
gion of the visible spectrum, where the absorp
tion of seawater is minimal. The laser beam is 
shaped appropriately with optics, represented 
by a small lens in the diagram, and directed 
through a scanning system. The scattered light 
is directed into a telescope by the same scan
ning system, and an optical detector is located 
either at the focus or in the image plane of the 
telescope. The resulting electronic signal is 
typically sent to a computer after suitable con
ditioning.

Three kinds of lidar systems—each with 
dvantages and disadvantages—have potential 
r fisheries applications. Some have been used 
r related purposes, such as bathymetry 

Guenther 1985; Penny et al. 1989) and subma-
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Figure 10. Lidar measurements of a vertical cross section of an unidentified fish school. From Squir
and Krumboltz 1981.
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Figure 11. Upper, diagram of basic ele
ments of a lidar system; lower, the form of 
returning laser pulses.

rine detection. The simplest system (radiometric 
lidar) points down from the aircraft in a fixed 
direction. The backscattered power is measured 
as a function of time after the laser pulse; this is 
translated into power as a function of depth. 
Based on available laser technology, a typical 
system might employ a frequency-doubled, Q- 
switched Nd; YAG laser generating 50 mJ pulses 
of green light (530 nm) at a rate of 20 per second. 
The backscattered light would be collected by a 
telescope with a diameter of about 30 cm and 
detected by a photomultiplier tube. The signals 
would be digitized and stored on a personal com

puter. The main advantage of such a system is its 
simplicity. The basic components cost about 
$40,000. Size and power requirements are such 
that the system can be flown in small aircraft. The 
major disadvantage is the narrow swath width— 
about 5 m. This width maximizes the return 
signal while being safe for eyes at the surface. 
The full horizontal extent of most fish schools 
could not be covered in a single pass of an 
airplane using such a system.

A diagram of the signal received from a single 
pulse of such a system is presented in Figure 11. 
The first large peak (a) represents the reflection 
from the water surface. If the system is pointed 
slightly off nadir, much—if not all—of this peak 
can be suppressed. The decaying signal repre
sents scattering from suspended material in the 
water (b). The decreased signal is caused by the 
attenuation of light as it propagates. The secon
dary peak (c) represents a reflection from a 
school of fish. Note that it is broader than the 
surface reflection because of the finite thickness 
of the school. Later, scattering from below the 
school can be seen (d). Note that the levels are 
smaller because of the attenuation produced by 
the school. An actual pulse returned from a tuna 
school, as it appears on the display of a radiomet
ric lidar, shows these characteristics (Figure 12). 
This system was used by Oliver et al. (1994) in 
field tests for detecting tuna in the eastern tropi
cal Pacific.

To obtain broad horizontal coverage, one 
could use a similar laser, with an imaging detec
tor instead of the single photomultiplier tube. The 
advantage of such a system is that it could di
rectly produce a full-volume map of a school. 
Unfortunately, acquiring an image for each depth 
is impractical at the present time because of the 
enormous data rates. At standard video resolu
tion and 8-bit digitization, the data acquisition 
system would have to handle about 100 kilobytes 
every 10 nsec (10 terabytes per second) during 
the round-trip travel time of the pulse. This is not 
currently achievable.

One approach used successfully in Navy mi
nesweeping systems is an imaging detector that
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Pulse 285

Figure 12. Displays of fish schools from 
two different airborne lidar systems. Up
per, radiometric lidar display showing a 
tuna school detected between 9 and 15 
meters at pulse 285, from Oliver et al. 
1994. Lower, digitized shadow image of 
a portion of a northern anchovy school 
produced by a Kaman Aerospace Corp. 
(R) imaging lidar with range gate set 
below the school at 16 m. Note variation 
in the density of the school’s shadow, 
which may have been produced by vari
ation in packing density (Churnside and 
Hunter, unpublished data).

records only one image per laser pulse (imaging 
lidar). In some sense this is similar to flash photog
raphy. The camera is electronically shuttered so 
that the surface return is eliminated. Subsurface 
fish are then illuminated by the laser, and an image 
is formed in the camera. Because of the narrow 
optical spectrum of the laser light, an optical filter 
of a few nm is placed in front of the camera to 
eliminate background light. An alternative con
figuration is to set the shutter to open at a later time. 
In this case, the camera sees light that has been 
scattered from the water column below the fish

school, and the shadow produced by the school, 
rather than the light reflected from it, produces 
the images (Figure 12). This method yields 
better contrast for dark fish in highly scattering 
waters. Such two-dimensional images are use
ful as fish finders and biomass indices, but 
three-dimensional images are preferable for 
direct estimation of biomass.

It may be reasonable to combine these two 
echniques, with two detectors that operate si

multaneously: a detector to provide a depth
t
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profile representing the average school thickness 
over the horizontal extent of the beam, and an 
imaging detector to indicate the school’s shape 
in the horizontal plane. A narrow beam and a 
high-resolution imager may make it possible to 
obtain a narrow-transect biomass estimate from 
the profiling detector and species information 
from the horizontal image.

A scanning radiometric lidar would provide 
the most information. This lidar is similar in 
principle to the first system discussed, except that 
the entire system is scanned in the horizontal to 
provide a volume map. Although this system 
would yield the most information, it would cost 
more because larger aircraft are required. A 
much higher pulse rate is needed to cover the 
water surface, and this requires more power, and 
therefore space for a much larger system. Pre
liminary statistical simulations (section 3.1) in
dicate that a narrow-transect method could 
effectively survey the biomass of small pelagic 
fishes. The extra costs associated with a scanning 
radiometric lidar could not be justified for most 
fishery applications.

This discussion has concentrated on using li
dar to detect schools of smaller fishes, but it can 
also be used to detect large individual animals, 
such as billfish, large tunas, salmon, sharks, and 
marine mammals. A radiometric system will re
ceive a return from a single fish within the beam. 
But the relative increase of the signal over the 
background will be small, and detection will be 
difficult when the fish is a small fraction of the 
area of the beam. Despite this difficulty, a radio- 
metric system has been used successfully to de
tect tuna in the open ocean (Oliver et al. 1994); 
such a return is displayed in Figure 12 (upper). 
A scanning lidar would increase the swath width 
but would not provide any additional informa
tion. Generally, scanning lidars cannot be ex
pected to image an object smaller than a few 
meters. The appropriate survey instrument for
large individual animals may be an imaging lidar, 
which under some conditions can resolve objects 
smaller than a meter.

4.2 Lidar Safety

The lidar systems described in this report 
would be Class 4 devices, meaning that they 
could cause serious damage. The entire laser 
beam path must be made inaccessible to the 
operator; access would be available only to 
trained repair technicians.

Outside the aircraft, the laser could still cause 
eye damage. If one looks into the beam, the light 
will be focused onto the retina, burning and per
manently damaging it. To avoid such damage, an 
exposure limit of 0.5 pJ/m has been recom
mended by the American National Standards 
Institute (1993). A 100 mJ pulse will meet this 
standard if the beam is expanded to a diameter of 
5 m. This standard is for the unaided eye. Provi
sion must be made for a boater on the surface 
observing the aircraft through binoculars of up to 
10 power. Thus the beam should be expanded by 
an additional factor of 101/2. Visual observations 
with higher-power optics are not practical be
cause of tracking difficulties. Although data are 
sparse, damage thresholds for marine mammals, 
fish, and birds are not expected to be lower than 
those specified for humans.

Thus eye safety can be assured by selecting an 
perating altitude (e.g., 300 m) and diverging the 
eam to be below the exposure limit for a person 
t the surface with 10 power binoculars. An 
ltimeter interlock on the laser can prevent its 
peration below the selected altitude. The only 
emaining hazard will be to birds under the air
raft and close to it (e.g., within 100 m) and 
ooking directly into the lidar system when the 
aser is fired. Birds this close to the aircraft can 
asily be spotted, and the system can be disabled 
hen it passes over them.
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4.3 Airborne Radar

Airborne pwave radars have been used to de
tect fish under some conditions. Both side-look
ing airborne radars (SLAR; Petit 1991) and 
synthetic aperture radars (SAR; Petit et al. 1990,
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1992) have been used to detect tuna. Both types 
provide images wherein radar brightness is related 
to surface roughness.

A compact school of tuna near the surface 
causes a fine rippling of the surface, which fisher
men call breezing because the surface resembles a 
local wind disturbance (Scott 1969). The water 
over the school will show up as a darker area in the 
radar image. Another behavior, related to feeding, 
is the “boiler” or “smoker” school, where many 
fish break the surface of the water in pursuit of
prey, producing white water. This will show up as 
a bright area in the radar image. Tuna may also be 
associated with dolphins, floating logs, or seabirds. 
These will also show up as bright areas in an image 
because of increases in surface roughness. Birds 
will also provide direct radar returns and cause a 
brighter area.

Small schooling pelagic fishes such as menha
den occasionally roughen the surface during pre
dation from below. They are also subject to 
predation from above by birds. Both of these 
events would produce bright areas in radar images. 
Slicks of fish oils associated with schools produce 
smooth regions that show up as dark areas in the 
images.

Airborne radars were not thought to be a likely 
candidate for future research for two reasons. The 
first is that it is difficult to discriminate fish from 
other radar features. Bright areas may be caused by 
wind gusts, breaking waves, current convergence 
zones, and seabirds that are not feeding. Dark areas 
may be caused by natural or anthropogenic nonfish 
oil slicks and current divergence zones. It is not 
possible to distinguish between such false targets 
and biological ones, or to identify species.

The second reason is that the fish behaviors that 
produce radar signatures are relatively rare. Only 
when the surface is being affected in some way are 
fish detectable. Therefore, only a very small frac
tion of the stock would be detected, and only a 
rough estimate of school area could be made. The 
most optimistic result of aerial radar surveys would 
be a very imprecise index of abundance.

4.4 Passive Imaging

Direct observation of fish schools from air
craft is a well-established method, routinely 
used for years by fishermen to locate and iden
tify schools of epipelagic fishes such as sar
dine, anchovy, mackerel, menhaden, and tuna 
(Squire 1972; Smith 1992; Lo et al 1992). 
Professional aerial observers serving the indus
try are sufficiently expert that commercial fish
ermen are willing to pay them to identify, 
locate, and estimate the tonnage of schools. 
This is an important point because it indicates 
that species identification is possible with pas
sive optical observing systems.

These observers are remarkably accurate in 
their identifications, but their skills, based on 
many years of experience and intuition, are not 
immediately transferable to others, or to the 
scientific community. Thus, advances in pas
sive observing techniques will require moving 
the technology from a highly skilled craft to a 
science. The first step in such a process may be 
to supply spotter planes with video. The video 
images would then be digitized and the 
biomass estimated by means of artificial intel
ligence computer algorithms (Baffles et al. 
1991; Chumside et al. 1994). There are two 
types of artificial intelligence algorithms that 
could be used for this purpose. The first would 
produce a rule-based system. Observers would 
be interviewed to determine the cues that they 
use to identify species and estimate biomass. A 
consensus set of such cues would be formu
lated as a set of rules based on features in the 
digitized images. The other type of algorithm 
is a neural-network system. In this type, rules 
would be obtained by comparing a large 
number of images with the actual species and 
biomass.

A simple video system would yield no more 
information than the expert observers. In fact, 
it would probably yield less. Video resolution 
is not lower than visual acuity, and human 
image processing is very sophisticated. Al
though the unenhanced video system would
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probably be less accurate than the best observers,
it could be reproduced consistently from year to
year, and move the level of measurement from
the nominal to the interval scale.

Several existing techniques could be used to 
enhance video imagery. The most obvious is to 
increase the resolution from standard video to a
high-resolution electronic camera. Another en
hancement to electronic cameras is the image
intensifier. Images can be obtained in very low
light levels by electron multiplication of the pri
mary photoelectrons.

Another enhancement is polarization filter
ng. Reflected light is largely polarized perpen
icular to the plane of reflection. In other words, 
un glints are largely horizontally polarized. Pi
ots usually wear polaroid sunglasses, and the 
lectronic camera should too. Taking this ap
roach one step further, one could record the 

same image in each polarization separately. The 
skylight reflected from the surface in the two 
polarizations will differ in a well-known way. 
This implies that a measurement of the skylight 
strength from the parallel polarization can be 
used to subtract the residual amount of skylight 
from the perpendicular polarized image. In prin
ciple, this technique should also work for sun 
glints, but the surface reflection is so much larger 
than the subsurface signal that it probably will 
not.
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Multispectral imagers offer the most effective 
surface-subtraction technique. Similar tech
niques are used in satellite instruments. In the 
simplest example, one records an image in the 
blue-green portion of the spectrum, where light 
penetrates to significant depths. At the same 
time, one records the same image in the red or 
near-infrared portion of the spectrum, where 
penetration is not significant. The red image is 
predominantly skylight reflected from the sur
face. The blue-green image contains reflected 
skylight and the subsurface signal, and the sky
light component can be removed by applying the 
information obtained from the red image.

Multispectral imaging can also be used to 
discriminate between fish reflections and the 
background upwelling light field on the basis of 
color. As an illustration, Figure 13 gives plots of 
the spectra from background upwelling light and 
from a menhaden school in Mississippi Sound 
(Benigno and Kemmerer 1973), and the radiance 
from a herring school and the background in 
British Columbia coastal waters (Borstad et al.

Figure 13. Spectra of fish schools and 
their backgrounds. Upper, expected 
spectral distribution of upwelling light in 
the Mississippi Sound and spectral distri
bution as reflected from menhaden at two 
feet below the surface, redrawn from Be
nigno and Kemmerer 1973. Lower, up
welling radiance spectra for a herring 
school, for the sea near the school, and 
their differences (X 5). Redrawn from Bor
stad et al. 1992.
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1992). A comparison of a measured image with 
those illustrated would enable one to decide if the 
image were a fish school or the background water. 
Both images were of surface schools in nearshore 
coastal waters where concentrations of phyto
plankton and particulates are high. Borstad et al.
(1992) suggest that the backs of pelagic fishes may 
differ more from the background in such waters 
because their pigmentation has evolved to match 
the clear blue waters of the open sea. It should also 
be noted that as school depth increases, the meas
ured spectrum of a school will become closer and 
closer to the background; with careful calibration, 
this effect might be used to roughly estimate school 
depth over a limited range.

In sum, multispectral imaging can certainly in
crease detectability of schools and help discrimi
nate schools from other targets. On the other hand, 
no species-specific spectral characteristics of fish 
schools have been identified. Spectral analysis of 
herring, capelin, and other unknown fish schools 
with the CASI (Compact Airborne Spectographic 
Imager) indicated that they were all in the blue- 
green range without any discernible species-spe
cific spectral signature (Nakashima 1990; 
Nakashima and Borstad 1993). This is not surpris
ing, since the backs of many (but not all) epipelagic 
fishes are in the blue-green spectrum. Although 
imaging spectrometers cannot yet separate species, 
they offer an effective way to measure horizontal 
areas of schools and provide a good index of abun
dance. Thus they would complement a lidar sys
tem.

Another variety of passive imaging is nighttime 
imaging of bioluminescence. Swimming fish agi
tate luminescing plankton in the water and produce 
luminescent images of schools easily detected 
from the air. Small pelagic fishes are often caught 
at night, and pilots routinely use such information 
to locate and identify schools. Although fish can 
be detected in this way, estimation of biomass 
would be more complex because, in addition to the 
standard variables (school, area, thickness, pack
ing density), a new set of variables must be added. 
These include level of and kind of fish activity, and 
the density of luminescing organisms in the water. 
The latter, in turn, depends on a number of other

factors, including the species and their recent 
history of stimulation. For these reasons, bio
luminescence imagery is probably not the place 
to begin quantifying school images for biomass 
work, although counts and measurement of 
such images can certainly serve as a useful 
index of abundance (Cram 1974; Hampton et 
al. 1979).

5. AIRBORNE
ENVIRONMENTAL SENSING

Research on pelagic fishes that could be 
greatly facilitated by airborne remote sensing 
includes descriptions of their open-sea habitat, 
identification of oceanographic correlates for 
their distribution, and identification of migra
tion routes. These applications require that the 
survey aircraft simultaneously monitor the 
ocean environment and the abundance of fish 
or schools. Environmental characteristics that 
could be measured from an aircraft include 
optical properties of the water, indices of particle 
concentration, ocean color, surface chlorophyll, 
surface temperature, and temperature-depth 
profiles. The costs and level of difficulty of 
such measurements vary widely. Some infor
mation can be obtained directly from lidar sig
nals, some from ancillary instruments mounted 
on the aircraft, and some from satellite data 
locally calibrated with aircraft instruments. 
Several kinds of measurements (ocean color, 
surface chlorophyll, and turbidity) could be 
provided by an imaging spectrometer, which 
would also estimate school area. Some of these 
instruments are commercially available, others 
remain in the realm of research and develop
ment.

5.1 Optical Properties, Particles, and 
Chlorophyll

Estimates of inherent optical properties 
(IOP)—such as absorption (al) and scattering 
(bl) coefficients—and apparent optical proper-
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ties—such as reflectance and diffuse attenuation 
coefficient (Kl)—can be derived from the lidar 
signals by inverting the radiative transfer equa
tion. Such optical information can be improved 
if a receiver channel at the Raman scattering 
frequency of water is added to the system (Hoge 
et al. 1988). Absorption depends on the concen
trations of phytoplankton pigments and dis
solved organic substances in the water. 
Scattering depends on the number, size, and 
composition of particulates, including plankton, 
in the water. Thus in some sense the estimates of
scattering coefficients from a lidar system can be 
considered to indicate biological particle con
centration. However, lidar alone cannot distin
guish between changes in particle concentration 
and changes in particle size. Lidar could be used 
to identify layers of particles (plankton by infer
ence) as a function of depth.

Additional information can be obtained by 
adding instruments to a lidar system or to the 
aircraft. As the blue-green pulse of light propa
gates through the water column, it stimulates 
fluorescence of chlorophyll a at 685 nm, and 
phycoerythrin at 580 nm. An inexpensive re
ceiver that is sensitive to these wavelengths will 
measure chlorophyll concentration near the sur
face. Because the red chlorophyll florescence is 
strongly absorbed, this information can be ob
tained only from the top few meters of the water.

A multichannel, passive receiver to measure 
ocean color (i.e., a single-pixel color scanner) 
could also be included. This instrument would 
measure chlorophyll concentration by scattering 
of midvisible light. The depth penetration would 
be better than that provided by the fluorescence 
method described above. Measuring ocean color 
is a passive technique and therefore restricted to 
daytime operation. Detailed depth profiles can
not be obtained with this method.

5.2 Temperature and Salinity

A relatively inexpensive infrared radiometer 
can be added to the airborne suite of instruments 
to provide local sea-surface temperature (SST).

With care, accuracy of about 1 K and precision 
of a few tenths of 1 K can be obtained. SST can 
also be obtained with microwave radiometry. 
The microwave system is much larger and more 
expensive than the infrared system. Its main ad
vantage is that it can operate through clouds, 
which is more important for a space-based sys
tem than it would be for an airborne fishery 
system. Microwave radiometry can also be used 
to measure sea-surface salinity.

Another technique that has been proposed 
uses Raman scattering from water to obtain tem
perature profiles using a lidar. The ratio of the 
strengths of two different Raman lines is directly 
proportional to the temperature, so two extra 
receiver channels would be added to the lidar. 
Although this technique has been demonstrated 
in the laboratory, it has not performed well under 
field conditions. No fundamental obstacle exists 
to using this as a measurement technique, but 
there are many practical difficulties. The major 
difficulty arises because the Raman lines are 
much broader than the laser line, making it harder 
to simultaneously collect enough signal and re
ject background light. Practical application of 
this technique remains in the realm of research 
and development.

A more practical approach for measuring 
temperature profiles is the use of (A)irbome 
e(X)pendable(B)athy-(T)hermographs (AXBT). 
These commercially available instruments pro
vide very accurate and detailed profiles of tem
perature and salinity. An inexpensive infrared 
(880 nm) backscatter sensor could be added to 
the expendable probe to measure particulate den
sities. Sensors to measure optical transmission 
and fluorescence could also be added, but at a 
considerable increase in unit cost. Remote sen
sors on the aircraft would be used to determine 
the optimum pattern of AXBT drops.

5.3 Integration with Satellites

SST is currently available from infrared and 
microwave instruments on several satellites. 
Ocean color will soon be available from the
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SeaWiFS instrument in space. These data provide 
large views that can find the boundaries of water 
masses and describe the motions of those masses 
over periods of several days.

Airborne measurements could be used along
with these data for satellite calibration, improving
and quantifying satellite data over large areas. Air
borne measurements can also provide greater spa
tial detail in regions of prominent oceanographic
features.

6. GENERAL RESEARCH 
RECOMMENDATIONS

The consensus of the workshop was that air
borne surveys using modem techniques have im
portant applications in fishery science and 
management. Three general research goals were 
recommended:

1. Improve existing indices of abundance for 
small, schooling pelagic fishes and bluefin 
tuna.

2. Develop a biomass measurement system for 
small, schooling pelagic fishes.

3. Develop a fisheries-hydrography system for 
studying the ecology and forecasting the dis
tribution and movements of large epipelagic 
fishes such as oceanic salmon and tunas.

The importance of these goals varied between
fisheries. Indices of abundance and biomass meas
urement (goals 1 and 2) are high-priority goals for
small pelagic fishes, but unimportant or impracti
cal for ocean salmon and tuna. An exception is
Atlantic bluefin tuna: regional indices of its abun
dance would be useful to managers. Of key impor
tance to large pelagic fisheries is ecological
research on distribution and movements in the
open ocean (goal 3). Goal 3 would also improve
surveys for small pelagic fishes because the infor
mation could be used to allocate survey effort.
Forecasting distribution and movements of small

pelagic fishes per se is not a high-priority issue, 
however.

In addition to goal 3, participants identified 
some other uses for airborne sensing of salmon 
and tuna. For example, some research applica
tions specific to salmon in their freshwater 
habitat were identified. A high-priority issue in 
the eastern tropical Pacific yellowfin fishery is 
to reduce bycatch of dolphins by improving 
airborne methods for detecting yellowfin tuna 
that are unassociated with dolphins. Research 
recommendations dealing specifically with air
borne sensing of salmon and tuna are described 
in greater detail in Section 7.

We discuss below the approaches 
required to meet each of the three general 
research goals.

6.1 Improving Indices of Abundance

Aerial photography, direct visual observa
tions, and digital imagery are being used as 
indices of abundance for small pelagic fishes. 
Only in Newfoundland has digital imagery 
been employed annually (since 1990) to pro
vide a fishery-independent index of abun
ance. In some regions, a school area is 
easured photographically and used as an in

ex of abundance. All existing surveys are 
imited in depth to the visual range, and conse
uently they are restricted to shallow water, or 
equire very large numbers of observations if 
pen-sea habitat is surveyed. Increasing this 
epth range would increase the detectability 
nd increase the usefulness of school area as an 
ndex of abundance.
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The most promising of the airborne tech
iques for this application is the imaging lidar. 
t would provide the same type of information 
bout school areas as photographs, but at much 
reater depths. In addition, lidar can be used at 
ight, thereby taking advantage of the fact that 
t night the fish are closer to the surface and in 
ess dense schools than during the day.
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To improve aerial fishery surveys as indices 
of abundance, the following research questions 
need to be answered (listed in order of priority):

1. How reliable is school area as an index of 
abundance? Preliminary results with capelin 
suggest that it is satisfactory. Evidence for 
other species should be evaluated.

2. To what depth can an imaging lidar reliably 
measure school area? This question is best 
answered by a combination of lidar perform
ance modeling and field trials under well- 
characterized conditions to verify the model. 
What differences exist between day and 
night schools?

3. What is the most effective combination of 
lidar system and survey strategy for obtain
ing reliable school areas for each target spe
cies? This question can be answered with the 
results of 1 and 2 above. At this point, a 
decision can be made about whether or not 
to implement such a system.

4. Can abundance indices based on school area 
be improved by adding an index based on 
school thickness or packing density? School 
photographs contain areas that are darker 
than others, presumably because the school 
was thicker or denser in those regions. The 
degree to which the density in school photo
graphs can be quantified to provide an index 
of school biomass must be investigated. Spe
cific questions to be answered are:

a. How does the optical appearance (i.e., 
darkness) of the image of a school depend on 
its thickness, fish size, and packing density 
at each point in the image? If this dependence 
is similar to the dependence of biomass on 
those same parameters, a fairly reliable esti
mate of biomass should be possible. This 
question can be answered with a model of 
optical propagation through fish schools, i
supported by laboratory or field measure
ments.

b. What image-processing algorithms can be 
used to optimize the estimate? Some possi
bilities include minimizing the surface re
flection to increase depth penetration, 
enhancing contrast to improve discrimina
tion of the school boundaries, and using mul- 
tispectral analysis to enhance the difference 
between fish and the water column in the 
images. The effects of various processing 
methods can be analyzed on a series of test 
images to answer this question.

c. How would such a system affect the value 
of school area as an index of abundance? 
This question can be answered by using the 
model of system performance developed in 
a and b above in a fisheries model incorpo
rating the behavioral aspects of the target 
species. Part of this investigation would in
clude using this model to optimize survey 
strategies for each species.

6.2 Developing Biomass 
Survey Instrumentation

An important potential application of passive 
imaging systems is as an index of stock biomass, 
as discussed above. But passive imaging systems 
will probably never have enough depth of pene
tration to produce direct estimates of biomass for 
most fishes. Exceptions are stocks that are re
stricted to very shallow water for a time (for 
example, capelin and herring during spawning) 
or species that rarely stray from the upper few 
meters of the water column (possibly saury).

Radiometric lidar, particularly used at night, 
seems the best hope for airborne biomass esti
mates of fishes. Preliminary results indicate that 
a narrow-swath survey of biomass is nearly as 
good as a much wider swath because of the 
patchiness of fish schools. Such a narrow swath 
s much less expensive. This approach should be 
pursued after the following questions have been 
answered:
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1. How well can biomass be estimated along a 
narrow transect with a radiometric lidar? This 
question can be answered by modeling laser 
propagation through a fish school, and by tak
ing field measurements. This question is cru
cial; if light cannot penetrate through most 
schools, biomass estimation is impossible be
cause thickness cannot be determined.

2. How effective is a narrow-transect survey? 
Results from a simulation study are positive, 
but the model uses some simplifying assump
tions. More modeling should be done to verify 
this result under more realistic assumptions.

3. How effectively can species be identified? The 
narrow-transect radiometric lidar does not 
have some of the species information con
tained in an image. Methods of using the 
radiometric lidar, or a combination of radio- 
metric lidar and some imaging system, to iden
tify species must be investigated.

6.3 Developing Airborne 
Fishery-Hydrography Systems

Present airborne methods of detecting fish are 
neither consistent enough nor sensitive enough to 
warrant the expense of developing an airborne 
hydrographic survey specifically to study fish dis
tribution and movements. Thus the first step in 
research for a fishery-hydrography system must be 
improving aerial indices of abundance of the target 
species, as discussed under goal 1 in section 6.0 
(General Research Recommendations). Some 
modifications may be necessary for salmon and 
tuna. For example, a detection system for salmon 
would require an instrument with broad swath 
width capable of resolving individual salmon. 
Once the fish-detection system were developed 
and verified, the environmental sensing equipment 
could be added. Environmental sensing equipment 
presently available is reviewed in section 5.0 (Air
borne Environmental Sensing), and a hypothetical 
system is described in section 7.1 on salmon.

7. SALMON AND TUNA 
WORKING GROUPS

Because the principal focus of the plenary 
sessions was on small pelagic fishes, working 
groups were formed during the meeting to dis
cuss airborne technology specific to salmon 
and tuna fisheries. The results of their discus
sions are summarized below.

7.1 Salmon

Management and related ecological issues 
of salmon extend from their freshwater nursery 
and spawning habitats to their open-ocean 
feeding habitat. Research priorities and strate
gies for airborne work differ substantially be
tween habitats, which are discussed separately 
below.

Freshwater: Biologists must improve cur
rent capabilities for assessing adult spawning 
and juvenile salmon production to quantify 
effects of habitat changes, identify and assess 
the effectiveness of mitigation measures, and 
quantify interactions between wild and hatch
ery stocks. Airborne sensing is currently used 
to identify, catalog, and monitor salmon 
spawning habitat. New methods could greatly 
improve current capabilities. For example, 
multispectral imaging systems could improve 
classification of habitat types and monitor 
changes; lidar systems could be used to meas
ure bottom types and changes due to flash 
floods and mud slides, and to provide cost-ef
fective measurements of water depth and flow 
in rivers.

New airborne technologies could improve 
methods for estimating the number of adult 
salmon spawning in each river. Determining 
the number of adult spawners (escapement) is 
a fundamental problem in salmon manage
ment. Currently, the most accurate and reliable 
method is to build ‘Tences” across rivers and 
streams and count the fish. The fences are

Page 2 S



expensive to build and operate, and frequently 
wash out. Other approaches include visual 
counts from “stream walks” or small boats, test 
fishing downstream of spawning areas to deter
mine abundances, and mark-recapture experi
ments. In British Columbia and Alaska, routine 
escapement often is difficult or impossible to 
estimate because of remote locations and diffi
culty in accessing certain rivers and streams. 
New airborne methods could substantially im
prove the detection of adult salmon on spawning 
beds too deep for visual observation, and facili
tate routine assessment of spawner abundance in 
remote or inaccessible rivers and streams.

Airborne sensing might also be used to census 
juvenile sockeye salmon in lakes, where they live 
for extended periods. New airborne methods 
could improve accuracy and cost-effectiveness 
of current abundance estimates. It would, how
ever, be necessary to distinguish juvenile sock- 
eye from other species such as stickleback. An 
airborne census of other species of juvenile 
salmon in fresh water seems impractical for a 
variety of reasons (low abundance, wide distri
bution, small size, short residency in fresh water, 
rapid downstream migrations, and concealment).

Early Coastal Marine: All species of Pacific 
salmon migrate through, and some live for long 
periods in, coastal marine waters. Currently, 
measuring abundance or distribution of young 
salmon in coastal areas to determine migration 
routes, timing, and bycatch has a low manage
ment priority. Besides, juvenile salmon are rela
tively rare, widely distributed, and intermixed 
with fishes of similar “size and shape” such as 
herring and anchovy. The problem of remotely 
distinguishing the various species of salmon 
(which are frequently difficult to identify even 
by experienced biologists) also appears intracta
ble at this time. Clearly, few incentives exist for 
applying advanced airborne technology to the 
early coastal stage of salmon.

Open Ocean: In the past several years, man
agement agencies have become increasingly in
terested in the ecology of salmon in the open sea 
because of the possible effects of a changing

climate on offshore habitat and the effect of 
increasing numbers of hatchery-released salmon 
living in that habitat. Ship-based surveys have 
supported high-seas salmon research since the 
mid 50s, but costs and lack of synopticity are a 
major handicap. An improved research platform 
is needed to provide better synoptic and concur
rent data on the physical environment, ocean 
productivity, and the spatial distributions of 
salmon and other pelagic nekton.

The working group proposed an aerial salmon 
ecology assessment platform instrumented with 
a nonscanning high-resolution radiometer for 
measuring sea-surface temperature, a passive 
ocean-color sensor for measuring chlorophyll 
absorption, an aircraft-based XBT launcher, and 
a lidar. This system could continuously monitor 
surface temperature, chlorophyll, and phyco- 
erythrin fluorescence; measure subsurface tem
peratures at selected intervals; continuously 
measure particulate backscattering biomass by 
depth interval; and detect fish targets with prob
able identification as salmon.

Clearly, a first priority for developing such a 
platform would be testing and verifying the lidar 
as a device for detecting individual salmon. Iden
tifying species of salmon with airborne equip
ment would be impractical, but discriminating 
salmon from other fish and mammals may be 
possible.

7.2 Tuna

Airborne remote sensing of tunas has five 
useful applications: locating schools for the in
ternational, high-seas purse-seine fisheries; devel
oping fishery-independent indices of abundance; 
determining predictive relations between envi
ronmental parameters and tuna distribution; 
identifying migration routes; and possibly sur
veying longline operations. Using airborne 
methods to estimate tuna biomass seems imprac
tical because of the vastness of their habitat and 
their vertical distribution, which often exceeds 
the depths at which airborne sensors are likely to 
be effective.

Page 26



The relative importance of the five applications
of airborne methods varies among tuna stocks. In
the high-seas purse-seine fisheries, remotely de
tecting schools of larger yellowfin tuna (greater
than 20 lbs) is the most important application
(Oliver et al. 1994). The immediate goal is to
provide an alternative to current detection meth
ods, which involve visually locating dolphin herds
or flotsam and capturing tuna associated with
them. Particularly in the eastern tropical Pacific,
these methods often produce adverse results, in
cluding dolphin mortality, capture of smaller and
therefore less valuable tuna, and a large bycatch of
fish, turtles, and sharks. Ship-based helicopters are
commonly used in this fishery, as well as in similar
fisheries in the western Pacific and eastern Atlan
tic. Airborne sensors that could detect and track
schools of larger tunas unassociated with either
dolphins or flotsam would offer an ecologically 
sound alternative to current methods. In addition, 
because airborne sensors could detect tuna schools 
at greater depths than fishermen currently can sur
vey, and because these sensors are not subject to 
many of the human frailties that reduce visual 
detection (e.g., fatigue and distraction), they can 
greatly increase efficiency by increasing the area
and volume of ocean searched. Concomitant eco
nomic benefits to the commercial fishery would 
also result.

In the Atlantic bluefin tuna fisheries, the most 
valuable application of airborne remote-sensing 
technology would be to develop fisheries-inde- 
pendent indices of abundance. Currently, fishery 
scientists rely upon aerial spotters to provide these 
indices in nearshore areas. A sea-truth program is 

jneeded to establish the relation between surface 
abundance and biomass. This might be accom
plished by improving aerial sensors and image 
processing and carrying out sea validation studies, 
possibly with towed acoustic arrays. Validation 
studies independent of the fishery may be useful 
because seiners target smaller schools of fewer 
than 100 fish, whereas aerial observers have re
corded schools of over 4000 tuna in the surface 
layers alone. Abundance indices for small fish in

the mid-Atlantic Bight and for large fish in the 
Gulf of Maine would also be useful. Such 
indices would offer managers additional tools 
for assessing the status of stocks.

Recommendations: The first steps in im
proving the remote sensing of tuna would be to 
increase searching efficiency; provide a means 
of detecting, tracking, and imaging schools at 
depths greater than current visual methods al
low; and facilitate searching at night or in low- 
light conditions.

New airborne sensors or image processing 
techniques could augment or improve tradi
tional visual detection methods by: improving 
school detection by eliminating surface reflec
tions and enhancing contrast between the 
school and the background; increasing depth of 
detection; allowing nighttime search with ac
tive detection systems (lidar); reducing inter
pretation bias of visual observers by using 
passive devices such as multispectral scanners 
or digital video or active systems; identifying 
and quantifying criteria for species-specific 
optical characteristics; and developing more 
efficient adaptive survey and search strategies 
that use easily measured environmental pa
rameters such as ocean color and sea-surface 
temperature. Research on any of these projects 
could lead to substantial advances in fishery 
science, and economically benefit commercial 
fishing industries.

In addition to the advanced technology pro
ects listed above, the overall strategy should 
also include improving basic biological data on 
vertical distribution of tuna in the day and at 
night to determine benefits of night lidar sur
veys, and measuring the optical characteristics 
(reflectance and fluorescence) of tuna and of 
false targets (sharks and marine mammals).

Page 27



8. REFEREflCES
American National Standards Institute. 1993. 

American national standard for safe use of 
lasers. ANSIZ136.1-1993, Laser Institute of 
America, Orlando, Florida, 120 pp.

Aoki, I., and T. Inagaki. 1988. Photographic 
observations on the behaviour of Japanese 
anchovy Engraulis japonica at night in the 
sea. Mar. Ecol. Prog. Ser. 43:213-221.

Aoki, I., T. Inagaki, and L.V. Long. 1986. Meas
urements of the three-dimensional structure 
of free-swimming pelagic fish schools in a 
natural environment. Bull. Jap. Soc. Sci. 
Fish. 52(12):2069-2077.

Baffles, P.T., R.O. Shelton, and T.A. Phillips. 
1991. NETS User’s Guide, NASA.

Barnes, J.T., L.D. Jacobson, A.D. MacCall, and 
P. Wolf. 1992. Recent population trends and 
abundance estimates for the Pacific sardine 
{Sardinops sagax). Calif. Coop. Oceanic 
Fish. Invest. Rep. 33:60-75.

Benigno, J.A., and A.J. Kemmerer. 1973. Aerial 
photographic sensing of pelagic fish schools: 
a comparison of two films. Proc. ASP Sym
posium Remote Sens. Oceanogr., October 
1973, Lake Buena Vista, Florida, pp. 1032- 
1039.

Blaxter, J.H.S., and J.R. Hunter. 1982. The biol
ogy of clupeoid fishes. Adv. Mar. Biol. 20:1- 
223.

Borstad, G.A., D.A. Hill, R.C. Kerr, and B.S
Nakashima. 1992. Direct digital remot
sensing of herring schools. Int. J. Remot
Sens. 13(12):2191-2198.

. 
e 
e 

Chumside, J.H., T.A. Stermitz, and J.A. 
Schroeder. 1994. Temperature profiling with 
a neural network inversion of microwave 
radiometer data. J. Atmos. Oceanic Tech. 
7:105-109.

Cram, D.L. 1974. Rapid stock assessment of 
pilchard populations by aircraft-borne re
mote sensors. In Proceedings of the Ninth 
International Symposium of Remote Sens
ing of Environment, April 15-19, 1974. Wil
low Run Laboratories, Environmental Res. 
Inst, of Michigan, Ann Arbor, Michigan, pp. 
1043-1050.

Cram, D.L., and I. Hampton. 1976. A proposed 
aerial/acoustic strategy for pelagic fish stock 
assessment. J. Const. Int. Explor. Mer. 
37(1 ):91 -97.

Denton, E.J., and J.A.C. Nicol. 1962. Why fishes 
have silvery sides; and a method of measur
ing reflectivity. Physiol. 165:13-15.

Denton, E.J., and J.A.C. Nicol. 1965. Reflexion 
of light by external surfaces of the herring, 
Clupea harengus. J. Mar. Biol. Ass. U.K. 
45:711-738.

Denton, E.J., and J.A.C. Nicol. 1966. A survey 
of reflectivity in silvery teleosts. J. Mar. 
Biol. Ass. U.K. 46:685-722.

Fiedler, P.C. 1978. The precision of simulated 
transect surveys of northern anchovy, En
graulis mordax, school groups. Fish. Bull., 
U.S. 76(3):679-685.

Fredriksson, K., B. Galle, K. Nystrom, S. Svan- 
berg, and B. Ostrom. 1978. Underwater la
ser-radar experiments for bathymetry and 
fish-school detection. Goteborg Institute of 
Physics Reports, GIPR-162, 28 pp.

Page 28



Graves, J. 1977. Photographic method for measur
ing spacing and density within pelagic fish 
schools at sea. Fish. Bull., U.S. 75(l):230-234.

Guenther, G.C. 1985. Airborne laser hydrography, 
NOAA Professional Paper Series NOS 1, Na
tional Ocean Service, Rockville, MD.

Gunderson, D.R. 1993. Surveys of Fisheries Re
sources. John Wiley & Sons, Inc., New York, 
pp. 183-205.

Hampton, I., J.J. Agenbag, and D.L. Cram. 1979. 
Feasibility of assessing the size of the south 
west African pilchard stock by combined aer
ial and acoustic measurements. Fish. Bull. S. 
Afr. 11:10-22.

Hara, I. 1983. Estimation of fish density using the 
line intercept method. Bull. Jap. Soc. Sci. Fish. 
49(11): 1619-1625.

Hara, I. 1984. Distribution and school size of Japa
nese sardine in the waters off the southeastern 
coast of Hokkaido on the basis of echo sounder 
surveys. Bull. Tokai Reg. Fish. Res. Lab. 
113:67-78.

Hara, I. 1985a. Moving direction of Japanese sar
dine school on the basis of aerial surveys. Bull. 
Jap. Soc. Sci. Fish. 51 (12): 1939-1945.

Hara, I. 1985b. Shape and size of Japanese sardine 
school in the waters off the southeastern Hok
kaido on the basis of acoustic and aerial sur
veys. Bull. Jap. Soc. Sci. Fish. 51 (1 ):41 -46.

Hara, I. 1990. Comparison of ship and aerial sur
veys of sardine schools. IEEE Transact. 
Geosci. Remote Sens. 28(4):693-695.

Hewitt, R.P., P.E. Smith, and J.C. Brown. 1976. 
Development and use of sonar mapping for 
pelagic stock assessment in the California Cur
rent area. Fish. Bull., U.S. 74(2):281-300.

Hobson, E.S. 1968. Predatory behaviour of 
some shore fishes in the Gulf of California. 
United States Department of the Interior 
Bureau of Sport Fisheries and Wildlife Re
search Report 73, 92 pp.

Hoge, F.E., C.W. Wright, W.B. Krabill, R.R. 
Buntzen, G.D. Gilbert, R.N. Swift, J.K. 
Yungel, and R.E. Berry. 1988. Airborne 
lidar detection of subsurface oceanic scat
tering layers. Appl. Opt. 27:3969-3977.

Holliday D.V., and H.L. Larsen. 1979. Thick
ness and depth distributions of some 
epipelagic fish schools off southern Cali
fornia. Fish. Bull., U.S. 77(2):489-494.

Hunter, J., and R. Nicholl. 1985. Visual thresh
old for schooling in northern anchovy En- 
graulis mordax. Fish. Bull., U.S. 
83(3):235-242.

Lo, N.C.H., and J.R. Hunter. In prep. Some 
statistical considerations of using light de
tecting and ranging (LIDAR) technology 
to assess biomass of epipelagic fish. South
west Fisheries Science Center, La Jolla, 
CA.

Lo, N.C.H., L.D. Jacobson, and J.L. Squire.
1992. Indices of relative abundance from 
fish spotter data based on delta-lognormal 
models. Can. J. Fish. Aquat. Sci. 
49(12):2515-2526.

Lohoefener, R., C. Roden, C. Rogers, W. Hog- 
gard, and K. Mullin. 1988. Distribution 
and relative abundance of “baitfish” 
schools in the Gulf of Mexico: spring and 
fall 1987. Clupeid Purse Seine Fisheries 
Workshop, Tampa, Florida, September 
1988, 15 pp.

Lutcavage, M., and S. Kraus. In press. The 
feasibility of direct photographic assess
ment of giant bluefin tuna (Thunnus thyn- 
nus) in New England waters. Fish. Bull., 
U.S.

Page 29



Mais, K.F. 1974. Pelagic fish surveys in the 
California Current. Calif. Dept. Fish Game, 
Fish. Bull. 162:1-79.

Misund, O.A. 1993a. Abundance estimation of 
fish schools based on a relationship between 
school area and school biomass. Aquat. Liv
ing Resour. 6:235-241.

Misund, O.A. 1993b. Dynamics of moving 
masses: variability in packing density, 
shape, and size among herring, sprat, and 
saithe schools. ICES J. Mar. Sci. 50:145- 
160.

Nakashima, B.S. 1990. Capelin school surface 
area index for NAFO Div. 3L during the 
1989 spawning season. Northwest Atlantic 
Fisheries Organization SCR Doc. 90/59, Se
rial No. N1780.

Nakashima, B.S, and G.A. Borstad. 1993. De
tecting and measuring pelagic fish schools 
using remote sensing techniques. ICES Re
port C.M. 1993/B:7 Session T, Fish Capture 
Committee. 18 pp.

Oliver, C.W., W.A. Armstrong, and J.A. Young. 
1994. Development of an airborne LIDAR 
system to detect tunas in the eastern tropical 
Pacific purse-seine fishery. NOAA-TM- 
NMFS-SWFSC- 204. Southwest Fisheries 
Science Center, La Jolla, CA. 67 pp.

Penny, M.F., B. Billard, and R.H. Abbot. 1989. 
LADS - The Australian airborne depth 
sounder. Int. J. Remote Sens. 10:1463-1479.

Petit, M. 1991. Aerospatial remote sensing as a 
catalyst of an operational marine fishery 
(halieutic) science. Int. J. Remote Sens. 
12:713-724.

Petit, M., J. M. Stretta, H. Farrugio, and A. 
Wadsworth. 1990. HAREM: Halieutique et 
radar, experimentation en Mediterranee. 
Editions de l’Orstom, collection Etudes et 
theses, 122 pp.

Petit, M., J.M. Stretta, H. Farrugio, and A. 
Wadsworth. 1992. Synthetic aperture radar 
imaging of sea surface life and fishing activi
ties. IEEE Trans. Geosci. Remote Sens. 30: 
1085-1089.

Pitcher, T.J., and B.L. Partridge. 1979. Fish 
school density and volume. Mar. Biol. 
54:383-394.

Roithmayr, C.M., and F.P. Wittmann. 1973. Low 
light level sensor developments for marine 
resource assessment. Mar. Tech. Soc., 8th 
annual conf. pp. 277-288.

Scott, J.M. 1969. Tuna schooling terminology. 
Calif. Fish Game 55(2): 136-140.

Serebrov, L.I. 1976. Relationship between 
school density and size of fish. J. Ichthyol. 
16:135-140.

Smith, J. W. 1992. The Atlantic and Gulf menha
den purse seine fisheries: origins, harvesting 
technologies, biostatistical monitoring, re
cent trends in fisheries statistics, and fore
casting. Mar. Fish. Rev. 53(4):28-41.

Smith, P.E. 1978. Precision of sonar mapping for 
pelagic fish assessment in the California 
Current. J. Const. Int. Explor. Mer. 38(1 ):33- 
40.

Smith, P.E. 1981. I. Pelagic fisheries: general 
features. II. Larval anchovy patchiness. III. 
Sampling to determine anchovy larval mo
rality in the sea. In Marine fish larvae: mor
phology, ecology and relation to fisheries, R. 
Lasker, ed., Univ. Wash. Press, Seattle, pp. 
2-31.

Squire, J.L., Jr. 1972. Apparent abundance of 
some pelagic marine fishes off the southern 
and central California coast as surveyed by 
an airborne monitoring program. Fish. Bull., 
U.S. 70(3): 1005-1019.

Page 30



Squire, J.L., Jr. 1978. Northern anchovy school 
shapes as related to problems in school size 
estimation. Fish. Bull., U.S. 76(2):443-448.

Squire, J.L., and H. Krumboltz. 1981. Profiling 
pelagic fish schools using airborne optical la
sers and other remote sensing techniques. Mar. 
Tech. Soc. J. 15(4):27-31.

Whitney, R.R. 1969. Schooling of fishes relative 
to available light. Trans. Amer. Fish. Soc. 
98(3):497-504.

Yonimori, T. 1982. Study of tuna behavior, par
ticularly their swimming depths, by the use of 
sonic tags. (Transl. from Jap.) Newsl. Enyo 
(Far Seas) Fish. Res. Lab. Shimizu 44:1-5.

Page 31



9. WORKSHOP PORTICIPOOTS
John Banic 
Optech Inc.
100 Wildcat Road 
North York, Ontario 
Canada M3J 2Z9 
Telephone: (416)661-5904 
FAX: (416)661-4168

Craig A. Brown
NMFS, Southeast Fisheries Science Ctr.
Miami Laboratory
75 Virginia Beach Drive
Miami, FL 33149-1003
Telephone: (305)361-4590
FAX: (305)361-4515

Russell Callender 
R/PDC
Program and Development Coordinator 
1335 East West Highway, Room 4134 
Silver Spring, MD 20910-3225 
Telephone: (301)713-2465 
FAX: (301)713-0666 
Email: rcallender@rdc.noaa.gov

James H. Chumside
Ocean Remote Sensing Division
Environmental Technology Laboratory
325 Broadway
Boulder, CO 80303
Telephone: (303) 497-6744
FAX: (303) 497-3577
Email: jhc@wpl.erl.gov

Paul F. Daley 
University of California 
Lawrence Livermore National Lab 
7000 East Avenue - Mail Stop L528 
Livermore, CA 94550 
Telephone: (510)423-1759 
FAX: (510)422-8020 
Email: dalyl@llnl.gov

Brent Hargreaves
Department of Fisheries & Oceans
Pacific Biological Station
Nanaimo, British Columbia
Canada V9R 5K6
Telephone: (604) 756-7035
FAX: (604) 756-7053

John R. Hunter
NMFS, Southwest Fisheries Science Ctr. 
P.O. Box 271 
La Jolla, CA 92038-0271 
Telephone: (619)546-7127 
FAX: (619) 546-5656
Email: John_Hunter@ccgate.ssp.nmfs.gov 

Steve Ignell
NMFS, Alaska Fisheries Science Ctr.
Auke Bay Laboratory 
11305 Glacier Highway 
Juneau, AK 99801-8626 
Telephone: (907) 789-6029 
FAX: (907) 789-6094 
Email: signell@abl2.afsc.noaa.gov

Michael Laurs
NMFS, Honolulu Lab
2570 Dole Street
Honolulu, HI 96822
Telephone: (808)943-1221
FAX: (808) 943-1248
Email: mlaurs@honlab.nmfs.hawaii.edu

Nancy Lo
NMFS, Southwest Fisheries Science Ctr.
P.O. Box 271
La Jolla, CA 92038-0271
Telephone: (619) 546-7123
FAX: (619) 546-5656
Email: nlo@its.ucsd.edu

Page 32



Richard Lutomirski 
Pacific Sierra Research Corp.
2901 28th Street 
Santa Monica, CA 90405 
Telephone: (310)314-2300 
FAX: (310)314-2323 
Email: luto%mgate@psrv.com

Bhzad Mahmoudi
Florida Marine Research Institute
100 8th Avenue, SE
St. Petersburg, FL 33701
Telephone: (813)896-8626
FAX: (813) 823-0166

James Mueller, Director
Center for Hydro-Optics & Remote Sensing
San Diego State University
6505 Alvarado Road, Suite 206
San Diego, CA 92120-5005
Telephone: (619) 594-2230 or 2272
FAX: (619) 594-4570
Email: jim@chors.sdsu.edu

Brian Nakashima
Canadian Dept, of Fish. & Ocean Science Branch
P.O. Box 5667
St. John’s, Newfoundland
Canada A1C 5X1
Telephone: (709) 772-4925
FAX: (709) 772-4105

Charles Oliver
NMFS, Southwest Fisheries Science Ctr. 
P.O.Box 271 
La Jolla, CA 92038-0271 
Telephone: (619)546-7172 
FAX: (619)546-7003
Email: Chuck_01iver@ccgate.ssp.nmfs.gov

Christopher Rogers 
NMFS, OA F/CM3
1335 East West Highway, Room 14709 
Silver Spring, MD 20910-3225 
Telephone: (301)713-2347 
FAX: (301)713-0596

Charles Roithmayr
NMFS, Southeast Fisheries Science Ctr.
Pascagoula Laboratory
P.O. Box 1207
Pascagoula, MS 39568
Telephone: (601)762-4591

Andre Smirnov 
NRC Post Doc
Environmental Technology Laboratory
325 Broadway
Boulder, CO 80303
Telephone: (303)497-3431
FAX: (303) 497-3577
Email: avs@noaa.etl.gov

Duane D. Smith
formerly with Kaman Aerospace Corp. 

Paul Smith
NMFS, Southwest Fisheries Science Ctr.
P.O. Box 271
La Jolla, CA 92038-0271
Telephone: (619) 546-7169
FAX: (619) 546-5656
Email: nm3@sdccl.ucsd.edu

James J. Wilson
Environmental Technology Laboratory
325 Broadway
Boulder, CO 80303
Telephone: (303) 492-4527
FAX: (303) 497-3577
Email: jjw@wpl.erl.gov

Page 33


	Structure Bookmarks
	SH11.A2S662no.95-02c.2
	TABLE OF CONTENTS
	EXECUTIVE SUMMARY
	1. INTRODUCTION
	2. CHARACTERISTICS OF FISH AND SCHOOLS
	2.1 School Size and Shape
	2.2 Packing Density
	2.3 Depth of Schools in the Sea
	2.4 Patchy Distribution of Schools
	2.5 Fish Reflectivity

	3. BIOMASS SURVEY DESIGN
	3.1 Swath Width and the Detection of Schools
	3.2. Attenuation of Targets with Depth
	3.3 An Example of Possible Trade-offs

	4. INSTRUMENTS FOR AIRBORNE FISH DETECTION
	4.1 Lidar
	4.2 Lidar Safety
	4.3 Airborne Radar
	4.4 Passive Imaging

	5. AIRBORNE ENVIRONMENTAL SENSING
	5.1 Optical Properties, Particles, and Chlorophyll
	5.2 Temperature and Salinity
	5.3 Integration with Satellites

	6. GENERAL RESEARCH RECOMMENDATIONS
	6.1 Improving Indices of Abundance
	6.2 Developing Biomass Survey Instrumentation
	6.3 Developing Airborne Fishery-Hydrography Systems

	7. SALMON AND TUNA WORKING GROUPS
	7.1 Salmon
	7.2 Tuna

	8. REFERENCES
	9. WORKSHOP PARTICIPANTS





