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Executive Summary:  Cyanobacteria (blue-green algae) can produce both neurotoxins and hepatotoxins, which are toxic to mammals and fish. As many municipalities obtain their drinking water from the Great Lakes, wide-area detection and monitoring of cyanobacterial blooms is an important goal for satellite remote sensing. Although cyanobacteria produce both chlorophyll a and phycocyanin pigments, the latter is much more nearly unique to cyanobacteria than is chlorophyll a, produced by practically all types of algae, most of which are non-toxic. A multiple regression method and in situ data collection for at least two satellite overpasses has been employed to produce a phycocyanin algorithm that inputs LANDSAT TM data and outputs an image with brightness proportional to the content of phycocyanin pigment in the water in units of micrograms per liter. Application of this early-bloom phycocyanin algorithm, developed from a July 1, 2000 overpass, to data from a mature-bloom overpass date (Sept. 27, 2000) led to an rms error of 18.2% of the total phycocyanin content range on the second overpass date. Focusing on Lake Erie, the same methodology will be applied to MODIS data, which has a daily repeat cycle of coverage, compared to the 16-day repeat cycle of LANDSAT 7. After validation, the MODIS algorithm should result in a MODIS phycocyanin image product.
2.  Scientific Rationale
a) Project Description:  Most freshwater systems in the world are affected by anthropogenic eutrophication, leading to undesirable increases in planktonic and benthic biomass. The Laurentian Great Lakes have experienced toxin-producing blooms of the cyanobacterium Microcystis on a number of occasions over the past decade, including a massive bloom in Lake Erie in 1995 that caused a variety of water quality problems and attracted broad public concerns (Brittain et al., 2000; Budd et al., 2002; Taylor, 1997). Vincent et al. (2004) have developed an algorithm for detecting phycocyanin, a light-harvesting pigment complex ubiquitous among cyanophytes, from inputs of LANDSAT TM satellite data. It outputs an image that maps the phycocyanin content (PC) of surface water, as shown in Figure 1 below.  That algorithm has been found robust through two LANDSAT TM overpasses with water sample collections in Lake Erie, other than the original LANDSAT TM overpass (with water sample collection) from which the multiple regression model of the algorithm was developed.  Cyanobacteria (blue-green algae) and relatively few other algae produce phycocyanin, while almost all algae produce chlorophyll a, which makes phycocyanin the more important pigment for mapping toxic algae. 
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Figure 1.Turbidity (left) and PC (right) images of the Maumee River Mouth subregion (SW corner of Lake Erie) of the July 1, 2000 LANDSAT 7 ETM+ frame of Path 20 Row 31.  In both cases, red corresponds to the highest contents of the parameter being imaged. North is toward the top.

b) Objectives:  The objective of this proposed project is to apply the same modeling procedures and some of the same water sample data used to create the LANDSAT TM phycocyanin algorithm to develop the best multiple regression model for mapping phycocyanin content (PC) with MODIS data.  The question is, can we detect and map relatively low concentrations of phycocyanin using MODIS satellite data as an indicator of a pending large scale cyanobacterial bloom.  This will be a collaborative effort between GLERL and the Dept. of Geology at Bowling Green State University.  If the accuracy and robustness of the best such algorithm are field validated, this MODIS PC algorithm can become the basis for a new MODIS PC image product that will map toxic algae blooms in the Great Lakes far more uniquely than can a chlorophyll a image product.  As opposed to a repeat cycle of every 16 days for LANDSAT overpass, the MODIS sensor passes have a 1-day repeat cycle.  Currently, there are no MODIS image products that map phycocyanin. 
c) Approach/Methods:  The algorithm development for mapping of phycocyanin will utilize MODIS imagery and the chemically analyzed results of water samples. Water samples have been collected from discrete hydrographic stations in the western basin of Lake Erie on different dates for several years (2000-2004). Two of these are available for application to MODIS data.  As part of the Lake Erie sampling  program, additional sets of water sample data will be collected by GLERL from GPS-noted locations in Lake Erie, and the samples will be filtered and frozen for pick-up by BGSU scientists.  Phycocyanin content (PC), will be estimated from fluorescence measurements for these samples in the BGSU Dept. of Biological Sciences (Dr. Michael McKay will direct the measurements of the graduate student). After the MODIS data has been subset for Lake Erie and georeferenced by GLERL, it will be processed using the ERMAPPER and ENVI image processing software.  Statistical analysis of the database derived from both the satellite data and the fluorometric analysis of water samples will be performed using the MINITAB statistical software package, resident at BGSU.  An empirical atmospheric correction method, called Dark-Object Subtraction (Vincent, 1997), will be applied to each band of MODIS imagery to reduce the effect of atmospheric haze, and spectral ratioing will be performed as pre-processing steps, as explained in the next three paragraphs.  Additionally, collaborating scientists at GLERL and BGSU may choose to employ reflectance corrected MODIS data supplied by GLERL, the PC algorithm results of which may then be compared with results from the empirical atmospheric corrections.

A discussion of the empirical atmospheric correction methods follows.  The spectral radiance detected by the ith spectral band sensor can be approximated by the following equation (Vincent et al., 2004):
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    (1)
Where, Li = The spectral band detected by the ith spectral band sensor for a given pixel on the earth’s surface, s = The shadow/slope factor that is 0 for total shadow and 1 for no shadow or slope in that pixel, α′I (λUpper – λLower) = Multiplicative factor that includes atmospheric transmission and sensor gain averaged over the ith band (which is wavelength dependent), ρi = Spectral reflectance of the earth’s surface averaged over the ith band and βi = Additive factor that includes atmospheric haze averaged over the ith spectral band and sensor additive offset.

All of the chemical composition information to be obtained from the surface of the earth in a given pixel is found in the ρi term (Vincent, 1997). Therefore, it is desirable to remove the additive term, which can be done simply by histogramming each spectral band and determining the minimum digital number (DN) found in all of the pixels in the image. One less than the minimum DN is taken to be the value of the βi term, the dark object for the ith spectral band in Equation (1). There are different dark objects for given spectral bands. Once the dark object is found for the ith spectral band, it will be subtracted from all other pixels in the scene for all the images, which will yield the equation for dark-object-subtracted radiance, L′I (Vincent et al., 2004):


                                        L′I = Li – βi = sαi ρi




(2)

Because the shadow/slope factor s holds no information about the chemical composition of the pixel, it is desirable to eliminate it, which can be accomplished by spectral ratioing (Vincent, 1997), such that the spectral ratio Ri,j’ is calculated as follows:



Ri,j’=Li’/ Lj’





(3)

Both single band combinations and spectral ratio combinations will be used to construct multiple regression models describing the relationship between the MODIS data and the measured values of Phycocyanin content, but past experience has shown that the spectral ratio combination will be more robust. Finally, a set of algorithms for Phycocyanin will be developed by using a three step procedure in the MINITAB commercial software package (Vincent et al., 2004).  We will seek the model with the highest R2(Adjusted) value that also passes the Durbin-Watson test, which is a test for autocorrelation among the input parameters.

d) Project Relevance:  If validated, this project will contribute a robust algorithm for the early remotely sensed (satellite) detection and monitoring of harmful algal blooms on the Great Lakes.
e) Collaboration/Other Project Linkages:  This project complements the Harmful Algal Bloom (HAB) portion of the Lake Erie (IFYLE) Program.  It also complements work undertaken in the Ocean and Human Health (OHH) Great Lakes Program to develop and distribute algorithms, data, models, warnings, etc. relevant to management, the public, and scientific community.  The MODIS image products can be distributed via the Great Lakes CoastWatch web site.

f) Governmental/Societal Relevance:  If harmful algal blooms, especially Microcystis blooms now regularly occurring in Lake Erie, can be detected early and monitored, managers and the  public will have more time to mitigate or avoid the toxicity effects of microcystins in munical water supplies or in recreational areas. 
3. Project Timeline

April 1,2005 –Start algorithm development

May, June, July – Compare/test with Lake Erie cruise (in situ) data, compare/test with different atmospheric correction algorithms 

August – December, 2005 -Using best algorithm/atmospheric correction test on August blooms and finalize.

Under the direction of Prof. Robert K. Vincent, Padmanava Dash, an M.S. degree graduate student, will work on algorithm development, as he participated in the development of the LANDSAT algorithm.  The work will begin in April, 2005 and continue through December, 2005.  The MODIS PC algorithm will be derived from existing water sample data for two dates in the past that BGSU already has used for the LANDSAT TM PC paper (Vincent et al., 2004) in the first three months of work.  Those dates are July 1, 2000 and October 6, 2000, for which GLERL will supply BGSU with the georeferenced MODIS data of Lake Erie from the NOAA  archive.  The best multiple regression algorithm that has been found will then be examined and discussed by all the collaborators at GLERL and BGSU.  Emperical versus theoretical (reducing MODIS data to reflectance data) methods of atmospheric corrections will be discussed and compared.  In the remaining time, before December, 2005, Dash will process up to 10 MODIS scenes to test the qualitative look of the MODIS PC algorithm and will use in situ data from the Lake Erie cruises to test the robustness of the new algorithm beyond the two dates that we already have from the past.  If successfully validated, the results will be cooperatively submitted in an article to the peer reviewed literature. 

4. Budget Request (see attached spreadsheet)

5.  Projected Vessel Time Needs

Vessel time for the collection of water samples (to be processed by BGSU) will be leveraged from another funded project for which water samples and optical measurements are needed and from a funded project submitted by a colleague who will be collecting water samples, especially in the western basin of the lake.  The samples can be collected from large or small vessels at various times and places, but especially in the western basin in August.
6.  Hazardous Materials
This project will not involve the use of radioactive/hazardous materials and will not generate hazardous waste.

7. Curriculum Vitae (see attached)

8.  Current and Pending Support

Funding in the amount of $1,100 has been requested by George Leshkevich from GLERL sources to procure an atmospheric correction module (software) for the MODIS satellite imagery.
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