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PREFACE

The international program on Global Ocean Ecosystem Dynamics (GLOBEC) is sponsored by
the Scientific Committee on Oceanic Research (SCOR) with the co-sponsorship of the
Intergovernmental Oceanographic Commission, the International Council for the Exploration of
the Sea and the North Pacific Marine Science Organization. GLOBEC is dedicated to
understanding the effects of physical processes on predator-prey interactions and population
dynamics of zooplankton and their relation to ocean ecosystems in the context of the global
climate system and anthropogenic change.

The GLOBEC Core Program is being developed through a series of scientific working groups
and regional planning efforts. This report results from the second in the series of meetings of
these groups leading to the development of an international Science Plan for GLOBEC. The
Working Group on Sampling and Observational Systems met at IOC, UNESCO, in Paris, France
in late March, 1993.

This meeting was chaired by Dr. Tom Dickey to whom the international sponsors of GLOBEC
wish to express their gratitude for his leadership and for the effort he expended in producing and
editing this report.
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1. INTRODUCTION
(T. Dickey, B. Rothschild, D. Cushing,
A. Robinson)

The International GLOBEC (I-
GLOBEC) Sampling and Observational
Systems Working Group (SOS-WG) met
in Paris March 30 - April 2, 1993. The
SOS-WG workshop was conducted to
facilitate the exchange of ideas in the
areas of sampling, technologies, and
their implementation as part of the I-
GLOBEC program. Participants (24)
came from 8 different countries. Other
I-GLOBEC topical areas include: 1)
Population Dynamics and Physical
Variability (workshop held in
Cambridge, UK, February, 1993), 2)
Numerical Modeling (workshop held in
Villefranche-sur-mer, France in July,
1993), 3) Cod and Climate (workshop
held in Lowestoft, United Kingdom,
June 7-11, 1993), 4) Southern Ocean
(workshop held in Norfolk, Virginia
USA, June 15-17, 1993), and 5)
Prudence (past records). The
coordinated activities of these areas will
be used in the development of a detailed
scientific plan to be executed over the
next few years. It should be noted that
chairmen of the Fizzypop and
Numerical Modeling Working Groups
were active participants and contributors
to the SOS workshop. The following
workshop report presents a summary of
state-of-the-art of technologies and
sampling strategies which may be
applied to I-GLOBEC studies in the
next several years. Several participants
were asked to prepare background
papers and to act as discussion leaders
in order to facilitate discussion, to assist
in the timely production of a set of
recommendations and a workshop

report, and to provide a broad set of
perspectives. The report roughly
parallels the meeting agenda, however,
there are some notable exceptions
(Sections 3 and 6) which resulted from
enthusiastic, spontaneous discussions
and commitments by individuals to
develop sections on special, important
topics. The areas covered in this report
include: Section 2: relevant processes
and scales of variability, Section 3:
observations and modeling systems,
Section 4: observational tools (physical,
acoustical, and optical), Section 5:
sampling design and strategies, Section
6: sampling methodologies and
techniques, Section 7: future
technologies, and finally a summary.
The meeting was lively and executed in
a spirit of enthusiasm which we feel
will lead to lasting international
cooperation and will facilitate the
planning and execution of international
and national GLOBEC programs.

2. PROCESSES AND SCALES

(T. Granata, co-chair, A. Robinson, co-
chair, A. Gargett, C. Marrase, P.
Nival, and H. Yamazaki)

Introduction

The I-GLOBEC planning committee
has specified three lines of investigation
for future oceanic research:

1. Population dynamics of
zooplankton;

2. Zooplankton interactions with
phytoplankton and detritus;

3. Zooplankton interactions with fish
stocks



All of these are within a physical
setting. The physical setting is based
on mean and time dependent motions
and physical structures in both the
atmosphere and the ocean. Time and
space scales of several relevant physical
and Dbiological phenomena are
summarized in Figure 1 and Tables 1
and 2. Several authors have reviewed
scales (e.g., Denman and Gargett,
1983; Denman and Powell, 1984;
Haury and Pieper, 1987; Dickey, 1988,
1990, 1991; Nihoul and Djenidi,
1991).  Necessarily, a variety of
sampling platforms and methods are
required (Figures 2 and 3 and Table 3).

For biological processes, it is
important to discern the spatial and
temporal scales of target species, which
are highly variable from species to
species. Some generalizations can be
made. Smaller organisms grow faster,
move slower, are found closer to the
surface (in or close to the mixed layer),
and have smaller horizontal distributions
than larger organisms (Figures 4 and 5).
Vertical layering of organisms is
common (Figure 6), however, when the
water column is mixed, so are
distributions of plankton, except for
larger zooplankton which migrate.
During stratified periods, plankton can
be concentrated in or below the
pycnocline. Conditions which entrain
nutrients into the euphotic zone are
generally necessary for algal blooms of
5-10 mg Chl, m3. High concentrations
of phytoplankton may be necessary for
the growth of larger copepods (i.e.,
Calanus). Smaller copepods do not
appear to be food limited and can
effectively reproduce provided algal

concentrations of 1-2 mg Chl, m?,

Typical abundances of organisms are
~ 10° m* for phytoplankton, 10*-10*m"
for ciliates, 10°-10° m" for copepods, 1-
50 m™ for gelatinous zooplankton, and
10? -10* m* for fish larvae - however
patches occur on scales of meters to
kilometers (Figure 1, Table 2).

Biological as well as physical events
are frequently episodic (Figure 7).
Phytoplankton blooms occur in the late
winter, early spring, and fall and last
from days to weeks. Marine temperate
fish and copepods spawn in late winter
and early spring (over 2-3 months),
timed to coincide with an abundance of
phytoplankton biomass (Cushing, 1976),
though there are late spawning species.
Eggs are laid in surface layers by
zooplankton and in midwater by fish
and both drift with the currents.
Provided food is encountered, larvae
will grow quickly. Mortality is usually
by predation and is high in these early
stages (eggs and larvae). Species in
locations where food is available do not
tend to have a seasonal cycle.
Metamorphosis occurs over days to
months with size increases of
millimeters for copepods and
centimeters for fishes.

Some species have large
distributions and horizontal migration
distances. For example, fish
populations often migrate to nursery
grounds in shallow waters for two or
more years before migrating to deeper
water. Sea migration can range from
distances of 10 Km (for small fish) to
10* Km (for larger fish) and fish often
take advantage of currents. Swimming
motions are from 102 cm s! for




zooplankton larvae, to 1 cm s* for
zooplankton adults, to >10 cm s for
larval fishes.

Multiple Scales

1) Global, Basin, and Sub-Basin Scales
(10*-10* Km)

Climate and seasonal circulation of
the atmosphere will contribute to ocean
gyre circulation and basin to basin flows
(conveyor belt deep circulation and
surface flows) through heat and water
fluxes (e.g., thermohaline circulation)
and by directly forcing of large current
systems (wind stress). Gyres and
recirculation flows within basins (sub-
basin scale) are important for
transporting heat, momentum and
biological communities over large
distances. Changes in heat fluxes on
these time scales (a year to several
years) can have dramatic effects on
stocks of plankton and higher trophic
levels. Other examples of large scale
phenomenon are: annual to interannual
variations from these mean flows,
Southern Oscillation/El Nifio events,
and monsoons.

2) Regional Scale (10%-10° Km)

On regional scales, episodic
atmospheric events, such as storms (and
other low pressure systems) and high
pressure systems, will modify the
“steady” ocean flows either by direct
transfer of kinetic energy (through wind
stress) or by sea surface height
modulation associated with highs and
lows over different regions Synoptic
anti-cyclones and cyclones have time

scales of 1-5 day. Lastly, frontal
systems that separate distinct air masses
(DT=5-20°C) often have associated
precipitation and scales of 10>-10° Km
and days.

In the ocean, bottom topography,
including continental shelves, slope
breaks, and islands modify the flow
field and the biological distributions.
Large horizontal discontinuities in
energy and water properties occur at
convergent zones, often with
accumulating biomass (e.g., shelf
breaks that separate coastal from
oceanic waters). It is in the onshore-
offshore direction that biology often
shows the greatest variability.

Upwelling fronts, set-up by wind
stress and Ekman transport offshore,
are biologically productive at coastal
boundaries. = Convergence exists at
these fronts so that offshore oceanic
waters are warmer; inshore, at the
surface, waters are cool and nutrient
rich (with subsurface component
directed polarward - alongshore
transport).  Headlands, capes, and
islands can affect alongshore flow
resulting in shedding eddies. Bottom
topography, such as canyons, can
modify alongshore current offshore,
increasing or decreasing relative
vorticity of the flow. Tides can account
for considerable variability in mean
currents and biology (Denman and
Powell, 1984), especially in coastal

areas. In shallow waters, tidal fronts .

form where there is a pycnocline.
These fronts can be permanent (e.g.,
estuaries) or seasonal (coastal) features.



3) Mesoscales (10-10* Km) and
Synoptic Scales

In the atmosphere, the largest
motions are often the most energetic
while in the ocean the mesoscale
motions are typically the most
energetic. Consequently, for oceanic
systems, episodic events represent
important perturbations. The timing
and variability of mesoscale motions
may be intricately linked to seasonal
heating (Strass et al., 1992) which can
force biological production (Strass and
Woods, 1991; Dickey et al., 1993).
Coherent mesoscale flow features, such
as eddies, are ubiquitous in open ocean
regions and effectively transport heat,
momentum, and particle mass.
However, eddies can affect shore
regions as well. For example, they can
alter volume exchange (Bain et al.,
1989) and biological characteristics
(McClain et al., 1990) when they move
into coastal zones. Eddies are also
recognized as sites of high biomass
(e.g., Wiebe 1976) and primary
production (e.g., Falkowski et al.,
1992). Eddies, topographic flows, and
shallow coastal flows which can trap
waves, may be important processes for
the transport of particles and nutrients.
These features can be characterized in
terms of the Rossby radius, HN/f ,
where N is the buoyancy frequency,

N2= 8 °r
r,. oz

and f is the Coriolis parameter. Also,

H is water depth, g is the acceleration -

of pgravity, and r is density.
Submesoscales features, such as
meddies, lenses, and subsurface eddies

(Richardson, 1993) may also be
important for transport of distinct
communities since they exist for long
time periods. Other episodic features
such as deep water forming chimneys,
unstable rim currents, and convective
regions may also be important. For
example, it has been suggested that
frontal jets might stimulate new
production (Woods, 1988).

4) Smaller Scales (10°m-10 Km)

Scales on the order of 10°m-10 Km
are pivotal to the GLOBEC program
since they link community structure of
organisms (regional and
synoptic/mesoscales) to microscales of
individual animal movement and
behavior.  These scales are often
neglected, so there is not an extensive
data base.

Atmospheric frontal systems are
zones of divergence and convergence
capable of affecting local upper ocean
conditions via local heating and wind
stress (Wells, 1986). In the ocean,
internal waves represent important
sources of energy for transport and
mixing of particles and dissolved
constituents on these .scales.  The
frequency domain of these waves is
f < w < N. The frequency of the
wave cycle increases at higher latitudes
with periods,

P
2Wsinf

where W is the rotation rate of the earth
and f is latitude (e.g., T = 34 h at 20°;
20 h at 34°; 17 h at 45°, and 14 h at
60°). Typical vertical scales of motions




are 1-10 m in coastal regions with highs
of 30 m in ocean regions. Tidal and
storm surges (Denman and Powell,
1984) can also transport nutrients into
the euphotic zone stimulating new
production on these small scales.

On the microscale, shear flows,
breaking internal gravity waves (Kelvin-
Helmholtz billows), convective motions,
and double diffusion are likely sources
of microturbulence (Yamazaki and
Osborn, 1988). It is on these
microscales where most biological-
biological interactions occur.  For
example, it has been shown that
microscale turbulence has an effect on
behavior, orientation, swimming, and
feeding of zooplankton (Costello et al.,
1990; Saiz and Alcaraz, 1992; Saiz et
al., 1992) and on the level of primary
production based on optimal light fields
(Lewis et al., 1986).

Recommendations

1) Global scales will be coarser in
time and space while local scales will
be finer in time and space (on the scale
of the copepods), however, the data
needs are generally the same.
Therefore, careful consideration should
be given to resolution, duration, and
extent of the sampling to ensure that a
full spectrum of time and space scales
are sampled (i.e., to ensure that there
are no spectral gaps).

2) Pre-existing data/networks need to
be utilized. These include:

- wind measurements from
scatterometers and weather
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stations/buoys to estimate mixing and
MLD;

- advective fields and regions of
complex flows (e.g., jets, vorticity,
etc.) from altimeter maps and currents
meters, including acoustic Doppler
current profiler (ADCP) data.

- heat fluxes based on data from
meteorological satellites and global
weather stations and buoys to determine
heating trends and anomalies;

- compiled atlas data (temperature,
salinity, density, oxygen, nutrients) to
help in preparing the sampling design.

3) Establish global, long-term time
series measurements to assess global
change in the future, perhaps
concentrating on north-south gradients
along basin transects for phytoplankton,
copepods, fish, and physical variables -
especially, psuedo-dissipation rates.
These time scales should be sufficiently
sampled to define the annual cycle.
This could be coordinated with
permanent stations in different basins
sampling simultaneously for a century -
conceptually, the biological eqmvalent
of weather stations.

4) There is a need to do process
studies before we can optimally define
larger scales.

5) Some sampling systems which
cover temporal and spatial domains
undersampled by present systems are
still needed. One example is an
autonomous profiler which could
resolve ~1m in the vertical and make
vertical profiles every hour to a few
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hours for several days or even months.
This type of system could be deployed
before and during process studies and
for "biological weather” station
measurements. Such a system could
utilize standard CTD sensors, acoustic
sensors for zooplankton abundance and
bio-optical packages (fluorometers,
natural fluorescence and PAR sensors,
beam transmissometers, pump and
probe fluorometers, and oxygen
sensors) to measure phytoplankton
abundance and production and net
community production. Simultaneous
deployment with an ADCP would be
desirable for collecting current and
backscattering data. These systems
should be calibrated with physical and
biological data from process studies.

3. OBSERVATIONS AND
MODELING SYSTEMS

- (A. Robinson, chair, J. Aiken, I. Aoki,

D. Cushing, T. Dickey, J. Jaffe, B.
Rothschild)

The need to optimally integrate
various sensors to "feed" data to
adaptive computer models linking
physics, biology and chemistry is
critical to moving forward in I-
GLOBEC. In order to develop this
technology, a transportable
observational system (such as the one
depicted in Figure 2) needs to be
coupled to a model for data
assimilation. The model is intended to
generate realistic
physical/biological/chemical field
estimates. These estimates will be used
to describe the "status" of the physics
and ecology, to develop explanations of
the phenomena, and to develop
prognostications.

The model (or models) and
assimilation schemes coupled with the
sampling-theoretic observations
comprise the observation and modeling
system which will be designed for I-
GLOBEC. The Observational and
Modeling System (OMS) will therefore
consist of a number of platforms and
sensors and a data management and
assimilation scheme, all coupled to an
interdisciplinary model or models.

Recommendations

1) The system should provide
quantitative field estimates and forecasts
for a horizontal domain of roughly 100
to 1000 km with a resolution of the
order of 5km and with high vertical
resolution. Nested grids of higher
resolution should be used for both
observations and models.

2) The observations and field estimates
should be adequate for studies of the
population dynamics of zooplankton and
phytoplankton, particularly in their
contributions to grazing, to the
dynamics of the ecosystem, to the
physical forcing of the system, and to
the assessment of climate change.

3) The observations should be an
efficient mix of remotely sensed
variables and of critical in situ
variables.  Platforms should be an
optimal mix of satellites, aircraft, ships,
moorings (both autonomous and semi-
autonomous) and of free floating
devices (e.g., see Figure 2). The
sensors should be carefully selected as
well.
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4) The observations should provide a
“standard" set of variables for input to
models capable of providing quantitative
dynamical estimates of the ecosystem.
The observations must necessarily be
delimited. Cost/benefit, feasibility, and
scientific importance need to be
considered in defining the standard
variables.

5) Key variables should define physical
structures (for example, temperature,
salinity, velocity and pressure), species
composition and size distributions of
zooplankton and phytoplankton (i.e.,
concentrations and density fields)
synoptically in terms of means,
variances, and rates.

6) A combined Eulerian and Lagrangian
approach should be implemented.

7) Robust and reliable data assimilation
schemes, especially for the biological
and chemical variables, should be
developed and used.

8) Effective parameterization of sub-
gridscale (small scale) physical and
biological process studies (for example,
mixing, grazing and predation) are
essential.

9) The system should be located and
maintained in regions of critical interest
long enough to define critical processes
in space-time variabilities (e.g., from
short time scales to the seasonal and
interannual) in physics and biology
(e.g., from short time scales relevant to
individuals to several generations).
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10) Prototype criteria with alternatives,
optimization, special locations and
intercomparisons should be developed.

11) Validation and verification are
essential and oversampling and sensor
comparison are necessary at an early
stage.

4. OBSERVATIONAL TOOLS

4a. Physical Measurement Systems
(A. Gargett, chair, T. Granata, C.
Marrase, P. Nival, A. Robinson, and
H. Yamazaki)

Rather than start out with a
compendium of instruments and
platforms, this discussion of physical
measurement systems will be introduced
by considering a very general question -
if we could measure everything about
the physical system in the upper layers
of the ocean, is there some subset of
physical fields which would maximize
the information relevant to the
associated planktonic system? As our
measurement abilities proliferate,
without equivalent increase in
resources, such a question becomes
interesting: at the very least, it offers a
different point from which to view
measurement systems.

From recently published work on
the kinematics and dynamics of deep-
ocean planktonic systems, it appears
that physical effects of major biological
concern are those associated with (i)
vertical motion in a depth-varying light
field, (ii) nutrient supply to the euphotic
zone, (iii) physical convergence
/divergence mechanisms, and (iv) shear




on the scales of zooplankton-
phytoplankton interactions. With this in
mind, it seems that the following four
physical fields, could we measure them
properly, form a minimal set, in the
sense of supplying enough(?)
information to quantify the physical
environment for the major concerns
listed above.

1) Vertical velocity w: provides
information on vertical movement in the
light field, on nutrient supply (when
associated with turbulent mixing), and
on horizontal convergence/divergence
(through the continuity equation or
ow/dz = -(6u/déx+5v/dy)) where x, y
are the horizontal coordinates (east and
north), z is the vertical coordinate, and
u,v are the eastward and northward
velocity components.

2) Turbulent kinetic energy dissipation
rate e: quantifies small-scale shear, with
associated effects on feeding

3) Vertical density gradient ér/éz, or
equivalently, the buoyancy frequency
N: needed to characterize barriers to
particle sinking

4) Light field E
What is the present state of our
abilities to measure these fields?

Reliable standardized instruments
exist for in situ measurement of N, with
resolution dependent upon a
combination of sensor and platform
characteristics. On global scales we
know gross upper ocean N structure,
with at least the seasonal cycle outlined,
from standard compilations of many

years worth of CTD data (Levitus,
1982). The light field E will be
discussed in section 4d, so it need not
be considered in detail here.

In contrast, while in situ
measurement of e using Osborn-type
airfoil probes (Osborn,1974) is
becoming more widespread, it is still
the domain of specialists, a fact which
has a number of unfortunate
repercussions (Table 4). The first of
these is scarcity: the number of groups
able to do the work is small, while the
number of field experiments desiring
such support continues to expand. Then
there is expense: adding measurements
of e to a process-oriented field
experiment presently requires a
dedicated group of 5-12 (depending on
whether continuous  operation  is
required) scientists and technicians, and
the associated cost puts the
measurement out of reach in many
situations. Finally, the small number of
workers means that there is nothing
approaching global spatial coverage.
Most seriously, because all
measurements are presently taken with
ship-based (dropped or towed) systems,
there is essentially no coverage under
the extreme wind or buoyancy forcing
conditions which may have the largest
effects on the biological system.

So there are two types of problems
with regard to e measurement in
support of I-GLOBEC: one is to obtain
measurements of ¢ on fine time and
(vertical) space scales during intensive
process-oriented experiments; the other
is to enable mapping of global fields of
e, resolving seasonal variations as well
as episodic and extreme forcing events.
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No one strategy will solve both
problems, but there are a couple of
observational techniques whose
development might contribute to both.

The first would be the use of a
light-weight internally-recording CTD,
measuring density in free-fall mode.
Ocean Sensors makes an appropriate
unit: Sea-Bird Electronics may as well.
Internal recording means that users do
not have to supply and maintain cables
with electrical conductors; they can
merely stop to upload data periodically.
Use in free-fall mode allows
measurement of density to finescale (~
a few cm) vertical resolution. This in
turn allows accurate calculation of the
Thorpe ‘scale L; (Thorpe, 1977) as a
function of depth z.

The Thorpe scale L; is an
"overturning” length scale, calculated
by re-sorting measured density profiles
(solid dots in Fig. 8a) into a statically
stable profile, with density increasing
with depth. For each point, the raw
Thorpe scale is the vertical distance, D,
the point must be moved in order to
achieve this. In the simple example
shown, both points are moved the same
distance, one up and the other down.
Real density profiles are more
complicated, and in practice a root
mean square (rms) value of Ly is
usually calculated over some vertical
interval.

Dillon (see Fig. 8b above) first
showed a strong correlation between L
and another length scale, L, =(¢/N%), in
oceanic measurements, suggesting that
CTD-based measurement of L, and N
could provide at least a rough estimate
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of e. Further validation of this
technique should be sought, from
(perhaps existing) cruises in which
specialized microscale profilers were
deployed. Even if valid only under
restricted conditions (defined on the
basis of such comparisons), it offers
enormous potential for widening our
global base of dissipation estimates
under all conditions, since Thorpe scale
estimates could possibly also be
calculated from XBT data taken by
ships-of-opportunity, at least in regions
where temperature dominates density.

The second technique for
determining e is closely connected to
the problem of measurement of w, the
vertical velocity. This was the first field
in the list above because it is of
fundamental importance to the
biological system: moreover it is
possible that "proper” measurement of
the w field could contain measurement
of the e field, as will be seen shortly.
Until very recently, oceanographers
rarely even tried to measure the field of
vertical velocity: w was assumed to be
too small (in the deep ocean) and/or too
difficult to measure in the presence of
platform motion. Over the past 5 years

_ or so, that has started to change: as new

instruments and new platforms become
available, we are starting to be able to
measure the w field, in some places,
under some conditions. An impressive
example is the work of Weller et al.
(1985; see Fig. 9), who modified the
propeller orientation of a vector
measuring: current meter (VMCM) to
sense w as the instrument was lowered
from the stable platform FLIP,
producing a detailed snapshot of the




vertical velocity field associated with
Langmuir circulations.

Acoustic Doppler techniques offer
another means of direct measurement of
the field of w, provided an acoustic
beam can be maintained accurately
vertical. In coastal waters, where ship
motion is minimal, a specialized
vertical-beam acoustic Doppler current
profiler (ADCP) (Gargett, 1993) has
been successfully used to measure the
w-fields associated with strong tidal
flows (Fig. 10).

While the conditions under which
such measurements can be achieved are
presently restrictive, the direction of
ongoing improvements to instruments
and platforms suggests rapid progress,
so that measuring the field of w in the
upper 200m of the ocean may be
possible in the near future.

As remarked above, measurement
of w may provide e as well: Fig. 11
shows a comparison between a direct
(profiler) measurement of e (dashed
line) and an estimate (€2 = rw3/Ly,
where rw is rms w and L, is an
associated horizontal length scale)
obtained from the ADCP remote
measurement of w (solid line). While
this technique is far from proven, there
remains the intriguing possibility that
the dissipation field, like the velocity
field, can be measured remotely, with
profound implications for achieving a
global spatial description, and for
assessing the importance ,of episodic
events.

While the preceding has
concentrated on the deep-sea

environment where time and vertical
spatial dimensions are of dominant
biological importance, I-GLOBEC is
also concerned with coastal
environments, since these dominate
global biomass figures and contain most
of the important fisheries. Here we will
not escape the need to measure
horizontal transport as well. An
example is the British Columbia
continental shelf off Vancouver Island,
which supports the richest fisheries on
the west coast of Canada. Crawford
(1991) produced the nitrogen budget
shown in Fig. 12: turbulent flux is
estimated from direct measurements of
e, wind mixing and upwelling
contributions are estimated from wind
fields. The budget is dominated by
nutrients being advected onto the shelf
in the estuarine surface layer flow out
of the Strait of Juan de Fuca.
Turbulence does supply these nutrients
to the upper layer, but it does so in
turbulent flows (such as those shown in
Fig. 10) which occur in regions far
from the shelf.

Such situations, in which horizontal
advection dominates nutrient supply, are
likely to be more the rule than the
exception in coastal waters: fortunately,
the tools (moored current meters,
shipboard Doppler profiling)  for
measuring mean horizontal flows are
relatively well-developed.

Recommendations

This section recommends areas for
development of both instruments and
techniques. Most suggestions originate
in existing technologies, but require
additional engineering effort and/or
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some scientific development in order to
produce equipment needed for both the
local process studies and the global
aspect of I-GLOBEC.

1) Instruments

A) We recommend development of a
single-beam ADCP, to allow flexible
deployments, including the vertical
orientation which will result in
measurements of vertical velocity. The
design should include adjustable
- dynamic range for both velocity and
backscatter amplitude and incorporate
most recent acoustic techniques to
optimize accuracy.

B) We suggest research into an indirect
method for estimating the turbulent
kinetic energy dissipation rate e, using
estimates of overturning scales from a
free-fall CTD.

C) For intensive ship-based process
experiments, direct microprofiler
estimates of e are necessary: it is
unclear whether this would be best
achieved by a single dedicated
microscale team (perhaps one of the
existing groups), or by dispersing the
technology throughout the biological
community (Table 4).

2) Techniques

A) Stable platforms are necessary for
ADCP measurements of turbulent scales
in the upper ocean: some possibilities
are “stiff" moorings, stable towed
vehicles, autonomous vehicles, spar
buoys, and SWATH vessels. Some
effort should be spent on assessing the

16

motion characteristics of existing
candidate platforms.

B) Many of the new technologies
proposed for use on I-GLOBEC
moorings (including a turbulence via
Doppler) produce large data sets; the
issue of access to high rate systems for
data transmission is a crucial one.

C) It is necessary to refine the empirical
relationship between e and the cube of
the wind speed, as it is being used to
“predict* e for upper ocean biological
purposes. )

D) The possibility of deriving
turbulence characteristics from optical
imaging products should be pursued, as
it has the obvious advantage of
producing those characteristics in the
immediate neighborhood of the
biological measurement.

4b. Acoustics

(T. Stanton, chair, I. Aoki, K. Foote,
M. Furusawa, J. Jaffe, R. Pieper, and
R. Strickler)

Introduction

Acoustical methods can be used to
remotely detect and classify marine
organisms such as zooplankton and
nekton. They have a distinct advantage
over the use of more conventional
sampling devices such as nets or pumps
as they can rapidly and remotely sample
large areas. Data can be collected in
near real-time with high resolution. In
addition, acoustic sounders can be
deployed for long periods of time to
monitor the temporal variability of
animal biomass. Under the appropriate




conditions, echosounders can routinely
produce the spatial and temporal
distributions (abundance) of various size
classes of the animals of interest.

There are inherent ambiguities in
the use of acoustics such as knowing
what the target animal is. There is also
difficulty in discriminating between an
echo from a group of several large
animals and that from an aggregation of
many small animals. By proper design
and use of acoustic devices in
conjunction with complementary
sampling systems such as nets and
optical imagers, ambiguities can be
minimized, resulting in a powerful tool.
Because of the importance of acoustics
to the I-GLOBEC program,
recommendations of design
considerations of the systems and their
deployment for use in I-GLOBEC
studies are made below.

Operational Considerations

Use of an echosounder requires
knowledge of the animal size with
respect to acoustic wavelength,
estimates of material composition of the
animal (such as mass density and speed
of sound), and spatial density (number
per cubic meter) with respect to
resolution of the sounder. The size and
composition, among other parameters,
determine the overall strength of the
echo while the values of spatial density
(number/m?®) help determine whether the
animals can be resolved. Various
deployment configurations of sounders
include vessel-mounted transducers,
towed bodies (near surface or at other
depths), remotely operated vehicles,
free drifting buoys, and stationary

moorings. The type of deployment
depends upon how high the acoustic
frequency 1is, what resolution is
required, and what type of information
is required, spatial or temporal. Details
related to these considerations and
others can be found in U.S. U.S.
GLOBEC Report 4 (1991) and will not
be repeated here.

Design Challenges and Solutions

Perhaps the greatest challenges
involved in the design of the sounders
derive from the facts that 1) the target
species assemblages are complex (wide
range of size and species such as 100-
mm- to I-mm-long copepods to much
larger fish) and 2) in any given echo, it
is quite possible that there are
contributions to the echo due to an
animal not belonging to the target
species (Furusawa, 1991). Hence, one
must be very careful in designing an
echosounding system that can allow one
to routinely and automatically "sort" out
the animals and produce reliable
information regarding the target species
only. In short, the complexity of the
acoustical system should correspond to
the complexity of the biological system.

Some key elements in the design of
the systems involve the facts that

1) The zooplankton of interest are very
small and their properties are very close
to those of seawater resulting in very
weak echoes; hence, the zooplankton
are only detectable at very high
frequencies (upper kilohertz to lower
megahertz) and at short ranges,
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2) The zooplankton occur at densities
too high to be individually resolvable by
a sounder,

3) The fish produce a very large echo
and occur quite often at sufficiently
small densities to be individually
resolvable by a sounder, and

4) Many non-target species such as
pteropods and siphonophore
pneumataphores produce much larger
echoes at the high frequencies than the
target species zooplankton (Stanton et
al., 1987; Stanton, 1990, 1991).

The resultant design should
therefore have sufficient spatial
resolution to discriminate between the
zooplankton and fish as well as have
enough frequency diversity so as to be
able to discriminate between various
animals when they are not resolvable.
Both the hardware and echo processing
software should be sophisticated enough
to be able to perform the discrimination
routinely and automatically so that the
vast amount of data can be analyzed in
a timely manner (Foote et al., 1991).
Furthermore, calibration should be
routinely performed.

The acoustic systems should be
used in conjunction with optical and
perhaps with stimulus response systems
to help in the classification of the
animals. The optical system will
provide visual images of the animals
while the stimulus response system
(such as a flash of light or impulse of
voltage) may cause the copepods to
move, causing a Doppler shift in the
signal which would allow further
discrimination against other scatterers.
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Recommendations

1) Overview of Recommended
Echosounders and Their Deployment

Because of the wide range of spatial
and temporal scales and sizes of animals
involved, two types of echosounders are
recommended:

A) One that is deployed at a constant
depth during the surveys and involves a
lower range of acoustic frequencies (10
kHz - 500 kHz). This system can
insonify most or all of the water column
producing images of the distribution and
abundance of fish and
macrozooplankton, and

B) The other involves a higher
frequency range (100 kHz - 10 MHz)
and must be deployed over a range of
depths (such as with a "tow-yo") during
surveys, since the signals at the upper
frequencies are absorbed rapidly in the
water. The frequency ranges of the two
systems are overlapping for the purpose
of intercomparison. Both systems
should involve up to approximately 10
frequencies per decade of frequency
resulting in a total of wup to
approximately 30 different frequencies
(Holliday et al., 1989; Pieper et al.,
1590).

Each system should be a hybrid mix
of single and multiple acoustic beams.
The lower cost single beam system will
generally provide only volume scatter
information while the multi-beam
system (dual- and split-beams and
imaging sonars) can track targets as
well as directly provide target strength
and density (number per cubic meter) of



targets. Depending upon the type of
echo discrimination required, the signal
at each frequency should either be
narrow band, resulting in a strong
transmitted signal with information only
at a singular frequency, or broadband
resulting in a weaker signal, but
producing an echo with potentially more
information. The narrow band signal
can provide information regarding
scattering levels and possibly Doppler
(and hence animal velocity)
information. The broadband signal
provides information over a range of
frequencies possibly allowing a
frequency dependence analysis of the
scattering. Due to the weakness of such
broadband signals, it may be required to
have two transducers at certain
frequencies, one broadband and the
other narrowband. By using them
alternately, there will be information
from the narrowband system when
volume scattering strengths are
relatively small and data from both
systems when strengths are greater.

In addition to survey deployments,
systems should be deployed on
platforms designed for time-series
studies such as moorings (fixed and/or
variable depth), free drifting buoys, and
bottom mounted platforms. The fixed
platforms may also be required for
certain systems, such as an imager, that
requires stability.  The choice of
frequency range on these other
platforms depends on the distance
between the target species and sounder
system. For a bottom mounted system,
a near-surface layer of zooplankton may
not be seen with the high frequencies
due to the severe attenuation of the
signals, hence only the lower range of

frequencies may be used (resulting in a
reduced amount of biological

information).  For a platform that
moves up and down throughout the
entire water column (a very desirable
platform), all frequencies should be
used.

2) Echo Sounder Details

A) Higher frequency system: 100 kHz
- 10 MHz (for 100mm-3mm
zooplankton).

This system involves up to roughly
20 frequencies and covers two decades
of frequency (100 kHz - 10 MHz). The
design and use of this approach is
modeled after the design of Holliday
and Pieper’'s MAPS (Multifrequency
Acoustic Profiling System) sounder
(Holliday et al., 1989; Pieper et al.,
1990). The system is characterized by
very narrow acoustic beams that can
resolve a small (fractions of a cubic
meter) volume. Hence, the lower
density fish and higher density
zooplankton can be spatially
discriminated. (Note that while the fish
can be resolved, the zoopldnkton still
cannot. Hence, measures of volume
scattering strength of zooplankton will
result, as opposed to target strength.)
Scattering from the various transducers
are analyzed by performing an inversion
which results in estimates of the size
distribution of the animals. Single
beam (as opposed to dual- or split-
beam) technology is recommended for
most or all of the frequencies since the
individual zooplankton cannot be
resolved.
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While it is possible to spatially
discriminate between the dense
zooplankton and sparse fish, other
techniques are required to determine
whether the echo is due to the
zooplankton of interest or non-target
(zooplankton) species such as pteropods
or siphonophore pneumataphores that
may occur in dense aggregations and
produce very large echoes. Since such
echoes may be much larger than the
contribution from the zooplankton of
interest, the data in this case could not
be used to characterize the target

species.
Other techniques include:

a) Echo level analysis. When levels
of the echo seem unreasonably high
(possibly due to animals with much
larger target strengths), the echo can be
labeled as possibly not being due to the
zooplankton of interest. Note .that
pteropods and siphonophore
pneumataphores have target strengths
that are many tens of decibels larger
than that of copepods (Stanton, 1990,
1991).

b) Frequency dependence analysis.
When the volume scattering strength of
a certain volume is independent of
frequency (or nearly so), then the
scattering is due to animals much larger
than the copepods, whose scattering
strength should vary dramatically from
Rayleigh to geometric scattering over
the 100 kHz - 10 MHz range (Holliday
et al., 1989; Stanton, 1990).

¢) Optics/acoustics intercomparison.

An optical system (photo or video)
should be mounted near the acoustic
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apparatus so that both acoustic and
optical data concerning the same
volume can be collected simultaneously
in the field. Suspicious acoustic data
can possibly be resolved by analysis of
the optical image of the scattering
volume. Analysis of the image will
allow the species to be identified.

d) Stimulus response/Doppler shift
analysis. When the volume scattering
strength is suspicious with respect to
either frequency dependence or level, a

- stimulus response device can possibly

be used (such as a flash of light or
impulse of voltage) to cause the
copepods to move. The fact that
copepods move and other animals such
as pteropods and siphonophore
pneumataphores as well as marine snow
do not move allows one to further
classify the echo through a Doppler
analysis. The degree of shift will help
determine the source of the echo. (This
idea has not been sufficiently explored
to predict its usefulness to date.
Nonetheless, it is a concept worth
exploring.)

B) Lower Frequency System: 10 kHz -
500 kHz (for fish and
macrozooplankton)

This system involves up to roughly
15 frequencies over the 10 kHz- 500
kHz range. Fish are detectable over the
entire range while macrozooplankton
(e.g., euphausiids) are only detectable
in the upper portion of the range
(beginning at about 30 or 40 kHz). The
copepods will only be marginally
detectable at best, and only then at the
highest frequencies. Since the fish and

macrozooplankton typically occur at




sufficiently low densities so that they
can be resolved acoustically, multibeam
technology (dual-beam, split-beam,
imaging sonar, etc.) is recommended
for use for at least a subset of the
frequencies over the entire frequency
range. As a result, the fish and
zooplankton can be classified by target
strength distribution and number density
as done by Foote et al. (1986) and
Greene et al. (1989). Furthermore, the
target tracking information from the
multi-beam systems can provide
histories of inter-animal distances which
are useful in predator-prey studies.

Because of the fact that the echoes
are due mostly to a subset of the
animals present, especially at the lower
end of this frequency range, there are
fewer ambiguities. However, since
these larger animals are relatively
sparse and mobile, the chance for
intercomparison with an optical system
is small which places the burden of
intercomparison with nets. Since nets
integrate over volume, the
intercomparison is restricted to a larger
volume than with the copepods.

Supporting Measurements and
Studies

Interpreting data from the
recommended acoustic systems cannot
be performed adequately without further
work in the following areas:

1) Measurement of physical properties

of the animals. The density contrast and’

sound-speed contrast of the body
material of the animals are crucial
inputs into scattering models. Direct

measurements of these should be
performed as described in Foote (1990).

2) Development of scattering models
of the animals. Relating echo level to
useful biological parameters such as
length and possibly orientation
distribution requires understanding of
the scattering properties of the animals.
While use of the sphere model has
shown success with copepods, the
scattering  characteristics of the
copepods as well as the more elongated
macrozooplankton and fish require a
much better understanding for the
routine and accurate interpretation of
the data (Stanton, 1990; Foote, 1985;
Holliday et al., 1989; Pieper et al.,
1990).

3) Performing an intercomparison of
acoustics and optical data under
controlled conditions. In a laboratory, at
dock-side, and/or in an area of the
ocean where the population of animals
is dominated by the copepods of
interest, the acoustic systems and an
optical system such as the VPR (Video
Plankton Recorder) (Davis et al., 1992),
should be used to record data from the
same volume at the same time. Such a
calibration will provide an empirical
basis for the development and
refinement of the scattering models as
well as interpretation of the field data.

4) Performing controlled studies of the
relationship between applied stimulus
(such as voltage or light) in the water,
resultant copepod reaction, and
observed Doppler shift of acoustic echo.
Such a study could provide invaluable
information to calibrate stimulus-
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reaction discrimination algorithms in
field data.

Summary

Because of the wide diversity of
animals and their respective size and
spatial and temporal distributions,
comparably complex echo sounding
systems and complementary
measurements and studies are
recommended. The acoustics systems
cover a wide range of frequencies and
modes of deployment. Because of
inherent ambiguities of the system,
simultaneous optical measurements as
well as sophisticated acoustic “sorting™
or discrimination data processing
algorithms are recommended. With
proper use of this array of devices, it is
possible to determine the spatial and
temporal variability of the size classes
of the copepods and fish of interest to
the I-GLOBEC program.

4c. Optics: Imaging

(C. Davis, co-chair, R. Strickler, co-
chair, G. Gorsky, U. Kils, and
M. Lehaitre)

Backgfound

One of the goals of I-GLOBEC is
to understand the biological-physical
processes controlling population
dynamics of marine zooplankton in
relation to global climate. Optical
image sampling can provide data on the
birth, death, and growth processes of
these populations. With respect to these
three processes, optical imaging
technology can provide:
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1) High resolution temporal and spatial
data on the distribution and abundance
of zooplankton in terms of both
taxonomic and size composition.

2) Data on microscale processes
including individual swimming and
feeding behaviors, predator-prey
interactions, spawning, and turbulent
motions of seawater.

These measurements should be
made in conjunction with other kinds of
sampling including acoustical, non-
video optical, hydrographic, and current
measurements.  The calibration of
acoustical data is particularly important
as highlighted in the previous section.

In short, the promise of optics is
four-fold: 1) rapid identification of
living organisms in situ, 2)
quantification of organisms smaller than
1 mm, 3) observation of behavior and
direct in situ rate measurements, and 4)
concurrent sampling of organisms, their
prey and potential predators at spatial
and temporal scales at which the
physical environment can be sampled as
well.

Optical imaging can be used to
determine rates of birth, growth and
mortality of planktonic animals by
accurately quantifying: 1) changes in
size distribution of their populations
over time, and 2) in situ rates of
feeding, swimming, and spawning.

Birth Rate Estimation
Optical imaging can be used to

quantify spawning behaviors of
individual copepods and in some cases




the distributions and abundances of egg-
bearing adults and free-floating eggs or
nauplii. Current imaging systems can
resolve individual organisms down to
400 mm (e.g. small copepods), but
accurate identification of smaller
organisms has not yet been
demonstrated.  Higher magnification
video systems are under development
for quantification of these small
organisms. Such systems could allow
direct counting and sizing of copepod
egg and naupliar abundances. High
resolution time series measurements of
copepod population size structure
(including naupliar stages) would allow
quantification of recruitment using
population analysis techniques (e.g.,
Caswell and Twombley, 1989).

Growth Rate Estimation

The change in population size and
stage structure over time can be used to
estimate in situ rates of growth and
development. Processes directly
impacting growth and development can
be studied by quantifying feeding and
swimming behaviors together with
physical turbulence and food
concentrations.  Turbulence can in
principle be estimated using optical

imaging systems by analyzing the 3-

dimensional motions of small passive
particles. Larger phytoplankton (e.g.,
diatom chains) are easily observed using
current systems, and smaller food
particles can be seen but not identified.
Higher magnification systems will be
able to distinguish prey type.

Death rate estimation

In addition to birth and growth
estimates, changes in population
structure can be used to estimate in situ
mortality rates (e.g., Caswell and
Twombley, 1989; Wood and Nisbet,
1991). These mortality rates can be
related to predator concentrations and
feeding rates. Lower magnification
systems are available for quantification
of larger predators such as gelatinous
organisms, crustaceans, and juvenile
fish. The link with acoustics is of
particular importance in quantifying
abundance of adult fish predators.
Optical systems can provide important
observations of predator and prey
interactions. Such behaviors include
avoidance of predators by prey and
foraging strategies as a function of pre
density. :

Thus, optical imaging systems have
the potential to provide estimates of
population size structure as well as
behavioral observations of vital rates at
the species level. Identification of
species for the smaller life stages may
be difficult however, even with the high
magnification systems. This difficulty
may be overcome if subtle
morphological differences or swimming
patterns can be quantified using pattern
recognition and motion analysis
systems. In low diversity regions,
species are more easily distinguished
since the overlap in size is much
reduced (e.g., Pseudocalanus and
Calanus on Georges Bank). Such
measurements of population size
structure and behaviors together with
population modeling studies will
providle new insights into the
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mechanisms controlling recruitment in
marine zooplankton. Population size
structure and behavioral observations
should of course be made concomitantly
with measurements of hydrography,
circulation, non-video optics, and food
concentrations over a range of time and
space scales.

Recommendations

1) -Population Size Structure
Estimation

The primary goal of population size
structure estimation is to quantify the
size structure of planktonic populations
(including meroplankton, holoplankton,
and ichthyoplankton) in time and space
in relation to biotic and abiotic
variables. The objectives are:

A) To measure the size and taxonomic
composition of plankton communities in
relation to their environment on space
scales ranging from millimeters to tens
of kilometers over time scales from
days to years. The structure of
plankton communities can be crudely
described by size-frequency
distributions (e.g., Platt and Denman,
1978; Napp et al.,, 1993), but
understanding population and
recruitment processes requires a more
detailed level of analysis, preferably at
the species level. In low diversity
areas, species-size data may be obtained
using simple pattern recognition
algorithms to identify genera and
species; life stages could then be
separated by size. In high diversity
areas, more sophisticated algorithms
must be developed, together with higher
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resolution optical systems in order to
distinguish species.

B) To relate the size-distributions of
plankton populations to the physical and
biological environment. The vertical
and horizontal patterns in hydrography
and current flow, as well as the
concentrations, size structure, and
pigment composition of potential food
organisms must be measured
concomitantly with population
abundance and size structure of
zooplankton species.

Quantification of zooplankton
population dynamics requires rapid
sampling and image processing to
obtain high temporal and spatial
resolution data on the size structure of
target species populations. Conventional
zooplankton sampling involving
collection of specimens for time-
consuming laboratory analysis is -
impractical in this regard because not
enough observations can be obtained to
provide the desired high temporal and
spatial resolution. The recent advances
in optical imaging technology can be -
used for population structure
quantification. = By deploying these
systems on long-term  moorings,
drifters, and rapid tow bodies from
ships, the required high temporal and
spatial resolution data can be obtained.
These detailed data on population
structure can be used together with
population modeling studies, and
laboratory and field estimates of life
history parameters to determine the
causes of population fluctuations.




2) Behavioral Observations

The primary goal of behavioral
observations is to measure in situ
zooplankton rate processes (feeding,
swimming, spawning, and predator
interactions) together with fine-scale
biological and physical structure and
biological-physical interactions. Optical
imaging technology is needed to achieve
this goal since it allows for direct
observation and measurement of
individual plankton behavior
simultaneously with their prey and
predators and physical properties of the
seawater (temperature, salinity, and
turbulence). The objectives are to:

A) Quantify the feeding, swimming,
spawning, and/or predator-prey
behaviors of individual zooplankters
concomitantly with 3-dimensional fine-
scale (mm to cm) particle distributions
and water velocities surrounding these
individuals. Time series measurements
of these properties are required to
determine phasing with respect to tidal
and diel cycles.

B) Determine how these individual
scale processes are related to fine-scale
(cm to m) vertical and horizontal
structures in the biological (food,
conspecifics, competitors, and
predators) and physical (turbulence,
temperature, density, light, and oxygen)
fields.

C) Relate the micro- and fine-scale
observations to coarser scale structure
of the biological and physical
properties. This includes vertical and
horizontal scales of meters to
kilometers.

Optical imaging technology is
required to make individual level
measurements of specific taxa. Again,
although acoustical systems could be
used to track sound-scattering particles,
the identity of these particles will not be
known even if parallel pump or net
samples are taken for calibration.
Optical systems can be mounted on
remotely operated vehicles (ROV’s) or
moored in low velocity regions to
directly obtain data on in situ behaviors
of individual zooplankters as well as on
surrounding biological and physical
properties. The requirements for such
a system would include a high
resolution optical imaging system which
is relatively non-invasive (i.e., long
working distance coupled with a long
wavelength light source). This system
should be deployed on a stable platform
that is capable of tracking individual
particles over time scales of several
seconds.

3) Sampling Systems
A) Population structure

The objectives stated above can be
achieved using existing or near future (5
years) technologies and data analysis
techniques. These technologies
comprise various optical imaging
systems. Although acoustical systems
can provide synoptic or quasi-synoptic
data on sound scatterers in the water
column, they cannot at present

~ differentiate between various planktonic-

taxa or even between living and non-
living particles. Nonetheless, range-
gated acoustical systems are capable of
sampling the entire water column at
once and can provide important quasi-
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continuous data on the patchiness Of
particulates. It is clear that a
combination of optical imaging and
acoustical technologies is needed to
obtain high resolution data on the
distribution and behaviors of
zooplankton in time and space.

Several optical imaging systems
have been used for taxonomic
identification of planktonic organisms.
These include film cameras (Ortner et
al., 1981), video adapted nets (Welsch
et al., 1991), the Video Plankton
Recorder (VPR) (Davis et al., 1992a,b),
the CritterCam (Bergeron et al., 1988),
the ecoSCOPE (Kils, 1992), and the
underwater video profiler (UVP;
Gorsky et al., 1992).

The Plankton Camera (Ortner et al.,
1981) is towed at approximately 2 knots
and obtains a silhouette photograph
every two seconds. The film records
are quantified manually after the cruise.
In addition, measurements of
temperature, conductivity, depth and
fluorescence are obtained every second.

The Video Adapted Gulf HOI Net
(Welsch et al., 1991) was designed for
surveys of herring recruitment in the
North Sea. A videocamera images
organisms as they pass into the cod end
of a plankton net; the video is
transmitted in real-time via conducting
cable to the research vessel. The
images enable the identification of
organisms from 0.5-20 mm in length to
major taxa (Schulze et al., 1992). This
device is expected to be commercially
available within one year.
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The Video Plankton Recorder
(VPR, Davis et al., 1992a,b) has been
developed to quantify abundance of
zooplankton on scales from microns to
kilometers, and is now in the prototype
stage. It consists of a video
camera/strobe unit and an image
processing system. Four video cameras
are synchronized at 60 frames sec™ to a
red strobe light positioned 1 meter
away. The field of view of each
camera is adjustable from 0.5 to 10 cm,
at 10 to 300 microns resolution,
respectively, with corresponding depths
of field of 4 to 20 cm. Imaged volumes
are concentric with their centers located
0.5 m between camera and strobe.
Each one microsecond strobe pulse
permits highly resolved images of
plankton and seston. Plankton
abundance is determined by counting
the number of animals per field of
videotape and dividing by the field
volume. The VPR has been used in -
towed, moored, and ROV deployments.
Images from the VPR are digitized and
pre-processed in real-time by an image
processor and transmitted to a host
computer where morphometric indices
can be computed, and organisms sorted
into major taxa (e.g., copepod,
euphausiid, chaetognath, etc.).
Software/hardware for automated sizing
and taxonomic analysis is under
development.

The Optical Plankton Recorder
(OPR, Kils, 1981; 1989) is a compact,
high-speed, underwater video
microscope with optional
preconcentration nets. It is designed
primarily for small-scale, high
resolution observations of plankton
distributions.  Prototype instruments




have been deployed free-falling in
Antarctic krill studies (Kils, 1981);
towed from small vessels in mesoscale
monitoring of fish schools; anchored
(moored) for plankton orientation and
ecotoxicology studies; and used in
aquaculture for particle flow
quantification (Kils et al., 1991). When
towed, free falling, or hovering, each
image is exposed to two short (10 ms)
strobes separated by 20 ms. Three
different cameras with nested
magnifications allow for observation of
both predators and prey simultaneously,
and for taxonomic identification (Kils,
1989).

The ecoSCOPE is an optical video-
endoscope that enables direct
observation of predator-prey interactions
between juvenile fish and zooplankton
(Kils, 1992). It is a small free drifting
system tracked by sonar. One
endoscope projects a thin sheet of light
to illuminate the prey (copepods,
tintinnids, etc.), and a second
endoscope records the predator-prey
encounter from a distance of only 4 cm.
The endoscope penetrates into the
volume in which the fish would respond
to large objects (30 cm sphere), but has
no apparent effect on behavior. Direct
readings from the ecoSCOPE are
difficult to assess by eye because the
optical system oscillates, the objects
move, and there is microturbulence in
the water. To overcome these problems,
image processing software (dynIMAGE)
animates sequential images by
referencing a floating particle that is
selected by the operator, and shifting
the sequential images so that the
reference particle remains stationary. As
a result, when viewing the animations,

the dynamics of the prey, the predator,
and the remaining microturbulences are
more visible. The dynIMAGE package
also supports further manipulation of
the images (e.g., contrast enhancement,
slow-motion, reverse motion,
calibration, size-, distance- , speed- and
direction-quantifications).

The CritterCam (Bergeron et al.,
1988; Schulze et al.,, 1992) is a
commercially available video system
developed by Rudi Strickler for imaging
small-scale plankton distributions and
behavior underwater. It is based on
modified Schlieren optics and achieves
very high resolution at sufficiently long
working distances (0.15 to 0.4 m) so
that organisms’ behaviors are minimally
affected by the instrument. It views a
field of up to 6 x 4.5 cm with a
resolution of 5 mm (for a 2.5 mm field)
and uses shuttered camera to freeze the
motion of organisms. In moored
configuration, it can produce images of
zooplankton sufficient in quality for the
organisms to be taxonomically
identified.

The Underwater Video Profiler
(UVP) (Gorsky et al., 1992) is used to
quantify suspended particles (> 100mm)
in the water column. It is also used to
identify and to assess the distribution of
the macrozooplankton. The system
consists of a Hi8 CCD camcorder,
electronic control unit, power supply,
Sea-Bird CTD and two interchangeable
lighting units. One unit illuminates a
volume of 200 liters of water and is
used for visualization of organisms.
The second illuminates a precise volume
and the images are digitized and
processed with an image processor.
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The abundance profiles of particles and
their size spectra are obtained. The
system has a three hour autonomy and
the image processing is automatic.

The Non-Contact Measurement
System (NCS2) allows engineers in
addition to skilled technicians, access to
stereo video, image capture and
measurement options through a
computer software based interface
system ( Turner et al., 1991). The
benefit of using this system is that
movement can be frozen for three-
dimensional analysis. A framing rate of
25 or 30 frames/sec is possible, thus
overcoming blurring problems when
there is platform (diver, ROV, etc.)
motion.

The 3-D Bioluminescence Mapping
System (Greene et al., 1992; Widder,
1992; Widder et al., 1992) is used to
identify and map bioluminescent
organisms based on the spatial and
temporal patterns of their stimulated
bioluminescent displays. Use of
species-specific bioluminescent displays
enables  bioluminescent organisms
ranging in size from 50 mm to 1 m to
be mapped simultaneously with a single
video camera.

B) In situ Behavior

Several optical imaging systems
have been developed for quantifying
zooplankton behaviors in the laboratory
(Price et al., 1988; Dickey, 1988;
Schulze et al., 1992). These systems

range from low-resolution systems

designed to measure swimming behavior
(Bugwatcher, e.g., Buskey and Swift,
1983; 1985), to high-resolution systems
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designed to measure feeding appendage
motions and particle capture (Alcaraz et
al., 1980). These techniques have
recently been extended to allow tracking
of single individuals over time
(CritterCam-2D and CeritterSpy-3D), as
well as examination of the behavior of
groups of individuals (Bugwatcher).
Extensive motion analysis software has
also been developed (e.g., Motion
Analysis Inc.). In addition to these
laboratory systems, several of the high-
resolution systems discussed above can
be used to make in situ behavioral
measurements. These systems can be
used for measuring zooplankton
swimming, feeding, and predator-prey
interactions (e.g., VPR, Davis et al.,
1992a,b; CritterCam, Bergeron et al.,
1988; ecoSCOPE, Kils, 1992) in the
ocean. These video systems can be
used in two-axis mode to obtain 3-D
video images of in situ behaviors of
individual zooplankton as well as the
surrounding particulate field.

Such in situ systems must be
mounted on stable platforms in order to
measure zooplankton behaviors
accurately. Large ROVs such as
JASON have proven to be capable of
tracking individual zooplankton on
small scales (20 cm window) for
extended periods (minutes). Such
ROVs combined with optical imaging
systems should be used to quantify
individual behaviors in a variety of
biological and physical environments.

Future developments in optical
imaging of plankton which are not yet
available include in situ micro-
holography, and range-gated laser
imaging systems.  Additionally, the



prospect of using satellite or aircraft
remote sensing (passive or range-gated
laser imaging) to quantify zooplankton
populations in the sea should be pursued
in the future.

Perhaps the most important
technology in need of further
development is image processing/pattern
recognition/motion analysis. To deal
effectively with the tremendous quantity
of video data collected by the systems
described above, application of existing
image processing systems developed for
industrial or biomedical purposes should
be applied to marine problems. The
field of image processing is a rapidly
growing one, and a huge array of
hardware and software now exists that
can be applied directly to the analysis of
plankton images and behaviors. This
area of research should be given a very
high priority.

Summary of Recommendations

To determine the population

structure and vital rates of target
plankton species in relation to their
biotic and abiotic environment, we
make the following recommendations.

1) Encourage use of the existing and
nearly developed instruments listed
above.

2) Development of technology for
deployment of these instruments on
moorings (fixed depth and profiling),
ROVs, and rapidly towed bodies.

3) Develop image processing, pattern

recognition, and motion analysis.

systems using existing expertise and

hardware from the field of image
processing.

4d. Optics: Non-imaging
(1. Taupier-Letage, co-chair, T. Dickey,
co-chair, P. Gentien, J. Jaffe, M.
Lehaitre and T. Komatsu)

Overview of Non-imaging Optical
Methods

The present section deals only with
optical instrumentation, which s
defined as that "in which the presence
and size of a target organism are
detected by its effect on the intensity of
scattered or transmitted light as it passes
through a light beam." Optical methods
and techniques can be used to treat
problems relevant to the upper ocean’s
ecosystem, particularly involving
primary production and for measuring
biomass of zooplankton. Several
background references are available
(e.g., Kirk, 1983; Gordon et al., 1984;
Yentsch and Yentsch, 1984; Dickey,
1988; 1990; 1991; U.S. GLOBEC
Report number 4, 1991; ICES Report,
1992; Mobley, 1992; Sprules et al.,
1992; Dickey et al.,, 1993a; U.S.
GLOBEC Report number 8, 1993). A
conceptualization of bio-optical
sampling platforms, systems,
measurements, and the utilization of
bio-optical data in models is depicted in
Figure 13 (Dickey et al., 1993a). The
following review is divided into two -
principal parts. The first emphasizes
optical measurements relevant to
phytoplankton and the second focuses
on measurements more directly related
to zooplankton and, to some degree,
higher trophic levels using non-video
optical methods. Video methods were
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addressed previously. Also, the section
on scales of processes and sampling
platforms is relevant to the following
summary.  Finally, near real-time
telemetry of optical data has been
accomplished in the coastal ocean and is
feasible in the open ocean as well (e.g.,
Dickey et al., 1993a). This aspect is
extremely important for several reasons
(e.g., data assimilation modeling).

Optical Sensors Relevant to
Phytoplankton

In situ bio-optical measurements
have several important functions. Some
of the principal functions are 1) to
enable the determination of the intensity
and quality (wavelength) of light
available for photosynthesis at depth,
and 2) to facilitate the identification and
quantification of phytoplankton
populations. Several of the sensors
described below provide virtually
continuous sampling capability. Thus,
vertical resolutions comparable to those
of CTD’s (few meters or less) and
temporal resolutions comparable to
those of moored current meters (few
minutes or less) may now be attained by
sampling of several bio-optical water
properties (e.g., Dickey, 1991; Dickey
et al., 1993a).

Photosynthetically . available
radiation (PAR) sensors measure the
flux of quanta or the wavelength
weighted integral of spectral scalar
irradiance in the _visible waveband
(~350-700nm) using a spherical light
collector. The importance of the
measurement of PAR is that it
quantifies the amount of radiation
(number of quanta per unit area per unit
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time) received at a given depth in the
water column.

Another important optical
instrument for quantifying the oceanic
photoenvironment is the multi-
wavelength spectroradiometer (e.g.,
Smith et al., 1984). Spectroradiometers
may be used to measure downwelling
and upwelling vector and scalar
irradiance as well as radiance in several
wavebands ranging from ~380-770nm
(e.g., Smith and Baker, 1984; Siegel
and Dickey, 1987b).

Fluorometers are used to obtain
nearly continuous records of
fluorescence in order to estimate
chlorophyll-a concentration and to infer
phytoplankton pigment biomass. This
measurement utilizes the fact that
chlorophyll-a, which is a major light
sensitive pigment used in
photosynthesis, is a fluorescent
molecule. The fluorometer’s blue light
source illuminates a test volume of
seawater containing the phytoplankton
with their chlorophyll-a cells. The cells
fluoresce red light which is detected and
the signal is processed. Fluorometers
are used both with water pumping
systems and from in situ packages. In
situ fluorometers are used in profiling
and towed modes and most recently in
moored mode (see review by Dickey,
1991).

Beam transmissometers measure an
inherent optical property (IOP) of
seawater, the beam attenuation
coefficient, ¢. One of the more
commonly used transmissometers (Bartz
et al., 1978) will be described. The
light source for the device is a light




emitting diode and the beam of
collimated light is received by a silicon
photodetector. The typical wavelength
used (~660nm) is chosen to minimize
the absorption of light due to humic
acids (yellow substance). The beam
attenuation coefficient can be related to
the volume of suspended matter or
particle concentration in the water
column and is useful for water mass
analysis (Spinrad, 1986). Primary
production estimates have been based
on beam attenuation data as well (e.g.,
Siegel et al., 1989; Cullen et al., 1991;
Dickey, 1991). Complicating factors
(e.g., cell swelling; see Ackleson et al.,
1990; Olson et al., 1990; Cullen et al.,
1991) for this application have been
summarized in Stramska and Dickey
(1992b). The instrument can be used
in most deployment modes and its
vertical resolution and temporal
response are comparable to those of the
optical sensors described above.

The distance from which a fish can
perceive its prey visually is an
important parameter to know in order to
understand the behavior of the organism
in its physical environment. In this
case, both the level and direction of
ambient light and the attenuation and
scattering of the beams mandate the
range and resolution at which the prey
can be perceived. A measurement of
the directionally and depth dependent
underwater ambient light field can be
accomplished with a radiometer. This
measurement provides the illumination
level which is incident on the prey. In
order to predict images which are
perceived by the fish, the
transformation of the light needs to be
understood as it propagates after

Here, the
absorption (a), scattering (b) and the
volume scattering function b(q) can be
measured in order to predict both the
amount of light and the light spreading
via Monte Carlo modeling or some

reflection by the prey.

similar procedure.  Alternatively, a
small angle scattering meter, or
Modulation Transfer Function meter
(MTF) can be used to measure the
degradation in image quality (via small
angle scattering) which takes place.

The measurement of the evolutions
of size distributions of both
phytoplankton and zooplankton is
important for achieving several of the I-
GLOBEC goals. Acoustics are more
appropriate for the zooplankton while
optical methods are more appropriate
for phytoplankton. A new system,
SLAPS (Size and Load Analysis of
Particles in the Sea), was developed for
measuring both the total load of
suspended particles (up to 30mg/liter
dry weight) and their size distribution
(Lehaitre et al., 1990). SLAPS was
developed to avoid some of the
problems associated with acoustical
measurements (high sensitivity to small
changes in water density, difficulties in
grain-size discrimination, etc.). It is an
optical system which uses a laser beam.
Analysis is based on a diffractioh
pattern created in situ by particles. It
allows measurement of the volume
contribution of 32 size classes. The
upper limits of the size classes are: 400,
320, 260, 210; 165, 135, 110, 90, 70,
56, 45, 36, 30, 23, 18, 15, 12, 10, 8,
6,5,4,3,2,17,14,1.2,1,0.9,0.8,
0.7mm. SLAPS does not allow
discrimination between dead and living
particles. However, the system can be
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used to obtain a good estimation of the
total available potential food (algae,
detritus, aggregates, etc.) and its
distribution in microstructures. The
discrimination in size, especially in the
small ranges, can potentially be used
for real-time in situ estimation of
phytoplankton assemblages and
patchiness, provided an accurate
sampling can be implemented. Data are
acquired and displayed in real-time
every second. Maximum operating
depth is 300m, and the instrument is
designed to work on short period
moorings or with a profiling system.
Industrialization of the SLAPS should
be underway shortly.

A new instrument has been
designed for in situ discrimination of
phytoplankton populations, combining
optical fiber technology and multi-
wavelength excitation for pigment
identification using the fluorescence
technique (Lehaitre et al., 1993).
Initially, the light is injected (presently
a burst of 4 pulses at 300Hz every sec)
into an optical fiber (200mm diameter),
and output fibers from a multiplexer
deliver 4 equivalent light sources
centered on wavelengths of 450, 490,
530 and 580nm. The fluorescence is
then detected at about 30° of the
excitation axis for best efficiency by a
bundle of fibers. The fluorescent light
is then spectrally analyzed with a
specific multichannel and multifiber
spectrometer coupled to an ICCD video
camera (50 frames/sec). The
wavelength range is scaled between 400
and 800nm with 1nm-resolution. Up to
50 spectra can be separately and
simultaneously visualized or stored in
real-time, and processing can be done
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on a personal computer.  Lab tests
have been performed on monospecific
cultures, showing the capability for -
fiber optics (immersed in the sample) to
detect low light level signals and to
yield significantly different spectral
signatures. More work is now needed
to define the most pertinent criteria for
automatic identification of the spectra,
and to deal with the induced secondary
effects (problem of organic matter) on
measurements The spectrometer has
fine wavelength resolution and its size
is convenient. Thus, it can be easily
used for other underwater applications
in conjunction (or not) with algae
discrimination such as up- and
downwelling irradiance as well ‘as
chemical parameters provided by
specific optical fiber sensors. Cowles
et al. (personal communication) are also
developing a spectral fluorescence
system.

Development of autonomous sensors
and systems requires special
consideration of constraints such as
sampling rate, power consumption, data
storage, and biofouling. These
constraints are common to both moored
(fixed depth or profiling systems) and
drifting modes; thus, the same sensors
can wusually be wused for these
applications without major modification.

Although much progress has been
made in our capability to sample the
marine ecosystem, there remain several
obvious high temporal resolution
measurements which need to be
included in future systems. For
example, further advancement of bio-
optical measurements will require a



variety of sensors which measure a
more comprehensive set of optical
variables so that inherent and apparent
optical properties may be related.
Devices which are presently being
developed include spectral absorption,
transmission, and scattering meters
(e.g., Carder et al., 1988; Zaneveld and
Bricaud, personal communication). The
pump and probe fluorometer of
Falkowski et al. (1991) shows promise
for primary productivity measurements.
Finally, the use of fiber optics to bring
light signals from depth to the surface
for signal processing and data analysis
appears to be a viable option for several
physical and bio-optical applications
(e.g., Cowles et al., 1990). Presently,
work is underway to develop in situ
radiometers to be able to measure with
higher spectral resolution (~2
nanometers) across the visible (and into
the ultraviolet region) in order to link in
situ data with advanced satellite (and
aircraft) observations (multiplicity of
wavelengths) and for spectral bio-optical
models of primary production and
species identification (e.g., Bidigare et
al., 1987; Morel, 1991; Bidigare et al.,
1992).

Non-video Optical Sensors Relevant to
Zooplankton

Early optical instruments for the
study of zooplankton include: the opto-
electronic plankton sizer (Cooke et al.,
1970), the Hiac Particle Size Analyzer
(Pugh 1978; Tungate and Reynolds,
1980; Horwood, 1981) and a silhouette
photography system (Ortner et al.,
1979, 1981)

The optical plankton counter (OPC,
Herman and Dauphinee, 1980; Herman
1988, 1992; Focal Technologies 1990,
Herman et al. 1991) is one of the most
advanced optical systems in routine use
for zooplankton biomass and size
structure assessment. It is intended for
large-scale continuous sampling of
zooplankton size and density. Versions
of the system are designed to count and
size organisms in the size range from
120 or 250mm to 30 or 200 mm ESD
(Equivalent Spherical Diameter). Flow
speed in the OPC is at minimum
0.5m/s and at maximum 4m/s. The
maximum count rate is 200 particles/s.
Using a constant horizontal towing
speed of 2.6m/s, the best resolution is
1.3m.

The principle of operation for the
OPC follows. A collimated light beam
4x20mm travels 22cm across the
sampling tunnel from a bank of 640nm
wavelength LED’s to a photodiode
receiver. When an animal passes
through the beam, the blocked light
triggers a negative pulse at the receiver.
The pulse height is a measure of animal
size. The effects of turbidity are
partially compensated by a feedback
circuit which maintains constant average
light intensity on the photodiode array,
and the associated fluctuations in LED
output are monitored as a measure of
light attenuance. A deck unit displays
light attenuance (relative values),
number of counts, and size-frequency
histograms. Organism sizes are then
converted to ESD by an empirical
relationship. Several applications of the
OPC, in conjunction with other systems
(e.g., BIONESS, Batfish, acoustical -
devices), have shown that the OPC

33



meets the goals for which it was
designed, and can be a valuable tool for
zooplankton studies.

The OPC does not require nets for
concentration, nor prefiltration, nor
pumping; data processing is relatively
easy and quickly accomplished
(compared to video data sets, if pattern
recognition is a consideration). One
can in principle acquire large volumes
of data and process them in near real-
time. The OPC can be used with other
instruments and packages, allowing
concurrent measurements of
phytoplankton and zooplankton and
CTD parameters. The developers of
the OPC suggest that there should be
other complementary measurements,
namely net collections, otherwise there
will be no detailed descriptive
information on the zooplankton (e.g.,
distinct size classes corresponding to
different copepods/zooplankton types or
larval stages). Moreover, such
ancillary data would allow further and
more detailed interpretation of OPC
data. It should be noted that the OPC
is useful for identifying the dominant
copepods in boreal environments where
relatively few species dominate much of
the planktonic biomass. The OPC was
originally designed to represent a trade-
off, given typical coastal marine
zooplankton densities, between
increased coincidence associated with a
larger tunnel and poor sampling
associated with a smaller tunnel.
Integration of a flowmeter and
combination with an imaging system are
being considered.

The OPC has been deployed from
ships and moorings; however, it can
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also be used in conjunction with net
sampling and remotely operated
vehicles. It should be possible to
deploy OPC'S from autonomous
profilers as well. The OPC is one of
the more mature optical systems for
assessing zooplankton biomass and
distribution, is commercially available,
is relatively easy to use, and is
modestly priced compared with video
systems. However, in its commercial
mode, it cannot be used for imaging
individual zooplankton and is limited in
its capability to determine taxonomic
structure of zooplankton assemblages.
The recorded size is affected by the
orientation of the animal as it passes
through the light beam, which can lead
to underestimates of the volume by a
factor of two. Coincidence occurs
when multiple particles pass through the
light beam simultaneously so that large
organisms mask smaller ones or
abundant small organisms are counted
as a single large one. This can lead to
density estimates as low as 37% of true
abundance when copepod concentrations
are high. However, errors in biomass
caused by coincidence may be less than
errors in abundance. '

There are excellent prospects for
collecting large amounts of data on
zooplankton size and abundance over a
wide variety of spatial and temporal
scales. This is very relevant to the
current emphasis on size-based models
and analyses in aquatic ecology. When
such data sets are available, advances
also must be made in statistical and
analytical techniques (GIS, spatial
patterns).




Complementary Remote Sensing

The two primary methods which
will be available to ocean scientists for
studying the upper ocean's ecosystem
within the foreseeable future are in situ
sampling using sensors placed in the
ocean as described above and remote
sensing from satellites and aircraft
(e.g., Hoge and Swift, 1981; Hovis et
al., 1985). These are complementary,
with satellites and aircraft providing
near surface data over great expanses of
the oceans and in situ systems providing
subsurface and high temporal
information for long periods of time.

The use of satellite altimetry using
TOPEX/Poseidon to determine basin
scale surface general circulation (e.g.,
Fu et al., 1988) began in 1992 also.
Similar data obtained from the
oceanographic satellites Seasat and
Geosat have been used to observe
features such as the Gulf Stream and its
rings. Satellite derived currents can
provide important contextual
information which greatly enhances our
ability to ascertain advective versus
local processes measured with in situ
physical and bio-optical instrumentation
(e.g., Dickey et al., 1993b).

Ocean color data were collected
from the Coastal Zone Color Scanner
(CZCS), which orbited on the Nimbus
7 satellite, from late 1978 through mid-
1986. These data -have been used to
estimate phytoplankton biomass over
particular regions and recently the
world oceans (Feldman et al., 1989).
Excellent examples of the utilization of
these data are presented by McClain et
al. (1990) who have examined the

coupling of physical and biological
processes in the North Atlantic Ocean
in both open ocean and shelf regions
and by Lewis et al. (1990) who have
focused on the equatorial Pacific.
Remote sensing of ocean color and the
derivation of upper ocean pigment
biomass and primary productivity on
regional and global scales will begin in
1994 with SeaWiFsS (e.g., Yoder et al.,
1988; Esaias et al., 1992; Hooker and
Esaias, 1992). However, the requisite

. algorithms rely on in situ observations

of bio-optical variables (e.g., Evans,
1992; Hooker and Esaias, 1992;
Mueller and Austin, 1992). These
observations need to be done in such a
way that inconsistencies between
satellite and in situ sensors and in
temporal and spatial sampling scales can
be interpreted and corrected.
Additionally, satellite-based ocean color
and temperature measurements are often
obviated because of cloud or water
vapor conditions. Intensive and
extensive shipboard sampling at
mooring sites and elsewhere over the
world ocean will be important.

Fisheries researchers have been
utilizing satellite data since the mid-
1970’s. The direct observation of fish
schools remains beyond the resolution
capability of present satellite sensing
systems, thus indirect observations must
be used. Many of the fisheries studies
have utilized ocean temperature and
color data to locate fronts and wind
sttess maps to estimate transport.
These data have been correlated with
ground truth observations from research
and fishing vessels. Excellent reviews
of satellite data utilization for both
research and fishing operations have
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been provided by Laurs and Brucks
(1985) and Simpson (1992).

5. SAMPLING DESIGN AND
STRATEGIES

5a. Local process studies

(U. Kils, chair, C. Davis, M.
Furusawa, P. Gentien, J. Jaffe, T.
Komatsu, R. Pieper, and H. Yamazaki)

Background

The local process group focused on
scales less than 1 m. Many of the
major hypotheses for the recruitment
success of fish (microlayer, retention
area, microturbulence), need more data
on processes at microscales in space -
and even more important - in time.
The time spent by a juvenile 25 mm
herring for locating, pursuit, attack,
capture and handling of one copepod is
less than 300 ms. Hence, our strategy,
to learn more about one of the ‘most
important foodchain transitions in the
world, requires that we sample these
processes with adequate temporal and
spatial resolution. Actions taking place

within these few milliseconds determine

the patterns that will be found in the
next distribution survey. Therefore,
sampling strategies are needed to obtain
more detailed knowledge of predator-
behavior as well as feeding and prey
escape. One of the objectives of I-
GLOBEC is to obtain an improved
understanding of how important
processes at the level of individual
organisms control population abundance
(i.e., the "Concentration on First
Principles"). Thus, special emphasis
needs to be given to assessing the little-
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studied roles of ocean physics in
feeding success, growth rates,
reproductive output, and mortality rates
including losses to predators. Clearly,
extensions of both physical and
biological sampling from the mesoscale
into the fine- and microscale
environments are needed.

The context and importance of
small scale sampling is highlighted in
the following quotations from GLOBEC
(1989): "From long term fishery catch
statistics and other records, we know
that decadal changes of orders of
magnitude have occurred in the major
fish stocks of the ocean which cannot be
explained merely by fishing pressure. It
has been hypothesized that large year
classes are uncommon events driven by
a combination of favorable interactions
of ocean physics and chemistry on the
early life history of species, which
occasionally magnify the normal, very -
low survival rates that occur during the
recruitment process and vastly increase
adult biomass. Exploring these patterns
is a major challenge for marine ecology
that has acquired a sense of urgency in
connection with Global Change. ...
information on feeding and predation
rates is crucial to modelling population
growth and mortality, ... the prey is
picked out of the water with a complex
behavioral mechanism. The processes of
detection and capture depend entirely
upon the local physics. The physics of
grazing is a difficult but essential
problem that requires much more
sophisticated investigation. Sampling
technology for the size range of 5 mm
to 5 cm should be set as a goal, ...
within this size range most grazing and
most acts of predation would occur, ...





























































potential implications that these types of
systems have for I-GLOBEC? One
advantage of fiber optics, in this regard,
is the relative size/weight of the cables
attached to underwater devices when
compared with electrical connectors.
One of the areas that stimulated much
discussion was the evolution of drifting
instrument packages. Perhaps these
drifting packages could be connected to
fiber optic cables to provide real-time
information and allow control of the
package. In addition, if the drag
provided by these cables was too much,
perhaps free ocean propagation of
modulated light (over short distances)
could provide the link.

Optical techniques may present
another advantage when combined with
in-situ sensors. For example, the
biomedical industry is rapidly advancing
the capability of using light for medical
diagnosis. In some situations, a
molecule with optical properties that is
also sensitive to some parameter that
one is interested in measuring can be
used as a photochromic sensor. Using
fiber optic cables in conjunction with
such compounds may have very
interesting advantages. For example, the
outside of a fiber optic cable could be
coated with such a compound, and the
backscatter from a short light pulse
which was propagated down the fiber
could be used as a continuous monitor
of the depth dependent concentration.
One advantage of this technology is that
extremely specific and sensitive types of
probes, at least in principle, can be
envisioned.

Another area which warranted some
discussion was the potential availability
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of extremely inexpensive in-situ
samplers. For example, in the case of
acoustics, deployable, potentially
expendable Doppler based sensors
would be valuable for conducting
experiments where high density spatial
surveys would be desirable. In addition,
the procurement of expendable optical
sensors such as transmissometers
(multiwavelength) or fluorescence
spectrometers would be extremely
valuable. It is very likely that as the
cost of electronics continues to
decrease, these devices will start to
become available.

In examining the primary goals of
the I-GLOBEC program, it is clear that
the program could be advanced with the
advent of new and different engineering
research and development. In particular,
although the skills of individual
investigators in these areas are quite
advanced and have become, out of
necessity, honed in the development of
in situ sampling and analysis systems, it
is acknowledged that an advance in
engineering technology would greatly
augment the quality of the science. This
is because a great deal of phenomena
that are of interest are currently
unobservable.

Most of the present engineering
advances in this field have come from
the cross-fertilization of consumer
technology goods into the scientific
arena. Clearly, this strategy is very
different from that of say, the space
technology arena, where the technology
has usually developed out of scientific
necessity as opposed to commercial
opportunism. We should not expect the
commercial marketplace to solve our

























NESTED BIO-PHYSICAL SAMPLING PLAN
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Figure 2. A conceptual illustration of a nested physical-biological sampling
configuration designed to sample several of the processes indicated in Figure

1 (after Dickey, 1991).
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Figure 9. Vertical velocity measurements made from R/P FLIP using a horizontally
oriented YMCM indicating Langmuir circulations (from Weller et al., 1985).
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Figure 10.  Vertical velocity measurements made in coastal waters from a ship-mounted
ADCP. Strong vertical velocities associated with tidal flows are apparent
(from Gargett, 1993).
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Table 1. Physical-Biological Scales

TABLES

1. Global-Basin-Subbasin Spatial scales Temporal scales
1a. Atmosphere

i. Hadley-Walker Cells (trades) 10*-5.10°Km years

ii. Farrel (westerlies), Polar cells 10‘Km years
iii.Rossby waves/ jet streams 10‘Km months

1b. Ocean

i. Gyres (mean circulation) 104Km years

ii. Wind-current var.eg.Monsoons =10°Km months

iii. Conveyor belt 104 Km 10 year

1c. Biology

i. Biogeographic provinces =10°Km years

ii. Migration of species =10°Km months-year
2. Regional scales

2a. Atmosphere

i. Cyclones: 10°-2500 Km 1-5 days

ii. Anticyclones 2000-3000 Km 1-5 days

iii. Frontal systems 10°-10°Km days

2b. Ocean ‘

i. Shelf fronts 10-10°Km months

ii. Wind driven upwelling 10-10°Km days

iii. Tidal fronts 1-10 Km days

2c. Biology

i. Migrations -eg.spawning, nursery 10-10°Km months

ii. Spawning 1 m (V),10)Km(H) weeks-months
ii. Larval drift/Development 10°m(V), 10°Km(H) weeks-years
3. Mesoscale -submesoscale

3a. Atmosphere

i. Squal line and rain bands 10-10°Km 1 day

ii. Sea breezes,thunderstorms, "showers*® 1-10 Km hours

3b. Ocean

i. Eddies, convergence,divergenence 10°Km months-years
ii. Lenses/ Meddies 10-10*)Km months-years
3c. Biology

i. Eddy pumping/new production 10°m (V), 10 Km(H) days?-years
ii. Patchiness, transport 1 m (V)-Km(H) hours-months

74



4. Smaller Scales

4a. Atmosphere

i. Eddies, circulation in clouds Km's minutes

ii. Frontal systems m's-Km's minutes

4b. Ocean

i. Diurnal mixed layer 10 m (V) hours

ii.. Internal waves; jets 10 m-10 Km hours-days

iii. Wind driven eveats -eg Lang. Cir. 10 m(V)- Km(H) days

iv. Microturbulence sources
-shear instabilities 1-30 m(V),1 Km (H) minutes-days
-internal waves 1-30 m(V), 10’'m (H) minutes-hour
-convection overturn 10-150 m(V), 1 Km (H) hours-1 day

-double diffusion 1 m(V), 1 Km (H) seconds-minutes(?)
4c. Biology
i. swimming/patchiness 1 m (V); 1-10°Km (H) hours-months
ii. predation/ feeding 1 mm-10 cm seconds-minutes
iii. physiological responses Imm-10°m (V) mseconds-hours
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