Chapter 3.  In Situ Measurements and Observational Methods 

(Vers 31; February 6, 2004)

3.1 Motivation and Purpose of Chapter

The importance of the development and application of new technologies for oceanographic observations is paramount [PARAMOUNT USED CORRECTLY] to oceanography.  In the year 2000, Walter Munk wrote “If I were to choose a single phrase to characterize the first century of modern oceanography, it would be ‘a century of undersampling.’”  Munk supported this point with the following comments “The first law of ocean research was to never waste your assets by occupying the same station twice!  And when the law was violated and the results differed, the differences could be attributed to equipment malfunctioning.”  Munk (2000) underscored these points with several examples of advances as well as failures, particularly highlighting the power of high resolution time series and satellite oceanographic data.  Interestingly, only a few decades ago, ocean circulation was thought to be composed of slow and nearly steady horizontal current patterns (i.e., note the current patterns depicted on most globes and maps as well as even some recent introductory text books).  We now know that the ocean is much more energetic than portrayed as horizontal eddy kinetic energy is now thought to account for roughly twice that of the mean kinetic energy.  Eddy kinetic energy is caused largely by energetic mesoscale eddies (roughly 95%) that have horizontal space scales on order of 100 km and passage time scales of on order of 1 month at mid-latitudes.  These eddies were discovered and quantified through a combination of observations from platforms and sensors that were developed and used beginning about fifty years ago.  For example, direct current observations were made using neutrally buoyant (i.e., Swallow) floats at depth and by current meters placed on moorings.  In addition, indirect observations of sea surface temperature, ocean color, and sea surface elevation, and microwave backscatter from satellites (indirect measurements) confirmed the direct observations and furthermore provided large scale, meaning regional to nearly global, evidence that mesoscale eddies and other energetic features at smaller  scales (e.g., submesoscale, including fronts, jets, etc.) and larger scales (e.g., tropical instability waves in the equatorial waveguide and Rossby waves) are ubiquitous as well.   Likewise, the now well known El Nino Southern Oscillation (ENSO; e.g., see Philander, 19??) was discovered because of improved direct and indirect measurement capabilities.  The mesoscale and ENSO phenomena along with decadal oscillations (e.g., North Atlantic Oscillation, Pacific Decadal Oscillation, and others) clearly contribute to observed changes in weather patterns and climate change on the longer time scales and force collection of essentially global data at time scales of days or less because of sampling theory (e.g. see Appendix VII).  

Although primarily measurements primarily led to the discovery of the mesoscale and ENSO phenomena, rapid advances in both in situ and remotely sensed optical and bio-optical instrumentation soon confirmed that significant variability in biological parameters (e.g. phytoplankton) and light fields (e.g., ocean color, diffuse attenuation coefficient) often coincided with physically evident submesoscale and mesoscale features and equatorial waves.  In fact, some early concurrent satellite-derived ocean color (Coastal Zone Color Scanner, CZCS) and sea surface temperature (Advanced Very High Resolution Radiometer, AVHRR) images indicated near overlap of features discerned from near surface color and sea surface temperature data in the coastal ocean and western boundary currents (i.e., Gulf Stream and Kuroshio).  Interestingly, some optical data sets have been used effectively to discover physical phenomena as well.  This historical perspective clearly supports the current community interest in developing integrated global ocean observing systems that will likely include, in one form or another, almost all of the instruments and platforms to be discussed in this and the next chapter since they are essential to fill in gaps in the time-space continuum of oceanic processes (e.g., Figures 3-1 and 3-2).  The gaps are narrowing rapidly, so perhaps the second century of oceanography will be referenced as the century of advanced and enlightened sampling.    

In the previous chapter, we introduced many of the fundamental definitions, principles, and concepts of bio-optical oceanography.  The present chapter is intended to reinforce this information through descriptions of, and discussions about, bio-optical instrumentation and their capabilities as well as to set the stage for later chapters focusing on a variety of bio-optical and related interdisciplinary problems, experiments, and more generally spatially well-resolved, high frequency, long term observations that utilize bio-optical and other oceanographic instrumentation.  Again, oceanography is a science based on new discoveries and observations and is thus highly dependent upon a variety of measurement systems and technologies.   Technological advances are clearly responsible for many of the major advances in bio-optical oceanography in particular.  Progress in understanding the ocean is highly dependent not only upon precise and accurate measurements, but also upon large numbers of multi-disciplinary and interdisciplinary data because of the vastness of the ocean that is manifested in very large ranges of time and space scales (Figure 3-1).  

Important experimental work related to oceanographic processes has been and continues to be done in controlled laboratory settings.  These enable controls and manipulations that are generally quite difficult, if not impossible, to replicate in the field (note: mesocosm work involving large bags used at sea is an interesting intermediate experimental mode).  On the other hand, simulation of realistic, complex oceanographic conditions in the laboratory is not feasible.  In addition, biological samples brought back to the laboratory typically undergo degradation and modification, while chemical samples change because of biology processes and chemical reactivity (Jerlov, 1976; Tokar and Dickey, 2000).  Further, we often wish to understand as much about the concurrent environmental and biological (together the ecosystem) conditions as possible in order to properly interpret our measurements.  Thus, there is a major thrust toward development and use of multi-disciplinary in situ instruments and multiple platform types (e.g., Dickey, 1991, 2002??).  Our use of the term in situ refers to measurements made at locations at the surface of the ocean, within the water column, or on the seafloor opposed to in vitro, meaning laboratory measurements.  We will reference the laboratory approach occasionally in our discussions; however, our emphasis here will be upon in situ field measurements; remote sensing and satellite observations are the subjects of the following chapter. 

Much of modern oceanography relies upon direct field observations that are being made increasingly in situ and in some cases with data being telemetered, meaning electronically transmitted, to a ship, laboratory, or data acquisition and/or processing center.  We call such data acquisition modes “real-time” if data are sent instantaneously or very shortly after collection and “near real-time” if there is a data transmission delay of roughly an hour to a day (i.e., the data latency period).  To re-emphasize an important point, it is difficult to interpret specific disciplinary data that are collected at different times and places because de-correlation time and space scales are often short (e.g., Dickey et al., 2001; Chang and Dickey, 2002, and references therein) and because there are so many interactions and causal effects among processes.  Thus, there are many advantages for concurrently obtained measurements of a broad suite of meteorological, physical, chemical, biological, and geological data.  These points will be illustrated and reinforced in Chapters 6 and 7.  

The emergence of more capable sensors and systems for oceanographic applications can be attributed to several factors. These include: 1) technology transfer in the areas of measurement and analysis techniques, some originating in the medical, engineering, microelectronics, microprocessor, data communication, and global positioning research communities, 2) support of projects devoted to development of both fundamental and societally relevant ocean technologies, and 3) the formation of functional partnerships among academia, government laboratories, and private industry (e.g., Dickey et al., 2001b).  Many of the requirements for deep space measurement systems are similar in nature to those of oceanographic studies, so future synergistic partnerships among ocean and space technologists are attractive. 

Many oceanographic instruments that are used for field observations have been based on laboratory versions, some requiring relatively simple modifications and others necessitating major redesign and repackaging.  For example, several in situ multi-spectral and specialized optical instruments have been developed and used since the early 1990’s.  Many of these are capable of sampling at relatively high frequencies (e.g., every few seconds to minutes) enabling studies of meter-scale (or less) structure in the vertical or horizontal directions and minute-scale (or less) processes in time (e.g., Dickey, 1991, 2001).  Unfortunately, not all variables and parameters of interest can be measured in situ at present, and thus return of samples to the laboratory for specific analyses often remains a necessity (see Appendix IV).  In this chapter, we will discuss new technologies and methodologies that are moving us toward the day when large numbers of variables can be measured in situ and with ever-increasingly broad sampling ranges in time and space (Figures 3-1 and 3-2).  

There are a four major underlying premises for this chapter: 1) simultaneous, multi-disciplinary measurements are generally critical for interpretation of disciplinary as well as interdisciplinary data sets, 2) individual sensors, systems, and platforms have distinct attributes and limitations, thus multi-sensor, multi-platform (including satellites) approaches are indispensable for most studies and observing systems, 3) the oceans are vastly undersampled in time and space, thus large numbers of multi-disciplinary data are needed, and 4) models are valuable, if not indispensable, to enhance the utility of ocean measurements through data synthesis to expand information across the time-space domain, for guidance of experimental design, for adaptive sampling, for interpretation of data, for hypothesis development, and for prediction.  The latter point is discussed again in Chapter 5.

The plan for this chapter is as follows.  First, we motivate the requirements and considerations for interdisciplinary measurement systems, particularly in regard to the diversity of variables that need to be sampled over broad time and space scales for specific processes and a variety of interdisciplinary oceanographic problems.  Then, we briefly review some of the earlier optical technologies that have influenced, and led to advances in, instrumentation used for bio-optical oceanography at present.  Next, in situ optical instrumentation is described.  Several platforms that are used for deployment of in situ interdisciplinary sensors and systems and data telemetry systems are summarized next.  Finally, some of the major technical challenges and opportunities for in situ observational bio-optical oceanography are summarized.  Remote sensing using aircraft and satellites is discussed in Chapter 4; however, several of the points made in the present chapter apply there as well.  Brief summaries of contemporary in situ physical, chemical, and biological measurement sensors and systems are provided in Appendix IV. Appendix VI reviews the important topic of methods for combating fouling of optical instruments.  

3.2 Ocean Processes and General Sampling Considerations 

A host of environmental problems have stimulated highly diverse oceanographic studies as indicated in Chapter 1.  Bio-optical oceanography and its technologies are central to understanding and solving many of these problems.  A common impetus is to distinguish natural versus anthropogenically-induced changes.  Nearly all important environmental problems require interdisciplinary approaches and necessarily a large subset of traditional disciplinary data sets including atmospheric and oceanographic including physical, chemical, biological, optical, acoustical, and geological data.  

The oceans are forced by and embody a great number of processes (Figures 3-1 and 3-2).  The processes span large dynamic ranges in variability that can be considered to be periodic or nearly periodic (e.g., tides, daily and seasonal solar radiation cycle, seasonal phytoplankton blooms) or episodic (e.g., movements of weather patterns, hurricanes, ocean eddy passages, and some transient phytoplankton blooms).  These processes typically involve multiple disciplinary processes and many of these (i.e., those with temporal scales less than roughly a few decades) are especially confounding for quantification of longer-term trends and changes.  Ideally, multi-disciplinary data should be collected 1) simultaneously, 2) synoptically, and 3) at sampling rates sufficient to resolve processes at the smallest and largest time and space scales of relevance and variance (i.e., the aliasing problem; Appendix VII).  Thus, proper sampling will often encompass several orders of magnitude in space and time (Figures 3-1 and 3-2) using many different platforms.  Today, many problems of interest are global in nature and thus require data to characterize and quantify variability that extends well over ten orders of magnitude in space, and much longer in time for climate problems.  It has been generally accepted that technological capabilities for obtaining atmospheric and physical oceanographic data are relatively well advanced in contrast to those for optical, chemical, biological, acoustical, and geological data.  This is not unexpected if one reflects on the greater number of key variables and complexity as well as the non-conservative nature of the chemical, biological, and bio-optical properties of the oceans.  Nonetheless, remarkable advances are now being made in these areas; several are highlighted in this chapter and later chapters (also see Appendix IV).  In particular, it is important to note that increasing numbers of bio-optical, chemical, geological, and acoustical variables can now be measured on virtually the same time and space scales as physical variables.  

Detection limits, precision, and accuracy are important for oceanographic measurements as they are for other scientific disciplines.  Yet, field oceanographers are confronted with challenges beyond those faced by traditional laboratory scientists, as they must collect large volumes of interdisciplinary data in an uncontrolled and often harsh, inhospitable environment and often at great distances from ports.  Further, data quantity is often relatively more important than precision and accuracy, not that the latter metrics are unimportant.  We will be describing many oceanographic measurements and methodologies, yet even more are needed.  As a consequence, it is important to carefully select appropriate variables for the problems of interest, and those variables that can serve as proxy variables, meaning those variables that can be used inference of others (proxy variables are discussed in detail in Chapter 5).  Well-conceived sampling strategies are critical as instrumentation and platforms are usually expensive and in short supply for most studies.  Because of the paucity of data, there is need for interdisciplinary numerical models capable of synthesizing data, guiding sampling campaigns, and predicting variability over broad time and space scales as outlined in Chapter 5.  Many of the instruments, systems, and platforms described below have been used as essential tools for experiments that will be discussed in Chapter 6 and 7.

3.3. Earlier Optical Technologies 

Optical and bio-optical oceanography are young subdisciplines in comparison with the basic sciences of physics, chemistry, biology, and geology.   Nonetheless, it is useful to briefly reflect on a few of the historical developments of oceanographic optical instrumentation that have led the way for today’s sensors and instrumentation.  Several of these earlier instruments and devices have also provided data sets that remain of great value, some for long-term time series (e.g., water clarity change) and others for fundamental data sets (e.g., volume scattering functions).  

As early as 1817, Otto von Kotzebue made optical measurements during a circumnavigational voyage (Højerslev, 1994).  von Kotzebue first used a lowered red cloth and later a simple white plate to determine the depth of penetration of light visually.  Analogous studies using a Secchi disk (Secchi and Cialdi, 1865), a white disk 25-cm in diameter, began in the late 1860’s and some oceanographers continue to do Secchi disk measurements today.  Operationally, the Secchi disk is lowered over the side of a ship and its depth of disappearance is defined as the Secchi depth.  This depth is a rough indicator of optical clarity or turbidity (e.g., Shifrin, 1983; Kirk, 1995).  Optical clarity and turbidity are vague terms with no strict quantitative definitions, nonetheless, they are often used.  The Secchi measurement depends on the eyesight of the observer and takes no account of wavelength dependence.  Thus, individual observers tend to record different values for the same observational situation.  Further, inherent optical properties or IOPs, ambient light conditions, and wave conditions among other factors unavoidably affect the Secchi measurement, which is essentially an apparent optical property or AOP measurement since ambient light is involved.   

While early physical oceanographers were able to use reversing thermometers and later thermistors to measure the fundamentally important near surface and subsurface water temperatures, biologists needing light information had no choice but to rely upon the Secchi disk method.  Fortunately, despite its well-known deficiencies, good records of Secchi disk depths (like sea surface temperature) were kept, making possible interesting and important studies.  Several attempts to relate the Secchi depth to the diffuse attentuation coefficient and beam attenuation coefficient, which are physical quantitative measures, have been made (e.g., Shifrin, 1983; Kirk, 1994).   For example, Lewis et al. (1988) used an empirical formula to translate global Secchi depth data into estimates of chlorophyll concentrations.  The chlorophyll a concentrations inferred from the Secchi disk data sets were remarkably within a few percent of Coastal Zone Color Scanner (CZCS) satellite-based estimates.  Thus, it was shown to be possible to reconstruct past surface chlorophyll a concentrations for locations where Secchi depth data exist.  Readers interested in using Secchi disk data for various purposes or conversions with optical properties such as the downwelling diffuse attenuation coefficient, Kd, are directed to comprehensive discussions by Horjslev (1986) and Kirk (1994).  We will return to discussions of long-term Secchi disk measurements and their uses in Chapter 6.   

Quantification of the underwater light field apparently began in 1885 as Fol and Sarasin used photographic plate exposures in the Mediterranean off the Cote d’Azur (i.e., French Riviera region; Jerlov, 1976).  Later, Knudsen (1922) was able to measure spectral radiance as a function of depth using photographic methods and a spectrograph (a device capable of measuring light intensity as a function of wavelength).  The use of photographic plates and media was cumbersome and provided information that was difficult to quantify.  Discovery of the photoelectric effect, discussed in Chapter 1, was important for optical oceanography as the photoelectric cell became an invaluable device for objectively quantifying the underwater light field in the early 1920’s (see review by Jerlov, 1976).  The first undersea applications of the photocell may be considered to mark the beginning of modern optical oceanography.  During the 1930’s, radiance and irradiance sensors (meters) using photocells were invented.  Also, the first in situ beam transmissometers (for measurements of beam attenuation coefficient, c) and scattering meters (for measurements of different scattering parameters) were developed by Petersson (1934).   Other important technological breakthroughs of this period included photomultiplier tubes and lasers (laser is an acronum for light amplification through stimulated radiation emission, see Fowles, 1975, and Hecht, 2002).

Several important optical instruments enabling improved measurements of fundamental variables of ocean optics were developed internationally through the mid-1970’s as reflected in the international flavor of the citations in Jerlov’s (1976) book.  The number of international institutions active in optical and bio-optical measurements has continued to grow, especially since the early 1980’s.  Importantly, private industry has become a major force in developing and distributing increasing numbers of quality optical and bio-optical instruments, often in partnership with university and government oceanographers.  

Instruments described in Jerlov’s (1976) book include scattering and absorption meters, beam transmissometers, radiance, scalar and downwelling and upwelling irradiance sensors, and modulation transfer function (MTF) meters (the latter for point spread and volume scattering functions; Wells and Todd, 1970; Hodara, 1973).  Some of these instruments had visible light spectral measurement capability  and used color filters.  Color filters, also called an intereference filter pass desired light between two wavelengths and block external undesired wavelengths.   Others  were designed for ultraviolet (UV) measurements.  Some of these vintage instruments (Figures  3-3 and 3-4) remain in use today (ASK KEN VOSS WHICH ONES AND INDICATE GET HIS OCEAN OPTICS TALK AND PICTURES FROM HIM AND RAY).  Readers interested in additional details concerning historical aspects of ocean optical instrumentation are directed to works  by Jerlov (1976), Horjslev (1994), Kirk (1994), and Shifrin (1983).
Some of the enabling technologies for recent and emerging ocean optical instruments include improved color filtering devices such as monochromators, polychromators, and holographic gratings for separating light by wavelength and for increasing the number of sampled wavelengths and establishing well characterized wavebands (also called bandwidths,  bandpasses, and  full width at half maximum of power or FWHM in nm), more stable light sources, photodiode arrays, charge coupled devices (CCDs, REFERENCE), ASK CASEY ABOUT CCD AND PHOTODIODE ARRAYS AND REFERNCES FOR READERS AS WELL AS HOLOGRAPHIC GRATINGS, more accurate calibration systems, and smaller and more robust sensors, electronics, data acquisition, and storage devices. ASK CASEY AND SCOTT MCLEAN FOR THEIR TOP 10 IMPROVEMENTS.  In addition, optical and bio-optical systems have been designed for vertical profiling from ships on station and ships sampling underway (tow-yoing), from moorings (fixed depth and profiled instrument packages), offshore towers, bottom tripods, drifters, profiling floats, autonomous underwater vehicles (AUVs), and gliders (all discussed toward the end of this chapter) as well as from aircraft and satellites as discussed in the next chapter.  The combination of emerging optical and other oceanographic sensors and platforms has been vital to increase the variety, quantity, quality, and interpretability of optical and bio-optical data.   

The promise of emerging optical and bio-optical sensors and measurements for a variety of oceanographic research became broadly recognized over a decade ago (e.g., Dickey, 1991).  It should be noted that biannual Ocean Optics meetings have provided, and continue to provide, excellent opportunities for learning about the latest technological developments as well as science issues involving ocean optics.  Next we discuss several of the more recent optical and bio-optical instruments; some of the earlier instruments will be discussed as well.  

3.4  In Situ Bio-optical Instrumentation 

The specific objectives of this section are to introduce a variety of optical and bio-optical instruments, to explain their basic design, operation, and calibration, to consider both their strengths and limitations, and to generally provide sufficient information for the reader to be able to select specific sensors and instruments that may be most appropriate for a particular application or problem.  References are provided to guide the reader toward more detailed information concerning instruments and their previous uses.  The six volume NASA Technical Memorandum Series 2003-21621 edited by Mueller et al. (2003) is especially valuable as it outlines detailed specifications, calibration methods, and protocols for many of the instruments described below.  This series is directed primarily toward the use of instrumentation and methods that can be used for calibration and validation of ocean color satellite data sets (specifically SeaWiFS); however, it is also quite useful for other bio-optical studies and applications as well.   For convenience only volumes and chapters in the series will be cited (e.g. NASA TM Vol. II, Ch. 3, 2003) rather than authors; names of the specific authors of chapters are given in the bibliography.  More information concerning uses of optical and bio-optical instrumentation for a variety of scientific studies is in given in Chapters 6 and 7.

The following discussion of in situ optical and bio-optical instrumentation is subdivided according to primary measurement objectives and is organized as follows:  1) instruments designed to measure apparent optical properties (AOPs) including ultraviolet (UV) radiation, 2) instruments for measuring inherent optical properties (IOPs), 3) instruments for measuring fluorescence, 4) instruments to measure particle size distributions and particle characteristics, 5) bioluminescence sensors, and 6) imaging and video systems.  We discuss the use of optical measurements as proxies for a variety of variables in Chapter 5.  Some measurement systems serve multiple uses.  For example, some instruments can measure both volume scattering functions and size distributions and others can measure optical properties of single cells as well as provide data on their sizes.  Also, several systems incorporate multiple sensors, again emphasizing the preference for concurrent and comprehensive measurements to maximize the utility and interpretability of data.   

3.4.1  Apparent Optical Properties (AOPs)

Many different instruments have been developed to measure solar radiation (i.e., irradiance and radiance) and apparent optical properties (AOPs) at depth in the ocean.  As a reminder, apparent optical properties depend upon both inherent optical properties (IOPs) and the subsurface light field.  Uses of AOP data include: inferences of pigment compositions and concentrations including chlorophyll a concentrations, quantification of available light for photosynthesis and primary productivity estimates and models, visibility, and determination of the penetrative component of solar radiation and related heating rates.   Measurements of AOPs have been more commonly made (and are arguably easier to do) than their IOP counterparts; measurement of the beam attenuation coefficient, c, is likely an exception.   

First, we discuss irradiance and radiance sensors.  Next, specially designed instruments to measure into the ultraviolet portion of the electromagnetic spectrum are described.  Finally, we consider measurements of scalar irradiance and quantum scalar or photosynthetically available radiation PAR sensors.

Irradiance Sensors

Irradiance sensors are used for a variety of purposes including determining available light at depth for photosynthesis, indirect estimates of chlorophyll concentration, computation of the solar penetration of solar radiation (heating rates), and radiative transfer modeling.  This class of instruments has provided a substantial fraction of subsurface optical data and has generally led the development of IOP instrumentation until recently.  Early designs of both spectral irradiance and radiance instruments are presented in Jerlov (1976) and Kirk (1994) and seminal papers by Smith (1969, 1970), Smith et al. (1984) are also recommended for further reading.  Recent technical advances and calibration methods and measurement protocols  for AOPs are outlined in NASA TM Vol. II, Ch 1-2, and Vol. III, Chs. 1-4 (2003).

The fundamental irradiance measurement is defined by the radiant flux of light that impinges upon a flat light collector of a spectroradiometer as schematicized in Figure 3-5; also, an irradiance instrument is shown in Figure 3-6.  The light collector is a key component of any irradiance instrument as it needs to properly enable passage of light to detectors below.   The units of irradiance are W m-2.  We will also find it useful in our discussion to define the quantity spectral irradiance, E, as irradiance per unit waveband in units of W m-2 nm-1 to specify that the instrument measures light in fixed wavebands.  Let us first consider the case of the measurement of downwelling irradiance.  As indicated in Figure 3-5, a finite light beam (assumed to be coming from infinity with light rays being parallel) falls upon a plane surface that is oriented parallel to the surface of the earth at a local position and at an arbitrary zenith angle , where zenith direction is defined by an axis pointing upward from our reference plane and nadir is the downward pointing direction.  Note that the reference plane is perpendicular to a line running essentially from the geographic location of the measurement site to the center of the earth (here we can safely neglect the earth’s oblateness and more relevantly its geodetic characterization).  It is evident from Figure 3-5 that the value of the radiant flux received by the collector is dependent upon the incident angle, .  Intuitively, if the beam comes straight down from zenith direction, or  = 00, then the irradiance is most concentrated on the surface, whereas if the beam comes from near the horizon, with  approaching 900, then the radiation will be spread over a much greater area.  This is the same effect, which is responsible in part for the greater incident solar radiation flux at the equator (sun appears nearly over head) than at high latitudes (sun closer to horizon, i.e., never setting within the polar circle in summertime – ‘land of the midnight sun’).  In terms of our desired measurement of downwelling irradiance, we need to account for this angular effect, and thus use what is called a “cosine collector.”  Note that the functional dependence we considered earlier is consistent with the multiplicative factor cos   (i.e., maximum irradiance occurs for = 0 as cos = 1 and minimum occurs for = 90 as cos  = 0).  In particular, instrument makers attempt to design a perfect cosine collector so that the response of the collector is proportional to cos , hence the name cosine collector. The proper construction of a cosine collector and the immersion factor that accounts for the differences in refractive indices of the collector material (typically a translucent plastic material or opal glass) and air where calibration takes place and in seawater where the actual measurement is performed is discussed in some detail by Kirk (1994), NASA TM Vol. II, Ch. 3 (2003), and several references therein.  Readers interested in these effects are also directed to websites of irradiance sensor manufacturers who regularly update instruments with improved materials and procedures involving these important measurement elements.  Accuracies and resolutions of sensors generally improve in time and are thus not presented here.  Manufacturers provide considerable specification information on their websites and in brochures.  

Irradiance instruments today typically use silicon photodiodes as detectors for the sensed wavebands (Figure 3-6).  In principle, each wavelength channel (waveband) can be amplified individually to optimize resolution of the expected dynamic range.  Since spectral characterization and definition of measurement are naturally key objectives of spectral irradiance instruments, it is essential to separate the incoming visible broadband (e.g., 400-700 nm) radiation into narrow spectral bands for measurement.  A common technique has utilized a set number of optical filters that allow light of specific wavelengths to pass (bandpass filters) to the detector where the light flux is converted to a voltage output and recorded.  For example, one might select a blue filter that is designed to allow peak or maximum transmission at 490 nm (maximum power) and 50% of maximum power at 485 and 495nm.  The filter descriptor would then read 490 nm ± 5nm and the filter or spectral full width-half maximum power bandwidth (typically just called the bandwidth) would be 10 nm (20 nm is another commonly used bandwidth).  The curves describing such filters are roughly Gaussian as shown in Figure 3-7. These nomenclatures and design considerations apply to several past and current ocean color remote sensing instruments as well (described in next chapter).  An important point is that desired measurements (e.g., diffuse attenuation coefficients) at a specific wavelength can be corrupted by light (i.e., stray light), which enters the sensor detector from outside the desired bandwidth.  An example is presented in Figure 3-7 (e.g., Siegel et al., 1986).

The number of wavelengths to be measured depends upon the application and the specific wavelengths, and bandwidths are likewise selected to optimize information content, typically based on spectral characteristics of phytoplankton and their pigments (e.g., chlorophyll a absorption, gelbstoff or CDOM as discussed earlier in Chapter 2), as well as other considerations (e.g., signal-to-noise ratios; algorithms for obtaining (retrieving) a variety of bio-optical information as described in the next chapter).  Different sets of wavelengths are usyally selected when Case 2 opposed to Case 1 waters are to be studied.  The wavelengths of in situ sensors are typically matched with those of ocean color aircraft or satellite sensors as both are typically devoted to similar purposes and calibration and validation of satellite instruments and requisite ocean color algorthims are drivers for many optical oceanographic measurements (i.e., Hooker and McClain, 2000; NASA TM Vol. I, Ch. 1 2003).  Spectral irradiance sensors are calibrated in controlled laboratory conditions with traceable standard light sources, typically before and after deployments when possible (e.g., NASA TM Vol. II, Chs. 1-3 and Vol. III, Chs 1-2, 2003).  Field calibration systems have also been developed and used to enable more frequent calibration, especially in less accessible locations or when instruments need to be redeployed shortly after recovery (McLean and Hooker, 2000; NASA TM Vol. II, Ch. 5).  We will return to these issues when we discuss special calibration and validation aspects for remote sensing applications.  

Recently, in situ irradiance instruments have been developed to simultaneously measure about 100 wavelengths in the visible (Figure 3-6) and even more into the ultraviolet and infrared (300 to 1000 nm with spectral bandwidths of 10 or 20 nm).   GET REFERENCE FROM MARLON OR SCOTT MCLEAN ON THIS BEFORE WRITING. TALK ABOUT GRATINGS AND HOW THIS WORKS

Spectral irradiance instruments of the filter type and of the hyperspectral grating type are now small enough that they can be deployed from ships in profile mode and from moorings and drifters (Figure 3-6).  Sampling rates of about 6 Hz are used for many spectral irradiance systems presently.  Thus, high frequency phenomena such as surface waves and cloud movements can be resolved with moored instruments (e.g., Stramska and Dickey, 1992) and vertical structure on scales of about 1 meter can be observed.  Deployment issues for ship profiling include shipshadowing (e.g., Curt Waters Oceanography paper, others??  see papers therein) and fluctuations in the light field during a profile caused by surface waves or cloud movement (e.g., Siegel and Dickey, 1988;  Zaneveld et al., 2001a,b).  A deck spectroradiometer or separate radiometer positioned at a near surface depth can be used to collect concurrent data to be used to account for the cloud effect; various procedures have been forwarded for the other near surface problems (e.g., Hooker and McClain, 2001; NASA TM Vol. III, Ch 2).  For example, Waters et al. (), SATLANTIC TSRB-II??? and Phinney and Yentsch (Ocean Optics???) have used a technique to avoid shipshadowing; they deployed a tethered profiling system that measures at an adequate distance from the ship to minimize the shipshadow error.  An expendable spectral radiometer system has also been developed by McLean and Lewis (1991).   

Deployments of radiometers from moorings and drifters must also account for buoy or drifter shading.  If high frequency sampling is used, then the surface wave effects can be essentially negated via averaging.  Extrapolation of data to the surface for remote sensing needs is problematic for all in situ platforms, but special means have been used to make the best possible estimates (e.g., McClain, 2001; Chang et al., 2003; NASA TM Vol. III, Ch. 2;, Vol. VI, Chs. 2-3, 2003).  Vertical orientation of instruments is attempted, but may not be achieved.  So corrections should be made using tilt and compass data.   Instruments are self-shading and analyses of this effect have been reported by Gordon and Ding(1992) and NASA TM Vol. III, Ch 2 (2003).  The effect is more severe for measurements in the red portion of the visible.  

Radiance Sensors

Radiance is one of the most important variables of optical oceanography.  Again, radiance, L() with units of W m-2 sr-1, is defined as the measure of radiant power per unit projected area per unit solid angle in a given direction defined by the zenith and azimuthal angles  and , respectively.  The term spectral radiance is often used to connote measurements within a fixed spectral waveband and units are given as W m-2 sr-1 nm-1.  Importantly, the angular distribution of radiance is required to completely quantify the undersea light field and if radiance were known for all angles, it would be possible to compute (via proper integrations over appropriate solid angle ranges) irradiance quantities including downwelling irradiance, Ed, upwelling irradiance, Eu, scalar irradiance, E0, and net downwelling irradiance, En, following equations 2-32, 2-33, 2-34, and 2-39, respectively.   Radiance is of fundamental importance, especially for radiative transfer modeling of the underwater light field.  In addition, remote sensing of ocean color relies upon in situ measurements of spectral water-leaving radiance, Lw (equations 2-44 and 2-45), which requires the upwelling component of radiance, Lu from equation 2-41; more on this in the next chapter.  In addition, it is has been shown that natural fluorescence of phytoplankton occurs near 685 nm, thus, some in situ and remote sensors have been designed to take advantage of this phenomenon to estimate chlorophyll concentrations using measurements of Lu or Lw  in the vicinity of 685nm. 

The measurement of radiance is non-trivial and the instantaneous collection of radiance data for all angles, , is even more daunting.  First, the desired measurement should be made through a very small solid angle as portrayed using a classical Gershun tube (see Figure 3-8).  The tube is designed to restrict the reception of light to a very small solid angle.  The problem is that the light signal will be very small and decrease with decreasing reception angle, thus placing a great requirement on a radiance instrument’s detector (need for high sensitivity and high signal-to-noise).  Most radiance sensors collect data within about 1 to 90.  CHECK MANUALS-CONFUSING ABOUT HALF ANGLES AND FIELD OF VIEW ANGLES; DEFINE CONSISTENTLY ASK SCOTT MCLEAN!!  This is exacerbated by the desire to collect light at specific wavelengths and hence the exclusion of light outside a specified bandwidth (say 10 to 20 nm typically).  An example of a spectral radiance instrument is shown in Figure 3-9.  The instrument’s detector, filters, electronics, power requirements, data acquisition modes, calibration, sampling rate and data storage capabilities are very similar to those of the irradiance systems described above.  Hyperspectral capability (discussed above) is available with some commercial instruments as well and can allow measurements from 300 to 1000 nm with spectral bandwidths of 10 or 20 nm or less.  Also, deployment methods and platform opportunities are generally the same as those of irradiance instruments, although some different shading considerations may require attention.  For many problems, i.e., remote sensing and natural fluorescence, we are satisfied with only the upward component, Lu, and a few sensors with desired color filters may suffice.  Vertical orientation instrument facing downward toward nadir) is also usually preferred.   

Again, measurement of radiance at a large number of angles and wavelengths is a highly desirable, though most challenging, goal.  However, a few special instruments have been developed to accomplish this task as indicated by Jerlov (1976) and Kirk (1994).  We briefly reference a few of these.  For example, Smith et al. (1970) and Smith (1974) employed two “fisheye” lenses enabling simultaneous measurements over 1800 with respect to zenith and with respect to nadir and over all azimuthal angles (essentially an  uplooking hemisphere).  Light collected over the upward (or downward) facing hemisphere are projected onto the plane of the recording photographic film.  The film record is quantified using a densitometer.  Building on this concept, Voss (1989) developed a similar system that used a 260 X 253 pixel electro-optic charge injection device (see Figure 3-10).  A major advantage of fisheye camera methods is that data are collected instantaneously over all angles.  Instruments using a single Gershun tube that must be rotated through multiple angles (see examples given by Jerlov, 1976, and Kirk, 1994) are necessarily hampered by changing ambient light conditions (i.e., resulting from waves, clouds, changing particle or organism concentrations) that occur duiring measurements.   Calibration and protocol methods for radiance measurements are detailed in NASA TM Vol. II, Ch. 3 and Vol. III, Ch. 2.

UV Sensors

There has been increasing concern that the depletion of ozone in the stratosphere, especially the growing hole in the ozone layer over Antarctica, may result in negative biological and ecological consequences in the ocean (SMITH AND PREZELIN PAPERS: SEE RAY’S JERLOV FILE).  However, optical instrumentation was developed as early as the early 1950’s (see Jerlov, 1951, and 1976) to measure UVB (UV in the waveband of 280-320 nm).  A more recent spectral radiometric instrument (Figure 3-11) is described by Smith et al. (1992), which measures irradiance from 250 to 350 nm with spectral resolution of 0.2 nm and from 350 to 700 nm with 0.8 nm resolution.  SEE RAY’S PAPER AND ASK HIM ABOUT OTHER PAPERS-LOOK AT HIS VITAE???  Some other irradiance instruments are specially designed to measure at selected wavelengths in the UV-A and UV-B (e.g., 305, 325, 340, and 380 nm).  Because of large spectral changes (narrow absorption bands for particular atmospheric molecules) in these portions of the electromagnetic spectrum, narrow band filters of about 2 nm bandwidth are preferred to avoid deleterious light leakage.   Also, it should be noted that some hyperspectral irradiance and radiance sensors can measure down to 300 nm and thus are capable of UVB as well as visible and near infrared measurements.    

SEE Smith et al., 1992,   Science, 255, 952-959.

SOMETHING ON CALIBRATION HERE? MAYBE IN RAY’S PAPERS ON THE UV INSTRUMENTS??

Scalar Irradiance and Quantum Scalar (PAR) Sensors 

SEE BOOTH, L AND O, 1976, 21, 32.  

Scalar irradiance, E0, also called quantum scalar irradiance or photosynthetically available radiation (PAR), is important quantities for optical oceanography for several reasons (Figure 3-12).  For example, this quantity can be used with simultaneous measurements of Ed and Eu to estimate the local absorption coefficient (e.g., Horjslev, 1975).   Perhaps its most common use is for quantifying the light available for photosynthesis at various ocean depths and for estimating or modeling primary production when chlorophyll measurements are made concurrently.  A standard measure of biological importance is the depth at which PAR decreases to a value of 1% (or in some cases 0.1%) of the surface value.  As mentioned in Chapter 2, this is called the 1% light or PAR depth, the euphotic layer depth, or the photic layer depth.  Most photosynthesis is considered to take place over this depth range and of course most photosynthetic phytoplankton and algae reside in this depth domain.  

The basic system design of instruments for measuring scalar irradiance, E0 in units of W m-2, is quite similar to that of the irradiance instruments described above.  The primary distinction lies with the light collector (Figure 3-12).  Whereas irradiance sensors use flat cosine collector light diffusers, scalar irradiance collectors are spherical in shape so as to capture light over the full 4 steradians (sr), or as close to 4sr as possible within physical limitations.  The collector is usually made of diffusing plastic or opal glass and is intended to collect incident light from all possible angles.  Light transmitted through the collector surface is transmitted to a photodetector (i.e., silicon photodiode) via a fiber optic tube or quartz light conducting rod.  A filter restricting light between 400 and 700 nm can be used for measurements in the PAR range or a filter can be used to provide specific spectral information. Alternatively, specially designed filters (see Figure 5.3 in Kirk, 1994; after Jerlov and Nygard, 1969) have been used to convert the scalar irradiance sensor into a quantum PAR.  The goal in this case is to achieve uniform quantum sensitivity across the range of 400 to 700 nm enabling quantum or photon flux measurements opposed to power measurements. 

The spectrally integrated PAR measurement is common as PAR sensors are relatively inexpensive and easy to use.  However, there is considerable advantage in doing spectral measurements as the spectral quality (color of light changes with depth, different phytoplankton have different spectral responses associated with their individual pigmentation (as discussed in Chapter 2), and light capturing apparatus. Thus, we prefer to measure the spectral light field received by the cells.  Further, heating rate calculations can be done with far greater accuracy if spectral data are used as red light is absorbed at very shallow depths whereas other wavelengths penetrate more deeply.  Of course, spectral information can be obtained relatively easily today with the advent of spectral radiometers as described above.  

We develop the concept of spectrally integrated PAR below since many researchers now have access to spectral instrumentation.  This also a good point to consolidate some of the earlier concepts and ideas.  The energy of a single photon, with specific wavelength i, is given by

E(i) = h c/ i 





(3-1)

where again h, Planck’s constant = 6.63 X 10-34 Joule-sec, c, the speed of light = 3 X 108 m/sec and  i  is the wavelength of a given photon.  Again, photons with shorter wavelengths are more energetic than those with longer wavelengths (EARLIER FIGURE IN CHAPTER 2 SHOWING THIS POINT??).  However, phytoplankton and photosynthetic algae respond only to the number of photons or quanta regardless of energy.  So, the metric of importance for photosynthesis is the raw number of photons received.  Of course, fewer photons with red wavelengths will penetrate to greater depths than those with blue wavelengths, but this an issue of optics rather than photosynthesis.  The wavelengths of interest for PAR are generally taken to be 350-700 nm or 400-700 nm (we will use the latter range unless indicated otherwise).  If a device uses filters to separate wavelengths into a number of bands, say NB = 100, each with bandwidth say = 3 nm, and the number of photons or quanta in the band is given by ni in quanta per nm, we define the energy in a given band per unit bandwidth to be Ei) in joules/nm.  We can then write 





E(i) = ni(hc/ i)
(joules/nm)


(3-2)

For photosynthesis, we wish to compute the number of photons or quanta received by a cell per unit time (sec).  If we indeed have a high resolution (hyperspectral) radiometer (say 100 wavelengths in the visible), then we can in principle use equation 3-2 for each waveband and then sum to determine the total number of photons received in the inclusive wavelength range of 400 to 700 nm (again, 100 bands of width 3 nm) or    

Ntot =
 ni      =               E(i) 
quanta or photons
(3-3)

      
          i=1 to NB   i=1 to NB    (hc/ i) 


We can compute the total energy received by a phytoplankton cell or algae from wavelengths between 400 and 700nm, called EPAR, according to  

EPAR =  E(i)    =   n i(h c/ i) 
      (joules)

(3-4)

 i=1 to NB         i=1 to NB
If we have a limited number of wavebands available for a particular instrument, then our estimate will have more inherent error (it may be reduced if we can use a good estimate of the expected spectral shape).  However, if we were to increase the number of bands, the estimation would improve.  If we let NB approach infinity and  approach zero, we would have the integral form given by

EPAR = IntE() d = Int [n( (h c/)] d
  (joules)

(3-5)

=400-700
   =400-700

These formulations provide EPAR in joules and the sensor would measure the radiant flux or power received per unit area of the sensor’s detector in units of W/m2.    

The scalar irradiance or PAR sensor and its measurement system are relatively simple to use and generally easy to mount on a variety of in situ instrument packages that can be deployed from virtually all sampling platforms.  However, shading and light reflection must be avoided to minimize erroneous or biased values.  Again, spectral measurements are generally preferable to broadband measurements, especially if we wish to compute diffuse attenuation coefficients for reasons mentioned earlier.  Information concerning calibration and measurement protocols may be found in Booth (1978).
3.4.2 Inherent Optical Properties (IOPs)

Inherent optical properties are fundamental to optical oceanography.  Importantly, AOPs depend on IOPs as well as the ambient light field.  Several different instruments have been specifically designed to measure inherent optical properties.  We begin with the single wavelength beam transmissometer, which has been a workhorse in providing the measurement of the beam attenuation coefficient (beam c) for over two decades and has become a common fixture on many shipboard profiling CTD (conductivity-temperature-depth instrument).  Next, we discuss absorption-attenuation (ac) meters, which are now capable of measurements at multiple wavelengths (i.e., 3 to over 100).  Finally, several different instruments designed for measuring scattering parameters and functions are described.   References that provide more details for the IOP measurement section include Bricaud et al. (1995), NASA TM Vol. IV, VILLEFRANCHE, ASK ANNICK ABOUT OTHER REFERENCES LIKE HER TUTORIAL.

Transmissometers

Beam attenuation meters, usually called transmissometers (Figure 13), have been some of the most commonly used instruments for determining the clarity or turbidity of seawater in qualitative terms and measuring and quantifying the IOP called the beam attenuation coefficient (beam c) for over 50 years (e.g., Jerlov, 1976).  The basic principle of the instrument has remained in tact, however, several improvements have taken place.  Besides the fundamental optical measurement of beam c, the transmissometer is also used to infer variability in the levels of particle concentrations, with particles consisting of both organic and inorganic types [SEE BOSS PAPER. ALSO REFRACTIVE INDEX AND PARTICLE SIZE DISTRIBUTIONS.  Applications of transmissometry data include sediment resuspension, visibility, phytoplankton biomass, particulate organic carbon (POC), and particle production as discussed in Chapter 5. Beam transmissometers are designed to measure the total loss of light as a beam of light passes through a water sample as indicated in Figure 3-13 (e.g., Bartz et al., 1978; Moore, 2002; NASA TM Vol. IV, Ch. 2; VILLEFRANCHE).  As discussed earlier, the light loss is caused by two primary processes: 1) light scattering and 2) light absorption.  Both are caused by interactions with seawater and its various dissolved and particulate constituents.  As a reminder, mathematically, the beam attenuation coefficient, c, is equal to the sum of the absorption coefficient, a, and the scattering coefficient, b, or c = a + b as shown in Chapter 2.  Again, all of these variables are wavelength dependent, so a wavelength (actually a narrow waveband) is selected for the measurement.  

The layout of a transmissiometer and its major optical elements are shown in Figure 3-13 (after Moore, 2002).  The instrument shown here has open exposure of the sampling volume to seawater, however black tubing can be used for closed instruments that utilize water that is pumped through the instrument.  The material and design for the insrument case (pressure housing) is selected based on the depth of operation with PVC tubing being adequate for measurements within the upper 300 m.  The principle of operation and design details are discussed in detail by Bartz (1978) and Moore (2002), so here we only summarize some of the salient points.  The prime objective of the beam transmissometer is to quantify the loss of light between the light source and detector/receiver which results in determination of the beam attenuation coefficient of light, c.  The change in beam transmittance between the source and receiver is defined to be T, which is equivalent to the negative value of attenuance, -C, from equation 2-12.  We can express the change in transmittance in terms of the ratio of the change in radiant light flux over pathlength r to the incident radiant light flux, , as  

T   =     





(3-6)




                     
and the attenuence as

C   = -  





(3-7)
                        
Using equation 2-13c, or C = c r, we can then write

              C   = -   = c r    or        = - c r




(3-8)


   

 

We can convert equation 3-8 into a differential form (as discussed earlier) and then integrate the equation on the right across the pathlength r of the transmissometer as follows
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(3-9)




 

Integrals from  =  to    and r = 0 to r to give the following expression (also known as Beer’s Law)




        = e-cr





(3-10)

This derivation has assumed a homogeneous medium and indicates that the radiant flux decreases exponentially with distance from the light source.  We can take natural logarithms of both sides of equation 3-10 and solve for the beam attenuation coefficient using the beam transmissometer’s directly measured quantities, r, which is set by the instrument maker (distance from source to detector), , which is the instrument’s output signal and , which is the signal received by the detector and arrive at the equation

c = - 1  ln (/)       




(3-11)

         r

or alternatively




    c = -1 ln (1 – C)  =  - 1 ln T




(3-12)





 r                          r

and then by solving for T we can obtain





 = e-cr






(3-13)

The light source and receiver are key components of the transmissometer.  The receiver uses a detector (i.e., silicon photodiode) that converts transmitted light energy proportionately into an analog voltage.  The light source for a single wavelength transmissometer can consist of a color specific light emitting diode (LED) and an optical bandpass filter to control the specific waveband of interest.  Most commercial transmissometers have employed a red (660 nm and 20 nm bandwidth) photodiode.  However, some instrument manufacturers offer alternative wavelengths (i.e., 470 and 540 nm, ~ 20 nm bandwidths) using selected LEDs.  The red wavelength was chosen originally because of the availability of the red photodiode and because this wavelength is relatively unaffected by absorption effects of gelbstoff or CDOM (discussed earlier).  Lenses and beam splitters are used to collimate and redirect the light beams (Figure 3-13).  It is advantageous to divide the source light into one beam for measurement and another for reference.  The reference light beam enables numerical processing of data and source level compensation for varying source light output through a feedback circuit.  Ambient light contamination and bias error can be reduced if the source output and receiver detector are phase modulated.  These procedures are used for many of the instruments discussed in this section.  The distance of separation between the light source and receiver are fixed with typical light pathlengths ranging from 5–100 cm with the most often used separation distance being 25 cm.  The instrument is more accurate when the value of c is of order 1/r.  So, for a 25-cm instrument, optimal performance results for c values on order of 4 m-1.  Longer pathlengths are naturally desirable for clearer Case 1 waters in order to improve signal-to-noise ratios.  

Practical considerations require a few more measurement considerations.  The receiver’s detector converts light energy or radiant flux arriving at the detector into a current output (i.e., photoelectric effect).  The signal can be amplified, rectified, and digitized using electronic circuits giving a direct current (DC) voltage output level.  The signal received at the detector is called the instrument transmittance, Ti, given by

 



Ti = S * T  





(3-14)

where S is the instrument transmittance scaling constant, which is a term accounting for signal amplification, losses through optical windows and lenses and other gain factors, and T was defined above.  We can combine equations 3-13 and 3-14 to obtain the following expressions

Ti/S = e-cr 





(3-15)

and 




        c = (ln Ti)  - ln S





(3-16)





      r           r

where the last term is a scaling factor that is removed or is compensated through calibration.  Some light in the beam of finite diameter is invariably forward scattered and undesirably reaches the detector/receiver; this effect causes a systematic underestimate of c.  The effect is minimized by limiting the light acceptance angle of the receiver to about 1 degree or less and corrections can be made if either the forward scattering or nature of the measured particles is known (Bartz et al., 1978).  Other considerations for the transmissometer include: optical alignment, precise construction, ruggedizing for harsh field conditions, compensation for pressure and temperature effects, and stability of light source, receiver, and electronics.  The performance of a beam transmissometer for many applications needs to consider very low particle concentrations and particles that are greater in size than the collimated beam.  Proper calibration of transmissometers is discussed in considerable detail by Bricaud et al. (1995), Moore (2002), and NASA TM Vol. IV, Ch 2 (2003).  One method involves beam optics and refraction differences between air and water to determine sensor output.   The other uses clean water blanks with the ability to create clean water being the major constraint.  For oligotrophic Case 1 waters, Moore (2002) suggests that calibration needs to be sufficient to achieve accuracy to within 0.25% of full-scale measurements.  The accuracy and stability of commercially available transmissometers are reported to allow measurements with error less than about 0.5% transmission.  For many applications, it is recommended that particles or sediments be obtained from the environment of study for establishing relationships (using dilution sequences) between beam c and the variable of interest, e.g., volume or weight of suspended matter.  This is desirable as bam attenuation is dependent upon  particles’ sizes, shapes, and to some degree indices of refraction.  Bartz et al. (1978) have reported correlations of about 0.8 to 0.95 between beam c and suspended volume in surface waters and 0.90 to 0.98 in the thermocline.  Correlations in active phytoplankton blooms were as low as 0.70.  Others have reported lower correlations (e.g., Kitchen et al., 1990 IN BRICAUD PAPER).

Beam transmissometers have been successfully deployed from ships, drifters, moorings, and profiling floats.  Small transmissometers can also be deployed from AUVs and gliders.  Beam transmissometers require relatively low power (e.g., generally less than 150 mW).  Transmissometer data can be recorded at a few hertz which is sufficient to resolve features such as fine structure layers of particles via profiling and high frequency internal gravity waves using moorings.  The length of deployment is typically limited by biofouling.  Several examples of transmissometry data sets are provided in Chapters 5 and 6 and anti-biofouling methods are described in Appendix IV.   

In situ Spectrophotometers: Absorption-attenuation (a-c) Meters  

WHAT WAS BEST ORIGINAL AC-9 PAPER WITH DRWAING AND INFO ON SOURCE, RECEVIER, ELECTRONICS, POWER ETC.??  MAYBE JUST MANUAL OK; ASK DEREK!!

SEE VILLEFRANCE PAPERS!!!

NEED TO READ AND CITE AND USE 

Pegau, W.S., J.S. Cleveland, W. Doss, C.D. Kennedy, R.A. Maffione, J.L. Mueller, R. Stone, C.C. Trees, A.D. Weidemann, W.H. Wells, and J.R.V. Zeneveld, 1995.  A comparison of methods for the measurement of the absorption coefficient in natural waters, J. Geophys. Res., 100, 13,201-13,220.  IN JGR SPECIAL OPTICS JOURNAL AND IF SO READ THE PAPERS AND CITE IN BOOK WHERE APPROPRIATE.

ALSO, NEXT READ.  READ TWARDOWSLI ET AL. JGR ON AC-9 AND CDOM.  ADD A BIT ON THIS.

Laboratory techniques including spectrophotometers, spectral fluorometers, and high performance liquid chromatographs (HPLCs) are used for compositional analyses of seawater, particularly key information such as chlorophyll, decayed organics, dissolved carbon, phytoplankton taxonomy, and even the physiological state of organisms (see NASA TM Vol. V, Ch 2, 2003).  In the laboratory, filtering can be done to separate particulates from dissolved materials.  Of primary relevance here, particulate matter remaining on filters can be analyzed spectrophotometrically to determine particulate spectral absorption coefficients (i.e., filter-pad technique).  This technique has important inherent errors as reviewed by Kirk (1994) and Bricaud et al. (1995).  Unfortunately, not all of the methods mentioned above can presently be used in situ, where we really prefer to obtain the information.   

Early developments of absorption meters are reviewed by Jerlov (1976); we focus here on more recently developed instruments (for more details, see Bricaud et al., 1995; NASA TM Vol. IV, Ch 3 AND VILLEFRANCHE PAPERS).  A new generation of in situ spectrophotometric instruments capable of measuring spectral absorption and attenuation (a() and c()) have emerged over the past 20 years (e.g., Zaneveld and Bartz, 1984; Zaneveld et al., 1990, 1992; Moore et al., 1992; Moore, 1994; Zaneveld et al., 1994a,b; Pegau and Zaneveld, 1994; Roesler and Zaneveld, 1994; Saito et al., 1994; Bricaud et al., 1995; Bruce et al., 1996; NASA TM Vol. IV, Ch. 3).  

Instruments designed for measuring spectral absorption at 6 wavelengths and spectral absorption and attenuation at 3 to 9 wavelengths are described by Moore (1992), Moore et al. (1992), AND VILLEFRANCHE.  An instrument described by Moore (1992) is capable of estimating chlorophyll a over 5 decades in dynamic range and at a sampling rate higher than possible with fluorometers (discussed below).  One of the advantages of absorption methodology is that it does not involve fluorescent efficiency, which can vary depending on light and nutrient conditions.  Spectral absorption (a-meters) and absorption-attenuation instruments (ac-meters) can be also be used to quantify the relative contributions of absorption by seawater (aw()), phytoplankton (aph()), detritus(ad()), and gelbstoff or CDOM (ag()) as discussed in Roesler et al., 1989; Bricaud and Stramski, 1990; and Chang and Dickey (1999) and Chapter 5.   Recently, hyperspectral absorption measurents of CDOM have been accomplished (Kirkpatrick et al., 2003).  Further, if several wavelengths of light can be measured, the spectral absorption of different phytoplankton community classes or groups if not species (e.g., particular harmful algae) are often distinguishable, thus allowing identification provided aph().  Radiative transfer models and some remote sensing algorithms rely upon spectral absorption as well as backscattering, and volume scattering function data to estimate the propagation of light (Gordon, 1994; Mobley, 1994).  

The multi-spectral ac-meters described here build in part upon the design and engineering of beam transmissometers discussed above, so several aspects and considerations are similar in nature and will not be repeated here.  Attenuation-absorption meters allow for concurrent spectral measurements of both a and b; further, the spectral scattering coefficient, b, can be determined by difference, or b = c – a.  One version of an ac-meter (shown in Figure 3-14) uses dual light sources and interference filters on a single rotating wheel (9 wavelengths from 410 to 850 nm with 10 nm bandwidths).  Light for the operation is provided by a DC white incandescent source.  A microprocessor controls the motor driving the rotating filter wheel.  Reference and signal detectors are used analogously to the transmissometers described earlier. ac-meters generally require considerably more power (i.e., ~ 9 W continuous) than beam transmissometers, thus additional batteries are likely necessary for long-term mooring deployments.     

Most early beam transmissometers were open to seawater, however, the ac-meter (e.g., described by Moore et al. (1992)) uses two tubes through which seawater is pumped.  Bubbles need to be prevented using proper pumping and tubing configurations.  The inside of the c-tube is flat black in color in order to minimize reflections whereas the a-tube is reflective (shiny) in order to maximize internal reflection to better estimate absorption.  The light beam is collimated only for the c-measurement.  The a-tube uses an inner quartz sleeve with backing of a thin air gap.  When the tube is filled with water, a fiber-optic effect causes light to be almost totally forward scattered within the tube as desired. This is a critical requirement for the absorption measurement as the fundamental governing equation (similar in form to equation 3-12) is given by  

a = -1 ln (1 – A)  





(3-17)





 r                          

where A is absorbance.  This equation holds only if virtually all scattered light is collected; that is, there needs to be negligible loss of light between the source and receiver of the a-meter except through absorption.  In practice, a correction is needed to account for the fact that not all scattered light is collected (causing a biased overestimate of absorption).  Procedures for this purpose can entail use of a reference wavelength for which absorption is nearly zero, use of a reference wavelength to determine proportion of the scattering coefficient to remove from the signal, or simply the removal of fixed fraction of the scattering coefficient (Moore et al., 1990; Zaneveld et al., 1994). 

The collection of good ac-meter data requires minimal lateral and torsional stressing in mounting (sensitivity of beam alignment) and good flow through the tubes.  Calibrations of ac-meters involve temperature (particularly for red wavelengths), salinity (index of refraction effect), and pure water (to adjust for offsets) measurements, similar to those described for transmissometers above (Pegau and Zaneveld, 1994; Bricaud et al., 1995; NASA TM, Vol. IV, Ch. 3, 2003; VILLEFRANCHE).  Calibration of the instruments with pure water just prior to deployment is advisable as misalignment can result from shipping or mounting of the instrument in a cage or other mounting device.  Internal instrument temperature is recorded to correct for temperature biasing effects.  Some investigators have used a filter to exclude measurement of particulates and thus measure the absorption due to gelbstoff or CDOM by subtracting the pure seawater contribution (Pegau et al., ???  REF?? ALSO VILLEFRANCHE AND BRICAUD OCEAN OPTICS).  

Attenuation-absorption meters such as ac-9’s have been used in the laboratory and deployed from ships in surface underway, profile (PETRENKO REF.) and towed (tow-yo mode allowing quantification of both horizontal and vertical variability; BARTH, LEE, OTHERS??) modes and from moorings (REF; GRACE PAPERS).  Several special considerations and protocols for each of these deployment methods (e.g., mounting configurations, instrument warm-up time, power consumption, and calibration) are described in Moore et al. (1990) and NASA TM Vol. IV, Ch 3 (2003).  Biofouling is a major issue for longer term deployments; special means of reducing this effect are described in appendix VI.  Finally, absorption coefficient data collected with an ac-9 during a spring bloom off coast of Washington are shown in Figure 3-15.  These data indicate the significant differences in absorption as a function of wavelength and depth for this event.  

An advanced ac-meter, described by Roesler and Zaneveld (1994??), Bruce et al. (1996), Moore???, Twardowski (1999??), VILLEFRANCHE/SEE CASEYS REF WEB SITE was developed to increase spectral resolution to 3.3 nm over the range of wavelengths from 400 to 700 nm.  This instrument, called HiStar (Figure 3-16), incorporates several of the design elements of the ac-9 and can be used in the laboratory or the field, but enables higher spectral resolution, consumes less power, is more compact, and allows for flexibility in deployment.  Some of the major features of Hi-Star follow.  Water is pumped through both the a- and c-tubes.  The white light source is a miniature tungsten lamp and the spectrometer’s receiver/detector uses a 256 pixel photodiode array for measuring light from 300 to 1150 nm with 3.3 nm resolution; only pixels in the range of 400 to 750 nm are processed.  The light transmitter consists of the light source, fiber optics, and collimating optics (c-tube only).  The light reaching the receiver sections of each tube is separated using 3 miniature spectrometers for 3 optical paths to receive light and separate the light spectrally using a grating blazed at 340 nm.  The spectrometers are used for measurements of a, c, and alternately for reference data.  A reflective tube similar to the one described for the ac-9 is used for the absorption measurement.  DISCUSS KIRKPATRICK ET AL. (2003) AND D’SA (L AND O, 44, 1999, 1142-1148; APPLIED OPTICS HYPERSPECTRAL MEASUREMENTS OF CDOM HERE.  There have been considerably more ac-9 measurements than Hi-Star measurements up to this point; however, this approach is quite promising and is needed for many hyperspectral applications described in Chapter 6.   The calibration, sampling, biofouling, and platform utilization aspects are generally quite similar to those of the ac-9 (see NASA TM, Vol. IV, Ch. 3).  An example of data collected with a HiStar is shown in Figure 3-17.  DESCRIBE DATA FROM GRACE!! 

Scattering Measurements   SEE MANUALS FOR EACH!!!
see Jerlov/Petzold

Scattering observations are fundamentally important for radiative transfer, light propagation, underwater visibility, determination of suspended particle size distributions, and remote sensing of ocean color.  For example, we shall later note that one of the important quantities for remote sensing of color is the remote sensing reflectance, which is approximately proportional to the ratio of the backscatter coefficient to the sum of the coefficient of absorption and the backscatter coefficient written as bb/(a + bb) which is sometimes approximated as simply  bb/a.    Again, comprehensive characterization of the underwater light field requires knowledge of the volume scattering function as well as absorption.  Often, we are interested in scattering by particles, so the particle scattering contribution is usually determined by subtracting the nearly invariant scattering of pure seawater from the measurements outlined below.  That is, we can approximate the volume scattering function and backscattering coefficients for particles (organic plus inorganic) as  





p() = () - w() 




(3-18)

and

bp() = b() - bw() 




(3-19)

where  is the polar scattering angle with respect to the incident light beam or collimation axis and we have suppressed the notation for wavelength dependence and neglected the arguably small scattering effects of gelbstoff.  

As suggested by Kirk (1994) and others, ideal scattering measurements in general and for several specific purposes would provide an accurate volume scattering function, (), for the full polar angular range of 0 to 1800, which spans all angles in the forward and backward hemispheric directions.  Then, the total scattering function, b, forward scattering coefficient, bf, the backward scattering coefficient, bb, and the volume phase function p can be easily computed using the following equations, which were discussed earlier, 

   b()  Integrals here  () sin d d  Integral  () sin d
(2-23)

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


(2-24)




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


(2-25)

and 




p() =  ()

sr


(2-26)






         b()

It should be noted that the measurement or estimation of the backscattering coefficient, bp, is especially relevant to remote sensing of ocean color and to methods involving active probing of the ocean (e.g., LIDAR or laser light and ranging methods) as it can be used in expressions to approximate the amount of light that emerges from the sea (discussed in Chapter 4).  

Scattering measurements have been performed on water samples returned from the sea using laboratory instruments, some of which were developed for non-oceanographic applications.  Problems with the laboratory approach include stray light conditions, bubbles, and preserving the seawater and particulates such they are minimally modified and degraded during transport and storage (e.g., Jerlov, 1976).  These problems and the desire for characterization of the natural, ambient environment of the sample essentially force the use of in situ instruments for most problems. 

In situ scattering measurements generally present even greater instrumentational challenges than absorption and attenuation measurements.  In fact, major progress since the early 1970s has been made only within the past few years (see NASA TM Vol. IV, Ch. 5).  Nonetheless, earlier work on the measurement of scattering (see Jerlov, 1976, and Kirk, 1994) has clearly benefited the more recent breakthroughs.  Thus, we will discuss a few classical in situ scattering instruments below. 

The first class of scattering instruments that we consider is capable of performing measurements at multiple (variable) angles over much, but not all, of the range polar angular range of 0 to 1800.  The second class measures at a pre-selected single fixed angle, but bears several similarities to the first class, and the third class is specifically designed to measure the important near forward scattering range of angles.  OMIT NEXT IF NOT DISCUSSED???  A fourth type of instrument uses an integrating method.

Petzold (1972) developed and used two specially designed scattering instruments of the first and third type that have provided exceptionally valuable volume scattering function data.  Importantly, these data have been utilized by the optical oceanography community for over three decades (e.g., see Figures 2-32 and 2-33).  Increases in particle concentrations generally result in increases in signal (photons, radiant flux, or power) reaching the receivers of scattering instruments.  Also, it is important to note that particle size is likely the most important factor affecting the volume scattering function as it establishes the regime of light interaction with the particle (e.g., Moore, 2002).  More specifically, we know that very small particles with size scales near the wavelength of impinging light essentially undergo scattering described by the Einstein-Smoluchowski theory??CHECK THIS STATEMENT (e.g., Jerlov, 1976).  Although relatively small particles are typically greater in number, larger particles ranging from roughly 1 to over 50 m are responsible for scattered signals measured by sensors such as those discussed below.  Scattering within this particle range is often quite well described using the Mie theory to be discussed Chapter 5.  Also, we can generally expect that larger particles will cause more scattering in the near forward direction.  

The determinations of functional dependencies defined by the volume scattering function and the scattering phase function remain as highly complex scientific problems.  Thus, the importance of recently developed direct scattering measurement technologies cannot be overemphasized.  More specifically, several investigators have begun to question the validity of generalized volume scattering functions that have been based upon both theoretical work and very limited experimental data.  An important consideration is that backscattering is related to not only the concentration of particles, but also particle size distributions, and shapes and compositions of the particles sampled (e.g., coastal or Case 2 versus open ocean or Case 1 particles).  For example, Agrawal and Trowbridge (MAYBE AGRAWAL AND POTTSMITH BETTER REFERENCE??  GET THE FOLLOWING 2 PAPERS; I MAY HAVE IN FILES?? OR CONTACT YOGI: Agrawal and Pottsmith, 1993, Applied Optics, 32(22), 4285-4286?; Agrawal and Pottsmith, 1994, Cont. shelf Res., 14(10/11), 1101-1121; Agrawal and Traykovski, 2000 or 2001??  JGR) define a functional form for the volume scattering function as




() = ( N(D) K(D,) dD  




(3-20)

where N(D) is the particle size distribution function or the number density of particles with size or equivalent spherical diameters (ESDs) of scale D.  That is, N(D) dD expresses the number of particles per unit volume in the size range D to D + dD and K(D,) is the function (kernel) describing the scattering of particles of scale D into angle .  Agrawal and Trowbridge (2002) emphasize that if number density and particle size distribution varies, as we know that they do in nature, then necessarily the volume scattering function must likewise vary.  They argue that canonical representations of the volume scattering cannot exist because the kernels, N(D) and K(D,), are certainly highly variable in time and space.  This is an extremely important point as much of our past and present day analytical and modeling work has indeed assumed canonical volume scattering functional forms (i.e., Petzold’s  volume scattering phase functions; see Figures 2-32 and 2-33).  It is doubtful that experimentalists, such as Petzold, ever intended for their data sets to be considered universal or that they should be used for establishing “canonical” functions.  There was simply a large void in data that persisted for almost three decades until the recent renaissance in scattering instrumentation and measurements.  The main point to be made here is that in situ measurements of key variables including scattering variables at appropriate time and space scales is essential to advance our understanding of optical and bio-optical oceanography.  

We begin our discussion  of scattering measurement instrumentation discussion by focusing on Petzold’s (1972) general-angle scattering meter (GASM).   Schematic and optical layout portrayals of the GASM are shown in Figure 3-18 along with a photograph.  The basic scheme of GASM is to illuminate a test volume with collimated light from a source and then to measure the scattered light with a detector at several angles, , to establish ().  Recall that the definition of the volume scattering function (suppressing the wavelength dependence for now) can be written in the limit of the finite differences or as a partial differential form or

() =  lim     lim      scat()   or  ()  =   scat()   (m-1 sr-1)

 (2-19)



rincrincr

MAKE PARTIALS ON RIGHT

where scat is the infinitesimal change in scatterance power (W or joules sec-1; note that the symbol  connotes change with respect to two variables, here r and ) or scatterance from the test volume, inc is power or radiant flux incident upon the infinitesimal test volume, V, which is roughly (but certainly not exactly as discussed below) equal to the incident light beam cross-sectional area, S, times the along-axis test volume length, r, and the solid angle through which the radiation is scattered is Note that the geometry of a finite test volume (see Figure 3-18) varies depending on incident beam diameter and the angle of separation between incident and scattered light, so the actual finite volume needs to be calculated for each angular measurement.  In practice we choose to use an alternative, though mathematically equivalent, expression for () as defined by

()  =     I()
        or    ()  =    I()
(m-1 sr-1)


(3-21)


        E V 


E V 
MAKE PARTIALS ON RIGHT 

where I() is the change in radiant flux per unit solid angle (power; (W sr-1) at scattering angle  and E is the radiant flux (W m-2) incident upon the finite test volume V (e.g., Kirk, 1994).  The reader can show the equivalence of equations 2-19 and 3-21 by substituting  

  I() = scat/and E  = inc/S


(3-22)

into equation 3-21 where S is the incident light beam cross-sectional area.  

In practice, designers of scattering meters use equation 3-21 because instrument geometry and optical geometry define V which is the volume prescribed by the intersection of the incident light beam from the source and the field of view (FOV) of the receiver(s).   

The angle for each measurement with the GASM is set before measurement by rotating the projecting light source housing (Figure 3-18).  The angular range for GASM is  = 10 to 1700.  Measurements with GASM cannot be accomplished near 1800 because the source housing would interfere with the received light.  This is a major constraint for all scattering instruments intended for nearly complete angular characterization of ().  Measurements in the near forward direction are also problematic as the signal typically decreases very rapidly (by orders of magnitude) with small changes away from 00.  Kirk (1994) comments that roughly 50% of scattering occurs within the angular range between  0 and 2-60.  Thus, a large dynamic range needs to be measured in the near forward direction.  In addition, the near forward angles need to be very accurately determined.  The finite source beam diameter and finite detector size also cause problems for the measurement in the near forward direction.  Another important consideration is that light is absorbed and scattered during passage from the source to the test volume and from the test volume to the detector.  Consequently, beam transmission is a necessary corrective measurement.  Calibration is also non-trivial.  Polydisperse beads have been used for standardization and calibration.  A few other variable angle scattering instruments are referenced by Jerlov (1974) and Kirk (1994); however, Petzold’s measurements have been the most widely cited and utilized over several decades.

Variable angle scattering meters require that the observationalist change the angle between the source and detector for each successive measurement.  This is a cumbersome proposition and is not easily accomplished on a routine basis; it is likely nearly impossible for observations from most autonomous sampling platforms.  Alternatively, it is relatively straightforward to use instruments with fixed angles between a source and a single receiver (detector) or multiple receivers.  Naturally, one would prefer to retain the ability to measure at several different scattering angles, (), in order to better approximate the full angular dependence of  on , and thus to optimize estimates of b, bb, bf, and bp (again using equations 2-23 to 2-26).  Two new instruments have been developed to accomplish this goal.  The first, is called the HydroBeta (e.g., Dana and Maffione, CHECK FOR A NEWER REFERENCE) and the second is the MHI?? (e.g., Lee et al., JAOT??).   MAY WANT TO INTRODUCE MHI AND THEN HYDRO BETA TO GIVE CREDIT FOR EARLIER DEVELOPMENT. 

The optical layout for the HydroBeta scattering instrument is shown in Figure 3-19.  Details are provided by Dana and Maffione (????) OR MAFFIONE AND DANA APPL OPTICS, 36, 6057-6067; here we highlight some of HydroBeta’s salient features.  The scale of the optics is set by the radial distance between the source and receivers to be 15 cm and effectively describes a circular layout.  Note that the HydroBeta is similar in concept to GASM, but with several important advantages.  For example, HydroBeta uses a diode-pumped solid-state laser with well-collimated light at 532 nm. The source and receivers are synchronized (similar modulation scheme as described for transmissometers and ac-meters earlier) I order to separate source and interfering ambient sunlight, and a beam splitter is used to produce a reference signal that is used to compensate the receivers outputs for variations in the laser’s output.  Narrow angle detectors/receivers are located at 12 different angles,  and can be individually selected and pre-set to maximize signal-to-noise ratios and signal ranges; this is an especially important attribute considering the great dynamic signal range of b over the full 0 to 1800 range of angles.   Data can be collected simultaneously from all angles, so that the same water is sampled instantaneously, thus eliminating the problem of changing conditions between sample collection as well as enabling more stable calibrations.  The angles of the receivers are set for a given measurement experiment, but can be varied by the investigator for different purposes within the range of  = 10 to 1700.  These angles are very well known, which is quite important for establishing the independent variable, .  In turn, the geometry of the incident and received beams and consequently the test volume (i.e., intersection of incident light beam and detector FOV) for each receiver angle can be computed accurately.  Also, one of the receivers is situated at  = 1800, enabling classical beam c measurements (30 cm pathlength as this is the diameter of the HydroBeta optical setup), which are important for correcting for light absorption and attenuation effects during light transit.  Calibration is accomplished by using a well-characterized diffusing target (i.e., SpectralonTM) and establishing a weighting function that is dependent on distance and beam c.  This technique is described in detail by Maffione and Dana (1997).  CONTACT MAFFIONE OF DATA TO SHOW!!!         

FIGURE 3-20  HERE IS THE PLACE FOR THE NEW MICHAEL LEE INSTRUMENT.  CONTACT MARLON.  WRITE THIS TO PARALLEL THE MAFFIONE HYDROBETA DESCRIPTION ABOVE.  SEE ALSO HALTRIN ET AL. OCEAN OPTICS PAPERS AND HALTRIN HAS WEBSITE WITH SOME OF THE KEY PAPERS I NEED IN HIS BIBLIOGRAPHY!!!! MAYBE IN A VILLEFRANCHE REVIEW PAPER???

For some studies, it is desirable to determine the volume scattering function and/or the backscattering coefficient, but constraints of size, weight, biofouling, and instrument complexity often demand special instrumentation.  Specifically,measurements from profiled packages, moorings, drifters, gliders, and AUVs have such constraining factors.  An example of an instrument designed for use in these modes is the ECO-VSF (Figure 3-21), which is small (about 6 cm by 23 to 30 cm in length), light  (0.6 to 0.9kg in air), includes a copper shutter anti-biofouling device, and is quite simple to use.  It measures at set angles of  = 100, 125, and 1500. Three light transmitters are coupled with a single receiver.  Wavelengths of 470, 530, or 660 nm are available for this system and data can be recorded at 1 Hz.  

Multiple angle scattering instruments are highly desirable for reasons articulated above; however, these are expensive and often require considerable technical expertise.  Thus, there is often need to make high quality single-angle measurements, i.e., volume scattering function at a single nominal angle, that can be used to approximate or estimate key variables such as bb.  The choice of the ideal single angle for the measurement has received considerable attention (i.e., Boss and Pegau, 2001).  Some instruments use multiple wavelengths as there is additional information content and complementary remote sensing of ocean color requires multiple wavelength in situ data for some applications.  A variety of fixed single-angle scattering instruments have been developed for angles between about  = 90 and 1700.  

Maffione and Dana (1997) have described the evolution of fixed-angle (here meaning one angle only) scattering instruments for determining the backscattering coefficient along with many of the important factors that must be considered.  Several of these were mentioned above for the HydoBeta.  Early (and some present day instruments) have used (and some still use) infrared light-emitting diodes (LEDs with wavelength of 880 nm) in order to avoid the influence of ambient visible light on upper ocean measurements.  Visible light blocking (interference) filters can be used alternatively, but in many cases we are most interested in just these visible wavelengths.  Consequently, audio modulation and synchronization of light sources and receivers (mentioned above) have been used to minimize this negative effect as well as crosstalk interference between separate channels (different frequencies used).  This latter design feature enables discrimination between backscatter and fluorescence signals.  Fluorescence measurements are possible with the HydroScat instruments by selecting pairs of excitation and emission wavelengths (442 nm for excitation and 671 nm for emission).  Fluorescence measurements are discussed later.  An example of a fixed-angle scattering instrument developed by SRI and discussed in detail by Maffione and Dana (1997) is shown in Figure 3-22.  This instrument uses a single visible wavelength LED (565 nm) as a source and the receiver is located to view at  = 1350.  

More recently developed instruments, such as HydroScat-2 (backscatter at 2 wavelengths in the visible) and HydroScat-6 (backscatter at 6 wavelengths in the visible), and the BBC-4 (backscatter and beam c at 4 wavelengths in the visible) are described by Maffione and Dana (1997) and ??? FOR HYDROSCATS.  Measurement at each wavelength is accomplished using individual source and receiver optics.  An example of one of these devices, shown in Figure 3-23, can be arranged to measure at a selected angle between  = 120 and 1600.  Maffione and Dana argue that the angle of  = 1400 is optimal and show that the beam attenuation coefficient is needed for a correction factor.  They also developed a weighting function that depends on distance to the test volume, optical angles set by the instrument (as the size of the test volume is geometrically dependent), and beam c for the appropriate wavelength.  As discussed earlier in regard to HydroBeta, their calibration method uses a diffusive Lambertian target (SpectralonTM) in a laboratory test tank.  The translation of the measurement of (1400) to an estimate of bb is a critical step.  Several investigators have worked on this problem (e.g., see Maffione and Dana, 1997; Boss and Pegau, 2001).  For example, Maffione and Dana (1997) forward the approximate empirical equation 

bb = 1.1 X 2 (1400) 




(3-23) 

Equation 3-23 gives values similar to those determined through a theoretical analysis by Oishi (1990) using Mie scattering theory and data obtained by Petzold (1972) [note that turbid harbor water data were excluded].  Interestingly, Oishi (1990) suggested that  = 1200 was a good choice for a single angle instrument.  However, Maffione and Dana (1997) indicate that an angle of 1400 is preferable based on minimization of likely error in estimating bb whereas Boss and Pegau (2001) argue that an angle of 1170 is a better choice.    Again, it is worth noting Agrawal and Trowbridge’s (200?) warning concerning the concept of a canonical volume scattering function form.  More study is needed with the growing numbers of measurements with emerging scattering instruments as described here (Prentice et al., 2003??).  HydoScats and several o f the other scattering instruments mentioned here can include copper shutter devices to greatly reduce biofouling and can be deployed from several platforms including ships, drifters and moorings.  

Another recently developed spectral scattering meter is the ECO-BB3 (e.g., Boss and Pegau, 2001).  This instrument, like the HydroScats, measures at a single angle and the backscatter coefficient is determined using a relationship analogous to equation 3-23.  The ECO-BB3 (Figure 3-24) was designed for deployment from autonomous sampling platforms (e.g., moorings, AUVs, and gliders) and is thus light, small in size (6.3 cm in diameter and about 6 cm in length), and requires relatively low power.  Three wavelengths can be measured, e.g., 470, 530, and 660 nm, at sampling rates up to 10 Hz.  The angle of measurement is selected to be 1170, but an angle of 1400 is also an option.  Some instruments (i.e., ECO-BB2-F) combine spectral backscattering and fluorescence measurements.  A copper shutter device can be used to greatly reduce biofouling effects (Appendix VI).  

WHERE TO PUT THIS?  optical instruments that are Maffione and Dana (1996) have also developed an instrument, called Beta Pi, to directly measure backscattering at 1800.  SEE PAPER AND WRITE A SHORT BIT ON THIS.

One of the more commonly used optical instruments for environmental monitoring is the nephelometer (also called turbidometer; Kirk, 1994); however it is not particularly well suited for research and quantitative inferences.  We briefly describe the nephelometer here for completeness.  Nephelometers are oriented such that the light source and receiver are rigidly set at 900 with respect to each other.  An incandescent lamp and a photomultiplier or other light detecting device are the key elements of the nephelometer.  Light from the source is focused at a point perpendicular to the receiver and light is scattered broadly to the detector.  A light trap is located opposite the light source and the test volume to minimize backscattering of light into the sampling region.  The nephelometer is intended to characterize the turbidity or clarity of water, again both qualitative terms.  The output signal is typically converted to nephelometric turbidity units (NTU).  Calibration is typically accomplished using a standard light source and suspensions of particles or polymer formazin.  The measurements made with nephelometers bear relationships to the scattering cofficient, b, and Kirk (1994) suggests that it may be possible to derive quantitative information in some well-characterized  situations.  Nephelometers are designed for waters with high particle concentrations and are not appropriate for Case 1 waters.  

An alternative to beam transmissometers and nephelometers is another type of simple and relatively inexpensive light scattering instrument.  One example is the LSS (Figure 3-25), which uses two modulated 880 nm LEDs and is designed to accommodate measurements in different ranges of particle concentrations.  Again, scattered light energy (or power) is generally, but not necessarily, linearly related to particle concentrations for low to moderate particle concentrations (Beer’s Law; e.g., Moore, 2002).  A silicon detector is used and a light stop prohibits measurement of directly transmitted light; so only backscattered light is measured.  A disadvantage of this method is that the sample volume varies depending on particle concentrations as attenuation of light is variable and essentially unknown.  This situation potentially causes nonlinear response to particle concentrations.  Another factor to be considered is that large particles cause spike signals for sensors with small test volumes (as do transmissomters).  Moore (2002) suggests that larger test volumes are preferable for clearer (e.g., Case 1) waters and that smaller test volumes with the volume closer to the source and receiver be used in highly turbid (e.g., Case 2) waters.  Further, calibration is somewhat problematic although varying concentrations of formazin or other standards and reflecting surfaces can be used.   The properties of the standards need to be well known, and the vessel or container used for the calibration must be selected to avoid reflections and other negative perturbations. Interestingly, some intercomparisons of beam c using a standard 660 nm beam transmissiometer and an 880 nm backscatter sensor have been quite good (SeaTech report or paper???- ask Casey).  However, Moore (2002) cautions that the quantities measured by these two separate systems are quite different and relationships between values obtained individually will most certainly differ depending on particle compositions and likely other factors mentioned above.  This is supported by measurements described by Bricaud et al. (1995).  Further, Moore (2002) also warns that different optical configurations (i.e., we have considered several here) will display different absolute response curves in comparisons with each other, even when calibrated with the same standard.  This is not surprising considering the several variable factors (i.e., collimation, variable test volumes, measured scattering angles, etc.) outlined by Maffione and Dana (1997) and in NASA TM Vol, IV, Ch. 4 (2003).  

Importantly, relatively simple backscatter sensors, which are now often quite small and require minimal power, have been deployed from most available autonomous sampling vehicles as well as from ships and remotely operated vehivles (ROVs; e.g., near hydrothermal vents).  Anti-biofouling shutters described below can be employed quite easily as well.  Simple backscatter sensors have proven to be especially in studies of physical fronts and vertical microstructure, particle plumes, hydrothermal vents (e.g., German et al., 1998 Nature; see Caseys refereneces), pollution, and sediment resuspension as indications of processes, sometimes in situations where the potential for damage or loss is high (see Moore, 2002 for more applications and details).  

The scattering instruments described to this point lack the capability to measure within a few degrees (generally 100 or less) of the forward direction.  Since the very small forward angle measurements of the volume scattering function are clearly important as they can vary by orders of magnitude from 0 to a few degrees and they are difficult to measure, several researchers have developed rather novel optical designs to attack this problem (e.g., see Kirk, 1994).  For example, Petzold (1972) developed an in situ fixed-angle, low-angle scattering meter (LASM) whose optical layout is illustrated in Figure 3-26.  The system produces a well-collimated light beam that passes through 50 cm using condensing lenses.  Light impinges on a photomultiplier tube detector at fixed radial distances with respect to the centerline of the incident beam.  Field stops are used to block light except at the very small desired radial increments that define the measured scattering angles.  Angles of 0.085, 0.17, and 0.340 are used for the three setups.  Data produced with both of Petzold’s scattering instruments are shown in earlier Figures 2-32 and 2-33.

SOMEPLACE IN HERE NEED TO DISCUSS MIE VERSUS FRAUNHOFER: LOTS OF PARTICLE SIZE ANALYZERS ARE NOW USING MIE THEORY DISCUSSED IN NEXT CHAPTER.  EXPLAIN WHY.  RANGE OF PARTICLES OF INTEREST AND THE FACT THAT MIE CALCULATIONS ARE NOW IN RANGE WITH PC COMPUTERS:  SEE http:/www.ejpayne.com/Malvern_mastersizer.htm ALSO SEE YOGI’S WORK AND PERESENT USE OF MIE.  Another class of instruments has used multi-angle measurements of laser light scattering and diffraction (diffraction is discussed earlier and in more detail by Hecht, 2002) to determine particle size distributions and/or the volume scattering function and particle size distributions (e.g., Bales and Morris, 1987; Eisma et al., 1990; Gentien et al., 1995; Agrawal and Pottsmith, 1993, 1994, 2000; Agrawal and Trowbridge, 2002).  We focus here on the volume scattering function measurement mode and will consider the size distribution mode later.  A schematic optical layout of one of the more widely used instruments, the LISST-100 (acronym for Laser In-Situ Scattering and Transmissometry), is shown in Figure 3-27.  Note that this layout bears some rough resemblance to Petzold’s LASM; however, there are several important differences in design.  In particular, the LISST-100 takes advantage of several technological advances.  For example, the LISST-100 uses silicon diodes for detectors, it can sample 32 scattering angles plus beam c simultaneously at high data rates, and its detectors are silicon photodiodes.  On the other hand, LASM can measure only at a single scattering angle for a given setup, it cannot measure beam c, and its detector is a photomultiplier tube.  A red (670 nm) diode laser serves as a light source for the LISST-100, and a collimated light beam illuminates a sample volume that is basically defined by the source light beam and the scattered light reaching the receiver.  As with several other instruments discussed above, a reference beam is measured and used to correct for instrument drift (primarily via light source changes).  Light is scattered at various angles, depending on the particles’ sizes, onto a specially constructed detector at the focal plane of the receiving lens.  The signal of the larger particles reaches the receiver plane at smaller radial distances from the source beam axis and smaller particles scatter light to greater radial distances as indicated for two particle sizes (10 m and 86 m) in Figure 3-28.  This diffraction effect and the optical design enable determination of particle size distributions (discussed later).   The detector is comprised of 32 concentric silicon detector rings that are situated such that the ring radii increase logarithmically from the incident beam’s centerline.  The geometry can be changed for different applications, but the instrument described here is set to measure angular dependence from 1.70 to 340 millidegrees as well as beam attenuation.   The fundamental equation describing the fate of the scattered light and the volume scattering function is given by Agrawal and Trowbridge (????) as

 = (incS) e-cr () S r 



(3-24)

where  is the incremental power scattered (to the receiver/detector and measured) through solid angle  in direction with respect to the incident light beam direction, inc is the incident power, c is the beam attenuation coefficient, r is the distance along the path of the collimated light path with r = 0 at the source window, () is the volume scattering function, S is the elemental area of a particular receiver ring, and r is the incremental distance along the beam path.  The total pathlength of the LISST-100 is selectable for specific applications (e.g., 2.5, 5.0 (typical), or 20 cm).  Equation 3-24 is integrated and then inverted to evaluate the volume scattering function, ().  Laboratory data obtained using a LISST-100 with scattering from polystyrene particles of 41m diameter are shown in Figure 3-29 (see Agrawal and Trowbridge, 2002) along with estimates of the volume scattering function based on Mie theory (discussed in Chapter 5).  The agreement is excellent.  Volume scattering data collected with LISST-100 will be discussed in Chapter 7.  

Scattering measurement instruments called integrating meters have also been developed to measure the scattering coefficient.  They use a small light source and a material (e.g., opal) that emits light that is scattered from a test volume off axis from the source light beam to a detector (e.g., Kirk, 1994).  Ambient light is problematic for this method unless a red filter and modulation of the source and received light is accomplished. MAFFIONE PAPER???.

The development of more capable instruments to measure absorption and scattering spectrally is a major accomplishment of the ocean optics community over the past decade.    There are now several different instruments available to the oceanographic community.  Prentice et al. (2003) have completed a series of laboratory experiments to intercompare and characterize several new scattering instruments.  TALK ABOUT PRENTICE RESULTS HERE!!   We will discuss data sets collected with various scattering instruments in Chapters 6 and 7.

3.4.1 Instruments Using Active  Fluorescence Methods

SEE MARCEL BABIN TALK AND PAPER FOR NEXT READ OF THIS SECTION-IT SHOULD BE USEFUL ALSO, SEE 

Several oceanographic instruments capitalize on the optical process known as fluorescence.  In this section, we first review the basic principles of fluorescence.  Next, fluorometric determinations of chlorophyll a and other pigments are discussed.  This is followed by a description of active fluorescence measurement techniques that involve multiple light pulses. Finally, three-dimensional fluorometry entailing the use of multiple excitation and emission wavelengths is outlined.  Flow cytometry will be discussed in the particle characterization and size distribution section to follow.  The emphasis here is upon the practical application of these various fluorometric approaches, so readers interested in more in-depth accounts are directed to reviews by Cullen (???), Kirk (1994), Yentsch (1994), Aiken (2002), and Babin (2003).      

Babin talk and paper

As a brief review, the term fluorescence refers to the process by which a photon or light energy, called excitation energy, is absorbed by a molecule (or compound: either organic or inorganic) in its quantum mechanical ground energy state.  This energy excites the molecule to a higher energy state.  The molecule’s return or decay to the ground state typically occurs through two steps.  The first step results in the molecule shifting to an intermediate or metastable state with some energy loss that may be radiationless, and the second step takes the molecule back to the original ground state and results in emission of radiation with the emitted photon possessing less energy than the exciting photon which initiated the fluorescence process.  The emitted photon thus has a longer wavelength (i.e., toward red end of spectrum) than the exciting photon (i.e., say from blue end of spectrum).   Details of this process are explained by Kirk (1994; see his Figure 3.1), Aiken (2001; see his Figure 1), and Babin (2003; his Figure ???).   Fluorescence occurs naturally in the ocean environment and many different biological and biogeochemically important compounds fluoresce when exposed to requisite light fields.  As discussed in Chapter 2, many oceanic phytoplankton contain the chlorophyll a molecule that emits (fluoresces) red light (~683 nm) when it absorbs blue light in the so-called “Soret” waveband between about 400 and 470 nm.  In particular, Kirk (1994) notes that the greatest part of the light energy absorbed in aquatic systems, after briefly existing as electronic excitation energy, proceeds to heat (vibrational and rotational energy of the molecules) or chemical energy producing biomass (photosynthesis).  Again, all plant algae contain chlorophyll a, which plays an essential role in photosynthesis.  Not surprisingly, chlorophyll a is often used as the currency or key variable for phytoplankton biomass and primary productivity measurements and models.  Thus, the estimation of these two important variables through the fluorescence method is the keystone for much of biological oceanography. 

Several other plant (accessory) pigments and degradation products of phytoplankton, which were discussed in Chapter 2, can also fluoresce under particular light conditions.  These compounds include the photoactive pigments chlorophyll b and c and degradation products such as pheophytines and pheoborides that fluoresce near the same spectral range as chlorophyll a,  again in response to blue light excitation.  This is a confounding effect for methods seeking to use fluorescence techniques to specifically quantify chlorophyll a concentrations.   

Concentrations of photosynthetic pigments are often used to estimate phytoplankton biomass.  The primary methods have included fluorometry (e.g., Yentsch, 1994), spectrophotometry (e.g., Jeffrey and Humphrey, 1975), thin-layer chromatography (Jeffrey, 1974), and high-performance liquid chromatography (HPLC) (Bidigare et al., 1989; NASA TM Vol. V, Ch 2).  Early attempts to measure chlorophyll concentration using laboratory measurements of direct absorption of light (Beer’s Law; see equation 8-1 in Yenstch, 1994) were found to lack sufficient sensitivity.  Although laboratory fluorometric methods improved in sensitivity and generally superceded  laboratory absorption measurements, the fluorometric approach was also found to have several other major problems,.  These have been addressed by biological oceanographers for several decades.  For example, calibration of fluorometers, whether laboratory or field versions, presents several major problems as outlined by Yentsch (1994), Aiken (2002), NASA TM Vol. V, Ch. 3 (2003), and Babin (2003).  In particular, calibration of a fluorometer with pure solutions of the chlorophyll a pigment result in excellent linearity and high precision; however, extracts of chlorophyll from naturally occurring phytoplankton populations additionally contain accessory pigments including confounding/interfereing chlorophyll b and chlorophyll c as mentioned earlier.  Other issues involve extraction of chlorophyll using acidification and different fluorecent yields between in vitro (extraction into solutions) versus in vivo (meaning living plants) methodologies (Yentsch, 1994; Aiken, 2002).  The latter issue is discussed further below.  The HPLC technique to determine pigment concentrations has been considered preferable by many because of its capability to distinguish multiple pigments (can resolve absorption peaks) and accuracy (e.g., Bidigare et al., 1990; NASA TM, Vol. V, Ch. 2, 2003).  For example, standard fluorometric methods overestimate phaeopigment concentrations when chlorophyll b pigments are present since they lack such capabilities.    Nonetheless, it appears that specially prescribed protocols for fluorometric methods may enable measurements at least comparable to those made with the HPLC method (e.g., NASA TM, Vol. V, Ch. 3).  The remainder of this discussion will focus on in situ measurements with instruments that have their origins with laboratory counterparts.

Chlorophyll (or sometimes called “stimulated”) fluorometers have been commonly used for oceanographic estimates of phytoplankton biomass and utilize the principles outlined above.  Aiken (2002) notes that the volume of data collected using ship-based underway fluorometric chlorophyll  measurements has been exceeded only by ocean color satellite measurements (e.g., Coastal Zone Color Scanner, CZCS plus more recent ocean color satellites to be discussed in the following chapter).  In situ fluorometers have also been deployed from numerous autonomous sampling packages and platforms within the past decade (discussed in Chapters 6 and 7).  An example of an in situ fluorometer is shown in Figure  3-30.  The optical fluorometer consists of a light source and filter to artificially stimulate (excite) chlorophyll a molecules with blue (e.g., centered at ~455 nm with ~120 nm bandwidth)  light and a receiver/detector to measure the emitted red light (e.g., centered at ~685 nm with ~70 nm bandwidth).  Phytoplankton concentrations or biomass, through the proxy variable chlorophyll a, are deemed to be roughly proportional to the levels of fluoresced red light resulting from the blue light excitation.   Units of chlorophyll a concentrations are usually given as mg m-3 or g l-1.  

The laboratory or field chlorophyll fluorometer (Figure 3-30) is composed of a strobed (flashing) light source of blue light, which stimulates fluorescence in naturally occurring autotrophic phytoplankton and emission of red light that is received by a detector oriented obliquely (e.g., between ~90 and 1400) to the source’s optical axis.   The operative fluorescence-chlorophyll concentration equation (Yentsch, 1994) may be written as 

     F = (k Eso C 




(3-25)

where F is the measured stimulated fluorescence, Eso is the incident light flux from the fluorometer’s light source (e.g., in W m-2 or quanta m-2 sec-1), k is an instrument related empirical coefficient taken to be constant for the instrument of choice,  is the fluorescence quantum efficiency or commonly called fluorescence yield (or in vivo fluorescence (IVF) yield following Aiken, 2002) that is defined as the ratio of quanta emitted/quanta absorbed, and C is the concentration of chlorophyll (g l-1 or mg m-3). WORK OUT ALL OF THESE UNITS BY SEEING WETLABS MANUALS ETC. ALSO GOOD DEFNITION OF FLUORESCENCE QUANTUM YIELD – SEE MARCEL PAPER Instrument sensitivity can be adjusted by modifying the intensity of the light source (e.g., using different neutral filters).  Ideally, a simple linear relation relates the output voltage of a fluorometer and the concentration of autotrophic phytoplankton or the more easily quanitified parameter, chlorophyll a.  

The quantification and interpretation of chlorophyll a via fluorescence would seem to be fairly straightforward.   However, Cullen (1988) has indicated that problems with  measurements can result from variability in wavebands of the strobe excitation and emission as well as the intensity of the flashes (i.e., light source intensity likely varies over time through aging and the applied voltage may not be constant).  There are also numerous additional complicating and compromising factors as described in detail by Aiken (2001).  For example, the quantity called “chlorophyll” or “pigment concentration” generally includes contributions by chlorophyll a and related pigments and degradation products (photodetritus) as well as other fluorescing dissolved materials as indicated above.  In addition, chlorophyll a absorption and fluorescence yield can vary between phytoplankton species compositions, and sizes categories.  Importantly, physiological states of the organisms can vary greatly depending on light and nutrient conditions or stresses (Cullen, 1982; Kirk, 1994; Aiken, 2002; Babin, 2003).  Also, fluorescence yield can vary by a factor of five between day and night in the upper 10’s of meters in the open ocean.   This is the so-called “quenching” effect that is characterized by significantly reduced fluorescence yields (quenched state) near the ocean surface under high light and photosynthetic activity.  Aiken (2002) explains that the near surface fluorescence quenching effect can be corrected using both day and night measurements and complementary optical measurements.  These various effects have been the subject of many research efforts and development of models (e.g., Kiefer, 1994; Kirk, 1994; Aiken, 2002; Babin, 2003) and will not be discussed in further detail.  The main point to be made here is that great care needs to be taken in both making and interpreting fluorometric measurements.  An important consideration is quite clearly careful calibration.  

A laboratory calibration of field fluorometers can be accomplished by placing the fluorometer in a water tank that contains an autotrophic phytoplankton culture that can be successively diluted to create a desired calibration relationship.  However, this approach has several problems.  For example, phytoplankton species and communities observed in the field almost always differ from those of a laboratory culture.  Thus, the physiological states and fluorescence responses, i.e., fluorescence yields, naturally vary.  Perhaps the best solution to date is vicarious calibration, here meaning the process of collecting bottle samples for chlorophyll a and other pigments including the common degradation product pigments at the same time and location as the in situ fluorescence and accompanying light field measurements.  In this way, ship-based or mooring fluorescence data can be converted to chlorophyll a concentration data  (e.g. Smith, 1984; Smith et al., 1990???; Dickey et al. 1998 or 2001??).  Again, the problem of changing conditions of the bottle sample via agitation, grazing, etc. must be considered.  Ideally, the bottle samples can be preserved or analyzed shortly after bottle sample recovery.   

CDOM Fluorometer  see BABIN!!VILLEFRANCHE

CDOM FLUORMETER-SEE WETLABS AND, AND BARTH AND BOGUCKI PAPER DSR I, 47(2)?, 323-342, 2000.

Stimulated fluorometers have been used with shipboard near surface underway sampling systems since the early 1970s.  They have also been used routinely as part of shipboard CTD packages along with beam transmissiometers since the early 1980s.  Today, they are used for autonomous sampling from moorings, drifters, and autonomous underwater vehicles (AUVs).  Despite several problems and complicating issues, chlorophyll fluorescence arguably remains our best method for quantifying phytoplankton biomass at this point in time.    

Other optical instruments have also be used to estimate or infer chlorophyll a using the process called natural fluorescence, solar stimulated, or alternatively passive solar stimulated fluorescence (PSSF, e.g., Aiken, 2002).  The basic premise is that ambient sunlight in the blue, like the fluorometer discussed above, that impinges on autotrophic phytoplankton serves to naturally cause emission of light near 683 nm.  Thus, radiometers, such as ones described earlier measuring radiance near 683 nm along with measurements of PAR can in principle be used to estimate phytoplankton biomass.  The development of the underlying theory for this technique was presented by Kiefer et al. (1989) and Chamberlin et al. (1990).  Their work and others (e.g., Gordon et al., 1979; Topliss and Platt, 1986; Kishino et al., 1984) suggest that chlorophyll a, Chl, can be computed according to

     Chl =          Ff





(3-26) 


     ac(PAR) f E0(PAR)


where the flux of natural fluorescent light in clear waters is given by 



Ff = 4 [K(PAR) + a(Chl)] Lu(Chl)




(3-27)

and ac(PAR) is the chlorophyll specific absorption coefficient of the measured phytoplankton population, f  is again the quantum yield of fluorescence, E0(PAR) is scalar irradiance in the PAR (400 – 700 nm) waveband, K(PAR) is the diffuse attenuation coefficient for PAR [remember the problem of K(PAR) estimates because of wavelength dependence], a(chl) is the integrated absorption coefficient for seawater and its constituents in the far red portion of the light spectrum, and Lu(Chl) is the radiance emission band of chlorophyll (see Kiefer et al., 1989; Chamberlin et al, 1990 for the formulation of the latter variable that is dependent on radiance in the chlorophyll emission spectrum and sensor response functions).  This method is complicated by the fact that both ac(PAR) and f are quite variable.  So, good estimates of each are necessary to properly constrain chlorophyll concentration values.  Further, natural fluorescence measurements can only be accomplished when there is sufficient solar radiation at depth, so nighttime and measurements at greater depth are not possible.  Nonetheless, this technique is being found to be especially useful for remote sensing of high clorophyll concentration conditions from aircraft and satellites as discussed in more detail in the next chapter.   Additionally, the potential for estimating primary production using natural fluorescence and light field measurements has received considerable attention since the late 1980’s .  However, Aiken (2002) comments that there is presently no mechanistic justification for such relationships.      

Next we discuss three-dimensional fluorometry with multiple excitation and emission wavelengths.  There exists a great diversity of phytoplankton species as discussed in Chapter 2.  The groups are generally characterized by different pigmentation, absorption, and photosynthetic parameters.  Yentsch and Yentsch (1979) introduced the idea of measuring contributions of different algal “color groups” by using different combinations of excitation and emission energy wavelengths.  This method is illustrated in Figure 3-31 (after Yentsch and Phinney, 1985).  Here, we see the sorting of four distinct groups of phytoplankton: 1) diatoms, dinoflagellates, and coccolithophores, 2) green unicells, 3) cryptomonads and red algae, and 4) cyanobacteria.  This method (qualified as ataxonomic by Yentsch, 1994) is based on distinguishing the so-called action spectra for light absorption by groups.   

The concept of the action spectrum follows (also see Kirk, 1994). First, we know that different phytoplankton have different absorption spectra because of their specific pigment combinations.  Further, the photosynthetic rate of a given photosynthetic algal cell is dependent upon the wavelength of incident light.  The so-called action spectrum of photosynthesis is obtained by plotting the photosynthetic response of the plant per unit incident irradiance (quanta m-2 sec-1) as a function of wavelength.  Action spectra utilize phytosynthetic rates (P) obtained by using light intensities (E) falling in the linear portion of a P versus E curve (note photosynthetic rates generally increase with incident light up to a point; this is discussed further in Chapter 5).  Again, the rate of photosynthesis is proportional to the photon absorption rate times the quantum yield .  Note that the action spectrum is usually offset from the absorption spectrum (see Figure 3-32).  For example, if the quantum yield or photosynthesis for a specific wavelength is low, then the action spectrum curve can lie below the absorption spectrum curve.  The differences in action spectra are largely due to the presence or absence or relative proportions of different accessory pigments; that is the green algae versus those with accessory pigments.  For example, diatoms and dinoflagellates contain the accessory pigments fucoxanthins while cyanobacteria and cryptomonads have accessory phycobiliproteins.  

The multi-wavelength excitation-emission method has several advantages as rapid sampling is possible and in principle a large number of groups of phytoplankton and other optically relevant properties may be sensed.  Interestingly, phycobiliproteins known as phycoerytherin and phycocyanin, which are degradation compounds of cyanobacteria and cryptomonads, fluoresce in the yellow (560-580 nm) and orange (620 – 640 nm) wavebands in response to green-yellow (530-580) excitation.  Some accessory pigments like carotenoids, do not not exhibit fluorescence.  

Biogeochemical research has recently focused considerable effort in quantifying pools of dissolved organic compounds and materials (DOM), especially dissolved organic carbon (DOC), in quest of understanding carbon and other elemental (e.g., nitrogen, phosophorous, silicon) budgets and cycles for the global ocean (e.g., Hansell and Carlson, 2002).  DOM , which is also often referenced as CDOM or gelbstoff, can have terrestrial or riverine sources and be present in coastal (e.g., Blough and Del Vecchio, 2002) or open ocean waters (e.g., Nelson and Siegel, 2002), but lacks covariance with DOM of biogenic origin (note Case 2 versus Case 1 definition).  Interestingly, many autochthonous compounds, meaning those produced in situ from degradation of biogenic matter, fluoresce across the ultraviolet (UV) and visible in response to UV and blue light.  The three-dimensional fluorometric method as used for DOM or CDOM and DOC determinations are discussed by Coble (???), Aiken (2002), and Draxler and Lippitsch (2002) PLUS A VILLEFRANCHE PAPER??.

Another fluorometric instrument designed by Lehaitre et al. (1993) is designed for in situ discrimination of phytoplankton populations.  This system uses fiber optics and multi-wavelength excitation for pigment identification.  Light is directed into optical fiber at four wavelengths (e.g., 450, 490, 530, and 580 nm) in bursts at 300 Hz each second.  Fluorescence is detected at about 300 from the axis of excitation.  The fluoresced light is analyzed using a multi-channel, multi-fiber spectrometer coupled with a CCD camera capable of recording 50 frames per second.  The wavelength range is scaled between 400and 800 nm with 1 nm resolution and up to 50 spectra can be visualized or stored simultaneously.  The system is capable of other IOP measurements (e.g., irradiance and radiance) with some adaptation.  

The data stream for three-dimensional fluorometry can be great.  In particular, for the SAFire instrument (Figure 3-33) 6 excitation and 16 emission wavelengths are used giving 96 combinations for potential analysis.   FILL A BIT MORE INFO ABOUT SAFIRE HERE??  SEE CASEY WEBSITE AND MANUAL plus Cowles, 1998, Oceanography and Desiderio Applied Optics, 1997??  Automatic identification of organisms using the numerous potential excitation-emission pairs remains an area of research for the system develop by Lehaitre et al. (1993) system as well as the SAFire.  In particular, targeted quantities need to be shown to be unique or co-varying quantities identified (e.g., there are ambiguities between crytpomads, diatoms, and dinoflagellates according to Yentsch, 1994).  The method can be valuable for ecological studies where cell size and phytoplankton growth as related to nutrient and light availability is of interest.  There are several potential uses of three-dimensional fluorometry for pollution studies involving petrochemicals (e.g., Aiken, 2002) and sewage outfall waters (e.g., Petrenko et al., 1997).  SEE DESIDERIO ET AL., 10997 FOR MORE ON THIS?? SAFIRE: see papers by Cowles, 1998, Oceanography and Desiderio Applied Optics, 1997.  others ?? ask Casey 

Pump and Probe and others of this ilk SEE BABIN VILLEFRANCHE FOR NEXT WRITING OF THIS SUBSECTION

FALKO HAS A NICE REVIEW IN THE JGOFS BIO-OPICS REPORT

NEW KOLBER PUMP AND PROBE

3.4.2  Active Fluorescence Measurement Techniques

Most autonomous sensors and systems are confined to measurements of concentrations or ambient light fields.  However, we are often interested in rates of processes.  For bio-optical and biogeochemical oceanography, rates related to photosynthesis are especially desirable.  New oceanographic instrumentation that employ active fluorescence methods are capable of examining variability in photosynthetic rates (i.e., parameters related to primary productivity) in the ocean was developed in the late 1980’s and early 1990’s and is now commercially available.  We focus on one such device called a fast repetition rate fluorometer (FRRF) or pump and probe fluorometer (PPF).  A schematic diagram illustrates the FRRF in Figure 3-34.  The detailed theoretical basis and intricacies of the design of the FRRF and several good examples of data collected in the ocean with FRRFs are given elsewhere (e.g., Falkowski and Kiefer, 1985; Kolber and Falkowski, 1993; Dickey and Siegel, 1993; Falkowski and Raven???; Kolber et al., 1998; Aiken, 2002; Babin, 2003), thus only fundamental information concerning the FRRF is provided here.  

Light near 683 nm is fluoresced from what is known as photosystem II (PS) II, a part of the photosynthetic apparatus, when natural light impinges on an autotrophic phytoplankton.  This naturally fluoresced light is the fraction of the total light absorbed by accessory pigments (i.e., non-chlorophyll a) that is unused in the photosynthetic process because of a limiting factor like nutrients (e.g., Falkowski and Raven, 199?; Aiken, 2002; Babin, 2003).  Accordingly, there is variation in fluorescence quantum yield.  This is the cause of fluorescence quenching in stimulated fluorometric measurements as discussed above.  The FRRF purposely exploits just this process to determine the activity and efficiency of PS II.  The pump and probe sequence can be summarized as follows.  First, light is flashed very briefly on the phytoplankton autotrophy (DEFINE???) so that PS II is ‘pumped.’  The light is intense enough that PS II light receivers or traps close because of saturation with the light.  After a very short time (roughly 80 to 100 sec), a second flash of light, a lower light intensity ‘probe’ pulse (roughly 0.1% of the saturating light level), impinges on the same autotrophy and allows measurement of the maximal fluorescence quantum yield or Fm.  Another ‘probe’ signal that takes place before the ‘pump’ takes place is used to determine the fluorescence yield F0.  This fluorescence yield relates to the fraction of PSII traps that were naturally open or inactive.  One of the key parameters of the FRRF measurement is the activity of PSII in ambient conditions, which is proportional to





(Fm – F0)/Fm
 or   Fv/Fm 



(3-28) 

where Fv = Fm – F0 is defined as the variable fluorescence and Fv/Fm is the photochemical quantum efficiency.  The fluorescence yield resulting from the first low-intensity pulse is similar to that of a standard stimulated fluorometer or a passive solar stimulated (or natural fluorometric) measurement and is thus highly variable and subject to environmental conditions and stresses.  The ratio Fv/Fm is dimensionless and proportional to primary productivity.  By using this ratio and models, it is possible to estimate photosynthetic parameters that are used in many primary productivity models.  These parameters include the maximum rate of photosynthesis (Pmax), the light saturation parameter (Ek), and the light limited rate of photosynthesis (); these parameters and primary productivity models are discussed in Chapter 5.  

CALIBRATION?? SEE BABIN ON THIS POINT

In the past, the principle accepted measure of primary productivity has utilized the 14C radiocarbon method (REF; SEE BABIN).  Data collected in the northwest Atlantic Ocean using a FRRF and radiocarbon are plotted in Figure 3-35 and suggest that results are quite comparable, especially considering the very different methodologies involved.  It would be difficult to ascertain which technique should be considered the standard in view of our present knowledge of the methods and their inherent strengths and limitations.  

SEE KOLBER ET AL. 1998 FOR MORE INSTRUMENT STUFF AND ALSO MANUFACTURER STUFF LIKE CHELSEA???

MARCEL BABIN TALK AND PAPER VERY GOOD FOR ALL FLUOROMETRIC MEASUREMENTS.

The FRRF and similar instruments  have dramatically altered our understanding of how photobiological processes interact with physical processes.  Such instrumentation can be utilized to study a wide suite of oceanographic issues, such as nutrient limitation,  photoinhibition of photosynthesis, species selection, and in situ primary productivity.  FRRFs have been used to effectively follow changes in photosynthetic solar energy conversion efficiency as a function of advection (Kolber et al., 1990), and nutrient stress (Falkowski, 1992).  The FRRF has been deployed from ships using both profiling and towed modes.  Observational results using an FRRF during the Atlantic Meridional Transect (AMT) and an iron enrichment experiment in the equatorial Pacific will be described later in Chapter 6.

SAY A BIT ABOUT PAM AND OTHERS ALSO????  SEE BABIN FOR THIS.

CHARACTERIZATION_ FOLLOW BURKHILL FOR THIS???

3.4.4  Particle Size Distributions and Characterizations

The optical and bio-optical properties of the ocean are highly dependent on the size distributions and characteristics of the organic and inorganic particles of the ocean as discussed earlier.  There are many techniques that can be used to obtain information about particle size distributions.  Many of these involve in situ optical and acoustical technologies as illustrated in Figure 3-36.  In situ optical methods are best suited for the small to medium range of particle sizes (e.g., phytoplankton scales to and including zooplankton scales; roughly less than 500 m in equivalent spherical diameter (ESD)) and acoustics overlap with some of the optical techniques in the mid-range and are necessary for the larger scales (zooplankton through marine mammals such as whales).  Microscopy has provided the standard for identifying and sizing plankton historically.  Again, modern microscopic adaptations have been used to determine absorption by individual phytoplankton cells (Iturriaga and Siegel, 1989).  Also, fluorescence-based microscopic methods have been used to target special taxonomic groups (e.g., Burkhill and Gallienne; 2002; also see Phytopia CD for microscopic epifluorescence images).  However, microscopic methods are laborious and often subject to error because of subjectivity.  A variety of electronic counting devices (e.g., Coulter Counter; SOMETHING IN THE NASA TM’S???) have also been used primarily for field samples returned to the laboratory.  Again, use of bottle samples is problematic as in situ conditions are poorly replicated with such samples (e.g., particle settling issues, aggregation or disaggregation of particles; see Gardner et al., 1993).  

Here we consider optical methods with emphasis on autonomous sampling methods that allow relatively rapid data collection; optical imaging and acoustical methods are described later.   Other reviews of these topics are presented by Dickey (1990; 1993; 2002), Olson et al., 1993; Burkhill and Gallienne (2002)     [cite Herman, 1992; Wood-Walker et al., 2000; Davis et al., 1996; Buddy et al. 2000; Kachel and Wietzorrek, 2000; Olson; VILLEFRANCHE REVIEW PAPER???  CHECK].  We begin with the optical diffraction technique, then discuss the analytical flow cytometric method, continue with light sheet optics used for optical plankton counting, and finish with optical imaging.     
Diffraction Method/Mie Method???? SEE THEORY CHAPTER AND WEBSITES DISCUSSING USE OF MIE THEORY.

http://www.particle-analytical.com/methods/Laser_diffraction.htm

http://globalhoriba.com/support_e/a_center/la_03.htm
Rd Jones paper

http://www.ejpayne.com/malvern_mastersizer.com

Earlier we discussed the use of laser particle diffraction (the Fraunhofer effect; see Hecht, 2002) for determining the volume scattering function (VSF).  Particle sizing has also been accomplished using laser diffraction (e.g., Lehaitre et al., 1990; Agrawal and Pottsmith, 2000).  Lehaitre et al. (1990) developed an instrument (SLAPS, Size and Load Analysis of Particles in the Sea) primarily for measuring both the total load of suspended particles and particle size distributions.  SLAPS bears several similarities to the previously discussed LISST-100; thus for convenience, we again use the LISST-100 for illustration (Figure 3-27).  The LISST-100 was originally designed specifically for determining particle size distributions (Agrawal and Pottsmith, 2000).  As a reminder, scattering at small angles is not particularly sensitive to the composition of the measured particles, so estimates of particle size distributions are robust and roughly independent of particle index of refraction.  We defined particle size distributions N(D) earlier for equation 3-20.  Agrawal and Pottsmith (2000) further define an area distribution function and a volume distribution function according to

         N = D2 N(D) and V = D3 N(D) 




(3-29)

The total particle area per unit volume of water is found by summing all contributions (by receiver ring with summing index i = 1 to 32 for 32 rings as described earlier for the LISST-100) or






A =  Di2 N(Di) Di





(3-30)

and likewise the total particle volume per unit volume of water is evaluated as




V =  Di3 N(Di) Di





(3-31)

It  should be noted that particles are assumed to be spherical, which is not generally the case.  This assumption can result in overestimates of volume concentrations.  Equations must be solved for N(Di).  The details of the inversion method are presented in Agrawal and Pottsmith (2000).  Concentrations measurable with a 5 cm-pathlength LISST-100 are 10 to 750 mg/l and 2.5 to 175 mg/l for a 20 cm-pathlength version of the LISST-100.  This particular instrument can sample up to 4 times per second and is thus capable of resolving relatively high frequency processes and episodic events and high spatial structure features in the ocean when profiled or towed.  It is also small enough to deploy from ships, moorings, drifters, and many AUVs. Calibration can be accomplished in the laboratory using particles of known diameters and by varying concentrations.  Biofouling can be problematic as it is for other in situ optical instruments.  The LISST-100 uses very smooth, polished windows; this is a good means for reducing biofouling (discussed in Appendix VI).  

Bubbles, being nearly spherical, can also be measured quite well with the LISST-100.   As indicated earlier, the LISST-100 is particularly useful for sediment transport experiments.  Determination and understanding of particle and particle aggregate and floc settling velocities and particle size distribution evolution remains a major oceanographic problem.  Thus, a special version of the LISST-100, called the LISST-ST, has been developed to study this important interdisciplinary problem.  The LISST-ST uses a settling tube and is typically mounted on a bottom tripod to measure vertical settling velocities of particles and the evolution of size distributions (Agrawal and Pottsmith, 2002).  The LISST-ST, which can be used for particles in the range 1.2-250 m or 2.5 to 500 m with 8 different size classes in this case, is designed for settling velocity measurements and is deployed from bottom tripods to obtain time series, often with other optical instruments deployed from the same tripod and nearby moorings (e.g., Dickey and Williams, 2000; Chang et al., 2002; Agrawal ???).  We will discuss these collective measurements in a case study in Chapter 7.  Limitations of the laser diffraction method are outlined by Agrawal and Pottsmith (2000).   For example, biases and errors are introduced when there are very high particle concentrations because of multiple scattering, large and non-spherical particles and materials within the sampling volume are problematic, and breakup of aggregated materials (flocs) impairs proper settling velocity determinations.  Nonetheless, laser diffraction methods present remarkable new opportunities vis a vis single parameter (beam c or single-angle backscattering) instrumentation.     

Flow Cytometry

First print out info in color from the website:

http:sciencepark.manderson.org/flow/files/Operation.html

It explains how a flow cytometer works, has reference and may lead to more info for ocean applications!!!

???PAPER ON CYTO BUOY, HEIDI AND OLSON, LISA CAMPBELL, ENCYCLOPEDIA PAPR, YENTSCH PAPER SPINRAD PAPERS, APPLIED OPTICS, 17, 1125-1130.    villefranche??

SEE GREEN ET AL (Rebecca paper on flow cytometry and some of Heidi and Olsons as well on next read.

VILLEFRANCHE PAPER???

BASED ON KIRK P. 111 HE HAS SEVERAL REFS. SEE P.111 TO GET SOME/BETTER TO HAVE RECENT REVIEW FROM LISA.:

Analytical flow cytometry involves the high speed, multi-parametric measurement and counting of individual cells (cytos) that are suspended in a water flow.  This technique has been used and perfected for various applications including biomedical purposes such as hematology and oncology (e.g., determining healthy versus abnormal  (e.g., cancerous) human blood cells).   Some of the key advantages of the method include the capability to do multiple quantitative measurements on a specific cell with great sensitivity and the ability to sort particles for separate analyses, even in quite heterogeneous particle fields.   Rapid taxonomic identification has been a major goal of biological oceanography, but the solution to this problem has been most elusive.  However, flow cytometry has great potential for a broad range of organisms as discussed below.  On the negative side, the flow cytometric measurement method remains relatively complex, and such expensive, measurements are generally limited to small sample volumes (ca. 0.5 cm3), and use has been limited to laboratories on land or ships until quite recently.  Nonetheless, this rapidly advancing methodology is one of our most promising for reasons described here.     

Using the flow cytometric method, particles can be sorted at rates of more than 10,000 cells per sec and sized in the range of about 0.3 to 150 m at up to 70,000 cells per sec.  Measurement products include a particle’s  equivalent spherical volume or particle size determined using forward scattering, 900 light scatter, and up to three colors of fluorescence (Phinney and Cucci, 1989; UPDATE??).  Figure 3-37 illustrates an example of a flow cytometer’s flow system and optical layout.  Key technologies involve both fluidics and optics as the fluid/particle stream, the focal point of the light gathering lenses for measurements, and the incident laser light must be coincident with high precision.  The flow is established by injecting the seawater particles coaxially into a flowing fluid sheath devoid of particles. The liquid is then directed through a narrow capillary flow chamber with a nozzle and the flow is interrupted using a tuned high frequency acoustic signal (piezo-electric effect) to create droplets (opposed to a continuous stream).  Using the travel time taken for the droplet to move from the position of analysis to the point when the droplet breaks from the stream, the sorter can be set to analyze a desired cell.  The detached droplet retains a charge and is deflected by charged conducting plates.  The droplet is finally deposited in a collection vessel.  Importantly, the cells are undamaged and can be analyzed for cell type, RNA or DNA content.  Focused light produced by a laser such as an argon-laser (e.g., 488 or 514 nm) passes through the flow chamber.  The laser serves two purposes: one as a light source for scattering measurements and a second for fluorescence stimulation.  

REWRITE FOLOWING A BIT  The flow cytometry technique can also employ fluorescent stains or dyes as well as the autofluorescence of the cells.  In particular, selected fluorescent labels (dyes) can be linked to many different antibody probes (e.g., Ward, 1990).  These probes can be used to study the properties of surface molecules (e.g., proteins) of individual cells or intracellular constituents by labeling the cells with a fluorescent dye.  Normal fluorescence (autofluorescence) of a given cell as considered thus far or fluorescence resulting from staining of a cell with a special fluorochrome can be accomplished (e.g., Burkhill and Gallienne, 2002).  The laser wavelength can be selected to allow excitation of a targeted fluorchrome (DEFINE) and multiple lasers used with selected optical components such as dichroic mirror splitters (each of these separates shorter from longer wavelengths of light by transmitting on and reflecting the other) and filters with different wavelengths (colors) can be used to measure multiple fluorochromes as seen in Figure 3-37).  Also, arc-lamp sources can be used if UV radiation is desired for a particular analysis.  

Again, the flow system is set to allow a single cell to pass through the laser beam for a given measurement.  In this way the optical characteristics of the individual cell are quantified in terms of the light scatter of the incident light and by the fluorescent emission as a response to absorption of light by the cell’s photosynthetic pigments.  More specifically, the pulses of light are received at a detector (e.g., photomultiplier tube) situated opposite the source (range of about 1 to 200 with respect to the axis of the incident light beam) to detect forward scattered light as a means of determining cell size (similar to schemes discussed earlier).  Another detector measures off-axis (typically 900 to the side) scattered light, which, together with the forward scatterered light, can be used to infer nuclear shape or cellular granularity.  Indices of refractions of cells can be determined as well.  A detector located at about 900 with respect to the incident beam axis measures fluorescent emissions in the orange (530-590 nm, for say phycoerythrin) and/or in the red (wavelengths greater than 630 nm, for phytoplankton).  Natural phytoplankton populations can be identified, enumerated and characterized since they typically have distinct combinations of scattering and fluorescence signals.  

Flow cytometers often have the capability of cell sorting based on specific properties.  A schematization of this capability is given in Figure 3-38 (after Yentsch, 1994) where four different particle types, but with approximately equal size, are processed.  The types considered are suspended sediment, detritus or floc, a transparent heterotophic phytoplankton, and absorbing phytoplankton autotrophs.  The flow cytometer can measure the particle volumes, light scatter enabling size to be determined, absorption and thus enable partitioning of absorbing particles (sediment and autotrophy), and finally fluorescence of each particle enabling distinction of autotrophs from sediments as well as the other two particle types.  A good example showing how open ocean Sargasso Sea phytoplankton cells (with chlorophyll) opposed to Gulf of Maine phytoplankton cells can be distinguished is shown in Figure 3-31.  Note the single peak in the frequency of occurrence versus diameter (determined via forward scattering parameter of the flow cytometer) plots for the Sargasso Sea samples and the triple or double peaks for the Gulf of Maine cells.  These flow cytometer data also indicate generally larger cells (e.g., likely including diatoms and red tide dinoflagellates) in coastal versus open ocean waters with a universal background of smaller particles and indicate a richer diversity of species of small versus large phytoplankton.  Some flow cytometers are also capable of measuring particle volumes using principles similar to those used by Coulter counters and some instruments also have the capability of displaying images of particles (e.g., Kachel and Wietzorrek, 2000; ROB OLSON AND HEIDI) CHECK ON FLOW CAM ADS FROM VILLEFRANCHE.  Data handling, processing, and multi-parametric statistics for flow cytometers are becoming quite sophisticated with some use artificial neural network (ANN) analyses.  For example, Boddy et al. (2000) have used neural nets to identify 72 phytoplankton species.  

An example of a flow cytometric analysis conducted at the Plymouth Marine Laboratory by Glen Terran is illustrated in Figures 3-39 and 3-40.  Note that several taxonomic classifications and subgroupings are accomplished for bacteria and phytoplankton. It is worth noting that even viruses and can be enumerated using special versions of flow cytometers (Burkhill and ???). 

LISA CAMPBELL HAS USED FLOW CYTOMETER FOR ??? EMAIL HER TO FILL THIS IN. ASK LISA TO HELP FILL THIS IN???? ALSO SEE SOSIK, OLSON, CHISHOLM PAPERS.

Although the original goal of such systems was mainly to measure the composition and abundance of phytoplankton, they can also be used for studies of sediment transport and microzooplankton.   It is anticipated that other uses of autonomous flow cytometers will be found as they become more widely deployed in the field.   

Autonomous sampling flow cytometers are being developed for deployment from buoys, moorings, and AUVs (Figure 3-41 and 3-42).

SHOWING A MOORABLE FLOW CYTOMETER.  REFS TO CYTOBUOY, WHOI, LISA).  

TALK ABOUT DEPLOYMNET METHODS SO FAR: LAB, SHIPBOARD, MOORINGS (CYTOBUOY; SEE TEIR WEBSITE), OTHER PLATFORMS??   

 VILLEFRANCHE  

-------

FOLLOWING MAY BE REDUNDANT

A different and powerful optical technology, flow cytometry, has been successfully used in laboratories onshore and onboard ships for counting and distinguishing particles and phytoplankton as well as for characterizing their optical properties (e.g., DuRand and Olson, 1996). Work is progressing to miniaturize and ruggedize flow cytometers for deployment at-sea from buoys (e.g., Rob Olson, personal communication) and AUVs.  SEE SPINRAD AND BROWN, 1986, RELATIVE REAL REFRACTIVE INDEX OF marine organisms: a technique for flow cytometric estimation, Appl. Optics, 25, 1930-1934.  SEE YENTSCH PAPER ON FLORESCENCE IN SPINRAD BOOK AS HE HAS SECTION ON FLOW CYTOMETRY; ASLO ASK LISA CAMPBELL FOR REVIEW PAPERS ETC. AND MAYBE SCHEMATIC AND PICTURE OF AN IN SITU SYSTEM.

3.4.5  Bioluminescence Sensors

use widder and herring and wider papers

Bioluminescenc e(Widder and Case/see Jerlov for earlier work)

The bioluminescence phenomenon has likely been observed since man began inhabiting coastal areas and going to sea, since bioluminescent displays are ubiquitous in the ocean (i.e., often visible in surf during red tides and in wakes of boats and ships).  Several different devices have been developed to quantify marine bioluminescence, again meaning the capacity of organisms to emit visible light (see Herring and Widder for details).  Bioluminscence measurements apparently began inadvertently in the 1950’s when light meters with sufficient sensitivity were lowered in the water to measure ambient light as a function of depth and recorded luminescent flashes.  These flashes were likely caused by the relative motion of the meters that caused sufficient velocity shear or turbulence to artificially stimulate bioluminescent signal’s by bioluminescent organisms.  A natural extension of these observations was the development of a variety of instruments called bathyphotometers.  

Bathyphotometers have been designed to quantify “stimulable bioluminescent potential,” or the maximum amount light that can be induced by turbulent motion in the water.  A variety of bioluminescence bathyphotometers with rather different designs are illustrated in Figure 3-42 (after Case et al., 1993).  Each contains a light sensing element and   turbulence is produced by different means.  Turbulence can be generated by simply lowering or raising a light detector that produces turbulence through velocity shear induced by the relative motion between ambient water and the detector body (Figure 3-42a).  A more controlled flow can be produced by raising and lowering systems using a funnel design and a fixed exit baffle (Figure 3-42b) or entrance and exit baffles that rotate (Figure 3-42c).  An enclosed system with a pump impeller that can be used for profile or mooring deployments is shown in Figure 3-43d.  A towed system design with turbulence production and bioluminescence stimulation produced via relative forward motion or pumping of water is illustrated in Figure 3-42e.  A very sophisticated bathyphotometer system is shown in Figure 3-42f.  This system uses a photomultiplier tube and fiber optical array for receiving light in a detection chamber.  A rotating light baffle, a turbulence generation grid, and a pump are key elements for flow control.  A major challenge for bathyphotometer design is control of flow and turbulence as it is highly desirable to have a standard methodology, which implies repeatability of flow and turbulence production.   

Quantification of stimulable biolumiescent potential depends on some form of calibration and the time luminescent organisms spend within the test volume or chamber (i.e., residence time).  For systems with short characteristic residence times compared with bioluminescent flash duration, the measurement is dependent on light measured per unit test volume (i.e., units of photons per second per liter or watts per liter.  However, if the characteristic residence times are long with respect to flash duration, then it is preferable to quantify the process in terms of light per unit flow rate or photons per sec per (liter per sec) or photons per liter.  Bioluminsecence measurements are further complicated because of several other factors.  For example, different organisms have different bioluminescent characteristics in terms of intensity as well as wavelengths (spectra) of light emissions.  It is also advantageous to obtain net samples to correlate bioluminescent potential with particular organisms.  Bathyphotometers with small inlets cannot sample larger organisms, and those with larger inlets and higher flow rates are more likely to observe larger organisms including some with modest abilities to swim.  There is a natural diurnal rhythm for stimulable bioluminescence (typically more during night than day) and some bioluminescent organisms such as several dinoflagellates migrate vertically.  Seasonal variations also occur.  These temporal, and likely other spatial, variabilities complicate quantification of distributions of bioluminescent organisms and stimulable bioluminescence.   

A major problem of biological oceanography is to identify organisms remotely, i.e., at appreciable distances away and without use of nets or water bottle samples.  It is feasible to identify some luminescent organisms optically since they often possess unique bioluminescent characteristics or signatures.  In particular, emitted light intensity and spectra and flash numbers, durations and sequences can be linked with specific organisms.   Spatial patterns of bioluminescence range from simple point sources for some small organisms to outlines of fish with photophores, and thus providing another identification means.   

Pictures of two bathyphotometers are shown in Figure 3-42 (BIG OLD HIDEX AND NEW SMALL DEVICE).         

3.4.6  Optical Plankton Counters and Video Imagers

The optical instruments discussed to this point are designed to sense relatively small particles including phytoplankton and their associated products along with dissolved materials.  As indicated in Figure 3-43 (THIS IS SIZE SCALE OF ORGANISMS AND SAMPLING METHODS), these instruments (small-scale optics) measure roughly in the range of a few m to about 100 m.  Larger organisms including zooplankton and invertebrates lie in the size range of roughly 100 m to a few cm’s and require other optical and acoustical instrumentation.  A variety of opto-electronic particle sizing instruments have been developed since the 1970’s (e.g., see Dickey, 1993b).  We begin with descriptions of devices called optical plankton counters (OPC) and sheet optical systems and then discuss video imaging systems.  Acoustical methods are discussed in Appendix IV.

A schematic diagram showing an OPC is shown in Figure 3-44.  The OPC uses a method called sheet optics with a light source light (i.e., LED array at 640 nm) that is collimated to create a sheet of light.  A portion of the light reaches the instrument’s receiver (i.e., a linear detector) while the remainder is blocked by the organisms in the light path (e.g., Herman, 1988, 1992 DSR 39, 395-415, NEW REFERENCE??  ASK ALEX HERMAN; Burkhill and Galliene, 2002).  ALSO SE LENGEBRAKE ARTICLE IN GRIFFITHS BOOK, P. 255 dls instrument based on herman’sThe size range of organisms that can be measured with OPCs is roughly 100 m to 2 cm, thus encompassing most zooplankton and invertebrates.  The method allows continuous estimates of size and biovolume distributions in real time.  Groups of zooplankton are sorted by taxa based on peaks in measured size distributions.  The original OPC (Herman, 19??) used a light beam of 20 mm and the present version uses a 4 mm wide beam that reduces the detection limit to about 200 m.  Not surprisingly, some overlap of taxas with similar size distributions can confound quantification and interpretation following this approach.  Nonetheless, in particular regions or under situations of low diversity of species, this approach is quite powerful.  The effect of variable source output by the LED array and by the naturally varying light transmission (beam c changes) is compensated using a feedback circuit to maintain a uniform light intensity on the photodiode array.  Light attenuation (effectively beam c) is thus also measured.  The organisms of interest are large enough to cast significant shadows that cause changes in the received light reaching the detectors; so electronic response is recorded in proportion to the area blocked by each individual organism.  Up to 200 particles can be counted per second.  The absence of light caused by shadowing of an organism is converted into an electrical signal and then to an equivalent spherical diameter (ESD) using an empirical relation that assumes particles to be spherical.  Thus, estimates of numbers of particles (organisms), particle volumes (biovolumes) can be obtained.   It should be noted that one organism can effectively screen out light that would have been intercepted by another organism located between itself (since the transmitted light is essentially planar) and the receiving optics.  Also, organisms that are very close to each other can also be counted as a single large organism. Finally, orientations of organisms in the test volume can cause erroneous size determinations and living zooplankton versus the non-living and other particulates in the size range (e.g. marine snow) cannot be distinguished.  The coincidence limit of the present OPC is estimated to be 10,000 particles/m3. 

Laboratory, ship-towed (using towed platforms such as SeaSoar, Batfish, Scanfish), and moored OPC systems have been developed and commercial versions are available.  OPC measurements are more effective, and can allow for calibration (e.g., Sprules et al., 1998; L and O., 43, 726-733) and more in-depth analyses and interpretations, if simultaneous net sampling is done.  Net sampling can provide taxonomic and specific organismal information.  Likewise, OPC data are more effective if other biological, bio-optical, physical, and chemical data are also obtained concurrently (e.g., Heat et al., 1999; Fish. Oceaongr. 8, Suppl 1, 13-24).  An example of OPC data collected during a meridional transect through the North and South Atlantic is discussed in Chapter 5 (see Figure 5-???; ref. Gallienne and Robbins, 1998; Fish. Oceanogr., 7, 147-158).  OPC’s are not intended for identifying individual organisms, but are best suited for obtaining large volumes of statistical zooplankton size information, and in principle taxa groups based on size distributions.  

A recent version of an OPC, the Laser OPC (LOPC; Figure 3-44) developed by Herman (2002? J. Plankto Res.), uses a laser diode (670 nm) and a cylindrical lens forming a light beam with cross-section of 1 by 35 mm.  The beam is transmitted through the sampling volume and reflected back to a 35-element phtodiode receiver.  The LOPC is capable of resolving higher densities of plankton, that is with reduced coincidences (up to 106 particles/m3; see Wood-Walker et al., 2000; J. Plankton Res. 22, 473-483, and to measure shape outlines (via enhanced computing and data processing capabilities) for particles with ESDs greater than ~ 1mm as each receiver element of the receiver photodiode element has an area of 1 mm2.  Importantly, OPC data are valuable for time series (spectral) and spatial analyses allowing coherence and de-correleation scales to be computed.  These are important analyses for quantifying patchiness and perhaps predator-prey distributions in special circumstances when complementary data sets are available.

A variant of the OPC is the dual light sheet (DLS; Langebrake et al, 1998; Langebrake, 2003) system that has been deployed from autonomous underwater vehicles (AUVs).  The DSL system uses two light sheets and a symmetric sample intake port s(10 cm X 10 cm) so as to decrease the probability of avoidance by zooplankton.  Each zooplankton is sized two times, allowing size averaging.   Data are communicated in real-time and data re also stored using flash memory.  The disadvantages of the DSL system are quite similar to those of the OPC and LOPC.  The shadowed image particle profiling evaluation recorder (SIPPER; Figure 3-45) also uses two collimated laser generated light sheets, but two orthogonal axes are used to allow three-dimension reconstruction of particles that are sampled (Samson, 1999 NEED THIS PAPER FOR MORE DETAILS ON TEST VOLUME ETC.; Langebrake, 2003).  The two imaging systems us a red diode laser (3 mW at 635 nm) with line generating optics and collimating lenses to produce the two light sheets that are 1 mm by 10 cm in dimension.  the image resolution is estimated to be 50 X 100 m across the 10 cm sample tube.  Back illumination is created so as to produce good depth of field and to reduce the amount of light required for the sample volume.  Up to 50 Gbytes of data can be stored on the system’s harddrive data storage device.  An image obtained with SIPPER is shown in Figure 3-46.  SIPPER was designed for deployment from an AUV and occupies about 0.3 m3 and weighs 14 kg in water.

Another novel system, which uses the sheet optics method, is under development for in situ observations of microbial organisms uses.  The Thin Light Sheet Microscope (TLSM) system (Figure 3-45)  uses a laser (argon, 488nm) light sheet passing through a small 1 mm by 1 mm field of view (Fuchs et al., 2002).  A CCD camera does the imaging in conjunction with a conventional microscope and a shutter.  A goal of the system is to enable studies of spatial interactions of organisms with resolution of microns to hundreds of microns. The system is designed to optimize image sharpness and minimize background noise.  In addition, since marine bacteria can swim as fast as 100’s microns per sec, the system must be able to obtain an image on the time scale of milliseconds.  The present laboratory version uses a green fluorescence stain to isolate individual bacteria.  An image (Figure 3-45) obtained with the TLSM shows bacteria (ESD~1 m), a flagellate (ESD~10m), and a dinoflagellate (ESD~50m).  The system described by Fuchs et al. (2002) used a black and white camera, but color measurements are possible as are measurements of natural fluorescence.  The simultaneous deployment of an OPC and a field version of the TLSM would be especially effective, since organisms spanning scales from a micron to a few cm’s would be observed concurrently and enable very interesting statistical analyses and ecological inferences. 

USF SIPPER NEEDS TO BE DISCUSSED SOMPLACE: BETTER WITH OPC OR VPR STUFF???  NEED SIPPER REFERENCE!!  SEE GRIFFITHS BOOK P. 245 ON LANGEBRAKE ARTCILE

SOMEPLACE – KIRKPATRICK BREVE BUSTER; LAND O; OSCAR HAS INFO ON THIS.  ALSO, OSCAR HAS SYSTEM FOR CHECKING MATCHUP OF SPECTRA USING A CORRELATION INDEX FOR ENTIRE ABSORPTION SPECTRUM IN VISIBLE  SEE VILLEFRANCHE PAPERS ON THESE!!  STEVE LOHRENZ ALSO??

FOR FOLLOWING SEE PAPERS FROM WHOI JULY SENSOR WORKSHOP ALSO

Several in situ optical imaging systems intended for taxonomic identification of planktonic organisms have been developed during the past two decades present (e.g., reviews by Dickey, 1993b; U.S, GLOBEC Report 8, 1993; Robinson and Dickey, 1997; Jaffe et al., 2001 and references within these).  Several important considerations for underwater video imaging methodologies along with historical references are presented by Jaffe et al. (2001).  Absorption and scattering (IOPs) of light are extremely critical for underwater imaging and visibility.  In particular, attenuation, backscattering and forward scattering of light affect image contrast and blur.  Ideally, IOPs like radiance in three-dimension, or more realistically the volume scattering function, should be known before or measured during imaging studies; however, this is rarely possible at present.  Passive imaging requires only natural light or bioluminesced light, and is attractive for studies or activities requiring no perturbations of the natural light field (e.g., fish seeking prey or some naval operations).  However, passive methods allow very minimal control of the imaging process.  On the other hand, active systems enable the investigator to control the source of light and the geometry of the source with respect to light detectors (imagers) that can be arranged to maximize backscatter of light from objects of interest and minimize unwanted ambient water light scattering (for example, an automobile driver lowers or “dims” automobile headlight beams to minimize direct backscattered light under foggy conditions).  New technologies can also be used to improve imaging performances (Figure 3-47).  In particular, range gating can be used.  That is, the illuminating source and receiver are timed such that the receiver accepts a short pulse of light that reflects to it over the desired time span, effectively eliminating backscattered light except that from the object of interest.  Another method, called synchronous scan imaging (laser line scan), uses simultaneous scanning of collimated source light and a narrow field of view of the receiver.  Both of these methods are explained in detail by Jaffe et al. (2001), who also discuss non-biological imaging problems (e.g., underwater archaeology, imaging of the seafloor and small-scale bathymetry, and objects lying on the seafloor.   

Some of the early oceanographic systems have used silhouette photography and accommodated instruments for measuring chlorophyll fluorescence temperature, conductivity, and depth simultaneously (e.g., Ortner et al., 1981).  Video technologies have progressed significantly, especially with the availability of CCD, in addition to photographic film recording, media.  For example, one system has been attached to the cod end of a plankton net (organisms are retrieved at the end of net tows) so that real-time video imaging can be accomplished using conducting cable and a research vessel (Welsch et al., 1991).  A device developed by Rudi Strickler, called the CritterCam (Shulze et al., 1992), is based on schlieren optical methodology. The schlieren method was developed in 1984 by Toepler to examine defects in lenses; schlieren means streaks in German.   The method is used mostly for aerodynamics and fluid dynamics and essentially records/maps patterns caused by variations in refractive indices (see Hecht, 2002).  Schlieren can achieve resolutions of ~ 5m for viewing fields of up to 4.5 by 6 cm with working distances of 15 to 40 cm so as to minimally disturb organismal behavior.  The CritterCam can be used for taxonomic identification.  Strickler and Hwang (2000) have developed a similar system (3D Zooplankton Observatory) for studying 3-dimensional trajectories and behaviors of zooplankton, again utilizing the schlieren technique and multiple cameras to obtain orthogonal views of organisms (ranging from phytoplankton to small fish) within a 1 liter volume in the laboratory.     

The Underwater Video Profiler (UVP) was developed to quantify suspended particle distributions of macrozooplankton with ESDs greater than 100 mm (Gorsky et al., 1992).  The UVP uses a CCD camcorder with interchangeable lighting units, one for illuminating 200 liters of water and the second for precisely lighted volumes for image digitization and automated processing.  The VHP is deployed with a CTD and thus provides particle abundance and size distribution information concurrently with CTD profile data.  The Optical Plankton Recorder (OPR) is essentially a compact, high-speed underwater microscopic system (Kils, 1989).  The OPR is designed to obtain small-scale, high resolution observations of plankton.  The system has been used in ship-towed, free-fall, and moored modes.  Lighting is done via strobe lights (two 10 msec strobe flashes separated by 20 msec) and three cameras are used to enable three nested magnifications.  Kils (1992) also developed an optical video-endocsope to directly observe predator-prey interactios between juvenile fish and zooplankton.  The system is free-drifting and tracked using sonar.  One endoscope projects a narrow sheet of light to illuminate prey such as copepods while a second is used to record predator-prey interactions at a distance of 4 cm.  Special image processing software is used to animate sequential frames by focusing on a floating particle.  Studies with the OPR have involved Antarctic krill, fish school monitoring, ecotoxicology, and aquaculture.  A three-dimensional bioluminescence mapping system (Greene et al., 1992; Widder et al., 1992) was also developed to identify and map organisms that bioluminesce on the basis of stimulated bioluminescence displays.  Species can be identified based on their spectral bioluminescence signatures and organisms with ESDs of 50 m to 1 m can be concurrently mapped with a video camera.  

Another of the advanced in situ video systems designed for taxonomic studies of plankton is the Video Plankton Recorder (VPR; Davis et al., 1996 DSR 43, 1947-1970).  The lighting is provided by a xenon strobed light source (with a red-filter) using 1 sec pulses.  Data are recorded electronically (CCD array) and on recording magnetic tape.  A schematic illustrating the VPR is shown in Figure 3-48.  The VPR has used up to four different cameras with concentric viewing domains so that the sampling volume varies between 0.5 ml and 1 liter (the present system uses two cameras).  The cameras are arranged either for complementary magnifications (concentric viewing) or for stereo imaging (essentially simulating 3-dimensional vision).  High magnification forces a small sampling volume with a shallow depth of field while low magnification produces reduced resolution.  For the greatest magnification, resolution of ~ 2m is possible.  Quasi-three-dimensional images are obtained as the VPR moves through the flow field.  The sampling field of view is adjustable from 0.5 to 10 cm at 10 to 300 m resolution with depths of field of 4 to 20 cm.  The cameras are synchronized with the strobed light (80-W xenon lamp) at 60 frames per sec (60 Hz).  Particle and organism sample sizes that can be observed range from ESDs of 10m to several cm’s.  A simple computation of plankton abundance is done by dividing the number of observed organisms by the sample volume.  Data can be viewed onboard ship in real-time, which allows scientists to do adaptive sampling and net tows when populations change.  

Net tow and complementary acoustical data sets provide capablilties for simultaneous in situ calibrations and generally allow investigators to take advantage of the attributes of these very different methodologies (e.g., U.S. GLOBEC Report 4, 1991; Dickey, 1993b).  The VPR sampling volume is much less than that of a standard plankton net tow; thus, rarer organisms are undersampled.  However, Davis et al. (1966??) suggest that use of future CCD chips with 100 by 100K pixels could allow matching of the net tow volume.  A towed platform called BIOMAPER (Figure 3-49) accommodates a VPR along with a suite of physical, bio-optical, bio-acoustical instruments (REF??).   VPRs can be deployed in ship profile or tow modes and can be used on remotely operated vehicles (ROVs), and moorings.  The VPR has been used to quantify zooplankton abundance on scales from microns to kilometers  

Difficult challenges for VPR users have been the analyses of the large volumes of data (images taken at 60 Hz; imaging produces about 10 to 100 million bytes per sec) and the identification of different taxonomic groups (e.g., Tang et al., 1998: Artificial Intelligence Review, 12(1)).  Presently, a 300 MHz computer with 128MB of RAM is used for image processing.  Importantly, new image analysis software has been produced and near real-time classification is possible.  Some images collected with the VPR are shown in Figure 3-50.  A remarkable number of diverse research projects have used the VPR.  Examples include studies of spatial distributions of plankton, mating behavior of marine shrimps, behavior of fish exposed to herbicides, feeding processes, swimming performances of fish larvae, and migration behaviors.  The VPR has been deployed in coastal and open ocean regions including Antarctica.  

An interesting combination of video and acoustical techniques is described by Jaffe et al. (1998), who designed a hybrid system to address questions concerning interactions of phytoplankton and zooplankton and transfer of matter through trophic levels.  Briefly, their systems, called FishTV (Jaffe et al., 1995) and Optical Serial Section Tomography (OSST, Palowittch and Jaffe, 1994, 1995), are placed in close proximity during measurements.  FishTV uses eight acoustic transducers for sources and eight transducers for receivers.  The ultrasonic (445 kHz sound frequency) signals are used to locate micronekton (ESD >1 cm) and the OSST system measures laser-stimulated fluorescence over a 70 by 70 cm light sheet with 0.67 cm resolution. Importantly, both sonar and optical information are used to infer relative positions and distributions of phytoplankton and zooplankton.  We will discuss results obtained with this hybrid system in Chapter 7 when we discuss micro- to fine vertical structures (thin layers of roughly cm’s to a meter). 

Photography was a major advance for science as well as so many other phases of life.  However, it was confined to 2-dimensional or plane representations or images with a few exceptions (i.e., stereo photographic methods) until the invention of optical holography.  Optical holography, using high resolution photographic films and laser illumination, gained considerable attention in the 1960’s because it allowed the recording of fully 3-dimentional images that could essentially be rotated for viewing (e.g., see Hecht, 2002).  Dennis Gabor began conducting experiments in holography in 1947.  Hecht (2002) describes Gabor’s experiments that led to his Nobel Prize award in physics in 1971.  Gabor’s method involved no lenses and entailed a two-step process.  First, he recorded an interference pattern formed by the interaction of scattered, nearly monochromatic (single wavelength of color) light from an object and a coherent reference light wave using a fine grained photographic plate.  The pattern was dubbed a “hologram” (holos meaning whole in Greek).  The second step was the reconstruction of the image accomplished via the diffraction of a coherent light beam by a developed transparency (the developed hologram).   The hologram photographic medium must have high resolution as diffraction is the process, and further, both light phase and amplitude information must be recorded.  Interestingly, the “virtual” (sometimes called the “conjugate”) image produced in the reconstruction step is a near exact replication of the original object as the properly illuminated hologram provides a point by point representation of the original light field.  

While Gabor used an in-line method, Leith and Upatnieks introduced an off-axis version of the holographic method (i.e., side-band Fresnel hologram), which essentially moved the conjugate image off-axis allowing easier viewing (see Hecht, 2002 for more details).  One of the problems of early holography was that only small objects could be imaged because of limited laser power and coherence length and even the slightest motion or vibration during hologram creation would negate the image as diffraction fringes would be blurred.   More sensitive photographic films and high power short duration pulses (of 10’s of nanoseconds in duration) enabled essentially stop-action or freeze-frame holograms.  Interestingly, ultra-high-frequency sound wave (ultrasound) can be used to create holograms in water also.

Holographic methods are clearly more complicated than their focal-plane counterparts and while fully three-dimensional images are highly attractive, the reconstruction of holograms has been laborious.  Nonetheless, holography has been recognized as having remarkable potential for oceanographic research.  Several references to early oceanographic laboratory and field research using holography are provided by Katz et al. (1999) AND NEW PAPER RUDI SENT ME!  Early laboratory holographic studies were devoted to plankton in the late 1960’s and early 1970’s (e.g., see Heflinger et al., 1973).  Carder et al. (1979) first studied microscopic particle sizes, shapes, and settling speeds with sequential transmission holograms.  Later, Carder et al. (1982) produced a field holographic system for in situ measurements of particle sizes and settling rates inside a free-floating sediment trap.  They used a 2 mW continuous wave helium-neon laser, limiting their sample volume to a scale of a few milliliters; holograms typically showed about 30 particles.  

A large submersible, holographic system using a pulsed ruby laser was designed to study bubbles and cavitation problems first in the laboratory at the California Institute of Technology and later in ocean waters off Santa Catalina, Island, California.  These field studies revealed not only particles and bubbles, but also remarkable three-dimensional images of many different organisms.  Holography has continued to be used as a tool in the laboratory (e.g., Hobson et al., 1997).  Holographic particle image velocimetry (HPIV) is a powerful method for three-dimensional velocity measurements that has considerable potential.  Next we focus on the submersible holocamera developed by Katz et al. (1999).  

SEE KATZ WHOI TALK ESPECIALL USE OFF CCD ARRAY FOR HOLOGRAPHY AND THE PAPERS I HAVE OR GET

The Katz et al. (1999) holocamera system is illustrated in Figure 3-51.  It is designed to measure particle size, shape, and orientation, particle and inter-particle distributions in space, velocity shear, turbulence, and relative motion caused by swimming organism or sinking particles.  The entire holocamera system is relatively large (roughly 2 m in length and 1.5 m in height) as compared with many other in situ oceanographic systems.  Briefly, the holocamera uses the in-line holographic method to record coherent interference patterns to be reconstructed after deployments; however modification to create an off-axis mode is possible.  The in-line method is relatively simple and enables far-field measurements of small particles.   

The sample volume of the holocamera is set by a laser light diameter of 6.3 cm and a length that can be adjusted (i.e., 10 to 68 cm); the system resolution is ~10 microns.  The light source is a Q-switched ruby laser (694 nm and with a long coherence length) and the light signal is recorded on a holographic grade (high resolution) film that advances using a film drive mechanism.  The red wavelength is thought to have minimal effect on zooplankton behaviors as they are primarily light sensitive to wavelengths in the 460-530 nm range.  Double pulses separated by 10 to 1300 m (delay between exposures) are generated to allow determinations of velocities by dividing spatial distance moved by an organism by the known time difference.    As evident from inspection of Figure 3-51, the system is quite streamlined and intended to minimize the deleterious effects of vibration and relative motions to the holographic recording process.  In addition, the system incorporates a CTD and other optical instruments can be interfaced as well.  The holocamera can be deployed as a quasi-Lagrangian drifter, which is advantageous for sampling organisms as they move approximately with water parcels.  The buoyancy of the system can be modified to make it nearly neutrally buoyant by remotely changing the ballast of the pontoons.  It can also be deployed in profile mode.  About 300 holograms can be recorded before film needs to be replaced.  The reconstruction is done using a He-Ne laser (633 nm), a CCD camera, and computers for motion control and imaging grabbing.  Katz et al. (1999) indicate that the present reconstruction is laborious (two weeks per hologram per undergraduate student).   They plan to automate this step of the process using methods analogous to those described by Zhang et al. (1997).  Several images obtained from holocamera deployments in East Sound, San Juan Islands, Washington are shown in Figure 3-52.  Genus level identification of species appears to be feasible based on shape differences on order of 1 m when water samples are collected concurrently, are viewed microscopically, and intercompared with hologram images. 

There are a few other limitations for the holocamera.  For example, large numbers of particles in a given hologram reduces image quality (a natural drawback of the in-line method) as the small (<1m) particles scatter light causing loss of coherence in the laser light beam; when particles greater than ~10 m in diameter predominate, image quality improves greatly.  Also, there is overlap of real and virtual images and the reference beam.  Zhang et al. (1997) estimate that more than 1 million particles could be recorded for a single hologram if an off-axis were to be used (in-line systems record up to about 100,000 particles with 15 mm diameter).  The resolution and signal-to-noise ratios would also be improved with the off-axis mode.  TALK HERE ABOUT BREAK TROOUGH IN USING CCDS!!!

Recently, Watson et al. (2001) have developed a holographic system that uses both in-line and off-axis modes enabling studies of higher particle concentrations.  Holographic systems produce very large and complex data sets that require sophisticated image analysis schemes as is the case for the previously discussed VPR.  Nonetheless, the need for spatial information in all three dimensions is imperative for many important problems and development and testing of theories of particle aggregation and disaggregation, organism-to-organism (e.g., predator-prey) interactions, mating and other behaviors, feeding patterns, and turbulence effects upon the forgoing processes (see several references in Katz et al., 1999).  

Net sampling has long been the marine biologist’s primary means of studying the ocean.  However, emerging optical, video, and acoustical systems provide oceanographers with remarkable new capabilities to observe a broad range of living organisms and their interactions with each other and the natural environment on time and space scales spanning several orders of magnitude.  Again, concurrent, interdisciplinary, real-time or near-real-time sampling provides opportunities for adaptive sampling, data assimilation, and even prediction as discussed in Chapter 5 (also see Robinson and Dickey, 1997; Dickey, 2003).   

3.5  Observational Platforms

There are several different platforms that can be used for deployment of the various optical and bio-optical sensors and systems discussed above (Figures 3-1 and 3-2).  each has advantages and disadvantages as evidenced by the time-space scale diagrams of Figures 3-1 and 3-2 and there are other constraints that must be considered as well.   Several of these platforms have already been mentioned in different contexts.  First, we describe Eulerian platforms that are designed to obtain observations at fixed sites.  The second class consists of platforms that are mobile.  These mobile platforms can be further subdivided into two types: those that are designed to track water masses, called Lagrangian platforms, and those that move horizontally through the water either through propulsion systems or buoyancy changes (taking advantages of hydrodynamics).  It is possible to mount a variety of physical, chemical, and biological as well as optical and bio-optical sensors on many of these.  Some of the common constraints for mounting these include sensor and system size, weight in water, drag, pressure, corrosion, power, data storage and/or telemetry, and susceptibility to biofouling.  Sensor and system development is being directed toward minimizing limitations imposed by these design factors.  Within the past decade, there has been substantial progress in each of these areas.  

The schematics shown in Figures 3-1 and 3-2 illustrate a variety of platforms, several of which can simultaneously utilize combinations of physical, chemical, bio-optical, acoustical, and geophysical sensors or systems.  The time-space information illustrated in Figures 3-1 and 3-2 (after Dickey, 1991) and Tables 3-1 and 3-2 facilitates estimation of the utility of different platforms in space (horizontal  and vertical dimensions) and time.  It also worth re-emphasizing the need for deploying sensors from both in situ and satellite and aircraft platforms (the latter two types are discussed in the next chapter).  Placement and “nesting” of multiple platforms can be done to optimize the use of these observational assets as will be discussed later.  The following summaries are intended to highlight some of the key attributes and limitations for each class of platform.  Discussions of undersampling and aliasing of temporal and spatial data sets and other sampling issues are provided in Appendix VI along with some illustrative examples (i.e., How should one select sampling rates for particular problems?).  In addition, we consider some of the anticipated advances as well as challenges in platform technologies.  Examples of optical and bio-optical data collected with some of the platforms are also included.  More detailed reviews of sampling platforms may be found in other references (e.g., Dickey, 1991, 2002, 2003; Griffiths et al., 2001; Griffiths, 2003).   

3.5.1 Ships, Submarines, and Submersibles

Ships have provided access to ocean observations since early expeditionary voyages such as those led by Captain James Cook (1768-1779) and others mentioned in Chapter 2.  Submarines have been used less frequently for oceanographic research, but have also facilitated the collection of interesting data sets.  The invention of SCUBA equipment has enabled on site collection optical data in interesting areas such as coral reefs (Figure 3-54).   Early bathyspheres and later submersibles such as Alvin have also provided the means for direct eyesight viewing of organisms and geophysical features from shallow waters to the deep sea enabling discoveries such as such hydrothermal vents with their unique life forms and ecosystems (BOOK REF; SEE EOM MAGAZINE?).  Ships are important for manned on-site observations and data collection and for deployment of other sampling platforms such as remotely operated vehicles (ROVs), moorings, drifters, and others described below.  Common modes of ship sampling include: 1) on-station profiling of instruments, 2) underway sampling of meteorological and optical variables and surface waters using flow-through systems, 3) underway sampling to provide data in the horizontal and vertical dimensions using towed undulating or fixed depth bodies with sampling chains, which act as platforms for sensor suites, and 4) underway acoustical measurements (e.g. for acoustic Doppler current profilers (ADCPs), hydrophone arrays, and sidescan sonar).  These various modes of sampling are especially useful for regional process-oriented studies and for long transect sampling programs designed to provide important spatial maps.  One of the advantages of research ships is that advanced analytical instrumentation, which presently cannot be easily deployed from other platforms, can be utilized, often with real-time data analysis.  In addition, large volumes of water and net towing are still required for some research efforts.  Commercially operated voluntary observing ship (VOS) or ships-of-opportunity observational programs (e.g., Smith et a., 1999) are especially valuable, particularly for obtaining data in remote oceanic regions where few dedicated research sampling programs can be routinely executed or where ferries or ships transit regularly (essentially enably spatial time series).   Dedicated research ships as well as VOSs have played important roles in calibrating and validating ocean color satellite data as discussed in the next chapter and its is worth noting that many optical measurements can be collected with ships on station and while underway using deck-mounted radiometers and profiled or towed optical packages (e.g., Hooker and McClain, 2000; NASA TM Vols. I-V, 2003).  A listing of the international fleet of oceanographic research vessels is given in Appendix E of the National Research Council Report (2003).

If a ship is capable of maintaining its position, it can be considered to be an Eulerian type of platform.  Ships and submarines cannot follow water parcels as they move in response to winds and/or currents.  Measurements made using a ship while it is underway are neither Eulerian nor Lagrangian and interpretations must take into account both temporal and spatial variability in its measurements.  This proviso also applies to autonomous underwater vehicles (AUVs) and gliders that are discussed below.  A common problem experienced by mobile platforms is that the combined effects of diurnal variations in light and biological variables are superimposed upon the horizontal spatial patterns sampled while a ship transits for a few days.  Similar tidal effects come into play as well.     
Some interesting examples of data collection from submarines have been reported. In particular, they have been used for making various physical measurements (sometimes including turbulence probes and biological samplers as well) and bubble measurements (using acoustics). Nuclear submarines have been used by civilian scientists under Arctic ice since 1993 (e.g., Osborne and Haury, B2??, Itsweire, others??).    

Manned submersibles, also called human operated vehicles (HOVs) have been in regular use for ocean exploration since the 1960's (BOOK REF AND BUSBY BOOK?).  REVISE THIS NEXT TIME REFERRING TO NRC REPORT 2003; PP100-102 AND ADD TABLE 6.1 ON P. 102 AS IT IS NICE TABLE SHOWING HOV CAPABILITIES.  Human observations at depth have been important for scientific and industrial activities as well as for engaging the public in ocean exploration (e.g., see Hawkes, 1997). Manned submersibles have been equipped with a variety of in situ sensors including optical sensors such as transmissiometers and backscatter sensors.  They allow on-site decision-making by scientists and operators, which is especially important for investigations of hydrothermal vents, mid-ocean ridges, deep-sea biology, and bioluminescence.  Manned submersibles have also been used recently for exploring and collecting baseline data in national undersea marine sanctuaries and parks in the United States (e.g., Earle and Henry, 1999).

ADD PARAGRAPH ON ROVS HERE FROM NRC REPORT 2003 PP. 102-106 AND ADD TABLE 6.2, P. 106 OF NRC REPORT.
Future ships, submarines, submersibles and other subsurface instrument-carrying platforms will benefit from rapid advances in composite materials (e.g., high performance fibers) whose mechanical properties are superior to those presently used.  Ships will continue to serve as essential oceanographic platforms. Their utilization for process-oriented and transect sampling will continue into the foreseeable future, but probably with decreasing weighting compared with their use for autonomous sampling platform deployment and recovery operations.  Ships’ equipment will become more technologically sophisticated and use advances in information technologies.  For example, they will likely take advantage of advanced instrumentation, perhaps by using fiber optics with CTD and other profiled optical and acoustical systems for greater data bandwidth.  Newer ships will be faster and have improved sea-keeping characteristics in order to make them more cost effective (e.g., give UH website for Kila Moana???).  Specialized manned platforms with unique sampling capabilities (e.g., like R/P FLIP, see Figure 3-55) can play important roles as well. 
Ships have served the oceanographic community well. But their limitations in terms of cost, availability, limited synoptic sampling capability, and sample degradation and contamination have stimulated development of other complementary platforms as described below.  In addition, it is likely that international co-operation through sharing of ships and other sea-going assets will be utilized in order make the best and most economical use of ships. Most submarines are used for military purposes, but more may become available to the research community in the future.  New designs of manned submersibles will likely enable deeper dives.  Efforts are also being directed toward lightweight "microsubs," that could be operated economically as independent vehicles from research and commercial vessels (Hawkes, 1997). The use of microsensors and microprocessors and new hull materials would facilitate this approach.  The use of real-time video and audio transmissions during scientific dives can be effectively used to allow other scientists, students, and the public to share in the experience of deep-sea exploration.  Examples of optical data sets collected from a submarine and a submersible are shown in Figures 3-56 and 3-57.  SEE IF I CAN FIND NICE PICTURE OF ALVIN IN HYDROTHERMAL VENT DIVE AND PERHAPS SOME BACKSCATTER DATA.  RACHEL HAYMON, JOHN DELANEY, PMEL 

3.5.2  Moorings, bottom tripods, and off-shore platforms

In rapidly increasing numbers, the research community and some operational agencies and commercial enterprises are using optical, bio-optical, and interdisciplinary sensors and systems that are deployed from moorings, bottom tripods, and off-shore platforms.  Illustrations of moorings and bottom tripods, along with some representative data sets are shown in Figures 3-58 and 3-59, respectively.  This Eulerian approach is used to monitor and study environmental changes in the ocean on time scales from minutes to years.  An increasing number of optical, bio-optical, chemical, and acoustical parameters are being measured from these types of platforms (Appendix IV).  Many new discoveries and breakthroughs have already been enabled by autonomous sampling using this class of platforms (e.g., Dickey, 1991, 2003; Dickey and Falkowski, 2002).   These include: bio-optical variability associated with cloud-induced and diel fluctuations in phytoplankton biomass (e.g., Stramska and Dickey, 1992); phytoplankton blooms associated with incipient seasonal stratification  (e.g., Dickey et al., 1994) and equatorial long waves;  (e.g., Foley et al., 1997; Chavez et al., 1999); sediment resuspension through internal solitary waves (e.g., Bogucki et al., 1997); frontal- and eddy-trapped inertial waves (e.g., Granata et al., 1995); and eddy-induced phytoplankton blooms (e.g., McNeil et al., 1999).  Several diverse oceanic regions have been studied using interdisciplinary moored systems. These include the equatorial Pacific, the Arabian Sea, and high latitude areas south of Iceland and in the Southern Ocean.  The latter two regions are especially difficult to sample with any platform, particularly for long periods of time.  Interdisciplinary moorings and bottom tripods have been used in both open ocean and coastal settings as will be discussed in detail in Chapters 6 and 7. 

Moorings have played an important role for the calibration and validation of ocean color satellite data sets (e.g., Hooker and McClain, 2000; NASA TM Vol.VI.).  Specially designed moored optical platforms called the Marine Optical Buoys (called MOBY; Figure 3-60) have provided the primary measurements for the vicarious calibration of satellite ocean color sensors including SeaWiFS and MODIS.  MOBY is described in detail in NASA TM Vol. VI, Ch. 2, so only a brief description is given here; more information concerning its use in ocean color satellite calibration/validation activites is provided in the next chapter.  There are two MOBY platforms, both over 12 m in length and effectively spar buoys, that are interchanged at a site off Lanai, Hawaii in order to maintain continuity of optical data sets.   Some of the primary measurements include high resolution spectral radiance and irradiance at four water depths and a spectral irradiance sensor above the surface.  The blue spectrograph (350 to 640 nm) samples at 0.6 nm intervals and the individual bandwidths are1-2  nm; a convex holographic grating is used for wavelength separation.  The red spectrograph samples from 550 to 955 nm with resolution of 0.8 nm and bandwidths of 1.3 to 1.5.  Ancillary information such as platform tilt is also collected.  Complementary data including meteorological variables are obtained from sensors mounted on the masts of the MOBY buoys.  Subsets of MOBY data are telemetered to shore via a cellular phone arrangement.  The system is calibrated onshore using NIST-traceable standard light sources between deployments and divers clean sensors and do some calbration measurements at intervals during each deployment.  Sensors are connected to two single-grating spectrographs through optical multiplexers and fiber optic cable.  Details concerning MOBYs’ technical aspects and data analyses are given in NASA TM Vol.VI, Ch 2 and 5.  Moorings that are not totally dedicated to ocean color calibration and validation have also been quite effective for validation activities (e.g., Dickey et al., 2001; NASA TM Vol. VI, Ch 3) and should be especially valuable as they become more plentiful and are used as part of the Global Ocean Observing System (GOOS).
Biofouling has presented a major impediment to this class of platforms as deployments of a few months or more in the coastal ocean and up to one year in the open ocean are often desired.   Work is progressing to mitigate the biofouling effect as reviewed in Appendix VI.  High temporal resolution, long-term sampling of the water column as well as atmospheric forcing parameters and air-sea exchange variables will continue to be needed to maximize resolution of key processes and to minimize sampling uncertainties (via undersampling and aliasing; discussed in Appendix VII).

Several groups have deployed optical, bio-optical, and various interdisciplinary instrumentation from bottom tripods in order to obtain time series relevant to the lower layer of the water column and benthic processes (e.g., Chang et al., 2001). Bottom tripods and their instrumentation may be placed in virtually the same environments as moorings.  Essentially the same suite of sensors and samplers that are deployable from moorings can also be used for bottom tripods.  The selection of interdisciplinary instrumentation will vary depending on the type of environment of concern (e.g. harbor, coastal, or open ocean).  Examples of data collected from tripods will be given in Chapter 7.
Offshore platforms, including those dedicated to research and/or monitoring and oil production, can provide unique observational opportunities (e.g., Dickey, 1997b; NRC REPORT, 2003).  ADD A BIT HERE FROM THE NRC REPORT PP. 107-108.  They are frequently equipped with adequate power and other services to facilitate oceanographic observations and offer several advantages over shipboard platforms, including absolute stability in high sea states, fixed location for time series measurements, and in some cases capability for housing personnel.  It should be possible to launch autonomous underwater vehicles (AUVs), gliders, and other mobile sampling devices from these platforms for spatial sampling as well.  Active platforms are not advisable for all types of measurements because of possible chemical contamination and non-representative biology that may result from drilling operations.  Flow distortion and shading of light sensing devices are major concerns for measurements near large platforms (e.g., Zibordi JAOT paper on Venice tower and others??SEE HOOKER PAPERS AND CITE).  In addition, use of offshore platforms will likely require formation of partnerships among government agencies, private industry, and academia.
Time series observations in the coastal ocean and at selected sites of expected high environmental consequence (e.g. equatorial Pacific, high latitude sites of deep water formation and/or CO2 uptake or release) or special long-term monitoring value (e.g. oligotrophic areas of the gyres of the Pacific and Atlantic Oceans, the Arctic region, the Southern Ocean, and near Antarctica) will require Eulerian platforms (e.g., Dickey and Falkowski, 2001; Send et al. 2001?).  Cost and return of investment will make it essential to optimally select of locations.  Increased multi-use of platforms, including all of those described here, for interdisciplinary sensors and systems is certainly desirable if not imperative.  For example, a mooring designed for a tsunami warning system has been used in the Pacific for measuring upper ocean parameters relevant to global climate change (e.g., Dickey et al., 2001b).  There is also a need for essentially expendable moorings.  Such moorings could be deployed in remote areas that require excessive ship time for recovery and for special observational programs (e.g. in paths and wakes of hurricanes and typhoons and in harmful algal blooms).  Only a few studies have utilized mooring arrays for studies (e.g., McPhaden, 1995; Dickey et al., 1998b; Abbott et al., 2000); however, this approach has been effective for studying evolving spatial features

3.5.3  Moored profilers 

SEE BENGT KARLSON VILLEFRANCHE PAPER: WINCH FROM TOP OR BOTTOM

Moored profilers have been and can be used to good advantage for situations requiring high vertical as well as relatively good temporal resolution (i.e., every hour to several hours or more) data (e.g. including temperature, salinity, current, and bio-optical variables; Marra et al., 1990; Dickey, 1991; Provost et al., 1999; Toole, ??; THIN LAYERS,/SEE OCEANOGRAPHY AND PERCY DONAGHAY?; GLOBEC CABEL DAVIS??).

Moored profilers have several of the same characteristics and attributes as  autonomous underwater vehicles (AUVs; discussed below) and moorings that utilize instrumentation mounted at fixed depths (see Griffiths et al., 2001).   A moored profiler is essentially an AUV or sampling package or body that is tethered to a mooring line so that it is designed to move vertically with little horizontal motion.  The control system for a moored profiler is relatively simple compared with that needed for an AUV as a navigation system is not required.  A moored profiler can be deployed for extended periods of time in principle, especially if power is supplied via electromagnetic or fiber optic cables.  Moored profilers can operate effectively in most, but not all (e.g., Gulf Stream, Kuroshio, Equatorial undercurrent) current systems and even under ice.  An important attribute of a moored profiler is that it carries a single instrumentation package, which negates the problem of intercalibration of sensors groups that are placed at multiple depths of more conventional moorings.  On the other hand, failure or loss of that single instrument package is catastrophic.  Moored profilers are best suited for experiments requiring information at high-vertical resolution and it is desirable to use both fixed depth and profiling systems together if both high vertical and temporal resolution data sets are required (e.g., studies of thin layers, micro- or fine-structure, and their relationships with internal gravity waves).  

Examples of moored profiling systems that have used buoyancy control (e.g., change of volume of the system via gases or fluids) include the Cyclesonde  (Van Leer [Leer 74] and the Profiling Current Meter (PCM, Erik 82).  Also, a current driven profiler was developed by and Eckert and Morrison [Ecke 89].  Data telemetry was accomplished with some of these systems using radio frequency transmissions.  Several of these early systems were difficult to operate, but were important in the evolution of later moored profilers.   More recently, one group has developed a wave-driven profiler for coastal waters [Fowl, 97) and another has designed and tested a prototype buoyancy driven device capable of cycling to 1000 m [Prov 96].  Toole et al. (???) created a traction-drive profiler (WHOI Moored Profiler) that has now been commercialized.  The WHOI Moored Profiler [Dohe 1999] utilzes an oblate spheroid (0.8 m in diameter and 0.4 m thick). To move along the mooring wire, the profiler utilizes a small DC motor (lithium battery powered) and traction wheel to move the system along the mooring wire, typically at about 30 cm/sec.  One million meters of profiling is possible for a year-long deployment.  A common sensor suite consists of a CTD and a 3-axis (to measure in 3-dimensions) current meter.  Plans are underway to include small optical sensors as well.  The present system is not intended to come to the surface although this is also expected to be possible with future versions.  

TALK ABOUT WINCHED PROFILERS; REFS IN JAOT OR ELSEWHERE IDRONAUTICS, CABEL DAVIS, PERCY, THIN LAYERS, OTHERS????  WINCHING FROM SURFACE

VILLEFRANCHE PAPER ON PROFILING MOORINGS

Another method for obtaining moored profiler data is to utilize a positively buoyant sensor package that is attached to cable and returned to the ocean floor or a subsurface parking depth via a winch system after it rises to the surface while collecting data.  The major portion of the winch must be enclosed within a water-tight housing.  Mechanical systems, such as these, are subject to leaks, tangling, and mechanical failures.  Considerable power is required for the winch, so cabled power delivery is preferable.  Data have been successfully collected for scientific studies using this mode (REFS: LEO-15, Percy, GoMoos, GLOBEC).    

Data can be telemetered in near real-time via communication satellite or radio frequency systems using a surface buoy and telemetry system (or electromagnetic or fiber optic cables that can be connected to a shore station).  These methods include inductive data transfer via the mechanical mooring wire and acoustic data transfer from an acoustic transmitter in the profiler to an acoustic receiver in the surface buoy. Profiler payloads remain rather limited (i.e., weight and drag constraints) and biofouling of sensors can be problematic.  

Some of the primary disadvantages of moored profilers relative to conventional current meter moorings used instruments mounted at fixed depths include lack of synopticity (delays between revisiting specific depths) of the measurements and relatively limited temporal resolution. In particular, for full ocean depth profiles, 4 to 5 hours are required for a single profile; of course this constraint is less severe in the coastal ocean or if profiles are made only through the euphotic layer.  However, cost is likely less for profiling systems as multiple instrument packages are necessary for fixed instrument-depth moorings while a single system is used for the profilers.  A profiler used for measurements during the Thin Layers experiment is shown in Figure 3-61 along with some optical data.  

Expendable optical systems for measuring the diffuse attenuation coefficient and bioluminescence have been developed (REFS>???).  A variant of moored profilers is the "pop-up" system (with a data telemetry module), which could be deployed as an expendable system (e.g., see Griffiths et al., 2000; Dan Frye, personal communication).  The basic idea is similar to the well-known ship- or aircraft-launched expendable bathythermograph (XBT or AXBT), but with the probe measurement being made after the probe system lay dormant on the ocean floor for some time period.  An example of an expendable pop-up system called EMMA (GET NAME FOR THIS; Cono, 1998-SEE GRIFFITHS ET AL. 2001) is under development.  EMMA utilizes expendable lighter-than-water (positively buoyant) probe packages that are equipped with CTD and other sensors.  These are designed for profiling from the bottom (up to 5000 m depth) to the surface.  The sequence of events would be as follows: measurement probes (encapsulated for protection until profile time and weighted to make them negatively buoyant) would be dropped from vessels or aircraft and sink to the seafloor; next weights would be released at pre-specified times using timing circuits or on-command using acoustic signals allowing the probe to ascend toward the surface and upon reaching the surface the system would transmit the profile data to a communications satellite for transfer to a shore-based laboratory.  At the ocean bottom, the encapsulated probe sensors could be immersed in a standard solution to enable recalibration prior to ascent to assure high quality measurements.  If strong shearing of currents were present, then the probes would not ascend perfectly vertically, introducing some uncertainty in interpretation.  If several of these systems were co-located, a time series record for the site could be obtained.  Another strategy would utilize a series of systems located in a selected region that would simultaneously profile to provide data that could be used to concurrently quantify horizontal spatial variability as well as vertical variability.  The pop-up systems are especially attractive for obtaining data from regions that are difficult to access and could be relatively cost-effective.  Utilization of such data sets would also be enhanced through synthesis with data collected from other in situ and remote sensing data sets.

3.5.4  Drifters and floats

Whereas several of the platforms described in the previous section can be used to provide high temporal resolution, long-term Eulerian measurements at pre-selected locations, drifters and floats may be used to provide widely distributed spatial Lagrangian  data by effectively following water parcel movements (e.g., Griffiths et al., 1999).  Physical oceanographers have used these methodologies for several decades both in coastal and open ocean environments to determine surface and subsurface current and circulation patterns using differences between position fixes and elapsed time between the fixes.  Importantly, drifters and floats can collect data in regions of the world oceans that are rarely visited by oceanographic vessels.  These collective devices most often use the Global Positioning System (GPS), which gives very accurate position data (i.e., within a few meters).  Surface drifters (e.g., Swenson, 1999) can also be equipped to provide important upper ocean physical data (e.g. temperature, salinity, and meteorological variables).  Oceanographers have added temperature and conductivity (for salinity) sensors to drifters and floats and within about the last decade optical and chemical sensors have also been added to drifters (Abbott et al., 1990; Chavez et al., 1997; Lewis et al.??).  An example of an optical drifter and data collected in the California Current (Abbott et al., 19??) and (USE MARLON DRIFTER IN CHAPTER ?) the equatorial Pacific are shown in Figures 3-62 and 3-63.  The use of drifters for calibration and validation of ocean color satellite ocean color data is described in NASA TM, Vol. 6, Ch. 3 (2003) 

Early floats typically moved at pre-determined depths (e.g., Rossby, ???), often in the sound fixing and ranging zone (SOFAR), a depth range where acoustic energy can travel for great distances (O(1000 km)).  More recently, profiling floats (using buoyancy changes to move vertically) have been used to provide data (e.g. temperature, salinity, and reference velocity at greatest depth of descent) during rise and descent through the water column as part of their function and telemeter data back to the scientific community (Roemmich and Owens, 2000).  The ongoing Argo program is using this technology to provide both Lagrangian current data from the lowest depth of excursion of the float as well as to collect CTD data (Argo group, in Koblinksy and Smith, 2001).  Modified versions of Argo profiling floats have been used by Bishop et al. (2001) to collect optical data which are used to estimate particulate organic carbon (POC).  One of these floats and data collected in the North Pacific are shown in Figure 3-64. Another example of a profiling float that has been used to measure vertical profiles of the diffuse attenuation coefficient (Mitchell, ????) is shown in Figure 3-65.

An increasing number of interdisciplinary variables are expected to be sampled from drifters and floats in the future, especially as sensor or system size, weight, power, data transmission constraints (e.g., not all Argo flolat data can be transmitted because of data transmission bandwidth limitations), etc. become less limiting.  Biofouling of conductivity as well as chemical and bio-optical sensors will require special measures such as those discussed in Appendix VI.  This problem is quite serious for long-term drifter and float applications as these are typically not intended for recovery; thus, neither calibration nor validation data can be routinely obtained so that instrument drift or fouling effects are difficult if not impossible to establish.  Present projections suggest that roughly 1000 surface drifters and 3000 profiling floats (near surface to 1500 - 2500 m) will be in operation annually within the next few years.  Hence, use of these platforms for various optical, bio-optical, and other interdisciplinary measurements is highly desirable.
The costs of drifters and floats are expected to decrease as more are produced and used.  Future systems will likely be simpler and constructed to be more rugged to enable deployment from ships-of-opportunity and even aircraft. Alternative deployment modes include pre-programmed and on-command releases of floats. New GPS and telemetry (including two-way duplex information exchange) capabilities will continue to improve position accuracy and increase the number of reported positions resulting in greater computed current resolution and accuracy along with much greater volumes of data throughput. 
3.5.5 Remotely operated vehicles (ROVs)

Remotely operated vehicles (ROVs) are commonly used by the industrial ocean community for a variety of applications, including underwater inspection and mechanical activities (e.g., Gilman, 1999).  ROVs  have also been used for exploration and science (e.g., Dawes et al., 1998), sometimes with connection to manned submersibles. In particular, they have played major roles in studying hydrothermal vents, observing animal life and behaviors, and for discovering shipwrecks, including the famous Titanic.  An example of an ROV and optical data collected near a hydrothermal vent are shown in Figures 3-66.  ROVs will continue to be needed for many undersea activities and in some cases will supplant work that is now being carried out with manned submersibles. It will be possible to instrument ROVs with small interdisciplinary sensors, thus increasing their utility. The use of fiber optics will make it easier to transmit video imagery.
3.5.6  Autonomous Underwater Vehicles (AUVs) 

REF GWYN GRIFFITHS BOOK CHAPER IN ST. RAPHAEL AND VILLEFRANCHE PAPER.  ALSO HIS BOX FOR POTSDAM MAY BE USEFUL FOR THIS INTRO HERE.

GWYN HAS SOME NICE TABLES AND FIGURES THAT MAY BE USEFUL.

Autonomous vehicles are essentially robotic oceanographic platforms that are programmed to conduct ocean sampling missions.  A recent book edited by Griffiths (2003) is devoted to AUVs and a summary listing of international AUVs with some of their particular capabilities is presented in Appendix of the National Research Council Report (2003).  AUVs can have scientific, commercial, or military objectives.  AUVs range in size from the very small (e.g., REFERENCE TO THE TINY AUV AND GIVE ITS SIZE) to vehicles the size of a small submarine (e.g., AUTOSUB SIZE AND REFERENCE).  A variety of AUVs are shown in Figure 3-67.  They also take several forms including propelled autonomous surface vehicles (ASVs), propelled subsurface vehicles (these are most often specifically referenced as autonomous underwater vehicles), and buoyancy controlled, hydrodynamic gliders. Again, moored profilers are sometimes classified as AUVs as well since they have many of the same characterististics as AUVs, but are fixed in geographic location.  Many AUVs, as well as other autonomous sampling platforms, can be reprogrammed during missions by receiving commands that are telemetered via two-way (duplex) communication systems when they are at the sea surface or when they are at mooring docking stations for re-powering (i.e., recharging of batteries) and/or downloading data.  Underwater vehicles that are constantly under control by operators are often called unmanned underwater vehicles (UUVs).   These assorted vehicles typically use inertial navigation and position fixes provided through global positioning satellites.  Underwater vehicles, like moored instrumentation, can also use acoustic communication systems.  Next, we briefly describe the primary types of AUVs.   

We begin with autonomous surface vehicles (ASVs), which are generally less demanding platforms than AUVs since they operate at the surface of the ocean and can use combustion engines and generators.   Also, navigation (i.e., use of GPS fixes) and data telemetry for ASVs are relatively straightforward as they spend their entire mission time at the surface.  Note that autonomous sampling systems without a continuous surface expression (e.g., including profiling floats, most AUVs, and gliders) must synchronize data transmission times with communication satellite overpasses).  Construction costs of ASVs are relatively low, and transit speeds and durations can be long (e.g., estimated ranges of roughly 1000 km or more).  High wind and wave states are problematic for any ASV as they are for ships.  ASVs are limited to near-surface observations unless they tow instrumented cable (i.e., thermistor chains) or carry automatic winches for instrument packages.  Examples of ASV developmental activity include the Caravella ASV (University of Azores and European Union; see Cara, 99) (Figure 3-68).  The Caravella is quite large  (7 m long, 2 m wide, and  6 m in height) and is intended to utilize a winched CTD package and to be self-righting.  Its planned range is over 1300 km at ~4 knots (~2 m/sec; CHECK CONVERSION) and control is to be accomplished via satellite data telemetry.  Caravella will use satellite telemetered data for control and its anticipated range is in excess of 1300 km at 4 kt.  An autonomous CTD winch system is planned as well.  CANADIAN ASV WITH WINCH FOR PROFILING?  SEE GRIFFITHS 2003  A 5-m length semi-submersible ASV, called SASS is being developed in the United Kingdom (Sass, 99) with projected 600 to 1000 km ranges at 12 to 15 knots.  SASS is intended for surface and near surface measurements only.   It is envisioned that ASVs could function in a role similar to voluntary observing ships and ferries.  Liability issues in the event of collisions are of greater concern for ASVs than other unmanned vehicles described here since they are always athe ocean surface.  There is also a higher probability of vandalism.

Propelled autonomous underwater vehicles (AUVs) have been under development since the 1970’s.  Major advances in AUV technologies are being made in several areas.  Several of the technologies required for docking, recharging batteries, downloading of data and communicating with shore are well established already.  Several AUVs remain dependent on ships serving as tenders; however, this negative aspect should become less important in the future.   Many AUV activities have been devoted to engineering design and some practical field activities. However, these vehicles are beginning to be exploited for a variety of scientific studies, thanks to the development of new, relatively small optical, bio-optical, and interdisciplinary sensors and systems that consume moderate power and that can be interfaced to the vehicles (e.g., Griffiths et al., 1999).  Illustrations of optical data collected with the large AUTOSUB AUV and the smaller Odyssey AUV are given Figures 3-69 and 3-70.  AUVs are increasingly being used for scientific missions as described in Chapters 7 and 8.   In addition, AUVs may be used to collect data between moored docking stations to facilitate sustained, long-term observations.    

A special form of AUV, called a glider, has been developed recently (e.g., Eriksen et al., 2001; Griffiths et al., 2001 NEWER REFS??).  The glider concept entails use of variable buoyancy control, lift surfaces (wings), a hydrodynamic shape, and trajectory control via internal movement of mass.  With typical forward speeds of order of 25 cm s-1, gliders may be used as virtual moorings or for long transects.  Gliders utilize onboard computing, satellite navigation and two-way communication for near real-time data transmission and remote control.  Gliders are small enough to be launched and recovered from small boats, largely obviating reliance on ships.  Some gliders now being tested are designed for ranges of thousands of kilometers and operational durations of months to years.  In some regions, thermal stratification may be used to greatly augment glider range for specially designed systems [Webb 99]. Already, researchers are placing bio-optical instruments on proto-type gliders (Eriksen et al., 2001 NEW REFS??).  

Gliders, like other platforms, are subject to some important sampling and operational constraints.  For example, they can move through the ocean at speeds only on order of most ocean currents while being unable to move against some of the more rapidly moving currents (i.e., Gulf Stream and Kuroshio and some eddies with speeds in excess of 100 cm/s). Accordingly, glider transects are necessarily more prone to temporal aliasing than even conventional ship-based and some AUV-based sections.  However, gliders can also be used as virtual profiling moorings by basically maintaining position (provided currents are less than roughly 25 cm/s) and executing vertical profiles.  Moored glider pairs deployed in virtual mooring mode can be used to estimate absolute geostrophic currents by adjusting geostrophic shear to fit depth-averaged current.  In addition to temperature, salinity, and other interdisciplinary data profiles, gliders can be used to determine transport time series for various properties. The glider called Seaglider and optical data collected during one of its operations are shown in Figure 3-71.
There are several potential advantages for the AUV class of platforms.  For example, 1) they can provide spatial coverage and sample over repeated sections, 2) they have the capability to sample in environments generally inaccessible to ships (e.g. in hurricanes or typhoons and under ice; see Bellingham et al., 2000), 3) they are well-suited for feature-based and adaptive sampling when used as part of data assimilation/observationally-based programs (e.g., Dickey, 2003), 4) deployment of several AUVs can likely be accomplished from mother ships, offshore platforms, and coastal stations, 5) some AUVs are already more cost effective than ship platforms (although the number of measured variables is considerably smaller) and others will likely be clearly more economical in the future, and 6) AUVs will be increasingly called upon to replace ROVs for some applications.  AUVs will not be able to do all of the functions of a research ship in the foreseeable future.  However, the number of AUVs and their capabilities are rapidly increasing.  It is anticipated that AUV mission length capabilities will increase as power sources improve for propelled vehicles, costs will decline as manufacturing production increases, reliability will improve with experience and further engineering developments, operations will become more routine, and more extensive and suitable sensors will be made available for various sampling needs.  Creative uses of the vehicles will involve networking of data systems, data assimilation modelling, and information feedback loops to guide sampling programs (in some areas involving predictive models), and responses to extreme natural and anthropogenic driven events.

3.5.6 Data Telemetry and Cabled Observatory Systems /ALSO GET STUFF FROM SCOTS REPORT

Telemetry of data from the various platforms is critical for many, if not most, new applications. Future low earth orbit (LEO) satellite systems should greatly expand bandwidth and enable transmittal of much greater volumes of data. The synthesis of in situ interdisciplinary data with satellite-based remotely sensed data sets has already allowed improved interpretation and utilisation of both. Efforts are now underway to develop data assimilation models which will utilise near real-time, autonomously collected, in situ and remotely sensed, interdisciplinary data sets. The sensor and telemetry technologies mentioned here will be important for maximum utilisation of the various platforms described in detail in this paper.

WHY TELEMETRY?  DATA NOT LOST, REAL-TIME AND NEAR REAL-TIME APPLICATIONS; TAKE A LOOK AT THE REVIEWS OF GEOPHYSICS PAPER ON THIS.  MAYBE MORE RECENT STUFF??  STUFF FROM SCOTS REPORT AND THE DEOS MOORING REPORT.  ALSO DISCUSS NEPTUNE; SEE POTSDAM AND REVIEWS OF GEOPHYSICS  Increased bandwidth for telemetry of data should enable transmission of multi-frequency acoustical and multi-wavelength optical as well as video data (e.g., Dickey et al., 1993, 1998a; Detrick et al., 1999; Frye et al., 2000). 

Present and near future capabilities:
Shore-based or satellite-based systems - and, in principle, coaxial cable or fiber-optic cable links - can be used to telemeterdata from open ocean moorings or other fixed location platforms (e.g., Dickey et al., 1993, 1998a; Detrick et al., 1999; Frye et al., 2000). Power can also be supplied via the coaxial cable method while both modes allow for high bandwidth transmissions. These cabling methods have great advantages, but can be quite expensive if cable networks are not already in place. Where direct link transfer is not feasible, data can be telemetered from moorings. Two steps are involved: a) data can be sent from instruments at depth to a surface buoy and then b) the data can be sent from the buoy to land stations using radio or satellite modes. Inductive modems have been used for subsurface transmission of data to the surface from moored instrumentation, with the mooring wire acting as the transmission element and by using subsurface acoustic modems. Telemetry of these data from surface buoys can be accomplished using line-of-sight radio frequency, cellular phone, or communication satellite transmissions (e.g., Dickey et al., 1993, 1998a). The radio frequency method works well for near coastal applications and relays can also be used to extend the range further offshore. Open ocean telemetry requires dedicated communication satellites. Surface hardware for the communication of data is often commercially available. An excellent example of the power of data telemetry is the use of data transmitted from the TOGA-TAO array in the equatorial Pacific for ENSO predictions (e.g., McPhaden, 1995; McPhaden et al., 1999).

Toward the future: 
The amount of data that can presently be transmitted is quite limited because of bandwidth availability. Major programs are underway to expand bandwidth using large numbers of low earth orbit satellites (LEO). Cost per transmission is an important factor and will likely be prohibitive for some applications. For nearshore applications, data transmission may be accomplished using fiber optics (great bandwidth), and in particular locations in the open ocean, submarine communication cables can be used. Virtually all platforms reviewed here need improved telemetry both for data transmission and instrument control. 

OUTLINE MAIN POINTS FOR CABLED OBSERVATORIES FORM SCOTS

FROM GRIFFITHS:

Cabled sensor systems are an ideal way to continuously observe the ocean. They are reliable for many years, offer high bandwidth telemetry, provide almost unlimited power for sensors, and are relatively inexpensive to operate once installed. Unfortunately, most oceanic sites are so far from shore that cables are often prohibitively expensive to install. However, in areas where cables already exist, such as along abandoned telephone cable routes, there is an opportunity to utilize their bandwidth and power delivery for reasonable cost.  Prototype systems that take advantage of abandoned telephone cables are being developed [Chav 97]. This approach is of course limited by the availability and location of existing cables. 

Drifting buoys and floats have always been a cost effective means of collecting data over broad oceanic areas and the new generation of profiling drifters is enhancing the quality and quantity of data that can be acquired with this technology. As low power satellite telemetry options improve the quantity of data available should increase substantially. The limiting technology for profiling drifters is probably sensor technology, see section 3. 
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Figures

Figure 3-1  Time-space diagram of processes (horizontal)

Figure 3-2  Time-space with platforms (vertical)

Figure 3-3  Collage of pictures and schematics of vintage optical instruments (some will have schematics later (from Ray Smith and Ken Voss???)

Figure 3-4  Collage of pictures of vintage optical instruments (some will have schematics later (from Ray Smith and Ken Voss???)

Figure 3-5 Schematic showing light impinging on a cosine collector irradiance meter (Mobley p. 24)

Figure 3-6 Schematics and photos of a) spectral irradiance (9 wavelength??), b) hyperspectral [from Satlantic]

Figure 3-7  Filters of a 9 wavelength irradiance sensor to show band passes and tales.  Maybe from Siegel and Dickey Ocean Optics paper

Figure 3-8 Gershun tube form Kirk or Jerlov

Figure 3-9  Schematics and photos of a) spectral radiance (9 wavelength??), b) hyperspectral [from Satlantic]

Figure 3-10 Ken Voss fisheye camera with layout, picture and data??  Maybe from old Ocean Optics paper or just ask him.

Figure 3-11  Schematic, picture and layout of Ray Smith’s UV spectroradiometer

Figure 3-12  Schematic and picture, of a PAR or scalar irradiance sensor; from Satlantic, Biospherical John Morrow??

Figure 3-13  Layout schematic of modern transmissometer/from Moore C-STAR report (his Figure 2) and a picture of one, maybe form our CMO??

Figure 3-14  Layout (p. 10 in ac-9 manual) and p[icture of ac-9 from Casey’s Sea Technology paper?

Figure 3-15  a(,z) data from Casey’s Sea Technology paper

Figure 3-16 HiStar picture and layout (use HiStar manual p. 6, Figure 4.

Figure 3-17 HiStar data from Grace??

Figure 3-18 Petzold GASM instrument schematic only see p. 15 in Jerlov

Figure 3-19 HydroBeta layout and picture from Dana and Maffione SPIE Ocean Optics paper

Figure 3-20  Michael Lee Instrument- ask Marlon

Figure 3-21  Casey EcoVSF Layout and picture

Figure 3-22 Fig.  2 , p. 6 in Layout only??  Maffione and Dana 1997 fixed angle scattering instrument layout

Figure 3-23  Figure 5 picture and layout BBC-4 in Maffione and Dana see p. 23

Figure 3-24  Casey’s BB3 picture and layout

Figure 3-25  Casey’s  LSS picture and layout

Figure 3-26  Figure 4.5 p. 93 in Kirk LASM of Petzold

Figure 3-27  LISST-100 layput and pictures see Agrawal and Pottsmith Fig.  Figure 2 in Agrawal and Trowbridge or perhaps a better version from elsewhere and a picture of the LISST-100 – Show the diffraction ring as an insert??  See Yogi’s brochures 1

Figure 3-28  Also Agrawal and Pottsmith figure 1

Figure 3-29  Lab calibration of LISST-100 with Mie scattering comparison

Figure 3-30  Fluorometer from Casey and a picture

Figure 3-31 This method is illustrated in Figure 3-31 (after Yentsch and Phinney, 1985).  Here, we see the sorting of four distinct groups of phytoplankton: 1) diatoms, dinoflagellates, and coccolithophores, 2) green unicells, 3) cryptomonads and red algae, and 4) cyanobacteria.  A good example showing how open ocean Sargasso Sea phytoplankton cells (with chlorophyll) opposed to Gulf of Maine phytoplankton cells can be distinguished is shown in Figure 3-31.   

Figure 3-32 Kirk Fig. 10.6 p. 308 top

Figure 3-33 SAFIRE Layout and picture

Figure 3-34  FRRF Layout and Picture

Figure 3-35 FRRF vs. 14C pp from p. 86 ad p. 82 Dickey and Siegel JGOFS bio-optics Rep.

Figure 3-36 Scale of particles  Optics  to acoustics figure

Figure 3-37 Layout and picture of a flow cytometer from Sosk or Olson or Lisa Campbell or Charlie Yentsch paper;  show the optics and flow control.

Figure 3-38  Yentsch Fig. 8-11, p. 161

Figure 3-39  Yentsch action spectra or better newer ones form someone else.

Figure 3-40  Flow cyrometer diagram from Burkhill or elsewhere and Data from a flow cytometer showing identification of particles by size and fluorescence [Fig. 2 , p. 2043 in Burkhill Ecyclop.]

Figure 3-41  A moored flow cytometer

Figure 3-42 Bathyphotomers and pictures from Widder encyclopedia paper

Figure 3-43  Sizes of organism and optical and acoustical measurements Sheldon and the figure showing scales (hor. lines across)

Figure 3-44  OPC Burkhill or L-OPC Herman website??

Figure 3-45  SIPPER

Figure 3-46  Fuchs et al Bacteria System and images Figure 4

Figure 3-47  Jaffe et al Oceoangraphy 2001, p. 66, Figure 1

Figure 3-48  VPR diagram and picture

Figure 3-49 BIOMAPER picture and schematic?; see VPR website

Figure 3-50  VPR organism images from website or paper??

Figure 3-51  Katz et al. 1999 Schematic Fig. 1a and 2

Figure 3-52  Katz et al., 1999 Particle organism images

Figure 3-53 Vertical space scale that can be sampled with various platforms

Figure 3-54  Free dive and data (Boss)

Figure 3-55  FLIP and data

Figure 3-56  Submarine and data

Figure 3-57  Submersible and data

Figure 3-58  Mooring and data

Figure 3-59 Tripod and data

Figure 3-60 MOBY and data

Figure 3-61  Moored profiler

Figure 3-62  Drifter and data (Abbott)

Figure 3-63  Drifter and data (Lewis)

Figure 3-64  Argo float and data

Figure 3-65 K-SOLO and data

Figure 3-66 ROV and data

Figure 3-67  AUV Collage

Figure 3-68 Caravelle (Azores) and data

Figure 3-69 Autosub and data

Figure 3-70  Odyseey AUV and data

Figure 3-71 Glider and data

Table 3-1  Horizontal spaces scales of processes and platforms that are suitable for their sampling

Table 3-2  Vertical spaces scales of processes and platforms that are suitable for their sampling
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HOWARD GORDON TUTORIAL AT OCEAN OPTICS 2002???  Did he do remote sensing and theoretical modeling???

Purpose of instrument/ what measurements it makes/inferred parameters

Optical layout (lenses, sources, and placements etc.) 

Types of light sources and receivers or diffusers

Electronics/power/

Data acquisition and sampling rates

Calibration/validation

Estimates of accuracy and resolution

Platform capabilities

Advantages

Disadvantages

Good overview of scattering problem in 

Maffione, R.A. and D.R. Dana, ???, Instruments and methods for measuring the backward-scattering coefficient of ocean waters, JOURNAL???  GOOD PAPERS FOR CITING HERE ALSO:  ASK ROBERT.

See Shifrin book and Thomas and Stamnes book

Jonasz, M., 1990,  Volume scattering measurement error: effect of angular resolution of the nephelometer, Appl. Optics, 29, 64-70.

Kopelevich, O.V. and E.M. Mezhericher, 1983, Calculation of spectral characteristics of light scattering by sea water, Izv. Akad. Nauk SSR, Fitz. Atmos. Okeana, 19(2), 144.

Kullenberg, G., 1974, Observed and computed scattering functions, in Optical Aspects of Oceanography, eds. N.G. Jerlov and E.S. Nielson, Academic Press, New York, 25-49.

Maffione, R.A., and D.R. Dana, 1996, In-situ characterization of optical backscattering and attenuation for lidar applications, SPIE ??? ASK ROBERT.

Maffione, R.A., D.R. Dana, and R.C. Honey, 1991, Instrument for underwater measurement of optical backscatter, Underwater Imaging, Photography, and Visibility, R.W. Spinrad, SPIE, 1537, 173-184.

Moore et al. 

Oishi, T., 1990

Petzold, 1972 SEE JERLOV FOR CITATION
SEE PETER FRANKS PAPER IN OCEANOGRAPHY SEPT. 2003 FOR NICE HISTORICAL BACKGROUND ON PHYTOS, SAMPLING – OLD AND NEW.  GOOD PAPER TO CITE.

KIRKPATRICK ET AL. 2003, Applied Optics paper on new CDOM mapper.  DISCUSS THIS SOME PLACE IN THIS CHAPTER

NEXT TIME THRU REFERENCE THE ALPS REPORT AND PERRY AND RUDNICK OCEANOGRAPHY PAPER

To Do’s:

(Note: HAB meeting papers ; CHECK LINEUP OF PAPERS AND GET THESE ASAP; and Encyclop of Ocean. and Ocean Optics Tutorials should be useful to fill in some stuff also.  ASK OSCAR ABOUT FLOW CYTOMETER REVIEW PAPER PLUS FLUORESCENCE FROM SIMPLE FLUOROMETER TO P AND PROBE )

Imaging:  Someone at HAB?  Also, check Qingdao PICES program; Patrick Gentien talk?  Jules Jaffe.  WHOI Sensors??

ALSO GET STUFF FOR THIS SUBSECTION FROM KIRK, MOBLEY, IOCCG MAUL STEWART AND OTHERS???

Ocean Color Satellites McClain, JGOFS, Stewart, Maul, Marzano, Johannesen for outline ideas; Abbott and other satellite pictures and talks for DC JGOFS, Book, pictures, and OCEANS plus???)


Applications, products, and Uses of Color Imagery (IOOCG Reports 3 especially)

Principles of Ocean Color Satellites (Baker camera  for museum?) 



Equations and cartoon showing fate of light



Technical requirements/new technologies


Variables (more on algorithms, proxies and models later) 


Wavelength Choices (Case 1 and Case 2) and Number of Channels


Orbital Parameters, Spatial range and resolution (tradeoffs) and Viewing Angles (Coverage and resolution)


Atmospheric correction

Calibration and Validation (Sun, moon, vicarious), error estimation

Multiple satellites 


Table with variety and parameters

Operational systems/Coordinating activities/ integration, merging and synthesis

Future Plans (i.e., multiple and Geostationary)

Advantages and Disadvantages/Challenges and Opportunities

SATELLITES FIRST

OCEAN COLOR FOCUS HERE, OTHER SATELLITE METHODS COVERED IN APPENDIX

GENERAL INTRO TO SATELLITE OCEANOGRAPHY: STAN WILSON PAPER IN ENCYCLOPEDIA 

JOHN MARRA SAYS SEE ROAD MAP WHICH HAS FUTURE SATELLITE PLANS ON IT; SEE EARTH SYSTEM ENTERPRISE

OCEAN COLOR IMAGING: MCCLAIN, JGOFS, IOOCG, STEART, MAUL, JOHANNESEN, MARZANO, OTHERS??

FROM GRIFFITHS:

EMPHASIZE IMPORTANCE OF SAMPLING ON TIME AND 3-D SCALES OF RELEVANT PROCESSES. EXAMPLES OF DISCOVERIES WHEN SAMPLING FAST AND LONG AND AT HIGHER SPATIAL REOLUTION SCALES.  HORIZ AND VERTICAL SCALES.  MORE DETAILS IN APPENDIX_ CORRESPOND WITH PERCY AND GWYN

MORE ON PROFILERS FROM PERCY AND FROM VILLEFRANCHE TALK BY BEGT KARLSON?  LIKE WINCH FROM SURFACE TO DEPTH - SEE HIS CHAPTER IN BOOK

SEE OTHER CHAPTERS IN HABWATCH; E.G., GRIFFITHS, LEHAITRE FOR BIOFOULING APPENDIX

@@@@@@@@@@@

1) Purpose of instrument/ what measurements it makes/  inferred parameters

2) Optical layout (lenses, sources, receivers, diffusers, and placements etc.) 3)  Electronics/power/            4) Data acquisition and sampling rates

5) Calibration/validation        6) Estimates of accuracy and resolution

7) Platform capabilities      8) Advantages vs. Disadvantages

USE???  FROM GRIFFITHS

It is within this framework that we feel autonomous vehicles present great promise for evolution of a global ocean observing system for climate. Recent developments in digital signal processing, satellite communication, miniaturisation of mechanical components and sensors are making possible a new approach to gathering climate data from autonomous platforms. A new generation of stable, low-power sensors to measure not only parameters of physical interest, but properties describing chemical and biological ocean processes, promises to make these platforms useful to the broad oceanographic community concerned with all aspects of climate phenomena.

SEE WHOI SENSOR WEBSITE FOR ADDITIONAL INFO ON FLOW CYTOMETRY: SEVERAL GROUPS, WHOI WITH FLOW CAM, MBARI ,  CONTACT JOE Katz for papers/figures:HOLOGRAPHY, ETC., FLOW CAM NEEDS TO BE DISCUSSED

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

ADD MOBY (SIMBIOS REPORT-CLARK) AND MOORINGS FOR GROUNDTRUTHING HERE ALSO

polychromator is a device that separates light into several wavelengths as opposed to a monachromator which transmits only one wavelength of light

THIS BELONGS IN CHAPTER 3 WITH ABOVE-WATER MEASUREMENTS USING RADIOMETERS; ALSO SEE SIMBIOS SERIES ON THIS FOR INFO AND REFERENCES.  The spatial scale ranges and resolutions of  radiometric systems (i.e., radiance sensors and optic al elements) that can be used to measure ocean color parameters from above the water are considered next.  Some optical limonologists and oceanographers have used hand-held or ship-mounted radiometers that are pointed down at the surface of the ocean to obtain spectra of water-leaving radiance (e.g., Bukata et al., 1988; other references like Dede Toole and others).  The instantaneous viewing area observed from the deck of a ship (say 5 m above the sea surface) is less than 1 m2  for a radiance sensor designed for measuring over a solid angle of a few steradians (ESTIMATE SOLID ANGLE AND GIVE HERE).  Using such a ship-mounted system, a ship traveling at 10 knots could continuously record radiance values covering a swath of only about 1 m in width by 40 km in length in one day.   Measurements from airplanes and satellites enable much greater instantaneous viewing areas because of their greater altitudes as will be highlighted in Chapter 4.  
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Ch 1 Overview of biogeochemical measurements and data analysis in ocean color research – J.L. Mueller
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Ch 5 Straylight correction for MOBY S.W. Brown et al.
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