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1.

Introduction

For over 4 billion years, solar radiation has played a profound role in driving the
physical circulation of the atmosphere, the oceans, and the biological processes
responsible for sustaining life on Earth. The angular distribution of, and diel and
seasonal changes in, solar radiation are dictated by the relation of Earth’s axis to the
Sun, the orbital angular velocity of Earth, and the gravitational interactions between
Earth, the Sun, and the neighboring planets. To a large extent, these physical interactions are deterministic and have been sustained throughout Earth’s history. The angular distribution of radiant energy and the seasonal variations in solar radiation drive
large-scale thermohaline circulation of the ocean. This circulation pattern is manifested in an equator-to-pole heat transport superimposed on the surface of a rotating
sphere. The meridional transport of heat and formation of deep water at high latitudes
are dependent on the angular distribution of solar radiation and continental configuration. On geological time scales there is strong evidence of large thermal changes
in both surface and deep waters that clearly must have affected nutrient fluxes, the
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depth of the mixed layer, and hence, primary production. For example, stable isotope
analyses of oxygen in foraminifera and coccolithophore deposits suggest that bottom
waters in the Cretaceous were 10 to 178 C, compared with 28 C at present (Crowley
and North, 1991). As surface waters were not significantly warmer than present at
low latitudes, the thermal contrast between the surface and deep ocean was much
weaker than at present. We are only beginning to understand how these differences
in ocean circulation are related to the radiation budget of Earth (Katz et al., 1999), let
alone to the biological feedbacks that influence nutrient and biogeochemical cycles.
Such understanding can only emerge from interdisciplinary research that accommodates paleo-oceanographic as well as contemporary information. On ecological time
scales, the diel and seasonal cycles determine the number of hours of solar radiation
incident on each point on the planet, and thus provide an extrinsic natural clock to
which almost all organisms (including humans) have adapted. Earth’s radiative balance, which is absolutely essential to sustaining life, is dictated by the input of solar
energy, atmospheric gas composition, and planetary albedo. These processes are inextricably coupled to the ocean by the hydrological cycle through water vapor and ice
albedo feedbacks. These physical systems have coevolved and interact with biological systems. Major biogeochemical processes, such as photosynthesis and nitrogen
fixation, are also coupled directly to solar radiation. Solar ultraviolet (UV) radiation
can lead to alterations in genetic material, which, in turn, affects the tempo of evolution. Finally, migratory patterns and other behavioral responses in the sea are often
keyed to diel, lunar, and seasonal changes in radiation. In this chapter we consider
interactions between physical and biological processes in the broad context of how
solar radiation drives, selects, and modifies responses in the oceans. Our perspective
is based on the overall history of the Earth system, and, in that context, the effects
of human activities on Earth’s solar radiation budget and its potential impacts on
physical and biological processes in the oceans.
2. Introduction to Relevant Physical
Interactions of Earth with Solar Radiation

Solar energy is produced via proton–proton and higher-order nuclear fusion reactions
deep in the Sun’s core. The radiation spectrum is dictated to first order by the metalicity, core temperature, and solar mass. The spectral distribution of solar energy closely
follows a blackbody curve, with the maximal radiant flux in the visible region of the
spectrum (Fig. 10.1). Based on its luminosity and surface temperature, the Sun conforms to a Hertzsprung–Russell (H-R) main star sequence, from which a pattern of
solar evolution can be inferred. Based on the H-R sequence, it is estimated that solar
luminosity has increased by about 30% since the accretion of Earth. The increased
luminosity has been accompanied by small changes in the spectral irradiance. The
overall energy budget of Earth is a balance between the input of solar radiation at the
top of the atmosphere and its reradiation back to space. The total solar energy flux
incident at the top of the atmosphere of Earth is called the solar constant (denoted
as S0 ). This energy flux is approximately 1360 W m − 2 , with S0 / 4 being the proportionate value intercepted by Earth. The fraction of solar radiation reflected back into
space is the albedo of Earth, a, which is approximately 0.3. The blackbody radiation emitted by Earth is given by the Stefan–Boltzmann equation, R c j T 4 , where j
is the Stefan–Boltzmann constant c 5.67 × 10 − 8 W m − 2 K − 4 and T is the temperature
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Fig. 10.1. Spectral distribution of solar radiation at the top of the atmosphere and at sea level. The
former follows a blackbody radiation curve, with the maximum radiant energy flux in the visible region of
the spectrum. Light impinging on Earth’s surface is attenuated by scattering processes in the atmosphere,
as well as absorption by gaseous components in the atmospheric column: H2 O, CO2 , and O3 .

of Earth in degrees Kelvin. When Earth is in thermal equilibrium with space, the
following balance holds (e.g., Wells, 1997):
(S0 / 4)(1 − a) c j T 4

(1)

From this relation, the average surface temperature should be approximately 255 K;
however, the actual temperature is about 286 K. The difference is attributed to the
absorption and reradiation of long-wavelength radiation by gases in the atmosphere:
the “greenhouse” effect.
The interaction with and effect of solar radiation on Earth’s energy budget is
strongly dependent on the electromagnetic spectrum. Planetary albedo is only relevant to short-wavelength radiation; hence, all far-red radiation impinging at the top
of Earth’s atmosphere will either be absorbed by gases in the atmospheric column or
will be transmitted to the surface. Some of the short-wavelength radiation impinging on the top of the atmosphere is scattered and reflected back to space, while the
majority penetrates to the surface. Over 70% of Earth’s surface is covered by liquid
water that absorbs about 95% of incident solar irradiance. In its upper 3 m the ocean
contains the equivalent heat capacity of the entire atmosphere of the planet (Peixoto
and Oort, 1992). As the average depth of the oceans is about 3800 m, this geophysical fluid acts as a huge heat storage system for the planet. That is, the oceans do not
directly affect the radiation budget of the planet, but rather, affect the time constant
by which the planet “experiences” changes in radiation.

404

TOMMY D. DICKEY AND PAUL G. FALKOWSKI

Fig. 10.2. Conceptual model illustrating coupling of physical and biological processes through optical
processes. PENET. RAD. and K represent the penetrative component of solar radiation and the diffuse
attenuation coefficient of solar radiation. (After Dickey, 1991.)

As in the atmosphere, the direct physical interactions between solar radiation and
the ocean are wavelength dependent. Water itself effectively absorbs all incident
infrared solar radiation (e.g., Morel and Antoine, 1994), and this direct radiative
transfer process provides roughly half of the heat to the ocean surface waters. An
example of potential interactions between solar radiation and physical and biological processes is depicted in Fig. 10.2, where the following sequence is illustrated:
(1) forcing of the upper ocean physical condition through the input of solar radiation, including light, heat, and indirectly momentum at the ocean surface; (2) upper
ocean physical responses, including stratification and turbulent mixing that result in
(3) phytoplankton vertical and horizontal motions, which, in turn, lead to (4) feedbacks on distributions of pigments and photosynthetic available radiation (PAR), and
(5) modulation of the upper ocean heating via phytoplankton and their associated
optical properties. The balance between primary production and grazing determine
the concentration of phytoplankton at any moment in time and both processes must
be considered in biological–physical interactions.
The interactions among these processes occur on many time and space scales.
Long-term changes (millennia to millions of years) in ocean circulation are driven
by changes in radiative forcing resulting from orbital variations, albedo feedbacks,
and continental configuration (Fig. 10.3). Short-term changes (seconds to decades)
are driven by atmospheric conditions (e.g., aerosols, cloud cover, albedo, and ozone
concentration) and thermal contrasts between continents and the oceans and from
the equator to the poles. Together, both long- and short-term variations in radiative
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Fig. 10.3. Idealized, schematic spectrum of atmospheric temperature between 10 − 4 and 1010 yr.
(Adapted from Mitchell, 1976.)

transfer of broadband, as well as visible solar energy, determine the depth of the upper
mixed layer, turbulent kinetic energy, and the vigor of large-scale oceanic circulation,
which ultimately determines, on a global scale, the distribution and productivity of
phytoplankton.
Radiative transfer processes are explicitly dependent on the optical properties of
the components in the path between the radiant source (in this case, the Sun), and
the radiation sink (the ocean and its constituents). The study of radiative transfer is a
branch of oceanography termed ocean optics, a term that denotes studies of light and
its propagation through the ocean medium. Bio-optics invokes the notion of biological
effects on optical properties and light propagation, and vice versa (e.g., Smith and
Baker, 1978). Excellent references for ocean optics and bio-optics include books by
Kirk (1994), Mobley (1994), and Spinrad et al. (1994). The examples of this chapter
focus on bio-optical and physical interactions.
Light entering the ocean has only two possible fates; it can be absorbed or scattered. Within this context it is convenient to classify bulk optical properties of the
ocean as either inherent or apparent. Inherent optical properties (IOPs) depend only
on the medium and are independent of the ambient light field. The inherent properties
include the spectral absorption coefficient a(l), spectral scattering coefficient b(l),
beam attenuation coefficient (sometimes denoted as “beam c”) c(l) c a(l) + b(l),
and spectral single-scattering albedo q 0 (l) c b(l)/ c(l). The proportion of light that
is scattered versus absorbed is characterized by q 0 (l); that is, if scattering prevails,
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q 0 (l) approaches a value of 1, and if absorption dominates, q 0 (l) approaches 0.
Instrumentation has been designed to measure IOPs directly in situ (e.g., Moore et
al., 1992; Bruce et al., 1996). These instruments have been deployed from both ship
and moored platforms, enabling both high-vertical-spatial and high-temporal-resolution data to be collected and used for studying the interactions between solar energy
and physical and biological processes.
IOPs are additive and for many applications, it is often convenient to partition
the total absorption coefficient, at (l), the total scattering coefficient, bt (l), and the
total beam attenuation coefficient, ct (l), in terms of contributing constituents. For
example:
at (l) c aw (l) + aph (l) + ad (l) + ag (l)
bt (l) c bw (l) + bph (l) + bd (l) + bg (l)
ct (l) c cw (l) + cph (l) + cd (l) + cg (l)

(2a)
(2b)
(2c)

where subscripts denote contributions by pure seawater (w), phytoplankton (ph),
detritus (d), and gelbstoff (g), with units of m − 1 for all variables. Note that equations 2a to 2c are intended for use where bottom and coastal sediment contributions
are minimal. Spectral absorption coefficients have been characterized for pure water
by Buiteveld et al. (1994) and Pope and Fry (1997) and for the clearest of natural
waters by Smith and Baker (1981). These coefficients are generally considered to be
nearly constant in space and time, with greater absorption in the red than the blue portions of the visible spectrum. The shapes and magnitudes of the detrital and gelbstoff
absorption spectra can be modeled (e.g., Kirk, 1994) and tend to decrease monotonically with increasing wavelength. Finally, phytoplankton spectral absorption varies
significantly in relation to community composition (e.g., Bidigare et al., 1990) and
environmental changes, as discussed in the following section. Thus, much bio-optics
research focuses on the temporal and spatial variability of aph (l). It is worth noting
that while ship-based ocean water samples have often been used for studies of the
IOPs, it is quite preferable to obtain in situ measurements to ensure realistic local
values as well as to characterize temporal and spatial variability. New measurement
systems (e.g., Moore et al., 1992; Bruce et al., 1996; Dickey et al., 1998a) are now
enabling the collection of at (l) and ct (l) [and by difference, bt (l)]. Using these data
and relevant decomposition models (see e.g., Chang and Dickey, 1999), in situ estimates of aph (l) and other components (e.g., gelbstoff and colored dissolved organic
material, CDOM) can be made for a broad range of environmental conditions as a
function of time at fixed depths using moorings (e.g., Chang and Dickey, 2001) or as
a function of depth from ships (e.g., Twardowski et al., 1999) or profilers deployed
from moorings.
Apparent optical properties (AOPs) depend on both the IOPs and the angular distribution of solar radiation (i.e., the geometry of the subsurface ambient light field).
To a reasonable approximation, the attenuation of downwelling incident solar irradiance, E d (l, z), can be described as an exponential function of depth:
E d (l, z) c E d (l, 0 − ) exp[ − K d (l, z) Dz]

(3)
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where z is the vertical coordinate (positive downward), E d (l, 0 − ) is the value of E d
just below the air–sea interface, and K d (l, z) is the spectral diffuse attenuation coefficient of downwelling irradiance. K d (l) (here we suppress depth dependence notation for convenience) is one of the important AOPs. The contributions of the various constituents (e.g., water, phytoplankton, detritus, and gelbstoff) to K d (l) are
often represented in analogy to the absorption coefficients given in equation 2a. This
leads to the term quasi-inherent optical property (e.g., Kirk, 1994), as it is suggestive
that inherent optical properties [i.e., like at (l)] are closely related to K d (l), which
is often described as a quasi-inherent optical property. However, a key point is that
K d (l) is dependent on the ambient light field. It should be noted that for periods of
low sun angle and/ or when highly reflective organisms or their products (e.g., coccolithophores and coccoliths) are present, multiple scattering becomes increasingly
important and simple relations between IOPs and AOPs break down. The relationships between IOPs and AOPs are central to developing quantitative models of spectral irradiance in the ocean. Radiative transfer theory [e.g., reviews by Gordon (1994),
Kirk (1994), Mobley (1994), Spinrad et al. (1994)] provides the mathematical formalism for linking IOPs and the conditions of the water environment and light forcing
to the radiometry and AOPs of the water column. Spectral radiometric measurements
of AOPs are more commonly made than measurements of IOPs.
3.

Introduction to Phytoplankton and Their Physiology

On regional and global scales the influence of, and coupling between, physical and
biological processes can readily be observed in optical properties from remotely
sensed variations in ocean color (Fig. 10.4). Interactions of light with ocean water
are described by Maxwell’s equations. To first order, a fraction of the visible solar
radiation incident on the ocean is scattered back to the atmosphere. Scattering is primarily a consequence of small variations in the refractive index of the water itself,
but bubbles play a role as well (Zhang et al., 1998). As a quasi-unstable form of
condensed matter, adjacent parcels of water constantly undergo alterations in molecular density, which lead to fluctuations in the refractive index. That is, at any given
moment in time, two adjacent parcels of water will contain slightly different numbers of water molecules. This phenomenon is true for any fluid (and glass). The
“jumping” of molecules from one parcel to the other leads to stochastic fluctuations that produce an incoherence in the optical path of light, resulting in scattering (Einstein, 1910; Mobley, 1994). This fluctuation density scattering function is
inversely proportional to the wavelength of light to the 4.3 power. Superimposed on
the scattering function is the absorption of light by water, which is much more pronounced in the red than blue and blue-green regions of the spectrum. Hence, to an
observer outside the ocean, the upwelling stream of light appears blue, while simultaneously, the wavelengths of light that penetrate deepest into the ocean are blue
and blue-green.
The color of the ocean is strongly influenced by suspended particulate materials, dissolved constituents, and bubbles (Kirk, 1992). The absorption and scattering
cross sections of each of the components affect the spectral quality of light penetrating through the water column and the upwelling irradiance spectrum. To first order,
the photosynthetic pigments of phytoplankton are the major constituents that modify
open ocean color from the color blue. These pigments evolved to absorb and trans-
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Fig. 10.4. See color insert. (a and b) Maps of winter and summer global surface ocean chlorophyll concentrations derived from SeaWiFS measurements of ocean color; (c and d ) corresponding maps of ocean
primary productivity derived using the vertically integrated primary production model of Behrenfeld and
Falkowski (1997a).

fer light energy to photochemical reaction centers; hence the absorption spectrum of
the pigments often overlaps the maximum spectral irradiance in the ocean (Yentsch,
1960, 1980). Specifically, the blue and blue-green downwelling and upwelling photons are absorbed by the Soret absorption bands of chlorophylls and carotenoids as
chlorophyll a and its divinyl derivative are present in all oxygen-producing photo-
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Fig. 10.4. Continued.

synthetic organisms (Falkowski and Raven, 1997). In the presence of photosynthetic
organisms, the upwelling and downwelling irradiance stream becomes depleted of
blue and blue-green light; in effect, the water becomes “darker.” The depletion of
light in these wavelengths is, in the open ocean, quantitatively proportional to the
concentration of photosynthetic pigments in the optical path (i.e., the upper portion
of the euphotic zone). Using the ratio of two wavelengths of light, it is possible to
determine the water-leaving radiances Lw (l) empirically (i.e., the photons scattered
by the ocean back to the atmosphere) to estimate phytoplankton pigment concen-
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trations. The pigment concentrations are usually reported in terms of chlorophyll a
(although the assumption that the water-leaving radiance is actually quantitatively
related to chlorophyll a is generally overly optimistic). Also, bubbles can shift ocean
color toward the green, which introduces errors in remote sensing of phytoplankton
(Zhang et al., 1998).
The mean circulation of the upper ocean provides a driving force for nutrient
fluxes, either from coastal upwelling or geostrophic forcing on the gyre boundaries.
In general, the advective supply of nutrients potentiates the growth and accumulation
of phytoplankton biomass, which can be detected from satellite imagery of changes
in ocean color (Fig. 10.4). While such imagery can be quantitatively informative, the
qualitative patterns are remarkable in their correspondence to physical circulation,
as revealed, for example, by altimetry and sea surface temperature (Fig. 10.5). Time
series of satellite imagery reveal the periodic and episodic blooms of phytoplankton
in temperate and boreal ocean regions (Fig. 10.4) that are tied to the ability of cells
to utilize the available nutrients. In such regions, nutrient drawdown is related to the
ratio of the upper mixed layer to the depth of the euphotic zone (i.e., the critical
depth) and insolation. The effect of interannual variations in sea surface temperature
(e.g., due to El Niño events) on phytoplankton abundance can also be discerned as
primarily influencing the infusion of nutrients into the upper mixed layer. Although
the estimate of phytoplankton biomass from satellite imagery is indirect and limited
to the upper portion of the euphotic zone, statistical distributions can be used to infer
both light penetration through the euphotic zone as well as the vertical structure of the
phytoplankton community (Morel and Berthon, 1989). In regions far removed from
continental sources of nonbiological particles (e.g., the central ocean basins), deviations in ocean color from pure seawater are influenced primarily by biologically
derived materials, of which the most important are pigmented phytoplankton. The
particle-size spectrum in the tropics and subtropical gyres is highly skewed toward
small cells (the picoplankton; scale less than 2 mm). These small cells have relatively
large scattering cross sections (Stramski and Kiefer, 1991). Bubbles, introduced primarily by breaking waves, also contribute to scattering (but not spectral absorption).
Hence, by assuming that the pigments are contained within such cells, it is possible
to calculate via a simple radiative transfer model, the spectral absorption of light
through the water column, thereby deriving an estimate of euphotic zone or depth.
In the simplest model, the biomass is assumed to be uniformly distributed throughout the euphotic zone (i.e., the contribution of the pigmented cells to the absorption
of light is constant). In reality, chlorophyll concentrations almost always increase
toward the base of the mixed layer. The increase in chlorophyll is a consequence of
both physiological acclimation to lower irradiance and the availability of nutrients
near the base of the mixed layer (e.g., Cullen, 1982). The increase in chlorophyll
often does not represent an increase in phytoplankton biomass (i.e., the ratio of cell
carbon to chlorophyll decreases) (Falkowski, 1983; Olson et al., 1990). Based on
thousands of vertical profiles of chlorophyll biomass throughout the oceans, Morel
and Berthon (1989) developed a statistical climatology that relates the satellite-based
estimate of chlorophyll (i.e., that inferred for the upper portion of the euphotic zone)
to the vertical distribution of chlorophyll biomass (Fig. 10.6). By using such a model,
it is possible to infer the spectral irradiance at any depth within the euphotic zone
for a nonuniform chlorophyll distribution.
Finally, satellite data sets of chlorophyll biomass have been used to derive regional
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Fig. 10.5. See color insert. (a) Winter and (b) summer global maps of sea surface temperature.

and global estimates of primary production based on models (Fig. 10.4). Although
there are myriad papers describing various approaches to estimate primary production, the models can be classified in a simple hierarchy depending upon the level
of mathematical integration that is used. Behrenfeld and Falkowski (1997a) describe
four basic model schemes (Table I), all of which can be related to each other mathematically. This topic is discussed later.
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Fig. 10.6. (a) Vertical profiles of chlorophyll as a function of chlorophyll concentration based on a
statistical analysis (Morel and Berthon, 1989) and assuming a homogeneous distribution (dashed line);
(b) relationship between the surface ocean chlorophyll concentration as inferred from satellite data (e.g.
Fig. 10.4a and b), and the water column integrated value given the statistical distribution above (solid
line) and a homogeneous distribution (dashed line). D, day length; Ze, euphotic zone.
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TABLE I
Classification System for Daily Net Primary Productivity (NPP) Models
Based on Implicit Levels of Integrationa
I. Wavelength-resolved models (WRMs)
Z eu
sunset
.
. *
.
NPP c ∫l700
c 400 ∫t c sunrise ∫z c 0 F(l, t, z) PAR(l, t, z) a (l, z) Chl(z) dl dt dz − R
II. Wavelength-integrated models
Z eu
.
.
NPP c ∫tsunset
c sunrise ∫z c 0 J(z, t) PAR(t, z) Chl(z) d t dz − R
III. Time-integrated models
Z
NPP c ∫z ceu0 PB (z) . PAR(z) . DL . Chl(z) dz
IV. Depth-integrated models
.
.
.
.
NPP c PB
opt f [PAR(0)] DL Chl Z eu
Source: Behrenfeld and Falkowski (1997a).
a Each category includes a photoadaptive variable [i.e., J, F, PB (z), PB ] corresponding to the
resolution of the described light field. The variables F and J are chlorophyll-specific quantum
yields for absorbed and available photosynthetically active radiation, respectively. Wavelengthresolved models and wavelength-integrated models are parameterized using measurements of
net photosynthesis and require subtraction of daily photoautotrophic respiration (R) to calculate NPP. PB (z) and PB
opt are chlorophyll-specific rates obtained from measurements of daily
primary production and thus do not require subtraction of respiration. DL, day length (hours).

4.

Examples of Biological–Physical Coupling Influenced by Light
4.1.

Variability of Inherent Optical Properties

The observed temporal and spatial variabilities of bulk inherent optical properties
(IOPs), such as the total absorption and scattering coefficients, at (l) and bt (l), are
caused by physical, chemical, and biological processes. For example, water parcels,
which encompass particulate and dissolved materials, move in response to physical
forcing over a broad spectrum of time and space scales (e.g., covering over 10 orders
of magnitude; see Dickey, 1991): small-scale molecular and turbulent motions (millimeters to centimeters) to frontal and mesoscale eddy scales (roughly tens of kilometers to 200 km) to gyre scales (thousands of kilometers). Processes such as advection
and mixing are important for redistributing IOPs, but there is more to the story, as
IOPs are not strictly conservative. If IOPs were, we would expect to be able to trace
their distributions as we do salinity. However, it has been suggested that dissolved
and particulate materials may be used as approximate passive tracers of water masses
under particular circumstances and over limited time and space scales (e.g., Pegau,
personal communication). To explore this interesting prospect, each IOP component
needs to be considered. The variability in the absorption and scattering coefficients
of pure ocean water, aw (l) and bw (l) are usually considered to be invariant in the
upper ocean, and much effort has been made to determine these values to a high
accuracy (Smith and Baker, 1981; Buiteveld et al., 1994; Pope and Fry, 1997). Variability due to gelbstoff or colored dissolved organic material (CDOM), as represented
in absorption coefficients, ag (l), can be great in nearshore waters because of terrigenous sources as discussed earlier. The dynamic range of variability in ag (l) is considerably smaller in the open ocean. However, it has been reported that on seasonal
time scales (with depth dependence as well), the variability in a related quantity, diffuse light attenuation coefficient due to both CDOM and detrital materials (CDM)
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or K cdm (440 nm), is quite significant in the Sargasso Sea and needs to be included
in remote sensing estimates of chlorophyll a (Siegel and Michaels, 1996; Nelson et
al., 1998). The dissolved component property [as characterized by say ag (l)] is generally expected to act more like a “conservative” tracer than the particulate component. Summertime photo-oxidation of the dissolved material near the surface causes
removal of the labile portion leaving the longer-lasting refractory component (e.g.,
Vodacek et al., 1997), so that ag (l) can in principle act quite well as a conservative
tracer (Pegau, personal communication) at least over limited time scales.
In the open ocean, changes in bio-optical properties reflect changes in phytoplankton community (species) structure and/ or physiological state. The time scales of these
changes can range from minutes to several days to seasons (Falkowski, 1984). External forcing mechanisms include surface waves and clouds, diurnal and seasonal solar
cycles, and wind and mesoscale events. High-frequency in situ measurements of biooptical and chemical parameters [PAR, beam c, chlorophyll fluorescence (discussed
in detail below), and dissolved oxygen] have suggested that rapid photoacclimative
responses (on the order of tens of minutes) can take place in a phytoplankton community (e.g., Owens et al., 1980; Abbott et al., 1982; Stramska and Dickey, 1992a,
1998). Diel variability has also been clearly seen in several bio-optical and chemical time series (e.g., Siegel et al., 1989; Hamilton et al., 1990; Cullen et al., 1992;
Stramska and Dickey, 1992b; Kinkade et al., 1999). The diel signal can result from
physical processes such as changes in particle concentrations related to diel mixed
layer depth variability (e.g., Gardner et al., 1995) and from changes in phytoplankton physiology and chemical composition (e.g., Cullen and Lewis, 1995; Stramski et
al., 1995; DuRand and Olson, 1996). The attenuation of a coherent light beam is a
function of the number of absorbing molecules as well as the concentration of particles and the scattering cross section of particles in the beam’s path. Cell division
in almost all phytoplankton taxa is keyed to a circadian rhythm, such that there is
a diel cycle in cell size that results from the division cycle (Chisholm et al., 1980;
Vaulot and Partensky, 1992). Changes in cell size affect the backscatter cross section
(van de Hulst 1981), where the smaller the particle, the larger the scattering cross
section. This effect can be visualized intuitively by considering the scattering function of glass; a drinking glass, which is macroscopic, is basically transparent (low
scattering cross section). If one crushes the glass to smaller and smaller particles,
the ensemble of particles no longer is clear, but rather, appears to be a white powder
(large scattering cross section). Thus, the same amount of material can scatter more
or less light, depending on the size. The scattering function is further influenced by
the refractive index (Morel, 1991). During the photoperiod, phytoplankton tend to
accumulate carbohydrates and/ or lipids as the immediate storage product of photosynthesis; this carbohydrate is consumed at night to form protein (Cuhel, 1984; Post
et al., 1985; Falkowski, 1997). The accumulation of carbohydrates and lipids leads
to changes in the refractive index (Morel, 1991), which, in turn, affects the scattering efficiency of a coherent beam. Finally, changes in the chlorophyll content per
cell are an inevitable outcome of phased cell division in a synchronized phytoplankton assemblage. Thus, when cell division occurs, the concentration of chlorophyll per
unit cell volume generally increases (chloroplast volumes do not change as markedly
as total cell volumes), leading to alterations in the “package” or “sieve” effect (Duysens, 1956; Latimer and Rabinowitch, 1959). The latter changes influence both the
optical absorption cross section and the fluorescence efficiency in a diel cycle.
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A diel cycle has been entrained in virtually all procaryotic (Mori et al., 1996)
as well as eucaryotic (including human) genetic systems (Takahashi, 1992). Such
“clock genes” provide cells information critical to coordination of the assimilation of
nitrogen and carbon (Carpenter et al., 1992; Ramalho et al., 1995), protein synthesis
(Milos and Hastings, 1990), as well as cell cycling (Chisholm et al., 1980). The
phylogenetic conservation of the clock genes is remarkable and bespeaks a strong
evolutionary selection pressure to force biological systems to conform to solar energy
variations on the diel scale. The evolution of signal molecules in photoautotrophic
organisms to further “count” the number of hours in the day resulted in a second
set of gene sequences that keeps track of seasons in higher plants, with clear genetic
roots in cyanobacterial chromophores (Hughes and Lamparter, 1999).
One of the most sensitive signatures of phytoplankton optical properties is chlorophyll fluorescence. The coloration of phytoplankton is a consequence of evolutionary
selection of pigments that can absorb and transfer excitation energy to photosynthetic
reaction centers, where the excitation energy (in the form of an “exciton,” an excited
state within a lattice structural matrix) can be used to induce physical charge separation. Phytoplankton comprises at least eight taxonomic divisions (the equivalent of
animal phyla), each of which has one or more distinctive light-harvesting pigments.
Excitation energy is transferred from pigment to pigment within a protein scaffold
via either Förster resonance or excitation coupling (Falkowski and Raven, 1997). The
excitation transfer almost always proceeds “downhill” (i.e. to longer-wavelength pigments). The terminus of excitation transfer is chlorophyll a, from whence a fraction
of the excitation energy is emitted to the environment in the red portion of the spectrum (centered at 683 nm). In vivo, chlorophyll fluorescence competes for excitons
with two other energy-dissipating processes, photochemistry and nonradiative energy
dissipation (heat). As such, it is possible to relate changes in chlorophyll fluorescence
quantitatively to the quantum yield of photochemistry, and instrumentation for such
measurements is commercially available (Neubauer, 1993; Kolber et al., 1998).
Formally, when phytoplankton are placed in darkness and exposed to a weak flash
of light, the fluorescence yield obtained is at a minimum, or F 0 level. Following
exposure to a light sufficiently intense to reduce all the primary electron acceptors,
the fluorescence yield rises to a maximum, or F m , level. The difference, F m − F 0 , is
called “variable” fluorescence, and when normalized to F m is quantitatively related
to the photochemical efficiency of photosynthesis (Butler, 1972).
By following changes in variable chlorophyll fluorescence in situ over large swaths
of ocean surface waters, it is possible to observe large-scale variations in the quantum
yield of photochemical energy conversion efficiency in phytoplankton. The changes
in yields are associated with two major physical processes, incident solar radiation
and turbulent mixing. We consider these in turn.
In all natural phytoplankton communities, there is a strong diel component to
the fluorescence signal. Normally, fluorescence normalized per unit chlorophyll a
(i.e., the fluorescence yield) is attenuated in midday, when solar radiation is highest
(Owens et al., 1980). This attenuation has two components. One component is related
to the photochemical energy conversion process itself. If measured with an instrument
containing a light source that induces the fluorescence in the ambient light, the “stimulated” or “active” fluorescence is superimposed on a solar-induced fluorescence profile. Thus, the stimulated fluorescence measures a component of variable fluorescence
that can be induced over and above that of the sun (Falkowski and Kolber, 1995). As
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photochemical reactions of photosynthesis are light saturable, when background irradiance increases, there is a decreased probability of finding an “open” photochemical
target or “hole” for absorbed radiation. Thus, the change in fluorescence induced by
an actinic source also decreases. This process is called photochemical quenching.
The photochemical target for excitation energy can be inferred from the rate of
light saturation of fluorescence. This saturation profile, described by a cumulative
one-hit Poisson function, reflects the effective absorption cross section for the photochemical reaction (Ley and Mauzerall, 1982; Falkowski and Kolber, 1995). All
photosynthetic organisms have developed mechanisms to adjust these cross sections
dynamically in response to background light (Long et al., 1994). Thus, as irradiance increases, the cross section can be made smaller to minimize photodamage to
the reaction centers; conversely, when irradiance decreases, the cross sections can be
made larger, to optimize light harvesting. There are two major strategies for altering
cross sections. On short time scales (minutes), the adjustments are made by adding
or removing pigments that dissipate the excitation as heat. These pigments, a set
of taxonomically dependent carotenoids, are located within the light-harvesting systems and compete effectively with chlorophyll a for fluorescence. Thus, when irradiance is high, there is an overall reduction in fluorescence yield, reflecting a decrease
in the effective cross section of the photochemical process (Olaizola et al., 1994).
The reduction in fluorescence is a component of what is sometimes called nonphotochemical quenching (Falkowski and Kolber, 1995). On longer time scales, cells can
increase or decrease the number of chromophores per unit cell through a feedback
process coupled to sense irradiance levels (Escoubas et al., 1995).
Superimposed on the diel changes in fluorescence are short-term variations resulting from the passage of clouds across the sky and photodamage to the reaction centers
resulting from overexposure to supraoptimal irradiance. The passage of clouds across
the sky is slow enough to permit changes in the effective cross sections of the photosynthetic apparatus, leading to a change in fluorescence yields. This phenomenon is readily
observed in stimulated fluorescence profiles or time series made under partially cloudy
conditions (e.g., Abbott et al., 1982; Stramska and Dickey, 1992a, 1998). Under high
irradiance levels, a fraction of the photochemical reaction centers can become “irreversibly” damaged; repair is accomplished by de novo protein synthesis. The damaged
reaction centers act as nonphotochemical fluorescent quenchers, but recovery occurs on
time scales of hours. Depending on the availability of nutrients (which are essential for
protein synthesis), total repair is usually achieved overnight.
Physical turbulence is a primary mechanism responsible for bringing nutrients into
the euphotic zone. Under nutrient-replete conditions, the maximum change in variable
fluorescence is remarkably constant for a wide number of phytoplankton taxa (Kolber
et al., 1988). As cells become nutrient limited, however, the quantum yields decline.
Transects of variable fluorescence signals show large-scale variations in fluorescence
yields that correspond to changes in water mass characteristics, especially to nutrient
supply. Thus, as physical fronts or eddies develop, the associated changes in nutrient
supply are manifested in photochemical energy conversion efficiency. The sensitivity
and precision of variable fluorescence measurements can be used to infer mesoscale
physical–biological interactions in real-time as well as from moored instrumentation.
The diel cycle is critically important as an evolutionary selection process in both
phytoplankton and zooplankton in the context of vertical migrations. Because solar
energy inputs are required for photosynthesis, yet lead simultaneously to stratification,
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nutrient supplies in the euphotic zone can be depleted while light is still plentiful.
Some taxa of phytoplankton have developed vertical migration strategies to acquire
nutrients at night while optimizing light harvesting for carbon fixation during the
day. These taxa include cyanobacteria, dinoflagellates, diatoms, and chlorophytes.
The migratory patterns are manifested as changes in the distribution of optical properties in the euphotic zone, and can be disrupted or modified by turbulent mixing. The
vertical migration of zooplankton, keyed to resource acquisition and predator avoidance, is a higher level of behavioral response that involves direct light perception
(vision) and phototaxis (Forward, 1988).
The seasonal cycles of phytoplankton and zooplankton at temperate to high latitudes have been of interest to biological oceanographers since the 1920s. An historical development of explanations for these cycles may be found in Mann and Lazier
(1991). Perhaps the most studied aspect has been the spring phytoplankton bloom phenomenon, which progresses in time toward higher latitudes from spring to summer and
is especially dramatic in the North Atlantic, as evidenced in ocean color imagery (Fig.
10.4). The classical explanation of the seasonal spring bloom was apparently first forwarded by Gran (1931) and later placed on a theoretical basis by Sverdrup (1953). A
brief description of the Northern Hemisphere’s spring bloom and seasonal cycle follows [see Mann and Lazier (1991) for details]. First, the winter is characterized by low
populations of phytoplankton, despite high availability of nutrients by deep mixing,
with community respiration exceeding photosynthesis because the phytoplankton’s vertical excursions take them well below the euphotic zone (note that daily integrated
light is also minimal during this season). Then, with spring stratification of the upper
layer, the vertical motions of phytoplankton are restricted to the upper layer, which is
still replete with nutrients, where they receive sufficient light (light is now more available) for photosynthesis to exceed respiration and grazing loss. This results in largescale reproduction and blooms. The ensuing strong seasonal stratification of the pycnocline (thermocline) then acts as a barrier to the influx of nutrients from depth, and
thus the phytoplankton in the mixed layer (and euphotic layer) eventually deplete the
requisite nutrients. Reduced phytoplankton concentrations in the upper layer are also
caused by the sinking of phytoplankton and grazing by zooplankton. The end of the
spring bloom is then characterized by low concentrations of phytoplankton and nutrients in the upper layer. The early summer period is marked by a subsurface chlorophyll
maximum (not visible from airplane and satellite color sensors), which is often near the
bottom of the euphotic zone (nominally, the depth where light is reduced to 1% of its
surface value) and in the upper thermocline/ pycnocline for reasons described earlier
(e.g., see also Cullen, 1982). The chlorophyll maximum is often somewhat below the
depth of maximum primary productivity, with both regions contributing significantly
to the depth of integrated primary production (e.g., Hayward and Venrick, 1982). During some years and in some locations, a fall bloom occurs as the mixed layer deepens
to sufficient depths to entrain nutrients into the upper layer, where daily light is still
sufficient for photosynthesis. This general depiction of the seasonal cycle appears to
be well supported by several experiments which have used monthly interval shipboard
sampling or more recently, high temporal resolution sampling of physical, chemical,
and bio-optical variables (e.g., Sargasso Sea: Smith et al., 1991; Marra et al., 1992;
Dickey et al., 1993a, 1998a).
Although the seasonal cycle is a very dominant signal, high-temporal-resolution
time series have revealed considerable complexity in the phytoplankton biomass
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and primary production and show that aliasing can be problematic for coarse
(monthly) sampling (e.g., Wiggert et al., 1994). As described earlier, short timescale variations in phytoplankton populations are caused by passages of clouds
and the diel solar cycle. In addition, short-lived blooms and busts (cessations of
blooms) are especially evident in the springtime when shallow mixed layers are
often formed and then erased because of wind events (e.g., Dickey et al., 1991,
1993a, 1998a), as shown in Figure 10.7. In particular, a set of observations in the
open ocean south of Iceland (Dickey et al., 1994) showed that even modest near-surface stratification, preceding formation of the seasonal thermocline, can be sufficient
to initiate shallow phytoplankton blooms, which can in turn intensify near-surface
heating rates and stratification (Stramska and Dickey, 1993, 1994). These types of
observations and sequences of ocean color observations from space suggest that the
integrated effect of the phytoplankton seasonal cycle and its poleward march are built
on many cumulative events driven by short time- and space-scale forcing as well as
the periodic seasonal solar insolation.
Energetic mesoscale features (e.g., fronts, eddies, and rings) further complicate a
simple seasonal description and modeling of phytoplankton. In particular, eddies can
introduce nutrient-rich waters into the euphotic layer, where they can drive phytoplankton productivity (e.g., Falkowski et al., 1991; Dickey et al., 1993a). In the Sargasso Sea, the influence of eddies on new production (i.e., the fraction of total primary
production in surface waters fueled by externally supplied nutrients) is well documented (McGillicuddy et al., 1998; McNeil et al., 1999). This problem was attacked
using high-resolution physical, bio-optical, and chemical measurements from a mooring, ship survey data, satellite altimetry data, and eddy-resolving model simulations.
The vertical transport of nutrients into the euphotic layer, along with elevated levels of chlorophyll, are apparent in the time series shown in Fig. 10.7 as a second
baroclinic mode eddy passed the Bermuda Testbed Mooring (BTM) in July 1995. It
is interesting to note that near-inertial oscillations (inertial period of about 22.8 h)
are superimposed on the dominant eddy signature. These observations suggest that in
addition to seasonal convection, mesoscale eddies can make major contributions to
the vertical flux of nutrients into the euphotic zone and may be sufficient to balance
the annual nutrient budget of the region and account for discrepancies in regional
estimates of new production (McGillicuddy et al., 1998; McNeil et al., 1999). In
separate but related work, Granata et al. (1995) have reported increased subsurface
chlorophyll concentrations, which were observed as near-inertial waves propagated
along a front in the Sargasso Sea, suggesting that shear instabilities associated with
the wave packets stimulated new production.
The seasonal cycle of bio-optical properties of the coastal ocean has been observed
to follow a pattern similar to that of the open ocean by several studies (e.g., Chang
and Dickey, 2001). However, the coastal environment is far more complex because
of several factors, such as terrigenous input of materials as described earlier, bottom boundary layer effects, resuspension of bottom materials, greater roles of tides
and internal solitary waves, topographically related fronts, and water mass intrusions
(e.g., from impinging eddies). In addition, major events such as hurricanes can rapidly
modify the ecosystem and optical properties (e.g., Dickey et al., 1998c, d). It is interesting to note that bottom sediments were suspended more than 30 m above the ocean
bottom (about 70 m depth) during the passage of Hurricane Edouard at a mooring site
located about 110 km south of Cape Cod, Massachusetts. A time series of spectral
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Fig. 10.7. See color insert. Time series of data collected from the Bermuda Testbed Mooring in 1995.
Variables are (a) temperature, (b) nitrate plus nitrite concentration, (c) chlorophyll a, and (d ) beam c.
Several nitrate “injections” are accompanied by bloom events. The passage of a major eddy is evident in
July with decreased upper ocean temperature and large concentrations of nitrate + nitrite and chlorophyll
a. (After McNeil et al., 1999.)
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absorption of light was developed using high-temporal resolution data from the site
in order to partition contributions by phytoplankton, detritus, and colored dissolved
material (CDM) (Chang and Dickey, 1999). Besides the obvious effects of Hurricane
Edouard and a later hurricane (Hortense), bloom conditions were also evident.
In the central Arabian Sea, the seasonal physical cycle associated with the northeast (NE) and southwest (SW) monsoons is correlated with bio-optical properties of
the ocean (Dickey et al., 1998b). The seasonal physical forcing features two mixed
layer deepening and shoaling cycles per year (Fig. 10.8). The NE monsoon is characterized by steady northeasterly winds of moderate intensity (about 6 m s − 1 ), surface cooling, and convection, whereas the SW monsoon features strong, persistent
southwesterly winds with greater intensity (up to 15 m s − 1 ). The NE monsoon drives
deeper mixed layers (about 110 m depth) than the SW monsoon (about 80 m depth)
because of the convective forcing. A half-yearly cycle in chlorophyll a (Fig. 10.8)
is an important feature with seasonal blooms occurring late in each monsoon season and into the respective intermonsoon periods; the depth-integrated chlorophyll
a tracks the 1% light level. Again, the classical Sverdrup hypothesis appears to be
supported [a more detailed interdisciplinary model of the NE monsoon is presented
in Wiggert et al., (2000)]. Mesoscale eddies play roughly equal roles in the evolution of chlorophyll a at the observational site (Fig. 10.8). Other aspects of these time
series are described below.
Finally, the physical dynamics of the equatorial Pacific have become increasingly
well understood over the past decade in large part because of the measurements made
from the Tropical Atmosphere Ocean (TAO) mooring array (e.g., McPhaden, 1995).
However, understanding of biological and optical variability has been limited because
few dedicated ship-based experiments could be performed in such a remote region. In
particular, only a few biological observations of chlorophyll and primary productivity were made each year prior to 1988; these were our only bases for annual estimates
of chlorophyll and primary production for the expansive Pacific equatorial waveguide
(e.g., Cullen et al., 1992). However, bio-optical instruments were added to the TAO
physical mooring at 08 , 1408 W for an 18-month period in 1992 and 1993 (Foley et al.,
1997). This sampling period was most fortuitous as the observations spanned both El
Niño and “normal” phases. During the El Niño, the mixed layer, the thermocline, and
a very weak equatorial undercurrent were very deep (at times in excess of 150 m) and
Kelvin waves (about a 60-day period) propagated eastward past the site (with depressions of the thermocline). Although the light levels were high, relatively high concentrations of nutrients, including iron, were deep; consequently, measured chlorophyll a
concentrations in the upper layer were low (less than 0.2 mg m − 3 ). However, as “normal
conditions” returned, Kelvin waves ceased and the thermocline and a strong equatorial undercurrent shoaled allowing for the transport of nutrients into the euphotic layer.
Importantly, westward-propagating tropical instability waves (TIWs with periods of
about 20 days) also contributed to large vertical upwelling cycles. TIWs are easily seen
in the meridional current records (also in ocean color images; see Yoder et al., 1994) and
appear to be manifest in the chlorophyll a time series, with values doubling and at times
tripling those observed during the El Niño period. Importantly, strong, although highly
complex coupling is evident between the physical processes (El Niño, Kelvin waves,
and TIWs) and the phytoplankton biomass and primary productivity (here roughly proportional to chlorophyll a) of the equatorial Pacific. It is worth noting that Barber et
al. (1996) have suggested that the passages of the TIWs are analogous to a natural iron

421

Fig. 10.8. See color insert. Top panel: Time series of wind stress vectors (winds “from” convention). Winds from the northeast, northeast monsoon, first appear
in the record; these are followed by relatively calm winds (spring intermonsoon), and finally, the strong southwest monsoon winds. Middle panel: Time depth
section of chlorophyll a concentration. Dashed boxes enclose periods and depths utilizing only shipboard data because of biofouling of moored fluorometers.
Time series of mixed layer depth using 0.1⬚C criterion (shallower curve) and mixed layer depth using 1.0⬚C criterion (deeper curve). Time periods of eddy
blooms, EB1 and EB2, and monsoonal blooms, NEB and SWB, are also indicated. Bottom panel: Time series (based on eight-day averages) of the biological
radiant heading rate for the upper 10 m. (After Dickey et al., 1998b.)
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enrichment experiment. The more recent 1997–1998 El Niño has also been documented using moored bio-optical instrumentation along with SeaWiFS ocean color
satellite imagery data sets (Chavez et al., 1998, 1999).
4.2.

Biogeochemical Cycling: Biological Pump

The reservoir of dissolved inorganic carbon (DIC) in the oceans is approximately 50fold higher than the CO2 in the atmosphere, and on geological time scales the oceans
dictate the atmospheric concentration of the gas rather than vice versa. In the oceans
there is an inverse gradient in dissolved inorganic carbon such that higher concentrations are found below the upper mixed layer, while to a first order, the upper portion
of the water column is in equilibrium with the atmosphere. This inverse gradient is
maintained by two carbon “pumps” (Volk and Hoffert, 1985). The solubility pump
operates on the thermal contrast between the upper ocean and the ocean interior.
The solubilities of cold waters of the deep ocean are on the order of twice as great
as near-surface equatorial waters. Thus, the net effect of sinking of surface waters
through thermohaline circulation is the enrichment of deeper waters in carbon. Superimposed on the solubility pump is a biological pump. In this process, phytoplankton
living in the upper layer (euphotic layer) of the ocean use carbon dioxide to form
organic matter. Much of the organic matter is metabolized; however, a significant
portion (roughly 20%, but highly variable in terms of location and time) sinks to
the deeper reaches of the ocean before being converted back to carbon dioxide (remineralization) by bacteria. Although currents later bring the carbon dioxide back
to the surface, the overall effect is to transport carbon to the deep ocean. The solubility and biological pumps have significant impacts on atmospheric carbon dioxide
levels (e.g., Sarmiento, 1993). The biological pump includes pathways of carbon to
the deeper layers through dissolved organic carbon (DOC) molecules and particulate
organic carbon (POC) matter.
There are several interesting connections between bio-optics, biogeochemistry,
upper ocean physics, and the biological pump. As described earlier, primary productivity and phytoplankton biomass are dependent on photosynthetic processes, which
implicitly involve the availability of light (e.g., PAR) and nutrients. Macronutrients (e.g., nitrate, silicate, and phosphate) and micronutrients (e.g., iron) are important. The spectral quality of light varies with depth and is important for specific
phytoplankton species with special pigmentation or photoadaptive characteristics, as
described earlier (e.g., see also Bidigare et al., 1990; Bissett et al., 1999). Light exposure for individuals is affected by variation in physical conditions, including mixed
layer depth, turbulent mixing, and currents as well as incident solar radiation, which
varies in time and space (e.g., astronomical forcing, cloud variability). An important
feedback concerns the modulation of the spectral light field at depth as phytoplankton concentrations and communities wax and wane. The determination of primary
production in the upper ocean is a vital step in quantifying the carbon flux associated with the biological pump (Laws et al., 2000). Fundamental measurements and
models have been developed to estimate primary production [e.g., review by Behrenfeld and Falkowski (1997a) and Table I]. Such models often use measurements of
chlorophyll a concentration and PAR. The choices of values for spectral absorption
and quantum efficiency are often critical, as both of these parameters can vary in
time and geographically.
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Primary production has been estimated for a variety of geographic regions using
remote sensing (Platt and Sathyendranath, 1991; Longhurst et al., 1995; Antoine et
al., 1996; Behrenfeld and Falkowski, 1997b) as described earlier and from time series
moorings (e.g., Dickey, 1991). For example, primary productivity, P(z), has been estimated using some of the mooring data described earlier along with relatively simple
models using Chl(z) and PAR(z) data. In some cases, best estimates or measurements
of chlorophyll a, specific absorption coefficient for phytoplankton, a*, and quantum
yield for carbon fixation, F(z), have been utilized (e.g., Falkowski and Raven, 1997;
Marra et al., 1999) in the following formulation:
P(z) c a*F(z) Chl(z) PAR(z)

(4 )

Particular examples following this general methodology include the seasonal evolution of primary production in the North Atlantic (e.g., Marra et al., 1992), the ENSO
and equatorial longwave effects on primary production in the equatorial Pacific (Foley
et al., 1997), and the monsoonal cycle of primary production in the Arabian Sea
(Marra et al., 1999). Again, one of the deficiencies of this method is that neither
a* nor F is constant because of community structure changes and varying light and
nutrient stresses.
For some time there has been an implied connection between upper ocean primary production and export of carbon to the deep ocean; however, quantifying this
relationship has been difficult because of the complexity of the processes, disparities
in sampling methods and their resolutions, and lack of coincidence of upper ocean
and deep-ocean measurements (e.g., Eppley and Peterson, 1979; Lewis, 1992; Platt
et al., 1992). Recent collaborative work in the Arabian Sea using moored bio-optical
and physical instrumentation (as described above; Dickey et al., 1998b) and deep
moored sediment traps has apparently demonstrated that upper ocean primary productivity (Marra et al., 1998) is imprinted in deeper sediment records, which include
exported organic and inorganic carbon (Honjo and Weller, 1999). The primary production time series was shown to vary in response to the two major effects described
earlier: blooms associated with the northeast and southwest monsoons and the passage of major mesoscale eddies. The variability in the sediment trap carbon data
correlated very well with the monsoonal cycle and eddy primary productivity events.
These observations and estimates of primary productivity and phytoplankton biomass
emphasize the need for high temporal and spatial resolution sampling because of the
episodic and highly spatially variable nature of the physical, bio-optical, and biogeochemical processes contributing to the biological pump process.
4 .3 .

Ultraviolet Radiation and Its Effect on Biological Processes

The flux of solar ultraviolet (UV) radiation reaching Earth’s surface is critically
dependent on the concentration of O3 and, to a lesser extent, O2 in the atmospheric
column. Absorption bands between 190 and 350 nm are present in a wide variety
of biological molecules. Interaction of UV radiation with such molecules can ionize
quasistable (i.e., bonding) electrons. As water per se has a very small UV absorption cross section, UV entering the water column has a potential to interact with
chromophores in the water column. Three of the most critical chromophores are the
aromatic amino acids, quinones, and nucleic acids (Setlow, 1974). The first of these
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are components of all proteins. The second is an electron transfer component in photosynthesis and respiration. The third is essential for cell division and protein synthesis. Action spectra for UV damage reveal two major targets: the photosynthetic
apparatus and the nucleus. In the former, UV can exacerbate photoinhibition, apparently by damaging either the tyrosine donor to photosystem II and/ or the quinone
acceptor (Kok, 1956; Prasil et al., 1992). The damage to DNA occurs at several levels, but most importantly, leads to mutations in both the vegetative cells of plants or
the somatic cells of animals. In both cases, protection and repair mechanisms have
evolved to help reduce the damaging effects (Halldal and Taube, 1972; Cullen and
Lesser, 1991; Cullen and Neale, 1993). Nonetheless, the flux of UV radiation can be
markedly influenced by atmospheric changes in O3 and can potentially lead to altered
community structure of the plankton, especially at high latitudes (Karentz and Lutze,
1990; Smith et al., 1992). Given that UV fluxes have been a component of solar
radiation since the formation of the Sun, it is reasonable to assume that the natural
mutagenic and teratogenic effects of this weakly ionizing radiation have been both a
selection mechanism and stimulus of biological diversity in the oceans for billions of
years. In fact, bacteriochlorophylls do not directly absorb PAR but have strong UV
absorption bands (Blankenship, 1992), and it has been suggested that these pigments
actually were selected to screen against UV radiation in the Archean ocean (Mulkidjanian and Junge, 1996). The protection mechanisms involve the synthesis of benign
UV-absorbing chromophores (nonprotein amino acids) that dissipate the radiation and
simultaneously alter the UV absorption cross section in the water column (Dunlap
and Chalker, 1986; Karentz, 1994).
4.4.

Radiant Heating Rate Modulation by Plankton

One of the clearest examples of biology affecting physical processes is the modulation
of upper ocean heating rates by variability in phytoplankton and their associated pigment concentrations and related optical characteristics. Because phytoplankton absorb
visible radiation in spectral regions that are relatively transparent for water itself,
these photosynthetic organisms are potentially capable of altering the upper ocean
heat budget. The extent to which this occurs depends on the concentration and vertical distribution of pigments within the water column, as well as the incident spectral
irradiance. Intuitively, one can understand the effect by considering two bodies of
water, lying side by side—swimming pools, for example. If one adds black ink to
one pool while keeping the second clear, the darker pool will absorb virtually all of
the incident solar radiation and become warmer faster. This effect is used to heat
water in rooftop solar systems for homes. Similarly, the addition of phytoplankton to
the upper ocean can have measurable effects on the rate of heating of the euphotic
zone, with consequences for the depth of the upper mixed layer and vertical eddy
diffusivity (e.g., Lewis et al., 1983, 1988).
Several modeling studies in the 1980s explored the sensitivity of upper ocean heating rates and ocean dynamics (e.g., heat content, currents, and mixing parameters)
using various formulations and empirical values for the attenuation of solar radiation
(e.g., Denman, 1973; Zaneveld and Spinrad, 1980; Simpson and Dickey, 1981a,b;
Dickey and Simpson, 1983; Lewis et al., 1983, 1990; Woods et al., 1984; Woods and
Barkmann, 1986; Lewis, 1987; Siegel and Dickey, 1987; Morel, 1988). The simplified one-dimensional heat budget equation (with no advection) for these studies can
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be expressed as
r 0 cp

∂(E n + J q )
∂T
c−
∂t
∂z

(5)

where r 0 is the seawater density, cp the specific heat constant of seawater, T(z) the
water column temperature, E n (z) the net (E d − E u ) irradiance (note that often the
downward component is much greater than the upward component, or E d >> E u ;
coccolithohphore blooms represent an important exception), J q the vertical turbulent
heat flux, and z the vertical coordinate (positive down).
The several studies cited above have demonstrated that physical mixed layer models should include proper parameterization of the penetrative component of solar radiation. Diurnal and seasonal heating cycles have been examined using various parameterizations (e.g., Dickey and Simpson, 1983; Woods et al., 1984). For the most part,
the early model parameterizations were necessarily based on classical regional optical water types (e.g., Jerlov, 1976) because of the paucity of spectral optical measurements. A summary and model intercomparisons of several parameterizations of
downward irradiance for clear ocean (type I) waters (Jerlov, 1976) is presented in
Simpson and Dickey (1981b).
Importantly, the parameterizations were typically formulated as either empirical
single or double exponential functions, with the latter representing the broad attenuation effects due to two separate wavebands (one for the red and infrared portion
and one for the blue to green). Although limited subsurface spectral light data were
available at the time of these studies, it is interesting to note that some exploration
of the effects of finer spectral decomposition had begun (e.g., Simpson and Dickey,
1981b; Woods et al., 1984) with formulations of the general form
E d (z) c 冱 Ai exp( − K i z)

(6)

where the summation index i identifies the wavelength of a particular waveband, Ai
a weighting factor for the particular waveband, and K i the spectral diffuse attenuation coefficient for the corresponding waveband. Today’s technology enables direct
in situ measurements of E d and E u at multiple (commonly seven or more) wavelengths, typically with a bandwidth of about 10 nm. As a consequence, it is possible
to apply spectral forms (e.g., like equation 6) to determine radiant heating rates and
their temporal and spatial variability. It should be noted that even if such advanced
measurements are not available, it is still preferable to utilize pigment (i.e., chlorophyll a) data and empirical models (e.g., Morel, 1988; Morel and Antoine, 1994) to
estimate the spectral attenuation coefficient of light for mixed layer radiant heating
rates (e.g., Dickey et al., 1998b). The empirical spectral dependence of the diffuse
attenuation coefficient as a function of chlorophyll concentration (for wavelengths
from 300 to 2400 nm) has been described by Morel and Antoine (1994, eq. 9). Given
this brief introduction to the theoretical and practical issues of this problem, let us
consider examples from a few diverse regional and global case studies.
The “spring bloom” phenomenon is a good example of large-scale physical–
biological interactions. However, a more subtle aspect concerns the possibility of a
positive feedback (as depicted in Fig. 10.2). For example, modest near-surface strat-
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ification can contribute to a shallow phytoplankton bloom, which may be sufficient
to cause increased local heating there and thus result in further increased stratification. This effect was observed when concurrent physical and bio-optical time series
were collected in open ocean waters south of Iceland (598 29′ N, 208 50′ W; Dickey
et al., 1994) in the spring of 1989. Remarkably, the mixed layer shoaled from about
550 m to about 50 m in only five days. Analysis of this data set suggested that
incipient stratification was indeed enhanced by a phytoplankton bloom. This was
supported by specific model simulations, which included the observed phytoplankton effect (Stramska and Dickey, 1993). In particular, it was shown that by including
the biological effect, near-surface temperature was increased by about 0.28 C. Also, a
shallower mixed layer, stronger stratification, and better agreement with observations
resulted. Normally, transient winds and eddies affect the importance of near-surface
biology for specific observations.
The equatorial Pacific has been the subject of intense study because of weather
and climate implications; thus, heat budgets and fluxes have been central foci. The
importance of the penetrative component of solar radiation in the region was first suggested by Lewis (1987). A simple heat flux scale analysis, based on a variety of data
sets, was also done for this oceanic region by Siegel and Dickey (1987). Their work
indicated that based on turbulence measurements and estimates of solar penetration,
turbulent heat flux could equal radiant heat flux at depths of about 40 to 60 m for modest winds (<5 m s − 1 ). Other studies also argued for the inclusion of the penetrative
component in analyses and models of the equatorial Pacific. For example, Lewis et
al. (1990) noted that sea surface temperatures, which were being modeled using shipbased heat fluxes (and excluded the penetrative component of solar radiation), were
overestimated in the western Pacific by up to 38 C. They used satellite water color
transparency determinations, climatological surface heat fluxes, and density profiles
to show that solar radiation often penetrates well below the mixed layer. The effect
of this penetration was found to cause a reduction in heat input to the mixed layer,
so that for a 20-m mixed layer, there would be a temperature reduction of about 5 to
108 C per year, bringing the heat budget much closer to balance. They also noted that
an increase in phytoplankton concentration in the western equatorial Pacific to values
more commonly observed in the eastern side (about 0.3 mg m − 3 ) would result in heat
trapping of about 10 W m − 2 in the upper ocean. Chlorophyll values of this magnitude
occurred in the western Pacific during the 1982–1983 ENSO event. Direct measurements of bio-optical as well as physical variables have been made in the warm-water
pool of the western Pacific (Siegel et al., 1995; Ohlmann et al., 1998). This work
is supportive of the previous assertions concerning the importance of the penetrative component of solar radiation and more generally biogeochemical processes. For
example, it was determined that common values of the penetrative solar flux are
about 23 W m − 2 at 30 m (the climatological mean mixed layer depth), and thus a
large fraction of the climatological mean net air–sea flux of about 40 W m − 2 . Synoptic scale forcing (e.g., wind bursts) were found to lead to tripling of phytoplankton
pigment concentrations and a reduction in penetrative heat flux of 5.6 W m − 2 at
30 m, or a biogeochemically mediated increase in the radiant heating rate of
0.138 C/ month. In-depth analysis of the radiant heating and parameterizations of light
attenuation for this experiment are given in Ohlmann et al. (1998). The equatorial
Pacific is rich in biological variability, as emphasized by time series data described by
Foley et al. (1997) and Chavez et al. (1998, 1999). As described above, these studies
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have shown large variations in near-surface chlorophyll associated with El Niños,
tropical instability waves, and Kelvin waves. Variability in biological radiant heating rates and solar penetration must necessarily be related as well. These collective
results argue for continuous bio-optical measurements (e.g., irradiance, chlorophyll,
and primary productivity) as part of physical mooring programs.
Annually, the Arabian Sea is forced by two major monsoonal episodes as shown
in Fig. 10.8 and described earlier. Again, the northeast (NE) monsoon (November
to February) is characterized by deep convection and moderate, steady wind forcing, whereas the southwest (SW) monsoon (June to September) is strongly wind
driven (Weller et al., 1998). Thus, two mixed layer deepening events, as well as
monsoonal phytoplankton blooms, occur each year. Sathyendranath et al. (1991) and
Brock et al. (1993) conducted interdisciplinary modeling studies, which suggested
the great importance of coupling of physics with phytoplankton variability, the subsurface light field, and biologically mediated upper ocean heating rates. In particular,
Sathyendranath et al. (1991) predicted that biological heating rates could reach values of about 48 C month − 1 at particular Arabian Sea locations. Field experiments were
conducted in the Arabian Sea as part of the Joint Global Ocean Flux Study, with focus
on biogeochemical cycling (e.g., Smith et al., 1998). As part of these experiments,
radiant heating as affected by phytoplankton (chlorophyll) variability was estimated
by Dickey et al. (1998b) using interdisciplinary mooring-based time series data and
a modified form (depth dependence implemented) of a hybrid subsurface light field
parameterization (Ohlmann et al., 1996) for an open ocean site (158 30′ N, 618 30′ E).
They found strong modulation of the chlorophyll concentrations not only by the monsoonal forcing but also by mesoscale eddies, which were ubiquitous in the region.
The biological heating rates reached values of about 2.58 C month − 1 for the open
ocean site (Fig. 10.8). It should be noted that radiant heating rates as well as the
net penetrative heat flux estimates are dependent on the mixed layer depth criterion,
so comparisons must be done with care. During the spring intermonsoon, the penetrative component reached values of about two-thirds of the surface net heat flux
using a mixed layer depth (MLD) criterion of 0.18 C (0.18 C temperature difference
between surface and defined mixed layer depth) and about one-third of the surface
net heat flux using a 18 C MLD criterion (Dickey et al., 1998b). Clearly, omission of
the penetrative component would lead to a significant biased error in the heat budget.
One of the more interesting phytoplankton groups is the coccolithophorids (see
Figure 10.9). These organisms secrete external calcium carbonate plates or coccoliths (see Ackleson et al., 1988, 1994; Balch et al., 1991, 1996a,b) that strongly scatter
light. Coccolithophorids evolved in the late Triassic period. By the Cretaceous, their
blooms were so large and extensive that the geological deposition of calcium carbonate created by their calcifying activity was responsible for the vast deposition
of chalk beds and limestones from the Mesozoic. At high concentrations, coccolithophores and coccoliths, which are highly reflective, cause ocean waters to appear
milky white. These phytoplankton are relatively widespread (Holligan et al., 1993;
Brown and Yoder, 1994) and at times dominate other phytoplankton groups, especially at high latitudes (Fig. 10.5). Coccolithophores are important because of (1) their
effect on seawater chemistry (i.e., alkalinity and SCO2 ); coccolithophores are capable of fixing carbon and increasing the level of pCO2 in the surface layer; (2) their
roles in biogeochemical cycling (e.g., calcification rates of coccolithophores affect
carbon dioxide fluxes between the ocean and atmosphere and sinking of coccoliths

428

TOMMY D. DICKEY AND PAUL G. FALKOWSKI

Fig. 10.9. See color insert. (a) Winter and (b) summer distributions of coccolithophorids in the global
ocean in relation to critical irradiance. The coccolithophorids are seen by satellite imagery as highly
reflective pixels and are shown in the figures as white dots. Note their circumpolar distributions north of
the Antarctic in the winter (austral summer) in panel a and the widespread distribution in the Northern
Hemisphere in the summer in panel b. The critical irradiance is a measure of the total daily irradiance
in the upper mixed layer.

takes carbon to the deep sea); (3) their effects on climate [release of dimethylsulfide (DMS) as coccolithophores act as a major source of cloud condensation nuclei
over the oceans]; (4) their impact on radiant heating effects; and (5) their local dominance of remotely sensed color imagery. Interestingly, Balch et al. (1991) noted that
chemical changes often parallel optical changes (e.g., alkalinity and coccolithophore
blooms shown to be inversely related to optical scattering of detached coccoliths) and
Holligan et al. (1993) have reported positive correlations between beam attenuation
and pCO2 .
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Here we focus on the radiant heating aspect. Because coccolithophorids and their
coccoliths are such strong scatterers (e.g., Bricaud and Morel, 1986), their role in
radiative transfer of energy and their in situ optical characterization are far more
difficult to model than for most other phytoplankton groups. Further, instrumentation for in situ spectral absorption measurements (e.g., Moore et al., 1992; Bruce
et al., 1996) has become available only over the past few years, and only recently
has spectral backscatter instrumentation been developed (e.g., Dana et al., 1998).
Nonetheless, some important field studies of the biological and optical properties of
coccolithophore blooms have provided new insights. For example, Balch et al. (1991)
reported results of two field campaigns focusing on coccolithophore (Emiliania huxleyi) blooms in the Gulf of Maine. They found that about 80% of backscattered light
at 550 nm was due to coccoliths and that near-surface reflectance (R c E u / E d ) values ranged from over 0.2 to 0.3 for nonbloom waters of roughly similar chlorophyll
concentrations; coccolith backscattering usually accounts for 10 to 20% of the total
backscattering, with irradiance reflectance values of only a few percent (see also
Balch et al., 1996a,b). Multiple scattering of light is clearly occurring during such
blooms (and especially their remnant phases). Thus, radiative transfer theories, which
impose single scattering assumptions, break down for coccolithophore blooms. Additionally, the longer effective pathlengths of light cause increases of light absorption
in the near-surface waters allowing less light to penetrate to depth. This is supported
by analysis of the same Gulf of Maine data by Ackleson et al. (1988), who reported
that heating rates within one of the coccolithophore blooms were about 0.328 C day − 1
compared with values of 0.068 C day − 1 outside the bloom region. Satellite-derived
surface temperature data indicated warmer water (by about 58 C) within the bloom
area compared with adjacent outside waters. Solution of the coccolithophore heating problem will require both new in situ and remote sensing observations and the
application of multiple-scattering radiative transfer models (e.g., Tyrell et al., 1999);
however, use of presently available in situ spectral irradiance instrumentation can be
very useful as well.
Global variability in water transparency and its potential effects on heat budgets
and heating rates have been the subject of a few studies (e.g., Simonot and LeTreut,
1986; Lewis et al., 1988; Ohlmann et al., 1998). For example, Lewis et al. (1988)
presented an analysis of climatological Secchi depth measurements (about 120,000
observations). While Secchi depth (roughly the depth of disappearance of a profiled
0.25-m white disk; a broadband visible light penetration depth) data provide rather
imprecise information on water clarity, they have been collected as standard optical
observations for several decades over many parts of the world ocean and provide
our best view of optical climatology. Lewis et al. (1988) used an empirical formula
to translate Secchi depth data into estimates of chlorophyll concentration. Interestingly, the inferred concentrations were in good agreement with the Coastal Zone
Color Scanner (CZCS) satellite-based estimates and showed a major optical front
traversing the ocean basins at about 10 to 308 N. Following this work, Falkowski
and Wilson (1992) used a 90-year record of Secchi depth observations to examine
whether phytoplankton biomass in the North Pacific Ocean had changed markedly in
the twentieth century. Their results suggest that a small systematic increase in phytoplankton has occurred on the edges of the central ocean gyres, while the gyre core has
undergone a small depletion of phytoplankton. One possible cause of these changes
is enhanced gyre rotation due to higher wind speeds at the continental boundaries
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(Bakun, 1990). Recent time series work in the central North Pacific (Karl, 1999)
indicates that chlorophyll a concentrations and primary production in the surface
waters there have more than doubled during the past three decades. The various studies using Secchi data can provide at least rough indications of longer-term variability
and climatological trends in radiant heating rates. Finally, Ohlmann et al. (1998) have
presented a regional/ global analysis of mixed layer radiant heating and solar penetration. Input data included incident solar flux from the International Satellite Cloud
Climatology Project and upper ocean chlorophyll concentration from CZCS. Some
of the key results of the Ohlmann et al. (1998) analysis include: (1) solar penetration can be a significant fraction of the upper ocean mixed layer heat budget in the
tropics and is important seasonally at mid- to high latitudes, and (2) annual climatological values of solar penetration can reach 40 W m − 2 ; omission would lead to
overestimates of mixed layer heating of about 0.38 C month − 1 .
5.

Enabling Methodologies: Theories and Technologies

Theories and models, which can be used to estimate IOPs from AOPs and vice versa,
are being developed, but further advances are still needed. The theoretical framework
for biological modulation of radiant heating rates is quite well developed for conditions where the single-scattering approximation is valid. However, media where multiple scattering is very important, such as areas where coccolithophore blooms are
occurring or have recently occurred, are considerably more challenging and more
theoretical work will be required (Tyrell et al., 1999).
Considerable progress has been made in expanding the number of bio-optical
observations, which can be made on virtually the same time and space scales as
physical measurements such as temperature, salinity, and currents. This is due in
large part to development of new in situ sensors, many of which are fairly small,
require low power, and have high spectral resolution. It is anticipated that the trend
in this direction will continue and that as more sensors and systems are sold commercially, the cost will decrease. Measurements of spectral absorption, scattering,
and attenuation coefficients are advancing rapidly with improved spectral resolution
capability (Moore et al., 1992; Bruce et al., 1996; Dana et al., 1998).
Higher spectral resolution measurements are now available for irradiance and
radiance (M. Lewis, personal communication). Spectral fluorescence measurements,
which can be used for identifying dissolved materials have been developed as well
(e.g., Desiderio et al., 1997; Petrenko et al., 1998). Key optical measurements are now
being developed for volume scattering and backscattering (Dana et al., 1998). These
measurements are important for several optical studies, especially for remote sensing (which relies on a small backscattering signal and is affected by whitecapping
and bubbles) and when scattering represents a large portion of the optical attenuation (e.g., the coccolithophore/ coccolith problem). These latter measurements are
also necessary for developing models, which can be used for estimating IOPs from
AOPs and the inverse problem.
The interpretation of optical and bio-optical measurements remains an important
problem in large part due to the complexity of the measured bulk properties. In some
cases, in situ “groundtruthing” has proven valuable (e.g., comparisons of 14 C primary
production measurements with mooring-based estimates), but in others the collection
of water samples for comparison with in situ measurements has proven problematic.
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An interesting example concerns the interpretation of beam c(660 nm) data in terms
of suspended particulate matter (SPM), particulate organic carbon (POC), and primary productivity (e.g., Siegel et al., 1989). Bishop (1999) conducted a series of
experiments to ascertain relations between beam c(660 nm) and SPM and POC. He
determined that considerably more robust relations (r 2 of 0.9 and greater) existed
between beam c(660 nm) and POC than between beam c(660 nm) and SPM. This
result is quite surprising considering the large number of interpretive complications
described in Section 4.1. Nonetheless, the potential use of beam c to estimate POC is
important, as POC is of direct importance for the carbon cycling and flux problem.
Commercial development of sensitive kinetic fluorometers capable of deriving
photosynthetic rates and parameters in real time has dramatically altered our ability to understand how photobiological processes interact with physical processes.
Such instrumentation can be adapted to a wide suite of oceanographic issues, such as
nutrient limitation, photoinhibition of photosynthesis, species selection, and in situ
primary production. Such instrumentation, based on the fast-repetition-rate fluorescence technique (Kolber et al., 1998), has been used to follow changes in photosynthetic solar energy conversion efficiency as a function of advection (Kolber et al.,
1990), and nutrient stress (Falkowski, 1992).
Presently, most bio-optical sensors are deployed from ship-based profilers and to
a lesser extent from moorings. With advances in microprocessor technologies, data
processing and storage are not generally limiting. The need to expand the spatial
and temporal ranges and resolutions of multidisciplinary in situ observations will
require utilization of more autonomous platforms such as moorings, drifters, floats,
gliders, and autonomous underwater vehicles (AUVs). Capabilities of all of these
platforms are improving rapidly and their costs are decreasing. Remote sensing of
ocean color is also advancing, with more satellites with higher spectral and spatial
resolution (e.g., Davis et al., 1999; IOCCG, 1999). Near real-time data telemetry of
optical and physical data is important for many applications. Telemetry technologies
are improving rapidly with new communication systems, which can be either satellite or land-based (Dickey et al., 1993b). With increased numbers of low-earth-orbit
(LEO) communication satellites, we can expect increased bandwidth and more frequent data transmissions.
Many of our examples have illustrated the complexity of the ocean ecosystem,
including examples of the patchy and episodic nature of phytoplankton and bio-optical properties. The applications of moored fluorometers and other optical sensors
represent the biological and optical equivalents of current meters, allowing highfrequency, long-time series of chlorophyll fluorescence and light properties to be
obtained from multiple locations. These data suggest that phytoplankton distributions in the ocean are not “chaotic” in a mathematical sense but are also not easily
predicted (Ascioti et al., 1993). There is clearly a great need for careful work to analyze and interpret the burgeoning optical data sets. A challenge for the future will
be to understand and formulate the mathematical rules by which solar radiation and
biological processes are coupled through physical forcing in the ocean.
On longer temporal and spatial scales, it is critical to examine whether Earth is a
unique terrestrial planet or whether other planets in neighboring solar systems have
liquid water on their surface. As life on this planet has been related directly to solar
energy and its major electron source (water), so must we question whether our energy
sources and sinks have been replicated elsewhere. This problem, namely how solar
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energy interacts with biota in the oceans, is one of the most profound issues in science, one that relates every bit as much to how we interpret the future of our planet.
If we consider that there are 1011 stars in our galaxy, and, based on the present rate of
planet discovery in other solar systems, we can estimate that between 1 and 10% of
the stars on our galaxy have one or more orbiting planets. Assuming that the accretion phenomenon that gave rise to our planetary system also gave rise to at least some
other planetary systems (i.e., that inner planets are lithospheric and the outer planets
have less dense cores), and assuming, purely on statistical grounds, that 1% of those
planets is within a zone of habitability, we can conservatively estimate that there are
between 106 and 107 planets capable of maintaining a film of liquid water on their
surfaces. That is a large number indeed, and the knowledge of biological and optical
oceanographers can contribute to their discovery.
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