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QUARTERDECK 

THIN LAYERS: OBSERVATIONS OF 
SMALL-SCALE PATTERNS AND 
PROCESSES IN THE UPPER OCEAN 

JL OR DECADES, marine scientists have been asking questions about the response of 
planktonic distributions and processes to physical forcing across a range of temporal 
and spatial scales. The mismatch in measurement capabilities in physical, chemical, and 
biological oceanography, however, often frustrated attempts to link planktonic re- 
sponses to physical forcing over equivalent time and space scales. The compelling na- 
ture of these questions about linkages and scale, coupled with technological advances in 
optical and acoustical methods, has resulted in the development of new instrumentation 
packages and sampling approaches that permit us to quantify and evaluate small-scale 
planktonic processes and physical processes on coincident temporal and spatial scales. 
The technical advances in optics and acoustics have included improved sensitivity and 
accuracy as well as greatly improved spatial and spectral resolution. The sensors result- 
ing from these technical advances now have been deployed on a wide variety of plat- 
forms, including moorings, bottom-mounted inverted echo sounders, remotely operated 
vehicles (ROVs), autonomous underwater vehicles (AUVs), towed vehicles, and free- 
falling or bouyancy-controlled packages that decouple the instruments from the "smear- 
ing" effects of ship motion. 

We now have the ability to resolve the vertical structure of biological, chemical, and 
physical properties on spatial scales of a few centimeters. As illustrated by the papers in 
this issue of Oceanography, many of the observations with these new optical and 
acoustical systems have revealed previously unresolved "thin layers" of phytoplankton 
and Zooplankton <1 m in vertical extent. These submeter vertical structures often have 
local concentrations many times larger than found just above or below the layer. Some 
of these small-scale structures have been observed to persist for days over horizontal 
scales of kilometers. 

These observations of small structure raise questions about the impact of such struc- 
ture on planktonic processes, including those of nutrient flux, phytoplankton growth, 
feeding by Zooplankton, reproductive behavior, and predation by animals at higher 
trophic levels. What physical mechanisms are involved in the formation, maintenance, 
and dissipation of small-scale planktonic structure? To what extent do small-scale 
planktonic structures in the upper ocean influence, or bias, observations obtained from 
satellite-based, ocean color sensors? The papers in this volume address some of these 
questions, while providing examples of the rich structure that, just a few years ago, was 
invisible to us. 

This issue of Oceanography attempts to focus attention on "critical scale" phenom- 
ena that involve physics, chemistry, and biology. It is our contention that the sampling 
approaches described in these papers provide the means for new insights into upper 
ocean processes. It is likely that further observations of these "critical scale" phenom- 
ena may force us to reassess some of our existing ideas about planktonic processes, 
trophic dynamics, and physical-chemical-biological coupling. We hope that this collec- 
tion of papers illustrates the need for that reassessment and stimulates readers to explore 
the role of small-scale distributions and the processes that occur within them. A sound 
understanding of these structures and processes is essential as we address questions 
ranging from how an individual organism finds sufficient food for growth and reproduc- 
tion, to how ocean physics is linked to the amount of life the sea can sustain. 

—Tim Cowles and Percy Donaghay 
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FEATURE 

SMALL-SCALE PLANKTONIC STRUCTURE: PERSISTENCE 

AND TROPHIC CONSEQUENCES 

By Timothy J. Cowles, Russell A. Desiderio 
and Mary-Elena Carr 

Mc LOST CONVENTIONAL sampling meth- 
ods limit our ability to resolve planktonic 
distributions over vertical scales less than 
a few meters. Estimates of in situ biolog- 
ical rates also are limited by equipment 
and sampling resolution. It has been ob- 
vious to plankton researchers for decades 
that the uncertainties created by sampling 
limitations are complicated further by 
vertical and horizontal variability in 
plankton distributions (often called patch- 
iness). Although patches of phytoplank- 
ton (usually undetected) were recognized 
as essential for Zooplankton growth and 
survival (e.g., Mullin and Brooks, 1976; 
Dagg, 1977), the distribution, size, and 
concentration of phytoplankton patches 
have been viewed as random or stochas- 
tic (e.g., Fasham, 1978). If phytoplankton 
patchiness is characterized by random- 
ness, the contribution of this variability to 
our estimates of phytoplankton biomass 
may be removed by averaging over larger 
scales, and samples obtained with con- 
ventional sampling equipment can be 
used with some confidence. On the other 
hand, if patchiness is nonrandom on spa- 
tial or temporal scales that are difficult to 
resolve with conventional methods, then 
conventional sampling may alias esti- 
mates of planktonic distributions and rate 
processes such as grazing and growth. 

It is generally thought that biological 
structure is linked to physical processes 
(Denman and Powell, 1984; Mackas et 
al, 1985; Owen, 1989) including surface 
waves (and wave breaking), internal 
waves, Langmuir circulation, horizontal 

Timothy J. Cowles and Russell A. Desiderio, 
College of Oceanic and Atmospheric Sciences, 104 
Ocean Admin Bldg., Oregon State University, Cor- 
vallis, OR 97331-5503, USA. Mary-Elena Carr, Jet 
Propulsion Laboratory, 4800 Oak Grove Dr., 
Pasadena, CA 91101-8099, USA. 

intrusions, shear instabilities, convective 
overturns, and salt-fingering, all of which 
can lead to localized intermittent vertical 
mixing and redistribution of biomass 
(Denman and Gargett, 1983; Denman and 
Powell, 1984; Weiler and Price, 1988; 
Owen, 1989). Turbulence and other 
small-scale physical processes are pro- 
posed to constrain a wide range of biolog- 
ical processes, such as nutrient uptake by 
phytoplankton (Goldman, 1988), photo- 
synthesis in fluctuating light fields (Marra, 
1978), grazing on phytoplankton by zoo- 
plankton (Mullin and Brooks, 1976; 
Cowles et al., 1988; Rothschild and Os- 
borne, 1988), larval fish survivorship 
(Lasker, 1975), and the vertical distribu- 
tion patterns of planktonic organisms, 
from bacteria to larval fish (Mitchell and 
Fuhrman, 1989; Owen, 1989; Denman 
and Gargett, 1988; Lasker, 1975; 
Bjornsen and Nielsen, 1991). 

Observations of small-scale (<1 m) 
vertical variability in biological structure 
in the upper ocean began with early in 
situ observations of Bainbridge (1952) 
and the high-resolution collections of 
Cassie (1963) and have continued with 
recent centimeter-scale collections of 
Owen (1989), Mitchell and Fuhrman 
(1989), Bjornsen and Nielsen (1991), and 
Donaghay et al, (1992). However, with 
the exception of some recent work 
(Cowles et al., 1990; Donaghay et al., 
1992; Cowles and Desiderio, 1993) pre- 
vious small-scale biological observations 
have lacked concurrent measurements of 
physical variables on the appropriate time 
and space scales. These recent observa- 
tions confirm that any advances in under- 
standing the response of small-scale bio- 
logical structure to physical forcing 
require coincident measurements of phys- 
ical and biological parameters over the 
same range of time and space scales. 

In the course of developing a mi- 
crostructure fluorescence sensor (Cowles 
et al, 1990; Cowles and Desiderio, 1993; 
Desiderio et al, 1993), we observed 
small-scale vertical structure of phyto- 
plankton biomass in conjunction with 
fine-scale and microscale physical struc- 
ture. We found that thin layers of locally 
enhanced phytoplankton biomass are 
common over the continental shelf and at 
open ocean locations, and that these lay- 
ers are usually between 10 and 50 cm 
thick. As one might expect, some of 
these thin layers of pigment fluorescence 
are associated with temperature steps 
and/or local minima in turbulence. More 
surprising, however, was the finding that 
some individual thin layers persist as 
local maxima for periods of hours. Sub- 
sequent observations by our group and by 
others (e.g., Donaghay et al, 1992) have 
confirmed that these sub-l-m scale local 
maxima can be detected across a range of 
coastal and oceanic locations when the 
appropriate high-resolution instrumenta- 
tion is used. 

These recent observations suggest that 
estimates of biological rate processes ob- 
tained by coarser-scale conventional sam- 
pling (e.g., ~5-10-m bottle spacing) may 
have missed the contribution of persistent 
sub-l-m scale structure. The common 
occurrence and persistence of these fea- 
tures suggest that it is necessary to quan- 
tify the contribution of thin layers to bio- 
logical rate processes in the upper ocean. 
Relative to the average background con- 
centration, thin layers of enhanced 
biomass may be characterized by high 
autotrophic growth rates, increased in- 
gestion, growth, and reproduction by mi- 
croheterotrophs, microzooplankton, and 
mesozooplankton, locally higher nutrient 
and paniculate flux, and higher nutrient 
regeneration rates. It is likely that locally 
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higher rates on these small-scale struc- 
tures make a previously undetected con- 
tribution to carbon flux across a range of 
temporal and spatial scales. 

In this paper we provide evidence of 
the existence and duration of layers in the 
open ocean (see Temporal Persistence of 
Small-Scale Features), show optical dif- 
ferences between nearby layers that 
imply persistence (see In Situ Characteri- 
zation of Small-Scale Features), suggest a 
framework in which to understand the 
persistence or erasure of layers (see How 
Might Small-Scale Planktonic Features 
Persist?), and finally provide an assess- 
ment of the possible trophic impact of 
persistent layers (see Trophic Conse- 
quences of Persistent Small-Scale Struc- 
ture). 

Temporal Persistence of Small-Scale 
Features 

We were intrigued to find small-scale 
planktonic features that persisted for 
hours. It seemed unlikely that physical 
processes would be quiescent enough to 
permit such persistence, and estimates of 
persistence times based on canonical dif- 
fusivities yield time scales of minutes, 
not hours. Our time-series observations 
suggest that 10-50-cm scale features per- 
sist over ecologically relevant time scales 
for planktonic organisms. Over 170 lay- 
ers of particle scattering were observed to 
persist for at least 4-6 h in an open ocean 
site off the California coast (Carr et al, 
unpublished data). 

Observations with a profiling mi- 
crostructure fluorometer (Cowles et al., 
1990; Cowles et al., 1993; Desiderio et 
al., 1993) demonstrated that the vertical 
patterns of phytoplankton pigment fluo- 
rescence often have local maxima within 
narrow layers (10-50 cm in thickness). In 
addition, some of these narrow local 
maxima were present at the onset of a 
time series and were still present when 
sampling terminated. We illustrate this 
phenomenon with a time series of profiles 
collected 100 miles off the Oregon coast. 
These profiles, taken -12 min apart, re- 
vealed a variable physical structure (Fig. 
1, a and b) and considerable small-scale 
variability in phytoplankton structure, 
based on the measured fluorescence (Fig. 
lc; in these figures each succeeding pro- 
file is offset to show each trace more 
clearly). The profiles indicate internal 
wave displacement of -2.2 m during the 
time series, which is consistent with other 
observations of internal wave activity for 
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Fig. 1: Vertical detail {32-40 m) of (a) temperature, (b) sigma-t, and (c) fluorescence 
from five profiles spanning approximately 1 h during a cruise off the Oregon coast. The 
profiles in a, b, and c are offset to show each trace. In a, b, and c the 1-m segments of 
each profile that were centered on an isopycnal of 24.966 sigma-t units are high- 
lighted. In d, those 1-m vertical segments of fluorescence identified in c are plotted rel- 
ative to the depth of the 24.966 isopycnal (±0.003 sigma-t units). The local maximum 
in fluorescence now is seen as a persistent thin layer. 

this region. Some of the small-scale fluo- 
rescence maxima were associated with 
specific temperature or density intervals. 
The profiles shown in Figure 1 have a 
persistent phytoplankton fluorescence 
feature centered within 0.003 sigma-t 
units of the 24.966 isopycnal (Fig. Id). 
The measured fluorescence of that narrow 
feature did not vary by more than 10% 
during the time-series. 

Additional evidence for persistent fea- 
tures comes from Donaghay et al. (1992), 
who reported significant enhancements in 
nutrients, primary production, and mero- 
plankton larval abundance within a thin 
layer in a stratified embayment. In addi- 
tion, Oldham and Imberger (1992) re- 
ported 20-cm-thick layers of oxygen mi- 

crostructure that persisted for hours in 
Australian lakes. In this issue, papers by 
Holliday et al. and Hanson and Don- 
aghay provide additional examples of 
persistent small-scale features. 

It is important to note that these ob- 
servations of persistent small-scale struc- 
ture have been made possible through 
advances in instrumentation that permit 
sampling of the upper ocean over a dif- 
ferent range of time and space scales 
than could be accomplished even a 
decade ago. In situ optical instruments 
are particularly well-suited to reveal 
small-scale biological structure because 
these devices have high sampling rates 
and are compact enough to include on 
profiling systems. 
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In Situ Characterization of Small-Scale 
Features 

We have approached the detection and 
characterization of persistent small-scale 
structure through the use of free-fall pro- 
filing systems that can carry CTDs and 
the new generation of biooptical instru- 
mentation. These physical and optical 
tools permit us to describe individual 
small-scale features and to distinguish 
differences between nearby features. For 
example, while profiling the upper 100 m 
of the water column off the Oregon coast 
with a fiber-optic microstructure fluorom- 
eter (see Desiderio et al., 1993), we ob- 
served spectral changes in the in situ flu- 
orescence emission due to phycobilin 
pigments. These shifts of the emission 
peaks in the fluorescence spectra sug- 
gested a taxonomic change from cyano- 
bacteria to cryptomonads within the ther- 
mocline that was confirmed with discrete 
sample collections (Cowles et al, 1993). 

Our present free-fall instrumentation 
package was developed in conjunction 
with Dr. J. Ronald Zaneveld of Oregon 
State University and has a Sea-Bird 
911+CTD, two multiwavelength absorp- 
tion meters (WetLabs ac-9), and a multi- 
excitation spectrofluorometer (WetLabs 
SAFIRE) as its basic configuration. Addi- 
tional instruments can be added as 
needed. We deploy the package on a 

loose data tether, with sufficient buoy- 
ancy on the package to obtain descent 
rates of 15-20 cm/s. These slow descent 
rates allow data acquisition on centimeter 
spatial scales and result in multiparameter 
characterization of small-scale features 
(see Hanson and Donaghay, 1998, for ad- 
ditional examples). 

We have obtained many profiles that 
reveal distinct shifts in spectral absorp- 
tion and spectral fluorescence properties 
between nearby small-scale features. For 
example, a series of vertical profiles from 
East Sound, WA, revealed several dis- 
tinct layers of phytoplankton biomass 
(Fig. 2a). Simultaneous observations of 
the absorption spectra and fluorescence 
emission spectra indicate that the layers 
marked B and D in Figure 2a had differ- 
ent optical characteristics (the amplitudes 
of the signals were scaled to show spec- 
tral differences; see figure legend for de- 
tails). Layer B (at 16.7 m) exhibited rela- 
tively more absorption in the violet and 
blue and less in the green to orange re- 
gion of the spectrum than layer D (Fig. 
2b), which in turn showed relatively 
more fluorescence emission at 450-550 
nm when excited by 228-nm light (Fig. 
2c). This suggests a different community 
composition or photoadaptive state even 
within close spatial proximity, providing 
indirect evidence that these layers have 

persisted long enough for their different 
optical characteristics to have developed 
independently. 

These data, and those of other investi- 
gators working with small-scale structure, 
indicate that the in situ observational 
tools are now available to fingerprint ad- 
jacent small-scale features and evaluate 
their differences based on physical/opti- 
cal characteristics. New water sampling 
approaches are also being applied to as- 
sist in these comparisons and will permit 
rate process experiments to be con- 
ducted. 

How Might Small-Scale Planktonic 
Features Persist? 

The relative importance of small-scale 
planktonic layers to trophic processes 
will depend on the number of persistent 
layers and how long they persist. Both 
are dependent on physical and biological 
processes. The formation of layers, for 
example, could result from physical pro- 
cesses, such as 1) water column stratifica- 
tion due to solar warming, horizontal in- 
trusions, etc., that create density gradients 
that might collect sinking particles (e.g., 
Lande and Wood, 1987; Maclntyre et al., 
1995), 2) locally "quiet" vertical intervals 
that have lower than average turbulent 
mixing such that local phytoplankton ac- 
cumulations are not dispersed, 3) interac- 
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Fig. 2: (a) Characteristic profile of phytoplankton pigment fluorescence and sigma-t during a series of profiles in East Sound, WA, in 
the summer of 1995. Chlorophyll concentration at 10 m depth was ~5 fig /"'. (b) Absorption spectra from peaks B and D in a, where 
spectra have been corrected for temperature and scattering. Each point is the mean of 10 measurements obtained within its layer 
from successive profiles with an ac-9. To illustrate the relative shapes of the absorption spectra, the absorption values for layer D 
were scaled by multiplying them by a factor of a676(B)/a676(D). Those points at a given wavelength marked with an asterisk are sig- 
nificantly different at the 95% confidence level, (c) Fluorescence emission spectra from 228-nm excitation for peaks B and D. Emis- 
sion values for layer D were scaled by multiplying them by a factor ofemission685(B)/emission685(D). The deeper layer at 20 m has 
significantly more relative emission between 450 and 550 nm than does the layer near 17 m, indicating either a relatively higher con- 
centration of fluorescent dissolved organic material, or a relatively lower amount of absorption at the excitation wavelength by non- 
fluorescent moieties. 
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tion of vertical gradients in horizontal ve- 
locity (shear) with local stratification that 
could result in the horizontal dispersion 
(stretching) of biological distributions, 
like those observed by Kullenberg (1974) 
by injection of dye into stratified waters, 
and 4) interaction of internal waves and 
horizontal biomass gradients as proposed 
by Franks (1995) in his model of thin 
layer formation. 

Layer persistence or erasure will be 
dependent on the interaction between the 
physical processes of upper ocean mixing 
and the biological processes of phyto- 
plankton growth and Zooplankton graz- 
ing. The intermittent occurrence and vari- 
able intensity of mixing events (e.g., 
Mourn et al, 1989) will determine the 
time scales of layer persistence. 

The mixing environment can be char- 
acterized, in part, by the interplay of the 
destabilizing effect of velocity shear and 
the stabilizing influence of the density 
gradient. These two parameters provide a 
framework to understand whether condi- 
tions are favorable for layer persistence 
or not. The transition from stability to 
mixing is usually identified by low values 
(<0.25) of the Richardson number, R; 
(where R; = NVs2, given by the ratio of 
the square of the Brunt-Väisälä fre- 
quency, N2, and the squared shear, s2). 
Persistent local minima in shear and local 
maxima in the density gradient (repre- 
sented by N2) create regions of stability 
that allow thin layers to persist. Con- 
versely, local increases in shear and/or 
local decreases in the density gradient 
can erase existing small-scale structure 
through shear instabilities. It is notewor- 
thy that the most striking examples of 
persistent thin layers are observed in 
highly stratified environments (Donaghay 
et al., 1992). 

But biological factors, namely phyto- 
plankton growth and Zooplankton graz- 
ing, also will contribute to the persis- 
tence/erasure of thin layers. The balance 
between growth and mixing is crucial for 
layer persistence. Under conditions of 
relatively little mixing, phytoplankton 
growth could account for the mainte- 
nance of a thin layer of phytoplankton 
biomass. 

Any combination of competing physi- 
cal and biological processes may be pres- 
ent under the range of conditions experi- 
enced within the euphoric zone. The 
papers in this issue provide support for 
the view that we cannot adequately un- 
derstand the role of persistent small-scale 

biological/physical structure in trophic 
dynamics until we have a clearer picture 
of the contribution of thin layers to over- 
all rate processes, and a more quantitative 
description of the physical and biological 
phase space in which we find these fea- 
tures. 

Trophic Consequences of Persistent 
Small-Scale Structure 

As mentioned earlier, the relative im- 
portance of persistent structure to trophic 
dynamics depends on the interaction of 
physical mixing processes, phytoplankton 
growth, and Zooplankton grazing/growth. 
Now that the tools are available to char- 
acterize and evaluate locally enhanced 
thin layers of nutrients, phytoplankton, 
and microzooplankton, we need to com- 
pare these high-resolution observations 
with estimates of distributions and 
process rates obtained with conventional 
sampling devices. 

Conventional sampling for microzoo- 
plankton grazers occurs on vertical scales 
of 5-10 m and typically employs 10-1 
Niskin bottles on a CTD/rosette system to 
collect discrete water samples for enu- 
meration of microzooplankton. Each bot- 
tle spans >0.5 m, and the CTD/rosette 
system moves vertically during sampling 
due to ship motion. Therefore enumera- 
tion of a sample from this conventional 
sampling approach yields an estimated 
population size that is the average of the 
local minima and maxima of microzoo- 
plankton abundance over a ~2-m interval. 
In situ biomass estimates of larger zoo- 
plankton (mesozooplankton > 200 ^m) 
are usually made over vertical intervals 
of at least 10-25 m. The microzooplank- 
ton and mesozooplankton biomass pro- 
files that result from this sampling ap- 
proach, in conjunction with estimates of 
the vertical distribution of phytoplankton 
biomass, usually form the basis for esti- 
mates of water column grazing and sec- 
ondary production (e.g., Dam et al., 
1993). 

In contrast to coarse-scale conven- 
tional sampling, fine-scale sampling by 
Bjornsen and Nielsen (1991) indicated 
that microzooplankton grazers can be 
much more aggregated (within 20-50-cm 
intervals) than could be discerned by con- 
ventional sampling. Laboratory experi- 
ments have shown that grazers can detect 
and stay within layers of food (e.g., 
Tesilius, 1992) and can discriminate be- 
tween food items on the basis of chemi- 
cal signals (Cowles et al., 1988). If mi- 

crograzers aggregate at this scale on their 
food supply in the field, and their food 
supply is distributed in narrow, persistent 
features, then the local grazing and 
growth rates of those grazers will be 
quite different than that estimated from 
coarser-scale sampling. 

We have used these contrasting as- 
sessments of phytoplankton and micro- 
zooplankton biomass to compare esti- 
mates of the loss of phytoplankton to 
grazing within the euphotic zone, and to 
compare the individual and population 
growth rates for microzooplankton distri- 
butions defined by these different bio- 
mass profiles. We present here some sim- 
ple calculations of grazer growth rates 
that help to illustrate the trophic conse- 
quences of persistent layers. 

Microzooplankton grazing and growth 
can be modeled by a functional specific 
growth response for a generic ciliate (Fig. 
3). This idealized growth rate function 
yields a doubling time of -22 h at satu- 
rating food conditions [ert = 2, when the 
growth rate (r) approaches 0.032]. We 
have used this response to estimate the 
specific growth rate for micrograzers as a 
function of food concentration. For ex- 
ample, if an assemblage of micrograzers 
spends 12 h d"1 in 75 pg C L1 (~1 pg 
chlorophyll a k1) and 12 h d"1 at 15 pg C 
I-1, its daily growth will be >1.8 times 
larger than if it spends 24 h d_1 at 15 pg 
C I-1. (This estimate assumes grazing over 
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Fig. 3: Theoretical growth response of a 
small planktonic grazer, such as a cili- 
ate, as a function of food availability. K 
[fig C I''] represents the food concentra- 
tion at half saturation rate; G [hr'] is the 
Ingestion rate normalized to grazer body 
weight; and 0.4 represents a (typical) 
40% growth efficiency (Caron and Gold- 
man, 1990). A food concentration of 75 
ßg C l~' roughly corresponds to 1 ßg 
chlorophyll a /"'. 
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a 24-h interval, but the concept is valid 
for grazers that have a diel feeding 
cycle). This represents a substantial en- 
hancement of growth rate for grazers that 
spend time within persistent layers that 
have locally higher food concentrations. 

The consequences of estimating grazer 
growth rates based on coarse- versus fine- 
scale sampling can be examined by con- 
sidering the following one-dimensional 
model. Consider a 10-m portion of the 
water column that has two 0.5-m-thick 
layers with a phytoplankton concentration 
of 75 fig C I-1; the background concentra- 
tion is 15 fig C 1'. If the thin layers of 
phytoplankton in this water column are 
not sampled (as might occur with conven- 
tional coarse-scale sampling), then the 
background food concentration would be 
used to estimate a specific growth rate of 
0.009 h_1 for the grazers present (Fig. 3). 
If coarse-scale sampling results in water 
collection only at the thin layers, then the 
average food concentration for this 10-m 
interval will be overestimated. A 10-1 
Niskin bottle sample could intersect a 50- 
cm layer plus -75 cm on either side of the 
layer, resulting in a mean phytoplankton 
concentration of -30 fig C 1"'. This food 
concentration would yield an estimated 
specific growth rate of 0.014 h_1. In these 
cases of undersampled food distributions, 
the estimated specific growth rates of in- 
dividual grazers are independent of their 
vertical position due to the assumption 
that the food distribution is uniform. 

A wider range of specific growth rates 
for grazers would result if the vertical 
distribution of thin layers of phytoplank- 
ton is resolved with fine-scale sampling; 
the magnitude of the mean growth rate of 
the grazer population then will depend on 
the grazer distribution. For the case in 
which the grazer vertical distribution is 
uniform, the estimated mean specific 
growth rate would be 0.010 h"1. However, 
if the grazer distribution is identical to 
the food distribution, then the mean 
growth rate would be 0.013 h1, 30% 
more than that in the uniform grazer dis- 
tribution case, and 50% more than if the 
thin layers of food were not sampled. 
And, if all of the grazers were able to 
congregate on the thin layers, then the 
specific growth rate of the population 
would be 0.021 rr1, 110% more than the 
mean specific growth rate for the uniform 
grazer distribution case. 

It is expected that the consequences of 
grazer aggregation on layers of enhanced 
food will be more important for cases in 

which the background food concentration 
is relatively low; the functional depen- 
dence of grazer growth on food availabil- 
ity (Fig. 3) shows that at higher food con- 
centrations the growth rate saturates, 
diminishing the growth bonus realized by 
aggregating grazers. 

The calculations presented above indi- 
cate that the trophic impact of persistent 
small-scale phytoplankton structure is de- 
pendent, to a large extent, on the active 
and/or passive accumulation of individual 
grazers onto local food maxima. The de- 
gree to which grazers accumulate will de- 
termine whether persistent food layers 
lead to much higher population growth 
rates than would occur in the absence of 
thin layers. As shown in the paper by 
Holliday et al. (1998), new acoustic 
methods are now able to provide resolu- 
tion of Zooplankton distribution over the 
relevant vertical scales and will provide 
essential evidence for the trophic linkages 
between phytoplankton and Zooplankton 
small-scale structure. 

Summary 
Small-scale physical, biological, and 

chemical processes are the dominant, and 
most immediately relevant, processes for 
planktonic organisms. The existence of 
persistent thin layers suggests that patchi- 
ness in vertical structure is more than 
ephemeral random structure, and may 
represent undersampled, persistent, 
sub-l-m scale structure. Observations of 
persistent fluorescence microstructure 
suggest that the trophic dynamics and bi- 
ological rate processes of the upper water 
column are constrained by both fine-scale 
and microscale physical processes, such 
that local maxima in biological rate pro- 
cesses occur within thin layers or sheets. 
It is likely that conventional sampling 
may result in aliased resolution of these 
features, as well as aliased estimates of 
the associated rate processes, and may 
lead to erroneous estimates of oceanic 
carbon flux. The frequent occurrence of 
thin layers and the temporal/spatial co- 
herence of these layers suggest that we 
should evaluate their contribution to 
upper ocean biological processes, and de- 
termine the correlation between these 
small-scale structures and physical pro- 
cesses. 
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FEATURE 

MICRO- TO FINE-SCALE CHEMICAL GRADIENTS AND 

LAYERS IN STRATIFIED COASTAL WATERS 

By Alfred K. Hanson, Jr. and Percy L. Donaghay 

Mc LODELS OF BIOGEOCHEMICAL dynamics 
and chemical variability in coastal waters 
have traditionally relied on the assumption 
that small-scale mixing processes are suffi- 
ciently strong and isotropic to rapidly dis- 
perse centimeter to meter scale chemical 
gradients and thin layered vertical struc- 
ture. Although this assumption of homo- 
geneity may be reasonable in tidally well- 
mixed estuaries, or within the well-mixed 
surface and bottom layers of some strati- 
fied systems, it may not be generally ap- 
plicable to stratified coastal waters (Don- 
aghay et al, 1992). A number of naturally 
occurring physical, biological, and chemi- 
cal processes have the potential to influ- 
ence the development, maintenance, and 
dissipation of micro- (cm to m) to fine- 
scale (1 to 10 m) chemical structure in 
stratified coastal waters. Since micro- and 
fine-scale structure in temperature, salinity, 
and density distributions result from small- 
scale physical mixing processes (Osborn, 
1998), it is plausible that the vertical distri- 
butions of dissolved chemicals should have 
similarly scaled variability. Biogeochemi- 
cal activity focused within thin plankton 
layers (Donaghay et al, 1992; Cowles and 
Desiderio, 1993; Cowles et al, 1998) 
should also cause and be influenced by 
similarly scaled gradients in chemical con- 
centration and reactivity. This has clearly 
been demonstrated for methane (Sieburth 
and Donaghay, 1993), mercury (Mason et 
al, 1993), and iron (O'Sullivan et al, 
1997) in the oxic-anoxic transition zone of 
the lower basin of the Pettaquamscutt Estu- 
ary. However, field observations of micro- 
to fine-scale chemical variability associated 
with physical micro- and fine-structure 
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and/or thin plankton layers have been lim- 
ited in more open systems both by the dif- 
ficulties in sampling at these scales and by 
the assumption that such structures cannot 
persist. 

Sensitive in situ chemical profiling 
techniques, with the same spatial and tem- 
poral resolution as in situ physical and 
bio-optical profiling techniques, are re- 
quired to evaluate the influence of small- 
scale physical mixing and biological pro- 
cesses on chemical distributions, reaction 
rates and transport. We have developed an 
electronic profiling and sampling system 
(Fig. la) with the capability for simultane- 
ously sampling at centimeter scales the 
physical, biological, chemical, and bio-op- 
tical structure of the water column. The in 
situ analytical chemical capabilities of the 
profiling system include electrochemical 
sensors for dissolved oxygen and pH and a 
sensitive profiling chemical analyzer 
(PCA; Fig. lb) that can measure dissolved 
nitrite and iron(II) down to nanomolar 
concentration levels. Herein we will first 
consider the rationale for expecting micro- 
to fine-scale structure in nitrite and 
iron(II), briefly describe our technical ap- 
proach, and then use high-resolution pro- 
files collected in East Sound, WA, to illus- 
trate the importance of such measurements 
to understanding chemical dynamics and 
impacts in stratified coastal systems. 

Rationale for Nitrite and Iron(II) 
Fine-Structure 

High-resolution measurements of dis- 
solved nitrite and iron(II) were selected for 
this investigation because it was thought 
that their biological and chemical reactivity 
would lead to fine-scale chemical structure 
in stratified coastal waters. Nitrite and 
iron(II) were also chosen because their 
spectrophometric determination required a 
limited number of reagents and had rapid 

color development rates, simplifying adap- 
tation for in situ vertical profiling. 

Nitrite, a dynamic intermediate in the 
marine nitrogen cycle, is generally a trace 
constituent (<50 nM) in euphotic surface 
waters because it is both assimilated by 
phytoplankton and photochemically reac- 
tive (Zafiriou and True, 1979; Grasshoff 
and Koroleff, 1983). The accumulation of 
nitrite (> 100-2,000 nM) in mid-depth and 
deeper coastal waters is thought to be con- 
trolled by the microbiological processes of 
nitrification (i.e., ammonia and nitrite oxi- 
dation) and denitrification (i.e., nitrate re- 
duction), occurring within the water col- 
umn and in surficial sediments (Seitzinger 
et al, 1980; Lipschultz et al, 1986). 

Iron plays an essential role as a mi- 
cronutrient in phytoplankton photosynthe- 
sis (Geider and La Roche, 1994). There is 
evidence that iron limitation may selec- 
tively influence the growth of some species 
of phytoplankton in coastal waters (Brand, 
1991; Sunda and Huntsman, 1995). How- 
ever, the complexities of the marine chem- 
istry of iron have hindered the elucidation 
of its micronutrient role (Donaghay et al, 
1991; Wells et al, 1995). Most of the iron 
in oxygenated coastal marine waters is 
present as insoluble hydrous iron(III) oxide 
colloids and larger particles, forms of iron 
that are not readily bioavailable. Dissolved 
iron(IH) is usually present in trace 
(nanomolar) amounts. Dissolved iron(II) is 
a more soluble form of iron that is pro- 
duced by microbial or chemical reduction 
within oxygen-depleted waters and in sub- 
oxic sedimentary porewaters, or by photo- 
chemical reduction within the euphotic 
zone (O'Sullivan et al, 1991, 1997). The 
rate of iron(II) oxidation back to the less 
soluble iron(III) form is dependent on the 
oxidation rate constant and reactant con- 
centrations (Millero et al, 1987). The 
redox cycling of iron between less avail- 
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Fig. 1: Components of (a) the High-Resolution Electronic Profiling and Sampling System and (b) the Profiling Chemical Analyzer 
configured for dissolved nitrite and iron(II) measurements. 

able forms of iron(III) and the more solu- 
ble forms of iron(II) results in elevated 
transient concentrations of reactive forms 
of iron(II) and iron(III) and can enhance 
the availability of iron for uptake by phyto- 
plankton (Wells et al, 1995). 

The location and intensity of the ex- 
pected fine-structure should vary between 
nitrite and iron(II) because of differences 
in their transient nature (i.e., oxidation or 
consumption half-lives), sources and sinks, 
and sensitivities to other factors that vary 
on fine-scales. For example, the relatively 
slow rates of microbial production and loss 
of nitrite (Vaccaro, 1965) should lead to 
weak gradients except in areas where nitro- 
gen assimilation by intense layers of phy- 
toplankton rapidly generate nutriclines. In 
contrast, the relatively rapid rates and 
chemical control of iron(II) oxidation by 
ambient pH and oxygen levels, tempera- 
ture, and salinity, should lead to vertical 
iron(II) structure being highly sensitive to 
recent input events and to the fine structure 
in these physicochemical factors. Testing 
these hypotheses presented a major analyti- 
cal challenge because it required measur- 
ing the concentrations of nitrite and iron(IT) 
in situ, at centimeter scales over the 3-4 
orders of magnitude range of concentra- 
tions (nM to ^M) expected in coastal wa- 
ters. In addition, it required simultaneously 
measuring chlorophyll, temperature, salin- 
ity, oxygen, and pH at the same scales in 
order to evaluate the influence of these pa- 

rameters on the chemical structure, reac- 
tion rates, and fluxes. 

The PCA 
The PCA is comprised of a continuous- 

flow, reagent-injection module connected 
to a dual-channel, nine wavelength, sub- 
mersible spectral absorption meter (Fig. 
lb). A WET Lab's model ac-9 spectral ab- 
sorption and attenuation meter (Moore et 
al, 1992) was customized to contain twin 
absorption channels (denoted as model aa- 
9). The dual-channel reagent addition 
module was sized (i.e., pump, tubing sizes, 
flowrates, etc.) to match the geometry of 
the optical flow cells (25-cm pathlength, 
1.2 cm ID, ~25-ml void volume) of the aa- 
9. Seawater and reagents were drawn con- 
tinuously through each channel of the 
PCA at 250 ml/min per channel by a gear 
pump located downstream. A 0.22-/xm 
pore size in-line filter with high-filtration 
surface area (Gelman maxicapsule) was 
fixed horizontally at the seawater inlet to 
the system. Reagents stored in 1.5-1 plastic 
bags were continuously injected at con- 
stant flowrates (3-5 ml/min) into the flow- 
ing seawater. The flow rates were con- 
trolled hydrodynamically by means of 
adjustable restricting orifices (Dial-A-Flo, 
Abbott Laboratories). After flow injection, 
the reagents and seawater were homoge- 
neously mixed by passage through in-line 
static mixing tubes. After mixing, the 
reagents and analytes continued to react 

for 30 s during passage through the reac- 
tion coils before passing into the WET 
Labs aa-9 flowcells for detection. 

Dissolved nitrite (NO^) and iron(II) 
(Fe+2) were determined in situ spectrophoto- 
metrically using classical color-forming 
reagents: N-l naphthylethylene-diamine 
and sulphanilamide for nitrite (Grasshoff 
and Koroleff, 1983) and Ferrozine reagent 
for iron(II) (Stookey, 1970). Differential 
absorption (units = nr') measurements were 
utilized to determine nitrite and iron(II) 
using 540 and 560 nm as the respective an- 
alytical wavelengths and 650 nm as the ref- 
erence wavelength. The improved optics, 
stable electronics, and longer pathlength of 
the WET Labs' model aa-9 resulted in the 
PCA being 10-100 times more sensitive 
than conventional laboratory autoanalyzers 
and spectrophotometers. The limits of de- 
tection for nitrite and iron(il) were 0.5 and 
0.3 nM, respectively (estimated from 4 
times the standard deviation of replicate 
blank readings). The fast data acquisition 
rate (5.8 Hz) of the WET Lab's aa-9 al- 
lowed >5,000 concentration readings to be 
acquired during a 15-min cast to 25-m 
depth (2 readings/cm). The PCA had the 
sensitivity and resolution to detect chemical 
gradients, at nanomolar to micromolar con- 
centration levels, that occurred within a 
depth range of 10-20 cm with an instru- 
ment package drop-rate of 1-2 m/min. 

The PCA was deployed as a compo- 
nent of a high-resolution electronic 
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Fig. 2: Station locations and bathymetry 
of the coastal fjord study site, East 
Sound, WA. 

profiling system (Fig. la) that included 
1) a Sea-Bird Electronics, Inc., 911 

plus CTD with fast response thermis- 
ter, ducted flow cell, centimeter-scale 
resolving Digiquartz pressure sensor, 
and electrodes for pH, redox potential, 
and dissolved oxygen; 2) a WET Labs, 
Inc., WETStar miniature chlorophyll 
fluorometer; 3) a Biospherical Instru- 
ments model PUV500 spectral UV and 
PAR radiometer; 4) a WET Labs 
model ac-9 spectral absorption and at- 
tenuation meter; and 5) pump-to-sur- 
face and microgradient sampling sys- 
tems. A WET Labs, Inc., Modular 
Ocean Data Acquisition and Power 
System (MODAPS) was used to ac- 
quire and time stamp data from the in 
situ instruments, then transmit the data 
to the surface, where they were 
archived in a common file and dis- 
played in real time. 

Evidence for Fine-Scale Chemical 
Structure in East Sound 

East Sound is a shallow fjord-like basin 
penetrating Orcas Island, located within the 
San Juan Archipelago of western Washing- 
ton. The basin (Fig. 2) is -13 km long and 
1-2 km wide and has a fairly uniform 
depth of -30 m. A partial sill rises 10-15 
m above surrounding bottom depths and 
extends about halfway across the southern 
entrance to East Sound. The physical dy- 
namics of the primarily wind-driven circu- 
lation of East Sound are complex (Rattray, 
1967). The stratified waters of East Sound, 
like many other seasonally stratified 
coastal environments, can have its vertical 
structure strongly modified by episodic 
wind events that can cause upwelling, 
downwelling, lateral advection, and/or 
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Fig. 3: Micro- to fine-scale chemical gradients associated with similarly scaled physical structures and thin chlorophyll fluorescence 
layers during flood tide at station A. 
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Fig. 4: Positioning of the thin chlorophyll fluorescence layer within the steep nitricline 
and the agreement between the fine-scale vertical distributions ofAOU, nitrite, and 
model-predicted nitrite for the flood tide cast shown in Fig. 3. 

mixed layer deepening. We have observed 
that such intermittent wind events can re- 
sult in altered nutrient availability and lead 
to intense phytoplankton blooms. These 
blooms may be dispersed throughout the 
surface mixed layer and/or focused into 
thin layers within the pycnocline. 

Vertical profiles, acquired at station A 
during flood tide in the late afternoon re- 
vealed considerable micro- to fine-scale 
structure and regions of strong gradients 
for temperature, salinity, density, chloro- 
phyll a, dissolved oxygen, nitrite, iron(II), 
and pH (Fig. 3). The physical structure of 
the water column was typified by a 2-m- 
thick weakly stratified surface layer, a 
sharp pycnocline extending from ~2 to 4 
m, a more gradual increase in density 
(with fine-scale step-structure) through 
the mid-depth waters, and a well-mixed 
bottom layer (density gradients of <0.001 
sigma theta m~!). The vertical phyto- 
plankton structure was dominated by an 
intense thin chlorophyll a layer posi- 
tioned within the pycnocline near 3 m 
depth. This thin plankton layer had a 
maximum thickness of ~1 m and was 
comprised of several peaks of 10-40-cm 
thickness. The estimated chlorophyll con- 

tents ranged from background levels of 3 
/ug 1"' to peak values >20 pg 1_1. 

Dissolved Oxygen, pH, and Nitrite 
Gradients 

Oxygen and pH levels were higher, and 
nitrite levels were lower in surface than in 
deeper waters (Fig. 3). Near surface levels 
of oxygen and pH were 340 pM and 8.51, 
respectively. Subsurface microscale max- 
ima in dissolved oxygen (>340-381 ^M) 
were located at the same depths as max- 
ima in chlorophyll a. The supersaturated 
oxygen and elevated pH values at the 
depth of the thin chlorophyll a layer indi- 
cate that the layer was a region of intense 
photosynthetic activity. Oxygen and pH 
levels decreased sharply below the thin 
plankton layer (265 pM 02, pH 8.15 at 5 
m depth), and then continued to decrease 
gradually toward near bottom values (146 
pM 02, pH 7.74). The nitrite profile was 
characterized by low surface concentra- 
tions (-10 nM nitrite), a steep gradient to 
higher levels just below the pycnocline 
(220 nM N02 at 5 m) and a more gradual 
increase to 400 nM N02 near the bottom. 
The variations in the dissolved oxygen, 
pH, and nitrite profiles were highly corre- 

lated (linear correlation coefficients for 
profiles in Fig. 3b: 02-pH: r2 = 0.974, 02- 
N02: r2 = 0.960 and pH-N02: r2 = 0.976). 
This high degree of correspondence is at- 
tributed to the chemical stoichiometry of 
the photosynthetic production and organic 
matter remineralization reactions. 

In an effort to quantify the nitrite gradi- 
ent and its relationship to the thin chloro- 
phyll a layer, we used the centimeter-scale 
nitrite data to calculate the nitrite concen- 
tration gradient as d[N02 ]/dz. As indi- 
cated in Fig. 4, the nitrite gradient was ex- 
tremely steep (dfNO^/dz = >300 nM N02 

m_1) at the same depth as the thin chloro- 
phyll a layer. This supports the hypothesis 
that phytoplankton uptake was controlling 
the position and intensity of the nitrite gra- 
dient. It is also consistent with the hypoth- 
esis that the vertical position and intensity 
of the thin phytoplankton layer was being 
controlled by the position and steepness of 
the nutricline. Although macronutrient de- 
terminations of water samples collected 
from discrete depths indicated that nitrate 
and ammonia were extremely low in the 
surface waters and increased rapidly in the 
region of the chlorophyll a layer, these 
discrete samples did not have the spatial 
resolution needed to accurately estimate 
the steepness and location of peak gradi- 
ents. Rigorous testing of the hypothesis 
would require measuring these other po- 
tentially limiting macronutrients on the 
same centimeter scales as the nitrite. 

Distinct submeter-scaled chemical gradi- 
ents were also observed for nitrite, dissolved 
oxygen, and pH within the mid-depth and 
deeper waters for this flood tide cast. Two 
examples are the oxygen and pH maxima 
and corresponding nitrite minima present 
near 16.5 and 20 m depth (Fig. 3b). It is un- 
likely that these structures are the result of 
locally enhanced primary production be- 
cause 1) they are not associated with peaks 
in chlorophyll a, 2) the light levels are low 
(1-10 (JE nr2 s"1), and 3) micromolar con- 
centration levels of nitrate (7-15 ^VI) and 
ammonia (4-6 pM) were found at these 
depths. It is possible that fine-scale maxima 
and minima were produced within the water 
column by locally elevated rates of micro- 
bial remineralization of dissolved and par- 
ticulate organic matter. An alternative expla- 
nation is that the corresponding midwater 
oxygen and pH minima, and nitrite maxima 
are chemical signals that originated near the 
sediment-water interface (via microbial 
remineralization) and were horizontally 
transported by physical processes (i.e., 
isopycnal transport) to these depths at sta- 
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Fig. 5: Agreement between the steep iron(II) gradients detected in the bottom waters 
and model predictions of the vertical variability in the pseudo-first-order rate con- 
stants and half-lives for iron(II) oxidation, and the iron(II) oxidation rate for the flood 
tide cast shown in Fig. 3. 

tion A. Although not readily discernible at 
the density scale shown in Fig. 3a, these 
mid-depth waters had characteristic density 
step-structures, thin (cm-scale) "sheets," 
with stronger gradients, separated by thicker 
(m-scale) "layers" with weaker or negligible 
gradients (Osborn and Cox, 1972; Gregg, 
1975). The observed chemical fine-structure 
appears to be systematically related to these 
microscale and fine-scale physical disconti- 
nuities that Osborn (1998) attributes to lo- 
calized vertical mixing and lateral intru- 
sions, respectively. These observations are 
also consistent with the results of dye stud- 
ies conducted in the Baltic Sea (Kullenberg, 
1974, 1983). A slow rate of vertical mixing, 
relative to the rate of horizontal transport, 
may allow the chemical fine-structure to 
propagate along isopycnals and persist in 
the stratified waters. 

Prediction of nitrite fine structure. If ei- 
ther of the remineralization explanations 
discussed above are correct, then the clas- 

sic "Redfield model" predicts a very 
strong correlation in subsurface waters be- 
tween nitrite concentrations and apparent 
oxygen utilization (AOU = theoretical 02 

solubility - observed 02 concentration) 
(Redfield, 1942). This correspondence is 
very evident when one compares vertical 
profiles of AOU and PCA-nitrite (Fig. 4). 
To make sure that these relationships were 
not the result of some peculiarity of a par- 
ticular cast, we collected water samples 
from discrete depths on two casts (10-h 
separation), determined nitrite concentra- 
tion levels in the laboratory using standard 
autoanalysis methods, and then linearly re- 
gressed these data against the AOU value 
for the appropriate collection depth. The 
resulting regression, N02 = 1.61(AOU) + 
164.2; r2 = 0.912, was then used to predict 
the continuous PCA-nitrite profile for 
other profiler casts. Application of this lin- 
ear relationship to the AOU values calcu- 
lated from CTD-oxygen data from an ear- 

lier profiler cast (Fig. 3b) allowed predic- 
tion of the approximate vertical position 
and slope of the primary nitricline and 
much of the fine-scale variability in the 
continuous nitrite profiles, which were ob- 
tained with the PCA during the earlier cast 
(compare predicted-N02 and PCA-NOj 
profiles in Fig. 4; Predicted-NOj = 
0.998(PCA-NO2) - 3.18, r2 = 0.974). Such 
a predictive capability is a testament to the 
sensitivity and accuracy of the PCA in- 
strumentation for continuous, high-resolu- 
tion measurements of dissolved nitrite in 
coastal waters. Perhaps more importantly, 
these results indicate that we should ex- 
pect fine structure in nitrite profiles any 
time lateral transport or locally enhanced 
microbial activity lead to fine-scale struc- 
ture in the AOU. 

Observed and Predicted Iron(II) Fine 
Structure 

The vertical structure of iron(II) was 
quite different at station A from the nitrite 
structure discussed above. Dissolved 
iron(II) was near the detection limit of the 
PCA (<0.3 nM) in the upper water column, 
then increased rapidly at -20 m to higher 
concentrations (up to 440 nM) in the near 
bottom waters. The resulting micronutrient 
gradient was extremely steep (d[Fe(II)]/dz 
= >500 nM Fe(II) nr'; see Fig. 5). In con- 
trast to the tight correlation of the nitrite 
gradient with the thin chlorophyll layer in 
the upper water column, this steep gradient 
in dissolved iron(II) was unrelated to 
changes in chlorophyll fluorescence. In- 
stead, it corresponded to the top of the 
well-mixed bottom boundary layer, sug- 
gesting that the elevated bottom water 
iron(II) levels might be the result of resus- 
pension and mixing by bottom currents 
during this flood-tide cast. We made no at- 
tempt to collect samples for comparative 
laboratory analyses of dissolved iron(II) 
during this study because iron(II) oxidation 
rates were expected to be so fast that sig- 
nificant losses of iron(II) would occur dur- 
ing sample collection and preservation [see 
below for a discussion of iron(II) oxidation 
rates]. However, replicate samples were 
collected from discrete depths by the 
pump-to-deck and microgradient sampling 
systems and preserved by acidification for 
subsequent analytical determinations of 
dissolved and total acid reducible iron 
(O'Sullivan et al, 1997). Taken together, 
the in situ and laboratory results indicated 
that there was a substantial reservoir of 
iron in East Sound [ranges: 10-440 nM 
dissolved Fe(II + III) and 50-2,929 nM 
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total Fe(II + HI)], with the highest levels in 
the near bottom waters. 

In the introduction, we hypothesized 
that the rapid rates and chemical control of 
iron(II) oxidation by ambient pH, oxygen, 
temperature, and salinity levels should 
lead to vertical iron(II) structure being 
highly sensitive to recent input events and 
to fine structure in the physicochemical 
factors that control the oxidation rate. If 
the variably elevated levels of PCA- 
iron(II) detected in near bottom waters 
was the result of a physical mixing event 
providing a flux of iron(II) into the overly- 
ing waters, then the iron(II) released 
would eventually be oxidized, transported, 
and accumulated as colloidal and panicu- 
late iron oxides within the mid-depth and 
deeper waters. The kinetics of the oxida- 
tion of iron(II) have been well studied in 
the laboratory, as a function of pH, dis- 
solved oxygen, temperature, and salinity 
(Millero et al., 1987). The pseudo-first- 
order rate constant, k„ for the rate equa- 
tion -d[Fe(II)]/dt = £7[Fe(II)], encom- 
passes the effects of these four parameters 

and is a first degree function of the oxygen 
concentration and second degree function 
of the pH. The effects of salinity (ex- 
pressed as ionic strength: I = 0.0199S) and 
temperature (°K) on the overall rate con- 
stant, k, for the rate equation -d[Fe(ll)]/dt 
= fc[Fe(II)][02][OH-]2 can be estimated 
from the relationship log k = 21.56 - 
1545/T - 3.29I'"2' + 1.521. These algo- 
rithms conveniently allow the estimation 
of k and k, from field data. The simulta- 
neous measurement of all five parameters 
[S, T, pH, 02, and Fe(II)] in East Sound 
provided us with a unique opportunity to 
test the real-world applicability of this ki- 
netic model for iron(II) oxidation, devel- 
oped by Millero and co-workers, and an 
independent check on the validity of the 
Fe(II) fine-structure detected by the PCA. 

The continuous salinity, temperature, 
oxygen, and pH data from Fig. 3 were 
used to estimate the vertical variability for 
the pseudo-first-order rate constant (&,) for 
iron(II) oxidation in the East Sound water 
column (Fig. 5). Potential effects due to 
the complexation of iron(II) by organic lig- 

ands or the oxidation of iron(II) by hydro- 
gen peroxide (Millero et al, 1987; Millero 
and Sotolongo, 1989) were ignored for 
these approximations. The estimated 
pseudo-first-order rate constant decreased 
systematically with depth by over two or- 
ders of magnitude for this cast. The calcu- 
lated half-lives for iron(II) oxidation (t(1/2) = 
In 2 • k]') ranged from ~1 min within the 
well oxygenated surface waters to >200 
min near the benthic boundary. If iron(II) 
was introduced (e.g., pore water fluxes, 
sediment-water interactions, or photochem- 
ical reduction) into waters characterized by 
slower oxidation rates (longer oxidation 
half-lives), then the iron(II) signal would 
persist for a longer time period than in the 
surface waters. The longer half-live esti- 
mates for iron(II) oxidation in the near bot- 
tom waters are the combined result of the 
cooler temperatures, reduced pH values, 
and lower dissolved oxygen contents. 
These oxidation rate estimates also suggest 
that there was micro- to fine-scale variabil- 
ity in the iron(II) oxidation potential of the 
stratified waters of East Sound. 
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Fig. 7: Association of thin chlorophyll 
fluorescence layers with micro- to fine- 
scale gradients of oxygen, nitrite, iron(H), 
and model-predicted half-lives for iron(II) 
oxidation during flood tide at station C. 
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Comparison of the half-lives for 
iron(II) oxidation with the PCA-iron(II) 
distribution showed a remarkable degree 
of correspondence (Fig. 5). Higher con- 
centrations of dissolved iron(II) were 
only detected in waters with slower 
iron(II) oxidation rates. The estimated 
oxidation rate for iron(II), -d[Fe(ll)]/dt, 
was greatest (1.1-1.4 nM min-1) within 
the iron(II)-containing waters that com- 
prised the benthic boundary layer. The 
estimated oxidation rate for iron(II) in- 
creased very sharply near the top of the 
benthic boundary layer (~20 m) and asso- 
ciated steep iron(II) gradient (d[Fe(II)]/dz 
= ~300 nM/m), indicating that iron(II) 
was more effectively oxidized within this 
region, than in the near bottom waters 
containing more iron(II). Because the 
most likely source of the high iron(II) in 
the bottom waters is from sediment pore- 
water fluxes and tidal resuspension of 
sediments, it should not be surprising that 
another region characterized by a steep 
iron(II) gradient is near the sediment in- 
terface. The iron(II) fine-structure and 
strong gradients, detected by the PCA at 
this station, are predicted to be present by 
the underlying iron(II) oxidation kinetics. 

Spatial and Temporal Variation in 
Fine-Scale Structure 

There was considerable spatial and tem- 
poral variability in chemical compositions, 
predicted reaction rates, and fine-scale gra- 
dients in the waters of East Sound. This 
was particularly evident for a late after- 
noon profiler deployment at station B (Fig. 
6) that was characterized by a broad mid- 
depth minima (12-22 m) in dissolved oxy- 
gen and pH and corresponding maxima in 
dissolved nitrite and iron(II). The PCA- 
iron(II) levels increased from subnanomo- 
lar surface values to ~7 nM within the 
mid-depth waters with lower oxygen con- 
tents, then declined rapidly to subnanomo- 
lar levels in deep waters. In contrast to sta- 
tion A, the increases in iron(II) at station B 
cannot be attributed to iron(II)-rich bottom 
waters being recently mixed upward by 
tidal flows. The rapid decline in iron(II) 
below 20 m corresponds to a rapid in- 
crease in oxygen and pH at that depth. The 
calculated rate constants for iron(II) oxida- 
tion indicated that the lower pH and oxy- 
gen contents within the midwater mini- 
mum extended the half-lives for iron(II) 
oxidation considerably (to >800 min). This 
not only suggests that this feature should 
persist for some time, but that it could be 
derived from an interaction with the ben- 

thos (or other source) that occurred several 
days earlier, and then was advected as a 
midwater layer to this location. In addition 
to the steep gradients and broad iron(II) 
maximum, several submeter-scale maxima 
were also evident. As at station A, the cal- 
culated half-life for iron(II) oxidation 
shows submeter-scale maxima that pre- 
cisely correspond to Fe(II) concentration 
maxima. Again, the fine-scale structure and 
sharp gradients are qualitatively consistent 
with the underlying iron oxidation kinetics. 

Biological Control of Iron(II) Gradients 

The chlorophyll fluorescence, oxygen, 
and PCA-iron(II) profiles, from a late af- 
ternoon deployment at station C (Fig. 7), 
demonstrate that thin plankton layers (lo- 
cated near 1.5, 6, and 13 m depth) can 
exert a similarly scaled influence on dis- 
solved oxygen levels, and both the esti- 
mated oxidation rate and the trace con- 
centration levels of dissolved iron(II). The 
fine-scale minima for estimated iron(II) 
oxidation half-lives can be attributed to 
focused photosynthetic carbon dioxide 
uptake (higher pH) and oxygen evolution 
within the thin phytoplankton layers. The 
corresponding minima in iron(II) concen- 
trations may be due to locally enhanced 
rates for iron(II) oxidation and/or direct 
bioassimilation of dissolved iron(II). Con- 
versely, the midwater (9-11 m) maximum 
in iron(II) corresponds both to a maxi- 
mum in the expected half-life for iron(II) 
oxidation and to a minimum in phyto- 
plankton chlorophyll and thus potentially 
lower direct bioassimilation. Iron redox 
cycling and phytoplankton growth appear 
to be closely coupled in East Sound. 

Discussion 
The continuous vertical profiles ob- 

tained with the high-resolution electronic 
profiling system and the profiling chemical 
analyzer in East Sound demonstrate that 
fine-scale chemical gradients and chemi- 
cally distinct thin layers can exist in strati- 
fied coastal environments. The fine-scale 
gradients detected for nitrite were quanti- 
tatively related to similarly scaled gradi- 
ents in apparent oxygen utilization. The 
fine-scale gradients detected for iron(II) 
were consistent with the similarly scaled 
gradients predicted for the pseudo-first- 
order rate constant for iron(II) oxidation. 
The mechanisms for the fine-scale struc- 
ture observed in the water column in- 
cluded 1) focused chemical uptake or re- 
lease within thin phytoplankton layers and 
2) the interaction of physical mixing and 

transport processes with chemical fluxes 
from the sediment-water interface. Isopyc- 
nal transport may be an important mecha- 
nism to supply iron and other nutrients 
from the benthos to high-biomass, thin 
plankton layers in East Sound, WA. 

It is evident from the East Sound re- 
sults that the vertical depth resolution of 
the PCA, for changes in dissolved nitrite 
and iron(II) concentrations, was approach- 
ing the depth-resolution of the electro- 
chemical pH and oxygen sensors that 
were co-deployed with the electronic pro- 
filing system. Whereas many electro- 
chemical sensors and some submersible 
chemical analyzers may have the required 
response times and sensitivity to detect 
micro- to fine-scale chemical gradients in 
stratified coastal waters, they generally 
have not been applied for that purpose 
(Johnson et al, 1986, 1990, 1992; Taylor 
et al, 1993; Johnson and Jannasch, 1994; 
Klinkhammer, 1994). The faster package 
descent rates that have commonly been 
used during coastal and offshore investi- 
gations with CTDs and submersible 
chemical analyzers (10^10 m min-1 versus 
the 1-2 m min'1 used in this study) have 
typically precluded the detection of sub- 
meter-scale variability in the water col- 
umn by the submersible chemical instru- 
mentation. 

The enhanced sensitivity of the PCA 
for nitrite and iron(II) allowed us to doc- 
ument the chemical fine-structure and the 
presence of transient iron(II) within the 
water column that has passed undetected 
by traditional water sampling and analyti- 
cal methodologies. For example, all the 
iron(II) fine-structure detected by the 
PCA in the upper portions of the East 
Sound water column was below the de- 
tection limit [<20 nM iron(II)] of the 
sampling and analytical methodology 
used by Murray and Gill (1978) in their 
earlier investigation of the geochemistry 
of iron in Puget Sound waters. This un- 
derscores the importance of being able to 
determine the concentrations of reactive 
chemicals at the trace levels that influ- 
ence chemical and biological rates, and 
with sufficient resolution to define the 
gradients as they really occur in nature. 
With the high-resolution electronic profil- 
ing and PCA technologies, we now have 
the capability to resolve chemical gradi- 
ents at the small spatial and temporal 
scales required to investigate the relative 
importance of chemical processes in the 
creation and maintenance of thin biologi- 
cally productive layers and conversely, 
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the influence of such layers on chemical 
distributions, fluxes, and reaction rates. 

Future Directions 

There are important chemistry-related 
questions that need to be addressed con- 
cerning the dynamics of thin plankton 
layers. What mechanistic roles do nutri- 
ent recycling and availability play in 
thin plankton layer dynamics? Are 
episodic variations in nutrient gradients, 
driven by and coupled to dynamic mete- 
orological and physical processes, criti- 
cally important to the development, per- 
sistence, and behavior of thin plankton 
layers? How significant are the influ- 
ences of thin plankton layers on the dis- 
tributions of inorganic and organic 
chemicals and on their biologically me- 
diated reaction rates within coastal wa- 
ters? Our present difficulty in ade- 
quately answering these questions 
illustrates the sparseness of our chemical 
data on the thin plankton layers phenom- 
ena. This short-coming is partly due to 
the limited availability of high-resolu- 
tion submersible chemical sensors and 
analyzers that can interface with con- 
temporary CTD and bio-optical profiling 
systems. The development of a high-res- 
olution, multinutrient profiling analyzer, 
would allow us to more adequately char- 
acterize the nutrient supply to high-bio- 
mass, thin plankton layers and provide 
the parameterization of the nutrient field 
that is required to develop and test pre- 
dictive models for thin plankton layer 
behavior in coastal waters. 
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FEATURE 

ACOUSTICAL SENSING OF SMALL-SCALE VERTICAL 
STRUCTURES IN ZOOPLANKTON ASSEMBLAGES 

By D.V. Holliday, R.E. Pieper, 
C.F. Greenlaw and J.K. Dawson 

O, 'BSERVATION OF AQUATIC animals in 
their natural environments remains a 
major challenge in both biological ocean- 
ography and limnology. Critical processes 
in feeding, reproduction, growth, and pre- 
dation in small Zooplankton occur at 
scales from fractions of millimeters up to 
scales that match the ambits of individu- 
als. It is often difficult to reproduce all es- 
sential features of the marine environment 
in the lab, where observation of small- 
scale processes is more tractable than at 
sea. Therefore there is continuing interest 
in improving our ability to observe and 
quantify in situ spatial and temporal 
changes in the distribution and abundance 
of Zooplankton in relation to natural phys- 
ical, chemical, and other biological fields. 

Making accurate measurements of 
spatial distributions is difficult. Conven- 
tional CTD packages, fluorometers, and 
acoustical sensors, when used in a "cast" 
mode from a ship, tend to have ~1 m ver- 
tical resolutions. The time it takes to 
make a measurement in relation to the 
"drop" rate, the necessity to pump water 
through some kinds of sensors, the need 
to acquire and average multiple samples 
in a quasi-random, statistically nonsta- 
tionary local environment, and the cou- 
pling of the motions of the ship to the 
sensor all contribute to "smearing" spatial 
pattern in the data. These practical issues 
tend to reduce the spatial resolution of 
measurements one obtains at sea. 

In many of our acoustical field studies 
of plankton, sea conditions and consequent 
uneven sampling in depth caused us, in 

D.V. Holliday and C.F. Greenlaw, Tracor Aero- 
space Analysis and Applied Research Division, 
4669 Murphy Canyon Road, San Diego, CA 
92123, USA. R.E. Pieper and J.K. Dawson, Uni- 
versity of Southern California, Hancock Institute 
for Marine Studies, 820 South Seaside Avenue, 
Terminal Island, CA 90731, USA. 

post-acquisition processing, to integrate 
over 2 m depth intervals even though the 
data were collected at submeter resolu- 
tions. Two meters was an empirically de- 
termined compromise between achieving 
as much vertical resolution as possible, 
while averaging enough independent mea- 
surements of scattering to obtain good es- 
timates of the acoustical scattering power 
spectrum, thereby improving our estimates 
of abundances and sizes of zooplankters 
present in a given depth interval. Averag- 
ing data into 2 m depth bins has succeeded 
in revealing a variety of patterns and cor- 
relations between ocean physics, phyto- 
plankton, and Zooplankton distributions. 

Such averaging can, however, lead to 
an underestimate of the intensity of struc- 
ture smaller in extent than the bin inter- 
val. For example, a 10 cm thick layer of 
small Zooplankton will appear in a 2 m 
average to have a peak abundance 20 
times less than is actually the case, even 
though the total biomass reported for the 
interval is correct. The differences be- 
tween actual distributions and apparent 
distributions can be ecologically impor- 
tant in many ways (feeding, finding a 
mate, etc.). Meter scale data are useful in 
answering some important kinds of 
process and distributional questions, but 
we should recognize that even meter 
scale resolution is still not adequate to 
allow us to quantitatively visualize the 
environment from the point of view of 
millimeter-sized organisms. 

Small-Scale Scattering Structures in a 
Shallow Fjord 

In our first example we describe 
small-scale vertical structure in marine 
Zooplankton in a small fjord, West 
Sound, at Orcas Island in Washington 
State's San Juan Islands (Fig. 1). The 
upper end of this sound is relatively shal- 
low, the bottom is soft mud, and the en- 

tire basin is subject to relatively strong 
tidal forcing. Data discussed here were 
collected in July 1995. 

We used a shore-powered, bottom- 
mounted, inverted (surface-facing) echo 
sounder to measure volume scattering 
strength (Sv) profiles at four frequencies 
(265, 420, 1,100, and 3,000 kHz) specifi- 
cally selected to be sensitive to the pres- 
ence of small Zooplankton. Every 2 min, 
24 (interleaved) scattering intensity pro- 
files were collected at each frequency, 
range binned in 0.5 m intervals from 0.75 
m above the bottom to 21.75 m from the 
transducer face (i.e., just below the sur- 
face). Ensemble averages of the 24 echo- 
ranging cycles were made, and absolute 
volume scattering strength profiles were 
computed by accounting for spreading, ab- 
sorption, and various system parameters. 
Ensemble averages of the volume scatter- 
ing strength profiles, pressure (tide), and 
temperature at the base of the acoustical 
sensor were transmitted to a shore site for 
real-time display and storage. Power was 
supplied from the shore site. 

Two hours of data from this mooring 
will be examined. Tidal changes in water 
depth were measured with a pressure sen- 
sor on the up-looking sounder (Fig. 2a). 
Acoustical volume scattering strength pro- 
files from the 265 kHz and 1.1 MHz 
sounders are illustrated in Figure 2, b and 
c. A thin sound-scattering layer can be 
seen in the 265 kHz record (Fig. 2b), at 
-17 m near the start of the record. Note 
that height above the bottom is used 
rather than depth below the changing sur- 
face. When initially detected, the layer 
thickness was <-2 m. The peak intensity 
(averaged over the system's half-meter 
range resolution) is probably underesti- 
mated. As time passed, the thickness of 
the layer increased to slightly more than 1 
m, diffusing into a thicker, more complex 
structure at the time of high tide (near the 
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Fig. 1: A small, shallow fjord, West Sound is located in the San Juan Islands, WA, in 
the extreme northwestern United States. 

end of the record). At 265 kHz, volume 
scattering strengths in the layer varied be- 
tween -60 and -49 dB. The 420 kHz 
record (not shown) and the 1.1 MHz 
record (Fig. 2c) reveal similar patterns for 
the thin layer, with scattering at levels be- 
tween -55 and -47 dB at 420 kHz and 
between -50 and -35 dB at 1.1 MHz. 

At 1.1 MHz (Fig. 2c), sound scatterers 
not visible at 265 kHz (Fig. 2b) were ob- 
served as they passed over the sounder. A 
thin, variable intensity layer of high level 
scattering, limited to a couple of meters 
from the bottom, appears to dissipate near 
the end of the record (i.e., near slack 
water). In addition, short episodes of high 
scattering levels appeared early in the 1.1 
MHz record, beginning in mid-column 
and extending to the surface. Excluding 
the episodes of high scattering at the be- 
ginning of the record, scattering levels just 
under the surface of the water were both 
higher and extended deeper into the water 
column at the end of the record than at the 
beginning. The wind was negligible, the 
area was sheltered from surface waves 
originating elsewhere, and there was no 
whitecapping or even breaking waves at 
the shoreline. The most likely explanations 
for variations in the observed scattering in- 
volve changes in the distribution of living 
organisms above the sounder. 

In this work the sensor was deployed as 
an ancillary measurement tool for an 
acoustics program, thus the principal inter- 

est was in describing variability in levels 
of acoustical scattering rather than in 
defining the underlying biological causes 
of the scattering. There was no opportu- 
nity to collect samples of Zooplankton or 
fish, quantitative data on tidal velocities, 
velocity profiles, or CTD information. A 
diver participant in the project reported the 
following: "We would often pass through 
a surface layer, about a meter thick, of 
plankton on our dives. Zooplankton 
seemed to be mostly crustaceans mixed in 
with the phytoplankton. It often was so 
dense that the critters on our suits were 
noticeable after exiting the water" (L. Self, 
personal communication). Quantitative 
physical, optical, and acoustical measure- 
ments in East Sound, nearby on the same 
small island, have revealed a complex, 
highly stratified, multilayer, tidally driven 
water column (e.g., see other papers in this 
issue). Measurements with an acoustic 
doppler profiler current (ADCP) have re- 
vealed that multiple layers of the water 
column in East Sound are moving in dif- 
ferent directions with attendant shear and 
turbulence at the layer interfaces (P. Don- 
aghay, personal communication). We have 
no reason to believe that West Sound is 
any less complex. 

Extensive side scan sonar work at 50, 
100, and 500 kHz was conducted near 
this mooring, but only a few individual 
fish were observed, and fish school-like 
contacts were not observed during the pe- 

riod illustrated. Likewise, divers reported 
that the abundance of medusae and 
ctenophores was low. Our visual observa- 
tions also suggest that the numbers of 
medusae and ctenophores in the upper 
few meters at this site were very low dur- 
ing this data collection period. 

At these high frequencies, the absorp- 
tion of sound in seawater is very large (at 3 
MHz, -2.4 dB/m). At ranges of more than 
~5 m above the sensor, reverberation-to- 
noise ratios for the 3 MHz sounder would 
not support an inverse calculation of the 
type we prefer to use, i.e., the multifre- 
quency non-negative least squares (NNLS) 
method, to estimate size spectra and abun- 
dance (Holliday and Pieper, 1995). To ob- 
tain information about the size and abun- 
dances of the scatterers, a two-frequency 
inverse algorithm (Greenlaw, 1979; Mitson 
et at, 1996) was employed. Ratios of vol- 
ume scattering strengths were calculated 
by taking the difference between the (loga- 
rithmic) volume scattering strengths mea- 
sured for 265 kHz and 1.1 MHz (Fig. 2d). 
Greenlaw (1979) pointed out that the size 
of the scatterer that dominates the acousti- 
cal scattering is embedded in these ratios 
of scattered intensity (differences in Sv). 
Given a few assumptions about, or a priori 
knowledge of the scatterers, then for sev- 
eral common marine scatterers, mathemati- 
cal models exist that will allow estimation 
of the size and abundance of the dominant 
scatterer. The interested reader can find a 
summary of these assumptions in Holliday 
and Pieper (1995). Based on the frequency 
dependencies we observed for this layer, 
the diver's observations, and our experi- 
ence in the fjords of the San Juan Islands, 
it appears that (with a few notable excep- 
tions) small crustaceans were the dominant 
cause of the scattering shown in Figure 2. 
Although models are available for several 
generalized Zooplankton taxonomies (cope- 
pod-like, euphausiid-like, bubble-bearing 
fish larvae, salp-like, etc.), most Zooplank- 
ton assemblages are a mix of genera and 
organisms with a variety of physical 
shapes. When measurements at sufficient 
number of frequencies are available, one 
can sometimes successfully estimate abun- 
dance in several (shape-defined) taxonomic 
classes, by size within the class (Holliday, 
1977). When one must work with a limited 
number of frequencies, it is best to choose 
the simplest single model that describes the 
shape (genera) thought, or known from di- 
rect sampling, to contribute the most en- 
ergy to the acoustical scattering. For an as- 
semblage dominated by crustaceans similar 
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Fig. 2: Two hours of tide level data (a) are illustrated for a station in West Sound, 
WA, during July 1995. Acoustical scattering data, collected at 2 min intervals and in 
0.25 m vertical bins are also displayed for the 265 kHz (b) and 1.1 MHz (c) channels 
of a four-frequency bottom mounted, up-looking echo sounder. The color legend 
under the 1.1 MHz data (b) also applies to the 265 kHz display (c). The sizes of the 
dominant scatterers, in this case mostly small crustaceans, are embedded in the dif- 
ference of the logarithms of the measured volume scattering (ratios of the intensities) 
as illustrated in d. 

Equivalent Spherical Radius (ESR) In mm 

Fig. 3: The dependence of the difference 
of volume scattering strengths, measured 
in decibels (log scattering intensities), on 
the size of the dominant acoustical scat- 
terers in the water column is illustrated 
for scatterers that follow a truncated 
fluid sphere scattering law. 

to a calanoid copepod (roughly an ellipsoid 
of revolution), this is the truncated fluid 
sphere model (Pieper and Holliday, 1984), 
and this is the scattering descriptor chosen 
for the present analysis. The relation be- 
tween the ratio of volume scattering 
strengths (Svs) at 265 kHz and 1.1 MHz, 
expressed as differential Svs versus scat- 
terer size (ESRs) is illustrated in Figure 3. 
The equivalent spherical radius (ESR) is 
the radius of a sphere that would contain 
the same volume as the scatterer displaces. 
This model must be used with some care, 
because unlike the high-pass model origi- 
nally used by Greenlaw, it is not monoto- 
nic with the product of scatterer size (ESR) 
and the wavenumber (k). One result of this 
nonlinear, nonmonotonic form is that there 
is no closed form analytical solution, there- 
fore one must rely on numerical tech- 
niques. Another result of this functional 
form is the possibility that there will be 
multiple solutions for size for some ratios 
of Svs. Using different combinations of the 
available frequencies often allows one to 
resolve ambiguities in the dominant size 
calculated by this method. 

The biomass predicted by the two-fre- 
quency algorithm (Fig. 4a) and the calcu- 
lated size of the dominant scatterer (Fig. 
4b) reveal that the thin layer at -17 m 
consisted principally of animals with an 
equivalent spherical radius of -0.3 mm. 
The ratio of the Svs at 420 kHz and 1.1 
MHz also produced dominant size and 
biomass estimates that are consistent with 
the estimates for the layer in question, as 
illustrated in Figure 4. If the animals had 
shapes similar to calanoid copepods, this 
would translate to overall lengths of be- 
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Fig. 4: Estimates of biovolume and Zooplankton size are illustrated for the acoustical 
data displayed in Fig. 1. Blank pixels are displayed when the scattering was too low to 
result in a valid estimate; when the scattering ratios indicated that the truncated sphere 
model used for scattering from individuals was not correct; and when the scatterer size 
was larger than could be uniquely determined with the two-frequency inverse technique 
used. Examination of additional data at 420 kHz (not displayed here) revealed that 
most of the blank pixels in this data set were due to low numbers of small zooplankters. 

tween 1.2 and 1.5 mm. Based on this 
size, the biovolume, a measure of bio- 
mass that is analogous to displacement 
volume, within the layer ranged between 
-15,800 and 39,700 mmVm3. This would 
correspond to a range of nominal dry 
weights, assuming that the layer is mostly 
small crustaceans, from 3,000 to 10,000 
mg C/m3. Although this is a dense layer, 
it is not unusual. Much higher concentra- 
tions of copepods of similar sizes have 
been observed in even thicker layers 
(e.g., Alldredge et al, 1984). The authors 
have often observed similar layers in the 
coastal waters of Southern California 
(Holliday and Pieper, 1980; Pieper and 

Holliday, 1984), on the shelf off Cape 
Canaveral, FL (Holliday et al, 1989), 
and in the Irish Sea (Holliday, 1993). 

In addition to the thin, dense layer near 
18 m, and the thin, sparsely populated 
layer of slightly larger animals (0.38-0.45 
mm ESR) within a few meters of the bot- 
tom, there appears to be a boundary in the 
vicinity of 10 m (height off the bottom) 
that divides the water column. Above this 
boundary, scattering levels at 265 kHz 
below and above the thin midwater layer 
were too low to allow us to make valid 
size estimates with the two-frequency algo- 
rithm. In the absence of a valid estimate of 
the size of the scatterer, the two-frequency 

algorithm returns no data for biomass. This 
is the reason for the absence of data in 
parts of the upper half of the water column 
in Figure 4, a and b. Small (0.12-0.2 mm 
ESR) plankton appear to dominate the 
scattering in the lower half of the water 
column. The biomass is diffuse but with a 
heterogeneous or "patchy" distribution in 
both abundance and size. Very near the 
surface, relatively high abundances of 
larger (-0.4-0.5 mm ESR) organisms were 
present for nearly 1 h in the middle of the 
period illustrated. There is a suggestion in 
the data that several high biomass concen- 
trations or "patches" of scatterers are asso- 
ciated with the top of the apparent 
bioboundary near 10 m. Small, high bio- 
mass patches also appear to be associated 
with the thin midwater layer. 

Plankton Layers Near the Shelf-Slope 
Break 

Over several years we have collected 
numerous vertical profiles of acoustical 
volume scattering strength at multiple fre- 
quencies. One of our objectives was to 
quantify these relationships in order to 
gain an ability to "invert" the acoustical 
data, thereby estimating Zooplankton bio- 
volume spectra by size with depth 
(Costello et al, 1989; Holliday and Pieper, 
1995). While pursuing the relationship be- 
tween the distribution, size and abundance 
of plankton, and the acoustical scattering, 
we have often observed profiles similar to 
those displayed in Figure 5. These data 
were collected on a narrow, shallow shelf 
at the north edge of the San Pedro basin 
near Long Beach, CA, in June 1996. The 
profile was made in the late afternoon, 
starting at 19:41 PDT. Temperature is dis- 
played in Figure 5a, and Figure 5b is the 
fluorescence profile. The volume scatter- 
ing spectrum is shown in Figure 5c and 
the biovolume-size spectrum is given in 
Figure 5d. The profile of total biovolume, 
summed over all the sizes displayed in 
Figure 5d, is provided in Figure 5e. The 
multifrequency inverse method described 
in Holliday and Pieper (1995) was used to 
map volume scattering into the plankton 
biovolume size-abundance profile. 

Abnormally calm sea surface condi- 
tions were present during this particular 
cast, and we took advantage of the 
weather and low swell to collect a rela- 
tively high resolution profile, lowering 
our Tracor Acoustical Profiling System 
(TAPS) six-frequency sonar system at a 
rate of <0.04 m/s. A complete set of 
acoustical data are collected along with 
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Fig. 5: Temperature (a), fluorescence (b), and volume scattering strength spectrum pro- 
files (c) are illustrated for a cast -15 km south of Long Beach, CA, in June 1996. The 
calculated biomass-size spectrum profile (d) and the total biovolume profile (e) reveal 
that much of the biomass at this station was concentrated in three very thin layers in 
the upper mixed layer. 

temperature by this system every 4 s. The 
volume scattering strengths were aver- 
aged into vertical bins of -0.25 m. 

Structure can be observed on scales 
from that of the basic resolution of the 
acoustical sensor, -0.25 m in this instru- 
ment configuration, to scales of >100 m, 
the depths of the usual casts made with 
the instrument. The dominant structures in 
this particular cast were the three thin lay- 
ers in the upper mixed layer. The water 
depth at this station was 53 m. The shal- 
lowest layer, centered at -3.25 m, con- 
tained 63.5% of the water column bio- 
mass. A second layer, with a thickness of 
<0.5 m was centered at 4.25 m and con- 
tained 6.5% of the biomass. The third 
layer, between 6.5 and 7.5 m, represented 
another 8.4% of the biomass. The total 
water column plankton biovolume was 
31,208 mmVm2. Early evening MOC- 
NESS (Multiple Opening Closing Net En- 

vironmental Sampling System) tows re- 
vealed that the copepod Calanus pacificus 
dominated the biomass. Preliminary re- 
sults of the MOCNESS sampling indi- 
cated that the total biomass was higher 
than previously observed at this shelf lo- 
cation (33° 35.50' N, 118° 08.85' W) dur- 
ing the last 5 y of our sampling program. 
Larval fish and several species of eu- 
phausiid were present in small numbers 
relative to Calanus, but small crustaceans 
clearly dominated the plankton at this sta- 
tion. This represents an integrated column 
dry weight of 9,012 mg C/m2. In addition 
to the exceptional intensity of the layering 
in the well-mixed zone, the position of the 
biovolume peak is notable, it being more 
common in this area that a Zooplankton 
peak is associated with the chlorophyll 
maximum near the seasonal thermocline. 

Multiple casts along transects often re- 
veal that these small-scale structures in the 

phytoplankton, based on fluorescence mea- 
surements, and in the Zooplankton, from 
multifrequency acoustical measurements, 
can have horizontal extents of tens of kilo- 
meters (Holliday et ai, 1989; Holliday, 
1993). These small-scale temperature 
structures are also often, but not always, 
associated with fluorescence maxima and 
with structure in profiles of optical scatter- 
ing and optical transmission (Donaghay et 
al., 1992; Cowles and Desiderio, 1993). 
We use the term associated, rather than 
correlated, for several reasons. In our ob- 
servations, the acoustical estimates of zoo- 
plankton biomass (biovolume) distributions 
sometimes have shapes similar to the tem- 
perature gradient at such an anomaly, with 
the peaks of the Zooplankton distributions 
and the maximum of the temperature gra- 
dient coinciding in depth. Both temperature 
gradients and small-scale turbulence can 
cause acoustical scattering by virtue of im- 
pedance discontinuities and variations in 
the sound speed of the reflected sound 
waves, but in our data both the levels and 
the spectrum of the scattering seem to best 
fit a model that associates peaks in zoo- 
plankton biomass with these structures. We 
have also observed that the strength of the 
acoustical scattering does not appear to be 
correlated with the magnitude of the gradi- 
ent in the pycnocline. Often, these small 
steps or variations in temperature occur at 
boundaries of the Zooplankton distribution, 
delimiting lower or upper bounds of partic- 
ular plankton sizes or assemblages of sizes. 
Finally, we are cautious about making 
statements about correlation and coherence 
because the acoustical tools at hand, such 
as the TAPS, are working near the limit of 
their spatial resolution to define these 
structures. Nonetheless, it is clear that there 
are processes occurring at submeter scales 
that are reflected in the response of both 
phytoplankton and Zooplankton to the 
physical environment. 

Summary and Conclusions 
In the illustrations we have provided, 

a substantial amount of the Zooplankton 
biomass was concentrated in heteroge- 
neous, small-scale structures, one form of 
which is a very thin layer. The biological 
and physical reasons for this distribution 
are poorly understood, but it is clear that 
this kind of distribution is neither un- 
usual, nor rare, in coastal regions. This 
kind of distribution clearly has implica- 
tions for predation by larger animals, e.g., 
for larval and juvenile fish. Its causes 
may be rooted in distributions of food, 
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i.e., phytoplankton, but may also be at 
least in part physically driven (e.g., the 
advantages of moderate levels of turbu- 
lence are discussed by Rothschild and 
Osborn 1988). To appropriately observe 
and understand this structure and the 
plankton's response, we not only require 
acoustical sensors with at least an order 
of magnitude better spatial resolution 
than are currently available (i.e., ~10 
cm), but we also require a new protocol 
for deploying the sensors, one that is de- 
coupled from the motion of a ship. Bot- 
tom-mounted systems are one solution 
for shallow water environments, espe- 
cially if used in conjunction with ADCPs. 
For deeper environments, where sound 
absorption requires that acoustical sen- 
sors be placed near the organisms of in- 
terest, buoyancy-driven and free-fall pro- 
filers and profiling winches are attractive 
alternative platforms. Simply defining the 
distribution of the plankters at small 
scales, without describing their environ- 
ment at similar scales is not sufficient. 

For about a decade, oceanographers have 
been working to develop advanced sensors 
that can be used to examine aquatic envi- 
ronments faster, in more detail, and with 
improved spatial and temporal resolution. 
Some of the technologies finding applica- 
tions in this quest include high-resolution 
imaging optics, video plankton recorders, 
high-frequency acoustical Zooplankton sen- 
sors, optical fiber fluorometers, a variety of 
turbulence sensors, faster thermistors for 
measuring temperature, optical particle 
counters, multispectral optical transmis- 
someters, and holographic cameras. Used 
alone, each of these technologies provides a 
view of only a part of the components of an 
ecosystem. Many ocean scientists believe 
measurement of fine- and microscale struc- 

tures needed to describe submeter scale dis- 
tribution and behavior of the animals, plants 
and their physical environment and their dy- 
namic interactions ultimately will require a 
quantitative integration of several technolo- 
gies. Individually, some of these sensor 
technologies have matured, and they are 
routinely used to examine animals and their 
environments on meter and submeter scales. 
Together, different technologies can be used 
either to measure different properties of the 
same animals in a small volume, or when 
they have substantially different spatial res- 
olutions, they can be "nested," with the low- 
resolution system setting the spatial context 
for the high-resolution sensor (e.g., an opti- 
cal system with a resolution of a few cubic 
millimeters can examine a subset of a liter 
of water being observed with an appropriate 
acoustical system). It appears to be timely to 
begin working on this quantitative synthesis 
of technologies in the hope that the result 
will be synergistic. This, in our opinion, al- 
though requiring a dedicated effort by mul- 
tiple investigators, is one of the more 
promising avenues for research and devel- 
opment in sensors for studying plankton and 
its environment for the next decade. 
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FEATURE 

SIMULTANEOUS IMAGING OF PHYTOPLANKTON AND 
ZOOPLANKTON DISTRIBUTIONS 

By Jules S. Jaffe, Peter J.S. Franks 
and Andrew W. Leising 

U, 1 NDERSTANDING THE DYNAMICS of the 

relationship between phytoplankton and 
higher trophic levels is necessary for un- 
derstanding the transfers of matter and 
energy through planktonic food webs. 
There have been several suggestions in 
the literature that copepods were more 
strongly associated with the subsurface 
productivity maximum than the chloro- 
phyll maximum (Herman, 1983; Herman 
and Platt, 1983; Napp et al, 1988). Zoo- 
plankton have been shown to respond to 
microscale (centimeters) patches of phy- 
toplankton in the lab (Tiselius, 1992; Saiz 
et al, 1993), however, except for Tiselius 
et al. (1994), who found correlations to 
15 cm, there have been few data to con- 
firm these results in situ. Zooplankton be- 
havioral response to their food environ- 
ment is therefore a critical factor to 
consider in trying to predict the relation- 
ship between phytoplankton and zoo- 
plankton in the ocean. 

Testing of hypotheses regarding zoo- 
plankton-phytoplankton associations in 
situ has been difficult due to problems as- 
sociated with sampling resolution. Tradi- 
tional net sampling methods integrate 
over the small (cm to m) spatial scales 
relevant to exploring such relationships. 
Phytoplankton sampling by bottles or flu- 
orometers generally gives spatial resolu- 
tions no finer than tens of centimeters 
(Bjorenson and Nielsen, 1991). Recent 
developments of in situ fluorometers have 
allowed observation of vertical variability 
to several centimeter resolution (Deren- 
bach et al, 1979; Co wies and Desiderio, 
1993; Cowles et al,  1993). Unfortu- 

Jules S. Jaffe, Peter J.S. Franks and Andrew W. 
Leising, Scripps Institution of Oceanography, La 
Jolla, CA 92093-0238, USA. 

nately, similar resolution of zooplank- 
tonic fields using noninvasive sampling 
techniques has been lacking due to tech- 
nological constraints. 

The high-resolution spectral fluorome- 
ter of Cowles (e.g., Cowles and Deside- 
rio, 1993) has allowed observations of 
the microscale structure of both chloro- 
phyll and phycoerythrin fluorescence 
(Cowles et al, 1993). Both chlorophyll 
and phycoerythrin were seen to have sig- 
nificant variability at tens of centimeters, 
but the two fields were quite uncorrelated 
with each other. These observations raise 
many important questions concerning 
physical-biological couplings in the 
plankton at small scales and Zooplankton 
foraging behavior in a patchy environ- 
ment. For example, what physical and bi- 
ological processes might be operating to 
allow formation and persistence of such 
thin layers or small patches of high phy- 
toplankton biomass? What are the time 
and space scales of persistence of such 
features? Are the scales of phytoplankton 
patchiness the same for different taxa? 
And, in particular for this study, are the 
patches available to, or exploited by the 
Zooplankton? The answers to such ques- 
tions may alter our ideas about patchi- 
ness, production, and trophodynamics in 
the ocean. 

To attempt to answer some of these 
questions, two instruments were devel- 
oped: FishTV (Jaffe et al, 1995) and 
OSST (Optical Serial Section Tomogra- 
phy) (Palowitch and Jaffe, 1994, 1995). 
FishTV uses ultrasound (445 kHz) to lo- 
cate micronekton (>1 cm) in a three-di- 
mensional (3D) volume. OSST measures 
laser-stimulated fluorescence over a 70 X 
70 cm sheet with 0.67-cm resolution. 
These instruments were profiled simulta- 
neously, imaging the same water 30 

miles west of San Diego in the southern 
California Bight. Here we focus on the 
relationship between the acoustic and op- 
tical depth profiles. 

Methodology 

FishTV 
FishTV consists of a set of eight pro- 

jecting transducers and eight receiving 
transducers that operate at a frequency of 
445 kHz. Together, the transmitters and 
receivers form an 8 X 8 image with a 
field of view of 16 X 16°, at frame rates 
up to 4 Hz. Data reported in this article 
were obtained with the system operating 
at a frame rate of 2 Hz. Range resolution 
is -2.5 cm. In a typical deployment 
mode, the system images a volume that 
starts at a range of 2.5 m and ends at 6.3 
m range, giving a volume of ~6 m\ Indi- 
vidual locations of targets (echo count- 
ing) can then be computed accurately if 
densities are <40-50 nr3 (see below) 
(Jaffe et al, 1995). The system has re- 
cently been used to track several hundred 
targets and infer properties about the tra- 
jectories of the animals (McGehee and 
Jaffe, 1996). 

The sonar imaging system is calibrated 
over its entire field of view and therefore 
provides values of target strengths as a 
function of position. To register the pres- 
ence of an animal, a threshold signal-to- 
noise ratio of the signal was used. If a re- 
flection exceeded this threshold for 
several range cells (a sonar pulse extends 
for several range cells), an animal was 
judged to be present, and its position in 
3D was recorded. Because the beam pat- 
terns of the system yield large readings in 
the area surrounding a target, even though 
no animals may be present, these regions 
were excluded from further analysis when 
a target was detected. Monte Carlo simu- 
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lations of the ability of the system to cor- 
rectly echo-count uniformly distributed 
targets indicate that this effect will have 
no significant influence on the estimated 
number of targets, up to densities of 
40-50 m~3. At higher densities the system 
will undercount the number of individu- 
als. A frame consists of the 3D positions 
and target strength of the set of animals 
that were in the field of view of the sonar 
system over a system cycle. Frames were 
indexed as a function of depth, so that the 
optical and sonar recordings could be 
cross-referenced. FishTV acquires images 
by pulsing a transmitting array sequen- 
tially. In this deployment an entire image 
was collected in 0.14 s. 

Several issues need to be addressed in 
interpreting the sonar images and, in par- 
ticular, assessing whether our estimates of 
animal densities are absolutely accurate. 
The short answer is that they are not; they 
are most certainly an underestimate of 
abundance. However, if the composition 
of the animal population does not change 
appreciably over the water depth, the rela- 
tive abundance as a function of depth will 
be accurate. For example, Stan ton et al. 
(1996) have shown in a recent survey of 
Georges Bank that taxa of similar sizes at 
the site had large differences in backscat- 
ter (e.g., gastropods versus crustaceans). 
This led them to conclude that they could 
not equate volumetric backscatter strength 
with biomass in a simple way. In our 
case, vertical net tows showed no evi- 
dence of gastropods or similar animals. 
Crustacean Zooplankton were the primary 
source of acoustic variability. In addition, 
Deamer and Martin (1995) have shown 
that in using a narrow band sonar system, 
such as FishTV, care must be taken in 
equating the target strength measurements 
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Fig. 1: A schematic diagram of the 
FishTV and OSST systems showing the 
geometric placement of the instruments. 

25 

Fig. 2: A CTD/fluorometer profile taken 1 h before the simultaneous optical and sonar 
profiles were collected. 

Fig. 3: Simultaneous display of sonar and optical raw data at 60 m depth: (a) 
a 2D image (a side-view projection) of the sonar data, (relative) target strengths 
of the objects are shown on the left-hand side of the frame, (b) one frame of opti- 
cal data, and (c) simultaneous vertical profiles of the optical and acoustical 
data sets showing the location of the current frame (asterisk). Raw acoustic im- 
ages were corrected for range spreading and unequal gains among transmitter- 
receiver pairs. 
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with animal size. This is because the 
backscatter pattern (frequency- and angle- 
dependent target strength) of the animals 
have 20-30 dB nulls that can lead to seri- 
ous underestimation of animal size. An- 
other complication is the animal orienta- 
tion: animals viewed from the side reflect 
much more sound than those viewed 
head-on. Finally, our current algorithm 
does not perform subvoxel (voxel = 3D 
pixel) positional estimation, which leads 
to an underestimate of target strength. All 
of these effects tend to bias our results to- 
ward an underestimation of both animal 
abundance and target strengths. However, 
if animal orientations are not a function of 
depth, and the species composition is con- 
stant, our estimates are a good measure of 
relative abundance. Because species com- 
position is likely to change as a function 
of depth, the target strength estimates that 
we derive cannot be correlated with ani- 
mal size. On the other hand, the estimates 
of animal abundance will be valid. 

Multibeam sonar systems such as 
FishTV allow finer resolution, or access 
to more resolution cells (in a given sig- 
nal-to-noise level) than is possible using 
conventional technologies. Dual-beam 
systems do not allow 3D localization of 
acoustic targets, and both dual-beam and 
split-beam systems saturate at much 
lower animal densities than the multi- 
beam system. This may preclude their 
use in many oceanic situations. 

The acoustic data from a multibeam 
system yield information about both ani- 
mal abundance and their locations 
through echo counting (counting of indi- 
vidual targets). At high animal densities, 
all acoustic systems will be unable to dis- 
tinguish individual targets. At these den- 
sities, systems will switch from echo 
counting to echo integration, and no reso- 
lution of individual targets is possible. 
Echo counting is widely regarded as the 
most accurate measure of animal abun- 
dances (Stanton and Clay, 1986). 

OSST 
Data included in this manuscript repre- 

sent the first at-sea results with the new 
optical imaging system. The optical sys- 
tem (OSST) measures laser-induced fluo- 
rescence by creating a sheet of illumina- 
tion and photographing it with a very 
sensitive (10-5 lux) charge-coupled device 
(CCD) camera. Briefly, all lines below 
520 nm of a ship-board argon ion laser 
were used for stimulation. The fluoresced 
light was then imaged with a CCD camera 

(Photometries, Tuscon AZ) with a long 
pass (>680 nm) filter on the lens. The 
laser sheet was positioned ~1 m in front of 
the camera/sonar package and aligned so 
that the plane of the image was parallel to 
the camera plane (Fig. 1). The field of 
view of the system was -70 cm X 70 cm 
over 102 X 102 pixels with a resolution of 
0.67 cm and a frame rate of 0.9 Hz. 

Combining the Instruments 

The PJV Sproul was moored 30 miles 
west of San Diego in 300 m of water on 
25-28 July. On the evening of 27 July, 
numerous vertical profiles were obtained 
by deploying both the FishTV and OSST 
systems, as well as temperature probes 
and a depth sensor. CTD profiles were 
also performed using a Sea Bird SBE19 
CTD interfaced with a Wet Labs "Wet 
Star" fluorometer and a SeaTech 25-cm 
path length transmissometer. The instru- 
ment   package   consisting   of   OSST, 

FishTV, and depth and temperature sen- 
sors was used to profile between 20 and 
80 m. In Figures 2 and 3 addition, pro- 
files with the CTD/fluorometer/transmis- 
someter package were made on an hourly 
basis. In this article, the analysis from a 
set of four profiles made at 15-min inter- 
vals between 2040 and 2140 PST is pre- 
sented. We estimate that registration be- 
tween the sonar images and the optical 
images to 1 m was achieved, primarily 
limited by timing accuracies between the 
various computers that were collecting 
the information (future versions will re- 
solve this issue). 

The FishTV and OSST systems were 
both mounted on an aluminum frame that 
was profiled through the water column. 
Figure 1 shows the geometric configura- 
tion of the system that permitted the si- 
multaneous acquisition of both the 
FishTV and OSST images. Of special 
note is that the small arm that generates 

(a) depth = 31 meters depth = 53 meters ^ 

i 

.*>♦. 
.^•^r M 

.§.->-: 

(c) depth = 64 meters depth = 70 meters (d) 

Fig. 4: Processed 3D locations of targets at depths of (a) 31 m, (b) 53 m, (c) 64 m, and 
(d) 70 m. The dashed line shows the volume imaged by the sonar, starting at 2.0 m and 
ending at 5.8 m. Targets varied between (a) -75 dB (red) and -85 dB (blue), (b) -67 
dB (red) and -83 dB (blue), (c) -76 dB (red) and -83 dB (blue), and (d) -75 dB (red) 
and -83 dB (blue). 
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the laser sheet is in the acoustic shadow 
of the digital camera (with respect to the 
FishTV system). This configuration per- 
mitted an exact overlap of both the opti- 
cal and acoustic images at a range of 2 m 
from the acoustic transducers and ~1 m 
away from the front of the digital camera 
case. The sonar was set so that targets 
starting at a range of 1.8 m away from 
the front of the sonar and ending 5.15 m 
away were imaged. This yielded a vol- 
ume of -3.4 m3 for the system. 

Results 
Data from the OSST and FishTV in- 

struments were merged to produce pro- 
files of chl-a fluorescence and animal 
abundance as a function of depth (Fig. 3). 
Optical data were averaged over each 
frame and interpolated onto 10 cm verti- 
cally spaced locations. The acoustic sig- 
nal was binned by target strength; the 
signal plotted is the total number of hun- 
dreds of targets per 3.4 m3 with acoustic 
backscatter intensity greater than -85 dB 
(the smallest size class of targets; ~1 cm). 
All such acoustic data are plotted from 
each profile. 

Vertical profiles made with the OSST 
and the CTD-fluorometer-transmissome- 
ter package showed similar small-scale 
(meters) features: a temporally persistent 
subsurface chlorophyll maximum layer 
at ~50 m (primary maximum), and a 
sharp (<5 m thick) transient peak cen- 
tered around 60 m (secondary maxi- 
mum; Fig. 3c). This secondary maxi- 
mum was visible for ~8 h; calculations 
based on phytoplanktonic growth rates 
and grazing rates suggest that it was a 
patch that advected past our anchor site, 
rather than a feature that formed and 
dissipated in situ during that time. Pro- 
files of acoustic targets showed a strong 
correlation with the fluorescence profiles 
with one major difference: there were 
almost no animals in the secondary 
(high chlorophyll, high variance) chloro- 
phyll maximum. The numbers of ani- 
mals peaked in the primary (lower 
chlorophyll, lower variance) maximum 
and decreased rapidly below. 

The location of the individual tar- 
gets at four depths (above the primary 
maximum, within the primary maxi- 
mum, in the secondary maximum, and 
below the secondary maximum) reflect 
the relative absence of Zooplankton 
from the secondary maximum (Fig. 4). 
These images can be compared with 
the corresponding optical images (Fig. 

5), which show isotropic, random dis- 
tributions of fluorescence down to 
scales of ~3 cm, with less variance 
than random at smaller scales. Al- 
though every effort was made to ac- 
count for effects of the instrument 
package motion on these optical im- 
ages, we cannot reject the possibility 
that they are an artifact of mixing by 
the instrument package or poor focus 
of the camera system. We feel it is 
likely, however, that these images rep- 

31.86 m 

resent the true, undisturbed state of the 
fluorescence microstructure, suggesting 
a very inhomogeneous distribution of 
fluorescence on microscales. 

The mismatch between the fluores- 
cence and acoustic signal is made obvi- 
ous in a comparison of the four vertical 
profiles (Fig. 6). This mismatch is persis- 
tent over the sampling period (1 h). Tar- 
get strengths in the secondary maximum 
are about equal to background levels 
(outside the fluorescence maxima). The 

53.13 m 

64.72 m 68.43 m 

Fig. 5: Four images from the OSST, uncontaminated by ship heave. The images repre- 
sent the different regions of the water column: 31.86 m is above the primary fluores- 
cence maximum, 53.13 is in the primary fluorescence maximum, 64.72 is in the sec- 
ondary maximum, and 68.43 is below the secondary maximum (see profiles in Fig. 2). 
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Fig. 6: A comparison of the four optical and acoustical depth profiles. The ordinate 
shows units in hundreds of animals/3.4 m3 for the acoustic data (in black) and units of 
relative fluorescence for the optical data (colored). 

strong correspondence of the acoustic 
signal with the primary maximum is ob- 
vious in Figure 6. This is the relationship 
that would be predicted from a first-order 
model relating chlorophyll and herbivo- 
rous Zooplankton. 

Of the many points to consider in in- 
terpreting these data, perhaps the most 
important one is the effect of ship heave. 
Other analyses (not shown) demonstrated 
that small-scale observations were unaf- 
fected by the ship motions at the crest 
and trough of a heave cycle (4-5-s pe- 
riod). In addition, images where ship 
heave was prominent have average fluo- 
rescence values consistent with the fluo- 
rescence profile. In the case of the 
acoustics, because the time it took to col- 
lect an entire image was 0.14 s, and be- 
cause the ship heave values were pre- 
dominantly <50 cm s"1 (98% of all values 
were <48 cm s_l), the vertical translation 
of the platform was typically around 7 
cm during the complete acquisition of a 
sonar image. In addition, because the 
image is raster scanned, the delay be- 
tween adjacent beams is less than this 
amount. Because the beam widths of the 
system are only slightly more than this 
(6.3 cm) at 1.8-m range and substantially 
more (18 cm) at 5.15-m range (the fur- 
thest part of the field of view) the transla- 
tion of the platform had a minor effect on 
the spatial patterns recorded by the 
FishTV. 

A CTD profile taken ~1 h before the 
FishTV profiles (Fig. 2) shows a fairly 

linear density profile with depth. The 
chlorophyll peaks at 50 and 65 m are 
each flanked by sharp gradients in tem- 
perature. These layers represent regions 
of high temperature gradient formed by 
straining of the temperature field by inter- 
nal waves. The high horizontal velocities 
seen below 55 m (Franks and Jaffe, un- 
published data) suggest that the sec- 
ondary chlorophyll maximum was ad- 
verting horizontally much faster than the 
primary maximum (20-40 cm s~' versus 
10-20 cm s-1). 

In addition to the sonar, optical, and 
CTD profiles, vertical net tows were 
performed with a single 50-cm diame- 
ter Bongo net with a 505-^m mesh. 
The results from a set of vertical hauls 
to various depths indicate that there 
was a layer of animals between 50 and 
70 m. Estimates of the number of ani- 
mals in the 1-10-mm size class were 
40-50 m~3. Not surprisingly, the num- 
ber of animals in the 1-cm and above 
class was very small due to net avoid- 
ance. The animal densities recorded by 
the system at the peak of acoustic re- 
verberation were extremely high, and it 
is very likely that the system was un- 
dercounting the number of animals at 
this depth (54 m). Because of a lack of 
corroborating data, it is impossible to 
tell exactly what kind of animals were 
responsible for this peak of acoustic re- 
flectivity; however, it does seem rea- 
sonable to assume that they were some 
type of micronekton. 

Discussion 
The data described in this paper rep- 

resent the first at-sea results from the 
coupled acoustic/optical system. These 
data revealed surprising relationships 
between the small-scale distributions of 
phytoplankton and Zooplankton. The 
phytoplankton showed a large amount 
of microscale (1-10 cm) heterogeneity. 
The Zooplankton showed strong correla- 
tions with the "background" fluores- 
cence (i.e., the primary, persistent sub- 
surface fluorescence maximum) but did 
not show any corresponding enhance- 
ment in the most intense fluorescence 
peak. 

One possible explanation for the high 
number of animal counts in the sonar im- 
ages was that there was an extremely 
high number of smaller crustacean zoo- 
plankton, such as copepods, and that the 
sonar was recording a signal that was a 
superposition of echoes from this large 
number of animals. This hypothesis can 
be rejected by noting that the target 
strengths and densities of the smaller ani- 
mals are not high enough to lead to the 
echo-intensities seen at 445 kHz. On the 
other hand, we cannot definitely say that 
only sonar reflections from micronekton 
were recorded, because other animals 
could have been present in the water col- 
umn that were not sampled by our verti- 
cal net tows. 

There are more questions created than 
answered by this first coincident, in situ 
view of fluorescence and acoustic targets 
in the ocean. Some of the most com- 
pelling directions for future research in- 
clude measurements of smaller acoustic 
targets (i.e., higher frequency transduc- 
ers), auxiliary sampling to test hypothe- 
ses about food quality and type, and a 
better understanding of the response of 
herbivorous Zooplankton to microscale 
patchiness of their environment. Concur- 
rent use of both optical and sonar imag- 
ing systems offers many potential advan- 
tages not only for in situ measurement of 
the spatial distribution and activity level 
of planktonic organisms but also for the 
"ground-truthing" of sonar systems. In a 
recent study, the OASIS system (Jaffe et 
al., unpublished data) for mapping ani- 
mals with sonar and simultaneous optical 
images of them was deployed in Saanich 
inlet and produced a set of data that 
yielded target strength information with 
concurrent optical animal identification. 
Hopefully the technology presented in 
this article and additional work by our 
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group and others will allow increased 
understanding of the behavioral re- 
sponses of Zooplankton to their environ- 
ment and the importance of such dynam- 
ics in ensuring the transfer of matter and 
energy through the food web. 
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FEATURE 

ECOLOGY OF A CHAETOCEROS SOCIALIS LAUDER PATCH 
ON GEORGES BANK: DISTRIBUTION, MICROBIAL 

ASSOCIATIONS, AND GRAZING LOSSES 

By Michael E. Sieracki, Dian J. Gifford, 
Scott M. Gallager and Cabell S. Davis 

1 HE PRESENCE OF PATCHES and layers in 
marine pelagic ecosystems may play an 
important role in providing food for 
higher trophic levels at concentrations 
high enough to support the metabolism, 
growth, and reproduction of the con- 
sumers. There has been a persistent 
enigma of average bulk water prey con- 
centrations frequently being below that 
necessary for consumer growth, yet the 
consumer populations are observed to 
grow and persist (Lasker, 1975; Mullin, 
1988). Concentrated patches or layers of 
prey organisms are not accurately sam- 
pled by traditional means such as net 
tows, bottle sampling, and even standard 
CTD and in situ fluorescence profiling. 

The formation of a subsurface chloro- 
phyll maximum (SCM) during the late 
spring and early summer in temperate 
waters is well established (Steele and 
Yentsch, 1960). This maximum is most 
likely caused by the combination of sink- 
ing of larger phytoplankton cells from 
surface waters following nutrient deple- 
tion, and the establishment of a seasonal 
pycnocline within the euphotic zone (Ja- 
mart et al., 1977). This combination of 
biological and physical factors probably 
controls the composition of the SCM and 
its vertical extent. In some cases the 
SCM could be vertically compressed 
enough to form a thin layer, on the order 
of several meters thick. It is likely that if 
such layers are common in the marine 
environment, consumers have adapted to 

Michael E. Sieracki, Bigelow Laboratory for 
Ocean Sciences, W. Boothbay Harbor, ME 04575, 
USA. Dian J. Gifford, Graduate School of Ocean- 
ography, University of Rhode Island, Narragansett, 
RI, USA 02882. Scott M. Gallager and Cabell S. 
Davis, Woods Hole Oceanographic Institution, 
Woods Hole, MA, USA 02543. 

exploit this resource, and our observa- 
tions, based on inadequately resolved 
sampling and average food concentra- 
tions over the water column, would lead 
to erroneous conclusions. 

Chain-forming diatoms of the genera 
Thallasiosira and Chaetoceros often 
dominate the microphytoplankton on 
Georges Bank and in the Gulf of Maine 
during late spring and early summer. 
These organisms have been observed reg- 
ularly since the survey cruises of Bigelow 
in the early part of this century (Bigelow, 
1924). The assemblage in the Gulf of 
Maine can consist of >30 species of 
Chaetoceros alone (Lillick, 1940). More 
recent studies demonstrate that Chaeto- 
ceros is a dominant genera in coastal wa- 
ters of the Northwest Atlantic (Marshall 
and Ranasinghe, 1989). These studies, 
using traditional methods, were designed 
to map large-scale features such as the 
entire Gulf of Maine, Georges Bank, or 
the coastal U.S. waters. Smaller scale 
features such as patches and layers of 
cells are not resolved. Such features are 
undoubtedly important from the organ- 
isms' perspective as the conditions for 
growth and loss due to grazing or senes- 
cence must operate at the spatial scale of 
the cells. New technologies, such as the 
video plankton recorder (VPR), permit 
resolution of plankton distributions in situ 
that approach biologically relevant scales 
(Davis et al, 1992). 

Chaetoceros sociales commonly oc- 
curs as chains wrapped into large, hollow 
spheroidal colonies (Rines and Har- 
graves, 1988). The colonies are large 
enough to be visible to the naked eye and 
can be easily confused with Phaeocystis 
colonies when viewed in bulk water sam- 
ples without a microscope. The colonies 

have been observed to contain a variety 
of epiphytic algae attached to their sur- 
faces (J. Rines, personal communication). 

We encountered an extremely dense 
and vertically compact patch of C. so- 
cialis colonies while making a transect 
with the towed video plankton recorder 
on the southern flank of Georges Bank in 
early June 1994 and 1995. It was ob- 
served again in late May 1997 using stan- 
dard hydrographic methods. The patch 
was associated with the pycnocline lo- 
cated at the top of the "cold pool" 
(Houghton et al, 1982) of water that 
flows in a southwest direction there along 
the southern flank of the Bank. The depth 
of the pycnocline, and associated patch, 
varied from 20 to 40 m in the region. The 
source and fate of the patch was not 
known. We report here our observations 
on the spatial structure of the patch, a 
previously undescribed microbial associa- 
tion within C. sociales colonies, and mea- 
surements of copepod grazing on the 
colonies. 

Methods 
The C. socialis patch was observed on 

the southern flank of Georges Bank in 
late May or early June of 1994, 1995, 
and 1997. To determine the distribution 
of the patch, two VPR tow-yo transects 
were made in 1995 (Fig. 1). The VPR 
methods used in this study are described 
in Davis et al. (1996). C. sociales was 
readily distinguishable in the VPR im- 
ages by their shape, size, and texture (see 
Gallager et al, 1996, Fig. 6G for exam- 
ple images). Phaeocystis colonies were 
seen in VPR images from other areas of 
the bank at different times of year, and 
their images had smoother outlines, 
smoother texture, and scattered less light 
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Fig. 1: The study site was on the south- 
ern flank of Georges Bank. Results are 
shown for two video plankton recorder 
transects (VPR-8 and VPR-15), and a 
CTD station (228) where water was col- 
lected for nutrients, chlorophyll, and 
plankton analyses as well as for the 
Calanus grazing experiment. Also shown 
are four stations (HB) sampled in 1920 
by Henry Bigelow and referred to below. 

than the C. sociales colonies. They 
tended to have prolate spheroid shapes, 
whereas the C. sociales colonies were 
more spheroidal in shape. 

In 1997 colonies were collected from 
a station on the southern flank on 31 May 
in jars by scuba divers at 3-m-depth in- 
tervals through the layer of peak colony 
abundance. Colony counts were obtained 
directly from these jars by drawing multi- 
ple subsamples into the wide end of a 
glass 5 ml pipet and counting the 
colonies in it using a dissecting micro- 
scope (7.5 X magnification) aboard ship. 
At least 100 colonies were counted from 
each depth. 

In situ fluorescence, temperature, 
salinity, and transmissometry data were 
collected in addition to the video record 
of plankton distributions. The water col- 
umn was sampled from depths of 5, 30, 
and 50 m using Teflon-lined Go-Flo bot- 
tles mounted on a CTD rosette. Samples 
were collected for analysis of major nu- 
trients, chlorophyll, nanoplankton, and 
microzooplankton. Nutrients were ana- 
lyzed with a Technicon Autoanalyzer-2 at 
the Marine Environmental Research Lab- 
oratory of the University of Rhode Is- 
land. Size fractionated chlorophyll (total, 
<20 and <5 fim) was analyzed using a 
Turner Desighns model 10 fluorometer. 
Nanoplankton were analyzed by fluores- 
cence imaging cytometry (Sieracki et dl., 
1993), and microzooplankton were pre- 
served with 10% (v/v) acid Lugol's solu- 
tion, settled into counting chambers and 

Table 1 
Nutrients (/JM), participate org; uric carbon, and extracted chlorophyll levels at CTD 228 

Si03, PO„, N03 + N02, N02, POC, Chlorophyll, 
Depth, m lM /M fM lM «L"' A*gL"' 

5 0.89 0.20 1.77 0.08 179 3.31 
30 1.33 0.26 1.54 0.08 364 1.17 
50 1.05 0.10 0.99 0.06 493 0.84 

analyzed using a Zeiss Axiovert inverted 
microscope at a magnification of 200 X. 

The colony matrix proved to be ex- 
tremely delicate. Colonies were found 
only in water that was gently siphoned 
out of the top of Go-Flo bottles through 
wide diameter silicone tubing. Samples 
collected from the spigot at the bottom 
of the bottles did not contain intact 
colonies, nor was the colony matrix pre- 
served in acid Lugol's samples. Water 
for the copepod grazing experiment 
(Gifford, 1993) was siphoned gently 
from the top of the 30-m Go-Flo bottle. 
Individual female Calanus finmarchicus 
were picked live from a 333-/im vertical 
net tow and added to replicate bottles 
containing the in situ assemblage includ- 
ing C. sociales colonies. Control bottles 
consisted of the assemblage without 
copepods. Bottles were wrapped in neu- 
tral density screen to recapitulate in situ 
light intensity and incubated on-deck on 
a plankton wheel whose temperature 
was maintained by flowing seawater. 
Bottles were harvested at times zero and 
24 h and sampled for nanoplankton and 
microzooplankton prey as well as 
chlorophyll. The carbon content of indi- 
vidual copepods was measured using a 
Carlo Erba Model NA1500 elemental 
analyzer. Clearance rates were calcu- 
lated using the equations of Frost 
(1972). Ingestion rates were calculated 
according to Marin et al. (1986). 

Results and Discussion 

Water Column Properties and 
Community Structure 

The water column was stratified with 
respect to both salinity and temperature. 
The water temperature was 10.5°C at the 
surface and 6.6°C at 30 m. The fluores- 
cence maximum and transmission mini- 
mum associated with the C. sociales 
patch were located between -20 and 40 
m. Nutrient measurements indicate that 
southern flank waters were relatively re- 
plete (Table 1). Silicate was somewhat 
depleted at the surface relative to deeper 

water, but phosphate and nitrate were 
higher in surface waters. Similarly, 
chlorophyll was higher in surface water 
than at 30 or 50 m, suggesting that the 30 
m Go-Flo bottle did not sample the maxi- 
mum of the subsurface Chaetoceros 
patch. The area was hydrodynamically 
active due to tides and currents, and it 
was difficult to trigger the bottle closings 
within the C. sociales layer. 

Phototrophic nanoplankton were larger 
and more abundant at the surface than at 
30 or 50 m (Table 2). This resulted in a 
biomass (calculated from counting and 
sizing cells) at 5 m of 44 ßgCI\, double 
that of the biomass at 30 and 50 m. Het- 
erotrophic nanoplankton showed a maxi- 
mum in abundance at 30 m. Nanoplank- 
ton cells were smaller at this depth, so 
their biomass was relatively even through 
the water column (Table 2). Ciliate mi- 
crozooplankton were more abundant by a 
factor of 4 in the C. socialis layer than in 
the upper water column (Table 3). 

Chaetoceros sociales Distribution. The 
VPR#15 was an on-bank to off-bank tow 
that transected the C. sociales patch. Peak 
colony abundances were closely associ- 
ated with the top of the subsurface 
chlorophyll maximum near 25 m (Fig. 
2A), and the colonies persisted through- 
out the SCM. Colonies were correlated 
with in situ fluorescence (r2 = 0.80, Fig. 
2B). Colonies, although not quantified for 
the entire length of the tow, became more 

Table 2 
Population abundance, mean cell size, and biomass 

of phototrophic and heterotrophic nanoplankton 
(2-20 urn) at CTD 228 

Cell Mean Cell 
Depth, Abundance, Biovolume, Biomass* 

m No. ml"' pm* MgC L-' 

Phototrophs 5 3,074 65 44 
30 1,856 53 22 
50 1,816 50 20 

Heterotrophs 5 1,605 65 23 
30 2,162 45 22 
50 1,319 69 20 

^Calculated assuming a cell carbon density of 220 fg C 
fim 
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abundant farther along the tow where 
they caused a "white-out" of the video 
screen and saturated the fluorometer sen- 
sor (Fig. 3). Colony concentrations suffi- 
cient to cause the video screen to be 
filled are estimated to be -2,000-3,000 
per liter, so this is a minimum estimate of 
the peak colony concentration along this 
tow. C. sociales remained the dominant 
organism in the VPR images from the 
chlorophyll maximum depths for at least 
20 km along this on-bank to off-bank 
track. In VPR#8 (Fig. 4) the patch was 
intersected at a depth of -20 m at the 
southeast end of the "U"-shaped tow 
track. Both tows showed that the patch 
was narrowly compressed in the vertical, 
ranging in thickness from 5 to 15 m. The 
extent of the patch along the bank (in the 
approximately east-west direction) was 
not determined. 

In 1997 direct counts of the colonies 
in the fluorescence maximum layer 
showed densities ranging from 1,900 to 
3,300 per liter (Fig. 5). The peak abun- 
dance corresponded to peaks in in situ 
fluorescence and beam attenuation. It was 
located above the 1% light level and at a 
density gradient formed primarily by 
colder water below -20 m. 

Microscope observations of individual 
colonies. Live individual colonies were 
examined under phase and fluorescence 
illumination using a compound micro- 
scope (with vibration isolation) aboard 
ship (Fig. 6). The chlorophyll in the C. 
sociales cells appeared brightly fluores- 
cent (Fig. 6A) and dividing cells were 
common in the chains. There were very 
few attached epiphytes (Fig. 6B) as might 
be seen in senescent colonies. These ob- 
servations gave the impression of rela- 
tively healthy, growing diatoms. Exami- 
nation of about a dozen colonies at 
higher magnification (40 X objective), re- 
vealed the presence of several het- 
erotrophic protistan cells near the center 
of each colony, or the center of each lobe 
of multilobed colonies (Fig. 6, C and D). 

Typically there were between 2 and 10 
cells, each -6-8 /xm in diameter attached 
to the setae of the diatom near where 
they converge in the colony center. The 
protozoans were not morphologically dis- 
tinctive at this magnification. Due to the 
jumble of setae at the colony center it 
was not apparent exactly how the proto- 
zoa were attached. They did not appear to 
be choanoflagellates, or have distinctive 
cell walls or appendages. Every colony 
examined contained these cells, and they 
were only seen near the colony center. 
Only occasionally were other cells ob- 
served attached or associated with the 
colonies. A few colonies were observed 
to have a single pennate diatom on their 
periphery, as has been observed on 
Phaeocystis colonies and on the setae of 
a variety of diatoms, including C. so- 
ciales (Taylor, 1982 and references 
therein). Flagellates were occasionally 
seen swimming through a colony, di- 
amidinophenylindole (DAPI) staining of 
colonies revealed abundant, large (-1 
Um) bacteria growing within the colonies 
on the setae. These were presumably 
growing on dissolved organic matter re- 
leased by the diatom. These bacteria may 
be the food source for the heterotrophic 
protozoa found in the colony centers. In 
this case each colony may be a microbial 
consortia of interdependent organisms. 

The observed regular pattern of a small 
number of similar cells located within 
every C. sociales colony suggests what 
may be a species-specific epi-symbiotic 
association. Such associations are com- 
mon in tropical marine waters and in 
freshwater ponds and lakes (Taylor, 
1982), where various ciliates, flagellates, 
and dinoflagellates have been observed 
attached to setae and cell walls of di- 
atoms, including other species of 
Chaetoceros. To our knowledge this par- 
ticular association has not been described 
in the literature. It is similar, however, to 
an observation reported by Elbrachter 
and Boje (1978) of the diatom Thalas- 

Table 3 
Abundance of microzooplankton (cells per liter) at CTD station 228 

Aloricate Aloricate 
Ciliates, Ciliates, Thecate Athecate 

Depth, m 5-20 /an >20 pm Dinoflagellates* Mesodinium Dinoflagellatest Ceratium sp. 

5 1,008 288 324 414 540 643 
30 5,058 756 72 594 216 126 
50 2,682 306 18 396 162 144 

20 40 60 80 100 120 140 
Chaetoceros colony abundance (Wlitcr) 

Fig. 2: (A) Vertical profiles ofC. sociales 
colonies as determined from VPR images 
(thiri line), and in situ fluorescence (thick 
line) from the first two tow-yos from the 
VPR#15 transect. Values of colony abun- 
dance and fluorescence are added to the 
x-variable (position). The maximum value 
for Chaetoceros colony abundance in 
these two tow-yos is 228 per liter. The 
minimum value is zero (i.e., none seen in 
focus in a 2-s interval). The maximum flu- 
orescence value is 4.27 and the minimum 
is 0.62 (volts). (B) Linear regression of'm 
situ fluorescence versus colony abun- 
dance. The Chaetoceros data have been 
smoothed with a low-pass filter for com- 
parison with the fluorometry data. The 
minima were subtracted from all values 
of both fluorescence and colony abun- 
dance to yield a y = mx regression 
model. 

* Heterotrophic cells, mostly Protoperidinium sp. fHeterotrophic cells including Gymnodinium and 
Gyrodinium sp. 

Fig. 3: Sequence of vertical profiles of in 
situ fluorescence taken from the begin- 
ning of VPR tow #15. These alternating 
up and downcasts from the first hour of 
the tow have been offset by equal inter- 
vals to separate the profiles and show the 
sharpness of the subsurface chlorophyll 
maxima. The distance between successive 
profiles is -500 m, and the total distance 
shown is -6.4 km. Note the progressive 
sharpening of the peak along the transect 
and that the sensor was saturated at the 
peak of the eighth profile. 
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Fig. 4: Vertical section of in situ fluorescence along VPR tow #8. This section inter- 
sected the C. sociales patch at its southeastern end where high fluorescence was seen 
between -20 and 30 m. 

siosira partheneia, which forms hollow, 
cylindrical colonies with threads in the 
center. Small protozoa were observed in 
the center of these colonies that were 
found in high numbers in the Northwest 
African upwelling region. In contrast to 
the C. sociales, colonies these were colo- 
nized by a diverse assemblage of eukary- 
otic cells, including dinoflagellates, cili- 
ates, amoeba, and pennate diatoms, as 
well as bacteria. Waterbury and Caron 
(1987) observed this T. partheneia con- 
sortium in Gulf Stream waters in the 
western North Atlantic. 

Chlorophyll content and biomass of 
colonies. Individual C. socialis colonies 
contained a mean of 250 pg chlorophyll 
per colony (range: 120-490, AT = 45). 
Phaeopigment concentration was rela- 
tively high, averaging 800 pg per colony. 
Using a carbon to chlorophyll ratio of 50, 
this would yield an average carbon con- 
tent of 12.5 ngC colony-1. Assuming a 
concentration of colonies of 2,000 L-1 at 
its peak, that would mean the C. sociales 
patch contained up to 25 /xgC L-1, a bio- 
mass about equal to that of the pho- 
totrophic nanoplankton in the vicinity 
(Table 2). 

Copepod grazing rates on C. sociales 
colonies. Calanus finmarchicus females 

cleared 4.92 ± 4.42 (SD) ml copepod"1 h-1 

of total chlorophyll and 6.21 ± 2.84 ml 
copepod-1 h-1 on the >20-^tm fraction, 
which was dominated by the C. socialis 
colonies. The ingestion rate of chloro- 
phyll is equivalent to 44.7 //gC copeod-1 

day-1, or 52.7% of copepod body carbon. 
The copepods cleared nanoplankton and 
microzooplankton at rates of 6.62 ± 7.92 
and 24.03 ± 11.06 ml copepod h-1, re- 
spectively, equivalent to ingestion of 2.51 
and 1.39 /zgC copepod-1 day-1. Ingestion 
of heterotrophic prey accounted for 3.90 
/UgC copepod-1 day-1. Total per capita in- 
gestion of autotrophic and heterotrophic 
prey was 48.6 /xgC copepod-1 day-1, equal 
to 57% of copepod body carbon day-1, 
sufficient to support basic metabolism, 
growth, and reproduction. 

Conclusions 
An extensive patch of colonial C. so- 

cialis was observed on the southern flank 
of Georges Bank in June of 1994, 1995, 
and 1997. Bigelow (1924) described a 
similar patch of C. socialis below 20 m 
in the same vicinity 75 years prior (17 
May 1920) "congregated in such numbers 
that even the course-meshed net came 
back   clogged"   (stations   HB46   and 

C. sociales colonies/L • 
1500 2000 2500 3000 3500 

i   i U 

Fluorescence (volts) 
25.5       26        26.5 

Density (sigma t) 

Fig. 5: Vertical profiles of temperature, density, beam attenuance, in situ fluores- 
cence, and counts of Chaetoceros sociales colonies collected by scuba diving on 
31 May 1997. The depth of the 1% light level is shown (l%lo). The coefficient of 
variation for the replicate colony counts ranged from 18 to 40%. 
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Fig. 6: Colony structure of C. sociales observed on the southern flank of Georges Bank. 
(A) Fluorescence micrograph of a colony showing its tertiary structure. (B) Transmit- 
ted phase illumination of a colony. Each colony had one or two of the larger distinctive 
diatom cells like that near the center of this image. (C and D) At the center of each 
colony, or lobe of multilobed colonies, the setae converge, and a small consortia of 
protozoa resides there. Between one and seven protozoan cells were observed at each 
center. Scale bars are 50 /jm in A and B, and 10 f/m in C and D. 

HB128, Fig. 1). In contrast, Sears (1941) 
conducted a survey of the phytoplankton 
composition on Georges Bank from 
March to June and did not report the 
presence of C. sociales, indicating that 
there are years when it does not occur in 
such abundance. More continuous yearly 
observations would be required to deter- 
mine whether the presence or absence of 
the patch in late spring and early summer 
is the more common yearly phenomenon. 
If it were found to occur regularly every 
year, the C. sociales patch could act as an 
indicator of the physical, chemical, and 
biological conditions necessary for its 
concentration on Georges Bank over time 
scales that are relevant to climate change 
effects. 

Colony density in the patch was on 
the order of several thousands per liter. 
There was a distinctive consortia of pro- 
tozoa and bacteria at the center of each 
colony, at the convergence of the diatom 
setae. Female C. finmarchicus grazed on 
the colonies, as evidenced by the disap- 

pearance of chlorophyll in the >20-//m 
fraction, and on the nano- and microzoo- 
plankton located in the layer. The ob- 
served ingestion is well in excess of the 
daily respiratory requirement for C. fin- 
marchicus females, suggesting that the 
C. sociales patch and its associated 
nano- and microplankton fauna provided 
a concentrated food resource in the water 
column. This result bears on the persis- 
tent enigma of average food levels in 
marine pelagic ecosystems where bulk 
water column concentrations of prey or- 
ganisms are frequently inadequate to 
support the metabolic needs and growth 
of their consumers, yet the consumer 
populations grow and persist (e.g., 
Lasker, 1975; Mullin 1988). The pres- 
ence of patches and layers as a source of 
concentrated prey for higher order con- 
sumers may well explain this paradox. 
The copepod's grazing activity may also 
impact the patch in terms of maintaining 
at least its upper boundary (assuming the 
lower boundary is set by the pycnocline). 

At the average density observed with the 
VPR of 450 individual C. finmarchicus 
m \ the copepods would clear 7% of the 
water in the patch on a daily basis. At 
the maximum density of 2,500 nr\ 38% 
per day of the water would be cleared, 
suggesting that the impact of grazing by 
C. finmarchicus alone may significantly 
impact the structure and dynamics of the 
patch. 
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FEATURE 

FINESTRUCTURE, MlCROSTRUCTURE, AND THIN LAYERS 

By Thomas Osborn 

W, E ARE ALL FAMILIAR with the irregu- 
lar profiles from modern, high resolution 
conductivity-temperature-depth profilers 
(commonly called CTDs) freely falling 
vertical profilers, and towed thermistor 
chains (Figs. 1 and 2). In fact sufficient 
resolution was available back in the 
1930s with the advent of the Bathyther- 
mograph (BT) (Eckart, 1948) and even 
earlier through the use of the thermocou- 
ple (Schmidt, 1914; and Hacker, 1933). 
Figures 3 and 4 show thin layers of bio- 
logical material. Fish and copepods 
which swim can easily form layers, but 
what about some of the particles which 
are very small, neutrally buoyant, and 
only swim slowly, if at all. Are their pro- 
files related to the temperature, density, 
or their gradients? The easily measured 
profiles of temperature, salinity, density 
etc., carry a signature of the relevant 
physical processes. How much do they 
tell us about the formation of the biologi- 
cal and chemical layers? 

Microstructure refers to the signatures 
of oceanic turbulence at scales where 
moleulcar viscosity and diffusion are im- 
portant. Quantitative measurements at 
these scales (millimeters to centimeters) 
provide estimates of the cross-isopycnal 
diffusion rates. Finestructure is the label 
for larger features where the stratification 
limits the motion to the horizontal plane. 
Signatures of this stirring motion have 
horizontal scales substantially greater than 
their vertical scales. Eckart (1948) created 
the paradigm of stirring and mixing, 
which shows the significance of the pre- 
dominantly horizontal flow field, and the 
boundary conditions, in producing these 
irregular vertical distributions and layers. 

Thin layers are superficially like the 
physical finestructure features in thickness 
and extent. This similarity is a result of the 

Thomas Osborn, Department of Earth and Plan- 
etary Sciences, The Johns Hopkins University, Bal- 
timore, MD 21218-2681, USA. 

Fig. 1: Bathythermograph trace from Eckart (1948) showing temperature finestructure. 

density stratification which forces most of 
the motion to be horizontal and makes sharp 
vertical gradients out of weak horizontal 
gradients. In fact, it is useful to consider thin 
layers as the biochemical equivalent of the 
finestructure in temperature, salinity, or den- 
sity, with the caveat that the biological and 
chemical layers are forced by biochemical 
processes as well as physical processes. 
The biochemical processes interact and 

°C (cph)z     °C/m 
12 16 20  0 »200     - 5        0       -3 

couple with the physical processes. How- 
ever, while the coupling of processes may 
bind the biochemical layers to temperature, 
salinity, or density layers, it is the vertical 
shear of the horizontal currents in conjunc- 
tion with the horizontal gradients that have a 
major role in forming both thin layers and 
finestructure. Since the horizontal variations 
of biological, chemical, and physical param- 
eters can differ significantly, there is no a 

e so 

Q. 

Q 

(a) (b) 

Fig. 2: (a) Temperature, salinity, and potential density averaged over 0.03 m offCabo San 
Lucas showing a multitude of intrusions and finestructure features (modified figure from 
Gregg 1975). N2 is averaged over -0.8 m to show the finestructure in the density. The tem- 
perature gradient has not been smoothed, showing how the variance is at the microstruc- 
ture scales and the finestructure is not visible without averaging, (b) T-S diagram showing 
the different water masses in the region that contribute to the vertical profile. 
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Fig. 3: Vertical profiles of La Rochelle, France, with an in situ particle size profiler after 
Gentien et al. (1995) showing temperature, particle load, and percentage of dinoflagellates 
(% total phytoplankton). The closed and open circles are the locations of water samples. 

priori reason for thin layers and fine 
structure features to be firmly locked to- 
gether. Crucial, first order, measurements 
include the vertical profile of the horizontal 
velocity with resolution at the vertical scale 
of the thin layers and finestructure in con- 
junction with the variation in horizontal and 
vertical distributions of the biological, 
chemical, and physical fields. 

Carl Eckart: Stirring and Mixing 
In his early and very insightful paper, 

Eckart related the finestructure in temper- 
ature profiles collected with a BT, to the 
physical processes of stirring and mixing. 
Stirring of the fluid is accomplished by 
the spatial variations of the velocity and 
has two effects (Fig. 5). First, it increases 
the interfacial area between water parcels 
with different characteristics, and, sec- 
ond, it increases the property gradients 
across those interfaces. Both of these ef- 
fects increase the rate of transport by mo- 
lecular diffusion. When molecular diffu- 
sion smoothes out all the spatial 
variations, the fluid becomes uniform, 
i.e., well mixed. Mixing is molecular dif- 
fusion removing the inhomogeneities cre- 
ated by the stirring. 

Microstructure and Finestructure 
Finestructure and microstructure are 

both signatures of the stirring. Mi- 
crostructure is at the smallest scales, 
where molecular viscosity significantly 
affects the flow, and finestructure at 
larger scales where stratification is impor- 
tant (Gargett et al., 1984). 

Microstructure has scales that range 
from tens of centimeters downward, and 
the measurements are usually in terms of 
derivatives with respect to a spatial coor- 

dinate. The variance of the derivatives is 
concentrated at these scales and, for the 
case of velocity shear, determines the en- 
ergy dissipation. Also, at these small 
scales the effect of stratification is limited, 
and the flow approaches isotropy. Both 
the temperature and velocity microstruc- 
ture measurements produce estimates of 
the vertical eddy diffusivity (Osborn and 
Cox, 1972; Osborn, 1980), which com- 
pare favorably with direct measurements 
(Toole et al, 1994; Ledwell et al., 1993). 
This direct and quantitative application of 
the microstructure measurements has 
probably been a major reason why so 
much effort has been focused on mi- 
crostructure for the last 25 years. 

Finestructure as a term seems to apply 
to any wiggle or irregularity in a temper- 
ature, salinity, or density profile that can 
be seen by a CTD with vertical resolution 
of a meter. Fedorov (1978), in the intro- 
duction to the English edition of his 
book, uses the term "fine stratification," 
and the editor, J.S. Turner, identifies the 
generally accepted English equivalent as 
"finestructure." The signatures are inter- 
preted as layers of the water extending 
much further horizontally than vertically. 
These features can be generated in situ 
by vertical mixing, they can be the result 
of intrusions from adjacent water masses, 
or they can be the ephemeral signatures 
of internal waves. In any case, they are 
the result of relative motion in the water. 
The T-S diagram (a plot of temperature 
against salinity) is a useful tool in sepa- 
rating intrusive finestructure from the ef- 
fects of local mixing or internal waves 
Ochoa (1987). 

Finestructure can be identified either 
by looking at the property directly or at 

the gradient profile (Grant et al., 1961), 
if the gradient has been smoothed either 
by averaging the data or by using a 
sensor with limited frequency response. 
Full spectral resolution of the deriva- 
tive reveals the microstructure scale 
variations that often obscure the mean 
trend. In Figure 2 the density profile 
and the N2 profile was averaged over 
0.8 m vertically and shows the 
finestructure, while the temperature 
gradient profile reveals the microstruc- 
ture. Looking at finestructure with ver- 
tical gradient profiles involves an im- 
plicit averaging scale. The averaging 
scale is often not specified because it is 
"buried" in the details of the observing 
instrument and its role in how the data 
appears to the observer may not be ap- 
preciated. 

Given that finestructure appears in both 
temperature and "averaged" gradient pro- 
files, we must bear in mind that the two 
views of the same water are very differ- 
ent. First, an intrusion is usually thicker 
than its edges, at least the high gradient 
portion of its boundaries, so that while the 
temperature trace has one thick intrusion 
of order <10 m, the gradient profile sees 
two thinner boundaries, on the order of 1 
m vertically. Again, Figure 2 has a nice 
example of a 20 m thick salinity mini- 
mum that is much less obvious from the 
profile of N2. Second, although finestruc- 
ture in the temperature and its gradient 
arise due to spatial variations in the tem- 
perature and velocity field, we will see 
that the way in which these phenomena 
cause temperature finestructure is not the 
same manner by which they cause 
finestructure in the temperature gradient. 
When we compare biological and chemi- 
cal thin layers to the finestructure, we 
must be careful to recognize the different 
mechanisms for generating the finestruc- 
ture. 

Eckart's Analysis 
Eckart started from the heat equation 

(neglecting solar heating) written in tensor 
notation (i.e., summation over repeated 
indices) but no Reynolds' decomposition. 

w 
Dt ' <9xj9xj 

with 
D    a 
Dt dt + Ui dx, (1) 

where $ is the temperature, K the molec- 
ular diffusivity for heat, i and j(=l, 2, or 
3) are indices, X; are the three coordinate 
axes (i = 1 is the x axis, i = 2 is the y 
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Fig. 4: Profile of bioluminescence from the Gulf of Maine (Widder, 1997). Individual 
video frames (1 m wide) at the indicated depths show the different displays associated 
with the peaks in bioluminescence. At 20 and 137 m, the picture is characteristic of 
copepods. At 61 and 98 m, there are dinoflagellates. At 61 m there is a lobate 
ctenophore and at 206 m a cydippid ctenophore. 

(c) 

(d) 

(e) 

Fig. 5: Schematic after Eckart (1948) 
showing (a andb) the effect of a laminar, 
vertical shear on two adjacent water 
parcels. The shear converts a horizontal 
variation into a strong vertical differ- 
ence. The stirring increases the gradient 
and the interfacial area between the 
parcels. A circular eddy (c, d, and e) can 
increase lateral gradients, as long as the 
motion is not a pure rotation. Given the 
stratification of the ocean, a circular 
eddy is likely to be horizontal and may 
well involve vertical shear. 

1 £ (<!l\2 =   JL( 
2 Dt \8xJ  ~ K Ox. V 

'dx.dx, 

dxj 9xj9xi 

öUj m_ dd_ 

3Xj <9XJ <9xj 

C/Uj uv uv ,... 

Define the following by taking integrals 
over a volume of fluid. 

-SSlii 
■SI! 

öx[9xj 

flxj 9x, 9xj 

dr 

dr 

dr (5) 

axis, and i = 3 is the z axis) and Uj is the 
water velocity vector (whose components 
are u,, u2, and u3, which correspond to u, 
v, and w in regular notation). 

Because of the advective term, the 
gradient operator and the total deriva- 
tive operator do not commute, but 
rather: 

_3.D__D.JL    §!hJL 
d\j Dt     Dt 9xj     9XJ 9x 

u       5_____ o\ 

and 

V_d±_     3 d2d     du, dd 
Dt 9XJ        öXj dxf     öxj dxi 

Multiplying by the gradient gives: 

(3) 

G2 and I2 cannot be negative quantities. 
As we follow that volume of fluid 

along its path, the following equation 
holds: 

2dt' // 
Di? 

r-W — d<r - «I2 

Dt 
(6) 
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Temptrature    °C 

Fig. 6: From Lazier (1973) showing the time variability of the finestructure due to in- 
ternal waves. The profiles of temperature versus depth have a common depth axis, but 
each successive profile is displaced to the right by 0.108°C. The dotted line at the left 
represents the average profile over the 12 h of observation. 

where f is an outward pointing, unit vec- 
tor at the boundary. 

The magnitude of the gradient can 
change for three reasons: 1) heat flux and 
temperature change on the boundary, 2) 
molecular diffusion, and 3) spatial varia- 
tions in the motion. 

Because K and F are both positive 
quantities, molecular diffusion cannot in- 
crease the magnitude of the gradient. 
Thus, aside from a combination of a heat 
flux and temperature change at the 
boundary, the magnitude of the gradient 
can only increase due to motion. Inter- 
estingly enough, vorticity is not required. 

Because, 

du, _ 1 f3ui     9ui 
dxj     2 [dxj     dx, 

il      1 föu, _ duA 
J     2 l9Xj     dx,\ (7) 

and the second term, which is half the 
vorticity, is antisymmetric while the rest 
of the integrand is symmetric: 

\lli du,    du.) dd d-d , 

&Xj    dx,) 8x;dXj 
(8) 

Following that derivation, Eckart used a 
simple example. 

At t = 0, $ = ax + bz + c, and there is 
only horizontal motion in the x direction. 

dd       , , d-d       „, „ ._. _ + u(z)_ = KV2, (9) 

If we start from a situation like Figure 5, 
with large enough spatial scale that mo- 
lecular effects are negligible initially, 
then the solution to the above equation 
and boundary conditions is: 

and 

a[x - u(z)t] + bz + c 

Ö??     , du .lm 

&=b-at^- (10) 

For a while the magnitude of the 
vertical component of the temperature 
gradient can increase or decrease, de- 
pending on values of a, b, and du/öz, 
but eventually the time-dependent term 
will dominate and the magnitude of the 
gradient will increase. As the stirring 
continues and the gradient becomes 
stronger, the importance of the molecu- 
lar diffusivity term increases and will, 
eventually, have to be taken into ac- 
count. Then the balance will include 
the destruction of gradient variance by 
molecular diffusion. Eckart points out 
that there is no general proof that the 
magnitude of the gradient will always 
increase continually, noting that a ve- 
locity that oscillates in time would pro- 
duce a gradient that oscillates in time. 
A prescient foreshadowing of the re- 
versible finestructure caused by internal 
waves seen in Figure 6 from Lazier 
(1973). 

The derivation of Eckart's shows 
that the velocity field and the boundary 
conditions generate the structure in 
both the temperature and the tempera- 
ture gradient profiles. The same deriva- 
tion also applies to a nonreactive chem- 
ical compound, including salinity, the 
only change being to replace the ther- 
mal diffusivity by the appropriate 
chemical diffusivity. Now we see why 
in frontal regions the salinity and tem- 
perature profiles, and especially their 
finestructure, don't track each other 
(e.g., Fig. 2). The T-S relation is a 
melange of different water types, an- 
other way of saying the boundary con- 
ditions and horizontal gradients are dif- 
ferent for temperature and salinity. 
Thus, the stirring of velocity field pro- 
duces different results. An injected 
patch of dye with a different initial dis- 
tribution from either the temperature or 
salinity would also evolve a profile and 
finestructure that differed from the tem- 
perature, salinity, and their gradients. 
Kullenberg's (1974) experiments show 
the time development of such dye 
patches and the effects of shear in cre- 
ating finestructure layers. 

It is important to note that the intru- 
sion of a layer into a vertical profile can 
occur due to the vertical shear over an 
extended vertical region rather than ad- 
vection of just the "intruding layer." In- 
trusions can appear because of shear, 
not just by the interleaving of adjacent 
water bodies. The shear produces layers 
from what were previously horizontal 
differences. Given the large amount of 
velocity shear and the spatial hetero- 
geneity of the coastal ocean, it is not 
surprising that there is structure in the 
physical and biological parameters. In- 
trusions that cross isopycnals (Gregg 
and McKenzie, 1979) can also arise 
from shear in a stratified region with 
large horizontal gradients. 

Thin Layer Generation 
It is necessary to differentiate be- 

tween biological thin layers and chemi- 
cal thin layers composed of reactive 
compounds. Organisms obey a conser- 
vation equation similar to the heat equa- 
tion but with sources and sinks due to 
biological processes. They have the pos- 
sibility of motion relative to the water 
but lack the molecular diffusion term. 
Reactive chemical elements also satisfy 
a slightly different conservation equa- 

OCEANOORAPHVVOI. 11, No. 1*1998 39 



tion allowing for chemical reactions as 
well as molecular diffusion (Eckart, 
1940). For the sake of simplicity, we 
will consider the biological layer with 
the concentration specified as n = n(x, 
y, z, t) in units of numbers per unit vol- 
ume. There is summation over the re- 
peated subscripts. 

M™ (ID 

The velocity of the organisms is V, = 
Vj(x, y, z, t) (absolute velocity in space, 
not relative to the water), and y, is the 
net rate of production of the species. 
The velocity of the species relative to 
the flow is 

V; - u. (12) 

Here Uj is the water velocity, the same 
meaning as in the earlier derivation. The 
relative motion can arise from swimming, 
sinking/rising due to buoyancy differ- 
ences, slippage relative to the flow due to 
inertia, or the effects of finite size leading 
to relative motion. 

The flux of particles relative to the 
water is 

Ji = (nVi). (13) 

y can be written as the sum of two 
terms, the cell division (birth) rate and 
the mortality rate. These are frequently 
written as proportional to the local con- 
centration, although there is no require- 
ment that the factors of proportionality 
are constant in time or space. Let's de- 
fine the local production rate of cells = 
(j, • n, and the local mortality rate of 
cells = m • n. 

Rearranging and using the equation of 
continuity du/dXj = 0. 

Dn 
ox. 

(14) 

There is biological generation and dis- 
appearance of organisms, and their mo- 
tion relative to the water can be conver- 
gent or divergent, i.e., dJ/öXj # 0. Both 
of these mechanisms lead to local in- 
creases or decreases in concentration 
while following the same patch of 
water. The only way to have a large 
group of some species in a given parcel 
of water is for them to have grown 
there or to have moved relative to the 
water. In terms of Eckart's picture of 
the initial conditions in Figure 5a, that 
state could be generated by growth 

and/or aggregation. There is no diffu- 
sion of the organisms due to the poten- 
tially turbulent water motion because, 
as in the previous derivation of Eckart, 
there has been no decomposition of the 
flow into a "mean and fluctuating part." 
Therefore, following the flow means 
tracking the original water parcel no 
matter how convoluted it becomes. Ad- 
vection can change the concentration at 
a fixed location, but it does not change 
the concentration in a given parcel of 
water. 

The reference frame of a stationary 
observer, a mooring, a specific vertical 
profile, or a fixed sampling grid, is on 
the Eulerian reference frame. Then the 
time rate of change of the concentration 
at the fixed point is the partial deriva- 
tive with respect to time, which in ex- 
panded form is: 

an 
St 

dh     <9J,     dJ, 

on 
Vä^-W&    (15) 

The fixed observer is measuring dn/dt 
and the advective term, -u(ön/dx) - 
v(dn/dy) - w(dn/dz), appears to be a 
"source" of organisms. The profiles in 
Figures 3 and 4 are in the framework 
of a fixed observer. The thin layers 
seen there may have grown in situ, be 
due to aggregation from relative mo- 
tion, or may be due to the lateral in- 
trusion of water already containing 
high concentrations of those particles. 
This lateral intrusion can be accom- 
plished by a sheared flow as shown by 
Eckart's schematics in Figure 5. A 
thin layer could also be produced by 
the erosion of a thicker layer (this 
would be an advective effect, the car- 
rying away of water and particles) 
through predation or some other form 
of enhanced mortality rate. As well, 
physical processes affect birth rate, 
mortality, and relative motion. The 
coupling of physical processes back 
into biological rates and activities 
means that fi, m, and the J;s are all 
functions of position and time, as well 
as the history of the organism and its 
environment. 

Discussion and Conclusions 
Compare equation (15) to the equiva- 

lent version of equation (1) and equation 
(3) written explicitly for the vertical 
component of the temperature gradient. 

<w_ /a^5   a2*?   c?d 
at ~ K\a*2 + 9y2 + & 

and 

atlazi     ~K 

dti       dd        &&   ,,,. 

-u&-väTw& (16) 

KS) Kl) Kl)' 
ax2 af dz2 

'© 
ax 

dudti_dvdß_dwdd 
dz d\     dz dy     dz dz 

dz 
dl 

dy 

(S) 
dz 

(17) 

The temperature changes because of 
molecular diffusion and advection 
while the vertical component of the 
temperature gradient has comparable 
terms plus the additional one due to 
the shearing of the velocity. The equa- 
tion for the time development of the 
density of organisms (Eq. 15) looks 
much like the temperature equation, 
without molecular diffusion, but with 
the addition of birth, mortality, and 
relative motion. Thus the distribution 
of temperature, salinity, their gradi- 
ents, and biological concentrations are 
all strongly affected by the local, time- 
dependent, velocity distribution as 
well as the large scale sources and 
sinks for temporal and spatial variabil- 
ity (e.g., fronts, river discharge, 
storms). It is appropriate to think of 
thin layers as "biological finestruc- 
ture" because there is the strong role 
of the advection, but we must also 
bear in mind the dissimilar aspects of 
the source and sink terms. 

All three equations contain advection. 
The temperature and temperature gradi- 
ent equations also contain a molecular 
diffusion term. There is no term compa- 
rable with molecular diffusion in the 
particle equation because there is no re- 
quirement for the biological con- 
centration to diffuse at the molecular 
level. However, the equation for biologi- 
cal concentrations contains a divergence 
term, dJ/öx,, which has a similar mathe- 
matical form to the heat flux but with no 
constraint that the flux be down gradient 
because the biological term involves be- 
havior. The temperature gradient equa- 
tion contains terms involving products of 
the velocity and temperature derivatives. 
These terms can generate or remove 
finestructure. 
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Fig. 7: (a) Track pattern of the submarine Dolphin in Monterey Bay. The labeled 
brackets refer to different shear layers, (b) Pressure profile during the dive. The filled 
circles correspond to changes in heading shown in a. The shaded region indicates the 
range of the acoustic Doppler profiler, (c) Time series of 15-s average velocity profiles 
with a 1-m vertical sample interval, for the rising portion of the southeastward leg in a. 
The horizontal axis is elapsed time. U is along the axis of the submarine, and V is per- 
pendicular to the axis of the vessel. The U profiles are plotted at the correct depth, 
whereas the V profiles have been shifted down 30 mfor clarity of the display. Note the 
extensive shear apparent in the U velocity component from the start of the record to 
time 950 s (from Itsweire et al, 1989). This shear layer is labeled C2 in a. 

The particle equation contains birth 
and mortality, which do not appear in 
the temperature gradient equation. Be- 
cause these terms represent a source/sink 
in the interior of the volume of the fluid, 
they are mathematically similar to the 
terms for the generation/destruction of 
finestructure by shear in the temperature 
gradient equation. Again, however, they 
have a large behavioral component and 
are not just a signature of the physical 
processes. As well, the source/sink need 
not be spatially co-located with the gen- 
eration of temperature gradient fine- 
structure. 

Because the effect of the advection 
depends on the velocity field and the dis- 
tribution of the concentration (tempera- 
ture, salinity, density, or particles), there 
is no a priori reason why the tempera- 
ture/salinity/density finestructure or their 
gradient finestructure should line up with 
the finestructure of biological layers. 
Some alignment is inevitable because 
both are subject to the same velocity 
field, which is dominantly horizontal. 
But the fact that the physical and biolog- 
ical/chemical parameters are layered 
does not mean that the layers actually 
coincide. It is even more difficult to see 
why a nonswimming organism (or a 
chemical species) would align with the 
gradient finestructure, because there are 
significantly different source terms for 
the different features. Detailed resolution 
of the shear versus depth with resolution 
comparable with, or better than, the 
scales of the thin layers and finestructure 
is crucial. 

The preceding analyses avoided the 
question of "turbulent diffusion" and 
the possible destruction of finestructure 
and thin layers by turbulent mixing. 
Such an analysis is possible (Donaghay 
and Osborn, 1997). It produces addi- 
tional divergence terms (arising from 
the advective terms) in equation (15), 
which would spread the layer, depend- 
ing on the spatial distribution of the tur- 
bulence relative to the layer or 
finestructure. Turbulent diffusion can be 
incorporated into equations (16) and 
(17) by increasing the molecular diffu- 
sivity. However, that analysis is pushing 
the theoretical framework because the 
motion that produces the microstructure 
and finestructure is the turbulent mix- 
ing. When we consider all these pro- 
cesses, there is no longer the separation 
of scale necessary for the Reynolds de- 
composition into mean and fluctuating 
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parts. Work on thin layers and fine- 
structure brings us into the temporal and 
spatial scales where the streakiness of 
the horizontal stretching and the cross- 
isopycnal (essentially/almost vertical) 
transport by the turbulence are active 
and interactive. Again, we are asking, 
how does the velocity field interact with 
the vertical and horizontal distribution 
of the other parameters in the water col- 
umn? 

If, as Eckart's paradigm suggests, 
shear is the forcing for much finestruc- 
ture and thin layers, where does it come 
from? Two important sources are tidal 
currents and inertial currents. In coastal 
waters, these motions are sheared and 
rotate their direction with time, which 
makes it unlikely that they produce re- 
versible finestructure. Itsweire and Os- 
borne (1988) and Itsweire et al. (1989) 
observed layers >10 m thick where the 
shear exceeded 10 2 s_l, and rotated in 
the horizontal plane at the local inertial 
frequency (Fig. 7). In such a flow, 
points that start initially with only a 
vertical separation of 10 m, will be 1 
km apart horizontally in just 3 hours. 
Those shear layers were probably some 
form of near-inertial motion, and there- 
fore the shear propagated vertically and 
horizontally. As such, it could generate 
finestructure features at different depths 
as it moved through the water column. 
Information about the spatial and tem- 
poral distribution of the vertical veloc- 
ity shear in the water column at the 
vertical scales of thin layers and fine- 
structure is difficult to procure. Ship- 
mounted acoustic doppler current profil- 
ers (ADCPs) with sufficient resolution 
for those shear layers haven't had suffi- 
cient range to reach below the upper 
layer. Surface waves induce significant 
vertical displacement of the vessel. 
Moorings give a time series but don't 
show the spatial distribution. Techno- 
logical developments are improving the 
situation, but the measurements are still 
sparse. 

If we consider the index of papers in 
the Journal of Physical Oceanography 
since its inception, the relative dearth of 
papers on finestructure compared with 
microstructure is striking. I would sug- 
gest this situation is due to the combi- 
nation of observational difficulty and 
the lack of a quantitative structure for 
the application of the results. I know 
from personal experience that it is much 
easier to make and operate one mi- 

crostructure instrument than to produce 
and operate simultaneously several 
finestructure profilers. Thermistor 
chains, which give beautiful two-dimen- 
sional cuts through the ocean, are also 
very difficult to produce, calibrate, and 
operate (Mack, 1989). 

Thin layers and finestructure are dif- 
ficult to sample and resolve, given their 
three-dimensional and highly time-de- 
pendent nature. A good description of 
thin layers is needed. We need to have a 
good three-dimensional description and 
to compare and contrast measurements 
of the fine-scale physical processes at 
the same time in order to ascertain the 
spatial distributions and the interrela- 
tionships between the biological fields, 
the physical/chemical fields, the local 
advection, and turbulence. This is a first 
step in identifying the processes and in- 
teractions. What are the temporal and 
spatial scales? 

1) Vertical scales. How thin are the 
layers? Although this question is easy to 
ask and seems appropriate for descriptive 
purposes, great care must be taken that it 
is approached in an appropriate context. 
One of the early questions about 
finestructure was how thin do the layers 
become. The answer is that the layers be- 
come thinner and thinner as you look 
more closely, but the dynamics also be- 
come different. Somewhere below the 1- 
m vertical scale, the phenomena becomes 
small-scale turbulence and not the lateral 
layers with aspect ratio on the order of 
1,000 that were being studied. One is 
easily sucked down this path because it is 
the same measurement (usually tempera- 
ture gradient), and so you naturally think 
it is the same process as one goes to finer 
and finer scales. 

2) Horizontal scales. How far do thin 
layers extend? Are they continuous, or 
do they have holes or are just broken 
into quasi-continuous patches? What are 
the growth and mortality rates? How are 
the distributions related to the density 
profile, the temperature profile, 
finestructure features, and the occur- 
rence of turbulence? 

3) Time scales. How long do they 
last? Are they related to tidal and iner- 
tial processes. How quickly do they 
form? Short time scales (in a Lagrangian 
framework) suggest aggregation over 
growth. 

4) Stratification. How are thin layers 
related to the density surfaces? Do they 
cross density surfaces? Are some thin 

layers examples of the accumulation of 
particles at density interfaces? 

The fascinating measurements by Kul- 
lenberg (1974) show the variability of the 
signatures from the spreading and layer- 
ing of dye patches. Due to the passive na- 
ture of the dye, this variability arises from 
physical processes alone. When biological 
processes combine and interact with this 
situation, there will be strong coupling be- 
tween the physical, biological, and chemi- 
cal processes. Turbulence affects organ- 
isms directly through their survival rates, 
reproduction rates, feeding rates, and pre- 
dation rates. Internal waves and convec- 
tion in the upper layer affect the light his- 
tory and growth of phytoplankton by 
advecting them into, and out of, favorable 
environments. When looking at the dy- 
namics of thin layers, it will be important 
to relate the growth and mortality of the 
organisms to the basic physical parame- 
ters. These include not just temperature, 
light, and nutrients, but also local turbu- 
lence levels and history, local shear, and 
internal wave activity, as well as the mean 
circulation. The coupling of biological 
and physical processes will be rich. 
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FEATURE 

A MODEL FOR THE REFLECTANCE OF THIN LAYERS, 
FRONTS, AND INTERNAL WAVES AND ITS INVERSION 

By J. Ronald V. Zaneveld 
and W. Scott Pegau 

1 HE INTERPLAY OF physical and biogeo- 
chemical processes in the ocean can result 
in well-defined vertical gradients and max- 
ima in biological properties. When these 
gradients and maxima exist near the sea 
surface, it is possible to use satellite or air- 
borne remote sensing to infer physical 
structure of thin layers, fronts, and internal 
waves within the ocean. The necessary con- 
ditions for this application of remote sens- 
ing are tied to the Inherent Optical Proper- 
ties (IOP) of the water and to the local 
concentration (layers) of particles within 
the optical viewing range of remote sensing 
systems. In this paper, we use a two-stream 
radiative transfer model to demonstrate that 
discrete layers of particles (usually phyto- 
plankton) can provide sufficient remotely 
sensed reflectance to resolve associated 
subsurface physical features such as the 
depth of specific layers of optical materials, 
depth and position of frontal boundaries, 
and the wavelength and amplitude of near- 
surface internal waves. This inversion of re- 
motely sensed optical properties to obtain 
information on physical structure depends 
on the association of in-water biological, 
optical, and physical structure (for specific 
examples, see other articles in this issue). 

To understand when the conditions are 
right for such a visualization of physical 
properties via biooptical remote sensing, 
we need to look at the vertical structure of 
the optical properties in relation to the 
physical properties. The IOP (Preisendor- 
fer, 1976) govern the radiative transfer in 
the ocean. They are not directly dependent 
on the external lighting conditions. These 
IOP are due to paniculate matter, dissolved 
substances, and water itself. Of these three, 
it is the particulate matter, primarily the 
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phytoplankton, that determine the near-sur- 
face vertical structure of the IOP. The IOP 
are the absorption coefficient a(\,z), the 
beam attenuation coefficient c(X,z), and the 
volume scattering function /?(ö,\,z) (for 
definitions see Jerlov, 1976; Gordon et al, 
1979), where \ is the wavelength of light, 
z is the depth, and 6 is the scattering angle. 
The scattering coefficient b(\,z) is the inte- 
gral over all directions of the volume scat- 
tering function, and the attenuation coeffi- 
cient is the sum of the absorption and 
scattering coefficients, so that in practice 
only the absorption coefficient and the vol- 
ume scattering function need to be known 
to describe the behavior of radiance in a 
medium, if we ignore the usually minor 
contributions of polarization, inelastic scat- 
tering, and internal sources. 

The diffuse or irradiance reflectance R 
at a depth z is defined as the ratio of the 
upwelling irradiance Eu and the down- 
welling irradiance Ed. Hence R(z) = 
Eu(z)/Ed(z). This parameter has been ex- 
tensively modeled (for example Gordon et 
al, 1988; Morel, 1988; Gordon, 1989; 
Morel and Gentili, 1991), primarily be- 
cause of its ease of measurement since the 
irradiance sensor does not require absolute 
calibration. Remote sensing satellites 
sense radiance rather than irradiance, so 
that the models were subsequently modi- 
fied to look at the ratio of the upwelling 
radiance Lu and the downwelling irradi- 
ance (Zaneveld, 1982, 1995; Gordon et 
al, 1988; Gordon, 1992; Morel and Gen- 
tili, 1993). The ratio Rrs(z) = Lu(z)/Ed(z) as 
used in the later papers is often called the 
remote sensing reflectance. Instrumenta- 
tion was also developed to measure the 
upwelling radiance spectrum. 

In this paper we develop a simple 
model to study under what circumstances 
features like the slopes of fronts, ampli- 
tudes of internal waves, and thicknesses of 
thin layers can be determined from remote 

sensing. Forward radiative transfer models 
are available (e.g., Mobley et al, 1993) for 
the determination of reflectance in strati- 
fied optical systems. Calculating the re- 
flectance for an arbitrary vertical optical 
structure is thus possible. We are interested 
here in developing an inversion scheme, 
which requires a simpler two-stream 
model. These simpler models calculate the 
fluxes in the upward and downward direc- 
tions only. Full radiative transfer modeling 
is less well suited to this task than two- 
stream models because the results of the 
full radiative transfer models cannot be 
mathematically inverted without first fitting 
empirical models to the results. Because of 
their simple mathematical structure, two- 
stream models lend themselves well to the 
inversion task. On the other hand, results 
are only approximate, and careful attention 
must be paid to the conditions under which 
they can be applied. 

A Two-Stream Model for Physical 
Structure 

To model the reflectance for various op- 
tical stratifications due to physical structure, 
we employ a simple two-stream model 
such as that used by Philpot and Ackleson 
(1981), Philpot (1987, 1989), Maritorena et 
al. (1994), and others to study the effect of 
bottom albedo on the remotely sensed re- 
flectance. These approaches all have com- 
mon two-stream assumptions (Preisendor- 
fer, 1976); it is assumed that there is some 
backscattering parameter B(z) that charac- 
terizes the redirection of light upward, and 
that there is some attenuation coefficient 
g(z) that characterizes the round trip attenu- 
ation from the surface to a given depth z 
and back. The paper by Maritorena et al 
(1994) provides an excellent discussion of 
the errors resulting from these assumptions. 
It should be noted that the diffuse re- 
flectance and the remote sensing reflectance 
can be modeled by the same mathematical 
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formalism, but the values of the parameters 
must be changed. 

We will divide the water column into N 
homogeneous layers. The value of the IOP 
in each layer will be determined by the de- 
sired vertical distribution of optical proper- 
ties. In accordance with the simple model 
we will assume that each layer has a dif- 
fuse attenuation coefficient g(z) that de- 
scribes the round trip attenuation of the up- 
welling and downwelling irradiance 
through the layer. We will also assume that 
the irradiance reflects according to some 
backscattering coefficient B(z). With the 
above very simple notation, one can write: 

Eu(0-) = Ed(0-) 

/ 
t        B(z)e-2T

E(z)dz,     (1) 

where 

Tg(z) -r g(zjt) dzTt. (2) 

Eu(0") and Ed(0") are the upwelling and 
downwelling irradiances just below the 
surface, and the parameters B(z) and g(z) 
are apparent optical properties because 
they depend both on the inherent optical 
properties and the radiance distribution. 
The integrals can be broken down into 
sums over a number of depth intervals if 
the B(z) and g(z) parameters are assumed 
to be constant in each depth interval. The 
nth interval covers depths from zn to zn+1, 
with Azn = zn+1 - zn, and has optical 
properties of Bn and gn. Substitution into 
equation (1) and integration then yields: 

win- -*=£!- y P'B R(0)-   Ed(0-)- JJ      B" 

xexp 1-2 

xexp 

PgCzOoV 

t* i: dz' 

= l{^[l-exp(-2gnAzn)] 
n=l    I Z6n 

x exp I- I 2giAZi)}   (3) 

We note that the term 

Tn
2 = exp(-i:2g1Azi]        (4) 

is the attenuation of light to the top of the 
nth layer and back to the surface. The re- 
flectivity of layer n if it were at the sur- 
face would be: 

R„=^2-[l-exp(-2gnAzn)].     (5) 

Equation  (3)  can  then be  simply 
rewritten as: 

R(0-)=   I(Tn
2Rsn) (6) 

n=l 

If the layer in equation (5) were infi- 
nitely thick, the reflectance would be: 

R-„= T5
-. (7) 

2g„ 

Equation 7 is important because it al- 
lows us to measure or calculate the ratio 
of the parameters Bn and gn for given IOP 
and surface radiance distribution. 

With this notation we can rewrite 
equation (6) as: 

N 

R(0~)=  ER,(Tn
2-TJ,).     (8) 

The formulations in equations (6) 
and (7) can also include the bottom. In 
those cases the reflectance for the deep- 
est layer, R„N, is simply the bottom 
albedo. 

Combining equations (7) and (3) for 
two layers, with the second layer being 
optically infinitely deep, we obtain: 

R(0-) = Rcol[l-exp(-2g]Az1)] 

+ R„2 exp(-2glAZl).     (9) 

Depending on the thickness of the first 
layer, Az„ the reflectance can vary from 
RMl to RM2. If we now look at the N lay- 
ered model, but only vary the thickness 
of the first layer, we can deduce from 
equation (3) that: 

R(0~) = R„1[l-exp(-2g1Az1)] 

+ exp(-2g]Azj) 

x I j^[l-exp(-2gnAzn)] 
n=2    I Zgn 

xexp(-I 2giAz1)}.   (10) 

By setting 

N     I" g 

R2N= IiT
2-[l-exp(-2gnAz11)] 

n=2       2gn 

xexp I- I 2giAziU,   (11) 

We then get that: 

R(0-) = R0Ol[l-exp(-2g1Az1)] 

+ R2Nexp(-2glAZl),     (12) 

so that by comparison with equation (9) 
it is seen that the entire structure of lay- 
ers 2 through N can be considered to be a 
single layer (layer 2N) as far as the de- 
pendence of the irradiance reflectance on 
a changing thickness of the first layer is 
concerned. Layer 2N is infinitely deep. 
Solving for the optical depth of the first 
layer gives: 

gjAz^-OJln 
R(0-)-Ra 

R2N 
— R»i 

(13) 

Equation (13) shows that if we can 
measure R.., and R2N, we can determine 
the variable optical depth of the first 
layer, Azj g1; if R(0") is measured as a 
function of location. This concept is 
critical to what follows. If we have a 
stratified ocean in which a layer of 
varying thickness with homogeneous 
properties overlies the remainder of the 
ocean, which can contain any number of 
layers, we can then determine the opti- 
cal thickness of the first layer, g, Azl5 

provided the optical properties of the 
first layer do not covary with the optical 
properties of the layers below it. To do 
so, we must be able to measure the re- 
flectance of the first layer where it is 
optically infinitely deep (Rral), and the 
reflectance of the combination of the 
second through Nth layer in a location 
where the first layer does not exist 
(R2N). With the above equations in 
hand, a number of geometries can be re- 
solved. 

Reflectance of Physical Features 

Thin Layers 
Generation mechanisms of the thin 

layers are discussed elsewhere in this 
volume. The high concentration of bio- 
logical materials in these layers results 
in increases in the scattering and ab- 
sorption characteristics in these layers. 
Thin layers are usually present offshore 
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of coastal upwelling fronts and at the 
bottom of the mixed layer. This was 
observed by Zaneveld and Pak (1979), 
who discussed "optical amplification" 
of physical features. At the time, only 
beam attenuation could be measured in 
a continuous vertical profile. Recent 
advances in instrumentation (Moore et 
al, 1992; Zaneveld et al, 1994) now 
allow us to determine the spectral ab- 
sorption, attenuation (and hence scatter- 
ing) coefficients in a continuous verti- 
cal profile at the same time, and space 
scales as the physical parameters. By 
means of filtering the intake of the 
flow-through in situ instrumentation, it 
is even possible to separate the effects 
due to dissolved and particulate compo- 
nents. It is, of course, this instrumental 
advance that has sparked the current in- 
terest in the interaction of the biology, 
physics, and optics of thin layers. 

We can model a thin layer as one in 
which the inherent optical properties 
are much larger than in the water im- 
mediately above and beneath it. Equa- 
tion (3) would thus apply. From equa- 
tions (3) and (12) we see that the 
influence of the thin layer on the re- 
flectance depends exponentially on its 
depth and on the reflectance of the thin 
layer if it were infinitely thick and at 
the surface (as expressed in Eq. 7). 
From equation (13) we see that we can 
only invert for the depth of the thin 
layer if R2N is known, or we can solve 
for the optical properties via R2N if the 
depth is known. 

Fronts 

At oceanic fronts the physical struc- 
ture is usually accompanied by strong 
gradients in optical properties (Zaneveld 
and Pak, 1979). The front is modeled as 
a wedge of homogeneous watermass 1 
overlying stratified watermass 2. Figure 
1 shows the structure of the hypotheti- 
cal front. Referring to equation (12), 
watermass 1 would have a reflectance 
of R„,, if it were infinitely deep, and 
watermass 2 would have a reflectance 
of R2N. Note that watermass 2 does not 
need to be vertically homogeneous. If 
locations are known where the pure wa- 
termasses occur, R„, and R2N can be 
measured at those locations. Such a lo- 
cation is found for watermass 1 at a dis- 
tance from the front where the upper 
layer is thick enough to have become 
optically  infinitely  deep.  It can  be 

Fig. 1: Structure of a hypothetical front. 
Watermass 1 is physically homogeneous. 
At some distance from the front, the opti- 
cal depth (OD) of watermass 1 becomes 
infinitely large. The reflectance /?„,, is 
measured here. The reflectance of the 
stratified watermass 2 is measured at the 
other side of the front. For further de- 
tails, see the text. 

shown that when watermass 1 overrides 
stratified watermass 2 and forces it to 
subside, the layers are stretched so that 
they become thinner perpendicular to 
the boundary of the two watermasses, 
but retain the same thickness in the ver- 
tical direction. The R2N that is valid 
when the layers 2 through N has hori- 
zontal boundaries is thus also valid for 
inclined boundaries. 

The vertical structure of a front can 
then be determined from optical re- 
mote sensing using the following ap- 
proach. The reflectance is measured on 
either side of the front at a location 
where the reflectance has become con- 
stant as a function of distance from the 
front. This determines parameters R^ 
and R2N in equation (13). The reflectance 
is then measured as a function of loca- 
tion across the front. Equation (13) is 
then applied to determine the optical 
depth at each location. The actual 
depth can then be determined if g, is 
known. Maritorena et al. (1994) have 
shown that g, is 1.01 to 1.33 times 
greater than the downward diffuse at- 
tenuation coefficient Kd (which in turn 
is a few percent different from the 
total diffuse attenuation coefficient). 
Fairly good algorithms for the deter- 
mination of K(490) from remote sens- 
ing exist (Austin, 1981), thus at the 
"pure" watermass 1 location the K(490) 
of the overriding watermass 1 can be 
determined. With the use of relations 
between g and K as in Maritorena et 
al. (1994), it is then possible to deter- 
mine the depth of the interface using 
equation (13). 

Sloping Bottoms 
It is interesting to note that the same 

procedure can be applied to a water- 
mass of varying depth overlying a bot- 
tom. In that case R2N is the bottom 
albedo, and equation (13) can be used 
to derive bottom depth by the same ap- 
proach. This method was used by 
Philpot and Ackleson (1981) to experi- 
mentally determine bottom depth using 
a known bottom albedo. A similar ap- 
proach was used by Maritorena et al. 
(1994). It does not appear to have been 
recognized that R2N and hence the 
albedo can be determined remotely in 
very shallow water. If the nature of the 
bottom and therefore the albedo does 
not change, the bathymetry can be de- 
termined entirely by passive remote 
sensing using an approach very similar 
to that for fronts, without any a priori 
knowledge of the bottom albedo. In the 
bottom case we should measure the re- 
flectance in very shallow water close 
to shore. This will be reflectance R2N. 
The layer 2N thus consists of a thin 
layer of water and the bottom. Physi- 
cally homogeneous watermass 1 over- 
lies this layer, and its thickness consti- 
tutes the bathymetry. The thickness of 
watermass 1 and the bathymetry are 
then determined in an identical way to 
that described above. The key here is 
that no a priori knowledge of the bot- 
tom albedo is necessary. The only re- 
quirement is that for accurate bathyme- 
try the albedo must not change. This 
method could be of use in inaccessible 
areas. Tidal range can also be deter- 
mined in this way. 

Internal Waves 
It is quite common for internal waves 

to occur at density interfaces. In that 
case internal waves will continuously 
change the depth of a layer, which will 
modify the reflectance. Such an event 
was observed at East Sound where the 
ocean color was seen to change from 
light whitish green to dark green with a 
periodicity of minutes. Unfortunately, no 
time series record was obtained. With 
the use of equation (12), the dependence 
of the irradiance reflectance on an inter- 
nal wave can readily be modeled. Sub- 
stituting 

Az, (t,x) = z2 + A cos(wt + kx),      (14) 

where A is the amplitude, u> the fre- 
quency, and k the wavenumber of the in- 
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ternal wave, into equation (12), leads to 
the desired relationship: 

R(0",t,x) = Rcol 

x(l-exp{-2g][z2 

+ Acos(wt + kx)]}) 

+ R2Nexp{-2g1[z2 

+ Acos(wt + kx)]}.     (15) 

Because the amplitude appears in the 
exponent, there can be a considerable 
nonlinear influence on the reflectance at 
the surface. 

Inversion of the internal wave case is 
interesting because in this case the layer 
2N does not occur at the surface, in con- 
trast to the frontal case. The amplitude of 
the internal wave can still be solved for, 
however, because the reflectance R2N 

does not need to be known, as will be 
demonstrated. We take layer 2N to con- 
sist of the water mass structure from the 
top of the interface on which the wave 
rides, downward to infinity. At location, 
x„ where the wave is closest to the sur- 
face, the depth of the density and optical 
interface on which the internal wave 
rides is z2 - A, and the reflectance is 
R(X[). At location x2, where the wave is 
furthest from the surface, the depth of 
the internal wave is z2 + A, and the re- 
flectance is R(x2). Applying equation 
(13) at X! and x2 and subtracting then 
gives: 

[(z2 + A)-(z2-A)]gl 

: -0.5 In 
R(x2)-R„, 

R?N — R« 

+ 0.5 In 
R(xi)-R« 

R2N - R»i 

or 

2Agl=-0.51n 
R(x2)-R., 

R(xi)-R« 
.   (16) 

The optical amplitude of the internal 
wave can thus be determined, and the ac- 
tual amplitude can be approximated if g, 
can be determined via the diffuse attenua- 
tion coefficient K. 

Discussion 
The applicability of the inversion is 

by no means universal and is dependent 
on several factors. The difference in the 
reflectances of the watermasses, as in 
equation (13), must be large enough to 
obtain meaningful results. Different re- 
mote sensing instruments have vastly 
different sensitivities in terms of deter- 
mining the reflectances. The error in de- 
termining the reflectances greatly influ- 
ences the ability to invert. Finally, the 
parameter g[ must be determined to ob- 
tain the actual depth. An excellent dis- 
cussion on the dependence of this param- 
eter on external lighting conditions and 
the IOP can be found in Maritorena et al. 
(1994). As stated above, they concluded 
that K < g[ < 1.32 K. This parameter 
alone can thus lead to a 15% error if we 
assume that g, = 1.16 K. 

Further work is needed to test the ap- 
proach outlined above using satellite or 
aircraft optical remote sensing. At pres- 
ent, satellites typically have pixel sizes 
on the order of 1 km, so that they could 
only be used for the largest scale fea- 
tures. Aircraft remote sensing would thus 
be more appropriate for the optical detec- 
tion of physical features. It would be use- 
ful to determine the optical and physical 
structure of the ocean during remote 
sensing in order to assess the viability of 
the approach. 
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FEATURE 

EFFECTS OF A THIN LAYER ON REFLECTANCE AND 
REMOTE-SENSING REFLECTANCE 

By A.A. Petrenko, J.R.V. Zaneveld, 
W.S. Pegau, A.H. Barnard 

and CD. Mobley 

O, "PTICAL REMOTE SENSING using satellites 
holds the promise of determining biologi- 
cal and optical properties globally. Much 
research has been carried out on the inver- 
sion of the spectral radiance signals de- 
tected by satellite. However, almost all in- 
version algorithms are based on the 
assumption of a homogeneous ocean. How 
do thin layers of paniculate matter affect 
the reflectance of the ocean? A thin layer 
exhibits increases in absorption and scatter- 
ing parameters (inherent optical properties, 
IOPs) (Preisendorfer, 1961) compared with 
surrounding waters. These increases are 
due primarily to phytoplankton and in a 
lesser degree to dissolved organic matter. 

It is intuitive that the deeper a thin layer 
is in the ocean, the smaller its influence on 
the reflectance at the surface. It is also in- 
tuitive that the thinner the layer, the less 
change in reflectance. It is perhaps not as 
obvious that, under certain circumstances, 
the thin layer can have no overall effect on 
the reflectance even if its absorption and 
scattering coefficients are an order of mag- 
nitude larger than the coefficients of the 
surrounding water. In effect, the layer may 
be invisible to remote sensing, even though 
it has significantly higher inherent optical 
properties than the surrounding water. This 
paper will address these issues and provide 
some examples of the effect of an idealized 
thin layer on reflectance. 

Algorithms have been developed to 
derive the concentration of chlorophyll in 
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the ocean from surface irradiance re- 
flectance (R) or remote-sensing re- 
flectance (Rrs). Such algorithms were 
based on the assumption that reflectance 
of a stratified ocean was equal to the re- 
flectance of a homogeneous ocean with a 
phytoplankton concentration equivalent 
to the depth-weighted average of the real 
phytoplankton concentration profile (Gor- 
don and Clark, 1980). This was later 
proved to be true only when the absorp- 
tion coefficient (a), the scattering coeffi- 
cient (b), and the chlorophyll concentra- 
tion all covary with depth (Gordon, 
1992). Thin layers could affect R and Rrs 
if their IOPs do not covary with depth. 

Elsewhere in this volume, Zaneveld 
and Pegau (1998, this issue) have shown a 
simple two-flow model for the reflectance 
of a stratified ocean. Their equation (8) ex- 
plains the phenomena mentioned above. 
The ocean is assumed to consist of N lay- 
ers. Each layer is characterized by its "in- 
herent reflectance" defined as the re- 
flectance it would have if the layer were 
infinitely thick. The contribution of the 
layer to the overall reflectance of the 
ocean depends on the inherent reflectance 
of the layer weighted by factors propor- 
tional to the depth and thickness of the 
layer. A deeper, thinner layer contributes 
less to changes in R than a shallow, thick 
layer. However, equation (8) in Zaneveld 
and Pegau also shows that, if all layers 
have the same inherent reflectance, the 
reflectance of that stratified ocean is indis- 
tinguishable from the reflectance of a 
homogeneous ocean. The inherent re- 
flectance does not necessarily change if 
the IOPs change in absolute value. The in- 
herent reflectance is often expressed as 
0.33 bb/a (Morel and Prieur, 1977), where 
bb is the backscattering coefficient. If b,/a 
is constant, then even a layer with very 
high IOP can have the same inherent re- 

flectance as one with low IOP. If we were 
to insert a thin layer in a homogeneous 
ocean, the layer would influence the re- 
flectance at the surface only if its inherent 
reflectance was different than the re- 
flectance of the water it replaced. 

We will illustrate these effects with 
some examples based on in situ measure- 
ments. A thin layer, observed in East 
Sound, Orcas Island, WA, was character- 
ized by locally higher IOPs. The ob- 
served thin layer had significant vertical 
structure within it (Fig. 1). The IOPs did 
not covary with depth; the scattering to 
absorption ratio fluctuated significantly 
both in the thin layer compared with the 
rest of the water column and within this 
layer. To estimate how reflectances de- 
pend on the depth and thickness of this 
observed thin layer, it was decided to 
model this feature with an idealized thin 
layer. The inherent optical properties of 
the idealized thin layer were chosen on 
the basis of the optical properties mea- 
sured in situ. R and Rrs were evaluated 
using the Hydrolight numerical radiative 
transfer model (Mobley, 1994). Changes 
of R and Rrs in the presence of the thin 
layer were compared with a homoge- 
neous water column. The depth and 
thickness of the idealized thin layer were 
then varied in order to estimate their in- 
fluence on R and Rrs. 

Methods 
Absorption and scattering coefficients 

were derived from in situ measurements 
collected with an absorption and attenua- 
tion meter at nine wavelengths (ac-9; 
WETLabs, Inc). The measurements were 
taken on 1 June 1996 in East Sound, a 
fjord on Orcas Island, WA in Northern 
Puget Sound (Hanson and Donaghay, 
1998, this issue). Values of absorption 
and scattering of the idealized thin layer 
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Fig. I: Vertical profiles of (A) tempera- 
ture, (B) salinity, (C) absorption, and (D) 
beam attenuation coefficients at 440 nm. 
IOP 0 corresponds to the measurements 
taken around 1 m, IOP 1 to those col- 
lected in the shallower part of the thin 
layer, and IOP 2 to those collected in the 
deeper part of the feature. 

were represented by the average values 
obtained within the in situ thin layer. 
Two extreme cases could be distin- 
guished within the observed thin layer: 1) 
a low ratio of scattering to absorption 
(b/a = 0.11) at 2.5 m (IOP 1) and 2) a 
high ratio of scattering to absorption (b/a 
= 4.45) at 3.1 m (IOP 2; Figs. 1 and 2). 
For the water column outside the thin 
layer, the average values of the absorp- 
tion and scattering coefficients around 1 
m depth were used (IOP 0; Fig. 1). The 
average measured spectral values of a 
and b of these three cases (IOPs 0, 1, and 
2) were splined over the visible spectra 
every 10 nm. Basic boundary conditions 
were applied to force the spline func- 
tions; the a values were equal to the pure 
water value at 700 nm, and the b values 
were chosen at 400 and 700 nm by lin- 
ear extrapolation (Fig. 2, A and B). A 
Raleigh phase function was used for the 
scattering due to the pure water, and an 
average of three Petzold phase func- 
tions (Petzold, 1972; Mobley et al., 
1993) was used for the paniculate scat- 
tering. The ratio of backscattering to 
absorption (bb/a), (i = 0, 1, and 2) was 
calculated for the three basic IOP cases 
using the bb/b ratios for the Petzold 
volume scattering function. (bb/a)2 was 
higher than (bb/a)0 and (bb/a), through- 
out the visible spectrum; (bb/a), was 
lower (higher) than (bb/a)0 for wave- 

lengths shorter (longer) than 600 nm 
(Fig. 2C). 

R and Rrs were estimated with the 
Hydrolight numerical radiative transfer 
model (Mobley, 1994). We used the fol- 
lowing set of assumptions in the model: 
horizontally homogeneous ocean, real 
sky radiance distribution, sun at 45° from 
the zenith, plane air-water interface (no 
wind), and no internal sources of light. 
For this study, the model was run with 
different permutations: varying the IOPs 
of the thin layer (IOPs 1 or 2), the thick- 
ness of the thin layer (10 cm to 1 m), and 
its position in the water column (surface 
to 19-20 m depth). In all cases, the rest 
of the water column was homogeneous 
(IOP 0) and infinitely deep. 

Results 
When a thin layer of IOP 1 is added to 

the homogeneous (IOP 0) water column, 
the reflectance is referred to as R01(i, j), 
where i indicates the depth of the top of 
the thin layer (in meters) and j indicates 
the thickness of the thin layer (in meters). 
R for the homogeneous water column of 
IOP 0 is designated as R0. 

Idealized Thin Layer of 1-m Thickness 
Spectral variability of R and Rrs. 

We examined the influence of the bb/a 
ratio on R and Rrs. When the thin layer 
was located at the surface, R01(0,l) (i.e., 
reflectance with a 1-m thick layer of IOP 
1 at the surface) and R02(0,l) were dis- 
tinctly different from R0 (Fig. 3). Large 
changes in reflectances were due to the 
presence of the thin layer. Spectrally, 
R01(0,1) ranged from 9 to 600% of R0. 
R02(0,l) was higher than R0 throughout 

400 4S0 500 SS0 600 650 700 
Wavelength (nm) 

Fig. 2: Spectra of (A) absorption coeffi- 
cient, (B) scattering coefficient, and (C) 
b/a. The color convention in the figures 
is black for IOP 0, blue for IOP 1, and 
red for IOP 2. 

OUT OF THE THIN LAYER 

Fig. 3: Spectra of (A) R, (B) Rrs in per- 
cent. Solid lines are for R0 (black), 
R0I(0,1) (blue), and R02(0,l) (red); 
dashdot lines for R01(0,0.5) (blue) and 
R02(0,0.5) (red); and dotted lines for 
R01(0,0.I) (blue) and R02(0,0.1) (red). 

the visible spectrum (Fig. 3), ranging 
from 290 to 800% of R0. R0, R01(0,l), 
and R02(0,l) exhibited spectral shapes 
similar to the shapes of their respective 
bb/a ratios (Figs. 2C and 3). The spectral 
variability of Rrs was qualitatively identi- 
cal to that of R in the three cases. 

Variability ofR and Rrs due to the ver- 
tical position of the thin layer. When the 
thin layer was deeper, R was closer to R0 
(Fig. 4). For all wavelengths (only shown 
here for 410, 440, 520, and 550 nm), R 
increased (decreased) exponentially to the 
homogeneous case R0, the deeper the thin 
layer of IOP 1 (IOP 2) was located (Fig. 
4). Rrs followed the same trend as R (data 
not plotted). The convergence of Rrs to 
RrsO occurred when the thin layer was lo- 
cated at a deeper depth than that for 
which R converged to R0. This implies 
that Rrs was more sensitive to the pres- 
ence of deep thin layers than R. 

Surface Thin Layer of Varying Thickness 
While the thin layer was maintained at 

the surface, its thickness was diminished 
from 1 m to 50 and 10 cm. The spectral 
shapes of both R and Rrs for the 50-cm 
layer were similar to those for the 1-m 
thick layer (Fig. 3). R01 (0,0.5) ranged 
from 11 to 476% of R0. R01(0,0.5) was 
lower than R0 until 600 nm and higher 
than R0 at longer wavelengths. R02(0,0.5) 
was higher than R0 throughout the visible 
spectrum (Fig. 3), with a range of 
232-631% of R0. Both R01(0,0.5) and 
R02(0,0.5) still mirrored the shape of the 
bb/a relation of their respective thin layer 
(Fig. 2C). For a 10-cm-thick layer, the R 
spectra converged toward R0 (Fig. 3). 

OCEANOGRAPHY'Vol.  11, No.  1*1998 49 



12 3 4 5 
Reflectance (%) 

Fig. 4: Vertical profiles ofR in percent, at 
four wavelengths 401, 440, 520, and 550 
nm, versus the depth at which the top of 
the thin layer is located (solid black lines 
for IOP 0, blue lines for IOP 1, and red 
lines for IOP 2 results). RO results (black 
lines) are constant with depth since the 
thin layer is absent in these cases. 

ROl(O.O.l) was 43-214% of RO, and 
R02(0,0.1) was 133-260% of RO. We ob- 
served the same pattern for Rrs. 

Discussion 
As discussed earlier in the paper, the 

contribution of a thin layer to the overall re- 
flectance depends on the contrast of its in- 
herent reflectance with that of the surround- 
ing water. Indeed, percent changes in R and 
Rrs increased with increased absolute value 
of (bb/a),hin ,ayer - (bb/a)surrounding wa(cr and de- 
creased the thinner the layers were and/or 
the deeper they were located. We can con- 
clude that changes in reflectance depend to 
the first order on the changes in bb/a, the 
optical thickness of the layer, and the depth 
of the layer. 

Our simplified approach to this analy- 
sis did not include the effects of Raman 
scattering or fluorescence on reflectance. 
We chose the Petzold averaged phase 

function as a good approximation for the 
coastal waters of East Sound. It is possi- 
ble that other phase functions could im- 
prove our estimates (see Mobley and 
Stramski 1997; Stramski and Mobley 
1997), but these phase functions require 
detailed knowledge of species and size 
distributions of the paniculate matter. We 
also ignored the effects of bubbles since 
we were assuming no wind, and we did 
not incorporate bottom effects or chang- 
ing sun angle into our calculations. Any 
of these factors could alter the details of 
our modeling analysis, but would not alter 
the general conclusions we have pre- 
sented. 

In all cases of thin layers reviewed 
for this study, the shallower portion of 
the feature had lower backscattering to 
absorption ratio than the deeper part of 
the thin layer for wavelengths shorter 
than 550 nm. Our results indicate that 
this type of thin layer will result in re- 
duced reflectances and remote-sensing 
reflectances at short wavelengths. The 
presence of such thin layers will also 
impact the interpretation of ocean color 
algorithms based on reflectance ratios. 
It was also found that Rrs was more 
sensitive to the presence of a deep thin 
layer than R. R and Rrs differ by their 
numerator. This result indicates that the 
numerator of Rrs, the water-leaving 
zenith radiance just above the surface 
(Mobley 1994), captures more up- 
welling light for deep layers than the 
numerator of R, the upwelling irradi- 
ance. This depth sensitivity of remotely 
sensed reflectance may result in an erro- 
neous estimation of the chlorophyll con- 
centration and the vertical structure of 
the water column and will need to be 
examined carefully in remote-sensing 
applications. 
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FEATURE 

A QUANTITATIVE LITTORAL CLASSIFICATION SYSTEM 

By A. Brandt, J. Caiman 
and J.R. Rottier 

A GENERAL APPROACH for quantitative 
classification of littoral sites has been de- 
veloped. The approach uses dimension- 
less parameters to describe the processes 
in a specific area of physics (e.g., ocean 
physics, meteorology, acoustics, etc.) and 
in a particular coastal geographic config- 
uration (e.g., shelves, straits, enclosed 
seas, rivers, etc.). As a first application, a 
littoral classification system has been de- 
veloped to describe the physical oceano- 
graphic processes on coastal continental 
shelves. This system incorporates four di- 
mensionless parameters to describe the 
large-scale ocean features that character- 
ize specific coastal regions: eddies, up- 
welling, currents, and stratification. 
Seven diverse worldwide sites have been 
compared using these classification pa- 
rameters, illustrating their differences and 
similarities. This classification system is 
then used to address a specific coastal 
issue: the dispersion of a point discharge 
in the surface layer. 

Events in both the civil and military 
sectors during recent years have resulted 
in increased interest in the littoral, includ- 
ing diverse and important topics such as 
the viability of coastal ecosystems, pre- 
diction of hurricane tracks, the effects of 
climate change on water levels, and sen- 
sor and weapon performance for naval 
operations in littoral waters (e.g., Davis 
VI, 1995; Warrick et al, 1996). To ad- 
dress these issues an understanding of the 
littoral ocean environment is needed. The 
littoral, however, presents additional 
complexities compared with the open 
ocean, because of the large space-time 
variability of the submesoscale physical, 
biological, and optical properties of the 

A. Brandt, J. Caiman, J.R. Rottier, The Johns 
Hopkins University Applied Physics Laboratory, 
Laurel, MD 20723, USA. 

water column and the site-specific nature 
of the coastal geometry and topography. 
As a result, littoral modeling and design 
efforts inherently tend to be site specific. 

Nevertheless, littoral sites do have 
some attributes in common. A littoral 
classification scheme based on the param- 
eters that describe the key physical pro- 
cesses would allow quantitative compari- 
son among sites and for extrapolation of 
data and models to sites that have not 
been studied by identifying analogous 
sites where data are available. Such a 
classification scheme would also provide 
a basis for assessing the performance of 
naval systems [antisubmarine warfare 
(ASW) techniques, weapons, etc.] and for 
the design of data collection scenarios ap- 
propriate to sites that are not readily ac- 
cessible. 

To date, attempts to classify littoral 
areas have generally employed qualita- 
tive comparisons. The only published 
quantitative classification scheme was 
developed for estuaries. The initial clas- 
sification of estuarine types was devel- 
oped by Pritchard (1955, 1989), who 
classified estuaries into highly stratified, 
weakly stratified, and partially mixed 
categories. This was extended and made 
quantitative by Hansen and Rattray 
(1965) and Jay and Smith (1988), who 
used a two-parameter system derived 
from the theoretical relationships for the 
estuarine salt balance. 

The classification framework pre- 
sented herein follows the general philos- 
ophy employed in the development of 
the estuarine classification scheme. It 
utilizes the fundamental equations gov- 
erning littoral processes as a basis for 
determining the classification parame- 
ters, appropriate to particular littoral 
configurations, i.e., coastal shelves, en- 
closed seas, straits, etc. As envisioned, 
this general approach could be used to 
derive a classification scheme for any 

class of littoral processes, i.e., physical, 
acoustic, meteorological, etc. 

Littoral Classification—A Quantitative 
Approach 

Differences in geometry, topography, 
and the physical processes at littoral sites 
tend to make each site unique when ob- 
served at a sufficient level of detail. To 
identify the underlying similarities among 
sites, one must, in a sense, "step back" to 
a level of abstraction that allows the vari- 
ous sites to exhibit commonalities, while 
ignoring the details. The degree of ab- 
straction, however, must not be too great 
or everything will tend to look the same 
(e.g., all coasts have a shelf break), and 
the classification would be of little use. 
Moreover, to be useful for more than just 
general statements of site similarities, the 
scheme must provide quantitative esti- 
mates of the characterizing parameters. 

Based on these general requirements, 
there are three basic criteria that a viable 
classification scheme must meet: 

1. The classification parameters must 
represent the key governing processes. 

2. The parameters must quantitatively 
parameterize these processes. 

3. The parameters must involve only 
readily available, site-specific data. 

Identification of the governing pro- 
cesses is key to obtaining a useful clas- 
sification scheme; however, there is no 
general procedure for identifying these 
parameters that will apply in all situa- 
tions. For a specific type of coastal re- 
gion and a specific class of physical 
processes, such as in the case of the es- 
tuarine classification, it is possible to 
use a well-defined system of equations 
to derive the appropriate quantitative 
parameters (dimensionless groups). For 
other more general situations, such as 
for classifying the physical oceano- 
graphic processes on coastal continental 
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shelves (as discussed subsequently), the 
plethora of differing processes (i.e., 
tidal motions, upwelling, shelf break 
fronts, etc.) precludes the use of any 
one set of equations. Thus a more 
heuristic approach for the determination 
of the key processes is employed. It in- 
volves identification of the parameters 
that result from the forces driving the 
system, which in turn govern the more 
detailed (small-scale) phenomena. Addi- 
tionally, if the scheme is to be useful in 
a practical sense, these parameters 
should depend only on data readily 
available from the current databases 
(criterion 3 listed previously). 

There are a wide range of phenomena 
of potential interest in littoral areas, e.g., 
physical, acoustic, biological, atmo- 
spheric, etc., each of which encompass a 
range of dynamic processes. Also, there 
are many different types of coastal geo- 
graphical configurations (CGC), shelves, 
straits, enclosed seas, rivers, etc.; each 
having its own characteristics and key 
parameters. It follows that a littoral clas- 
sification scheme would have to be spe- 
cific to each phenomenology-CGC com- 
bination. Development of a specific 
classification scheme thus involves ini- 
tially choosing a phenomenology, CGC 
combination, from which the quantita- 
tive dimensionless groups can be identi- 
fied. This process is schematically 
shown in Figure 1, left side. The general 
approach for further use of the classifi- 
cation scheme for specific applications 
is depicted on the right of Figure 1 and 
involves weighting of the classification 
parameters in a manner appropriate to 
the specific application. This general ap- 
proach will be employed to derive a 
coastal shelf classification scheme in 
this paper. 

A Littoral Classification for Physical 
Processes on Coastal Continental 
Shelves 

Acknowledging the wide range of 
physical processes extant in coastal 
shelf regions (cf., Csanady, 1982; Hsu, 
1988), we adopt a heuristic approach to 
determine the appropriate classification 
parameters. The approach followed 
starts with identifying the driving forces 
and boundary conditions that drive the 
processes on the coastal shelf, as shown 
in Figure 2. Next the dynamic processes 
found in the coastal ocean are catego- 
rized as large-scale features that are 
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Fig. 1: Littoral classification approach. 

generally uniform over the whole of a 
specific coastal region and small-scale 
features that can be highly variable in 
time and/or space within that region. 
Our assessment of these features, based 
on a review and classification of the 
known physical processes (cf., Phillips, 
1977; Csanady, 1982, 1990; Pedlosky, 
1987; Huyer, 1990), indicates that there 
are four primary, large-scale physical 
processes in the coastal/littoral ocean: 

eddies, upwelling, currents, and stratifi- 
cation (as indicated in Fig. 2). These 
large-scale features can be used to char- 
acterize the coastal region and provide 
the appropriate level of abstraction for 
our classification scheme. This admit- 
tedly heuristic assumption is the basis 
for our approach, the viability of which 
will be determined from the outcome, 
i.e., the ability to derive appropriate di- 
mensionless parameters that allow site 
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Fig. 2: Coastal shelf processes. 
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comparisons, particularly for specific 
applications. 

In general, the nature and intensity of 
the small-scale processes are governed by 
the large-scale processes whose parame- 
terization (developed subsequently) pro- 
vides a basis for their assessment. As in- 
dicated in Figure 2, the boundary and 
driving forces are related to the large- 
scale features and represent the basic pa- 
rameters that can be calculated from the 
available databases. The two geological 
boundary conditions, topography and 
coastal contour (shoreline), do not enter 
directly but serve to define the boundaries 
of specific coastal shelf regions. The 
coastal shelf may have to be segmented 
to account for significant variations in the 
geological boundaries, as was necessary 
along the Korean coast in the site classifi- 
cation that follows. 

To derive an appropriate parameteriza- 
tion for the four large-scale processes, we 
utilize the basic scaling relationships de- 
rivable from the accepted, classical 
oceanographic models. Consider first the 
coastal eddy scale. When the equations of 
motion for geophysical flows in a rotating 
frame are cast in dimensionless form, the 
key dimensionless parameter that arises is 
the Rossby number, Ro. Related to Ro is 
the Rossby radius of deformation, or sim- 
ply the Rossby radius, LR, that arises 
from the geostrophic balance (Gill, 1982; 
Pedlosky, 1987) 

LR = c/(2f2 sin (f>) (1) 

where c = (g'h)"2 is an interfacial wave 
speed (assuming that there is a baroclinic, 
two-layer flow), h is the thickness of the 
upper layer, g' = gAp/p0, g is the gravi- 
tational constant, Ap is the density dif- 
ference between the layers, p0 is the 
mean, reference density, and 0 is the lati- 
tude. The Rossby radius characterizes the 
scale of motion, induced by the earth's 
rotation, which for coastal regimes can be 
compared with the local horizontal scale, 
the shelf width, Ls as 

$L = LR/Ls (2) 
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Fig. 3: Coastal shelf classification. 

classification. This parameter (along with 
the other three, described as follows), is 
shown schematically in Figure 3, where 
the physical significance of the parameter 
ranges are also indicated. 

Upwelling in coastal regions can re- 
sult from several processes, including 
offshore Ekman transport resulting from 
wind stress and Coriolis acceleration, 
density discontinuities at the shelf break 
front, etc. (Huyer, 1990). To parameter- 
ize upwelling for this classification 
scheme, we utilize the simple, two-layer 
upwelling solution derived by Gill 
(1982), for the case of two-dimensional 
(no variation in the along-shore direc- 
tion) baroclinic flow due to wind forc- 
ing. Gill's solution yields time-depen- 
dent relationships for the upper layer 
off-shore current speed, the interfacial 
depth, and the steady along-shore cur- 
rent speed. For the present application, 
we chose as a metric for the degree of 
upwelling the rate of change of the in- 
terfacial depth at the coast (the maxi- 
mum value), i.e., the vertical upwelling 
velocity 

Wu - dh/dt = rip, (g' h)1'2 = (T/p0)c   (3) 

where r is the along-shore surface wind 
stress. Using the conventional representa- 
tion for T in terms of the friction veloc- 
ity, u* This parameter indicates whether or not 

the large-scale motions are confined to the 
shelf region. It depends on the local shelf 
width and stratification as well as the lati- 
tude of the area of interest; <3>, < 1 indi-       where U10 is the surface wind speed, con- 

T7POI=U*
2
=CD|U10|U 10 (4) 

eating a wide shelf and $L > 1 indicating 
a narrow shelf. The coastal eddy scale, 
$L, will be used as the parameterization 
for coastal eddies for purposes of littoral 

ventionally measured at the 10-m height, 
and CD is the drag coefficient taken as 
constant at the typical value of CD = 
0.001 (Geernaert, 1990). The ratio of the 

upwelling velocity to the interfacial wave 
speed, c, that is characteristic of the two- 
layer geometry, yields the littoral up- 
welling parameter 

$u = u*2/c2 (5) 

$u serves as an indicator of the degree of 
upwelling that can be expected at a par- 
ticular site as determined from the strati- 
fication (through c) and the wind speed 
and direction, U10. Upwelling versus 
downwelling conditions are determined 
from the direction of U10 and the coastal 
orientation, i.e., a northward wind on an 
east coast in the northern hemisphere will 
cause upwelling due to Ekman transport 
(Gill, 1982). 

The third parameter is related to the 
along-shore coastal current. Tidal effects 
impose a variable, periodic current, UT, 
that adds to the mean current, U, result- 
ing from the wind stress and large-scale 
(deep water) circulation patterns. If UT is 
taken as the maximum tidal current over 
a tidal cycle, then the ratio 

$C = UT/U (6) 

indicates the relative contributions of the 
short-term (-semidiurnal) tidal flows and 
the long-term (e.g., monthly average) 
coastal currents. 

To represent the fourth parameter, the 
stratification, we use a bulk Froude num- 
ber defined as 

F = AU/Nh; (7) 

where AU is the difference between the 
upper and lower layer current speeds, and 
h; is the thickness of the interface be- 
tween the upper and lower layers and 
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N = (-gAp/p0Az)1/2 

= (-g'/hi)
1/2 (8) 

is the buoyancy frequency. The Froude 
number results from the equations of mo- 
tion for a stratified flow as the dimen- 
sionless parameter that represents the bal- 
ance between the inertial and buoyancy 
forces (cf., Phillips, 1977). The stratifica- 
tion in most coastal regions can be rea- 
sonably represented as a two-layer sys- 
tem, so that F represents the degree to 
which the water column is stratified. 
Large values of F indicate that inertial 
forces (shear) dominates over buoyancy 
and that the stratification is weak, as is 
typical in the winter in the coastal ocean. 
Conversely small F indicates large buoy- 
ancy forces, i.e., strong stratification typi- 
cal of summer conditions. 

Figure 3 illustrates the significance of 
the four parameters that characterize the 
physical processes on coastal shelf re- 
gions: $L, $U( <&c, and F. These four pa- 
rameters are mutually independent so the 
pairing of the parameters as shown in 
Figure 3 is arbitrary. The numerical 
scales for each of the parameters shown 
in Figure 3 represent the ranges antici- 
pated for worldwide coastal shelf regions. 

Coastal Shelf Comparisons 
The four classification parameters can 

be used to represent the key coastal shelf 
processes. The quantities necessary to 
compute values for each of these parame- 
ters at specific sites are readily obtainable 
from data base compilations and the re- 
search literature, although they may be 
hard to obtain for certain remote or "pro- 
tected" sites. In general, all the necessary 
parameters (such as the interface thick- 
ness, h^ may not be directly specified in 
the available databases; however, they 
can be computed from the available data 
[e.g., h; can be determined from standard 
conductivity, temperature, depth (CTD) 
profiles]. 

To illustrate the coastal shelf classifica- 
tion, data from seven sites have been col- 
lected and used to compute values of the 
four classification parameters. The loca- 
tions of these sites are shown in Figure 4. 
Data for two U.S. sites, California and 
Gulf of Alaska, are available on a 
monthly average basis, whereas for the 
Washington State and foreign sites, only 
seasonally averaged data were readily 
available. (Data sources used include 

Landry and Hickey, 1989; Thomson, 
1981; Oceanographic Atlas of Korean 
Waters, 1987; Master Oceanography Ob- 
servations Data Set, 1994; U.S. Navy Ma- 
rine Climatic Atlas of the World, 1977; 
Tide Tables 1994, Central and Western 
Pacific Ocean and Indian Ocean, 1993; 
Lenz, 1995; Lenz and Chapman, 1989; S. 
Tarbell, 1995.) 

Figure 5 shows the data from these 
seven sites in the form of classification 
diagrams. From these diagrams we can 
make several general observations re- 
garding these sites. First, it is apparent 
from the values of the stratification pa- 
rameter (Fig. 5b) that all of these 
coastal sites are influenced by stratifi- 
cation, i.e., F < 1. The strongest effects 
of stratification were found to occur in 
the months of June and August at the 
Alaska and CODE (Southern Califor- 
nia) sites, respectively. (Note that the 
seasonal averages for the foreign sites 
may obscure some of the stronger ef- 
fects.) Weak stratification is indicated 
for the winter in the Korea-East 1 
coastal segment and for all but the 
summer months at the Yellow Sea site. 
The latter is to be expected as this re- 
gion is rather shallow, having a very 
wide shelf, as can be seen from the 
value of the coastal eddy/shelf width 
parameter, <1>L, Figure 5a. The Yellow 
Sea (effectively a very wide shelf) also 
has a significantly larger coastal current 
parameter value as compared with the 

other sites, due to the strong, local tidal 
forcing. The Korea-East 2 eddy/shelf 
parameter also stands out from the oth- 
ers. Regarding upwelling, generally all 
sites indicate weak and variable 
up/downwelling, with exceptions of the 
strong upwelling in winter in the Yel- 
low Sea and strong downwelling in 
winter at Korea-East 1. 

An extensive error analysis was per- 
formed using the Alaska coastal data, be- 
cause it is the most complete and thus 
provides the most accurate measure of 
the actual errors that can be expected at 
each of the sites. Errors in each of the 
four classification parameters were com- 
puted using values of the standard error 
of the monthly means of each of the data- 
base derived quantities and therefore rep- 
resent the accuracies to which the param- 
eters are representative of the monthly 
average conditions. These values are 
shown in Figure 5, as error bars, and can 
be seen to be sufficient to allow site com- 
parisons and to distinguish seasonal vari- 
ations when they are significant. Error es- 
timates based on the Alaska data have 
also been computed for the derived pa- 
rameters in the application of the littoral 
classification discussed in the following 
section. 

In sum, the classification parameter 
space provides an indication of how these 
sites would respond to the physical forc- 
ing mechanisms and how they compare 
with each other. Site comparisons for a 

Fig. 4: Littoral sites investigated. 
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specific application, illustrated in the fol- 
lowing section, will use these classifica- 
tion parameters. Additional details of the 
derivations, especially for the following 
applications, are given in Brandt et al. 
(1997). 

Application of the Littoral 
Classification System 

To illustrate the utility of the littoral 
classification system, a specific coastal 
issue has been investigated: the disper- 
sion of a point discharge in coastal wa- 
ters. 

Consider a relatively simple analysis 
of the dispersion of a point discharge 
(such as a toxic waste) in the surface 
layer off the coast. The concentration of 
discharged material at a specified time, 
C(At), is directly related to the volume 
over which the material has spread during 
the time interval, At, since the initial re- 
lease. In terms of the average along-shore 
and cross-shore coastal currents, U and 
V, respectively, and the vertical depth of 
mixing, d 

0.5 

C(At)<*UAt-VAt-d (9) 

In coastal waters the upper layer will 
generally be well mixed over short time 
periods (due primarily to wind-induced 
mixing) so that it is reasonable to as- 
sume that the discharged material will 
quickly fill the upper mixed layer, h, 
and that further vertical mixing will re- 
sult from turbulent entrainment (cf., 
Csanady, 1990). Extensive studies of 
turbulent entrainment in stratified flu- 
ids, in the laboratory and the ocean 
(Fernando, 1991), indicate that the en- 
trainment coefficient, defined as the 
vertical velocity of the interface be- 
tween the mixed layer and the stratified 
layer, ue, scales inversely with the bulk 
Richardson number, which is directly 
related to the Froude number (Eq. 7), as 
ue = 0.002(hj/h)F2AU. Expressing the 
depth of mixing as the sum of the 
mixed layer depth and the depth of en- 
trainment, d = h + ueAt, and noting that 
the cross-shore velocity is generally 
highly variable and significantly less 
than the along-shore component (e.g., 
Kosro, 1987), we can approximate V = 
0.1 U, so that 

C(At)*0.1U2At2- 

[h + 0.002 (h,/h) F2 AU At]    (10) 
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Fig. 5: Coastal shelf site comparison: (a) coastal upwelling and eddy parameters, (b) 
coastal current and stratification parameters. 

To compare the dispersion at various 
coastal sites, it should be noted that all 
the quantities required for evaluation of 
equation (10) are already contained in the 
classification parameters, Figure 5, or in 
the data used to derive them. To compare 
sites it is instructive to separate the hori- 

zontal and vertical components of disper- 
sion in equation (10), as 

C! = 0.1U2At2 

C2 = h + 0.002 (hj/h) F2 AU At (11) 
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The values of these two parameters, for 
each of the seven sites, are shown in Fig- 
ure 6 (contours of constant volume are 
indicated by the dotted lines). 

The dispersion at some sites does not 
vary appreciably over the year, as for ex- 
ample, at the CODE and Korea-East 2 
sites (Fig. 6). The Washington State, 
Makran Coast, and Korea-East 1 sites ap- 
pear to have similar dispersion properties. 
This would allow for a reasonable extrap- 
olation of observations at the Washington 
State site to the less accessible Makran 
Coast and Korea-East 1 locations. Dis- 
persion in the shallow Yellow Sea varies 
widely with season and, as expected, is 
dominated by horizontal spreading. The 
high seasonal variations in the dispersion 
at the Gulf of Alaska coastal site results 
from the considerable variation in the 
winds. With observations such as these it 
would be possible, for example, to esti- 
mate the spread of toxic chemical or bio- 
logical agents at sites of strategic interest 
based on measurements in more readily 
accessible areas. 

Summary 

A technique for quantitative classifica- 
tion of littoral sites has been developed 
based on the dimensionless parameters 
derived from the governing equations for 
specific physical processes and coastal 
geographical configurations. The scheme 
has been used to describe the physical 

oceanographic processes on coastal conti- 
nental shelves resulting in the definition 
of four dimensionless parameters to rep- 
resent the large-scale features of coastal 
regions: eddies, upwelling, currents, and 
stratification. The processes at seven di- 
verse, worldwide sites have been com- 
pared using these parameters. To illus- 
trate the use of the littoral classification 
system, the coastal shelf classification pa- 
rameters were used to investigate the dis- 
persion of a point discharge in the sur- 
face layer. It was seen that some sites do 
in fact have similar characteristics, thus 
allowing extrapolation of information 
from studied, accessible sites to others of 
strategic or environmental interest that 
may not be readily accessible. 

The general littoral classification ap- 
proach could be applied to other areas of 
interest, such as meteorological and 
acoustic processes relevant to naval, de- 
fense, and civil issues. By identifying anal- 
ogous sites, data and models could be ex- 
trapolated from sites that have been studied 
to sites that are not generally accessible, 
providing a basis for assessing, for exam- 
ple, the performance of naval weapon or 
surveillance systems, coastal radar propa- 
gation models, and the environmental im- 
pact of accidental or intentional releases. 

Current efforts are focused on obtain- 
ing data from additional sites for the phys- 
ical oceanographic-coastal shelf classifica- 
tion, the development of a classification 
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Fig. 6: Dispersion of a point discharge in the coastal ocean. 

scheme for near-shore (beach) processes, 
acoustic propagation in littoral waters, and 
the use of the general classification frame- 
work for additional, practical applications. 
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Dissertations Initiative for the Advancement of Limnology and Oceanography 

Program for Recent Ph.D. Recipients in 
Limnology, Oceanography and 
Related Disciplines 

PURPOSE 
The DIALOG (Dissertations Initiative 
for the Advancement of Limnology 
and Oceanography) program seeks to 
reduce the historical, institutional and 
philosophical barriers that limit the ex- 
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scientists, and to expedite the transi- 
tion from Ph.D. student to independent 
researcher. Through this program, the 
dissertation abstracts of program par- 
ticipants are collected and made avail- 
able, and a symposium is held to foster 
inter-disciplinary thinking and collabo- 
rations. In addition, information on re- 
cent Ph.D. recipients is collected for 
human-resource purposes. 

DATABASE 
Information submitted by applicants is 
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group of Ph.D. recipients, and later, as 
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assess trends. Follow-up studies will 
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outcomes of the program. 
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or her Ph.D. dissertation research, with 
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aquatic science research, education, and 
policy issues. Funding-agency repre- 
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interdisciplinary and international 
aquatic science research programs and 
building a successful career. Sympo- 
sium travel subsidies are possible 
through funding from the agencies 
listed below. Support from the Euro- 
pean Commission is pending. 

Symposium Eligibility 
The symposium is open to individuals 
who complete their Ph.D. requirements 
between April 1, 1997 and March 31, 
1999, and whose work in atmospheric, 
biological, chemical, geological, physi- 
cal, or terrestrial science is relevant to 
biologically oriented limnology or 
oceanography. Individuals from all 
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A committee will select participants 
based on the application materials sub- 
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vor those who wish to pursue interdis- 
ciplinary aquatic science research. 

Symposium 
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for Research 
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APPLICATIONS 
Dissertation abstract-submission and 
symposium-application forms are 
available at: 

www.aslo.org/dialog.html 

DIALOG is co-sponsored by the American Society of Limnology and Oceanography and Whitman College, and is 
funded by the U.S. National Science Foundation, National Aeronautics and Space Administration, 

National Oceanic and Atmospheric Administration, and Office of Naval Research. 



Nominations for the Walter Munk Award 

In February 1994, the Walter Munk Award Selection Committee, made up of repre- 
sentatives designated by The Oceanography Society, the Chief of Naval Research, and 
the Oceanographer of the Navy, will begin reviewing nominations. If a worthy 
candidate is identified, the fifth Walter Munk Award for Distinguished Research 
in Oceanography Related to Sound and the Sea will be presented at the TOS 
1999 scientific meeting in Reno, Nevada, April 27-30. 

In keeping with Dr. Munk's contributions to ocean science, nominations for the 
award will be based upon: 

a. Significant original contributions to the understanding of physical ocean processes 
related to sound in the sea; 
b. Significant original contributions to the application of acoustic methods to that 
understanding; and/or 
c. Outstanding service that fosters research in ocean science and instrumentation 
contributing to the above. 

Previous award winners are 

1993 Walter Munk, Scripps Institution of Oceanography, USA 
1994 David M. Farmer, Institute of Ocean Sciences, Canada 
1996 Leonid M. Brekhovskikh, Moscow Institute of Physics and Technology, Russia 
1997 Stephen A. Thorpe, Southampton Oceanography Centre, UK 

Written nominations for the 1999 award should be sent to The Oceanography Society, 
1755 Massachusetts Avenue, NW, Suite 800, Washington, DC 20036, USA. 
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Mathematical Formulas: The use of mathematical symbols and for- 
mulas should be held to the absolute minimum necessary, and in those 
cases all symbols must be clearly defined in the text. For detailed 
guidelines, see the Author's Guide of the American Meteorological 
Society. 

Color Photography/Print Material: The use of color photos or art 
work is encouraged, if its use enhances the readability, utility, or artis- 
tic merit of the article. At present, there are no page charges for pub- 
lication, but costs for color processing will be charged to the author. 

cases, cover figures with extended captions will be considered for 
publication without an accompanying article. Cover figures must be 
oriented vertically. 

Book/Video Reviews: Reviews are solicited for scientific books 
and videos, and also for published material with a potentially wider 
appeal (e.g., novels, biographies, historical anecdotes, etc.). 
Reviewed material must have relevance to the oceans. Reviewers 
should keep in mind that a well-written review helps readers 
decide whether or not it is worth their time to read the book in its 
entirety. The reader of a review expects basic information about 
the content and organization of the book, as well as a subjective 
opinion about the quality, style and relevance of the material. 

Reviews should include: complete title of book/video, author or editor, 
year of publication, number of pages, price, format (hardbound, soft- 
cover, paperback, etc.), name of publisher, city of publication and the 
reviewer's name, title and affiliation. 

Reprints: Offprints of published articles are offered at the time of 
acceptance and are printed concurrently with the magazine. Contact 
the editorial office for current estimates of reprint costs. 

Covers: Any author may submit color material to be considered for 
use on the front or back covers. Cover material must be pertinent and 
complementary to the author's published article. In some relevant 

"Galley" proofs: These will be distributed as soon as they are ready, 
and the author will have one-day turn around time to return them to 
the editorial office. 
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Please accept my application for membership in The Oceanography Society. My annual membership dues will support the work 
of the Society and will entitle me to receive Oceanography, to register at discounted rates for meetings sponsored and/or co- 
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D Geology/Geophysics      D Applied Technology 
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