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On the use of optical tracers in the sea

Gunnar Kullenberg
Department of Oceanography
University of Copenhagen
Haraldsgade 6, 2200 Copenhagen N, Denmark

ABSTRACT

Optical tracers are interpreted as those tracers which can conveniently be traced in the ocean by
means of optical methods: measurements of light scattering, transmission and fluorescence. The tra-
cers can be naturally present in, and transferred to, or produced in the sea, such as suspended par-
ticulate matter including plankton, yellow substance, chlorophyll of various types, or they can be
artificially introduced into the sea, such as from sewage disposal operations or through different
types of fluorescent dye tracer injections.

The optical measuring techniques are usually adapted for in situ observations. In many cases dif-
ferent detecting methods can be used simultaneously for the same tracer. The relationship between
signal and concentration of tracer is, however, often not unique. The particle scattering depends
upon size, shape and composition of the particles apart from the amount present. The relative im-
portance of these factors varies with the scattering angle. The light transmission of the water varies
strongly with wavelength and depends on suspended and dissolved substances. The chlorophyll a
fluorescence depends on the state and type of phytoplankton and also may vary with daylight. Thus
there are serious problems of absolute calibration in all of these cases. Artificial dye tracers suffer
from interference problems with particles in the sea and are also influenced by daylight and tempera-
ture.

Optical tracers can be used over a large range of scales and are also used to study basin-wide
phenomena (e.g. satellite remote sensing; plankton recorder). Apart from use in many applications,
such as in relation to sewage disposal problems, these tracers have been used for a number of basic
investigations: small-to-medium scale mixing studies; circulation features in upwelling areas and
frontal zones: water exchange in fjords, shelf seas and between basins; conditions at the air-sea in-

terface.

INTRODUCTION

The aim of this note is to give a brief de-
scription of optical measuring techniques
which can be used for tracing certain pro-
perties in the ocean, and to present exam-
ples of results. It is not intended to give a
complete review of results from such optical
measurements in different parts of the
ocean, or to treat marine optics in general
(see Jerlov 1976).

Optical tracers are ocean properties
which can conveniently be measured by op-
tical methods, and the distribution of which
are such that information on oceanic

motions or conditions can be obtained. The
optical methods are measurements of light
transmission, scattering and fluorescence.
The tracers include: suspended matter,
including plankton; humic substances;
various types of chlorophyll; various types
of fluorescent dyes injected into the sea for
the purpose of tracing; and other injections
of substances, e.g. associated with waste
disposal operations. The optical measuring
techniques are used to locate and identify
the various tracers. The measurements can
be performed in situ, in the laboratory, or
by remote sensing from an acroplane or a
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TABLE 1

Examples of applications, optical parameters and instrumentation. The parameters a, b, c, §(6) and ay are
explained in the text,

Optical

Application or

it ; . ;
type of study Praperty Parameter Insirumentation

Notation Unit

A. Basic Oceanography

Water masses, fronts,
upwelling Beam trans- Beam trans-
mittance mittance or trans-
parency meter

Stratification,
layering and interleaving,
ergoclines Scatterance Nephclometer
(scattering) scattering meter
B-meter

Biological features .......  Absorptance Beam transmit-
tance as function
of wavelength

Fluorescence Relative Fluorometer

Characteristics of
suspended matter Scatterance B(8) m~! str! B-meter
Scatterance B(8) m str! B-meter — wave-
B(By) m™! sir! length dependancy
Surface patterns
(fronts, eddies) Colour Colour index Ratio Upwelling irradience,
dimension-  colour meter (ship;
less remote scnsing)

Dispersion (dye) Fluorescence Concen- Mass per Fluorometer
tration volume

(Suspended matter,
dissolved substances) .. Beam trans- 2 m Transparency
mittance meter

B. Practical Applications

River plumes,
land runoff Beam trans- : Transparency
mittance meter
Fluorescence Fluorometer
Absorptance Transparency as
) function of
wavelength

Sewage dispersion Beam trans- c ; Transparency
mittance Concen- Mass per meter

; . tration volume
Dispersion of

dumped sludge

Sewage outfall Fluorescence Fluorometer

Oil spill
dispersion Fluroescence Concen- Mass per Fluorometer
tration volume (Uv)




d a, are

satellite. An attempt to summarize applica-
tions, optical parameters and instrumenta-
tion is given in Table 1.

OPTICAL PROPERTIES

Light attenuation by sea water occurs
through absorption and scattering by dis-
solved substances and suspended matter.
The total attenuation coefficient c is

c=a+b=cy+bs+a;+ay (1)

where a and b are the absorption and total
scattering coefficients, respectively, a, and
b, the same coefficients for particulate
matter in the water, and a4 the absorption
coefficient for dissolved substances, mainly
organic, humic type substances.

The attenuation by water itself (c,) is
strongly wavelength-dependent both as re-
gards absorption and scattering (Morel
1974a; Jerlov 1976). The absorption by
dissolved substances shows a strong wave-
length dependence, the absorption increas-
ing by a factor of about 100 from the red to
the UV part of the spectrum (Jerlov 1976, p.
56). Absorption by particles can also be se-
lective, mainly depending upon the colour of
the particles. The scattering by suspended
particles shows a weak wavelength selec-
tivity, usually related to the smallest partic-
les, 0.4 um to about 1 um in diameter (Burt
1956; Morel 1973; Hgjerslev 1974; Kullen-
berg 1974a, 1984a; Aas 1984a).

The spatial variation of the optical pro-
perties is to a large extent determined by the
variation in the content of dissolved organic
matter and suspended particulate matter.
This is so since both the scattering and
absorption of pure sea water is almost con-
stant over the normal oceanic salinity and
temperature ranges. The pressure effect is
also quite small (e.g. Morel 1974a; Kullen-
berg 1984a). Due to the different degree of
wavelength selectivity of the attenuation,
absorption and scattering by particles and
dissolved substances, relationships can be

established between attenuation at different
wavelengths and absorption by dissolved
substances. Jerlov (1955, 1976) found the
relationship

(C - Cw)38{)nrn i K(C - Cw)éSSnm = ay (2)

where a; is the absorption by dissolved
humic substances. This has been used by
Ivanoff et al. (1961) in waters around
Bermuda and by Malmberg (1964) for
studying water masses in the Skagerak.
Various types of relationships can also be
established between the absorption and
scattering coefficients. These optical pro-
perties may then be used as one character-
istic of a water mass (e.g. Jerlov 1974).

The scattering properties determine the
shape of the volume scattering function
B(0), i.e. the angular distribution of the
scattered light.

OB (3)

where dI(0) is the intensity of the light scatt-
ered in the direction (8) from the incoming
beam by the volume element dv irradiated
by the irradiance E. The total scattering co-
efficient b is found from

b=2n SZ B(0) sind do )

The scattering by the suspended particulate
matter depends upon the particle size, the
size distribution, the shape, and composi-
tion of the particles. Assuming that the par-
ticles are spherical, the volume scattering
function can be calculated by the Mie
theory (Mie 1908; van de Hulst 1957) with a
known particle size distribution and com-
position (e.g. Kullenberg 1974a). Aas
(1984a) has presented new theoretical re-
sults for computing the scattering by differ-
ently shaped particles.

Natural fluorescence in sea water can be
due to humic substances and chlorophyll
pigments. The fluorescence usually shows a




fairly strong wavelength dependence and
therefore the sources of fluorescence can be
separated by using the most appropriate ex-
citation and emission (detection) spectral
filter combinations (e.g. Brown 1974; Jerlov
1976). Absolute determination of the fluor-
escence, due to humic substances, requires
an appropriate standardization. Morel
(1973) and Brown (1974) have suggested
the use of Raman scattering for mea-
surements below 420 nm.

Chlorophyll pigments show a varying
degree of fluorescence depending upon the
excitation (production) state and the spe-
cies. Chlorophyll a fluorescence can be de-
termined directly by in situ measurements.
Phinney and Yentsch (1984/85) have de-
monstrated a marked increase in sensitivity
by using improved optical filters and detec-
tors so that concentration levels below 0.1
g/l of chlorophyll a can be detected. The in
situ instrument developed by Hundahl and
Holck (1980) has a similar sensitivity.

Hydrocarbons can also be measured
through their fluorescence, but in natural
conditions an extract concentrate is used
(Grasshoff et al. 1983). A characterization
of the hydrocarbons usually requires more
elaborate measurements.

It would lead too far to discuss the optical
properties of various substances which can
be traced optically, like sewage, dyes,
sludge, dredge spoils, injected in the sea.
Reference is made to recent specialized
series (e.g. Duedall et al. (eds.) 1983 and
1986, in press).

TECHNIQUES

The total attenuation is measured in situ
by means of beam transmittance meters
(Bartz et al. 1978; Gibbs 1974; Jerlov 1955,
1976; Joseph 1955), consisting of a light
source and a detector measuring the total
attenuation over a given path length. A
basic design criterium is to exclude the
scattered light as much as possible from
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reaching the detector since the combined
effect of absorption and scattering should
be determined. Usually, the instruments
measure at a narrow, well-defined wave-
length, with the possibility of changing
filters mechanically although spectral tran-
missometers, measuring continuously over
the spectrum, also exist (e.g. Lundgren
1975).

There are two kinds of in situ scattering
meters: those which measure the scattering
integrated over a range of scattering angles,
integrating meters, and those which mea-
sure the volume scattering function or a part
of this, i.e. the scattering at a series of dis-
crete scattering angles (Gibbs 1974; Jerlov
1976; Kullenberg 1968; 1978). Relatively
more information is obtained from the
volume scattering function measurement,
particularly if this is done at several wave-
lengths. However, it is very difficult to mea-
sure the forward scattering close to the light
beam, which can be important since about
90% of the scattering is in the angular in-
terval 0-20° (e.g. Kullenberg 1968, 1974a).
Measurements at selected discrete angles
arc usually also quite informative, e.g. at
15-20°, 45°, 90°, 135°, and 165°. This will
show basic features of the volume scattering
function. Integrating scattering meters, giv-
ing an approximation of b, suffer from the
problem of covering all angles in one prac-
tical device.

The scattering measurements should be
made over a well-defined (narrow) spectral
range. For studies of particles, it is advan-
tageous to measure the scattering at several
wavelengths, since this makes it possible to
determine the refractive index of the parti-
cles and thus, indirectly, the composition
(Zaneveld and Pak 1973; Zaneveld et al.
1974). Singular wavelength measurements
should normally be made in the red part of
the spectrum.

Fluorescence measurements are usually
done at an angle of 90° between excitation
and detecting directions, often using
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chopped light sources. In situ instruments
for chlorophyll, dye, and oil-hydrocarbon
tracing have been developed (Hundahl and
Holck 1980; Kullenberg et al. 1986; Law
1984).

Remote sensing (satellites, aeroplanes)
of the surface or near-surface properties in
the visible part of the spectrum is based on
measuring the upward irradiance at a series
of different wavelengths, supplemented by
sea truth data. The ratio of the signals gives
a colour index which can be related to the
properties influencing the signals, i.e. the
content of chlorophyll a, suspended par-
ticulate matter, dissolved organics, film on
the surface, and the relative importance of
the water itself. The basis for these colour
measurements has been presented by Jerlov
(1974). The interpretation of the data can
be rather intricate (e.g. Hgjerslev 1980,
Gordon and Morel 1983).

There are, of course, several laboratory
techniques which can be used to refine or
supplement the in situ observations, e.g.
the laboratory angular scattering meter
(e.g. Reuter 1980), and the spectrophoto-
meters and spectrofluorometers. These are
normally used to study the optical proper-
ties and to help identify the substances lo-
calized by means of the in sifu measure-
ments. The laboratory studies are also used
to calibrate in sifu instruments, the absolute
calibration of which is always a major prob-
lem (Gibbs 1974; Jerlov 1976; Kullenberg
1984a). The calibration requires great care
and often the use of the appropriate stand-
ards (in relation to fluorescence, ¢.g. Brown
1974). Reference should be made to re-
levant original literature in individual cases.

Advanced packages of in situ instru-
mentation combining water bottles, CTD,
transmissometer, and scattering meter (or
nephelometer) have also been used in re-
cent experiments (e.g. Kullenberg and
Zaneveld 1983; Smith et al. 1984). An early
version of this approach was the GEOSECS
package with the Lamont nephelometer as
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the sensor, indicating the levels where
water samples for suspended particulate
matter should be taken (e.g. Ettreim and
Ewing 1974). Several optical parameters
can also be measured simultaneously, like
fluorescence and scattering at 90°, as well as
transmission and scattering at selected
angles. This will yield additional informa-
tion about the properties being traced. Fin-
ally, the problems of interference and inter-
action should be mentioned; they are re-
lated both to the material properties of the
substance and to the measuring technique.
Chlorophyll @ and rhodamine dye fluores-
cence may interfere if sharply defined fil-
ters are not used. The chlorophyll a fluores-
cence varies according to species, time of
the day, and the time of the production
cycle, and great care is needed for the inter-
pretation. The scattering of particles can
change markedly from place to place and
across fronts due to the change in particle
properties, namely the shape, size, and
composition. Artificial dyes get absorbed by
particles and their fluorescence is usually
temperature dependent and decays in
sunlight, factors which will have to be taken
into account when interpreting tracer stud-
ies. All of these problems are also discussed
in the references given above.

RESULTS

Classical results using some of the optical
methods of tracing described above have
been presented by Jerlov (1953, 1955, 1959,
1976), Joseph (1955, 1961), Joseph and
Sendner (1958), Kalle (1949), and several
developments and relatively recent results
were presented by Jerlov and Steemann
Nielsen (1974). The Oregon School of
Oceanography group has been very active
in the field: Burt (1958), Beardsley et al.
(1970), Pak et al. (1970), Pak (1974), Bartz
et al. (1978). They have studied the optical
properties of sea water experimentally and
theoritically and have applied optical
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reach down to the
bottom. The observations
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1978 using the B(8) meter.

studies to frontal and upwelling dynamics as
well as to biological oceanography.

The Lamont group has in particular
studied the deep sea light scattering layers
(e.g. Ettreim and Ewing 1974). There are,
of course, a large number of individual re-
sults in recent publications, and only a few
of these will be reviewed here. Some speci-
fic results on the use of optical methods in
waste disposal studies were presented by
Kullenberg (1983). Here a few examples of
results will be presented from the author’s
own studies of the distribution of suspended
particulate matter in various areas by means
of light scattering.

The tracing of an outflow of particle-rich
water forming an internal layer at the shelf

and slope in the Northwest African upwell-
ing area was shown by means of an integrat-
ing type scattering meter (Kullenberg
1974c). Subsequently, a B(8) meter was de-
veloped. By means of measurements at a
single scattering angle of 20°, it was demon-
strated that internal layers, interleaving
across the Antarctic Polar Frontal Zone in
the Drake Passage area, could be clearly
distinguished on the basis of their scattering
properties (Kullenberg 1978). The low-tem-
perature water coming from the south and
sinking at the front showed a relatively large
scattering, presumably related to a higher
primary production south of the frontal
zone than north of it.

An example of a well-mixed bottom
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boundary scattering layer observed by
means of the B(8) meter is shown in Figure
1. This is due to the swift Antarctic Circum-
polar Current. It is noted that no scattering
etfects were detected on the sides of the
bank (Fig. 1). Unfortunately, no down-
stream observations could be made.

Upwelling influences the amount of par-
ticles in the water column through its in-
fluence on the biological production. Ef-
fects of the equatorial upwelling and cir-
culation were elucidated by means of opti-
cal measurements by Pak and Plank (1974).
In coastal upwelling systems and adjacent
areas, large variations of the suspended
matter content can be expected, as demon-
strated by Kullenberg (1978, 1981) and Pak
et al. (1980, Fig. 2a, b, c¢). The Peru up-
welling, in particular, is of great interest in
this connection due to the large secondary
nitrite maximum there, centered at 200 m
at 15°S, and with globally significant de-
nitrification (Codispoti and Packard 1980).
The nitrite maximum is very conspicuously
connected with a suspended particle maxi-
mum (Fig. 2a), observed both by means of
beam transmission and scattering measure-
ments (Pak et al. 1980; Kullenberg 1981).
The explanation for this situation is not
clear. Ideas related to the role of the Ekman
bottom boundary layer over the shelf break
and slope, the circulation in the upwelling
area and the adjacent ocean, the biology
(e.g. grazing pressure by zooplankton) and
biochemical processes have been identified
(Pak et al. 1980; Kullenberg and Codispoti,
submitted). An example of profiles in a
section at 15°S is shown in Figure 2a. The
layering and small-scale structure of the
scattering profile should be noted, the other
profiles having been obtained through wa-
ter samples.

The Arctic arcas and especially the tran-
sition zones between the Atlantic Ocean
conditions south and north of the Scotland-
Greenland ridge, as well as between the
Norwegian-Greenland Seas and the Polar
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Fig. 2a. Vertical profiles along 15°S, off Peru, showing
light scattering, (20°), in relative units (100-140), com-
pared with phaeophytin and nitrite.
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Fig. 2b. Section along 10°S off Peru, showing light
scattering in relative units (from Kullenberg 1981).
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Fig. 3. Scction showing light scattering across the Fram Strait from Greenland (St. 245) to Spitsbergen (St. 267),

obtained in August 1984 at about 79°N.

Sea, are also regions where optical tracers
may yield important information. Light-
scattering observations cast, west, and
north of Spitsbergen made in 1980 and 1981
suggested that water masses could be char-
acterized by their scattering properties, in
addition to their T,S properties (Kullenberg
1984b). The highly saline and warm North
Atlantic water flowing towards, and into,
the Polar Sea was characterized by mini-
mum scattering. Similar observations
carricd out in the same areas in 1984 tend to
corroborate the findings. Figure 3 shows a
section across the Fram Strait of light
scattering at 15° scattering angle. The
following observations may be made: The
scattering in the surfacc layer was much
larger on the western side associated with
the East Greenland Current than on the
eastern side. At the slope (300-800 m)
several marked layers of high scattering ex-
tending out from the slope were present on
the Spitsbergen side, but not on the Green-
land side. This presumably indicates a
difference in the strength of the ncar-
bottom and intermediate level currents. In
the centre of the section an eddy structure is
indicated with a rather complicated pattern
of interleaving layers. This may suggest
active vertical motion (convection). These
results arc preliminary.

CONCLUDING REMARKS

In this brief review certain pertinent
questions of the usc of optical tracers have
been discussed, but by no means exhaus-
tively. Tt is hoped that the impression given
is that optical tracers can often be used with
great advantage in locating areas and fea-
tures of interest, and that the optical meth-
ods are rapid and relatively easy to apply.
The observations need to be supplemented
with other data to facilitate interpretation.
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