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ABSTRACT

We present new algorithms and tools to characterize the optical constituents of coastal waters from satellites.  Using these new satellite products, we develop an optical water mass classification system to identify and track coastal features.  The total water absorption coefficient is first partitioned into phytoplankton, detrital, and colored dissolved organic matter (CDOM) components.  For each pixel in a satellite ocean color image, the percentages of each component are then calculated and plotted on a ternary diagram.  This provides a tool to statistically track water mass optical characteristics over time.  In addition, the three absorption components are displayed as an RGB composite image to facilitate characterization of optical distribution patterns (i.e., red pixels in the image indicate regions of relatively high detrital absorption, green pixels indicate higher phytoplankton absorption, and blue pixels indicate higher CDOM absorption).  The techniques are quantitative and allow refinement of optical water mass classification beyond the common Case 1 vs. Case 2 distinction.
INTRODUCTION

The particulate and dissolved material in the ocean determines the ocean color signature.  Furthermore, the transport of these materials determines the spatial and temporal distribution of carbon, and their sources and sinks determine the oceanic carbon budget.  Through inversion of the spectral ocean color signature (remote sensing reflectance), we can estimate the concentrations of these optically important components. 

Although the coastal margin represents a small percentage of the total ocean area, it responds directly to terrestrial fluxes and intrusion of open-ocean sources.  The concentration and space/time distribution of inorganic matter (including silts, clays, sand, and phytoplankton debris) can be used to trace river plumes and fronts, and can indicate regions of particle resuspension from wave and storm-induced turbulence.  The distribution of the organic components (including living phytoplankton, zooplankton, and their decay products) does not necessarily mirror the distribution of the inorganic component, as they are influenced by different processes (physical vs. biological controls).  Our goal is to understand how the terrestrial and ocean systems are coupled by examining the interactions occurring in the coastal margin.  We will investigate variability in optical properties and how they can be used to track coastal features.
The optical properties of open-ocean waters are generally controlled by phytoplankton and covarying degradation products.  Coastal waters on the other hand, contain a more complex mixture of phytoplankton, detritus, inorganic suspended sediments, and colored dissolved organic matter (CDOM).  Current semi-analytical bio-optical algorithms generally provide an estimate of absorption by phytoplankton, and an estimate of the combined absorption by detritus and CDOM.  However, the spatial distributions of the detrital and CDOM absorption coefficients do not necessarily covary, so we present algorithms to derive separate estimates of these parameters.

In the northern Gulf of Mexico, there are two main regions of injection of terrestrial discharge: the Mississippi River plume and the Mississippi Sound/Mobile Bay region along the Mississippi and Alabama Gulf coasts.  We will develop and apply new algorithms for SeaWiFS ocean color imagery, to partition the absorption coefficient into phytoplankton, detrital, and CDOM components.

Historically, oceanographers have used physical properties of the water, such as temperature and salinity, to track and classify water masses.  General optical water mass classification schemes have also been used for several decades (Jerlov, 1976; Morel and Prieur, 1977), but a robust, quantifiable scheme is required to optically identify and characterize complex coastal water types.  The common distinction between Case 1 oceanic and Case 2 coastal waters is not adequate.  By coupling new in situ optical measurements with advances in bio-optical algorithms and remote sensing capabilities we develop a new optical water mass classification system.  This classification provides the tool to trace the exchange of terrestrial particles and dissolved organic matter as they interact with marine components in the coastal margin.  We apply these techniques to a sequence of SeaWiFS images covering a dynamic coastal region in the northern Gulf of Mexico.  We create ternary diagrams, RGB composite imagery, and quantitative, statistical summaries to characterize the spatial/temporal changes in the water mass optical properties over time.
These analyses provide insight into the complex physical and biological processes (resuspension/settling, river discharge, phytoplankton growth, advection) that influence the transport of particulate and dissolved species in coastal waters.
METHODS

We collect, process, and archive every SeaWiFS pass over the Gulf of Mexico using a SeaSpace Terrascan satellite receiving system and the Automated Processing System developed at NRL/Stennis (Martinolich, 2003).  Atmospheric correction and bio-optical algorithms are applied as described in Arnone et al. (1998), Carder et al. (1999), Lee et al. (2002), and Stumpf et al. (2003), to derive estimates of water absorption and backscattering coefficients.   We also separate the scattering coefficient into organic and inorganic components based on the chlorophyll concentration (Loisel and Morel, 1998).  Finally, we use in situ optical data and empirical relationships to estimate detrital absorption from the inorganic scattering as presented in Gould et al. (2003).
Thus, we partition the total absorption coefficient into individual absorption components due to phytoplankton at 443 nm (a(443), detritus at 412 nm (ad412), and colored dissolved organic matter at 412 nm (aCDOM412), to facilitate optical water mass classification using satellite ocean color imagery.  A combined image of these three parameters is created to help visualize the spatial distribution of the components.  First, the three coefficients are summed together at each pixel in an image, and the percentage of the total due to each component is calculated.  Thus, red pixels indicate areas of relatively high detrital absorption, blue pixels correspond to relatively high CDOM absorption, and green pixels represent areas of relatively high phytoplankton absorption.  For a more quantitative characterization of the optical characteristics of the water masses, we form ternary diagrams to classify each image pixel into one of 16 classes based on the percentages of each of the absorption components.
RESULTS


Results for the period from 19 March – 1 April, 2003, are shown in Figures 1 and 2 for the northern Gulf of Mexico.  As mentioned above, the pixel colors in Figure 1 represent the relative contribution of each of the three absorption components (black pixels are land or clouds).  Between 19 and 21 March, a large area in the western and central part of the scene changed from CDOM-dominated absorption (mostly blue pixels) to more phytoplankton-dominated absorption (green pixels).  The color scale range in each figure is the same for all three of the color channels, so pixels with the same color in different scenes represent the same relative contributions of the absorption components.  Bear in mind that these figures only
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Figure 1.  RGB pseudocolor images of the northern Gulf of Mexico, 19 March – 1 April, 2003.  The percentage of absorption due to detritus is loaded into the red channel, the percentage due to phytoplankton into the green channel, and the percentage due to CDOM into the blue channel.
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Figure 2.  Ternary diagrams corresponding to images in Figure 1.  Axes are the proportions of detrital absorption (412 nm), phytoplankton absorption (443 nm), and CDOM absorption (412 nm).  Ternary class numbers 1-16 are indicated on the March 19 diagram.

show changes in relative composition across the image (not absolute magnitudes of the absorption coefficients), so they are well-suited for optical characterization of water masses.  In offshore waters where the absorption coefficients are low for all three components, small changes in the absolute values of the coefficients can translate into larger changes in the relative proportions.  Smaller changes are observed between the scenes until 1 April, when the phytoplankton-dominated offshore waters switch back to a more CDOM-dominated environment.  Note the high CDOM and detrital signals near shore along the Louisiana and Mississippi coasts throughout the time sequence, with lower detrital signals off most of the Florida coast (except near Cape San Blas).  The Mobile Bay plume is characterized by relatively higher sediment absorption on 30 and 31 March that is advected toward the east on 1 April.

Figure 2 shows the distribution of the image pixels on ternary diagrams for each day, with the three axes represented by the proportions of the three absorption components (adet412, a443, and aCDOM412).  Thus, each scale ranges from 0 -1, where 1 indicates 100% contribution (i.e., the other two components would both have to contribute 0%).  The colors in Figure 2 are arbitrary but are intended to approximately match the colors of the pixels in the corresponding images in Figure 1, to help relate where each point falls on the imagery.  For example, red points in Figure 2 indicate relatively high detrital absorption and are located along the coast in Figure 1.
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We partition the ternary diagram into 16 quantitative classes based on the contribution of the three components.  For example, class 1 is at the apex of the triangle (see the diagram for March 19 in Figure 1) and is defined by all pixels with detrital absorption from 0-25% of the total (left axis), CDOM absorption from 0-25% (bottom axis) and phytoplankton absorption from 75-100% (right axis).  Similarly, class 16 is located in the lower right corner of the triangle (adet412 from 0-25%, aCDOM412 from 75-100%, and a443 from 0-25%).  Thus, for each image, we can determine the number of pixels in each class.  Figure 3 shows the results for the images in Figure 1.  In this way, we can assess changes in the optical properties over time.
Figure 3.  Number of pixels in each class of the ternary diagrams in Figure 2, by date.

Note that most of the variability is observed in classes 2-4 (relatively high phytoplankton absorption), 8-9, and 15-16 (high CDOM absorption).  By the end of the time series on 1 April, classes 4, 8, and 9 (high phytoplankton and CDOM absorption, low detrital absorption) contained the most pixels.
DISCUSSION AND CONCLUSIONS


We present methodology to optically characterize water masses and trace coastal features.  We partition the absorption coefficient into components due to phytoplankton, detritus, and CDOM, then we calculate percentages of each component to describe relative contributions at each pixel in a satellite ocean color image.  This enables us to quantitatively assess the dominant absorbing constituents across a scene and to track changes through time using multiple scenes.

We present results covering a two-week period in late-March, 2003, in the northern Gulf of Mexico, and show scene-by-scene changes over time.

The development and application of these tools facilitates coastal monitoring of river discharge, circulation patterns, sediment resuspension, and phytoplankton growth, as well as changes in the dominant absorption characteristics through time.
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