Chapter 2 Primer for Bio-optical Oceanography    (EB2Version 38, Winter 2004)

2.1  Purpose 

This chapter serves as a primer for bio-optical oceanography and introduces many of the definitions and terminologies used later in the book.  First, we discuss the fundamental physics of light, the origins of light in the ocean, and the optical properties of seawater and its living and non-living constituents.  Some of the basic ideas concerning light propagation as affected by optical properties via absorption and scattering are introduced and optical classification schemes for seawater are summarized.  Later chapters treating observational methods, theories and models, and applications will refer to and build upon the material presented in this chapter.  The glossary of relevant terminologies and acronyms given in Appendix I may be useful for reference.  Also, Appendix II provides additional information concerning inherent and apparent optical properties (IOPs and AOPs) and their interrelationships. 

Some of the topics presented in this chapter are developed somewhat differently, and in some cases in more detail, in other works likely to be accessible to many readers and in the Appendices of this book.  There is unavoidably some overlap with introductions presented in other works; however, several new references (e.g., particularly since 1994) are given here.  The metric unit system (meters, kilograms, and seconds or mks) is used throughout the book.  Also, we have attempted to maintain as much notational consistency as possible with works by Morel and Smith (1982), Kirk (1994), Mobley (1994), and the International Ocean Color Coordinating Group (IOCCG; 1998, 1999, 2000).  The definitions and units of optical oceanography have evolved, so the reader needs to be quite careful when referring to earlier literature.  Fortunately, the situation has stabilized within the past two decades (see summary in Appendix B in Dickey and Siegel, 1993, or Chapters 1 and 3 in Mobley, 1994).  We utilize the present chapter to introduce most of the needed variables with their units.  The physical meaning of quantities are discussed here with reinforcement and amplification in Chapters 3 and 4, which concern measurements.   It is worth noting that bio-optical oceanography is generally grounded in fundamental physical quantities, and is thus well placed for setting standards and quantifying bio-optical variability in time and space on an absolute basis.  This is especially important for future monitoring of environment change that will utilize optical measurements.  

To summarize, the intent of this chapter is to provide a concise introduction to the relevant principles of ocean optics and bio-optics.  Later chapters focus on recent measurement methods, theories and models, and applications of bio-optical oceanography.   

2.2  The Nature of Light 

The wave nature of light is used to describe the electromagnetic energy spectrum.   The definitions of amplitude, wavelength, period, frequency, and phase for simple sinusoidal waves (i.e., simple harmonic motion) are illustrated in Figure 2-1 (also see Halliday et al., 2001).  Light energy comprises a relatively small, but very important fractional range of energy of the electromagnetic spectrum as indicated in Figure 2-2.    Light is sensed by the human eye, as well as by many marine organisms that use a variety of sensory schemes.  Not surprisingly, light comprises the most studied and best understood portion of the electromagnetic spectrum.  Importantly, the availability of light and its effective use by marine organisms is central to life on earth and absorption of light energy in the upper ocean is key to heating of the oceans and climate variability.   

Before characterizing the nature of light, we consider the speed of light waves, c, which is of fundamental importance to both classical and quantum mechanical studies of light.  A simple set of equations relates the wavelength,in m, but more commonly in nanometers or nm (where  1 nm = 1 X 10-9 m) for optics), and frequency,insec-1 or hertz, Hz), of an electromagnetic wave (including light) to the speed of light in a vacuum (also called in vacuo) according to following equations





c = 

(m sec-1)


(2-1a)
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The measurement of the speed of light has involved several creative approaches (see Table II.1 in Fowles, 1975; Halliday et al., 2001) and its presently accepted value in vacuo is very nearly and almost always taken to be constant and given by

 c = 2.997 X 108          (m sec-1)



(2-2)

Note that the speed of light in water is different and so is the wavelength. Only frequency (energy) of a photon is conserved crossing the interface.  It is standard to reference everything to the wavelength in vacuo, but it gets you in trouble when you compute scattering which is dependent on the ratio of wavelength (in medium) to particle size…
A broad range of wavelengths of the electromagnetic energy spectrum is of direct importance for oceanography (see Figure 2-2), for example: the visible waveband for heating of the upper ocean and life on our planet (i.e., through photosynthetic processes); the infrared band (i.e., wavelengths longer than red; sometimes called longwave radiation) for ocean and atmospheric heat budgets; and the ultraviolet band (shorter wavelengths than visible blue) because of photochemical reactions and radiation damage to marine organisms.   Also, remote sensing of the ocean from satellites and aircraft capitalizes on wavelengths generally ranging from the visible to the microwave wavebands (e.g., Stewart, 1985; Martin, 2004; Robinson, 2004), and data communication utilizes microwave to radio wavelengths.
Light is generally considered to span the range of wavelengths in the electromagnetic spectrum of energy that can be sensed by the human eye as indicated in Figure 2-3.  Most humans can distinguish different colors or wavelengths of light.  It should be noted at the outset that human sensing of color actually has nothing to do with the fundamental physics of light, but rather is a sensation that is perceived differently from person to person or organism to organism (e.g., Feynman et al., 1964).   There is no standard eye or standard human observer and some people are color blind.  Nonetheless, it is now common practice and often convenient to use the terms visible light and color in many discussions of optics.  For discussion purposes, we adopt the wavelength-color range guide given in Table 2-1 (after Hecht, 2002).  For example, three color bands of special interest for bio-optics are blue, green, and red; blues fall roughly in the range of 455-492 nm, greens 492-577 nm, and reds 622-780 nm.  Sir Isaac Newton pointed out that white light is the mixture of all colors of the visible spectrum, or alternatively, no subregion (wavebands) of the visible spectrum dominates.  This results in a rather flat energy spectrum (i.e., energy as a function of wavelength) for sunlight in the visible as indicated in Figure 2-4.  Operationally, visible light or photosynthetically available radiation (PAR) for bio-optical oceanography is generally defined to range from 400 to 700 nm in wavelength.  However, some references define the PAR range from 350 to 700 nm.   [NEED TO DECIDE WHETHER TO INCLUDE FOLLOWING OR NOT: The topic of visibility for humans and marine organisms is discussed briefly in Appendix II and in more detail in many other references (e.g., see Marshall, 200??).

It is important to include the human photopic response as it is a factor in the Secchi disk determination which, as you know, is the metric for water clarity for legislation of Lake Tahoe.  EB – CAN WE INCLUDE AS AN APPENDIX?  COULD YOU WRITE THIS PART?  JUSTIN MARSHALL HAS DONE A LOT ON THIS AND MAY BE A GOOD RESOURCE.
Electromagnetic waves traveling at the speed of light are classified as transverse opposed to longitudinal waves (sound waves are examples of the latter).  That is, directions of  electromagnetic waves’ vibrating electric and magnetic vectors (amplitudes of the electromagnetic signal) are at right angles to their direction of propagation as illustrated in Figure 2-5 (i.e., Halliday et al., 2001), rather than in the same direction as propagation (the case for longitudinal waves).  This important difference was unrecognized until the work of Young and Fresnel in the early 1800’s and represented a major advance for physics (e.g., Hecht, 2002).  

For completeness, it is worth noting that light can be described as particles as well as waves.  In fact, it is possible, and often convenient, to use either light wave or light particle descriptions of light as indicated below.  A light particle is called a photon or quantum of light energy.  The particle nature of light was discovered through theoretical work by Max Planck and Albert Einstein and was confirmed through the careful laboratory experiments of Robert Millikan (e.g., see historical account presented by Hecht, 2002).  A key demonstration of the particle nature of light involves the photoelectric effect in which an electron is emitted by a metal when illuminated with light (Figure 2-6).   The key equation, which was central to Nobel Prize awards received by both Einstein in 1921 and Millikan in 1923, for the photoelectric effect is given by





h = W + ½ mv2
(joules)

(2-3) 

Tommy: Is the above relevant to the material presented in this chapter? 
PROBABABLY NOT, BUT I PUT IT THERE FOR A BIT OF HISTORICAL PERSPECTIVE.  IT CAN BE JETTISONED IF YOU LIKE OR WE COULD INCLUDE AS A SIDEBAR IF WE DECIDE WE LIKE THE SIDEBAR APPROACH..

where  h represents the total energy content of a photon with frequency , W is the work function of the metal impacted by the photon, and the kinetic energy of the emitted electron of mass m and velocity v is ½ mv2.  The value of W is dependent upon the physical characteristics of a particular metal impacted by the photon.  The value of Planck’s constant, h, was determined by Millikan to be very near h = 6.63 X 10-34 joule-sec.   The energy of a photon can thus be written as





E = h    

(joules)

(2-4a)




or





E = hc/

(joules)

(2-4b)

and is thus proportional to the photon’s frequency or inversely proportional to its wavelength as both Planck’s constant and the speed of light (in vacuo) are constants.  By inspecting the electromagnetic spectrum (Figure 2-2), we can infer from equation 2-4b that individual red and infrared photons (with relatively long wavelengths) are less energetic than blue and ultraviolet photons (relatively short wavelengths).  This is illustrated graphically in Figure 2-4).  The damage to cells (e.g., human skin and marine organisms) by highly energetic ultraviolet radiation is now well-documented and publicized in the popular media.  

To summarize, light has a dual nature: wave and particle.  For some applications, it is preferable to use the wave theory while the particle (or photon or quantum) theory is more appropriate for others.   There is thus utility in using either classical electromagnetic theory (e.g., usually involving Maxwell’s equations, which are discussed in Chapter 5) or quantum mechanics for optics and bio-optical oceanography with the choice determined by the specific problem of interest as we shall see later in the book.  

It is interesting to note how Richard Feynman summarized his view of “quantum mechanically correct” electromagnetic theory, or quantum electrodynamics, which involves the interaction of light and matter.  Quoting Feynman et al. (1964), “… out of quantum electrodynamics come all known electrical, mechanical, and chemical laws: the laws for the collisions of billiard balls, the motions of wires in magnetic fields, the specific heat of carbon monoxide, the color of neon signs, the density of salt, and the reactions of hydrogen and oxygen to make water are all consequences of this one law.  In principle, then quantum electrodynamics is the theory of all chemistry, and of life, if life is ultimately reduced to chemistry and therefore just to physics because chemistry is already reduced (the part of physics which is involved in chemistry being already known).”  The applications of and inventions attributable to quantum electrodynamics have had major impacts as well.  These include lasers (light amplified stimulated emission radiation), fiber optics, and many more.  As a footnote, Feynman won the Nobel Prize in physics for his work on the theory for quantum electrodynamics in 1965.   He died in 1988; however his great intellect and ability to convey his unique physical insights are evident in his many books.    

Tommy: Is the paragraph above relevant to the material presented in this chapter?
IT COULD BE A SIDEBAR ALSO OR MAYBE IT BELONGS IN INTRO OR NOT AT ALL!!  I JUST THOUGHT IT WAS COOL.
The remainder of this book concerns various forms of ocean applications of fundamental optics and physics made possible by many of the most renowned physicists living from the 1600’s to the present (see the summary historical account in Chapter 1 of Hecht, 2002).  

2.3  Sources of Light in the Ocean
2.3.1  The Sun

The Sun is by far the most important source of light for the ocean as well as the Earth (see Figure 2-7).   It is sunlight and the color of the sunlight that impinges on the sea surface that will be of primary interest in this book.  However, small amounts of sunlight also reach the ocean after reflection from the Moon and some marine organisms produce light via the process of bioluminescence.  Bioluminescence refers to the emission of visible light by organisms through the conversion of chemical energy into light and will be discussed in Chapter 6.  Other sources of light are discussed in the next subsection.  We begin by outlining the physics of light emission from the Sun.

Proton-proton and higher order nuclear fusion reactions deep in the Sun's core have been responsible for producing solar radiant energy for several billion years (e.g., Halliday et al., 2001).  The Sun’s radiant energy flux output is estimated to have increased by about 30% since the accretion of the Earth and has been accompanied by small changes in the spectral quality of emitted light.  The overall energy budget of the Earth is a balance between the input of solar radiation at the top of the atmosphere and its re-radiation back into space.  The total solar energy flux incident at the top of the atmosphere of the Earth per unit area perpendicular to the direction of the flux is called the "solar constant,”denoted as S0.  S0 is not truly constant, a fact that has climatic implications, but its rate of change is negligible for the time scales of interest for most topics discussed here (long-term climate change being a notable exception).  The solar energy flux is approximately S0 = 1368 W m-2 or joule sec-1 m-2 with about 25%, or a value of S0/4, being intercepted by the Earth.  The fraction of solar radiation impinging on the Earth that is reflected back into space is called the albedo of the Earth, , which is approximately 0.31 on average.  Note that  has significant variability in space and time and is lower by about an order of magnitude for the world’s ocean.  Blackbody radiation or radiant energy flux, R in W m-2, emitted by the Earth is given by the Stefan-Boltzmann equation (e.g., Halliday et al., 2001)

R =  T4

(W m-2)
(2-5)

where T is temperature in degrees Kelvin or oK (where oK = oC + 273) and  is the Stefan-Boltzmann constant with a value of  

= 2 2 kB 4/(15c2h3) = 5.67 X 10-8 W m-2 °K-4 
(2-6)

where  is 3.14 and kB is Boltzmann’s constant with a value of 1.38 X 10-23 joule/oK.  The values of Planck’s constant, h, and the speed of light, c, were given earlier.    When Earth is in thermal equilibrium with space, the following balance can be shown to hold (e.g., Wells, 1997)

(S0/4 ) (1 - )  =   T4

(W m-2)
(2-7)

Based upon this relation, the average surface temperature of Earth should be approximately 255 °K; however, the actual temperature is about 286 °K.  The difference is attributed to the absorption and re-radiation of long wavelength radiation by gases in the atmosphere: the so-called "greenhouse" effect (e.g., Philander, 1998).

The Sun’s radiation spectrum is dictated to first order by its core temperature and mass.  The spectral distribution of solar energy roughly follows what is known as a blackbody curve.  An illustration showing solar radiant energy flux (irradiance in W/m2) as a function of wavelength at the outer envelope or layer of the atmosphere and at sea level in the visible region of the spectrum as well as in the near ultraviolet and infrared is illustrated in Figure 2-8.  A depiction of light penetration for a few depths in the open ocean is also included.
This is a bit too early and may be confusing as it will change with the body of water. Here penetration through the atmosphere should be enough.
EB – SURE - DELETE IF YOU LIKE AND SUGGEST WHERE WE PUT IT??
 It can be seen that there is a narrowing of the penetrating radiation waveband with depth (i.e., nearly white light impinging on the outer portion of the atmosphere, but primarily blue light at greater depths; a natural ocean light filter effect).  About 40% of the Sun’s radiant flux lies in the visible.  The theory of blackbody radiation was developed over several decades (late 1800’s to early 1900’s), and culminated in Planck’s radiation law (e.g., Hecht, 2002).   Planck’s law predicts the wavelength dependence of blackbody radiation R (in joules m-3 sec-1 or W m-3) to be




R = 2hc2/5 [exp[(hc)/(kBT)] – 1]-1     (W m-3)
(2-8) 

where values of , h, c, and kB were given earlier,  is the wavelength of the emitted radiation (in units of meters for this particular formula), and T is the temperature of the blackbody radiant energy source in oK.  Planck’s law is especially noteworthy as it not only fits experimental blackbody data so well (note the best fit to experimental data required the value of h = 6.63 X 10-34 joule-sec), but also because it represents a major transition from classical physics to quantum mechanics.  Interestingly, Planck stated “That energy is forced, at the outset, to remain together in certain quanta was purely a formal assumption and I really did not give it much thought.”  Einstein later took this “assumption” more seriously, leading to many of his later theories including the photoelectric effect. 
Another important aspect of blackbody radiation is that for a given material, the wavelength of the peak of the Planck spectrum shifts to lower wavelengths for increasing temperature according to Wien’s Displacement Law or





max = const/T

(m)


(2-9)

where max is in units of m, T is in oK, and the experimentally determined constant (const) is 2.898 X 10–3 m oK .   For illustration, note that the surface of the Sun has a temperature of about 5900 oK and the mean temperature of the earth’s surface is about 286 oK.   Substituting these values for temperature in equation 2-9 results in peaks for these two bodies to be at max = 507 nm and max = 10.5 m, respectively.  The radiation emitted from the Sun is thus commonly called “shortwave” radiation while the radiation emitted from the Earth’s surface is called “longwave”radiation.  We will return to these radiational effects when we discuss the heat budget of the ocean in Chapter 6  

2.3.2  Non-solar Light Sources

The moon is an indirect source of light as sunlight reflects from the moon, which has an albedo of about 0.11 (opposed to a value of  0.31 for Earth).  At full moon, the light energy flux from the moon is about 1 million times less than that of sunlight and thus relatively insignificant to heat budgets.  A schematic showing the general light distribution of moonlight and sunlight irradiance with depth is given in Figure 2-7 to demonstrate this point.
Again, this is too early here. We have to set the boundary condition first before diving into the ocean.
EB – NO PROBLEM, SAVE FOR LATER IS FINE WITH ME.

  Note that light decreases following a roughly exponential curve with depth (note that the plot of Figure 2-7 is semi-logarithmic as discussed quantitatively a bit later).  Although moonlight is a relatively weak contributor to the light budget, it plays an important role for particular marine organisms (Lalli and Parsons, 1997).  For example, some organisms use moonlight as a cue for vertical migration based on the lunar cycle (28.5 days) and eclipses can affect migration.  

Reynolds and Lutz (2001) consider ocean depths greater than about 1000 m to be the “dark” zone (limit of the mesopelagic zone shown in Figure 2-9) where only a small number of animals are still capable of detecting the very low levels of solar illumination reaching these depths.  Interestingly, it was long assumed that the ocean was lifeless at such depths.  However, it is now known that a variety of organisms live at these depths with some being bioluminescent and others actually possessing eyes capable of sensing light.  In fact, the pilots of the bathyscaphe Trieste, Jacques Piccard and Don Walsh, observed a flounder  and a shrimp on the ocean floor at the very deepest depth of the ocean (Mariana Trench, 10,912 m where pressure reached about 1.1 X 108 Nt/m2 or about 1089 atmospheres!) on January 23, 1960.  Interestingly, they also heard a loud sound during the dive.  The sound was produced by cracking plexiglass; fortunately, both pilots were unharmed.  They remain the only two humans to have explored the deepest depths of the ocean (an account of this adventure is given in Ocean News and Technology, December 2002).  This important expedition confirmed that life does in fact exist even in one of the most adverse environments on earth and furthermore that organisms with light sensors live there.   

The following summaries of non-solar, deep ocean light sources draw upon a recent review paper by Reynolds and Lutz (2001).  Deep light sources include: 1) extraterrestrial (cosmic) radiation, 2) seismic activity, 3) crystalloluminescence, and 4) triboluminescence.  The first of these light sources, extraterrestrial radiation, is produced in the deep ocean because of the passage of ionizing cosmic rays and ions resulting from the decay of naturally occurring radioactive elements, especially an isotope of potassium, 40K.   Seawater is not considered to be a good emitter of light by ionizing particles (i.e., light is a poor scintillator); however, the Cerenkov effect can occur.  The Cerenkov effect involves a process by which charged particles emit light when they move through the medium (seawater here) at a speed greater than the speed of light in the medium (though not greater than in vacuo).  In the ocean, it is likely that Cerenkov radiation is produced with the decay of an electron from 40K.  Presently, there appears to be no obvious oceanographic implication of the small flux of photons (about 90000 quanta m-2 sec-1) produced in this way.  However, photons produced by Cerenkov radiation and bioluminescence are of major concern for experimenters studying elementary particles using deep-sea detectors (i.e., Deep Underwater Muon and Neutrino Detection Experiment, DUMAND; see Learned, 1981; Ohashi, 1986).  

Reynolds and Lutz (2001) speculate that seismic or volcanic activity may cause light displays, called earthquake light, in the ocean.   Although this phenomenon has yet to be observed in the ocean, they refer to several accounts of atmospheric light phenomena that may have been related to seismic activity.  They note that observers have described what may be earthquake light as “flashes of light like lightning, luminous spots, and narrow bands of light; globes, columns, and beams of fire; flames, numerous sparks, and luminous vapors; and diffuse light in the air and luminous clouds.”  They qualify the ocean relevance of seismic light noting that some of these atmospheric displays may have no oceanic analogs.  Explanations for production of the seismic light include electric and magnetic fields generated through seismic and volcanic activity.  

The discovery of hydrothermal vents has led to many new discoveries concerning life that is based on chemosynthesis opposed to photosynthesis [discussed below] and ocean ecology under seemingly inhospitable conditions (high temperature, unusual ocean chemistry, and no sunlight).  Light, which is not produced by thermal sources (i.e., blackbody radiation), has been detected in the vicinity of hydrothermal vents (e.g., Van Dover et al., 1996; Reynolds and Lutz, 2001).   Special optical instrumentation has been critical to these studies (e.g., White et al., 2000).  Possible hydrothermal light sources include crystalloluminescence with light scattering from the vent plume by small particle precipitates and triboluminescence resulting from collisions among particles.  Crystalloluminescence involves the emission of light when crystals form (e.g., Reynolds, 1987).  Many relevant minerals have been recovered from hydrothermal vent plumes suggesting this as a possible light producing mechanism.  Solid triboluminescence is luminescence that is produced by the distortion or fracture of crystals via mechanical actions like scraping, crushing, and compression or alternatively via thermal shock or particle collisions.   Since some solid constituents of plumes are triboluminscent, this appears to be a feasible mechanism.  Finally, liquid tribolumiscence may explain some of the light emission.  The scenario is that very hot water is discharged at high speed into much cooler seawater under high pressure causing high shear interfaces and charge separations or excited states - a variant of frictional electricity.  The importance and roles of this form of light for the life and ecology observed in hydrothermal vents remain to be determined  (Lutz and Kennish, 1993).   Finally, bioluminescence is an especially fascinating light source topic that will be discussed in Chapter 6.
2.4 Nature of Seawater’s Bulk Optical Properties and Constituents( this section should be moved down after the physical definitions.
EB – AGREED, GO FOR IT.
In this section, we discuss the bulk optical properties and constituents of ocean waters.  At this point, we do not consider geographical regions.  Rather, we define properties that encompass the broadest range of ocean waters.  This is done with the purpose of retaining generality for our mathematical descriptions and maximizing applicability of our formulations to the ocean as a whole.   Coastal regions are often defined as ocean areas where water depth is no greater than 200 m (essentially coastal shelves) and open ocean regions where waters are deeper than 200 m (beyond shelf breaks).  The offshore distance to the 200 m depth or isobath vary according to shelf width (e.g., narrow off west coast of U.S. and wide off east coast of U.S.).   Coastal ocean areas are typically treated separately from the open ocean.  The merit of this approach is simplification for the open ocean where there are generally fewer land and boundary influences in general.  The ocean is a fluid medium where currents, mixing, and dispersion act to redistribute materials over long as well as short distances, so the open ocean is still affected by coastal processes and vice versa.  For example, seawaters considered to be “open” ocean waters according to the 200 m depth definition often have coastal characteristics (e.g., in salinity, optical properties) and sometimes vice versa (e.g., when open ocean waters move into shallower waters).  One can be drawn into unjustified assumptions and interpretations if the continuum of ocean properties is ignored.  References to coastal and open ocean waters will be in regard to the 200 m isobath as a matter of convention and ease in referencing other oceanographic work, especially for physical oceanography.    

Tommy, see Mobley et al., 2004, Oceanography for the need to drop the case 1/case 2 classification. Morel himself set it to fail in his 1981 paper with Bricaud (first author) where she shows that CDOM and chl are not correlated in open ocean waters. We could mention in general the different type of classification but not adopt any for the purpose of this paper.
EB – TOTALLY AGREE WITH YOU; I WROTE THIS SECTION BEFORE THE MOBLEY ET AL 2004 PAPER SURFACED.  PLEASE REVISE IN VIEW OF THIS AS YOU SEE FIT.
For bio-optical oceanography, it is important to introduce the contemporary optical classification scheme of Case 1 and Case 2 waters (e.g., Morel and Prieur, 1977; IOCCG  Report 3).  Case 1 waters are defined to be those waters in which phytoplankton, the small drifting plants and algae of the sea, and their accompanying (i.e., retinue) and covarying materials of biological origin are principally responsible for variations in optical properties (defined below).  Case 2 waters are defined to be all other waters.  More explicitly, Case 2 waters are influenced by both phytoplankton and non-phytoplanktonic substances that vary independently of phytoplankton; these include inorganic particles in suspension and colored dissolved organic matter (CDOM; e.g., Blough and Del Vecchio, 2002).  Note that dissolved matter is generally considered to be matter that passes through a  400 nm pore size filter; this is strictly an operational definition (e.g., Mobley, 1994).   Case 1 waters can thus be considered to be a subset of Case 2 waters.  Naturally, Case 2 waters tend to dominate coastal areas whereas Case 1 waters generally prevail in the open ocean.   Importantly, we must always remember that either water case type can be found on opposite sides of the 200 m isobath.  We will generally refer to the terms Case 1 and Case 2 waters opposed to open ocean and coastal waters in regard to optical classification in the remainder of the book.  Later in this chapter, we will discuss optical classification of seawater in more detail.

2.4.1  Bulk Optical Properties

In order to quantify the optical characteristics of the ocean, it is conventional to define bulk optical properties.  Bulk optical properties can be divided into two categories: inherent and apparent(note: radiometric quantities (Ed, Lu) are not AOP.  Inherent and apparent optical properties essentially form the basis for several of the key state variables of bio-optical oceanography.  With a few exceptions, we will be interested in the wavelength dependence (with reference to “color” or spectra of visible light) of these properties.  Note that all references here are with respect to wavelengths in vacuo (note that light wavelength is also dependent upon the complex index of refraction that characterizes the absorption and scattering properties of the medium of interest as discussed below).  The term bulk is used to specify that these optical properties quantify measurements within a finite volume of water with all that it contains.  This is an important point as different optical measurement techniques by necessity encompass rather widely varying measurement volumes (generally on order of millimeters to a liter or more), which can lead to problems in translating results and interpretation.  As we shall see in the next two chapters, most optical instrumentation necessarily samples in bulk, meaning test volumes of milliliters or more.   One would like to be sure that a sampled volume is large enough to be representative and to insure appropriate signal/noise; yet if it is too great, then detailed spatial structure will be missed.  Likewise, the time over which sampling occurs is important.  In particular, the types and numbers of particles and even the physiological states of organisms can change during a finite sampling interval.  A host of observational complications set field oceanography apart from highly controlled laboratory sciences.  Nonetheless, bio-optical and optical oceanography are based upon fundamental physical principles and allow us to study the complex, highly variable ocean.  Finally, it should be noted that there have been many important, detailed studies of individual oceanic particles returned to the laboratory using microscopes and using flow cytometry methods (discussed in Chapter 3).

As in Mobley, I would start here with radiometric quantities (E, and L). This will facilitate some treatments of IOP and AOPs below.
EB- I AGREE.
2.4.2 Radiometric quantities.
Several radiometric quantities (terminologies and units given in Table 2-3) are defined next.   We generally follow Kirk’s (1994) notations here.  Also, descriptions of instruments for measuring radiometric quantities given in Chapter 3 will reinforce and complement material in this subsection.  Radiance, L(z,,) in units of W m-2 sr-1, as depicted in Figure 2-14, is defined as the radiant flux z,,inpower units ofW) at a given wavelength of light and depth (including surface, z = 0), at a specified point from a given direction defined by the zenith angle between a light beam and a line projected vertically upward from the center of the earth in units of radians, and , the azimuthal angle in radiansper unit solid angle , in steradians per unit area perpendicular to the direction of light propagation, S, in m2, or in differential form. 



L(z,,) =  

     d2            (W m-2 sr-1)    
 (2-31)

                              


  dS cos d

As emphasized by Mobley (1994), spectral radiance is the fundamental radiometric quantity for ocean optics as all other radiometric quantities are derived from it.  Put another way, if we were to know the spatial (again, depth is z, and horizontal coordinates for east and north are x and y, respectively) and temporal variability, t, of L(x,y,z,t,, ), then we would have essentially all of the information we need to describe the ocean’s light field.  Generally, we will suppress the horizontal coordinates (x, y) as most of our discussions make the assumption that optical variability is much greater with depth than in the horizontal dimensions (the ‘plane-parallel approximation’); however, there are important exceptions that will be introduced later in Chapter 6.  Likewise, the temporal dependence (t) is not explicitly included except for those situations where it is necessary (discussed in both Chapters 5 and 6).  Note that emission of radiation from (opposed to toward) a finite difference surface area, S, as indicated in Figure 2-14, can also be expressed mathematically with equation 2-31, just remembering that the radiant flux is in the opposite direction.  This viewpoint is relevant to remote sensing of ocean color since in this situation we are interested in light leaving the ocean (discussed in Chapter 4).  

As a brief aside, we comment on the units of radiance and other radiometric quantities.  For studying the physics of the upper ocean, particularly heating rates and solar and heat fluxes, it is more appropriate to use the standard metric system units for power (W) and energy rates (joules s-1).  However, for biology, especially for photosynthesis, the light variables quanta or photons or mol quanta (note that 1 mol of photons is called an Einstein and equals 6.02 X 1023 [Avogadro’s number] photons) are more useful.  

If we wish to compute the total amount of radiant energy incident at the center point of a finite difference areal element S (or dS in differential form), called the downward or downwelling irradiance, Ed(), then we need to integrate L(z,,)  over the whole upper hemisphere (see Figure 2-14) with angular limits of  integration of 0 ( ( /2 and 0 ( (  2.

Ed(z,) = Integral (L(z,,) cos sindd
W m


Note that the differential solid angle is dsinddSimilarly, the upward or upwelling irradiance can be computed by integrating L(z,,) over the angular limits /2 < <  and 0 < <  2 or 


Eu(z,) = - Integral  (L(z,,) cos sindd
W m


Note that we have placed a minus sign in front of this integral for convenience in order to make upwelling irradiance a positive quantity (this is necessary because of the coordinate system we have chosen).  

Spectral scalar irradiance is a useful quantity as it is a measure of the light received at a point from all directions (no cosine weighting factor) as would be experienced by a phytoplankton or a parcel of water and is computed by integrating L(z,,) over 4 steradians (meaning over angles in the ranges  < <  and 0 < <  2or

E0(z,) = Integral L(z,,) sinddW m


We can also compute spectral downward or downwelling scalar irradiance, E0d(), if we integrate L(z,,) over the upper hemisphere (no cosine weighting factor) with angles in the ranges of  < <  and 0 < <  2or

E0d(z,) = Integral  L(z,,) sinddW m


and we can similarly evaluate spectral upwelled or upwelling scalar irradiance, E0u(), by doing the same computation over the angular ranges of  < <  and 0 < <  2or



E0u(z,) = Integral  L(z,,) sinddW m


2.4.2  Inherent Optical Properties (IOPs)

As a beam of photons impinges on a seawater sample volume, photons may be absorbed within the volume, meaning that the energy is transformed into another non-light energy form (i.e., heat, chemical energy).  Alternatively, photons may be elastically or inelastically scattered.   Elastic scattering denotes that photons diverge from their original path with no spectral change of the light energy.  Or, photons may be scattered inelastically, meaning that there is a transformation of energy such that the wavelength of the incident (excitation) light energy is absorbed and reradiated in such a way that the scattered (emitted) light energy is shifted to another wavelength (called a transpectral process).  Natural fluorescence by phytoplankton (i.e., chlorophyll a, the primary photosynthetic pigment in all plants) and dissolved matter, and Raman and Brillouin scattering by water molecules are examples of inelastic scattering.   Inelastic scattering processes are generally less important for the energy budget with a few important exceptions.  However, it should be noted that several valuable optical methods utilize fluorescence (discussed in Chapter 3).  Scattering as described in the remainder of this chapter will be of the elastic type.  But keep in mind that total energy of a test or control volume must always be conserved.   

Inherent optical properties (IOPs) depend only on the seawater medium and are independent of the ambient light field (Preisendorfer, 1961).   Measurements of IOPs are done with light sources provided by specific optical instrumentation and the measurements should be unperturbed by ambient light.  In the following discussions, we presume that defined quantities are dependent upon wavelength,  unless indicated otherwise.  Inherent optical properties include the volume scattering function, (VSF or () where  is a scattering angle), scattering coefficient b(), absorption coefficient a(), beam attenuation coefficient (often called "beam c") where c() = a() + b(), complex index of refraction n(), and single-scattering albedo, 0() = b()/c().  Later, we will sometimes suppress the notational, functional dependence of some variable with respect to for convenience.   
Note that refers to the wavelength in vacuo which is not the wavelength in water. Since a photon’s energy is conserved as it crosses between different media it follows from (2-4) that:

water=vacuo(cwater/cvacuo)~0.75vacuo.



(2-x)
This fact is of importance because for scattering phenomena the ratio of particle size to the wavelength of light in the medium is a crucial parameter.
The next set of definitions and mathematical developments follow Mobley (1994) with a few exceptions.  A schematic diagram (Figure 2-10) illustrates how some of the IOP variables are defined and suggests how they might be measured (discussed in detail in Chapter 3).  Consider a source of light with power or radiant flux inc() in Watts, W, or equivalently joules s-1,  that is incident upon a finite seawater volume of dimension V in cubic meters, m3, and of thickness r in meters, m. ( note that we most often deal with a collimated source beam. In that case  is proportional to L {since L=L0*delta()delta()} and we can do all the derivation below with L.   SOUNDS GOOD!  Note that the symbol  indicates small differences in variables and dimensions that can be used  to form finite differences.   In general, some of the incident light will be transmitted through the volume, tr(), while some will be absorbed, abs().  The remainder of the light will be scattered at various angles, denoted by variable (what about the azimuthal angle  below? EB, FIX UP??withrespect to the direction of the incident light beamwith the total power lost from the volume through scattering represented as scat().  The conservation of energy (or power for the expression below) requires that the following equation must be satisfied for our test or control volume V, 




inc() = tr() + abs() + scat()
  (W)

(2-10a)

Again remember that we are neglecting inelastic scattering at this point.

Equation 2-10a can be divided by inc() to give


tr()/inc()  + abs()/inc()  + scat()/inc()  = 1  (unitless)   
 (2-10b) 

or by taking finite differences of all terms in equation 2-10b with respect to thickness r and assuming inc() to be invariant, we obtain

tr()/r  +  abs()/r  +  scat()/r  = 0

(m-1)

(2-10c)

inc()  

Next, we define the changes or finite differences in the quantities transmittance, absorptance, A(), and scatterance, B(), as the fractional changes in incident power incurred through light interaction with the medium within finite volume V according to

rtr()/r

(m-1)

(2-11a)

inc()  


A()/r =  abs()/r  

(m-1)
           (2-11b)

                        inc()  

and 

B()/r = scat()/r 

(m-1)

(2-11c)



inc()

We can also define beam attenuance as 




C() = 1 - T() and  C() = - T()

(unitless)
(2-12)

Next, we introduce the widely used IOPs: absorption coefficient, a(), scattering coefficient, b(), and beam attenuation coefficient, c().  They are simply defined as the limiting cases for finite difference equations 2-11b, 2-11c and 2-12 when we allow the control volume, V, and its thickness, r, to approach zero as done in differential calculus, or  





a() = lim A()/r = dA/dr  

(m-1)
(2-13a) 





          r->0

b() = lim B()/r = dB/dr  

(m-1)
(2-13b) 





          r->0

and

c() = lim C()/r = dC/dr              (m-1)
(2-13c) 





          r->0

Note, in the ac-9 Dr=0.2m which does not go to zero. It turns out that dr does not have to go to zero to be mathematically well defined or accurate for a homogeneous sample. If it did we would be in great troubles…  EB, WANT TO SAY SOMETHING HERE OR PUT THIS BIT IN THE INSTRUMENTATION SECTION???
We can then use equations 2-10c through 2-13c to form the well known equation




 c() = a() + b()

(m-1)

(2-14a)

which is an especially practical and useful form of the equation for the conservation of energy or power.  Also, Jerlov (1976) defined the useful quantity called optical length to be 

Lo = c r     or      c = Lo/r
(m)

(2-14b)

where c is the beam attenuation coefficient and r is the pathlength of the light transmission. 

I would start here with the concept of absorption and the chemical view of absorption as being an elevation of electrons to an excited state. Since absorption is an energy phenomena, spectroscopist describe light as function of frequency, not wavelength. Absorption spectrum (e.g. of phytoplankton) are sums of absorption curves, which are often symmetric in frequency space (and thus not in wavelength space).   

EB, CHANGE THIS AS YOU LIKE.
Scattering of light energy is critical for the description, quantification, and modeling of light fields.  The concept of a solid angle is useful for formulating and quantifying light scattering processes.  Thus, we take a moment to develop the representation and definition of the solid angle as it is used frequently hereafter.  We begin with the concept of an angle in a plane (2-dimensional situation), which is well known and is depicted in Figure 2-11a.  The angle between points P1 and P2 on the circumference of a circle of radius r is defined to bein radians.  The arc length distance between P1 and P2 is given by






  l = r  
m


a

In finite difference form for a circle of fixed radius, r, we can write equation a as






  l = r  
m


b
and the circumference of the circle is the well known 2r as we substitute  = 2rad into equation 2-15a.   The angle and differential angle in 2-dimensional space can be evaluated by rearranging equations 2-15a and b to obtain






    =  l / r  
rad


a

and


= l /r  
rad


b

Again, these are plane angles or angles in 2-dimensional space.
Moving to the 3-dimensional case (Figure 2-11b), we know that the surface area of a sphere of radius r is As = 4 r2.  If we divide the sphere’s total surface area As, by the square of the sphere’s radius, we obtain





As  =  4 r2     =  4
sr







 r2
r2
where 4is defined as the solid angle subtended by the entire sphere in units of steradians, sr.  In analogy to the 2-dimensional analog, the fraction of the total solid angle, , that subtends a given surface area As of the sphere can be written as





=  As/ r2

sr


(2-18)  


with the difference between the 2-dimensional and 3-dimensional situations being division of arc length by r and surface area by r2, respectively.
 

Now, we return to the scattering coefficient b().  As shown in Figure 2-12, energy (power) will generally be scattered at all angles  with respect to the direction of the incident light beam, so the total scattered energy or power represents the integral (summation) of all increments of scattered energy or power, scat(), through solid angle increments of  over angular range 0 <  <   (which covers directions forward to backward) as we shall demonstrate below.  However, for several problems, we need to know the more fundamental angular dependence of scattering.  In particular, we need to include the explicit angular dependence of scatterance power and scatterance or  scat() and B(), respectively, where the latter represents the fraction of light scattered  into a solid angle finite difference element, in the direction of angle  as shown graphically in Figure.   The angular scatterance per unit control volume thickness per unit solid angle is defined as the spectral volume scattering function (VSF)  or 

()  =   lim     lim     B()   =   lim     lim    scat()   (m-1 sr-1)  (2-19)


      r->0  ->0     r r->0  ->0   inc  r 
where the units of () are m-1 sr-1.  Interestingly, this function is equivalent in form to the differential scattering cross-section per unit volume used in nuclear physics (e.g., for alpha particles impinging upon an atom).  


It is useful to further elucidate and define other scattering parameters.  We begin by integrating () over all solid angles, that is over a sphere of unit radius.  We set the geometry by considering the definitions of the angles shown in Figure 2-12.  To find the surface area for a sphere of constant radius R (which we later take to be equal to 1), we first note the differential surface area dAs is given by 



dAs =  (Rs sin d (Rs d Rs2 sin d dm2

(2-20)

Then we integrate over the sphere using the angular ranges 0 <  < 2 and

0 <  <  or 

As   =  Double Integrals  Rs2 sin d dRs2  Integral sin dRs2   m2   (2-21)
EB – I AM LOUSY WITH SYMBOLS FOR INTEGRALS AND STUFF LIKE THEM!  CAN YOU FIX THESE EQUATIONS UP WHEN YOU GO THROUGH??
which is the expected surface area of a sphere.  We can similarly perform an integral for the function () over a full 4 solid angle (analogous to equation 2-21, but for unit radius) or 

    Double Integrals () sin d d  Integral  () sin d m-1
(2-22)

This formulation is essentially the integral for a sphere with a weighting function called (), our spectral volume scattering function.   The righthand expression assumes scattering in natural waters to be azimuthally symmetric with respect to the incident direction (assuming unpolarized sources and randomly oriented scatterers).   If we substitute the expression for () from equation 2-19 into equation 2-22 and use the definition of b() from equation 2-13b, then we obtain 

  b()Double Integrals  () sin d d  Integral  () sin dm
(2-23)

It is often useful to consider light scattered into the forward direction of the incident beam or into the hemisphere defined in Figure 2-12 to span the angles 0 <  < /2 giving the forward scattering coefficient 

bf()  Integral  () sin d
m

(2-24)

and the analogous equation for the backward direction (/2 <  < ) results in the backward scattering coefficient equation




bb()  Integral  () sin d
m

(2-25)

Another useful parameter is the spectral volume phase function, p(), which is defined as 




p() =  ()

sr

(2-26)






         b()

p() can be interpreted as a factor describing the angular distribution of scattered photons while b() represents the strength of the scattering.  Note that by combining equations 2-23 and 2-26, we can obtain a normalization for the phase function or




  Integral  p() sin d= 1  (unitless)

(2-27)

Another useful scattering parameter is the asymmetry parameter g(as termed by Mobley,oraverage cosine of scattering s( [as termed by Kirk, 1994] that is an indicator of the “shape” of the phase function, which is defined as 

g() = s(=   Integral  p() cos sin d
(unitless)
(2-28)

This equation is similar to equation 2-27, but with a weighting factor of cos, so it is essentially an average cosine function.   Note for interpretative purposes that if p() is large for small then g takes a value nearwhereasif p() is symmetric about = 90o, then g approaches zero.  These functions are discussed in more detail in regard to radiative transfer models by Mobley (1994).  

The ratio of light that is scattered to that absorbed, presuming only a single scattering event, is defined as the single-scattering albedo 

0() = b()/c() = b()/[a() + b()]  (unitless)
(2-29)

This parameter can also be interpreted in terms of the probability of a photon being scattered opposed to being absorbed for a particular interaction.  That is, if scattering prevails and b()>>a(),0() approaches a value of 1, whereas if absorption dominates and a()>>b(), then 0() approaches 0.  It should be noted that the single scattering assumption fails when multiple scattering becomes important as is the situation when highly scattering plated phytoplankton, such as coccolithophores, are present or when incident sunlight comes from low in the sky (near sunrise and sunset).  These two situations will be discussed later.  Table 2-2 summarizes the IOPs mentioned here along with their units for future reference.

It is convenient to decompose the absorption, scattering, and beam attenuation coefficients into contributions from pure seawater and seawater’s particulate and dissolved constituents.  Relationships between seawater constituents and bulk IOPs and AOPs are shown schematically in Figure 2-12.  We discuss the contributing components in detail below.  The partitioning of contributions is done in various ways for different purposes by researchers.  One such scheme subdivides absorption into categories of pure seawater (w), phytoplankton (ph), detritus (d), gelbstoff (g), and sediments (s) represented as    



a() = aw() + aph() + ad() + ag()
+ as()
   (m-1)

(2-30a) 



b() = bw( + bph() + bd() + bg() + bs()
   (m-1)      
(2-30b) 


and 

c() = cw() + cph() + cd() + cg() + cs()
     (m-1)
(2-30c)

Phytoplankton generally refer to ‘drifting’ microscopic marine plants or algae. 

The term phytoplankton has its roots in ancient Greek (phyton = plant and planktos = wandering) while the term zooplankton refers to its animal counterpart.  Detritus or detrital materials include the waste products and deceased matter resulting from marine organisms including phytoplankton.  Gelbstoff is also called yellow substance, gilvin,  or colored dissolved organic matter (CDOM) with the latter term being most descriptive of its nature (e.g., Kirk, 1994; Blough and Del Vecchio, 2002).  We use the terms gelbstoff and CDOM interchangeably here, with CDOM becoming a more commonly used term in recent years.  Sediments are those inorganic materials such as sands and other particulates that most often reside on the seafloor, but can be suspended and transported during energetic physical forcing conditions (e.g. strong wave or current action, turbulence, certain pressure conditions).  Pure seawater, phytoplankton, detritus, gelbstoff or CDOM, and sediments along with their optical properties are discussed in detail later in this chapter.  

2.4.3 Apparent Optical Properties (AOPs) –L and E are NOT AOPs. They are radiometric quantities. K and Rrs are AOPs which are supposed to be properties derived from radiometric properties which are relatively insensitive to the illumination intensity and the position of the sun.  EB – YOU ARE RIGHT!!  PLEASE CORRECT SUCH MISINFORMATION AS YOU GO THROUGH.
Apparent optical properties (AOPs, Preisendorfer, 1961) depend on the constituents of the aquatic medium (e.g., IOPs of pure seawater, phytoplankton, detritus, gelbstoff or CDOM, and sediments) and the intensity and angular and spectral distribution of solar radiation (i.e., the geometry of the subsurface ambient light field).  AOPs are often considered “quasi-inherent” optical properties for reasons described below. ( this is exactly why L and E are not AOPs.  RIGHT YOU ARE!!!  KEEP ME HONEST!!
  It is also worth noting that in situ measurements of AOPs have been generally easier to make, and thus have been more commonly observed than those for IOPs.  Remote sensing variables measured from spectral light or color sensors placed on satellite and airplane platforms are really inferences of in situ AOPs and thus dependent upon IOPs, the angular structure of incident, scattered, and reflected light as well as several atmospheric variables which control the nature of light (i.e., intensity, angular structure, absorption, scattering, and diffuseness of light) as it passes through the atmosphere.  Thus, in situ measurements of AOPs along with IOPs plus pigments including chlorophyll a are key for calibration and validation (commonly called groundtruthing or seatruthing) of remotely-sensed bio-optical and optical properties as will be discussed in detail in Chapter 4.  Pigments are chemical compounds that absorb or reflect particular light wavelengths and affect the characteristic color of plant (or animal) tissue.  Since only plants are capable of synthesizing chlorophyll pigments, ocean concentrations of chlorophyll (usually chlorophyll a) are used as proxies for phytoplankton concentrations.  The formulations or models (i.e., inverse models) of ocean color algorithms (including atmospheric correction methods) designed for determining, or “retrieving” in the parlance of ocean color remote sensing, bio-optical properties and in-water constituents from ocean color remote sensing platforms are schematicized in Figure 2-13 and are topics discussed in Chapters  4 and 5. 

















Other AOPs that are defined in terms of several of these parameters include average or mean cosines that provide measures of the angular structure of the light field.  These are essentially weighted averages of cosines of the incident angles of the photon flux with the weighting function representing the magnitude of radiance from each incident direction.  If we suppress the notation for depth and wavelength dependence for convenience, we can express the mean cosine for downwelling light as





d = Ed/E0d, 

(unitless)

(2-37)

and the mean cosine for upwelling light as  

u = Eu/E0u,

(unitless)

(2-38)

and finally the mean cosine for net irradiance, En = Ed – Eu = Integral L cos  dover 4 sr or the average cosine for the entire light field, as

n = Ed - Eu  =  En

(unitless)

(2-39)

           E0
 E0
Physically, we can think of the reciprocal of the mean cosine (e.g., 1/d, where/d is given in equation 2-37) as defining the mean pathlength of the flux per unit vertical excursion of a photon.  If d approaches 1 (as  approaches 0), then the mean pathlength approaches a value of 1, whereas if d approaches 0 (as  approaches /2; at sunrise or sunset), then the pathlength approaches infinity.  The latter state would be consistient with a high degree of scattering of light and the approximation of quasi-inherency of AOPs would fail.  

Another parameter that gives information concerning the angular structure of the light field is the irradiance reflectance or irradiance ratio given by




  R(z,)  = Eu(z,) /Ed(z,)
(unitless)

(2-40)

The radiance reflectance is defined as 

rrs(z,,) = Lu(z,,)/Ed(z,)   
(sr-1)


(2-41)

When taken just below the sea-surface (z = 0-), this quantity is often termed the remote sensing reflectance, Rrs, or 

Rrs(0-,,) = Lu(0-,,)/Ed(0-,) 
  (sr-1)


(2-42)

The quantity Rrs will be discussed in more detail in Chapters 4 and 5.  The Q factor is defined as  a ratio of equations 2-40 and 2-42 (both evaluated at z = 0-) according to 

Q(,) = R(0-,))/Rrs(0-,,)
(unitless)
(2-43)

For remote sensing purposes, we are interested in the radiation that leaves the ocean surface or just above the sea surface at z = 0+.  Thus, account must be taken of the transmission, internal reflection, and refraction of light at the air-water interface to be able to relate variables just below the surface to those just above the surface.  

_EB – WHERE SHOULD BI-DIRECTIONAL STUFF BELOW BE INTRODUCED/DISCUSSED?_______________________________________

XXXX  someplace introduce bi-directional and use different notations from this q above!!!

(e.g., the bi-directional reflectance distribution function, BRDF, bi-directional relectance is defined as the ratio of upwelling radiance to upwelling radiance, noted as Q = Eu/Lu with angular dependencies; see Morel et al. 1995 JGR special closure volume 100)
XXXXX

________________________________________

Water-leaving radiance can be computed  according to Austin (1974) as:
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  (W m-2 sr-1)    (2-44) 
where () is the Fresnel reflectance and nw() is the refractive index of seawater. Austin (1974, 1980) notes the (1-())nw-2() expression can be replaced by the constant 0.544, since the wavelength (and wind speed) dependence of the variables is very weak.  
Another key variable for remote sensing of ocean color is the normalized spectral water-leaving radiance, Lwn(), which is obtained by multiplication of remote sensing reflectance by the extraterrestrial solar spectral irradiance, yielding the relation 

Lwn() = Rrs(0+,,) Ed(0+,)    (W m-2 sr-1)        (2-45)

Formulas for computing Lwn() are presented in Clark et al. (2003).  As a reminder, a major goal for ocean color remote sensing is to quantify concentrations of in situ dissolved and particulate matter based on spectral dependencies and magnitudes of the very small ocean color signals (e.g., normalized spectral water-leaving radiance) received by a distant aircraft or satellite.  This is a difficult task requiring extraordinary calibration and measurement efforts both by the remote sensing instruments and in situ instrumentation as discussed in Chapter 4. 

Light intensity generally decreases (decays) nearly exponentially with respect to depth in the ocean.  These rates of decrease vary depending on several factors as we shall see.  The rates computed for spectral irradiance and radiance are extremely valuable for quantifying the light field.  As a reminder, the variation of light is typically greatest with respect to depth, although horizontal variations are important at shallow depths when highly influenced by surface waves and in shallow water areas with large horizontal gradients in optical properties, e.g., in coral reefs, seagrasses, kelp forests.  For these and some other cases, the full 3-dimensionality of the light field must be considered (Zaneveld et al., 2001).  Nonetheless, for many of the situations that we will be considering, it is useful to define the vertical downwelling irradiance coefficient as 




Kd(z) = -d ln Ed(z) = - 1    dEd(z)    (m-1) 
(2-46)





        dz
                 Ed(z)  dz

or if we integrate from just below the surface to depth z (again z is defined to be positive downward) and assume Kd to be independent of depth (this is not always a good assumption as vertical structure in IOPs and/or low sun angle conditions will cause depth dependence in Kd), we can obtain the expression

Ed(z)  = Ed(0-) exp(-Kdz)
  (W m-2)          (2-47a)

A slightly more complicated, but more generally applicable, equation is obtained if we allow Kd to be dependent upon z, giving

  
Ed(z)  = Ed(0-) exp(-Int Kd(z) dz)       Int limits are 0- to z (W m-2)  (2-47b)

EB, AGAIN FIX UP MY INTEGRAL SYMBOLS??
Profiles and contour plots of Kd(z), using spectroradiometer data obtained from measurements in the open ocean waters of the North Pacific from Research Platform FLIP (Siegel and Dickey, 1987a) are illustrated in Figure 2-15.  EB – THRE MAY BE BETTER EXAMAPLES FOR MORE RECENT DATA WE CAN USE IF YOU LIKE.  Note that there is often vertical variation of Kd with depth, particularly below the upper mixed layer.  

Similarly, we can define the vertical upwelling irradiance coefficient as 




Ku(z) = -d ln Eu(z)  = - 1      dEu(z)    (m-1) 
(2-48)





        dz
    
     Eu(z)   dz

and 




Eu(z)  = Eu(0) exp(-Kuz)

(W m-2)
(2-49a)




with equation 2-49a applying for the case when Ku is constant with depth.  If we allow for vertical structure in Ku, we obtain

Eu(z)  = Eu(0-) exp(-Int Ku(z) dz)     Int limits are 0- to z    (W m-2)
 (2-49b)

The net downwelling irradiance coefficient is given by


KE(z) = -d ln [Ed(z) -Eu(z)] =   -       1    d[Ed(z) -Eu(z)]
(m-1) 
(2-50)


     dz
 

        [Ed(z) -Eu(z)]  dz




and 
[Ed(z) -Eu(z)] = [Ed(0) -Eu(0)] exp(-KEz)
(W m-2)
(2-51)

if KE is taken to be uniform with depth.  

Similarly, we can obtain the spectral scalar irradiance coefficient as

K0(z) = -d     ln E0(z) = - 1      dE0(z)    (m-1) 
(2-52)





        dz
     E0(z)      dz

and 


E0(z)  = E0(0) exp(-K0z)

(W m-2)
(2-53)

if K0 is invariant with depth for the latter equation.

Finally, for upwelling radiance, we can obtain

KL(z) = -d ln Lu(z) = - 1   d Lu(z)    (m-1) 
(2-54)





        dz
     
    L(z)  dz  
and 


Lu(z)  = Lu0(0-) exp(-KLz)  (W m-2 sr-1)

(2-55a)

for uniform KL or more generally for variable KL(z) we can show that

  Lu(z)  = Lu(0-) exp(-Int KL(z) dz) Int limits are 0- to z  (W m-2 sr-1)
(2-55b)

Equations 2-55a and b are useful for extrapolating in situ upwelling radiance data to the surface to determine the important satellite parameter Lwn as we shall see in Chapter 4.  Equations for downwelling radiance are analogous to those of equations 2-54 and 2-55.

Also, a vertical e-folding depth, zf, can be defined as the depth scale where surface irradiance, Ed(0),decreases to a value of Ed(zf) = Ed(0) e-1  as we set Kd zf =1 in equation 2-47a or 

    zf =1/Kd  
            (m)


(2-56a)

Similarly, a vertical non-dimensional e-folding scale can be defined (again assuming Kd is uniform with depth) as a dimensionless optical depth, ,  where





      = Kd z

(unitless)

(2-56b)

We can see that the same value of can be obtained for very different values of Kd and z.  For example, by taking a clear open ocean (e.g., Sargasso Sea) value of Kd = 0.05 m-1 for visible light (400-700nm) and a coastal (inner San Francisco Bay) value of Kd = 10.0 m-1 for visible light (Kirk, 1994), the value of   = 1 will be obtained at depths of 20 m and 0.1 m, respectively.     

In principle, the contributions of the various constituents (e.g., seawater, phytoplankton, detritus, gelbstof or CDOM, and sediments) to total Kd() can be represented in analogy to the absorption coefficients given in equation 2-30a or 

Kd() = Kdw() + Kdph() + Kdd() + Kdg() + Ks()  (m-1)
(2-57)

where Kdw, Kdph, Kdd, Kdg, and Ks are the diffuse attenuation coefficients associated with seawater, phytoplankton, detritus, gelbstoff or CDOM, and sediments, respectively.  This expression leads to the term "quasi-inherent" optical property (e.g., Kirk, 1994) as it is suggestive that inherent optical properties, particularly a(), are closely related to Kd(), which is often described as a quasi-inherent optical property.  However, we must be cautious in making this inference as Kd() is certainly dependent upon the ambient light field, thus strictly violating the definition of a true IOP.  In particular, for periods of low sun angle and/or when highly reflective organisms (e.g., coccolithophores) are present in the near surface layer, then multiple scattering becomes increasingly more important as the pathlengths of photons become long (i.e., there is increased scattering probability when the reciprocal of the mean cosine increases, see equation 2-37 and its explanation).  For such instances, simple relations between IOPs and AOPs break down.  We will return to this point later and discuss when approximations of IOPS by AOPs are appropriate in a more quantitative way as we consider relationships between IOPs and AOPs (Chapter 5 and Appendix II).   Such relationships are central to developing quantitative models of radiance and irradiance in the ocean.  Radiative transfer theories and models (Chapter 5) provide mathematical formalisms for linking IOPs and the conditions of the water environment and light forcing to the radiometry and AOPs of the water column (Figure 2-13).  Finally, as a practical matter, spectral radiometric measurements of AOPs are still more commonly made than measurements of IOPs; however this situation is beginning change as discussed in Chapter 3.

2.5 The Constituents of Seawater and Their Optical Characterization
B2: CAN YOU GO THROUGH THE FOLLOWING SECTIONS AND CORRECT, AMEND, ADD IN REGARD TO BIOLOGY ETC.  I COULD EASILY HAVE SOME WRONG OR OUT OF DATE STUFF IN HERE.
The previous subsections have focused on the characterization of seawater’s bulk optical properties.  While this is a practical way to proceed in quantifying and modeling the subsurface light field, there is significant information that is not evident without further consideration.  In the next subsections, we first discuss the size distributions of particles in the sea.  Then we describe and classify some of the optically important organic and inorganic matter and solutions of the sea.   Next, the indices of refraction and absorption and scattering properties relevant to individual seawater constituents are discussed.  Characteristics of a few of the commonly studied phytoplankton are then highlighted.  More detailed presentations concerning particle size distributions and individual seawater constituents and their optical properties may be found in references including McCave (1983), Risovic (1993), Kirk (1994), Mobley (1994), Jeffrey et al. (1997), Tomas et al. (1997), and Stramski and Kiefer (1999-SHOULD THIS BE 1991?).  Phytopia, a recently developed interactive educational CD, provides a novel means to learn about phytoplankton and can be used as a valuable and enjoyable supplementary learning tool.  

2.5.1  Overview of Constituents

Size Distributions

Factors that affect the interaction of light with matter in seawater include individual particle characteristics including size and shape, material make-up (chemical composition including pigmentation), structure (e.g., morphology, basic construction), and index of refraction as well as bulk particle concentrations and distributions.   Several descriptions of size distributions have been reported for seawater.  Considering the size extremes of water molecules that are on order of 1 nm (e.g., abbreviated hereafter as O(1 nm)) in scale to whales measuring on O(10 m) and more, we conclude that over 10 orders of magnitude of scales are spanned (from roughly 1 X 10-9m to 10 m).   Much of our emphasis will be on biological matter involving phytoplankton, however we need to consider other optically relevant constituents as well.  A useful plot indicating concentrations of biological particles (including viruses  to larger plankton) as a function size (approximated as equivalent spherical diameter or ESD for practicality) is shown in Figure 2-16 (after Stramski and Kiefer, 1999-SHOULD THIS BE 1991?).  ).  Notice from this figure (both axes use logarithmic scales) that the particle abundance generally decreases with size with small colloids (loosely defined as submicron particles; see Mark Wells; CHAPTER IN HANSELL AND CARLSON BOOK; not easily captured with filters, but not truly dissolved either) and viruses being about 9 to 10 orders of magnitude more abundant than microplankton (i.e., large diatoms).  Another useful plot (Figure 2-17), which shows some of the major marine organism classes by rough size and doubling rates, also indicates a very large size range.  Mobley (1994) discusses measurements of particles and particle size distributions in considerable detail, so here we will summarize only a few of the major points.  

For bio-optical oceanography, we generally consider the more optically important size range of particles and organisms, which is typically considered to be about 0.1 to 100 m (100 to 105 nm or 10-7 to 10-4 m).  It is possible to describe particle concentration by size class versus size using an empirical power law equation or curve fit.  That is, we can sometimes fit data using a general equation of the form y = xn, where italicized x and y indicate general independent and dependent variables and n is an exponential power; note that by taking the logarithm (natural base e = 2.72 or base 10), we can write log y = n log x, so data such as those plotted on log-log scales in Figure 2-16 tend to fall along a line (if we define Y = log y and X = log x, then Y = n X where n, the power in the power law, is the slope of the log-log line).   The data shown in Figure 2-16 generally follow what is known as a Junge number size distribution with N(D) representing the number of particles within a small incremental size range (say D) per unit volume and D is the equivalent particle (or spherical) diameter (in m for Figure 2-16), or





N(D) = K D-s         (m-3 m-1)       
(2-58)

To elaborate, particle size, D, is defined as the equivalent diameter of a spherical particle, although sphericity is generally a poor assumption for most oceanic particles or organisms (more on this in Chapter 5), and K and s (the exponential power) are positive empirical constants.  Note that the slope of the power law line in Figure 2-16 is about s = 4.    Other mathematical formulations of size distributions have been developed (e.g., see Mobley, 1994).  However, naturally occurring particle size distributions in the ocean will necessarily vary greatly in space and time, and thus one needs to be quite cautious in applying such generalized empirical relationships for specific purposes.  Certainly, this point is well taken if one considers diverse ocean regions with highly variable physics and chemistry and unique ecological and trophic structures.  Trophic means food web level with phytoplankton being lower and fish being higher trophic level organisms; food webs vary geographically and temporally as well (see Lalli and Parsons, 1997).  So, while it is conceptually useful to have in mind a general description of size distributions (e.g., equation 2-58 and Figure 2-16), new observational methods and experiments are continuing to suggest quite complicated and dynamic particle and organismal size distributions that will require further development and application of new in situ measurement systems and models for improved quantification.  

Description and Classification of Seawater Constituents 

We begin our classification of seawater constituents with pure seawater and then describe and classify some of the optically important organic and inorganic matter.  The first portion of the discussion progresses from consideration of very small scales toward the larger scales of matter and organisms.   We then separately consider larger particles and aggregates, sediments and other inorganic particulates, bubbles, detritus, and gelbstoff (CDOM), which are all important optical constituents as well.  

2.5.2  Pure Seawater

The definition of pure seawater would seem to be straightforward, yet there is no unequivocal definition of “pure” in this context.  Seawater naturally contains a multitude of very small and relatively large molecules as well as extremely small particles and organisms as indicated in Figures 2-16 and 2-17.  Thus, it is impossible to obtain truly “pure” or unvarying seawater in practice as seawater by its very nature varies ubiquitously.  From a measurement viewpoint, one must settle for operational definitions of ‘pure seawater,’ meaning seawater that has been filtered with the greatest of care to exclude material greater in scale than a specified pore size that defines a lowest particle cutoff scale of an optimal filter.  Extraordinary means that have been used to obtain pure water are described by Pope and Fry (1997).  To illustrate the measurement challenge, the operational definition of dissolved material refers to material that can pass through a 400 nm pore size filter.  So, elimination of material less than 400 nm (the scale of violet light wavelength) in equivalent diameter is a daunting task.  We will revisit this problem in the discussion of the absorption spectrum for pure water and seawater.   In addition, even “pure” seawater displays some variation in optical properties as the salinity of seawater varies from values near 0 psu where rivers flow into estuaries to an open ocean average near 35 psu (note that psu represents practical salinity units; in the past, units of gm of dissolved matter per kg of seawater or in units of parts per thousand, ppt or 0/00 were used).  Even though waters input from rivers have very low salinities, they often contain high concentrations of gelbstoff (CDOM), much of which can likely pass through 400 nm and even smaller pore size filters.  Despite these nagging operational and measurement issues, pure seawater properties (explicitly meaning those properties of material matter less than 400 nm in scale) are generally thought to display so much less natural variability than those of other optical constituents (meaning material matter greater than 400 nm in scale) that we usually consider seawater optical properties to be invariant as a good approximation for many computations.   

2.5.3  Viruses, Colloids, and Bacteria  B2: PLEASE GIVE THE FOLLOWING A GOOD READ AND EDIT.
Viruses are some of the most abundant (concentrations of roughly 1014 m-3), yet smallest organisms, and range in size from about 20 to 250 nm.  Thus, they are actually smaller than the shortest wavelengths of visible light and can certainly pass through 400 nm filters.  Note that viruses are organic and made up of protein and nucleic acids.  Viruses are likely important ecologically as they may infect some phytoplankton (i.e., flagellates described below).  Nonliving colloidal particles range in size from less than 0.1 to about 1 m (100 to 1000 nm) with estimated concentrations of roughly 1016 down to 1013 m-3, respectively (Figure 2-16).    Viruses and colloids likely contribute to optical properties commonly attributed to dissolved matter, again due to the operational definition necessarily forced by limitations in measurements using filtered seawater.  Bacteria are receiving increasing attention by researchers studying oceanic ecology and biogeochemical cycling, particularly with respect to the microbial foodweb or loop (e.g., Azam, 1983, 1998; Ducklow, 2000; Carlson, 2002).  Heterotrophic bacteria are those bacteria, which require organic materials for food.  Living bacteria range in size from 0.2 to 1.0 m ( or 200 to 1000 nm) with concentrations of roughly 1013 down to 1011 m-3, respectively.  Bacteria are interesting optically as they are considered to be important scatterers and absorbers of blue light in clear ocean waters where phytoplankton are less abundant (e.g., Spinrad et al. 1989; Morel and Ahn, 1990; Stramski and Kiefer, 1991).    A comprehensive review of the optical properties of microorganisms including viruses, bacteria (in the prokaryota [also spelled procaryota] empire), and small eukaryotic [also spelled eucaryotic] cells ranging in size up to about 2 m (2000 nm) is given by Stramski and Kiefer (1991).  Eukaryotes are organisms with one or more cells and well-defined membrane-bound nuclei; they in the eukaryota empire that includes the protozoa, plantae, chromista, and fungi kingdoms and virtually all that is alive excepting the prokaryotes.  Note that the unifying characteristic of eukaryotes is that they all have organized organelles like nuclei, chloroplasts, mitochrondria, etc., but not all eukaryotes have all types of known organelles (David Karl, personal communication).   

MIGHT BE THE BEGINNING OF NEW CHAPTER??  DETAILS ON PHYTOS PP ETC. GO IN NEXT CHAPTER

2.5.4  Phytoplankton   GOOD READ BY B2 FOR NEXT SECTIONS
Much of the biological emphasis of bio-optical oceanography concerns phytoplankton.  There are several different definitions for phytoplankton.  But most refer to microscopic plant or algal organisms that float freely or drift in the water and basically go with the flow.   However, certain organisms considered to be phytoplankton actually do have motility (the ability to move spontaneously); some capacity to change their buoyancies allowing them to move vertically, and others can swim.  Phytoplankton usually live in upper ocean waters, generally defined from the surface down to a depth where visible light (PAR) levels decrease to 1% (some researchers prefer to use a 0.1% light depth criterion) of surface light values (shown schematically in Figure 2-7).  The 1% light depth, which typically sets the lower depth limit of the euphotic or photic layer or zone, changes in time and differs in space, varying greatly with respect to coastal versus open ocean environments and of course with phytoplankton biomass and species.  Biomass is defined as the total weight of all organisms in a given volume.   Species refers to the taxonomic classification category below genus that is reproductively isolated from other groups; see Madin, 2001) and more specifically with various optical IOPs and AOPs. 

Phytoplankton are found throughout the global oceans.  Figure 2-18 shows an annually averaged satellite-based global distribution of chlorophyll a concentration, the commonly used proxy for phytoplankton biomass.  Great variation is apparent regionally and we shall see that the same is often true on seasonal and even shorter time and space scales in Chapters 6 and 7.   Phytoplankton encompass tens of thousands of species with highly varying characteristics and physiologies as discussed in detail by Jeffrey et al. (1997) and Tomas (1997) and as summarized below (see Figure 2-19 and Tables 2-4 and 2-5).   It has been established that phytoplankton play major roles in biogeochemical and elemental cycling, the so-called “biological pump” for carbon transport to the deep sea, and in turn global climate change.  Some of the matter of interest here includes nutrients such as carbon, nitrogen, phosphorus, and silica; nutrients generally refer to inorganic or organic compounds that are used for the nutrition of plants.  Phytoplankton are the direct or indirect basis for nearly all animal life in the oceans and thus form the base of the foodweb or food chain.  They compose the lowest trophic (or food source) level with higher trophic level organisms such as zooplankton, and fish depending on the phytoplankton’s well-being and abundance.    Other important terms include standing stock, which refers to the number of organisms per unit area per unit volume of seawater.  Chlorophyll a, along with light, is often used as an input for bio-optical models of primary production (discussed in Chapter 5).

FORMAL DEFINITION OF PHYTOPLANKTON VERSUS A WORKING OR OPERATIONAL DEFINITION HERE.   BE MORE SPECIFIC,  USE A TABLE THAT SHOWS LIGHT/CHEMO ENERGY SOURCES AND CARBON VERSUS NON-CARBON SOURCES.  RHODOPSIN – A NEW CATEGORY OF PLANKTON THAT USE ENERGY AS A LIGHT SOURCE BUT ARE NOT PHOTOSYNTHESIZERS  (JON HAS PAPERS: RHODOPSIN PAPERS IN RECENT NATURE PAPERS) HELPS WITH OUR TABLE/ PUT THIS ENTENCE IN SOMEPLACE HERE.  “Autotrophic  phytoplankton or algae  (also called photoautotrophs when light is the catalyst)” TALK TO CRAIG CARLSON.  SEE PAPERS BY BEJA ET AL., NATURE VOL. 411, 2001 ON LINE; SCIENCE VOL 289, 2000

It is important to emphasize that the term phytoplankton is applied to a very large group of plant plankton (i.e., see Table 1.3 in Falkowski and Raven, 1997) that vary tremendously in size, shape and form, motility, growth rates, cellular structure, pigmentation, photophysiology (for optimizing light harvesting or protection from harmful levels of solar radiation including the ultraviolet, UV), capacity for survival in nutrient extremes, and functionality in the ecosystem.  We define ecosystem as the ecological unit that includes communities of organisms and their non-living environment (e.g., described by physical and chemical characteristics).  Interestingly, some coastal phytoplankton even spend periods of their life cycle in bottom sediments (essentially as dormant spores) until being suspended into the water column via turbulence or wave events or until receiving environmental cues (Hutchinson, 1967).   A fascinating account of the structural designs and strengths of these microscopic organisms is given by ????? GUY WHO GAVE TALK IN BANGOR – B2, DO YOU REMEMBER THIS TALK??!!!  The major types of phytoplankton are algae belonging to a diverse group of lower, non-flowering oceanic plants (Harris, 1980).  Some are single-celled and some form chains of cells (e.g., diatoms; Figure 2-19).   Bacteria (prokaryotes) can be classified as phytoplankton as well.   Clearly, such great variety in phytoplankton and their relationships with the ocean environment contribute to many of the challenges facing bio-optical oceanographers.  Figure 2-19 shows pictures of some of the more common phytoplankton and illustrates the great diversity, intricacy, and beauty of these organisms.  

A size classification for both phytoplankton and their animal counterparts, zooplankton, is shown in Table 2-4.  A more detailed delineation of phytoplankton by algal division/class using the three commonly used size classes, microplankton (20-200 m), nanoplankton (2-20 m), and picoplankton (0.2-2 m) is included in Table 2-5.  Table 2-5 also provides a taxonomic list of some important phytoplankton including algal division and class, common names, genera, approximate numbers of living species and areas of predominance.  Taxonomy is the science of organizing living things to establish the relative importance of various shared features.  Taxonomy can be used to form categories via classification (i.e., phylum, order, family, genus, species; see Madin, 2001, for a summary review).  Planktonic unicellular algae are highly abundant organisms of the sea varying in concentrations from roughly 104 to over 1010 m-3 with picoplankton (~0.2m) on the small end of the size scale to microplankton (up to ~200 m) toward the larger end (Figure 2-16).   The size range of phytoplankton spans over five orders of magnitude if we take a somewhat broader definition.    As discussed later, phytoplankton species possess a variety of photosynthetic pigments, and in some cases rather distinct absorption spectra (e.g., Kirkpatrick et al., 2000; some examples are depicted in Figure 2-19). The organisms and their pigmentation have evolved to take advantage of ecological niches (e.g., Schopf, 1993; Bidigare et al., 1990; Prezelin also??? HER REVIEW PAPER-NEED TO FIND THIS PAPER; Falkowski and Raven, 1997; Jeffrey et al., 1997; Bissett et al., 2001).    The growth rates of phytoplankton vary from several doublings per day to only one per week or 10 days (Table 2-5 B2, HELP!!!!).  These are often quite short time scales with respect to some physical processes, which leads to important implications in regard to their roles in ocean ecology and biogeochemical and specifically carbon cycling (discussed in Chapter 6).   

Table 2-5 provides reference taxonomic information by class, common name, general regional areas of occurrence, pigmentation, and common genera (also see Madin, 2001).  Pigmentation is important for absorption spectra and identification purposes as discussed below (Figure 2-19).  The majority of phytoplankton are photoautotrophic, and thus photosynthetic, deriving their energy from sunlight.  The term autotrophic refers to organisms that synthesize their own organic material from inorganic  compounds; these are the well known primary producers.  CHANGE THIS SENTENCE??  DEFINITION OF PHYTOPLANKTON AT ISSUE??  Phytoplankton, known as heterotrophs, depend on organic substrates for nutrition; that is, they cannot synthesize their own food.   Planktonic organisms, called mixtotrophs, sometimes function as autotrophs and at others as heterotrophs, depending on life stage and environmental stresses.  Mixtotrophs thus depend on organic and inorganic compounds as carbon and energy sources, respectively.  It is important to note that our knowledge of phytoplankton is still evolving with several major discoveries likely await.  For example, Karl (2002) notes that the abundant picophytoplankton genus (a taxonomic category below family and above species; a genus includes similar species) Synechococcus was only discovered in the late 1970’s, the even more abundant genus Prochlorococcus was identified in 1988, and a whole new domain of life, the planktonic Archea, was found in 1992. EVEN NEWER STUFF HERE, B2??   It is suggested that these collective discoveries are likely important in terms of ecological niches and open new questions concerning pathways for carbon and energy fluxes and cycling.

Jeffrey and Vesk (1997) and Tomas (1997) together provide comprehensive and detailed information concerning phytoplankton including descriptions of their forms (e.g., unicellular or colonial), sizes, pigmentation, energy reserves, chloroplasts, cell covering, flagella (or lack thereof), and reproduction methods, as well as methods for their collection, identification, culturing, and measurement.  There are varying estimates of the number of species of phytoplankton, so readers interested in this information and phytoplankton existing during different geological ages are directed to related references such as Falkowski and Raven (1997).  Pigmentation information is important not only for photosynthesis, but also for identification using high performance liquid chromatography (HPLC) methods (e.g., Bidigare et al., 1990; Jeffrey et al., 1997).  

Next we provide some basic descriptions of some of the major taxa of phytoplankton  (Figure 2-19; Table 2-5).  Readers are encouraged to view the user-friendly Phytopia CD-ROM before and during the reading of the next subsections on phytoplankton.  Phytopia is a virtual microscopic tool that can be used to view several of the important phytoplankton.  The CD is subdivided into three primary modules: Phyto Files, Phyto Factors, and Special Topics.  The Phyto Files module allows the viewer to examine several different phytoplankton with different magnification (10X, 20X, and 40X), different lighting (epifluorescence method using blue, green, or UV light), as scanning elecron microscope (SEM) images, with rotating 3-dimentional views, and in motion.   One can also learn about specific characteristics such as trophic type (e.g., phototroph), shapes, cell wall types, morphotype (solitary or colonial), possession of flagella and appendages, motility, swimming capability, their geographic distribution, their harmfulness, pigmentation, and storage products (e.g., starch).  It is possible to select different classes (e.g., diatoms, dinoflagellates) to learn about the aforementioned characteristics.  The Phyto Factors module illustrates the factors that affect the growth, reproduction, and distributions of phytoplankton (e.g., light, nutrients, temperature, currents, and turbulence).   It also discusses factors that favor growth of different classes and species of phytoplankton and phytoplankton blooms that result in widely varying ocean colors.  Grazing and the ultimate fate of phytoplankton are also described.  Phytopia also includes a useful glossary of terms and a list of references relevant to phytoplankton and their ecology.  Finally, the Phytopia CD (through Special Topics module) provides access to additional related information concerning harmful algal blooms, the marine food web, frequently asked questions (including troubleshooting answers concerning needed software etc.), and other educational resources available on the Bigelow Laboratory website (www.bigelow.org/phytopia). 

Diatoms (Bacillariophya)  (Figure 2-19, Table 2-5) are perhaps the best studied and some of the most frequently occurring phytoplankton at temperate and high latitudes; they are observed in equatorial regions as well.  Diatoms are single-cell autotrophs or phototrophs, generally ranging in size from about 5 to 200 m with some attaining sizes of 2 mm.  Diatoms possess external silica (about 4-50% by dry weight) skeletons or frustules composed of two valves, one fitting inside a larger one.  The frustules take several interesting forms (spines, pores, ribs, etc.).  Two types of diatoms are pinnate and centric.  Neither possesses appendages or flagella.  Some species form chains or aggregates using mucilaginous threads and spines for binding.  Pennates have elongated forms (shaped like a feather or wing) and are mostly benthic (bottom dwellers), however a few genera such as genus Nitzschia (a harmful phytoplankton including about 900 different species) can be quite abundant.   We will be referring mostly to the centrics, which include some 1500 species.  As their name implies, centrics are oriented radially about a point (Figure 2-19).  They have no means of propelling themselves (i.e., no motility), and need light for photosynthesis.  Primary pigments of diatoms are given in Table 2-5.   The density of diatoms is only slightly greater than ambient seawater and, with their very small size, they sink quite slowly based on Stoke’s Law, which indicates that the sinking velocity of a particle of diameter D is proportional to its diameter (see Appendix III).   Sinking velocities of live diatoms (under experimental conditions) are reported to range from near zero to 30 m/day in quiescent fluids. B2 – ANY BETTER NUMBERS TO PUT IN HERE??  SEE IF BETTER ESTIMATES IN OCEAN ENVIRONMENT, MAUREEN?.   The more common form of reproduction of diatoms is by asexual cell division.  B2, CAN YOU TRY TO GET SOME RATES OF DIVISION.  Repeated cell divisions may result in smaller sizes of progeny.  For larger sizes, sexual reproduction can occur.  Some coastal diatoms also produce resting spores that sink, remaining dormant on the seafloor until optimal conditions prevail at which time they develop into normal planktonic cells.    

Diatoms are found throughout the world oceans (termed cosmopolitan) and other aquatic habitats.  Since they grow rapidly (B2, CAN YOU GIVE GIVE APPROXIMATE GROWTH RATES!), they often appear as the first major phytoplankton assemblage after nutrients become available in the euphotic layer.   They are especially prominent in coastal upwelling areas and in the open ocean when spring blooms occur in temperate to higher latitudes.  They are also important when the trace element iron is introduced into the euphotic layer, either naturally or through ocean perturbation experiments (e.g., iron enrichment experiments as discussed in Chapter 7).  A classic bloom succession typically follows the sequence of small, rapidly growing, chain-forming diatoms followed by larger centric diatoms, followed by a diatom decline as silica for wall formation is depleted, and finally flagellates often prevail (e.g., Sverdrup, 1953).  B2, IS PREVIOUS SENTENCE BOGUS OR IN NEED OF MODIFICATION??  Phytoplankton blooms are considered in more detail in Chapters 6 and 7.   Readers can see examples of different diatoms and learn more about diatoms using the Phytopia CD (Click on ‘Phyto Files,’ ‘Class,’ ‘Diatoms’ under the ‘Attribute Search,’ and finally click on the species of interest in the lower right box).

Dinoflagellates (Dinophyta)

Phytoplankton commonly known as dinoflagellates are thought to follow diatoms in abundance on a global basis and as a class have an interesting mixture of attributes.  Dinoflagellates (dinos = whirling; flagellate refers to possession of a flagella that appear as whiplike appendages or movable tails) are single-celled (see Figure 2-19) and only a few species (e.g., Gymnodinium catenatum) form chains.  They display great diversity and complexity among their living species.  The sizes of dinoflagellates range from about 5 to 2000 m.  Unlike diatoms, dinoflagellates possess two dissimilar flagella that enable them to be motile.  Dinoflagellates have varied morphologies including features such as spines, wings, and horns that are thought to serve purposes such as added flotation, protection against grazing zooplankton, and enhanced surface area and rotational motion to maximize nutrient uptake.  Only about half of the dinoflagellate species are autotrophic (phototrophic); others are heterotrophic and do not have chloroplasts for photosynthesis, so their energy sources are satisfied by feeding on other phytoplankton and small zooplankton.  The autotrophic species are identifiable because of their characteristic red fluorescence when placed under ultraviolet (UV) light (e.g., see Phytopia CD UV image of Ceratium sp.).  The major pigments of dinoflagellates are listed in Table 2-5.   Mixtotrophic dinoflagellates can use autotrophic and heterotrophic production opportunistically.  Some dinoflagellate species are symbiotic or parasitic.  Dinoflagellates that have thick cellulose walls are thecate species (thecates), while the species of dinoflagellates lacking thecates are called “naked.”  Thecate plates can take different forms (e.g., spines, depressions, pores).  Some of the more commom thecate genera include Ceratium, Protoperidnium, Gonyaulax, and Dinophysis while Gymnodinium is a common naked form.  Some dinoflagellate species play important ecological roles by assuming symbiotic relationships (zooxanthellae) with tropical animals on coral reefs.  Also, some dinoflagellates actively bioluminesce.

Dinoflagellate, like diatoms, are found in most parts of the world oceans; however, species specific assemblages sometimes occur in tropical to temperate latitudes.  Tropical species are generally heterotrophic and have exotic shapes.  Temperate species are usually smaller, but can be autotrophic or heterotrophic, and armoured or naked.  Reproduction is generally accomplished by simple cell division (asexual), and rapid development can occur under optimal conditions (B2, CAN YOU GIVE SOME GROWTH RATES).  For example, as mentioned above, blooms of dinoflagellates often follow diatom blooms since dinoflagellates are well-suited for relatively nutrient poor environments that occur after diatom blooms when the diatoms have utilized most of the available nutrient resources.  Dinoflagellates also thrive in typically nutrient poor regions in tropical and subtropical regions and in relatively quiescent (low turbulence levels) situations.  Particular species of dinoflagellates are well-known, and infamous, as they can cause major reddish-brown water colorations (e.g., Kirkpatrick et al., 2000), called “red tides.”  Examples include Dinophysis sp., Gambierdiscus sp., Karenia brevis (formerly called Gymnodinium), Pfiesteria piscicida, and Prorocentrum micans.  Red tides often occur in coastal areas following rain events and it is thought that humic compounds (contained in gelbstoff and CDOM) may promote dinoflagellate growth.  Such blooms are characterized by very high concentrations (roughly 2 X 108 to 5 X 108 cells per m3) of either non-toxic or toxic dinoflagellate species causing seawater to appear reddish-brown in color because of their pigmentation (Table 2-5 and Figure 2-19) and of course predominance as we will discuss later in Chapter 7.  Figure 2-20 shows a satellite image with a red tide in the North Sea [POSSIBLY A DIFFERENT EXAMPLE: SEE SEAWIFS ARCHIVES??  B2 AND EB ANY IDEAS FOR BETTER FIGURE??].  When such blooms end due to depletion of nutrients, the associated decomposition of organic material can cause low levels or depletion of dissolved oxygen (hypoxia or anoxia conditions, respectively) through bacterial decomposition.  This condition can have major implications for higher trophic organisms such as fish, namely in the form of massive fish kills.  Like diatoms, some dinoflagellate species can form temporary cysts (spores) that can become motile cells when favorable environmental conditions return.  We will return to the topic of red tides and harmful algal blooms in Chapter 7 as they are of such serious and growing importance to coastal oceanography. Again, readers can see examples of different dinoflagellates and find more detailed information using the Phytopia CD.   (Click on ‘Phyto Files,’ ‘Class,’ ‘Dinoflagellates’ under ‘Attribute Search,’ and finally click on the species of interest in the lower right box).

Coccolithophorids

Unicellular coccolithophorid phytoplankton (usually called coccolithophores) are nanoplankton with sizes generally in the 2-20 m range with a few reaching 30m. (Table 2-5).  Coccolithophores have external shells composed of large numbers of calcite plates or scales called coccoliths (Ackleson et al., 1988, 1994; Balch et al., 1991, 1999a, b).   Various species display different intricate forms and arrangements of these coccoliths, enabling species identification (e.g., see SEM image of Emaliania huxleyi under Other Class on Phyto Files of Phytopia CD; also see the EMIDAS and CODENET websites in references for more images).  A few species are shown in Figure 2-19.  Coccolithophores are thought to have evolved in the late Triassic period (Triassac period was 250-202 million years ago, mya) and by the Cretaceous period (141-65 mya) their blooms likely became extremely large, resulting in vast areas of seafloor littered with coccoliths.  These were so extensive that the geological deposition of calcium carbonate created by their calcification created vast depositions of chalk beds (e.g., the well known Cliffs of Dover, England) and limestones in the Mesozoic period (250 – 65 mya).  Coccolithophorids are also used for dating marine sediments.  

Coccolithophores possess two flagella during segments of their life cycle, but none during others; thus that they can switch between motile and non-motile states.  The major pigments of coccolithophores are given in Table 2-5.  Coccolithophores reproduce via cell division and their life cycles are complex, often involving multiple stages.  They live in most regions of the ocean; however the majority of species live in warm, clear water areas (tropical to subtropical waters) at depths of reduced light levels (some at roughly 100 m depth).   However, a few species are abundant in polar waters.  Perhaps the best known and widely distributed coccolithophorid species is Emiliania huxleyi, which is found almost everywhere (Holligan et al., 1993; Brown and Yoder, 1994).  At times, Emiliania huxleyi can dominate all other phytoplankton groups, especially at high latitudes, forming blooms that can cover extraordinarily large areas.  In the North Atlantic, blooms have been observed to span areas of about 1000 km by 500 km or nearly the size of Great Britain.   Another example of a very large coccolithophore bloom, as documented with satellite ocean color data in the Bering Sea, is shown in Figure 2-21 (SeaWiFs image obtained September 19, 2000).  Reports suggest that this bloom may have affected salmon migration patterns.  It is also likely that upper ocean heating rates were increased because of increased light scattering and near surface absorption of light.  This aspect will be discussed in more detail in Chapter 7.   

Coccolithophores are important for several reasons.  For example, they can have large effects on seawater chemistry (i.e., alkalinity and total CO2; Robinson et al., 1994).  They are also considered to play important roles in biogeochemical cycling as they are capable of fixing carbon and increasing the level of pCO2 in the surface layer, their calcification rates affect carbon dioxide fluxes between the ocean and atmosphere, and sinking coccoliths export carbon to the deep sea.  Coccolithophores also may affect climate through the release of dimethylsulfide (DMS), a greenhouse gas, contributing to increased atmospheric heating.  But the released DMS also acts as a major source of cloud condensation nuclei over the oceans producing the opposite effect.  Finally, since living coccolithophores and their plates are nearly white and are highly scattering, they are most interesting for ocean optics, but also rather confounding for remote sensing of ocean color.  In fact, they can cause the surface of the ocean to appear milky white (Figure 2-21) and special remote sensing algorithms need to be applied.  During coccolithophore blooms with accompanying accumulation of coccoliths in the near surface waters, high reflectivity leads to increased optical pathlengths for individual photons and greater probability of absorption.  Thus, enhanced near surface radiant heating occurs.  Interestingly, Balch et al. (1991) noted that chemical changes often parallel optical changes.  In particular, alkalinity and coccolithophore blooms have been shown to be inversely related to optical scattering of detached coccoliths.  Holligan et al. (1993) have also reported positive correlations between the beam attenuation coefficient (660 nm) and pCO2.  Case studies involving coccolithophores will be presented in Chapter 7.  Interestingly, blooms of the prymensiophyte called Chrysochromulina polylepis have caused problems for fish farming along the southerm Norwegian coastline.

Silicaflagellates  

Golden-brown algae include silicaflagellates, which have internal skeletons (silicious spicules) as seen in Figure 2-19 (i.e., see Dictyocha speculum under Class Other with views of blue and UV epifluorescence and SEM images on the Phytopia CD).  Each silicaflagellate possesses a single flagella for motility; their sizes range from about 20 to 100 m.  Their pigmented material is composed of many yellow-brown chloroplasts (Table 2-5).  Several other flagellates exist.   Many are naked (no skeletal structure) and very small (about 0.2 to 2 m).  Nonetheless, it is thought that they could be quite important because of their large abundances, particularly in temperate and polar regions.   Some are thought to have been involved in fish kills off Denmark.  Because of their small size, they are difficult to sample using filters.  Further, they tend to disintegrate during chemical preservation.  These practical points are important and exemplify the difficulties of sampling and quantifying important components of the ocean foodweb relevant to ocean ecology.   
Cyanobacteria 

Cyanobacteria are blue-green algae or bacteria often found in tropical and subtropical regions.  They have neither flagella nor chloroplasts.  But pigments (see Table 2-5) do reside in their peripheral cytoplasms.  They include some of the smallest as well as largest species of phytoplankton with cells sized down to 1 m and colonies up to 2mm in scale.  Trichodesmium (also known as Oscillatoria; see Phytopia CD using Other Class and view in blue and UV) is a well known species, which is especially important in tropical open ocean waters, as it can form huge blooms at the sea surface and at depth.  It appears in the form of single long filaments of cells or colonies, and can also be found as large bundles (millimeters in diameter).    Trichodesmium is receiving considerable attention by the biogeochemistry community, because of its recognized ability to utilize and fix dissolved gaseous nitrogen, N2 (e.g., Carpenter et al., 1992; Karl et al., 1997).  Most other phytoplankton utilize nitrogen only in compounds like nitrate, nitrite, and ammonia.   Tropical waters often contain low concentrations of these latter forms of nitrogen, thus Trichiodesmium has an excellent ecological niche there.  Another important genus of cyanobacteria is the picoplankton Synechococcus (see Phytopia DC under Other Class and view under blue, green, and UV light).   When conditions are optimal for Synechococcus and there are relatively few competitors for nutrients, they can be a major source of primary productivity with concentrations reaching 109 cells/m3.  

The preceding descriptions are intended to provide an introduction to some of the phytoplankton discussed in the remainder of the book and to emphasize their great diversity and special attributes.  Several other noteworthy phytoplankton groups and species are described in detail by Jeffrey and Vesk (1997), Jeffrey et al. (1997), and Tomas (1997) and on the Phytopia CD. 

General Comments Concerning Phytoplankton

Phytoplankton are affected by light, temperature, and the supply of major or macro-nutrients (e.g., nitrate, ammonia, phosphate, silicate) and at least some species (e.g., diatoms) by the availability of micro-nutrients (e.g., iron) [see animations describing this important point on Phytopia CD by clicking on the Phyto Factors bar].  Considering that phytoplankton are essentially at the mercy of the vagaries of the ocean, their ability to survive in this highly variable and changing environment (caused by large dynamic ranges in winds, currents, and light) is rather remarkable and the subject of considerable research.  For those phytoplankton that utilize photosynthesis, exposure to light is critical.  They need to remain in the euphotic layer for sufficient time periods to photosynthesize and reproduce to be sustained, yet avoid excessive UV radiation doses that can occur near the surface.  Some organisms have the capacity to optimize light harvesting and protect themselves from excessive light to varying degrees.  These photophysiological functions are called photoadaptations and pigment packaging effects [B2, AN AREA IN NEED OF YOUR WISDOM!!!  SEE SOME OF THE VILLEFRANCHE PAPERS ON THIS AND CITE].  Excellent accounts of these processes are presented by Kirk (1994; his Figures 12.19 and 12.20 are especially interesting and illustrative) AND IN VILLEFRANCHE PAPERS.  

Smaller particles or organisms have slower sinking velocities than larger ones according to the well-known Stoke’s Law (Appendix III).  This law, while useful, does not account for vertical density changes of seawater, currents, waves, and turbulence, or varying densities, shapes, forms, and appendages of organisms.  All of these factors greatly complicate simple sinking velocity computations.  Turbulence in the upper ocean tends to further cause reduced sinking velocities.  These physical aspects and fluid flow about particles are discussed in detail in several references (e.g.,  Cliff et al.,  Bubbles, Drops and ???; Granata and Dickey, 1991).  Also, changes in physiological states caused by nutrient and light stresses along with aggregation and disaggregation of particles complicate vertical velocities of individual organisms and aggregates.  The ocean ecosystem is also ever changing because of predator-prey interactions and major variations in organism abundance by species (population dynamics) as well as reproductive capabilities and detrital products.  Also, in large numbers, phytoplankton can effectively shade deeper populations.  Clearly, there is a multiplicity of complicating factors for studies of the optics of phytoplankton.  

2.5.5 Photosynthesis and Primary Production  B2- A GOOD SECTION FOR YOU TO REVISE!!
Again, primary producers are organisms, which depend on external sources of energy such as light (these organisms are called photolithotrophs) or inorganic chemical reactions (organisms called chemolithophores).  The importance of primary producers is underscored by accounts suggesting that nearly half of all global primary production occurs within the oceans by a great variety of organisms.   Also as a reminder, primary producers require inorganic elemental nutritional sources like carbon (e.g., from carbon dioxide and bicarbonate), nitrogen, silica, and phosphorus and silica for nutrition.   Carbon is in great supply in the ocean and not typically a limiting element for autotrophs.  However, limitation can occur with insufficient concentrations of macronutrients that include nitrates, nitrites, ammonium, dinitrogen, silicates, and phosphates.  Micronutrients or trace elements like iron, manganese, molybdenum, zinc, and copper are much lower in concentration than the macronutrients, but can be very important in serving as catalysts for primary production as we shall see later, especially when we discuss iron enrichment experiments in areas of the oceans called high nutrient, low chlorophyll or HNLC regions (e.g., eastern North Pacific and Southern Ocean among others) in Chapter 7.    Phosphorous is thought to be the most important limiting element for global primary production over geological time periods.  In addition, change in the availability of iron (e.g., via dust deposition changes with wind and land cover variations or via land and river runoff) is also considered by many to play an important role in global climate change by modifying the drawdown of carbon dioxide from the atmosphere into the ocean through primary production.   Nitrogen is the primary  limiting resource for much of today’s oceans with the possible exception of HNLC areas where iron may be more limiting.  Again, it is worth re-emphasizing that he primary producers form the base of the foodweb or and thus are critically important in supporting higher trophic levels including zooplankton and larger organisms.   

Most phytoplankton are photosynthetic organisms that require light energy for their existence.  Briefly, photosynthesis is the process by which phytoplankton, the primary producers of organic matter in the oceans, utilize carbon dioxide, water, and solar energy to manufacture organic compounds; oxygen is released in the reaction.  As part of the process, phytoplankton convert inorganic materials (i.e., plant nutrients listed above) into new organic compounds (e.g., lipids, proteins).  Note that Falkowski and Raven (1997) comment that the terms inorganic and organic are archaic in that they originated when inorganic carbon compounds were obtained from minerals and organic compounds were obtained from plant or animal sources.  Here, we adopt their convention that organic molecules and materials contain a carbon atom that is directly, covalently linked to a hydrogen atom.   

The well-known equation representing the chemical reactions for photosynthesis and respiration is given by




Photosynthesis



         (requiring sunlight)  

 
       6 CO2 + 6 H20 -> C6H12O6 + 6O2




(2-59)
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Respiration



(providing metabolic energy)

Carbon dioxide, CO2, used by phytoplankton can be in the form of free dissolved CO2 or CO2 in bicarbonate or carbonate ions.  This type of production of organic carbon is called autotrophic production as autotrophic organisms do not require any external organic substances as energy sources.  Equation 2-59 states that carbon dioxide and water, H20, are taken up by the autotrophic phytoplankton and carbohydrates, C6H12O6, and oxygen, O2, result when sunlight activates the reaction.  The reverse occurs when an oxidative reaction breaks the bonds of the carbohydrate molecule, releasing energy needed for metabolism.  Note that photosynthesis can only occur under sunlit conditions (not at night), so phytoplankton  exhibit diurnal (daily) physiological variability.  Autotrophic  phytoplankton or algae  (also called photoautotrophs when light is the catalyst) contain light harvesting pigmented material or pigments, which participate in the conversion of light energy to chemical energy.  Falkowski and Raven (1997; see their Table 1.3) present a useful compilation of higher taxa of oxygenic photoautotrophs and numbers of known species, and Madin (2001) outlines taxonomic categories of marine organisms in general.   The most common and dominant phytoplankton pigment is chlorophyll a.  Importantly, chlorophyll a has served as the principal biomass indicator for phytoplankton for over 40 years (Jeffrey and Mantoura, 1997), and consequently its measurement and modeling are central to much of bio-optical oceanography.  We will discuss the absorption spectra of chlorophyll a and accessory pigments later.  

We will often discuss the topic of primary production (sometime called primary productivity) in later chapters.   Excellent introductions to the topic of primary production and the various methods used for measuring primary production are given by Cullen (2001), Sathyendranath and Platt (2001), Marra (2002), Geider and MacIntyre (2002), and Williams et al. (2002).  Primary production is defined as the synthesis of organic matter from inorganic compounds including CO2 and water.   The synthesis of organic carbon from CO2 is often called carbon assimilation or fixation.  That is, CO2 is fixed or converted from inorganic into organic carbon  through the processes of photosynthesis and chemosynthesis described above; that is, inorganic carbon is converted into organic carbon.   Here, we focus only upon photosynthesis as this process is by far more important for primary production in the water column of the ocean.  Again, primary production through marine phytoplankton is critical to ocean ecology and biogeochemical cycling as will be illustrated though several examples in Chapters 6 and 7.  

While the definition of primary production is quite straightforward, there are actually different ways of defining ‘planktonic primary production’ (e.g., Cullen, 2001).  For ecosystem descriptions, conceptual definitions such as net daily production of organic matter by phytoplankton is convenient.  However, for interpretation of measurements, operational definitions such as the net accumulation of radiolabeled CO2 into particulate matter within a 24h incubation time period is more appropriate (see Marra, 2002).  Primary production rates, often called primary productivity, in the ocean are usually given in units of grams or moles of carbon fixed per unit volume (or per unit area) per day (or per year).  Another useful term is the assimilation index, which is the ratio of the amount of carbon fixed per unit time to a unit of chlorophyll a (e.g., units in mg C per unit chlorophyll a per hour) for a given volume of water.  

There  are several components of primary production or primary production rates that researchers use operationally and in scientific discussions.  For example, gross primary production, Pg, is defined as the rate of photosynthesis, which is not reduced via losses through excretion or respiration.  Net primary production, Pn, refers to gross primary production after subtracting losses due to respiration by phytoplankton.  Net community production, Pnc, is net production after subtracting losses due to respiration by heterotrophic microorganisms and metazoans.  Primary production rates are often computed for the water column to the depth of the 1% light level depth as this is a rough measure of the ‘compensation depth’ or ‘euphotic zone’ at which gross primary production approximately equals losses due to respiration and excretion by phytoplankton over a 24h period.  Another useful depth scale is the ‘critical depth,’ which was apparently  introduced by Braarud and Klem (1931) and brought into more popular usage by Sverdrup (1953) and Riley (1957).  The critical depth is the depth at which integrated primary production equals the loss terms (e.g., by grazing, sinking and decay of phytoplankton biomass).  A general tenet is that if the mixed layer depth is shallower than the critical depth, then primary production within the mixed layer will be greater than  the losses and accumulation of phytoplankton biomass; hence, a ‘bloom’ will occur.  On the other hand, if the mixed layer depth exceeds the critical depth, then losses will exceed production and a so-called ‘bust’ will occur.  The critical depth is also discussed by Kirk (1994), Lalli and Parsons (1997, and Siegel et al. (2003????).

Many times it is presumed that primary production decreases exponentially with depth as does the light field.  However, there are important exceptions with maxima occurring at depth where light and nutrient availability may be optimal.  In stratified conditions, which occur in midlatitude regions in the summer to early fall, a subsurface maximum in chlorophyll a (the chlorophyll a maximum) typically occurs as a result of a combination of effects including: particular phytoplankton species present, photoadaptation, and nutrient and light availability.  This subsurface maximum can be coincident with one in primary production or primary production may be offset at a shallower depth.   It is also possible for a subsurface maximum to occur closer to the ocean surface near the surface in high light conditions as photoinhibition of primary production can cause reduced values at the surface before they increase at a depth where the effect is unimportant.  Other references to primary production that are used in the context of foodweb dynamics and biogeochemical cycling include ‘new production,’ ‘regenerated production,’ and ‘export production.  These several terms will be discussed later in the contexts of  examples. Cullen (2001) and Sathyendranath and Platt (2001) provide several useful discussions and summary tables outlining the differences in the various measurements of primary production as well as their advantages and disadvantages.   It is important to note that besides the differences in fundamental techniques, the problem of measuring, analyzing, and interpreting primary production is further confounded since the various methods are often applied over different time and space scales (e.g., Sathyendranath and Platt, 2001) – a fundamental sampling conundrum.  For more detailed introductions to photosynthesis, primary production, primary productivity, and measurement methods, please see references by Cullen (2001), Sathyendranath and Platt (2001),  Lalli and Parsons (1997), Kirk (1994), Falkowski and Raven (1997), and Williams et al. (2002). 

A fundamental issue in understanding autotrophic phytoplankton and their abundances concerns the conditions under which they can survive and thrive and those where they cannot.  It is important to remember that although we generally discuss phytoplankton as if they were all the same, there are tremendous differences among phytoplankton (sizes, physiological advantages and disadvantages, ability to utilize different nutrients and spectral light wavebands).  Further, their community structures (which species or groups dominate in numbers) can be determinant factors in primary production as well.  A simple conceptual model illustrating several factors that affect primary production and their consequent effects on the subsurface light fieldd and ocean heating rates is shown in Figure 1-2.   Since phytoplankton are photosynthetic organisms, they must have at least some minimal exposure to light, which naturally varies with incident solar radiation geographically and on seasonal, daily, and shorter time scales (e.g., cloud and dust conditions).  The spectral quality of the incident light is also important as the proportions of the complement of pigments (i.e., chlorophyll a and accessory pigments) varies such that certain species have advantages at different depths and under different conditions (e.g., Bidigare et al., 1990; Raven, 2001).  They are thus generally restricted to the upper portion of the water column, with their exact depths of habitability depending on the depth of penetration of light (roughly to the depth where light falls to about 0.1 to 1% of surface light values).  The upper layer is often mixed or actively mixing, so light exposure for a given cell varies depending upon these conditions.  The exposure time, TE, can be conceptualized as being roughly proportional to the depth of the mixed layer, MLD,  divided by the surface wind speed at 10 m above the sea surface, U10, or  

TE ~ MLD / u*w 



(2-60)

where u*w is the water friction velocity, which can be computed using empirical formulas such as 

w = w u*w2 = a = a u*a2 = a C10 U102   or  u*w = [(a C10 U102)/w]1/2  
(2-61)

where a is the wind stress at the ocean surface, which is equal to the water stress at the ocean surface, w; a and w are the densities of air and water on either side of the air-sea interface; u*a and u*w are friction velocities (representing turbulence velocity scales) of air and water on either side of the air-sea interface; and finally C10 is an empirical constant called a drag coefficient and U10 is the wind speed measured at 10 m above the sea surface (e.g., Gill, 1982; Pond and Pickard, 1983; Zedler et al., 2003).   By inspecting equations 2-60 and 2-61, we can infer that deeper mixed layers and low winds are generally less favorable for light exposure of the cells residing in the mixed layer whereas shallow mixed layers and high winds are optimal for light exposure of the cells.  As the mixing layer and currents vary, so does temperature of the upper layer; temperature is another factor affecting primary production.  Generally, higher temperatures correlate with greater primary production rates.  However, some exceptions prevail; these include upwelling of nutrient rich, cool waters that lead to high primary production and can counteract the temperature effects involved with enzyme-mediated dark reaction rates (e.g., Sathyendranath and Platt, 2001).   During blooms, shading of organisms can occur as well.  Also, many cells can adapt to changing light fields using their auxiliary pigments to advantage through photoprotection when light levels are too great or through adaptation to maximize light capture (increase chlorophyll a per cell; change in numbers of chlorophyll a molecules for a photosynthetic unit; modifications in auxiliary pigments) in low light conditions.  Time scales for these physiological changes can be fairly short and light histories for individual cells can be important.  Again, it should also be remembered that although plankton are generally considered to move with the water motion, some do have motility (e.g., dinoflagellates using flagella) or buoyancy control (e.g., cyanobacteria with gas vacuoles) to affect relative motion with respect to fluid water parcels.  Intuitively, one would expect that primary production would vary in some functional manner with chlorophyll a, acting as a proxy for phytoplankton biomass manner.  In Chapter 5, we shall see that phytoplankton biomass and light are two of the key ingredients in bio-optical models of primary production.

As mentioned above, nutrients are critical to autotrophs.  Typically, the nutrients that are inadequate in concentration include subsets of the macro- and micronutrients mentioned above.  In the open ocean (i.e., typically Case 1 waters), the vertical profiles of nutrients generally show increases with depth and the surface layer (including the euphotic layer) to have very low, if not nearly negligible, concentrations of nutrients. However, important exceptions include the cases of influxes of atmospheric aerosols containing micronutrients that are input at the sea surface and the influx of nutrients at the surface from rivers and land runoff during storm events in coastal waters.  Vertical stratification of the upper ocean and the depth of the mixed layer are essential factors for biological as well as physical problems.  Near surface stratification and shallow mixed layers act to confine organisms to the euphotic layer, but also to isolate nutrient rich to deeper waters.  Breakdown of stratification and mixed layer deepening can occur through many processes including wind stirring, convection, current shear, and breaking surface and internal gravity waves.  Generally, vertical mixing and advection (e.g., including upwelling) are primary ways in which waters containing relatively high concentrations of plant nutrients can reach into the euphotic layer (Figure 1-2).   There isclearly a multiplicity of processes spanning time and space scales, ranging over about ten orders of magnitude, that need to be considered.   There is also recycling of nutrients (especially ammonium) in the surface layer and phytoplankton loss through grazing by zooplankton.  If the phytoplankton population and primary production in general is limited by sufficiency of plant nutrients, the term ‘bottom up’control is applied, whereas if grazers are dominant in the limitation, the term ‘top down’ control is used.  The waxing and waning of phytoplankton biomass in time and space modulate the attenuation of light and thus affect upper ocean heating rates – this represents a bio-optical physical coupling or feedback loop.  While for the open ocean, relatively simple 1-dimensional (with depth) models often represent much of the variability, horizontal variability cannot be neglected where eddies, rings, and fronts occur; further, in most cases fully three-dimensional models are essential in coastal waters.  Not all of the important factors are included in our discussion here (for more, see Raven, 2001; Sathyendranath and Platt, 2001), but at least we have introduced some of the  fundamental physical-biological-chemical couplings and interactions that need to be considered for almost all ocean environments.  A summary of net primary production by habitat (i.e., marine, inland waters, terrestrial, etc.) is given by Raven (2001; see his Table 1).  We will return to this general problem later in Chapters 6 and 7 where we will consider several regional examples involving phytoplankton, primary production, and biogeochemical cycling.  

SECTIONS 2.5.6, 7, AND 8 MAY BELONG ELSEWHERE
2.5.6  Larger Particles and Aggregates
Mobley (1994) classifies large particles as those particles greater than 100 m and includes zooplankton (see Table 2-4) and amorphous aggregates of smaller particles, known as marine snow, which can range in size from roughly 0.5 mm to 10’s of cm.  Marine snow and other aggregates can shear apart or reform under particular fluid flow conditions (Alldredge et al., 1990).    These larger particles and aggregates call attention to distributions of particles.  The problem of patchiness or coherence length scales in both vertical and horizontal scales is an ongoing theme of several studies and has important observational, sampling, ecological, and bio-optical implications as will be discussed later in Chapter 7.     

2.5.7  Sediments and Other Inorganic Particulates

Another important category of particles includes sediments and generally inorganic materials, which can be traced to different sources and origins.  Inorganic particles can enter the water column from rivers, storm runoff, dumped or effluent waste materials, sediment input through resuspension from the ocean bottom or shoreline erosion, or dust from the atmosphere.  Because of the plethora of material compounds falling into this category, it is not possible in most cases to sort out the individual components except under special circumstances.  Unfortunately, sedimentary materials are usually considered as a single family of particles even though they may encompass red clays, white coral sands, riverine silts. and many more types, which are obviously very optically distinct.  The densities of sediments and inorganic particulates are usually quite a bit greater than that of seawater and vary much more than those of organisms; most organisms are composed largely of water, so their densities are often roughly near that of seaweater.  The size scales of sediments also vary greatly with generally larger sizes being relatively more prevalent in coastal regions than in the open ocean.  Some of the finer inorganic material may consist of quartz and clay minerals with size ranges of less than 1 m to 10’s of m’s.   Finally, attention is being given to the input of wind-blown dust to the open and coastal ocean (e.g., Carder, 1986), because of the hypothesis that iron contained in the dust particles serves as a micro-nutrient for phytoplankton (particularly diatoms) leading to blooms (e.g., Bishop et al, 2002).   

2.5.8  Bubbles (Subsection to be completed later: Talk with Marlon Lewis)
EB – COULD YOU TAKE A CRACK AT WRITING THIS SECTION ON BUBBLES??

MAYBE PHYSICS TODAY PICTURE OF BUBBLE?? PLUS SOME OTHER FIGURES??

    Bubbles are ubiquitous in the upper ocean.  NEED REVIEW PAPERS:

Flatau et al., 2000.  Remote sensing of bubble clouds in sea water, Q J. Roy. Meteor. Soc, 126 (568 Part C): 2511-2523.

Flatau et al., 1999, Asymptotic light field in the presence of a bubble-layer,Optics Express, 5(5), 120-124. 

Wu, J., 1981, Bubble populations and spectra in near-surface ocean: summary and review of field measurements, Journal of Geophysical Research, 86, 457-463. IN MY FILES??
Stramski, D., 1994, Gas microbubbles: an assessment of their significance to light scattering in quiescent seas, Ocean Optics XII, J.S. Jaffe, ed., Proc. SPIE 2258, 704-710.

Thorpe, S.A., 1982, On the clouds of bubbles formed by breaking wind-waves in deep water, and their role in air-sea gas transfer, Philosophical Transactions of the Royal Society of London, Series A304, 155-210. IN MY FILES???
Farmer, D.M., C.L. McNeil, and B.D. Johnson, 1993, Evidence for the importance of bubbles in increasing air-sea gas flux, Nature, 361, 620-623.  IN MY FILES??
Thorpe, S.A., P. Bowyer, and D.K. Woolf, 1992, Some factors affecting the size distributions of oceanic bubbles, Journal of Physical Oceanography, 22, 382-389.

Monahan, E.C. and G. Mac Niocaill (eds.), 1986, Oceanic Whitecaps and Their Role in Air-Sea Echange Processes, Reidel, Dordrecht, The Netherlands, XXXpp.

Woolf, D.K, 2001, Bubbles, Encyclopedia of Ocean Sciences, H.H. Steele, S.A. Thorpe, and K.K. Turekian (eds.), Academic Press, San Diego, 352-357.
Terrill papers?  Ocean Optics??  ASK ERIC FOR GOOD RECENT REVIEW PAPER?

2.5.9  Detritus  EB AND B2, PLEASE REVISE FOLLOWING AS YOU LIKE.
Organic detritus, commonly just called detritus, refers to nonliving organic particles such as those that result when phytoplankton, zooplankton, or higher trophic level organisms (including fish) die or when their cells are consumed by zooplankton or other organisms and left behind through incomplete grazing or as waste materials (i.e., fecal pellets).  Other detrital materials include crustacean molts, abandoned larvacean houses, and feed webs (e.g., those of pteropods, small gastropod mollusks).  Because of the connectivity between of phytoplankton and detritus, their concentrations often vary similarly, but certainly not exactly, as physical and chemical processes as well as complex trophic dynamics all play roles on differing time and space scales.  Detrital products originally contain organic material, including pigments and act as an important food source, especially for heterotrophic bacteria.  Thus, detrivores, or organisms that consume detritus, including bacteria owe their existence to detrital matter. The so-called microbial food web and food loop involves both bacteria and detritus.  Bacterial plankton are important biogeochemical agents in aquatic systems.  For example, they dominate the mediation of dissolved organic matter (DOM) by taking it up and producing particles that can be passed on to higher trophic levels or remineralizing DOM back into its inorganic constituents (Craig Carlson, personal communication).  

In some coastal situations where phytoplankton grow rapidly (i.e., blooms), detrital material, called phytodetritus (meaning detritus still containing pigments like chlorophyll a), can reach the seafloor with significant pigmentation in tact (e.g., Chang and Dickey, 2001).  The same applies to mid-depth ranges in the ocean after blooms (e.g., Conte et al., 2004).  In both cases, bacterial blooms can occur, followed by reduced levels of oxygen as the bacteria decay and are oxidized.  Organic material can pass through multiple trophic levels and photo-oxidation can occur when light is sufficient.  These processes can cause changes in the size distributions, compositions, and inherent optical properties of the detrital particles.  Later, we will discuss the spectral partitioning of light absorption contributions from detritus as well as CDOM and phytoplankton.   

All detrital materials are often lumped together as a practical matter because it is so difficult to measure on an individual particle basis (e.g., Iturriaga and Siegel, 1989).  Unfortunately, we still know little about detritus except for some of its bulk optical properties.  Furthermore, the microbial loop is very difficult to study because of the very small size of bacteria and difficulty in their identification, preservation and measurement, especially in situ.

2.5.10  Colored Dissolved Organic Matter (Gelbstoff)  EB AND B2, PLEASE GO THROUGH NEXT CAREFULLY AND REVISE
Again, dissolved matter is presently defined operationally as material that can pass through a 400 nm laboratory filter, with particulate matter sized greater than 400 nm ESD being collected on the filter.  Dissolved organic matter is typically called colored (or chromophoric) dissolved organic matter (CDOM) today.  SEE PAULA COBLE TOS PAPER FOR NICE INTRO TO CDOM.  Plant tissue essentially decomposes by microbial action within days to weeks forming carbon dioxide and inorganic nitrogen, sulphur, and phosphorous.  However, in the process, complex compounds also result.  These compounds are typically classified as humic substances, but we commonly call these gelbstoff (yellow matter in German), yellow matter, gilvin, or CDOM.   The term gilvin was introduced by Kirk (1994) to define those soluble yellow substances, regardless of chemical structure, that occur in natural waters at levels sufficient to significantly attenuate PAR.  CDOM is rather brown in color and tends to appear yellowish brown in water when in higher concentrations.  Like detrital matter, CDOM and humic substances vary in chemical composition depending on the original sources of the organic materials and their chemical life histories.  Kirk (1994) indicates that humic substances can have molecular weights ranging from a few hundred to hundreds of thousands if not millions.  The solubilities of these substances accordingly vary greatly.  

Chemically, CDOM consists of humic and fulvic acids.  Concentrations of CDOM are generally much higher in nearshore and coastal waters than in the open ocean (e.g., Blough and Del Vecchio, 2002; Siegel et al., 2002; Kirkpatrick et al., 2003).  CDOM concentrations are especially large in areas where there are abundant terrestrial plant products (e.g., mangroves) and organically rich soils enter rivers.  High CDOM concentrations in coastal areas are also explained by the fact they are generally much more biologically productive and degradation products (e.g., detritus) tend to be consumed by bacteria and produce CDOM locally.    Interestingly, CDOM and salinity tend to be quite well correlated (inversely, so high CDOM occurs with low salinity waters);.  Also, CDOM also seems to act as a reasonable water tracer (i.e., quasi-conservative property; Kirkpatrick et al., 2003; REF.?? BOSS, Coble et al., 2004; CHANG???)  Interestingly, recent work by Siegel and Michaels (1995), Nelson et al. (1998), Siegel et al. (2002),  and Nelson and Siegel (2002) suggests that CDOM, which is possibly formed locally in the oligotrophic Sargasso Sea during the degradation phase of phytoplankton blooms and associated  organic particles, is also important for ocean color at depth and at the surface.  Alternate viewpoints concerning the origin of CDOM at such open ocean sites are discussed by Kirk (1994), Nelson and Siegel (2002), and Siegel et al. (2002).  CDOM itself degrades when exposed to light (specifically UV light in the range of 280-320 nm) through photochemical reactions (e.g., Mopper et al., 1991).  

The presence of CDOM tends to confound interpretation of satellite color data collected in some of the clearest of open ocean waters.  We will return to this point when we discuss water classification later.  Also, it should be noted that the absorption spectra of non-pigmented detrital material is similar to that of gelbstoff.   For remote sensing purposes, one can elect to combine the detrital component with gelbstoff or phytoplankton or suspended material (e.g., IOCCG Report 3, 2000).   Kirk (1994) provides an extensive review of gelbstoff and there is considerable recent research in this area (e.g., COBLE).  SEE IOCCG REPORT 3 PAGE 11.   
2.6  Characterization of Light Interaction with Seawater and Its Constituents  GOOD SECTION FOR EB TO REVISE.
Next, we discuss properties that characterize the interaction of light with the constituents described above.  These include the   RETHINK PREVIOUS SENTENCE VIS A VIS INDEX OF REFRACTION OF MEDIUM DETREMINES THE SCATTERING (REAL PART) AND ABSORPTION (IMAG) PROPERTIES OF THE MEDIUM, absorption, and scattering of light.  We have thus far generally included the functional dependence of light properties upon wavelength as we have anticipated the need to account for and quantify the spectral nature of light and its interaction with seawater and its constituents.   Only the essential aspects of light interaction with various seawater and its constituents are discussed in this section as the fundamental physics of interactions of light and matter are discussed in Halliday et al. (2001) and Hecht (2002) while Kirk (1994) and Mobley (1994) discuss interactions of light and seawater in detail.  More theoretical aspects are deferred until Chapter 5.    

2.6.1  Index of Refraction
Earlier, we noted that Maxwell’s equations (discussed in Chapter 5) describe the interaction of light with matter.  Three key parameters in these equations quantify the bulk electromagnetic properties of seawater including its constituent.  These are electrical permittivity, P (farad m-1 in mks units), magnetic permeability, M (henry m-1 in mks units), and electrical conductivity, C (ohm-1m-1).  In a vacuum (in vacuo), it turns out from Maxwell’s equations that the speed of light is given by





c = (P0 M0 )-1/2 = 3.0 X 108 m s-1               
(2-62) 

where vacuum values are P0= 8.85 X 10-12 farad m-1 and M0 = 1.26 X 10-6 henry m-1.   The effects upon electromagnetic plane-wave propagation as light passes through a material medium are described by the complex index of refraction, which is defined as

m() = n() – i k()
(dimensionless)
(2-63)

where n() is the ‘real part’ of the complex index of refraction (dimensionless), k() is the ‘imaginary part’ of the electrodynamic absorption coefficient (dimensionless), and i is mathematically defined as (-1)1/2 and is also dimensionless.  Readers curious about the mathematical form of equation 2-63 are directed to books that introduce the topic of ‘complex variables’ as well as optics books such as those by Shifrin (1988), Mobley (1994), or Born and Wolf (2001).  Although complex variables appear a bit mysterious at first glance, they are not particularly difficult to understand.  For present purposes, we do not need to be concerned about the nuances of complex variables as we will be considering n() and k() separately.  Both n() and k() are wavelength dependent as we shall see.  The real part of the complex index of refraction, n(), is often simply called the index of refraction of light.  The value of the index of refraction, n(),  affects light scattering at interfaces and within media, whereas the imaginary part, k(), relates to light absorption.  

The effects of changes in the index of refraction are well-known and typically introduced in basic physics courses (e.g., Halliday et al., 2001).  For example, differences in n() are demonstrated by viewing light passing through different media (e.g., light passing through air-water or air-glass-water interfaces).  Note that the index of refraction of a medium can be represented as simply the speed of light in vacuo, c, to the speed of light in the given medium, vm, or n = c/vm.   Laws of reflection and refraction (e.g., Snell’s Law; see Halliday et al., 2000; Hecht, 2002) of light involve n().  The fluctuating light seen on the bottom of a swimming pool results from the interference patterns created by varying light propagation paths caused by waves at the water surface where there is a large change in the index of refraction.  More specifically, the index of refraction of air {near the value in vacuo) is about nair = 1.00 and the index of refraction of freshwater is about nw = 1.33 (both values are for a light wavelength of about 589 nm); note that the speed of light in air is thus 1.33 times that in water as c/vw = nair/nw based on Snell’s Law.  Another interesting manifestation of variations in n() is the twinkling effect seen by viewing stars or city lights at a distance as the atmosphere’s index of refraction fluctuates spatially and temporally due to thermal and density variations (e.g., turbulence) in the atmosphere.  We will return to oceanic examples later.   

The spectral absorption coefficient a(), which was introduced earlier, is related to the electrodynamic absorption coefficient, k(), according to Kerker (1969) as 





a() = 4 k() 
 


(2-64)






    

where  is again the light wavelength in vacuo.  The spectral dependence of both n() and k() are shown for pure water in Mobley, 1994 (his Figure 3.3).  There is a slight decrease in n() as wavelength increases in the visible portion of the spectrum.  The spectra of the absorption coefficient a() for pure water and pure seawater are shown in Figure 2-22.   The striking feature of this spectrum is the precipitous dip to low values of k in the visible portion of the electromagnetic spectrum as wavelength increases in the spectral transition region moving from the ultraviolet to the visible and the abrupt rise as we consider increasing wavelengths from the visible toward the near infrared regions.  Mobley (1994) gives a nice physical explanation for this feature that involves quantum mechanics and photon energies (also see Kirk, 1994).  By inspecting Figure 2-8, it is evident that light incident upon the surface of the ocean lies primarily in the visible portion of the electromagnetic spectrum, a virtual “visible waveband window,” and that energy outside this band is relatively small in comparison.  As we shall see later, phytoplankton utilize light primarily in the visible waveband, likely evolving by taking advantage of this physical state.  Again, this situation is consistent with the term photosynthetically available radiation, PAR, which spans the visible portion of the spectrum.  Further, species of phytoplankton are pigmented differently so as to absorb, and take advantage of, different spectral bands of light for photosynthesis (remember that the ambient light field varies spectrally with depth  as indicated in Figure 2-8).  In terms of radiant heating of the upper ocean, it is the visible waveband that is modulated by phytoplankton abundance and chlorophyll a and other pigments as well as concentrations of detritus and CDOM.   

Scattering can occur only when media, or elements of media such as small parcels of seawater, with different indices of refraction are encountered by incident light.  Changes in the indices of refraction of seawater parcels can be caused by thermal or salinity variability or by interaction of light with the many different dissolved and particulate constituents of seawater, whose indices of refraction vary with respect to seawater and to varying degrees with each other.  Tabulations and families of curves of indices of refraction for pure seawater as functions of temperature, salinity, and pressure have been compiled by Austin and Halikas (1976) and are discussed in Mobley (1994).  The dependencies of the index of refraction show increases in n() for increasing salinity and pressure and for decreasing temperature and wavelength.   For our primary domain of interest, namely the upper few hundred meters of the ocean, the dynamic ranges of temperature and pressure are generally quite small and only as we move into the coastal zone do we see large variations in salinity.  The tabulations of Austin and Halikas (1976) indicate that the index of refraction in the visible for pure seawater and for conditions relevant to our studies typically varies by less than 1% and by less than about 3% for virtually all ocean environments.   As an example, at the ocean surface with T = 150 C, S = 35 psu, n = 1.350 for  = 400 nm while n = 1.339 for  = 650 nm.   At the surface with  = 546 nm and T = 150 C, n = 1.335 for  S = 0 psu and n = 1.342 for S = 35 psu.     Millard and Seaver (1990) developed a highly accurate formulation for indices of refraction for pure seawater for most of the ocean’s physical ranges in temperature, salinity, and pressure.   Interestingly, Seaver (REF. OLD JAOT?? ) introduced an optical technique to measure the density of water using the index of refraction.  This method is actually more direct than the commonly used conductivity-temperature-depth (CTD) approach that requires accurate simultaneous measurements of conductivity, temperature, and pressure to first compute salinity and then density. Colored dissolved organic matter (CDOM) typically covaries (inversely) with salinity, so it is likely that the index of refraction variation with CDOM generally follows inversely with that of salinity, but little specific information appears to available at this point in time.  
Particles are always present in natural seawater, so their indices of refraction are of relevance.  Living phytoplankton are composed largely of seawater and generally have relative indices of refraction (with respect to seawater) or np/nsw of about 1.01 to 1.09 with a typical values around 1.05.  Detrital particles typically have higher relative indices of refraction with nD/nsw ranging from about 1.15 to 1.20 and inorganic particles have typical relative indices of refraction of ns/nsw roughly equal to 1.2 (see Jerlov, 1976; Mobley 1994).  This topic will be revisited in Chapter 5 when we discuss Mie theory for scattering and absorption by particles. 

2.6.2 Absorption  B2 AND EB, PLEASE REVISE
SEE VILLEFRANCE CHAPTERS AND OCEAN OPTICS TUTORIALS TO FILL IN OTHER GOOD FIGURES ETC.??

Light absorption, along with light scattering, is one of the more important aspects of bio-optical oceanography.  The next subsections discuss spectral light absorption in the categories of pure seawater, phytoplankton, detritus, and CDOM (gelbstoff).   

Absorption by Seawater

The coefficient of absorption for pure seawater, aw(), is fairly easily defined in principle; however, its quantification is not at all straightforward (see Morel and Prieur, 1977; Smith and Baker, 1981; Kirk, 1994; Mobley, 1994; Pope and Fry, 1997).  As discussed earlier, it is difficult to produce water that contains absolutely no dissolved or particulate matter as filters are limited to finite sizes (i.e., pore sizes of about 400 nm) and are imperfect.  The exceptional measures taken by Pope and Fry (1997) reinforce this point.  Also, absorption by pure water or pure seawater is very small in the blue wavelengths making measurement signal-to-noise an issue; inelastic Raman scattering by water can introduce error as well.   aw() has been characterized for pure freshwater by Buiteveld et al. (1994) and Pope and Fry (1997) and for the clearest of natural waters by Morel and Prieur (1977) VERIFY  and Smith and Baker (1981).  

Smith and Baker (1981) used measured values of the spectral downward diffuse attenuation coefficient for very clear Crater Lake and Sargasso Sea waters and estimated the accuracy of their values to be +10% to –15% for the wavelength range of 480 – 800 nm.  They noted that their aw() values are necessarily upper bounds (e.g., because of practical limitations such as unavoidable inclusion of some dissolved matter, etc.), and Gordon (1989) later derived an inequality accounting for sun angle and sea state effects that suggests that the Smith and Baker aw()  values in the blue portion of the visible should possibly be reduced by up to 20%.   More recent studies of absorption for pure water have utilized two independent methods, one with a photothermal probe beam deflection technique (Sogandares and Fry, 1997) and another with a light integrating cavity absorption meter (Pope and Fry, 1997).  The values of absorption data presented by Pope and Fry (1997) for the range of 380-700 nm are probably used most often for applications in the visible range at present; however note that the Smith and Baker (1981) values span a greater range (200–800 nm) and remain quite valuable, especially for those interested in the UV and near infrared.  Comparisons with results of other workers are shown in Figure 2-23 [MODIFY THIS FIGURE??].  Likely explanations for differences among the various data sets are given in Pope and Fry (1997).  Pope and Fry (1997) report significantly lower absorption in the blue and the absorption minimum to be at a shorter wavelength (418 nm) than previously found.  The remarkable measurements of Pope and Fry also resulted in identification of several spectroscopic features (related to O-H molecular stretching modes).  The use of freshwater opposed to seawater is not deemed important as salts in seawater are not thought to make significant contributions to absorption in the visible as the major absorption bands for salts are in the ultraviolet and infrared.  aw(), unlike all other components, is generally considered to be nearly invariant and thus constant in space and time.   However, there is a modest dependence of aw() upon temperature (e.g., Pegau and Zaneveld, 1993).  

An important point is that aw() is characterized by far greater absorption in the red than blue portion of the visible spectrum as shown in Figure 2-23.  Pure water or seawater is thus blue in color since red light (roughly  = 620 nm and greater in the visible) is strongly absorbed, leaving mostly blue light to be scattered.  Ocean waters appear blue when there are few phytoplankton or particulates and low concentrations of CDOM as blue light is only weakly absorbed (red light is strongly absorbed) and thus penetrates to depth and can be strongly scattered and reflected back through the air-sea interface to the viewer’s eyes or to water color sensors deployed from airplanes or satellites.  In the next chapter, we will build on the simple concept that blue light emitted from the sea surface is indicative of low concentrations of chlorophyll a and other pigments which act as proxies for phytoplankton whereas dominance of green light emission is correlated with greater absorption in the blue and, to a lesser degree, red portions of the visible because of high concentrations of phytoplankton and accompanying chlorophyll a (absorption spectrum for chlorophyll a is shown in Figure 2-24) and other pigments.    Note that absorption by pure seawater often dominates total absorption by seawater plus its constituents in the red (roughly 600 nm to 700 nm) as evidenced in Figure 2-25 (after Prieur and Sathyendranath, 1981).   Hence, the accurate determination of aw() is quantitatively important as errors effectively change the baseline (and propagate bias errors) for determinations of the constituent absorption coefficients: aph(), ad(), ag(), and as().  The absorption spectrum of pure seawater has also been estimated for the ultraviolet (e.g., Smith and Baker, 1981) and is of considerable interest because of potentially harmful dosages for phytoplankton and because of UV’s role in particular photochemical and biogeochemical processes (e.g., Prasil et al., 1992; Kirk, 1994; Smith et al., 1992; Miller and Moran, 1997; Dickey and Falkowski, 2001). 

Absorption by Phytoplankton
Most phytoplankton contain chloroplasts, or the light absorbing pigmented structures (organelles) that contain chlorophyll a and other pigments.  Again, the prevalent pigment is chlorophyll a, which acts as a light harvesting compound for converting radiant energy into chemical energy, i.e., photosynthesis as described earlier.  An example of an absorption spectrum for chlorophyll a is shown in Figure 2-24.   Note that the characteristic peaks in the chlorophyll a absorption spectrum lie in the blue portion of the spectrum in the vicinity of 440 nm and in the red around 660-690 nm and that that there is little absorption in the green (~550 nm).  To re-emphasize an important point, seawaters with high concentrations of phytoplankton tend to appear greenish in color as green light is more poorly absorbed and thus available for backscattering upward through the air-sea interface.   

Because of the prevalence of chlorophyll a in most phytoplankton species, chlorophyll a is often used as a measure, index, or “currency” of phytoplankton abundance or concentration.  Chlorophyll a and some other pigments as well as photosynthetic parameters of phytoplankton can be measured using fluorescence techniques as discussed in Chapter 3.  As summarized by Mobley (1994), values of chlorophyll or pigment concentration vary greatly from roughly 0.01 mg m-3 in clear open ocean (i.e., Case 1) or oligotrophic waters to over 10 mg m-3 in coastal (i.e., Case 2) eutrophic waters during coastal upwelling events to over 100 mg m-3 in estuaries.  Global mean estimates for the near surface open ocean are around 0.5 mg m-3.  Not surprisingly, there is great variability in phytoplankton and chlorophyll concentrations in time and space as will be discussed in considerable detail in Chapters 6 and 7.           

Other pigments, besides chlorophyll a, such as chlorophyll b, c, and d, and other accessory pigments (e.g., carotenoids, phycocyanin, phycobillins, biliproteins, and xanthophylls) are found in many phytoplankton species as well (Table 2-5).   These other pigments have their own characteristic absorption spectra (Figure 2-21b; ALSO USE VALIELA FIG. ON P. 47) and can also be involved in the photosynthetic process and, like chlorophyll a, absorb visible light or PAR (e.g., Falkowski and Raven, 1997).  Since different phytoplankton species possess different pigments with specific characteristic absorption spectra, each species has a characteristic absorption spectrum or “fingerprint”as illustrated in Figures 2-19,  2-20, and 2-24 ALSO VALIEALA FIGURE ON P. 48 HERE (e.g., Schofield et al., 1999; Bidigare et al., 1990).  Unfortunately for identification purposes, the various “fingerprint” absorption spectra are often quite similar, however some are quite distinct (e.g., some red tide species on Phytopia CD; also see Figure 2-20).  The present movement of some of the ocean color community toward hyperspectral optical measurements is motivated in part by the goal of distinguishing different phytoplankton species or groups based on characteristic absorption spectra (e.g., Kirkpartick et al., 2000; IOCCG Report 3, 2000; Chang et al., 2004).  The driving concept is that more (narrow) wavebands can better resolve the subtleties of the spectra associated with different phytoplankton, enabling  identification as suggested by Figures 2-20 and 2-24.  This topic will be considered again in the next chapter.      

A quantity related to phytoplankton absorption is the chlorophyll-specific spectral absorption for phytoplankton or a*()  (e.g., see Sathyendranath et al., 1987, for details) as illustrated in Figure 2-24 for four different phytoplankton populations.   The computation of a*() is useful for comparing chlorophyll absorption spectra for different phytoplankton species and provides a means to normalize the absorption spectrum with respect to chlorophyll concentration.  The formulation is given by 

BELOW SUBSCRIPTS ph SHOULD BE ON ALL a’s

CHLOROPHYLL IS CONSIDERED TO BE PROPORTIONAL TO spectral absorption by phytoplankton, so aph() prop. Chl.  A useful operational definition is specific chlorophyll absorption a*() as given by 


a*() = a() – a(737 nm)   in units of m-1/(mg m-3) or m2 mg-1    
(2-65a)




Chl

The subtraction of a(737 nm) from a() in the numerator is done to eliminate the contributions to phytoplankton absorption by detritus and non-pigmented cells as it is assumed that pigments have little absorption at 737 nm and that other absorption contributions are wavelength independent.  Not surprisingly, these spectra also vary as phytoplankton change in physiological states in response to environmental conditions as discussed below (Figure 2-26).  For Case 1 waters, it has been found that higher specific absorption coefficients are found in oligotrophic (low phytoplankton concentration) areas than in more eutrophic areas (again meaning waters with high or excessive nutrients, typically high phytoplankton concentrations, and sometimes reduced dissolved oxygen levels).  Parameterizations for this effect have been developed using nonlinear relationships between phytoplankton absorption and chlorophyll a concentration (e.g., Prieur and Sathyendranath, 1981; Bricaud et al., 1995; Cleveland, 1995; Lutz et al., 1996).  These relations likely do not apply for Case 2 waters as species compositions and environmental conditions are quite different and there are considerable regional differences (e.g., Stuart et al., 1998).

Again, it is likely that phytoplankton have evolved over geological time periods to take advantage of niches in the ecosystem (e.g., Falkowski and Raven, 1997).  That is, they have adapted in such a way that their types and relative amounts of different pigments (with their characteristic absorption spectra: Figures 2-19 and 2-24b) are optimally suited for absorbing different wavelengths and intensities of light for photosynthesis (e.g., Kirk, 1994; Bidigare et al., 1990; Jeffrey et al., 1997).  This evolutionary selection process results in different species residing in particular depth ranges as well as living in different oceanic regions.   Not surprisingly, the absorption spectra for accessory pigments roughly fill in “gaps”or niches in the chlorophyll a absorption spectrum to varying degrees as evidenced in the spectra shown in Figure 2-24b.   Interestingly, pigment analyses (high performance liquid chromatography, HPLC) of particulates are being used to compute absorption spectra of phytoplankton that can be used for identification as well as phtosynthetic studies (see Bidigare et al. (1990), and Smith et al. (1989), and the comprehensive work on this topic by Jeffreys et al., 1997).  The underlying assumption of this approach is that the undegraded photosynthetic pigments obtained from in situ water samples originate from living cells.     

CHECK THE FOLLOWING EXPLANANTIONS AS DESCRIBED IN BISSETT AND ASK OSCAR TO PROOF THIS FOR CORRECTNESS.  SEE VILLEFRANCHE CHAPTERS ON THIS ALSO – BABIN CHAPTER ESPECIALLY!
B2 AND EB – CHECK THE FOLLOWING AND REVISE, PLEASE
As mentioned earlier, phytoplankton can regulate the size and composition of their light harvesting complexes (LHCs) composed of their pigments and proteins (e.g., Falkowski and Raven, 1997; Kirk, 1994, and Bissett et al., 2001).   LHCs are key to photosynthesis and differ in structure and function according to phytoplankton class (e.g., diatoms versus dinoflagellates).  Photosynthetic acclimation can be described simplistically as the physiologically induced increase or decrease of optical cross-section of LHCs in response to insufficient or excess PAR, respectively (e.g., Maxwell et al., 1995; Geider et al., 1998; Geider and MacIntyre, 2002).  Also, the locations and distributions of the chloroplasts lead to additional variations in absorption spectra of phytoplankton on inter- and intra-species levels.  This is sometimes called the “pigment packaging effect,” which connotes dependencies upon physiological factors affected by light (spectral quality and intensity) and nutrient availability as well as species differences (e.g., Morel, 1990; Kirk, 1994). That is, phytoplankton absorption spectra can change via “photoadaptation” or “photoinhibition” in response to light and nutrient conditions or stresses (e.g., Kirk, 1994).  

An example of absorption spectra for the same phytoplankton species subjected to low light and to high light levels illustrates this point (Figure 2-26).  Several other mechanisms (e.g., xanthophylls-cycling, UV damage and repair) regulate cellular light absorption in phytoplankton as discussed in several references (e.g., Cullen and Lesser, 1991; OTHER REFERENCES, OSCAR??  PREZELIN, SCHOFIELD??; reviewed in Kirk, 1994, and Bissett et al., 2001; VILLEFRANCHE - BABIN).  Again, phytoplankton tend to have niches (e.g., Bidigare et al., 1990) and thrive or fail based on a plethora of physical, chemical and biological effects.   Finally, Morel (1978, 1991) introduced the biologically relevant quantity called photosynthetically useable radiation, PUR, which is essentially a weighted PAR that accounts for variation in the absorption spectrum of the photosynthetic algae of interest.  

We have already mentioned physical effects that govern the motion and availability of light and nutrients for the phytoplankton and the chemical effects related to nutrients, oxygen, and carbon dioxide.  Phytoplankton are also prey for other organisms, especially zooplankton who graze upon them.  Much of bio-optical research focuses on the temporal and spatial variability of the availability of light and light absorption by phytoplankton, which are generally the single most important group of organisms affecting and using light in the oceans.    

Absorption by Detritus

Detritus includes non-living organic debris such as all forms of waste products and remains of deceased organisms.   It is difficult to partition absorption contributions between phytoplankton and detritus as discussed by Mobley (1994).  One of the most direct methods utilizes microspectrophotometry (e.g., Iturriaga et al., 1988) as illustrated with data shown in Figure 2-27 (see Mobley, 1994) based on samples collected from clear waters of the Sargasso Sea (Iturriaga and Siegel, 1989).  The curves of Figure 2-27 indicate the absorption spectra contributions by total particulate, ap(), phytoplankton, aph() detritus, ad(), and the sum aph() + ad().  The total particulate absorption was determined independently using a filter-pad technique.  The small difference (ap() = ap() -  (aph() + ad()) represents systematic (e.g., CDOM effects) and measurement (filter pad limitation) errors.  The results of Iturriaga and Siegel (1989) also indicate the greater importance of detritus at depth, which is consistent with settling of waste products relative to living organisms.  The microspectrophotometry method, while very attractive, cannot be used routinely or for large in situ data sets.  In Chapter 5, we will discuss models for determining spectral absorption due to detritus.  

Absorption by CDOM
The absorption spectra of non-pigmented detrital material are qualitatively similar to those of CDOM (gelbstoff), so the two components are sometimes combined and called colored dissolved and detrital matter or CDM.  It is worth re-emphasizing that the chemical constituents of CDOM are highly variable, so that it is not possible to develop a universal, all-encompassing formula describing its absorption spectrum.  Models used for determining spectral absorption by gelbstoff and CDOM are also discussed in Chapter 5. 

Absorption by Bubbles???

EB- CAN YOU WRITE THIS SUBSECTION??
ASK MARLON LEWIS IF ANY MEASUREMENTS? SIGIFICANCE?  LIKELY NOT.  SAY SOMETHING TO THIS EFFECT.  

Absorption Summary

Much of bio-optics research focuses on the temporal and spatial variability of the absorption of light by phytoplankton, namely determination of the absorption coefficient by phytoplankton, aph().  Again, phytoplankton appear to be the single most important group of organisms affecting the light fields of the oceans.  It is notable that many other microscopic organisms including viruses, bacteria, and zooplankton and their detrital products as well as dissolved materials contribute to absorption, scattering, and other optical properties and signals, but are not typically distinguished from phytoplankton and their products through remote sensing nor many in situ observational methods.  In fact, it appears that the absorption spectral signatures of this multiplicity of organisms, particles, and dissolved materials often overlap or co-vary.  Clearly, a grand challenge of bio-optical oceanography is to identify and quantify the many different organisms (at least by classes, groups, or populations, if not species) and other optically important constituents.   Spectral analyses of absorption by different constituents is one methodology which shows promise and spectral fluorescence, to be discussed later, is another.  In both cases, it appears that relatively high spectral resolution will be necessary to deconvolve signals.  High spectral resolution measurements, specifically measurements with spectral resolution ranging from about 1 to 10 nm across the visible, or what is now commonly called “hyperspectral” measurements are key.  Hyperspectral instruments are discussed in the next two chapters.

2.6.3  Scattering  EB-REVISE, PLEASE
Light scattering (here meaning of the elastic form), which was defined earlier as the departure of photons from their original paths or directions, is equally as important as absorption.  In fact, the subsurface light field of the ocean cannot be properly characterized or quantified without both.  Conceptually, most photons that cross the air-sea interface are scattered many times before they are finally absorbed or exit upward from the ocean surface.  The quantification of these photon excursions is one of the principle foci of ocean radiative transfer research and is also critical to the physics and biology of the upper ocean.   Photons that enter the ocean medium, which is conducive to many scattering events naturally have a high probability of absorption since very large numbers of water and other dissolved molecules, particles, and organisms act as scattering centers.  The probability of absorption increases with depth and for low incident sun angles as the effective pathlength of an average photon increases.  Natural situations where scattering, or more explicitely, multiple scattering, becomes increasingly important include periods of sunrise and sunset light when enters the ocean at small incidence angles and in environments with many highly reflective particles (e.g., coccolithophore blooms).

Detailed discussions and theories of light scattering in water and seawater are given in Chapter 5, so the following summary of the concepts and formulations concerning scattering are primarily intended to facilitate later discussions.  Scattering in seawater can be caused by density fluctuations or by interactions with particles.  The early theory of light scattering in air, as attributed to Rayleigh, concerned the interaction of electromagnetic radiation with molecules.  In particular, electric dipoles are induced in air molecules, which in turn emit radiation in all directions at the excitation frequency of the incident light.  Of course, air molecules are on average further apart from each other than water molecules, so not unexpectedly, Rayleigh’s theory does not directly apply.  Nonetheless, there are several analogies and even some similar qualitative features between Rayleigh’s theory and those for water.  For example, the Einstein-Smoluchowski theory for water (e.g., Jerlov, 1976), which concerns the interaction of a radiation field with very small scale molecular fluctuations or inhomogeneities in density, which are presumed to act as dipoles similar to those induced upon Rayleigh’s air molecules, predict similar angular distributions of scattering and are nearly identical in the forward and backward directions.  Both theories predict scattering to vary inversely with the fourth power of wavelength, and they seem to perform well when scattering centers (i.e., molecules for air or analogous density fluctuation centers for water) are small compared with the wavelength of light.  Not surprisingly, for actual seawater, these theories begin to break down because particle sizes are typically greater than 700 nm as indicated in Figure 2-16.   In the next subsections, we discuss light scattering by pure water and seawater and then by particles of varying sizes.  A brief discussion of scattering by specific phytoplankton species follows.  We will discuss scattering again in terms of measurements and theories and modeling in Chapters 4 and 5, respectively.  

Scattering by Pure Water and Seawater

Because of random motion of water molecules, their numbers per unit volume naturally change (e.g., more rapid changes with higher temperature) on scales even smaller than the wavelengths of visible light.  The Einstein-Smoluchowski theory for pure water concerns such fluctuations in molecular number density to corresponding index of refraction variations.  For pure seawater, the dissolved ions such as chloride and sodium cause higher indices of refraction and more scattering.  Mobley (1994) summarizes the relevant scattering functions for pure seawater as follows.  First, an empirical form of the volume scattering function (VSF) for pure water or pure seawater is given by

w(, ) = w(900, 0) [0/]4.32 (1 + 0.835 cos2) 
    (m-1 sr-1) 
  
(2-66)

where is the angle with respect to an incident light beam (00 directly forward and 1800 directly backward) and 0 is a reference wavelength [SEE MOREL 1974 TO DEFINE THIS!].  The VSF computed by Morel (1974) using equation 2-66 for pure water at 550 nm and assuming (900, 550 nm) = 0.93 X 10–4 m-1 sr-1 is shown in Figure 2-28 (after Morel, 1974).  The VSF is symmetric about 900 and backscattering is about 50% of total scattering for pure water.  Kirk (1994) indicates that scattering is about 30% greater for pure seawater than for pure water whereas Shifrin (1988) and Morel (1977) suggest somewhat different salinity dependencies.  Equation 2-66 is quite similar to Rayleigh’s formulation except that Rayleigh’s power law dependence upon wavelength,  , was -4 opposed to -4.3 and the coefficient of the cos2 term was 1 compared with 0.835.  Shifrin’s (1988) theoretical and experimental work is in general agreement with Morel’s with some slight differences.  For example, Shifrin suggests a power law dependence with the power lying between -4.05 and -4.35, and his bw values differ from Morel’s by a few percent.  The phase function based on equation 2-66 is given by

pw() = 0.06225 (1 + 0.835 cos2) 
         (sr-1)


 (2-67)

and finally the total scattering function for pure seawater is 

bw() = 16.06 [0/]4.32 w(900, 0)
    (m-1) 


 (2-68)

It is worth noting that since water has quite a high backscatter to total scattering ratio, it can have a large influence for applications like remote sensing of ocean color (e.g., Morel and Prieur, 1977).  More details concerning scattering in pure seawater are given in Morel (1974), Jerlov (1976), Mobley (1994), and Shifrin (1988).  Readers interested in turbulence-induced scattering of light are directed to discussions by Mobley (1994), Bogucki et al. (1994), and references therein.    

Scattering by Particles
Scattering coefficients of even the clearest deep ocean waters are much greater than those of pure water or pure seawater, because of the presence of particles.  Scattering coefficients for various waters from around the world oceans are summarized by Kirk (1994, his Table 4.1).  For example, he gives values as low as b(440 nm) = 0.04 m-1 for the Sargasso Sea to values as high as b(544 nm) = 1.21 to 1.82 m-1  in San Diego Harbor.  Naturally, the scattering coefficient increases as particle concentrations increase.  

Another important point is that the shapes of VSFs change dramatically when particles are present, moving from the nearly symmetric shape centered near 900 with respect to the incident beam direction for pure water (Figure 2-28) to functions characterized by very large forward scattering (within only a few degrees of 00) as indicated in Figure 2-29 for extreme examples of clear waters off the Bahama Islands and highly turbid waters of San Diego Harbor.  NOTE: MAY WANT TO REPLACE 2-31 WITH SOME NEW HYCODE FIGURES-JEN PRENTICE ET AL. OR AT LEAST ADD A FIGYRE WITH NEW STUFF FROM JEN.  Interestingly the shapes of the VSF are remarkably similar provided particles are present, especially for scattering angles less than 900.  Thus, it appears that scattering properties of particles themselves are in a sense more important than particle concentrations.  This is fortunate for modeling purposes as it may be possible to utilize similar volume scattering phase functions for different waters; however this aspect remains the subject of research.    

For many purposes, it is desirable to partition the contribution of volume scattering between particulates and pure seawater or pure water  (note that CDOM contributions to scattering have been typically regarded as negligible to date).  Thus, in analogy to previous procedures for absorption and scattering coefficients, we can write an equation for the VSF for particulates (including living and non-living materials) in the form

    


p() = () - w()  




(2-69)

where () is the total VSF.  Particle volume scattering functions for quite diverse ocean and lake environments, from very clear to very turbid waters, are shown in Figure 2-30.  The contributions of particles appear to cause over 4 orders of magnitude change in p() from 0 to 1800.  It is worth noting that these particular plots do not suggest a flattening of the function for even the smallest angles measured; however, alternative plotting of the angle axis using a logarithmic scale (see Mobley’s Figure 3.13) does hint at some flattening, but very large changes in the near forward angle phase functions are still evident.  Remarkably, increases of the VSF by a factor of 100 can occur over only 10 approaching the forward direction.  Thus, the range of 4 orders of magnitude change in the VSF from 0 to 1800 is likely a conservative estimate and 5 to 6 orders of magnitude seem more likely.  The causes for extremely large values of near forward scattering are still under investigation.  Some of the possible explanations follow NEW HYCODE OCEANOGRAPHY PAPERS???MARLON LEWIS PAPER TO BE WRITTEN?? .  For example, diffraction effects in a polydisperse (meaning many particles of varying sizes) solution can cause high forward scattering.  Also, it is possible that small-scale turbulence or very small particles or bubbles may also cause extreme values of forward scattering.  Interestingly, until quite recently, Petzold’s (1972) volume scattering measurements, which are discussed in some detail in Mobley (1994), have been the best available for the ocean optics community (e.g., Volten, et al., 1998; Prentiss et al., 2003).  New measurements using recently developed scattering instrumentation (Chapter 4) are being used to constrain values of the VSF as well as to better quantify the backscattering and total backscattering coefficients.    JEN PRENTICE PAPER DISCUSSION HERE WHEN IT IS READY.

Spectral backscatter data for inorganic suspended matter have been collected from lakes by Bukata et al. (1995) and rivers by Whitlock (1981).   Some of the spectra show decreases with increasing wavelength.  These findings are in general agreement with Morel’s (1973) theoretical work, which indicated that scattering wavelength dependence follows a power law of the form -n with n lying between 0 and 2.  Work by Sathyendranath et al. (1989) and Carder et al (1999) suggest n varies from 0 for turbid coastal waters to 2 for oligotrophic open ocean waters.  More data in coastal waters are needed to explore this power lay dependency more fully.     BRING IN JENNIFER PRENTISS STUFF HERE AND IN CHAPTER 4.   

As discussed earlier, smaller particles are more abundant than larger particles in the ocean.  However, the scattering efficiency of smaller particles is less.  A commonly used model for a broad range of optically relevant particles is Mie theory, which importantly assumes spherically shaped particles (Mie, 1908; also see Mobley, 1994, Thomas and Stamnes, 1999, and Hecht, 2002).  Despite the fact that most particles of oceanographic interest are not spherical, Mie theory generally agrees with somewhat limited observations.  We will discuss Mie theory in Chapter 5 

The wavelength dependence of scattering in natural waters is somewhat tempered because typically particles of many different sizes (polydisperse) are present.  Nonetheless, some dependence results because of refraction, particularly in the backward direction.  The wavelength dependencies of total VSFs for clear and turbid environments are shown in Figure 2-31 (after Morel, 1973).  Results of models for wavelength-dependent VSFs for two size classes by Kopelevich (1983) and Kopelevich and Mezhericher (1983) [see Mobley’s, 1994 equation 3.38] with respect to scattering angle and particle sizes and water turbidity are shown in Figures 2-32.   These modeled particle VSFs are reported to be in good agreement with data from several different locations (Shifrin, 1988); however, Mobley (1994) does note some differences with respect to Petzold’s (1974) data (see Mobley’s Figure 3.18).  

Scattering by Bubbles (INPUT FROM MARLON LEWIS ON THIS ALSO??)  

B2, CAN YOU REVISE THE FOLLOWING
Light scattering by bubbles in the upper ocean has received considerable attention within the past few years.  For example, Stramski (1994) conducted one of the first theoretical studies of the bulk optical properties of bubbles.  He considered “clean” bubble populations with a size range of 10 to 150 m conforming with a Junge size distribution function similar to the one described by equation 2-18 and with the power s = 4.  It was found that about 10% of the scattering and backscattering of seawater may be attributed to these bubbles.  Zhang et al. (1998) built upon Stramski’s (1994) study and considered bubbles with different size distributions and examined the effects of organic (also called dirty) films that occur on bubble surfaces in the ocean.  They noted that in situ measurements have shown bubble size distributions with plateaus located around 40 to 80 m and thus differences from the Junge distribution.   Zhang et al. (1998) utilized Mie theory, a generalized bubble size spectrum, and a realistic bubble number density range from ~105 to 107 m-3.  They also evaluated differences between organically coated and clean bubbles.  They forwarded several important results: 1) bubbles are strong scatterers and significantly affect total scattering, especially in oligotrophic waters, 2) while total scattering is about the same for clean versus coated bubbles, backscattering is greater for organically coated than clean bubbles; enhancement is proportional to the index of refraction and thickness of the film, 4) because of bubbles, ocean color would be shifted toward green wavelengths, essentially emulating the effects of phytoplankton, 5) bubbles likely account for a large “missing” fraction of observed total backscattering coefficient, and 6) corrections for bubble effects are needed for remote sensing of ocean color; the presence of bubbles would cause overestimate of chlorophyll concentrations.  

Scattering by Specific Phytoplankton Species EB AND B2, PLEASE REVISE
There is variation in scattering effects of different phytoplankton species and colonization is important as well.  Several studies have focused on this topic (e.g., Bricaud and Morel, 1986; Bricaud et al., 1983; Morel, 1987; Morel and Bricaud, 1986; NEWER REFERENCES FROM BRICAUD TUTORIALS ; ALSO SEE VILLEFRANCHE PAPERS). Factors that contribute to phytoplankton interspecies differences in scattering include structure of outer cell walls and/or scales, internal features such as gas vacuoles, refractive index, size, and shape; these differences are very evident when one scans through the various phytoplankton classes and species illustrated on the Phytopia CD.   Morel (1987) introduced a useful parameter called the specific scattering coefficient, bc, defined as the scattering coefficient that would be exhibited by cells of a particular species suspended in a concentration corresponding to 1 mg of chlorophyll a per m3.  Table 2-6 lists values of bc(590 nm) for several laboratory cultures of different phytoplankton species.  Values range from 0.066 to 0.587 m-1/(mg chl a/m3) with alternative units being m2 (mg chl a)-1.   Those species with major fractions of their total biomass residing in mineralized cell walls and scales scatter more light per unit chlorophyll a than many other species.  Not surprisingly, the greatest value of bc for this group belongs to the plated coccoloithophore Emiliana huxlyei.  Also, blue-green algae with gas vacuoles are efficient scatterers.   The scattering phase functions of most phytoplankton are highly peaked in the forward scattering direction; this feature is consistent with forward scattering by mineral and detrital particles.  Again, most living phytoplankton have relatively low indices of refraction (~1.015 to 1.075 with respect to water) opposed to inorganic particles (generally ~1.15 to 1.20 with respect to water), and thus the backscattering ratio, bb/b, is less for the former (roughly bb/b??= 0.0001 – 0.0040) than for the latter (bb/b~0.019) as summarized by Kirk (1994). CHECK THE NUMBERS AND BB/B’S IN FORMER SENTENCE.  Also, bb values are lower for the very small cells like cyanobacteria than for relatively large eukaryotic cells.  These types of interspecies backscattering variations have major implications for remote sensing.  For example, coccolitophore blooms which are accompanied by large concentrations of shed coccolitihs (coccolithophore plates) are dominant in some remote sensing images (Figure 2-21).   Algorithms used to produce ocean color satellite maps of near surface chlorophyll a concentrations must account for this complicating effect.  Interestingly, light scattering and fluorescence differences among phytoplankton are used to advantage for species identification purposes using flow cytometry techniques to be discussed in Chapter 4.                       

Most phytoplankton, with coccolitophores being a notable exception, have extremely low backscattering coefficients (e.g., Bricaud et al., 1983).   Several recent studies have suggested that small organisms including viruses and bacteria may be important backscatterers and could be responsible for most of the backscattering attributed to marine organisms (e.g., Morel and Ahn, 1991; Stramski and Kiefer, 1991; Ulloa et al., 1992) based on chlorophyll parameterizations discussed in Chapter 5 (also see Gordon et al., 1988; Morel, 1988; Ulloa et al., 1994).  Other factors that may contribute to observed backscatter include small terrigenous particles of land and atmospheric origins (e.g., Kopelevich, 1983; OTHERS??) and bubbles as discussed above (e.g., Zhang et al., 1998).   This topic is ripe for additional research.  

2.7 Optical Classification of Ocean Waters  
THIS NEEDS REVISIONIN VIEW OF NEW OCEANOGRAPHY VOLUME PAPERS, MOBLEY ET AL.  EB, CAN YOU REDO THIS AS YOU LIKE??
The classification of ocean waters in terms of their optical properties has been largely motivated by applications of optical oceanography.  These include estimates of the depth of the euphotic layer and parameterization of the penetrative component of solar radiation for upper ocean heating rate estimates in various oceanographic regions.  Also, remote sensing of ocean color has found need for classification schemes (e.g., IOOCG Report #3, 2001).  Optical classification has arguably been largely driven by, and at the same time hindered by, lack of data.  Until the 1950’s, most optical data were derived from simple Secchi disk measurements, which were often used for classification schemes.   A Secchi disk is a circular white disk 30 cm in diameter.  It is lowered over the side of a ship and the depth at which it is no longer visible is defined to be the Secchi depth.  This depth is a rough measure of optical clarity or turbidity (e.g., Kirk, 1994).  Unfortunately, this measure depends on the eyesight of the observer as well as sea state; thus, the method is both subjective and unreliable because of lack of control and radiometric calibration.  However, relatively sophisticated in situ radiometric observations of the spectral optical properties of the ocean began less than five decades ago and only since the late-1980’s have such instruments been available to more than a very few oceanographers.    

Early optical classification schemes were developed by necessity using very limited numbers of optical data obtained using relatively crude methods.   The few optical data were then taken to be representative of geographical ocean regions.  Jerlov (1951, 1976) developed a system of classifying optical water based on his measured water clarity using the percentage of downward transmittance of spectral light (alternatively computed to be the spectral downwelling diffuse attenuation coefficient).  Thus, Jerlov’s scheme involves AOPs opposed to IOPs.  Jerlov (1976) subdivided open ocean (basically Case 1) waters into Types I, IA, IB, II, and III (now known as Jerlov water types).  Similarly, coastal (basically Case 2) waters were subdivided into 9 categories with the ordinal number 1 indicating the clearest and 9 the most turbid waters.  Data were collected in different oceanic regions (as seen in Jerlov’s (1976) Figures 72 and 73) and transmittance spectral values were computed and displayed graphically (Figure 2-33).  Austin and Petzold (1986) utilized some additional data and recomputed Jerlov’s water type spectral downwelling diffuse attenuation coefficients resulting in a modified set of values (see Jerlov’s Table XXVII and Mobley’s Table 3.15).  Morel (1988) presents a range of values for chlorophyll concentration as means of estimating water type as follows

Type I: ~0 - 0.1 mg m-3
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Type IA: ~0.05 mg m-3

Type IB:  ~0.1 mg m-3

Type II:   ~0.5 mg m-3

Type III:  ~1.5-2.0 mg m-3
Such classifications have proven useful for modelers with few available optical data in the past.  A model enabling computation of the spectral downwelling diffuse attenuation coefficient of different wavelengths given its value at a single wavelength was also developed by Austin and Petzold (1986) [see equation 3.49 in Mobley, 1994].    Returning to Figure 2-33, it is interesting to note that the peak in transmittance of downwelling irradiance, Ed(), moves from the blues (400’s nm) for the clearest ocean waters (Types I-III) to greens (roughly 500-550 nm) for coastal waters (Types 1-5) to yellows (high 500’s nm) for the most turbid coastal waters (Type 9).          

FOLLOWING REALLY NEEDS TO BE REVISED BY EB
The most commonly used optical classification scheme at present is the bipartite Case 1 and Case 2 system introduced by Morel and Prieur (1977) as mentioned earlier. This classification system turns out to be quite useful for many purposes.  For example, it serves as a rough basis for remote sensing algorithms to be discussed in Chapter 4.  An excellent summary of this classification scheme is given in IOCCG Report #3, so only a few major points are discussed here.  As a reminder, Case 1 waters are those waters where phytoplankton and their derivative products (e.g., from organic detritus and gelbstoff (CDOM) resulting from zooplankton grazing or natural decay of cells) primarily determine the optical properties.  Case 2 waters include these same constituents plus those originating from all other sources (e.g., river and storm runoff, sediment resuspension, anthropogenicaly-introduced polluting materials).  It is important to note that Case 1 waters encompass over 90% of the world ocean waters, ranging from relatively clear oligotrophic waters to relatively productive eutrophic waters that are still dominated by phytoplankton and their derived products.   Nonetheless, Case 2 waters are especially important as they are generally far more biologically productive and lie so near a high percentage of human population which both enjoys and often adversely perturbs these waters.  Remember that Case 1 waters can sometimes appear in the coastal ocean and Case 2 waters can be found at times in open ocean waters.

An interesting and useful schematic illustrating the Case 1 – Case 2 classification scheme along with the roles of phytoplankton, gelbstoff (CDOM), and sustpended matter was developed by Prieur and Sathyendranath (1983) and is shown in a slightly modified form in Figure 2-34.  The basic ideas of the figure are that 1) if Case 1 waters are dominated by phytoplankton, then the percentage of  contributions by gelbstoff and suspended matter are small in comparison so a plotted point would lie near the top apex of the triangle, and 2)  if gelbstoff were to be most important and phytoplankton and suspended sediments were of lesser importance, then the plotted point would lie nearer the lower left point of the triangle, and so forth.   This system (Prieur and Sathyendranath, 1981) can be used in a more quantitative way if a property such as absorption (say at 440 nm) is used.   This is nicely illustrated in a Figure 1.4 of  IOCCG Report # 3.  Another water classification scheme was forwarded by Kirk (1980) for inland waters, and Prieur and Sathyendranath (1981) followed with a somewhat similar scheme for seawaters.  The latter partitions the importance of absorption according to contributions from algal pigments, gelbstoff or CDOM, and non-phytoplankton particulate matter.   

To conclude this section, it is important to emphasize that optical classification schemes have been, and likely will continue to be, very valuable when used with great care and prudence.  Readers interested in more information concerning optical water classification schemes are referred to Jerlov (1976), Morel and Prieur (1977), Gordon and Morel (1983), Sathyendranath and Morel (1983), Mobley (1994), Kirk (1994), and IOCCG Report #3 (2001). 
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Tables

Table 2-1 Wavelength ranges for colors [Hecht, p.77]

Table 2-2  Summary of inherent optical properties (IOPs) [see Mobley Table 3.1. p. 65]

Table 2-3  Summary of apparent optical properties (AOPs) [see Mobley Table 1.5. p. 31]

Table 2-4  Size distribution plankton [Lalli and Parsons Fig. 1.2, p. 10]

Table 2-5  Taxonomic summary of phytoplankton: class, common name, geographic area of predominance, common genera, pigments, size ranges, doubling times, other key information [Lalli and Parsons, Table 3.1 and Jeffreys et al. p.41 and Table 2.2, p. 42]

Table 2-6  Kirk Table 4.3, p. 110

Figures

Figure 2-1  Diagram showing wavelength, frequency, phase [Halliday et al., p. 348]

Figure 2-2  Electromagnetic spectrum [Halliday et al., p. 802]

Figure 2-3  Light sensitivity of human eye [ Halliday et al., p. 803]

Figure 2-4 [Hecht, Fig. 3.44, p. 77] ALSO A FIGURE FROM VERNET OR ELSEWHERE THAT SHOWS ENERGY PER UNIT WAVELENGTH DECREASES INVERSELY.

Figure 2-5  E and B vectors showing propagation of light wave at speed c [Halliday et al., 805]

Figure 2-6 Photoelectric effect [White, Fig. 61G, p. 515]

NEW

Figure 2-7  Vertical ecological zones [Lalli and Parsons, Fig. 2-5, p. 26 AND VALIELA, P.39]

NEW

Figure 2-8  Spectral irradiance from the Sun, above the atmosphere, as blackbody radiation, at surface with an atmosphere [Valiela, p. 37]

Figure 2-9  Pelagic zones [Lalli and Parsons, Fig. 1.1, p. 9]

Figure 2-10  Diagram showing light scattering, transmission, absorption [ Mobley, Fig. 3.1, p. 62; or Kirk, Fig. 1.5a, p. 17]

Figure 2-11  a.  Circle showing l = r   , see Mobley Fig. 1.4, p. 19 b. Same type of figure for sphere to explain concept of a solid angle, see Kirk, p. 17

Figure 2-12  Diagram showing scattering through 3-D space; see Kirk, Fig. 1.5, p. 17

Figure 2-13  3-block diagram showing IOPs, AOPs (ocean color), and In-water constituents (phytos, detritus, CDOM etc.) and forward and inverse models; see IOCCG Report #3, Fig. 2.1, p. p. 24

Figure 2-14  Diagrams showing geometry of radiance and irradiance [Kirk, Fig. 1.3b, p. 8]

Figure 2-15  Ed(z), Kd (z) profiles form FLIP [Siegel and Dickey paper] 

Figure 2-16  Particle size distribution N(D) vs. D on log-log plot [Mobley, Fig. 3.2, p. 79]

Figure 2-17  Sheldon organism doubling rates vs. size [redo form my power point talks]

Figure 2-18  SeaWiFS/global image(s) (could be winter and summer??) MODIS of global annual chlorophyll distributio

NEW

Figure 2-19  Lots of pictures of phytos: Diatoms, Dinoflagellates,Coccolithophore, Cyanobacteria, Silicaflagellates; Absorption Spectra [Valiela, p. 4, 6, 10]


SEE PHYTOPIA CD FOR MORE!!!

Figure 2-20  Satellite image showing red tide in North Sea (or another SeaWiFs image) [possible image: IOOCG Report #3; Fig. 3.5, p. 55]

Figure 2-21  Coccolithophore satellite image bloom (SeaWiFs image), [e.g., LIKELY A BERING SEA BLOOM FROM SEAWIFS IMAGERY; POSTER; OR IOCCG Report #3, Fig. 5.2 p. 98 (Jim Aiken source)]

Figure 2-22  Mobley Fig.3.3, p.81, k and n for pure water showing narrow window for light to pass

Figure 2-23  Absorption spectrum for pure water/seawater – Use Pope and Fry, Figure 10 p. 8720 in Applied Optics, 36(33)

Figure 2-24a  Absorption spectrum for chl a [IOCCG Report #3, Fig, 2-4, p. 39] b. Several pigs and phytos; Bissett p. 40]

Figure 2-25  Total absorption – Mobley Fig. 3.10, p. 99

Figure 2-26 IOCCG #3 p. 37 Bottom

Figure 2-27 Mobley p. 96 or Kirk p. 75

Figure 2-28  Kirk p. 105

Figure 2-29 Kirk, p. 106

Figure 2-30 Mobley p. 106, Fig. 3.11 and 3.12

Figure 2-31  Mobley p. Fig. 17, p. 118

Figure 2-32  Mobley p. 122

Figure 2-33 Mobley p. 131

Figure 2-34  IOCCG#3 p. 14

NOTES:

SEE FRANKS ARTICLE IN OCEANOGRAPHY ON PHYTOS AND CHLOROPHYLL MEASUREMENTS ETC. AND ADD A BIT HERE.

I MAY MOVE SOME OF THE EMPIRICAL MODEL STUFF TO CHAPTER 5, SO THE END OF THIS CHAPTER MAY BE CHANNGED SOMEWHAT.  THIS IS INDICATED IN EXT AND RELEVANT PARTS NOW LIE IN BOTH CHAPTER 2 AND 5.

NEXT PASS THROUGH, CONSULT VILEFRANCHE AND NASA SIMBIOS TECH REPORTS AND POSSIBLY OCEAN OPTICS TUTORIALS

FOR CDOM/CDM DISCUSSION, SEE GARVER AND SIEGEL ET AL. WORLD DISTR. AND ALSO NELSON PAPERS.  UPDATE WHAT I HAVE WRITTEN ON THIS AND GET SOME OF THE BETTER BACKGROUND REFERENCES.
NEW TO BE ADDED:

NEW - PROBABLY ADD A NICE FIGURE FROM VALIELA (P. 41) THAT SHOWS GRWTH RATE CURVES FOR DIATOMS AND DINOS ETC. 

NEW - ABSORPTION SPECTRA FROM P. 47 VALIEALA, FOR DIFFERENT PIGMENTS

PUT WITH 2-19 ABSORPTION SPECTRA FOR DIFFERENT PHYTOS, VALIELA P. 48

POTENTIAL HW PROBLEM:  IF THE EARTH’S SURFACE TEMPERATURE WERE TO INCREASE  6DEG IN ?? YEAR (REF), WHAT WILL BLACKBODY RADIATION CHANGE BE?  WHAT WILL BE WAVELENGTH OF MAX RADIATION???  EFFECTS???

TO DISCUSS VISION IN HUMANS AND ANIMALS IN BOOK??  OUTSIDE SCOPE OR MENTION BREIFLY WITH SOME REFERENCES/AUSTRALIAN???

CHAPTER IS IN PRETTY GOOD SHAPE:

SEE HABWATCH CHAPTERS:

ANDRE – AOPS ETC.

COLLIN – AOPS

HEIDI? OR MODELS

MARCEL – FLUORESCENCE

MARLON??

GO THROUGH HABWATCH PROGRAM AND ASK FOR PREPRINTS

1. FIGURES

2. REFINE CHAPTER AFTER GETTING OCEAN OPTICS TUTORIALS WHAT WERE TOPICS AND ARE THE LECTURES OR NOTES ON THE OCEAN OPTICS CD-ROM; AND VILLEFRANCHE CHAPTERS TO USE FOR UPDATING AND SUPPLEMENTING THIS CHAPTER.  THESE WILL BE GOOD FOR MORE RECENT REFERENCES

3. NEED TO GO THROUGH OCEAN OPTICS PAPERS FIND ANY NEWER REFERENCES THAT SHOULD BE CITED.

4. REFERENCES/ASK ELSEVIER FORM OF REFS. LIKE HALPERN BOOK????

5. FIGURE CAPTIONS

6. VALIELA BOOK ON ECOLOGICAL PROCESSES IS GOOD, ADD SOME REFS TO IT CONCERNING NUTRIENTS ETC.

7. SAY THAT FOODWEB STUFF WILL BE SUMMARIZED IN APPENDIX II OR POSSIBLY PUT IN MODEL CHAPTER???  OR BOTH???

8. POSSIBLY INCLUDE REVIEW PAPER REFERENCES FROM SPINRAD ETA L. BOOK:  CARDER AND COSTELLO ON OPTICAL EFFECTS OF LARGE PARTICLES; SIMTH AND MARSHALL ON RAMAN; LIGHT ABSORPTION ETC. AND NUT AND LIGHT, NUTS. TEMP. STRESSES BY KIEFER ; YENTSCH – USE OF FLUORESCENCE; PERRY PHYTO ABSORPTION STUFF; MOREL SINGLE CELL TO MESOSCALE; KISHINO SPECTRAL ABSORPTION BY PHYTOS.

9. INTRODUCE BIOLUMINESCENCE USING WIDDER ENCYCLOPEDIA AND HER OTHER REVIEW PAPER.  NEED THIS FOR TECHNIQUES AND OPEN OCEAN BIOLUMINESCENCE DISCUSSION.

10. SEE FALKO ET AL PAPER IN JGOFS BOOK; CHAPTER 4 FOR TAXONOMY AND OTHER INFO

11. NICE IMAGES OF PHYTOS ETC IN DAVE KARL, BARRIEN MOORE AND OCEANS TALKS ON EBSITES; PULL OFF??

�


�This is important if we are to discuss the optics of a Secchi disk or the preceived color of a body of water. CA legistlation of Lake Tahoe
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