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4.1 Motivation and Purpose of Chapter

Remote sensing generally refers to measurements made by instruments that are located at significant distances from the site of the sampled volume.  For example, one can do remote sensing of much of the interior of the ocean using acoustical tomography and the popular acoustic Doppler current profiler measures at several distances away from its transducers.  For the present discussion, we will be focusing specifically upon satellite and aircraft remote sensing; thus, for brevity we will use the term remote sensing in the context of oceanographic measurements made from airborne and spaceborne platforms.  These platforms collect data from above the earth’s surface at varying altitudes depending on aircraft and spacecraft capabilities and the observational objectives of oceanographers, who weigh tradeoffs such as the largest spatial scales that can be sampled instantaneously, resolution (size of smallest object recognizable using a detector), and optimal repeat cycles or revisit periods.  It is important to emphasize at the outset that remote sensing of the oceans requires in situ oceanographic data in order to develop empirical inferences of geophysical and bio-optical variables.  Thus, much of the instrumentation discussed in the previous chapter has relevance to remote sensing.  In some cases the in situ and remotely deployed sensors, particularly radiometers, are quite similar.  The development of algorithms and models for remote sensing of ocean color parameters is presented in the following chapter as here we focus primarily on hardware and measurement methodologies.

Clearly, observations of the oceans using aircraft and satellite platforms have revolutionized our understanding of ocean processes through views of large regions of the surface and near surface ocean, in effect providing nearly synoptic data sets.  In the present context, we use the term synoptic to describe virtually instantaneous, “snap shot” data sets that are collected over broad geographic regions on scales of order of 100 km to several 1000’s of km depending on orbit selection.  Common uses of the term synoptic include weather maps and images of the United States or Europe and other large regions of the earth as well as satellite images showing entire current systems like the Gulf Stream, Kuroshio, and California Current.   

ADD SOME OF THE FOLLOWING??? 
DEFINITION OF REMOTE SENSING FOLLOWING SEELYE HERE??  Some of the remote sensing data of particular relevance to bio-optical oceanography and its applications include atmospheric variable like surface wind stress and direction, surface heat fluxes, and oceanographic variables including sea surface temperature and color, and sea surface elevation (i.e., for geostrophic currents), and backscattered radiation for sensing waves and ice cover as summarized in Table 4-1 (after Wilson et al., 2001).  A few of the interesting applications of remote sensing have included: studies of mesoscale features such as eddies, rings, and fronts, seasonal evolution of temperature and phytoplankton blooms (via ocean color), El Niño and La Niña sequences, equatorial waves, planetary scale waves (i.e., Kelvin and Rossby waves), wakes of ships, hurricanes and typhoons, coastal upwelling, storm runoff, surface and internal gravity waves, bottom topography, island wakes, and ice age extent, thickness, and motion.  As one example, Davis (1987) has noted that the California Current was long perceived to be a slow, broad system with uniform flow generally to the south based on a half century of regular, though non-synoptic, ship sampling (CalCOFI program).   However, satellite-based temperature and color   data  clearly showed a meandering current system that interacted with coastal waters and complex structures including energetic jets, swirls, and eddies (NEW Figure 4-1A FROM DAVIS, 1987; CZCS OF COASTAL CALIFORNIA).  Remote sensing from the air and space has relied on instruments that either sense naturally occurring electromagnetic radiation from the earth’s, ocean’s, or ice’s surfaces (passive sensors) or electromagnetic radiation transmitted and received by instruments placed on aircraft and satellites (active sensors) as depicted in Figures 4-1 and 4-2 and summarized in Table 4-1.  

We focus here primarily upon remote sensing of the visible portion of the electromagnetic spectrum, namely ocean color; however, we often require information in the ultraviolet and the infrared as well (see Figure 4-1).  Remote sensing methods can provide excellent information about horizontal variability, but primarily for the very near surface or upper ocean, because of the poor penetration capacity of electromagnetic radiation in water (note that the visible wavelengths do penetrate more deeply in the ocean than the infrared).  For passive ocean color measurements, the depth of measurement is the optical e-folding depth (zf =1/Kd()  with Kd() being the diffuse attenuation coefficient as indicated in equation 2-56a), which is dependent upon optical properties and light wavelength.  It is important to emphasize that aircraft and satellite remote sensing and in situ sampling are highly complementary and that in situ measurements are needed for calibration and validation as well as interpretation of specific data sets.  The subject of satellite (and in some cases aircraft) oceanography is covered in considerable detail in earlier books by Maul (1985), Stewart (1985), and Robinson (1985) and more recently in books by Halpern (2000), Marzano and Visconti (2002), and Martin (2003) and summary articles such as several appearing in the Encyclopedia of Ocean Sciences (Cheney; Lagerloef; Liu and Wu, 2001; McClain; Minnett; Parkinson; Plant; and Wilson et al., 2001).  This chapter does not attempt to supplant the information in these references, especially with respect to technical details; however, summaries of complementary satellite and aircraft sensors are given in Appendix V for those interested in brief descriptions.  A short introduction to the topic of remote sensing is provided here as a starting point and references are indicated for those interested in more detailed information.  For the most part, we will concentrate on some of the important recent developments in ocean color remote sensing.   

4.2  Overview of Remote Sensing ocf Ocean Color from Air and Space 

Observations and studies of the oceans were first made possible by ships that grew in capability during the ages of exploration and discovery (e.g., Rozwadowski, 2001 ENCYCLO).  However, observers were able to record information only at one geographic location with no possibility of simultaneously obtaining information even a short distance away.  Today, the slow speed of ships and advanced autonomous sampling platforms does not allow the collection of synoptic data sets because of the relatively high degrees of natural temporal variability of many processes as indicated in Figure 3-?? TIME-SPACE DIAGRAM.  This fundamental sampling limitation was eventually overcome for at least the surface observations of the oceans, first regionally using cameras sensors mounted on aircraft and later over large regions (1000’s of km) of the oceans virtually with cameras and sensors used by astronauts and cosmonauts and imaging sensors deployed on earth orbiting satellites.  

It is difficult to overemphasize the importance of color remote sensing technologies for oceanography as ocean color measurements from satellites and aircraft, provide nearly synoptic observations (effectively snapshots of several 100’s to 1000’s km2 of ocean surface) of the ocean.  Furthermore, by compositing and averaging many images together (using data collected over different regions over months to years), it is possible to describe bio-optical properties of large regions and most of the world oceans enabling studies of seasonal, interannual, and other phenomena.  Remote sensing from aircraft and satellites is restricted, however, to the optical depth as mentioned above (e.g., Yoder et al., 2001).   Thus, in situ measurements remain equally important because of the complex vertical structure and high temporal variability associated with many key ocean processes.  In situ data are also needed to calibrate and validate remotely sensed data sets and to develop ocean color algorithms that effectively translate quantitities like spectral water leaving radiance into estimates of chlorophyll a, CDOM, and primary productivity.   The power of combined remote sensing and in situ observational networks is yet to be fully realized, but advances are being made as illustrated with several examples in Chapters 6 and 7.  The full use of integrated in situ and remotes sensing data remains one of the great challenges to the next generation of oceanographers; however tools are being developed as described in the next chapter.  

In the next section, we briefly review some of the ocean sensing systems that have been deployed from aircraft.  In the following section, we discuss remote sensing of ocean color from space.  Within these two sections, we emphasize technologies and observational considerations, leaving more specific discussions concerning development of ocean color models and algorithms to the next chapter as these often apply to both in situ and remote sensing observational data sets. 

4.3  Remote Sensing from Aircraft
ASK HOGE AND JPL GUY AND CURT DAVIS ABOUT OTHER REVIEW PAPERS ON REMOTE SENSING OF OCEAN COLOR FROM ARIPLANES.

Man’s knowledge of the oceans was derived almost exclusively from coastal and ship-based measurements until the invention of the airplane by the Wright brothers, who owned and operated a bicycle shop in Dayton, Ohio (now a historical site).  The Wright bothers developed the airplane using their remarkable engineering skills and an early wind tunnel for controlled experiments.  Their first flight took place near the sea at Kitty Hawk, North Carolina in 1903.    As airplanes evolved, increasing numbers of views of the sea from the air were obtained, first with ordinary cameras and later increasingly sophisticated physical and optical sensors.  For example, some researchers began to use airplanes to produce regional maps of sea surface temperature and ocean color (i.e., for chlorophyll).  Importantly, simultaneous measurements of ocean color (i.e., water-leaving radiance spectra) from aircraft and ships in the 1960’s and 1970’s suggested that a natural next step was to place ocean color sensors on satellites (e.g., Clarke et al., 1970; Kim et al., 1980).  Aircraft equipped with emerging sensor systems have been used to collect a variety of optical, bio-optical, physical, and geodetic data types.  Many of these systems, or derivative systems, have been used as proto-types and eventually transitioned to satellite space platforms (see Appendix V).  

Many different forms of aircraft have been used for remote sensing of coastal waters and open ocean (see Figure 4-3).  These have included balloons, helicopters, light aircraft, large biplanes, modified military planes (i.e., P-3), special high altitude aircraft (NASA ER-2), and jets.  Of course each of these aircraft has advantages and disadvantages, particularly with respect to areal coverage per unit time and instrument payload capacity.  Several technological advances have benefited both aircraft and satellite remote sensing.  For example, precision position and navigation information is now provided via the Global Positioning System (GPS), thus enabling remarkably accurate geographic and geodetic registration of data sets.  Previous limiting factors such as sensor and system size, weight, durability, electronics, computing, data handling capacity, and data telemetry are becoming less constraining because of many new technologies.   

There are several advantages of aircraft-based measurements.  In particular,  1) they can provide data relatively rapidly on spatial length scales of roughly tens to 100’s of kilometers or more (i.e., better synoptic capability than a ship), 2) spatial resolution is generally considerably better for aircraft than satellites as their sensors are much closer to ocean surface, 3) aircraft are especially valuable in coastal environments where satellites often lack sufficient spatial resolution and suffer from technical problems and data processing issues (e.g., transitions between land and water), 4) data can be collected under cloud or aerosol conditions that obscure satellite views in the visible and infrared, 5) atmospheric effects are less problematic since the pathlength between sensors and the sea surface is much shorter than for satellites, and 6) several interdisciplinary variables can be measured simultaneously from an aircraft (i.e., mulitple bio-optical properties, sea surface temperature, sea surface height), enabling optimal interpretation and ultilzation of the collective data sets.   However, aircraft cannot provide the larger scale synoptic or nearly global data possible with satellites, and do not have the longer term, nearly continuous sampling capabilities of satellites.  Nonetheless, they fill several important niches in the ocean sampling matirix and are especially powerful when used in combination with satellite and various in situ observations (Figure 3-?? TIME SPACE FIGURE WITH PLATFORMS).  REVISE FOLLOWING SENTENCE AND ADD SOME STUFF?? (PAUL BISSETT??) Recently, unmanned aircraft with sensor payloads have provided new flexibility for these purposes.  
Below, we cover some of the key aspects of aircraft remote sensing of bio-optical properties.  Readers interested in earlier work and more detailed information are directed to Kirk (1994) and a recent review by Harding et al. (2001) and references therein.  A few aircraft used for remote sensing are shown in Figure 4-3.  Remote sensing from aircraft serves several important purposes today.  They can be used either for planned campaigns or for rapid response to important events such as algal blooms (harmful or otherwise) and oil spills.  Aircraft have also been used to create spatial time series.  For example, Harding et al. (1994, 2001) used a light aircraft to measure ocean color variables (i.e., chlorophyll a) in the Chesapeake Bay and its tributaries for over a decade.  Many sensors intended for deployment form spacecraft are first developed and tested using aircraft for the early phases.  Aircraft remote sensing data can be taken during ‘under flights’ as overpassing satellites along with ships, moorings, and other platforms collect data in situ simultaneously.  These collective data can be used for calibration and validation of satellite color and temperature measurements and for development and testing of atmospheric corrections necessary for ocean color algorithms (discussed in next chapter).  The use of underflights is particularly advantageous for many coastal studies that require both large scale contextual information (from a satellite) and higher spatial resolution data over smaller regions than possible via satellite measurements.  An example illustrating the power of concurrent satellite and aircraft measurements is shown in Figure 4-4 (THIS COULD BE THE HARDING FIGURE 3 OR BETTER A HYCODE CASE FROM OSCAR AND PAUL).

Aircraft can use passive and/or active sensing of ocean color and bio-optical properties.  Passive measurements utilize reception of naturally occurring light by sensors such as the radiometers that were discussed for in situ observations in the previous chapter.  Active optical methods utilize an artificially generated light source (i.e., laser) that is pointed at the sea surface; in turn, the returned light signal is processed and recorded and data are recorded and/or telemetered.  Altimeters are also active devices that transmit and receive microwave radiation to determine the distance between the platform (aircraft or satellite) and the sea surface.  We first describe some passive systems and then discuss a few active systems.

Passive Sensing of Ocean Colorfrom Aircraft

First, we introduce some of the fundamental concepts that are relevant to passive remote sensing of ocean color from both aircraft- and space-based platforms.   The basic idea of most satellite ocean color measurements is to passively measure the spectral light, which emerges (i.e., is scattered) from beneath the surface of the ocean (Figure 4-5).  More specifically, the aircraft or satellite radiometric data and field oceanographic data are used together as bases for developing empirical relationships, algorithms, and models.  Some of these use radiometric parameters such as ratios of water-leaving radiances or remote sensing reflectances at different wavelengths (as discussed in next chapter), in order to infer optical and bio-optical quantities such as the spectral diffuse attenuation coefficient, chlorophyll a, and CDOM.  For chlorophyll determinations, the fundamental concept for Case 1 waters (again generally away from coasts) is quite simple.  As phytoplankton (and their associated chlorophyll a concentrations) become more abundant, reflectance decreases in the blue portion of the spectrum (i.e., 400-515 nm) and increases in the green portion (i.e., 515-600 nm).  The increased reflectance in the green results from the increased scattering of by the refractive phytoplankton particles that absorb weakly in the green.  In other words, water-leaving radiance and reflectance in the green wavelengths (roughly proportional to backscattering and inversely proportional to absorption) is relatively greater for waters with high chlorophyll a concentrations and thus visibly green to an observer or color sensing radiometer (Figure 4-6).  This effect was described by Jerlov (1974), who introduced the term “color index.”  The color index is defined as the ratio of the nadir (downlooking measurement of upwelling) light flux at a blue wavelength (e.g., 445 nm) to that at a green wavelength (e.g., 550-580 nm).  Of course, other pigmented material and optical constituents such as detritus and CDOM also contribute to the measured signal and need to be taken into account.  In fact, it is often desirable to partition chlorophyll a concentrations associated with living phytoplankton with respect to detritus and CDOM as each of these quantities has its own specific importance and application.  This can be accomplished used spectral decomposition methods and models (next chapter).

Passive measurements of ocean color have been accomplished for over two decades with evolving optical instrumentation from aircraft and satellites, using the basic concepts outlined above.  Natural sunlight that emerges from the sea surface is measured from a downlooking optical sensing system mounted on an aircraft or a satellite.  The fundamental measurement of the ocean color for aircrafts and satellites is water-leaving radiance as a function of wavelength (Lw() as defined earlier in Chapter 2), from which radiometric variables including normalized water-leaving radiance (Lwn()) and remote sensing reflectance (Rrs()) are computed.  Again, products that are frequently derived or inferred from satellite ocean color data sets (primarily (from Lwn() and/or Rrs()) include chlorophyll a concentration and the diffuse attenuation coefficient (Kd()).    

The fundamental quantities for remote sensing of ocean color (applicable for aircraft and satellite-based systems) were introduced earlier in equations 2-42 to 2-45.  As a reminder, key parameters such as remote sensing reflectance and normalized water-leaving radiance (both spectral) can be defined according to

Rrs() = Lw()/Ed(, 0+) 



(4-1)

Lwn() = (1- )  F0() Lw() 



(4-2)  

                  nw2       Ed(,0+)

where Lw() is water-leaving radiance, Ed(, 0+)  is downwelling irradiance just above the sea surface,  is the surface Fresnel reflectance  (e.g., Maul, 1985), F0() is extraterrestrial solar radiation, and nw is the index of refraction of seawater.  Again, to a good approximation, we can write

Lw() = 0.544 Lu(,0-)



(4-3)

One of the primary limitations of remote sensing of color from aircraft and satellites is that the sensed light originates only from within the upper e-folding depth for a specific wavelength (i.e., zf = 1/Kd().  In addition, only a very small fraction of the light of interest originates from the depth z = 0 to zf.  As depicted in Figure 4-5, the total radiance received by the satellite sensor is composed of light from many secondary sources (the Sun being the primary and true originating source of almost all oceanic light of course).  The governing equation for the total light received by the satellite sensor, Lt() may be  given by the following equation (e.g., see McClain, 2001) 

Lt() = Lr() + La() + Lra() + T()Lg() + t() [Lf() + Lw()]  
(4-4) 

where Lr() is the radiance from atmospheric Rayleigh scattering,  La() is the radiance from aerosols, Lra() is radiance from Rayleigh-aerosol interaction, T() is the direct light transmittance, Lg() is radiance due to sunglint (direct sunlight reflection), t() is diffuse light transmittance, Lf() is radiance from foam at the sea surface, and Lw() is the water radiance that we actually desire.  So, the signal that we are interested in for remote ocean color measurements is not easily obtained since there are many other required measurements.   Each term includes some measurement or model error, and again Lw represents quite a small term in the equation.  A “vicarious” calibration (i.e., from a moored optical buoy as discussed below), meaning an in situ measurement of Lw() and deemed to be the very best seatruth value, can be used to adjust the satellite determined value of Lt(), provided that all other terms in the equation are quantified.  

Determinations of the desired variables Lw and Lwn can be made from in situ measurements made from moorings, ships or drifters as described below, but require extrapolation of subsurface measurements of Lu(, z) at depth to the surface to obtain Lu(, 0-), which is substituted into equations 4-2 and 4-3.  The relations used to compute Lu(, 0-) are 

KLu(, z) = - 1     dLu(, z)




(4-5)   





      Lu(, z)    dz


and 




Lu(, z) = Lu(, 0-) exp[-KLu(, z) z]



(4-6)

or




Lu(, 0-) = Lu(, z) exp[KLu(, z) z]



(4-7)

where values of KLu(, z) and Lu(, z) are obtained from measurements at multiple depths using spectral radiance sensors.  These relations typically assume that KLu(, z) is uniform with depth and invariant in time or that proper temporal averages are used (e.g., McClain, 2001; SIMBIOS Reports).

SEE NASA TECH PAPER BY HARDING FOR A FEW MORE POINTS AND REFERENCES BELOW

Early passive color sensors deployed from aircraft used a limited number of wavebands while considerable recent work has been devoted to hyperspectral sensing systems capable of measuring electromagnetic radiation at over 100 wavelengths across the visible and into portions of the ultraviolet and infrared in recent years.  One of the earliest ocean color sensors used for aircraft deployments was the Multichannel Ocean Color Sensor (MOCS, Harding et al., 1994, 2001).  MOCS measured radiance in 20 contiguous channels with wavebands of 15 nm lying between 400 and 700 nm.  Its spatial resolution was 20 X 10 km (4 X 2 millirad) and the swath width was about 1.5 km (17 deg field of view) for a flight altitude of 5 km.  The MOCS was used to provide chlorophyll a data for studies of Chesapeake Bay and nearby coastal waters.  

Later, another system, called the Ocean Data Acquisition System (ODAS), was used to collect time series data from a light aircraft flown over Chesapeake Bay during 150 flights from 1989 to 1996 (Harding et al. 1994, 2001).  ODAS, developed by the NASA Goddard Space Flight Center, used nadir-viewing with a three-band radiometer and collected blue-green (at 460, 490 and 520 nm with 15 nm bandwidths) data over a 1.5 deg field of view at 10 Hz.  For a flight altitude of about 150 m, and a speed of about 50 m/sec, the instrument footprint iwas about 5 X 50 m.  Concurrent sea surface temperature (SST) data were collected using an infrared senor (PRT-5, by Pyrometrics, Inc.).  ODAS is also of historical interest as it was flown concurrently with the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) Aircraft Simulator (SAS III, Satlantic, Inc.) beginning in 1995.  The SeaWiFS ocean color satellite is discussed in detail below.  Also, detailed information concerning the use of low-altitude (light aircraft), ocean color radiometric measurements are presented by Lazin et al. (2003; volVI of NASA TM).

ODAS was subsequently replaced with SAS instruments.  The SAS III system (Figure 4-7) uses 13 channels in the range of 380 to 865 nm and employs nadir-viewing and a 3.5 deg field of view with sampling at 10 Hz.  Several SAS III and SeaWiFS wavelengths are the same, although SAS III uses additional wavelengths and has an infrared sensor for SST measurements.  SAS III is used to estimate chlorophyll a by using an algorithm applied to water-leaving radiance values in the blue-green wavelengths along with in situ chlorophyll a data.  SAS III is typically flown at speeds of 50 to 60 m/sec (100-120 knots) and along-track resolution is about 5 m.  Data are averaged to provide 50 m data averages and visualizations utilize 1 km2 interpolated data.  Examples of SAS III and concurrent SeaWiFS chlorophyll a data and images are shown in Figure 4-4 (also see websites http://noaachesapeakebay.net; http://www.cisnet-choptank.org).  Earlier and most present in situ, aircraft-borne, and satellite-borne radiometers typically have employed less than 9 wavebands in the visible and one or more bands in the infrared (again, the latter for atmospheric corrections).  For estimating chlorophyll a, we will discuss several different algorithms and models for quantifying or retrieving variables such as chlorophyll a in Chapter 4.  Next, we briefly describe three hyperspectral imaging systems that have been flown on aircraft.  

The term hyperspectral again is usually applied to measurements that nearly continuously span the visible and often extend into the ultraviolet and infrared with spectral coverage every few nanometers (i.e., 1-10nm). Hyperspectral data sets collected from aircraft and satellites are expected to prove very valuable for extracting additional detailed information including bio-optical constituents including phytoplankton by groups.  As discussed in Chapter 2, different phytoplankton species have different absorption spectra, because of their characteristic pigment compositions (remember that each pigment has a characteristic absorption spectrum).  So, intuitively, one would expect that there should be useful information content for spectrally well-resolved radiance measurements.  In some cases, phytoplankton, such as some dinoflagellates associated with harmful algal blooms (red tides; see IOCCG Report 3, 2000), trichodesmium (Subrmaniam and Carpenter, 1994), and coccolithophores (Ackleson et at., 1994; Balch et al., 1994), are rather easily distinguished because of very distinctive pigmentation and thus absorption spectra (i.e., well defined peaks at specific wavelengths) or special scattering characteristics.  Sorting of other phytoplankton by groups or species can be very difficult if pigmentation compositions (meaning principle and auxiliary pigments) and absorption spectra are similar (i.e., co-varying), especially if absorption bands and characteristic peaks overlap (i.e., Garver and Siegel, ????).  Further, physiological processes such as pigment packaging can also affect absorption spectral shapes (e.g., Kirk, 1994; IOCCG Report 2, 1999).  We will return to the fascinating controversy concerning the efficacy of hyperspectral measurements in the next chapter.   

The hyperspectral Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) was designed to collect high spectral and high spatial resolution data in the wavelength range of 400 nm to 2400 nm; Figure 4-8) as essentially a proto-type for a satellite-based system called the High Resolution Imaging Spectrometer (HIRIS) that was never launched.  Light signals are collected for each picture element or pixel and sent to four spectroradiometers (together spanning the entire wavelength range) via fiber optic cable to produce the desired image.  Data are provided in 220 spectral bands and for every 10 nm interval in the range.  Because of the intention for space deployment, AVIRIS has been flown at high altitude (~20 km) and high speed (over 700 km/h) from a NASA ER-2 airplane (similar to the famous U-2 spy planes).  The AVIRIS instantaneous field of view (IFOV) is 1 milliradian and the  individual picture cells or pixels are about 20 m2.  The IFOV is the instantaneous angle of view from which a signal is received by a sensor and defines the smallest discernible viewed area and spatial resolution.  Robinson (1985) gives a detailed discussion of IFOVs, spatial resolutions, and sampling rates.  Several geometrical and resolution considerations come into play as well, especially for scanning ocean color imagers.  A whisk-broom or scanning method (e.g., Martin, 2003) of imaging is used for AVIRIS as a mirror scans back and forth in an orientation that is perpendicular to the line-of-flight of the aircraft (Figure 4-9).  Sampling is done at a rate of 12 Hz, giving nearly continuous coverage.    AVIRIS produces a swath width of about 11 km with an overall 30 deg field of view.  Data are stored and processed with steps for rectification (to translate to proper geographic coordinates) and atmospheric correction.  AVIRIS data have been used for terrestrial and atmospheric applications as well as oceanography (e.g., Davis and Carder, 1997; Harding et al., 2001; JPL WEBSITE??).  For example, AVIRIS data have been used distinguish chlorophyll a from bottom reflectance in clear waters of Lake Tahoe and turbid waters offshore from Tampa Bay.  Resuspended sediments, CDOM, and kelp beds (off California) have also been evaluated using AVIRIS data.  

The Compact Airborne Spectrographic Imager (CASI) is another hyperspectral imager, and like AVIRIS, CASI is used for terrestrial as well as water applications.  CASI (developed by Itres Research, Ltd. in Canada) is considerably smaller and lighter than AVIRIS and is thus suitable for deployment from even light aircraft.  CASI uses a pushbroom sampling configuration (as illustrated in Figure 4-9) and completes 333 scan lines per second.  In this mode, an array of stationary sensing elements (i.e., CCD array elements) are used to view the surface of the ocean as the satellite passes over.  CASI can be configured to optimize spatial or spectral resolution, giving an across-track field of view of 37.8deg, and along-track view of 0.077deg and 512 pixels or 288 wavebands at 1.9 nm intervals between 400 and 1000 nm. CHECK PREVIOUS SENTENCE AS THIS IS INCOMPLETE: GET A CASI REFERENCE OR WEBSITE.

The final hyperspectral imager we will discuss is the Portable Hyperspectral Imager for Low-Light Spectroscopy (PHILLS; Figure 4-10), which was developed at the Naval Research Laboratory for the U.S. Navy.  There are actually two versions of PHILLS that are being used at present ASK CURT DAVIS AND PAUL BISSET ABOUT THIS.  PHILLS uses a back-side illuminated CCD array to attain high sensitivity and a reflective spectrograph with a convex grating.  Further, the advanced CCD array with a large format enables improved spectral resolution and high signal-to-noise ratios.  Importantly, low albedo coastal waters can be effectively sampled and distortion-free images are produced.   The pushbroom method is used for imaging.  
Get some more specs on wavelengths, resolutions, angles etc. from Curt and Paul.   SEE NRL WEBSITE AND PAPERS FROM CURT.  Applications for PHILLS include development of methods to determine optical and bio-optical water properties, visibility, shallow water depths (bathymetry), bottom type compositions, and underwater hazards.  Data collected with PHILLS instruments during the HyCODE experiments will be described in Chapter 7.  PHILLS has been developed as a forerunner for a satellite-borne hyperspectral system called the Coastal Ocean Imaging Spectrometer (COIS), which will be discussed later.  

Active Remote Sensing of Color from Aircraft

Earlier in Chapter 3, we discussed methods for estimating chlorophyll a concentrations using fluorometers that flashed blue light and measured fluoresced red light with chlorophyll a concentrations being related to the output signals.  Several complicating effects were discussed; nonetheless fluorescence remains one of the few viable methods for sampling phytoplankton and related bio-optical properties.  Airborne lasers were deployed by NASA in the mid-1970’s (and later several other nations did comparable studies) from airplanes that flew fairly close to the ocean surface in order to estimate laser-induced chlorophyll a fluorescence.  Besides chlorophyll a, water constituents such as the photosynthetic pigment phycoerythrin, CDOM, oil slicks, and some artificial dyes (i.e., fluoroscein and rhodamine) were found to be measurable using airborne laser and light sensing systems. 

The NASA Airborne Oceanographic Lidar (AOL; Figure 4-11) has been one of the successful systems for laser fluorescence measurements since the 1980’s (e.g., Kirk, 1994; Harding et al., 2001; OTHERS?).  Briefly, the AOL is typically flown at about 150 m above the ocean surface and simultaneously transmits spatially separated (~ 1 m offset) light signals at 355 and 532 nm toward the sea surface.   The returned light signals are collected through a monochromator onto a receiver focal plane and viewed by fiber optics that transmit the light signals to a photomultiplier module.  Light waveforms are collected at 404 and 650 nm for water Raman measurements, at 450 nm for CDOM from 355 nm excitation, at 560 and 590 nm for phycoerythrin, and at 685 nm for chlorophyll a from laser excitation light at 532 nm.   The inelastic scattering via the Raman effect (e.g., Kirk, 1994; Mobley, 1994) is used to normalize fluorescence signals allowing correction for varying attenuation of light in the upper ocean.  More information concerning the AOL can be found on website http://lidar.wff.nasa.gov.  We will discuss AOL lidar data sets in Chapters 6 and 7 (NABE/MLML AND GALAPAGOS IRON EXPERIMENT: USE FIGURE 1, P. 115 OF HARDING FOR THE LATTER; YODER DAT FOR MLML!  HOGE REFERENCES ALSO??  HURRICANE STUFF OR NOT?  

It is worth noting that lidar systems such as the NASA Airborne Topographic Mapper (ATM) can also be used for mapping of topography, indicating significant changes in coastal morphology resulting from coastal erosion created by storms (see Figure 2 in Harding et al., 2001; also http://aol.wff.nasa.gov/aoltm/projects/beachmap/98results).  Harding et al. (2001) report that there are likely more than 60 airborne lidar systems in use around the world, although most are not used coastal mapping.  There is interest in deploying lidar systems on satellites as discussed later (ASK ZAN AND PEGAU AND CHET ABOUT THIS).  The in situ fast repetition rate fluorometer (FRRF), discussed in the previous chapter, is one of the promising instruments for determining parameters related to rates of primary productivity.  The basic principle of the FRRF is being used in the development of an airborne version of the instrument by NASA investigators. It uses the AOL laser for the pump and a second laser light pulse for the probe.  More information on this research activity can be found in REFERENCE??? ASK HARDING ABOUT THIS.    

IDEA OF AIRCRAFT USE FOR DEVELOPING AND TESTING OCEAN COLOR IMAGERS AND USE OF LIDAR.  

Recently, unmanned aircraft with sensor payloads have provided new flexibility for these purposes.  INFO FROM PAUL BISSETT ON THIS.

4.4  Remote Sensing from Space
Background

Remote sensing from spacecraft and satellites for scientific purposes began in earnest in the 1960’s (see review by Wilson et al., 2001).  Important first steps enabling scientific uses of remote sensing from space included collection of temperature data (thermal infrared) obtained from polar-orbiting meteorological satellites to create surface temperature maps and color photographs taken by astronauts and cosmonauts (ASK STEVE ACKLESON ABOUT REFERENCES FOR PHOTOS USED FORM SPACE).  Importantly, color photographs taken from space in the early 1960’s from the Apollo-Soyuz missions showed nearshore shoals, sediment patterns, and phytoplankton (i.e., chlorophyll) features (STEVE????).  Such images sparked the imaginations of oceanographers, who began to realize that large-scale, synoptic views of the ocean surface would be valuable for advancing understanding of ocean processes.  Frank Scully-Powers, the first oceanographer to fly into space (REFS FORM STEVE), pointed out many important oceanographic features during his space flight (REF??).

The potential for scientific oceanographic studies using remote sensing from space was formally addressed by oceanographers at two key conferences, the first convened at Woods Hole, Massachusetts and the second at Williamstown, Massachusetts in 1964 and 1969 (see reports edited by Ewing, 1965, and Kaula, 1969; also account by Maul, 1984).  Some of the variables thought to be good candidates for sensing from space included sea surface topography (for tides, surface currents using the geostrophic method, and the marine geoid), wind velocities, and wave heights and spectra.     [JIM BAKER CAMERA????  SEE AIR FORCE MUSEUM BOOK AND CONTACT JIM ; FIGURE 3-??? ALSO ASK STEVE ACKLESON ABOUT THIS].  Of course, many more missions (Table 4-2) have been added more variables to this modest original list.   

The first satellite to be entirely dedicated to ocean observations was Seasat (Figure 4-12), which was launched by the United States on June 26, 1978 ASK BEN HOLT FOR REVIEW PAPER ON SEASAT??).  Unfortunately, Seasat failed (electronic problem) after only 99 days in space.  Nonetheless, it returned large volumes of data for studies of wind velocities, sea surface temperature, large-scale ocean currents, and surface and internal gravity waves.  It has been stated that Seasat collected more oceanographic data in its short lifetime than had been collected altogether in the entire history of oceanography (BEN HOLT REFERENCE??).  In the late 1970’s and early 1980’s, computer technology was quite limited compared with contemporary capabilities.  Furthermore, translation of electromagnetic signals into geophysical/oceanographic data was still novel and quite challenging, so scientific inferences from the various sensors required considerable effort.  Thus, it took many years for dedicated scientists to analyze Seasat data sets.  Nonetheless, the striking images and information provided by Seasat and other subsequent satellites and manned spaceflight missions have revolutionized oceanography. Clearly, satellite-based sensors represent powerful technological tools for ocean measurements.  

Several international efforts in satellite oceanography emerged in the 1980’s and today many joint, multi-national satellite programs are devoted to ocean studies as summarized in Table 4-2 (e.g., see  Figure 5 in Wilson et al., 2001; PERHAPS UPDATE BY LOOKING AT NASA WEBSITES???).  Several different satellites and satellite-derived variables are portrayed in Figure 4-13.    (THIS FIGURE WILL SHOW A VARIETY OF INTERESTING SATELLITE IMAGES ON DIFFERENT SCALES AND FROM DIFFERENT PLATFORMS AND SENSORS).  Brief summaries of several different satellite measurement capabilities that complement ocean color remote sensing are presented in Appendix V (also, see book by Martin, 2003, and relevant papers in the Encyclopedia of Oceanography).  These are frequently mentioned in case studies in Chapters 5 and 6.  Next we focus on remote sensing of ocean color from space. 

Remote Sensing of Ocean Color from Satellites

Initial observations of the spectral reflectance of light from the ocean, ‘ocean color,’ from airborne sensors (e.g., Yentsch, 1960; Lorenzen, 1969) provided the basis for satellite ocean color measurement systems initiated in October 1978 by the Coastal Zone Color Scanner (CZCS; United Sates, Gordon et al., 1985).  Interestingly, despite its name, the CZCS was used primarily for open ocean studies.  In fact, it was presupposed that the CZCS might not be effective for Case 2 waters.  

The CZCS was the first instrument specifically designed to test the concept of obtaining ocean color and chlorophyll a (pigment) data from space on regional and ultimately global scales.  The CZCS goals were rather modest by today’s standards.  For example, the CZCS was supposed to collect data for only two hours per day or 10-20% of the time and only for 1 year (Davis, 1987).  Nonetheless, the CZCS far surpassed its expected lifetime and expectations, providing important data until June 1986  (e.g., IOOCG Report 2, 1999).  Many technical lessons were learned from the CZCS experiences and CZCS data sets have been used for many discoveries and scientific advances.  The methodologies for obtaining satellite ocean color data sets from satellite sensors and for estimating optical and bio-optical variables have evolved since the historic launch of the CZCS on the Nimbus-7 satellite.  The CZCS program represents a major turning point for ocean color as well as bio-optics and oceanography in general (see review by Barale and Schlittenhardt, 1993).  Descriptions and reviews of the CZCS instrumental design and its use may be found in Gordon (1985) and Kirk (1994) and on the CZCS Website????.  

Even with the remarkable successes of the CZCS program, no color satellite data were available to oceanographers for more than a decade until the launch of the Japanese Advanced Earth Observation Satellite (ADEOS).  ADEOS carried the Ocean Color and Temperature Scanner (OCTS) and the French Polarization and Directionality of the Earth’s Reflectance (POLDER) instrument.  Unfortunately, ADEOS failed prematurely, functioning only from August 1996 to June 1997.  Nonetheless, these data too have proven useful and may be accessed through NASA ocean color databases (GIVE INFO ON THIS).   In September 1997, the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) began providing ocean color data.  More recently, additional ocean color imagers have been placed in orbit (see Table 4-3).  These include: the Moderate Resolution Imaging Spectrometer (MODIS) TWO OF THESE???  CHECK!! (United States, launched in 2001), COCTS and CZI (China, launched in 2001),  MOS and OCM (India, launched in 2001), GLI and POLDER (CNES, France, and Japan, launched in 2001), and MERIS (Europe, launched in 2001).  Some of these instruments are described below. 

The SeaWiFS (Figure 4-14  SEE KIRK P. 181; see SeaWiFS website showing images of both SeaStar and SeaWiFS in orbit) ocean color imaging system was carried into space aboard the SeaStar satellite (later called OrbView-2; we refer to it as SeaStar here for consistency) on August 1, 1997.  SeaWiFS continues to function at the time of the writing of this book and, like the CZCS, has served as a model for several later ocean color satellite programs.  Thus, we will use SeaWiFS for several of our ocean color imager examples and as a reference point for other ocean color imagers.  In particular, much of the discussion focusing on SeaWiFS applies to OCTS.  It is beyond the scope of this book to provide detailed engineering and technical information concerning all of the existing and planned ocean color satellites.  However, the similarities and differences among past, present, and future ocean color satellite missions are easily discerned by examining Table 4-3. The IOCCG website (http://www.ioccg.org) also provides valuable current information on ocean color satellite missions as well as other important related matters.  

Most satellites are carried directly into space.  However, the Pegasus rocket (Figure 4-15), which carried SeaStar and SeaWiFS, was flown from Vandenberg Air Force Base, near Santa Barbara, California to an altitude of about 10 km by a Lockheed L-1011 aircraft before it was dropped and the rocket engines were activated (see launch on website?????).  Interestingly, the famous X-15 test plane, a precursor to space flight, was dropped from a B-52 bomber before ignition, much like Pegasus.  The Pegasus rocket took SeaStar into a low earth “parking” orbit at about 280 km above the earth’s surface with an orbital inclination angle of about 980 (see Figure 4-15).  While in this orbit, solar panels that were to be used for power were deployed (both solar and battery power are used for SeaWiFS).  Seastar was then boosted into its desired polar, sun-synchronous (meaning an orbit enabling viewing of the surface of the earth during daylight, optimally near local midday) circular orbit at an altitude of 700 km using its hydrazine propulsion unit about 20 days after launch.  SeaWiFS instruments were then tested and data collection was initiated in September 1997.  The final orbital period was 99 minutes with equatorial crossing near noon in a descending trajectory.  The recurrent period is 16 days and global coverage is achieved every two days (see Table 4-3 for similar information for other ocean color satellites).  

Incoming radiation is received by the SeaWiFS telescope and then reflected onto a rotating half-angle mirror (Figure 4-14).  The term half-angle refers to ???.  The radiation then passes through dichroic beam splitters (each of these separates shorter from longer wavelengths of light by transmitting on and reflecting the other) separating radiation into 4 wavelength intervals with each interval containing 2 of the 8 total SeaWiFS spectral bands.  Further, spectral selection is accomplished with bandpass filters.  Six spectral bands in the visible with 20 nm bandwidths are produced; these are centered at 412, 443, 490, 510, 555, and 670 nm.  Two additional bands in the near infrared are centered at 765 nm and at 865 nm; both have 40 nm bandwidths.  These latter two bands are used for atmospheric correction algorithms (discussed in next chapter).  The signal from each band is then appropriately amplified for processing.  The basic concepts for obtaining ocean color and bio-optical information from satellite ocean color imagers are very similar to those aircraft (discussed above) and will not be repeated here.  Also, algorithms and models used for remotes sensing data are discussed in the next chapter.     

SeaWiFS uses the moon (and sun) for calibration, and the Seastar attitude control system is used for maneuvering in order to point the radiometers in the desired directions.  Scientific and spacecraft diagnostic data (using 10 bit digitization) are telemetered (L-band at 1702.56 MHz) from SeaWiFS in real time at 665 kilobytes per sec (kbps).  The scientific data are called LAC, meaning local area coverage.  Using a second telemetry mode (S-band at 2272.5 MHz), LAC, GAC or global area coverage, and diagnostic data are transmitted in delayed mode.  Global positioning system receivers are used for orbit characterization and diagnostics.  

The SeaWiFS system’s wide observational field of view is created by using an optical scanner.  The optical scanner (Figure 4-14 SEE KIRK P. 173, FIG. 7.2B), which is of the “wiskbroom” type (e.g., Figure 4-9), consists of a rotating, scanning, folded, off-axis telescope that is coupled with a half-angle (WHAT DOES HALF ANGLE MEAN HERE??) scan mirror.  The off-axis telescope rotates at 6 revolutions per second in the cross-track direction (perpendicular to the orbital flight line to create the data swath).  A minimum level of polarization of light and a scan angle range of +/-58.30 are also achieved with the SeaWiFS system.  Light polarization concerns refers to the orientation (polar angle) of the transverse amplitude vector and the propagation vector for an electromagnetic wave (see Figure 2-5; see Maul, 1985; Hecht, 2001).  Light from the sky is highly polarized with the polarization depending on sun elevation, azimuthal angle, viewing geometry, wind sped, and aerosols.  Even though ocean color measurements from aircraft and satellites attempt to avoid direct sunlight, some skylight is inevitably reflected off the sea surface and to the color detectors.  Sensors are thus designed to be minimize sensitivity to this confounding polarized light (e.g., Davis and Carder, 1997).   SEE WHAT MARTIN SAYS ABOUT POLARIZATION AND ITS EFFECTS ON OCEAN COLOR MEASUREMENTS; Martin. 2003???).  This angular range and the orbital altitude (705 km) results in the very wide viewing swath width of 2,801 km for LAC and 1,502 km for GAC modes (Figure 4-15; one can be from Kirk p. 182 and the other from a SeaWiFS web site that shows the swaths on a global map).   The spatial resolutions are 1.1 km for LAC and 4.5 km for GAC modes.   Data are collected as the satellite orbits, thus providing a series of scan lines so that a rectangular array of “pixels” is created as indicated in Figure 4-9.  These spatial data need to account for the earth’s curvature and the scanning geometry of the color scanner as both contribute to distortion from the desired rectangular geometry.  This distortion is removed through a series of computations producing a projection of the data onto a standard latitude-longitude grid.  These geometrical correction steps are especially important for data collected near shorelines and cloud edges.  

The SeaWiFS angular (telescopic) view is through 1.6 milliradians, and the scanner is tilted in the along-track direction (at +20, 0, -200) in order to avoid sunglint.  Sunglint or sunglitter refers to direct (opposed to diffuse) sunlight that is reflected from the sea surface directly to the satellite sensors.  This effect is often seen when flying in an airplane as very bright light is strongly reflected from ocean waves (example picture shown in Maul, 1985).  Sunglint acts to obviate sensing of ocean color since the desired information content is derived from below the surface and the sunglint light saturates the light detectors.  Sunglint is dependent on the state of the ocean surface, that is whether it is smooth (called specular) or rough (and dependent on surface waves), which is in the color sensors’ viewing area.  Sunglint is especially problematic for satellite passes over the equatorial region; however, tilting of the sensors so that the viewing area is well outside the glitter pattern can be used to effectively negate the sunglint effect.  Note that not all ocean color satellites have tilt capabilites as indicated in Table 4-3.   However, CZCS, OCTS, SeaWiFS, and OCM could or can be tilted at +/- 20 degrees and POLDER-1, POLDER-2, and MISR could or can be tilted at variable angles.   Further information on the sunglint problem can be found in Maul (1985), Stewart (1985), and Martin (2003).   

Earlier, we discussed spatial ranges and resolutions for airborne spectral radiometers.  Since most color satellites orbit at altitudes of roughly 600 to 800 km (Table 4-3), and their radiance sensors collect light over solid angles of a few degrees or steradians, their resolutions are typically on order of 0.25 to about 1 km.   Exceptions include planned satellite-borne hyperspectral imagers with higher spatial resolution (meters to 10’s of meters) that are designed specifically for coastal applications (discussed below).  Again, the power of satellite-based observations of ocean color lies in the capability to view large areas of the ocean (roughly from the surface down through the euphotic layer or to the 1% light depth) over time spans of hours (quasi-synoptically) and most of the world oceans within a period of a few days.  Satellites in lower orbits can in principle provide more detailed information and improved spatial resolution, while those in higher orbits view locations more frequently, but with poorer spatial resolution.  The recording and telemetry of ocean color satellite data is done through a variety of means (e.g., X-band, S-band, L-band, and UHF frequencies) as summarized in Table 4-3 (also see NASA REPORT???).  Some use real-time or near-real-time modes. These are especially valuable for coordinating simultaneous field experiments.  

Schematic diagrams of SeaWiFS, MODIS, and the planned COIS ocean color imager are shown as examples in Figures 4-14.  Again, for reference, the key characteristics and specifications for these and several other ocean color satellites are listed in Table 4-3.  Some of the major design and performance parameters include: wavelength selection, bandwidth for each wavelength, saturation radiance values, noise equivalent radiance resolution, signal-to-noise ratios, polarization sensitivity, field-of-view, spatial resolution, stray light rejection, and sensor tilt capability (i.e., for avoidance of sunglint).  Several factors complicate ocean color measurements from space.  These include: sensor drift due to aging, filter degradation, stability of onboard calibration light sources, and changes in instrument sensitivity.  All ocean color satellites to present have used low-altitude, polar, sun-synchronous orbits.  Interestingly, the Taiwanese OCI uses a low inclination orbit in order to increase temporal coverage in the tropics).  The orbits of these ocean color satellites is not actually over the poles; as indicated in Figure 4-15,  the latitudinal range for SeaWiFS is 570 north to 570 south and the sampling resolution is about 1.1 km.  An illustration of the daily coverage of SeaWiFS is also shown in Figure 4-15.  Remarkably, one global image of ocean color variables (e.g., chlorophyll a) required data collected from the complete 8-year CZCS mission while SeaWiFS produces such an image within about two days and in near real-time.  This is one of the major technical advances since 1978.
Next, we discuss some of the characteristics of satellite ocean color sensors, first focusing on wavelength selections.  We discuss the utility of hyperspectral measurements in the next chapter and thus focus here on ocean color sensors generally limited to about 9 wavelengths in the visible with additional wavelengths in the near infrared for atmospheric corrections.   Table 4-3 (SEE IOCCG REPORT 1 p. 5 and 29, 30-40 and  SIMBIOS FARGION) summarizes the central wavelengths ( in nm), here bandwidths  = bandpasses (full width at half maximum of power or FWHM in nm), and noise equivalent radiance resolutions (NEL in W m-1 sr-1 m-1) used for several different ocean color satellites.  Center wavelengths and bandwidths have been defined earlier.  The noise equivalent radiance resolution is defined for each sensor channel or central wavelength as the ratio of the specific sensor’s scene radiance (W m-1 sr-1 m-1) to its signal to noise ratio (unitless).  More detailed  information concerning ocean color signal to noise ratios and noise equivalence radiance  may be found in Maul (1985) and Martin (2001)??????SOME NASA TECH REPORTS FOR SEAWIFS??.  EXPLAIN HOW SPECIFICATIONS FOR BANDWIDTH AND , S/N AND NOISE EQUIVALENT RATIOS ARE DETERMINED HERE?

We begin the wavelength selection discussion with the CZCS (operational period October 1986 to June 1986), which used wavelengths of 443, 520, 550, 670, and 750 nm and bandwidths of 20 nm (except for 750 nm with a bandwidth of 100 nm).  The choices of 443 nm (blue end of spectrum) and 550 nm (green) were based on the desire to estimate or “retrieve” chlorophyll a concentrations with absorption-based ratio algorithms (i.e., essentially following the Jerlov color index concept discussed above; more advanced algorithms and models are discussed in the next chapter).   Again, the phytoplankton chlorophyll a absorption peak is near 443 nm, so increased phytoplankton numbers and chlorophyll a concentrations result in more absorption of light at 443 nm and reduced reflectance in the blue end while there is increased reflectance at wavelengths greater than about 550 nm (e.g., Figure 4-6).  The 550 nm wavelengths is effectively used as a reference or hingepoint wavelength where changes in chlorophyll a concentration cause minima changes in reflectance.  The 550 nm wavelength was also selected so as to avoid the range of 567 to 637 nm because of atmospheric water vapor absorption.   The 520 nm wavelength was chosen for use in algorithms directed toward high chlorophyll a conditions while the 670 nm wavelength (a secondary chlorophyll a absorption peak) was used for atmospheric corrections.  Finally, the 750 nm channel was used for aerosol characterization and atmospheric corrections (discussed in the next chapter).  SeaWiFS (operating from September 1997 to present) uses similar wavelengths (total of 8 wavelengths) to the CZCS (total of 5 wavelengths), but with the addition of channels at 412, 490, and 865 nm and some slight shifts of wavelengths (i.e., from 520 to 510 nm, from 550 to 555 nm, and 750 to 765 nm).  Bandwidths of 20 nm are used for all visible wavelengths for both the CZCS and SeaWiFS.  SeaWiFS uses bandwidths of 40 nm for 765 and 865 nm; the noise equivalent radiance ratios for both the CZCS and SeaWiFs are given Table 4.3; note that these are generally lower by a factor of three for SeaWiFS than for the CZCS.  

In regions where CDOM (gelbstoff) concentrations are significant, it is difficult to determine relative contributions of chlorophyll a versus CDOM by using only the 443 and 555 nm channels.  However, addition of a channel at 410 nm, where the absorption by CDOM and chlorophyll a are better separated, enables use of schemes to identify conditions where CDOM may dominate, namely by comparing the ratios of Rrs(412)/Rrs(555) and Rrs(443)/Rrs(555) (discussed in next chapter)   The water-leaving radiance signal at 443 nm is quite small for chlorophyll a concentrations above about 2 ug/l; therefore a band at 490 nm was added for SeaWiFS even though there is less sensitivity for this wavelength.  Switching algorithms (between these wavelengths) are sometimes used for chlorophyll a retrievals in regions with large dynamic ranges in chlorophyll a (e.g., O’Reilly et al. ????) to take advantage of both channels   The channels at 765 and 865 nm were selected to improve atmospheric correction algorithms (i.e., aerosol characterizations). 

The Japanese OCTS imager operated from August 1986 to June 1997 and overlapped in time with SeaWiFS for only about a month before a malfunction.   OCTS wavelengths were quite similar to those of SeaWiFS as the only differences were for r wavelengths of 520 and 565 nm for OCTS opposed to 510 and 555 nm for SeaWiFS (Table 4-3).  The bandwidths were basically the same and the noise equivalent radiance resolutions were somewhat higher.  Wavelengths selected for MODIS are also quite similar to those of SeaWiFS with a few exceptions (Table 4-3).  However, additional wavelengths (e.g., 531, 678, 748, 870, 469, 645, 858 nm) are used and a few wavelengths are omitted (e.g., 510, 765, 865 nm).  Most of the MODIS bandwidths in the visible and near infrared are 10 or 15 nm opposed to 20 nm for SeaWiFS and the noise equivalent radiance resolutions are about half those of SeaWiFS.  

MODIS, like SeaWiFS, is a wide-field-of-view instrument (see Table 4-3).  SEE NRC REPORT 2003 P. 110-111 AND THE TABLE DESCRIBING MODIS.  With its high sensitivity, MODIS is capable of oceanic, terrestrial, and atmospheric applications (e.g., Davis, 1987).   The MODIS detector is an array spectrometer and data are collected during each cross-orbit scan.  The large number of wavelengths is intended to allow separation of dominant phytoplankton groups as well as to sort and measure phyotoplankton (chlorophyll a), CDOM, and sediments.   MODIS is also designed to retrieve high ocean chlorophyll a concentrations using a special fluorescence-based (opposed to absorption-based) algorithm that is applied to radiance values at 645, 678, and 710 nm; the narrower bandwidths are driven in part by this retrieval approach (discussed in next chapter).  Again, the infrared wavelength choices were based on atmospheric correction considerations.  Readers interested in the evolution of the selection of wavelengths are directed to IOCCG Report Numbers 1, 2, and 3.  IOCCG Report Number 1 addresses the problem of defining the minimum spectral requirements for remote sensing of the ocean with the objective of optimally selecting a suite of common wavebands for all internationally coordinated ocean color satellite missions.  

GET MORE MODIS INFO ON HTTP://MODIS.GSFC.NASA.GOV/AND +HTTP://MODIS-OCEAN.GSFC.NASA.GOV/REFS.HTML

{Add  more on MODIS and some of the other satellites besides CZCS and SeawiFS? Get Figures defined!  Any more refs to Maul and Stewart??}  SEE MODIS EBSITES FOR MORE INFORMATION ON 2 MODIS SATELLITES (START WITH HTTP://OCEANS.NASA.GOV/MISSIONS.HTM!!

SEE IOCCG WEBSITE FOR NEW SATELLITES/IN NOTEBOOK
Satellite sensor characteristics including dynamic ranges, resolutions, and accuracies along with system signal-to-noise ratios and noise equivalent radiance resolutions are driven by the accuracies required for the fundamental measurements of interest (Hooker and McClain, 2000; NASA Reports???).  The second important aspect concerns capabilities to calibrate and validate the desired data products using in situ observations.  Key goals for the SeaWiFS program were to determine water-leaving radiances with an absolute radiometric accuracy of 5% and a 1% relative accuracy, water-leaving radiance to within 5% of absolute true values, and  chlorophyll a concentrations to within +/-35% for the range of 0.05 to 50 g/l.  INTERESTINGLY RECENT ESTIMATES OF ERROR  IN CHLOROPHYLL ARE ???? SEE BABIN EMAIL ON THIS.  ASK FELDMAN ABOUT OTHER ESTIMATES AT THIS POINT.  These are rather extraordinary demands, especially if one reflects on equation 4-4 and its several terms.    

Next, we summarize some of the more salient calibration and validation activities for SeaWiFS (summarized in schematic flow chart diagram in Figure 4-18).  These are generally applicable for many other present and future ocean color imagers.  The SeaWiFS calibration activities involved pre-launch laboratory calibrations of the sensor system, onboard sensor calibrations done while SeaWiFS is in orbit, atmospheric and oceanographic field calibration and validation measurements that are also essential for algorithm development and testing, and maintenance of an easily accessible database for requisite optical and bio-optical variables as well as complementary parameters needed for proper interpretation and contextual information.  An extensive set of calibration and operational protocols was developed in order to meet the targeted accuracy goals (e.g., see Hooker and McClain, 2000; McClain, 2002; Mueller et al., 2003; website for NASA Technical Memoranda??).     

The SeaWiFS instrument, which was designed for a 5-year operational mission, was calibrated radiometrically prior to launch (see Table 4-4).  Steps for this phase included comparisons with data collected using light integrating spheres (discussed in Chapter 3), standard transfer radiometers, and ground-based solar measurements (also compared with in-orbit measurements).  Another important problem concerns the response curves for the individual wavelengths of interest; this is called the out-of-band response (REF??).  This curve is established by the characteristics of a bandpass filter or by the monochrometer or polychromator grating of the particular system.   The problem arises when light from outside the desired bandwidth enters the sensor and is recorded.  This can be exacerbated by aging of filters or by unwanted scattering of light within the instrument (e.g., Clark et al., 2003). This problem applies to in situ as well as remote sensing radiometric instruments (e.g., Siegel and Dickey, 19??).  Once SeaWiFS was in orbit, solar and lunar calibrations were done.  This step in the calibration process is valuable as the light received from these two bodies is very steady.  The solar calibration involves the daily collection of light that impinges on a diffuser at a location outside the +/-58.30 SeaWiFS scan interval and takes place at the southernmost terminus of the orbit (toward south polar region).  Degradation of the diffuser is reduced by covering it with an aperture plate between viewing.  The lunar calibration is done monthly and requires a spacecraft maneuver to allow viewing during the nighttime portion of the orbit.     

The primary measurement of interest for ocean color satellite sensor calibration and validation purposes is the normalized water-leaving radiance, Lwn().  As mentioned earlier, this measurement is critical in adjusting satellite-based values of Lwn() (see equations 4-2 to 4-4 above).  There are several important points concerning the in situ calibration and validation approach in general; most are applicable to mooring-based and ship-based measurements.  For example, satellite sensors measure less than 10% of the desired signal from the near surface ocean.  On the other hand, in situ measurements do not have to contend with atmospheric effects that are responsible for significantly reducing the satellite signal.  Also, in situ sensors can be recalibrated using established standards on time intervals of weeks to months.

Two dedicated optical buoys, both called MOBY (discussed in previous chapter), have been used for the primary ‘vicarious’ calibration of ocean color measurements including Lwn() (e.g., Hooker and McClain, 2000; Clark et al., 2003).  The term vicarious as used here indicates that relevant in situ optical measurements are taken simultaneously with those obtained from a passing ocean color sensing satellite and used as the ground truth or sea truth data, that is for calibration and/or validation of the satellite-derived data sets.  A Japanese optical buoy, YBOM, was developed to do nearly the same measurements as MOBY and the French CORIOLIS?? has been deployed recently for similar purposes (Antoine, ???).  Because of its great importance to satellite ocean color calibration and validation to date, a brief summary of the MOBY activity follows.   

MOBY has been and is presently being used for calibration of the following ocean color satellites: OCTS, SeaWiFS, POLDER, the German Modular Optoelectronic Scanner on the Indian Research Satellite (IRS-1-MOS), and MODIS.  MOBY is deployed off the Hawaiian island of Lanai for several reasons, including accessibility to shore calibration facilities, clear waters with low chlorophyll values, and relatively cloud free conditions (see Clark et al., 2003 for details).  MOBY radiometric measurements are made only at the times of passages of ocean color satellites. The design of MOBY is driven in large part by the goal of the SeaWiFS and MODIS programs to obtain satellite-derived measurements of normalized water-leaving radiance, Lwn(), again to within a standard uncertainty of 5% (e.g., Hooker and McClain, 2000; Clark et al., 2003).  Here, standard uncertainty is defined as the uncertainty resulting from a measurement in the form of a standard deviation.  Importantly, the uncertainty must include errors arising from multiple sources including in situ calibration and satellite sensors and correction factors (i.e., from atmospheric effects).   Because of such stringent error constraints, several special means and protocols are used by MOBY investigators.  As indicated in the previous chapter, MOBY uses a highly sophisticated high spectral resolution optical system (Figure 3-??), which is well characterized in terms of calibration and out-of-band and straylight effects.  Instrument self-shading effects are quantified and corrections are applied.  Ancillary measurements of wind speed and direction and other meteorological and physical variables are collected from MOBY as well to provide supporting information concerning conditions during measurements.  MOBY data are telemetered via cellular phone link also. 

One of the MOBY systems is deployed for about 3 to 4 months before replacement by another MOBY.  The recovered MOBY is then post-calibrated and prepared for the next deployment period.  Divers clean optical sensors and do in situ calibrations using known light sources.  Sun photometer and sky radiance measurements are done from nearby islands so that atmospheric and aerosol effects can be quantified and atmospheric correction algorithms can be developed and tested.  Ship-based sampling is also done at the site to provide additional complementary optical and biological data sets (i.e., for bio-optical algorithm development and testing) and to characterize natural scales of horizontal variability (remember the large disparity in sampling areas of SeaWiFS and in situ platforms).  More details concerning MOBY measurements, protocols, and data processing in relation to its ocean color calibration and validation are given by Clark et al. (2003).  Clearly, the MOBY program is one of the most critical, although very labor intensive and expensive, elements of the satellite ocean color calibration and validation activity.  

The calibration and validation of ocean color sensors requires a large number of data sets that span diverse oceanic and geographic regions and must sample time scales ranging from less than a day to years.   Ship-based measurements have played important roles, particularly during specific field campaigns, especially for validation and algorithm development (e.g., Hooker and McClain, 2000; NASA Tech. Mem. ???).  Ship sampling has been conducted at several sites using profiled packages (e.g., Smith et al., 19??; Siegel et al., ????).  Shadowing effects have been especially troublesome for ship sampling.  However, free-falling systems have been designed to avoid ship shadowing effects (Waters et al., ???; Hooker and McClain, 2000) Profile measurements made from ships also suffer from changing atmospheric or oceanic conditions during the profile.  Optical measurements made from deck-mounted radiometers can be used to account for this effect.  A major ship-based campaign for SeaWiFS was the Atlantic Meridional Transect (AMT; see schematic in Figure 4-19 FIGURE 3, P. 450 IN HOOKER AND MCCLAIN; AIKEN REFEENCE???) program that spanned more than 13,000 km from off South America (~500S) to England (~500N).  The AMT program (Aiken et al., 2000; Hooker and McClain, 200; Hooker, 2002?) provided validation and algorithm development data sets in diverse oceanic regimes, thus encompassing several of the ocean’s biogeochemical provinces; ranging from the equator to high latitudes and coastal to open ocean.  The relative ease in cleaning and calibration of radiometric instruments on-board ships is a major advantage of this sampling mode for ocean color validation.  

As in situ optical and bio-optical instrumentation and autonomous sampling platforms have advanced, there has been growing interest in obtaining calibration and validation data sets from moorings and drifters (e.g., Dickey, 1991; 2002; Chavez, ????;  recent review by Kuwahara et al., 2003)   Thus far, ocean buoys and moorings and drifters have been used primarily for validation of ocean color measurements, rather than calibration as they have used commercially available instrumentation (as have ship observers) and are not yet capable of  the level of precision and accuracy of MOBY.  Several relevant mooring and drifter systems were described in the previous chapter and detailed accounts and reviews pertaining specifically to ocean color satellite calibration and validation via moored systems are given by Dickey et al. (1998a, 2001), Dickey (2003), Pinkerton and Aiken (1999), Clark et al. (1997, 2003), and Kuwahara et al. (2003) other refs?? SEE SEAWIFS REPORT CHAPTER.   There are several advantages for mooring opposed to ship-based measurements.  Moorings enable collection of data on a continuous basis and thus allow large volumes of match-up data (meaning simultaneous collection of satellite and in situ mooring data).  In particular, ships are too expensive to do continuous long-term measurements.   Moored instruments can also sample on scales of seconds to minute if desired allowing evaluation of high frequency effects (i.e., surface waves; passage of small clouds; changes in aerosols).  It is also likely that a world network of moorings will be deployed as part of the Global Ocean Observing System (GOOS) as discussed by Send et al. (2002).  In principle, these moorings can be used for satellite ocean color calibration and validation activities.   On the negative side, present mooring-based measurements are most often done at a limited number of depths and thus the vertical resolution is poorer than for ship-based profiling instruments and thus the extrapolation of subsurface measurements to the surface produces some error.  However, profiling moorings equipped with optical sensors would obviate this problem, though lack the desired high temporal resolution capability.  Concurrent sampling using fixed-depth and profiled instrumentation is an optimal solution that may be for some special experiments.  A tower off Venice, Italy in the Adriatic Sea (Zibordi et al., 1999; SEE LIST OF REERENCES AND ADD MORE???) has also been used for validation of satellite ocean color data.  Towers have the negative factor of rather large shading effects to contend with.  Optical drifters (REF; MARLON) were also used.  SEE SIMBIOS REPORT  AND ADD STUFF HERE.  Drifters have some of the same advantages as moorings, but are usually too expensive to recover and thus post-calibration of instrumentation is not possible. 

Importantly, the area sampled instantaneously by optical instruments deployed from a mooring, buoy, tower, ship, drifter, or AUV is on order of a square meter whereas the minimum surface area that can be sampled by a satellite is typically about 1 square kilometer.  So, horizontal variability in optical properties can corrupt the desired matchup.  However, in the near future, a variety of profiling floats, autonomous underwater vehicles, and gliders (discussed in previous chapter) will be capable of providing additional data sets that should be valuable for remote sensing.  For example, one can envision the use of moored sensors to collect high temporal and vertical resolution data sets while nearby AUVs and gliders are collecting data over the scale of a satellite pixel or more. Biofouling remains a problem for any instrument deployed in situ for extended periods; however, significant progress is being made (see Appendix ??).  Despite the many complicating and error producing factors, some examples of excellent match-up data for normalized water-leaving radiance have been obtained from moorings as well as ships.  Some examples are shown in Figures 4- 20 [SHOW BTM, AIKEN, SIEGEL] 

Other important calibration and validation activities have included round robin intercalibrations of field radiometers and the development of portable field calibration systems (see Table 4-4; Hooker and McClain, 2000; SeaWiFS series 2003; SCOTT MCLEAN PAPERS??MOBY ALSO)  Atmospheric measurements are also critical for correction algorithms (discussed in next chapter) and must be incorporated into the calibration and validation procedures.  Measurement protocols and a well-designed and easily accessible database are key to the success of the SeaWiFS program and will be for other ocean color satellite programs as well (e.g., Hooker and McClain, 2000; NASA TMs).  

Satellite ocean color images (e.g., CZCS, SeaWiFS, MODIS, and others) that have become familiar to oceanographers and the general public are actually portrayals of processed data that usually use “false-color” representations (Figure 4-4).  These depict various ocean features in terms of spatial variability in the ocean color data products (e.g., chlorophyll a concentrations) inferred using a particular satellite radiometer system and ocean color algorithms and models.  These images usually include color bars indicating corresponding chlorophyll a concentrations (other optical variables such as CDOM or the spectral diffuse attenuation coefficient are often depicted in a similar fashion).   For example, a continuous color bar spectrum could be set up to indicate violet and blue false colors for chlorophyll concentrations less than say 1 to 2 g/l, green to yellow shades for moderate concentrations and orange to red shades for up to 30 g/l.  Several data processing steps and considerable efforts are required before the familiar satellite color images can be produced.  

For SeaWiFS, data processing is classified according to Level 1, Level 1A, Level 2, and Level 3.    The very first phase, Level 1, is simply the processing of the raw spectral radiance data, that is the recoding of the intensity for each waveband.   Navigation data are used for geolocating the data to advance the data from Level 1 to Level 1A.  Originally, Level 1A data were based on the raw radiance data received by SeaWiFS in band 8 (centered at 865 nm).  Later (October 1997), the Level 1A data product was converted to a “true color image” using bands 1, 5, and 6 (wavelengths centered at 412, 555, and 670 nm. As mentioned earlier, atmospheric and sun angle effects need to be used to compute the desired normalized spectral water-leaving radiance and desired Level 2 products including chlorophyll a concentrations.   Level 3 data are obtained by combining the data into areal bins (9 km by 9 km) for a chosen region with different temporal averaging periods (i.e., daily, weekly, monthly, or annually).  A brief tutorial on the production of true color images is given on the website http://seawifs.gsfc.nasa.gov/SEAWIFS/TEACHERS/True Color/.  

A common procedure for ocean color, as well as other, oceanographic data sets (i.e., sea surface temperature, altimetry) is data reprocessing, which refers to the application of new calibration and validation data and in some cases new formulations and algorithms intended to improve the quality and reliability of the ocean color data that are made available to the oceanographic community. These reprocessed data are given new identification names for reference purposes.   Data are made available through distributed active archive center (DAAC) assembly computer systems to researchers.  A recent document describing reprocessing of data and algorithm updates is NASA Technical Memorandum ???? (Platt et al., 2003).  This document will be updated in the future.

SCAN THROUGH THE TECH MEMOS AND UPDATE STUFF IN THE CHAPTER AND THE PREVIOUS CHAPTER.

4.5 Special Considerations for Remotes Sensing in Case 2 Waters

DO MERIS AND GLI BELONG HERE?  YES IF MORE FOR COASTAL APPLICATIONS!! IF NO, UP ABOVE SOME PLACE.

GET MORE INFO ON MERIS (march 2002 TO PRESENT) AND GLI AND WRITE A COUPLE OF PARAGRAPHS ON THEM  Coarser resolutions of 300 and 250 m are planned for the MERIS and GLI ocean color satellites as they are intended for larger coastal water features.

PARAGRAPH ON SPECIAL CONSIDERATIONS FOR CASE 2 WATERS/ WAVELENGTHS AND SPATIAL RESOLUTION: SEE ioocg REPORT 3 AND HYCODE STUFF:  For Case 2 waters, atmospheric corrections can use wavebands at 1040 and 1240 nm.  

Thus far, our discussion of remote sensing of ocean color has not specifically delineated Case 1 versus Case 2 waters.  However, remote sensing of ocean color parameters is not unexpectedly more difficult for the Case 2 environment.  It is worth re-emphasizing that the coastal zone is especially important as it is the portion of the ocean that is most utilized and adversely impacted by man as outlined in Chapter 7.  Excellent reviews devoted to remote sensing of coastal and optically complex waters are given by Davis and Carder (1997) and in IOCCG Report 3 (2000).  Here we highlight some of the measurement issues and considerations for remote sensing of Case 2 waters.  There are several important considerations, requirements, and applications for remote sensing of ocean color in coastal waters versus those of the open ocean or land as summarized in Table 4-5 (based on Table 1.1 of IOCCG Report 3).  

As indicated in the previous chapter, Case 2 waters are far more complex in terms of the diversity of constituents and their absorption and scattering properties.  Note the differences and great variety in remote sensing reflectance spectra for Case 1 versus Case 2 waters as illustrated in Figure 4-21 (IOCCG #3 p. 36, Fig. 2.2).  In particular the peaks in remote sensing reflectance shift toward the vicinity of 550-600 nm for Case 2 waters, making measurements in this region desirable for Case 2 waters.   Davis and Carder (1997) note that the ideal ocean color system for the coastal ocean should have high spectral resolution and high signal-to-noise to attain maximum water penetration of light and at least moderate spatial resolution to resolve complex, small-scale features (i.e. on order of 10’s of meters). Interestingly, SeaWiFS data processing was planned for water depths greater than about 20 m because of bottom reflections and distances greater than about 5 km (or about 5 pixels) for coastal because of straylight and ringing problems.   The airborne AVIRIS instrument, described above, was developed in large part to address coastal problems and reduce the limitations inherent with SeaWiFS and similar ocean color satellite sensors and act as a proto-type for similar satellite-borne systems. 

Narrowband (10 nm) spectral channels at 570 and 590 nm are valuable for detection of suspended particles and bottom bathymetry in coastal areas.  If the bottom reflectance spectra is known for a given location, then bathymetry can be inferred and vice versa (REF?).  For waters with high sediment loading, channels at 670, 760, or 870 nm are useful.  A channel at about 1040 nm can be used for atmospheric correction the coastal zone when whitecaps, foam, and bubbles are present.  Other channels that are appropriate for atmospheric correction over coastal waters are at 1040 and 1240 nm and a channel in the UV at 380 nm can be used to correct for aerosols, for CDOM algorithms, and detection of some red tide blooms caused by dinoflagellates.

Determination of chlorophyll a concentrations is expectedly more difficult for Case 2 waters and sensing of additional wavelengths is highly desirable, if not imperative.  The fluorescence-based algorithms are especially important for Case 2 waters as discussed in the next chapter.   There appears to be potential for extracting considerably more detailed information from high spectral resolution data sets.  Examples include:  particulate and dissolved constituents of seawater, water clarity (e.g., diffuse attenuation coefficient), water depth, phytoplankton groups (e.g., bloom type such as dinoflagellate, diatom, cyanobacterium Trichodesmium, or coccolithophore) and primary production.  The use of ocean color imagery for tracking water features in the coastal zone was also recognized earlier as oceanographers noticed that features seen in both CZCS and satellite sea surface temperature imagery often coincided.  More recently, it has been suggested that CDOM may act as a better water mass tracer than chlorophyll a, so algorithms capable of partitioning CDOM may be useful for circulation and perhaps mixing and dispersion analyses. The power of monitoring long-term changes (e.g., suggested rising sea level, more frequent and intense storms and hurricanes, increased development of coastal areas, more pollutant discharges, more mariculture, reduced river outflow) in various biological and environmental parameters as well as coastal modifications using ocean color imagery is yet to be realized; however, its potential seems great, especially when used in conjunction with complementary in situ data sets and models.      

To summarize, there are several additional requirements placed upon color imagers for Case 2 waters opposed to those intended for Case 1 waters.  These include: 1) additional channels are needed (e.g. to partition signals resulting from chlorophyll a, inorganic particles, and shallow water reflections; even more for identifying groups of phytoplankton), 2) higher levels of chlorophyll a are difficult to measure accurately using standard ratio (absorption-based) algorithms (see next chapter for other schemes), 3) more channels are required for atmospheric correction algorithms for shallow or high sediment bearing waters, 4) greater dynamic range is needed to prevent saturation when imaging beaches or nearshore reflective objects, and 5) increased precision is needed to avoid digitization errors.  In addition, the optically important constituents contributing to IOPS, and thus AOPs, are far more diverse in Case 2 waters and relationships between constituents and ocean color signals are generally nonlinear; signal-to noise ratios are likely smaller while dynamic ranges are greater than those of the Case 1 waters.  The need for concurrent in situ measurements to calibrate and validate as well as develop algorithms and interpret ocean color data is especially critical for Case 2 waters.  The effects of reflection of light from the bottom can be important in some shallow water situations.  Surface wave breaking near shore produces more bubbles that result in large scattering signals that interfere with desired signals used for chlorophyll a algorithms.  There is generally a need for relatively high spatial resolution as the length scales of processes decrease nearer the coastline.  Also, estuaries, bays, and coastlines in general have convoluted and irregular geometries, so pixel size and spatial resolution of the image dictate how close to the shoreline useful data can be obtained.   The collection of data for coastal areas where the satellite traverses over land before water also creates data processing and interpretation problems (WHAT ELSE TO SAY ABOUT THIS? ASK ARNONE OR CURT DAVIS FOR REFERENCE??  RINGING EFFECT???).  Corrections for atmospheric effects are more difficult because of greater concentrations of aerosols and dust.  In addition, clouds and fog are typically more prevalent over coastal waters, so sensors must be set so as to avoid saturation.  Finally, the fundamental requirements for calibrations of radiometric sensors for Case 2 waters are generally similar to those selected for Case 1 waters (Table 4-4).  

4.6  Remote Sensing of Ocean Color in the Future
RE-ORGANIZE GEOSTATIONARY INFO A BIT ANF BE SURE INFO FROM SEE P. 22 IOCCG REPORT 2 FOR MORE STUFF ON SEI SATELLITE IS INCLUDED.  

There are two planned hyperspectral imagers, the U.S. Navy’s Coastal Ocean Imaging System (COIS) or NEMO and Australia’s ARIES, for coastal applications.  SEE OUR WEBSITE AND THAT OF CURT DAVIS ASK CURT FOR UPDATE ON STATUS OF BOTH AND ANY MORE REFERENCES ON THESE. I HAVE SOME REFERENCES AT WORK I THINK  http://nemo.nrl.navy.mil/public/concept.html).   The Navy’s Hyperspectral Remote Sensing Technology (HRST) has been developing the COIS instrument (NEMO) (Figue 4-17) is intended for scientific, commercial, and military applications (Davis and Carder (1997).  The commercial interest would include applications of mineral mapping and crop evaluation.  COIS will be placed in a sun synchronous orbit of about 600 km with a 7-day repeat cycle and a near noon crossing of the equator to maximize sunlight penetration and minimize cloud cover effects in tropical regions.  The COIS instrument will have 1024 by 1024 focal planes and its spectrometers will enable measurements in 200 bands from 400 to 2500 nm with 10 nm resolution.   The spectral sampling was selected because of AVIRIS experience that indicated that 10 nm is the minimal sampling possible to resolve the majority of ocean and land absorption features (on order of 20-40 nm) of interest.  Also a signal-to-noise ratio of 100 for a 5% reflectance scene is required.  Polarization minimization is engineered into the system for reasons discussed earlier.  With COIS, it will be possible to image about 40 to 50 study regions (region selections can be changed) covering roughly 50 by 200 km.  The resolution or footprint of the imager can be set to 30 or 60 m in scale for full spectral measurements and to 5 m for separate commercial panchromatic imaging (gray shade) mode and a swath of 30 km.   The nominal revisit time for a specific site is about 2 ½ days (for +/-30 deg pointing).   Since the platform has a pointing feature, sunglint can be avoided and reductions in revisit times can be achieved (i.e., to view evolving events).  NEMO will use the moon as a calibration target in addition to land sites such as dry lake beds (e.g., the famous Bonneville Salt flats where land speed records are often set)  to check performance over bright targets.  SEE TABLE WITH NEMO AND ARIES INFORMATION.  Radiometric calibration is expected to be to within about 3 to 5%. Since COIS is designed to collect very large volumes of data, ARIES is planned for environmental and mineral activities.  NEMO is being designed to collect large volumes of data, so a special onboard data processing (and compressing) system will be included (HOW LARGE??; SEE CURT DAVIS PAPERS ON THIS TO FILL IN).  Like NEMO, ARIES will be placed in a low earth sun synchronous orbit (about 500 km).  ARIES will have 32 channels in the visible to near infrared (400 to 1100 nm) and an additional 32 channels from 2000 to 2500 nm plus a panchromatic band.  Spatial resolution will be similar to that of NEMO (i.e., 30 m spectral and 10 m panchromatic) and the ground swath will be 15 km.  Revisit times of a week are expected (http:www.cossa.csiro.au/ARIES).  

Geostationary satellites are placed in orbits of about 36,000 km CHECK THIS ALTITUDE:  SEEMS TOO GREAT WHEN LEOS ARE 700 KM above the Earth’s surface and view essentially the same portion of the Earth at times (Figure 4-22) as geostationary satellites move in orbits at a rate matched with the Earth’s rotation.  These orbits are called geostationary or geosynchronous.   Several meteorological satellites use this mode.  One of the advantages of this approach is that images can be obtained quite frequently allowing for relatively high temporal and spatial resolution data to be obtained concurrently.  It is evident from Figure 4-15 that cloud obscuration is a problem for many regions and negates many satellite color measurements.  However, geostationary satellites continuously view specifically selected (but changeable) regions of the ocean (e.g., roughly 300 X 300 km with 300 m pixel resolution at 30 minute intervals) and could enable hemispheric coverage and allow several views of the ocean each day, thus increasing the probability of viewing cloud free moments and resolution of diurnal and tidal processes.  Such satellites would also enable the collection of data to observe and monitor evolving fronts, the bio-optical effects of storms and mixing events including hurricanes and typhoons, river plumes, flooding impacts on the coastal ocean, harmful and nonharmful algal blooms, eutrophication events, and oil spills.            
Plans are underway by two United States agencies, NOAA and NASA, to develop a  geostationary ocean imaging satellite called the Special Event Imager (SEI).  The SEI would carry a multi-spectral visible to near infrared (380 to 1000 nm) radiometer system that would be used to detect, monitor, and quantify short-term changes for scientific and other applications.  It is expected to have 300 m resolution and will have the ability to view sites of interest as rapidly as every 10 to 30 minutes.  Possibilities for event-triggered sampling are being pursued.  Future satellites may utilize steerable (pointable) instruments in geostationary orbit while others may employ geographic information system (GIS) software and inter-satellite communication capabilities.  These approaches are most attractive for responses to disasters and for directing field and other remote sensing assets toward key locations to provide data that would otherwise be unattainable.  Data assimilation should play an important role in these approaches as well.  SEI and other similar ocean color imaging geostationary satellites would not provide near the  global coverage of polar orbiting, sun synchronous ocean color imagers such as SeaWiFS, MODIS, and others listed in Table 4-3 (see Figure 4-22).  However, polar and geostationary orbiting imagers would provide valuable complementary data sets. 
start!

4.7  Merging of Data from Multiple Ocean Color Satellites

DATA MERGER AND MULTIPLE SATELLITE STUFF/SEE IOCCG#2

At the time of the publication of this book, there was a total of 14 ocean color imagers collecting data and two?? more are planned (Table 4-3; use IOCCG website – www.ioccg.org/sensors/med_res.html; IOCCG, website: http://www.ioccg.org).  IOCCG, website: http://www.ioccg.org).  The number of wavebands ranges from 4 to 36 with center wavelengths spanning 375 nm to 14.4 m (visible to the infrared).  The swaths are as small as 200 km and as great as 2806 km.  Spatial resolutions range from 250 m  to 6000 m.  Nations involved in either ocean color spacecraft or imagers presently include China, France, Germany, India, Japan, Korea, Taiwan, and U.S. as well as a European consortium.   Satellite sensors and the satellites themselves have finite lifetimes; however, ocean color imagery should be available from several satellites for the next decades.  

It may seem that there is little need for multiple ocean color satellites.  However, there are several important justifications as outlined in detail in IOCCG Report 2.  For example, 1) ocean color satellites often have specific orbits and viewing geometries and thus provide complementary spatial data sets and collectively enable greater coverage; 2)  multiple satellites can provide better temporal coverage and increase the probability of clear views using the ensemble of data sets, 3)  when different spectral bands are used, different ocean color products can be obtained, and 4) satellites have limited lifetimes, so overlapping time periods of observations are critical for data continuity and ascertaining long-term trends.  

Many of the color sensors utilize at least some of the same wavebands as the CZCS, OCTS, and SeaWiFS, so that there is already some consistency and basis for continuous records.  Nonetheless, uniform calibration and validation of all sensors is most difficult as well as data merging as discussed in IOCCG Report 2 (1999) and Hooker and McClain (2000) ???.  There is clearly a need for coordination and planning of international ocean color satellite programs as emphasized in IOCCG Reports 1-3 (1997, 1999, 2000).  Future satellite ocean color products may include more variables such as CDOM, SEE SIMBIOS REPORTS THAT MENTION FUTURE PRODUCTS and perhaps phytoplankton identification by groups if not species.  Operational products for ocean color are critical as they represent potential measures of the health of the oceans (e.g., coral reefs, seagrasses, harmful algal blooms, invasive species, fisheries), the oceans’ capacity to take up carbon dioxide, the statuses of ocean resources, and changing bottom bathymetry in shallow waters.  It is important to reemphasize that satellite and aircraft information must be complemented with in situ observations for calibration and validation and to provide continuous high frequency time series of important subsurface as well as surface ocean properties.

4.8 Toward Operational Remote Sensing of Color

One of the challenges of ocean color satellite oceanography is to develop an operational capability similar to that now in place for meteorology and weather services (REF??WMO???CHECK REFS). Again, there will be increasing numbers of satellite ocean color imagers and many will use similar wavelengths and orbital characteristics.  However, there will also be several design and technical differences.  IOCCG Report 1 considers the issue of developing minimal requirements that would be used in the design of most, if not all, ocean color imagers.  Design factors include: number of wavebands, sensor accuracy, signal-to-noise ratios, noise equivalent radiance resolutions, sensor dynamical ranges for given wavelengths, return time periods, viewing configurations (avoidance of sunglint), and temporal and spatial resolution.

Use of a common set of sensor and orbital parameters has several advantages: facilitating intercomparisons of sensors aboard different satellites, enabling more seamless merging of data sets to increase temporal and spatial resolution and coverage, compatibility in atmospheric correction algorithms as well as algorithms for desired products (i.e., chlorophyll a), ease in synthesis of in situ calibration and validation data for integrated satellite color data sets, and longevity of ocean color imagery for use for interannual, decadal, and climate studies of biomass, biogeochemistry, ecosystems, and radiant heating rates.  It has been suggested in IOCCG Report 3 that if mission goals are restricted to pigments in Case 1 waters and to sediment detection in coastal environments, then a minimal set of 3 wavebands in the visible (e.g., 438-448 nm, 485-495 nm, and 550-565 nm) and two bands in the infrared (e.g., 744-757 nm and 855-890 nm) may suffice for many applications.  Further, if two or three independent variables are desired, then at least five wavebands in the visible would be needed along with the infrared channels, the latter for atmospheric corrections.  The problem becomes much greater when the complexities of Case 2 water applications are addressed.

Realistically, there will likely be several differences among the satellite designs, so that considerable efforts will be required to meet these objectives as discussed in the previous subsection.  There are several interesting analogies in physical oceanography.  For example, the continuity of accurate, and importantly unbiased, time series of ocean temperature has been challenged as temperature measurement technologies have progressed from reversing thermometers to mechanical bathythermographs to expendable bathythermographs and to different designs of conductivity, temperaturem depth (CTDs) as well as multiple satellite-based radiometric systems.  Considerations and suggested steps toward optimal utilization and synthesis of past and future ocean color data sets are described in IOCCG Report 2 (also see ww.ioccg.org), Hooker and McClain (2000) and in several NASA Technical Memoranda (e.g., Sensor Intercomparison and Merger for Biological and Interdisciplinary Oceanic Studies (SIMBIOS) reports).  Finally, the coordination of international efforts for ocean color measurements from space is receiving special attention through the International Ocean Colour Coordinating Group (IOCCG).  The IOCCG provides guidance to the ocean color community through special working groups that focus on critical topics and issues.  It also distributes valuable information about on-going and planned ocean color missions, calibration and validation of remote sensing data, and remote sensor wavelength, coverage, and resolution (IOCCG Reports 1-3, 1997, 1999, 2000).            

4.9  Summary, Context, and Future Context of Remote Sensing of Ocean Color

Above-water bio-optical measurements, from satellites and aircraft, provide nearly synoptic observations over the ocean; however, they are restricted however, to the optical depth.   
What are we REALLY measuring/same question as last chapter on in situ?

Remote sensing of ocean color via satellites and aircraft has provided extraordinary new and insightful views of the spatial features of the near surface ocean.  In situ and remote sensing observations of ocean color have been highly complementary and powerful means for studying the optical properties of the ocean.  For example, the near surface spatial domain covered by the ocean color satellites is roughly a few kilometers to global while in situ mooring measurements can span temporal domains of minutes to decades.  Importantly, theoretical studies and models to be discussed in the following chapter have emerged and provided support for and extended the utility of these collective measurement capabilities.    

Looking toward the future, aircraft-based systems will be able to provide very higher spatial resolution data for altimetry, color, temperature, salinity, and other variables.  Aircraft-borne lidar has already been used to detect mixed layer thickness as well as optical properties from backscatter profiles and work is underway to implement similar methodology with satellite sensors.  Autonomous aircraft technologies are progressing and operating ranges of 2500 km at high altitude with diverse sensor packages (e.g. for meteorology, sea surface temperature, hyperspectral color, altimetry for tides and currents, etc.) are projected for unmanned aerial vehicles (UAVs; Paul Bissett, personal communication). UAVs could, in principal, fly over a site for a day or longer to enable collection of high spatial resolution time series.

The temporal and spatial resolutions of satellite remote sensing systems are also likely to improve for many parameters. Multi-satellite missions are already collecting sea surface temperature data capable of resolving the diurnal cycle (sampling at roughly hourly time scales). Clouds will continue to be an obstacle to temperature and color measurements. But, by using more satellites and particularly geostationary satellites, the time gaps will be decreased and data sets more fully completed.  Event-triggered sampling using suites of sensors placed on special satellite platforms (e.g. steerable instruments in geostationary orbit) would be remarkably useful. This approach is most attractive for responses to disasters, directing field and other remote sensing observations to key locations and providing data, which would otherwise be unattainable.  Finally, coordinated, global in situ measurements along with advanced models will be required to optimize the use of present and future remote sensing assets. 
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Zibordi, G., S.B. Hooker, J.-F. Berthon, and D’Alimonte, 2001, Autonomous above-water radiance measurements from an offshore platform: a field assessment experiment, J. Atmos. Ocean. Tech., ???.

Websites:

CZCS: http://gcdc.gsfc.nasa.gov/iso/home.html
OCTS: http://www.eorc.nasda.go.jp/ADEOS/Project/Octs.html
SeaWiFS: http://seawifs.gsfc.nasa.gov/SEAWIFS.html
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HOWARD GORDON TUTORIAL AT OCEAN OPTICS 2002???  Did he do remote sensing and theoretical modeling???

NEW R OF G PAPER

NEW Tables

Table 4-1  Summary of passive and active ocean satellite sensing satellite systems [from Wilson et al. Encyclop., p. 2529.]

Table 4-2  Summary of ocean satellite missions [see Wilson Figure 5 and add??]

Table 4-3  Color satellite table for past, current, and future missions – See Fargion SIMBIOS report  table plus several others MAKE UP OUR OWN TABLE BASED ON THESE.

Table 4-4  Schematic showing steps used for radiometric instrument characterization and calibration for SeaWiFS and SIMBIOS programs (SIMBIOS Reoprts p. 20 Volume 2)

Table 4-5 (based on Table 1.1 of IOCCG Report 3).  

NEW Figures

Figure 4-1A  SST and Color from NOAA AVRR and CZC showing complex current patterns of the Califonia Current [from Davis, 1987 review paper]

Figure 4-1  The electromagnetic spectrum with atmospheric transmittance as function of frequency and wavelength.  Also shown are spectral ranges used for remote sensing (After Robinson and Guymer, 1996) [Figure 6 in Wilson Encyclopedia p. 2527]

Figure 4-2  Techniques for remote sensing of the ocean.  a.  Passive sensing of ocean color with visible radiometer, b.  Passive sensing in the infrared (i.e., for sea surface temperature and ocean color atmospheric corrections), c. Active sensing with radar (microwave wavelength; radar altimetrys) or lidar (visible wavelengths), and d. Active sensing using radar scattering (microwave wavelengths for surface waves).  [Figure 7 in Wilson Encyclopedia p. 2528]

Figure 4-3  Pictures of aircraft used for remote sensing: P-3, ER-2, Harding light plane, Russian bi-plane and others?

Figure 4-4  Images taken simultaneously from planes. These images will show increasing resolution possible with aircraft or hyperspectral sensors.  satellites [e.g., Harding p. 119 or HyCODE example??]

Figure 4-5  Schematic diagram showing the processes that influence the radiation that are observed by an aircraft or satellite.  [Cartoon showing light emerging from ocean; Kirk p. 171 and McClain Figure 2, IOCCG Report #3, p. 7 and 9 Stewart p. 45; p. 119]

Figure 4-6  Dependence of reflectance on phytoplankton content.  Measurements made from low flyting aircraft (Clark, 1970).  Figure from Kirk p. 196.

Figure 4-7  SAS III instrument and plane used from Marlon or Scott McClean

Figure 4-8 AVIRIS instrument from AVIRIS website

Figure 4-9  Illustrations showing imaging spectrometry using aircraft or satellites.  a. Pushbroom scanner with a two-dimensional array of photodetectors and b. Whiskbroom scanner with a line array of photodetectors.  Swath, pixels, and resolution are also shown schematically for each method. Also, optical pathways from the instantaneous field of view (IFOV) are shown in c.  [Kirk p 173 and Stewart p. 104; Robinson p. 149] d.  Illustaration of IFOVs and pixels from p. 50 Robinson (1985)

Figure 4-10 PHILLS from websites and Curt Davis and Paul Bissett

Figure 4-11  Lidar system: see Kirk p. 203 or other references (AOL??)

Figure 4-12  Picture and schematic of Seasat [Robinson 1985; Kirk p. 181; Maul p. 45]

Figure 4-13  Lots of satellite pictures and images (see Wilson p.2520)

Figure 4-14 SeaWiFS, MODIS, and COIS pictures and schematics [SeaWiFS, MODID, and COIS websites]

Figure 4-15 SeaWiFs, Seastar and its global orbits and global coverage [SeaWiFS websites]  Kirk Figure 7-6; Kirk  

Figure 4-16 MODIS picture and schematics [MODIS Website]

Figure 4-17 NEMO picture and schematics [NRL Website and Curt Davis]]

Figure 4-18  SeaWiFS Cal/Val Flowchart [From SeaWiFS Teachers website]

Figure 4-19  AMT Cal/Val  [Hooker and McClain Fig. 3] And MOBY FROM MCCLAIN ENCYCLOPEDIA

Figure 4-20 SeaWiFS match-ups from BTM, BBOP and others like PlymBody from Jim Aiken??

Figure 4-21 Examples of remote sensing reflectance spectra for different waters from clear to very turbid coastal [ IOCCG Report #3, p. 36 Figure 2.2]

Figure 4-22???  Geostationary and polar orbiting coverage figure [Maul  p. 34]
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

OLD Tables

Table 4-1  IOCCG # 1, p. 30, 31-40  IOOCG #2 p. 26, also Bissett aand any other sources like new IOVCCG website stuff!!

Table 4-2 IOCCG #3  Table 4.1, p. 82

Table 4-3 IOOCG #3 p. 56

Table 4-4  IOCCG #3 Table 1.1 p. 20

Table 4-5  p. 214, bottom Koblinsky and Smith

OLD Figures

Figure 3-53/4-1  Jim Baker camera for satellites: see air force museum pamphlet and contact Jim!

Figure 3-54/4-2  SeaSat picture and schematic diagram (Ben Holt?)

Figure 3-55/4-3 PIctures of SeaWiFS, MODIS, NEMO and or ARIES (ask Curt Davis his opinion!)

Figure 3-56/4-4 Schemtics of SeaWiFS, MODIS, NEMO and or ARIES (ask Curt Davis his opinion!)

Figure 3-57-4-5 Optical scanner for SeaWiFS (see Kirk p. 173, Figure 7.2b and p. 181

Figure 3-58/4-6  Image showing swath of SeaWiFS: Kirk p, 182 and SeaWiFS website

Figure 3-59/4-7  Light received by satellite from many different sources: see IOCCG # 3, p. 9, Figures 1.1 and 1.2, Kirk, p. 171; McClain Figure 2

Figure 3-60/4-8  Daily coverage of SeaWiFS and clouds: see SeaWiFs website

Figure 3-61/4-9  SeaWiFS calibration step block diagram from Teachers website –Corrections

Figure 3-62/4-10  MOBY picture and diagram

Figure 3-63/4-11  BTM mooring diagram and flow of data to nasa

Figure 3-64/4-12  BTM SeaWiFS match up data plot

Figure 3-65/4-13  AMT figure from Figure 3, p. 450 Hooker and McClain

SEE SEELYE MARTIN BOOK FOR ANOTHER PASS THROUGH THIS CHAPTER

SEE IOCCG

SIMBIOS REPORTS

ADD MORE ON MOBY AND BTM AND OTHER MOORINGS IN CHAPTER 3 AS SYSTEMS??  SEE WHERE THIS WOULD FIT.  MAYBE IN MOORING SECTION, ALSO DRIFTERS???  SEE SEAWIFS REPORT FOR THIS STUFF.

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

GO THROUGH SIMBIOS AND OTHER SEAWIFS INTRO STUFF ALSO

ADD BIT ON X-15 DROPPED FROM B-52 IN ANALOGY TO SEAWIFS, PEGASUS DROP!!  SE AN X-15 WEBSITE FOR INFORMATION ON THIS.

SEE OTHER CHAPTERS IN HABWATCH

OUTLINE

Chapter 4. Remote Sensing of Ocean Color from Air and Space

4.1  Motivation and Purpose of Chapter

4.6 Overview of Remote Sensing from Air and Space

4.2.1  Defining remote sensing 
4.3  Remote Sensing from Aircraft

4.4 Remote Sensing from Space

4.4.1 Satellite orbits : sun synchronous/geosynchronous (Seelye)

4.4.2 Imaging methods (pushbroom/whiskbroom, hybrid cross-track etc.) (Seelye)

4.4.3 Radiometers (see Seelye Ch 3)

4.4.4 Resolution and footprints

4.4.5 Processing of images/atmos. corr./cal./val. (Seelye)

4.4.6 Review of several ocean color imagers (SeaWiFS prime example then MODIS etc.) See Seelye SHOW EXAMPLES OF IMAGES

4.5  Special Considerations for Remotes Sensing in Case 2 Waters

4.6 Merging of Data from Multiple Ocean Color Satellites (IOCCG Report 2?)

4.7 Toward Operational Remote Sensing of Color (Seelye Chapter 14)
4.8  Remote Sensing of Ocean Color in the Future (Seelye Chapter 14)

OLD OUTLINE

Summary and Context of Remote Sensing of Ocean Color Seelye)


------
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??
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