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Suitability of spectral remote sensing for coral reef surveying,
monitoring, and mapping

Richard Gomez*, Menas Kafatos, Ambrose Lewis
School of Computational Sciences, George Mason University

ABSTRACT

Many researchers consider coral reefs the "rainforests of the oceans' because they cover such asmall area and yet
provide homes for literally thousands of unique marine species. A multispectral or hyperspectral remote sensing
satellite, with its spectral coverage, offers significant advantages over traditional methodologies for coral reef
surveying, monitoring, and mapping. This paper presents research into the suitability of spectral remote sensing for
coral reef surveying, monitoring and mapping using the SeaWiFS multispectral ocean color datafor illustration. We
describe the information technology devel oped to support this research and provide an overview of the database
driven web application, which was developed to alow live interaction with the data. A database of in situ
observations from the ReefBase web site (www.reefbase.org) was used as validation data as part of this
investigation. This discussion includes details on the XML representation of the satellite and in situ data and
metadata. It also introduces a dynamic Java Visualization applet devel oped to allow the usersto visualy interact
with the data. The paper concludes with a discussion of the suitability and additional advantages of using
hyperspectral remote sensing technology for this application that exploits the full spectral characteristics of
submerged coral reefs.

Keywords: Coral Reef, Spectral, Remote Sensing, SeaWiFS, Multispectral, Hyperspectral

1. INTRODUCTION

Many researchers consider coral reefs the “rainforests of the oceans’, since they are cover such asmall area, yet
provide homes for literally thousands of marine species. Human and climatic induced changes are stressing coral
reefsglobally. Thefirst step in trying to understand these effects on a global scale would be to develop a globa map
of all coral reefs. Updating the map over time will provide the means to monitor the health of all reefs. Scientists
could use such a map as the basis for future analysis, and may be able to draw conclusions into the root causes of
cora reef problems by using statistical means. Spectral remote sensing of coral reefs would be very helpful in this
effort. The current global maps rely on local in situ observations, which are expensive and not reliable.”® With a
database of in situ observations used for validation purposes, spectral remote sensing data comparisons to model s of
cora reef spectral features will be aless expensive and more reliable method to survey, monitor, and map the coral
reef. This paper describes an interactive web-based, data driven application, which can be used to analyze the coral
reef remote sensing data.

2. SCIENTIFIC ASPECTS

This paper provides a detailed discussion on the scientific aspects of the remote sensing approach. First, we discuss
coral reefsin general and the specific problems facing them. Next, we present the Lubin’s model for the spectral
signatures of coral reef features from space. Finally, we provide an in-depth discussion of the spectral remote
sensing platform, instrument, and data that used in the analysis.

2.1 Coral reefsbackground
According to The World Atlas of Coral Reefs (2001), “Coral Reefsin their natural state have been considered a
highly stable ecosystem”, but that “minor changes to the ecosystem will have significant repercussions to the health

A Inconsistencies between different observers can effect how the reef is reported to an in situ global map. For instance, it is
somewhat difficult for the causal observer to differentiate between similar coral species. In the reefBase database, for instance,
anyone may register and submit data. Quality control is a significant issue.
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and safety of thereefs.”! According to the ReefBase web site there are four broad categories of human-induced
impacts on coral reefs:

e Pollution: The major pollution impact on coral reefs comes from nutrient enrichment. Thisislinked
to human waste, agricultural run-off, and increased coastal development.

e Sedimentation: This hasasignificant effect on the health of coral reefs. Thisisthe result of sediments
hanging in the water above the coral reefsthat block light from reaching them.

e Over-fishing: Humans can so over-fish areef, the balance of speciesissignificantly changed. This
can result an unhealthy distribution of marine organisms from the reef’ s perspective. The author notes
that specific types of fishing may cause greater damage to the reefs. These techniques include blast
fishing, trawling, and “bleach fishing”.?

e Climate Change: Coral reefs appear to be the most temperature sensitive ecosystem in the world.
Reefs are especially susceptible to Coral Bleaching when stressed by higher ocean temperatures.
Bleaching is said to occur when the coral dies and the rich color of aive coral isreplaced with the
white color of the underlying skeleton.®

2.2 Lubin’s modél

Lubin, in“Spectral Signatures of Coral Reefs: Features from Space”, describes a coupled ocean-atmosphere
radiative transfer model, which is used to investigate the potential of satellite remote sensing to map the global
distribution of coral reefs throughout out world. The model that Lubin proposes examines how the “spectral and
radiometric signatures of coral reef objects should appear above from low earth orbit after being modified by the
water column and atmospheric attenuation.”® As an example, he tells us that based on in situ observations, sand has
aconsiderably higher reflectance that any type of living coral. The question to answer is does this significant
reflectance difference that can be measured in situ manifest itself into a suitable radiance contrast at the top of the
armosphere.®

Holden and Ledrew” build the basis for spectral characteristics of in situ coral observation in part on a 1999 paper.
Their paper demonstrates that:
1. Thereare“robust” differences between in situ reflectance spectra of living corals and those of related
non-coral objects.
2. These differences are independent of geographic sampling and of coral morphology.
3. A sceneidentification algorithm based on differential reflectance can be constructed with these spectral
contrasts.

Lubin® builds upon their work to pose the question, “Does this type of differential reflectance spectroscopy remain
applicable to scenes observed from above the atmosphere?” Previous works by Lyzenga® and Maritorena’ have
shown that differential absorption by the water column will modify considerably the spectral reflectance of an object
at depth. Lubin’swork, however, isthe first attempt to combine the effects of the water column with an atmospheric
model for the purpose of studying coral reefs.

The Lubin’s paper investigates the reflectance spectra of eight different objects: sand, corallien red algae, green
macro-algae, algal turf, and four coral species. The non-coral objects are necessary to distinguish coral reefs from
their surroundings. The four coral species were selected based on their spectral characteristics and the availability of
astudy by Mazel of a Bahamian reef patch named Rainbow Gardens. Lubin utilizes a discrete ordinates radiative
transfer algorithm to model how these different objects might appear from space after light reflected from them has
been further attenuated by the water column and scattered by the atmosphere.®> Stamnes first presented this
algorithm in 1998.

Lubin modeled the atmosphere using 35 layers of uniform optical depth to compute 1, or the total optical depth of
the atmosphere. The 1,is the sum of Rayleigh scattering, aerosol scattering/absorption, an o0zone absorption optical

B For more details on “bleach fishing” as a technique of acquiring specific species for usein aguariums, we refer the reader to an
article in the May 2001 Scientific American.

€ NOAA has aweb site dedicated to the study of coral bleaching effects of sea surface temperature using remote sensing data.
Please refer to “Tropical Ocean Coral Bleaching Indices’ available on the web at URL
http://www.0sdpd.noaa.gov/PSB/EPS/SST/dhw_news.html




depth, and is a function of wavelength.* The water column is modeled as a single layer having an optical depth of
Tw, Which isaso afunction of wavelength. Lubin’s model assumes aflat and static air-water interface, and ignores
the effects of ocean roughness. Further, he assumes the bottom surface will be modeled as a Lambertian surface
albedo.® Lubin’s scaled radiance for satellite imagery in nadir or near-nadir view is actually smaller than the true
albedo due to the angular redistribution of radiation that favors the direction of the solar beam.?

The useful signal for remote sensing of coral reefs lies within the range 400 nm and 600 nm based on Lubin’s
calculations. Thisrange lines up with the instrument selected for our study. Unfortunately, the effects of the
atmospheric Raleigh scattering at the top-of-atmosphere reflectance spectra between 400 nm and 600 nm are very
similar for most of the objects selected by Lubin.®* He presents many graphs of the upwelling spectral radiance as a
function of depth in his paper.

2.3 Remote sensing technology utilized

2.31 SeaWiFS platform

The Sea-viewing Wide Field-of-view Sensor (SeaWiFS) instrument is on-board the Orbview-2 platform. Orbview-
2, formerly known as “ SeaStar” and built by the Hughes Electronics Santa Barbara Research Center, was launched
on August 1 1997, and orbits in a sun-synchronous, descending node orbit at an altitude of 705 km. Thelocal time
of the orbit’s descending node is 12:05 pm.

2.32 SeaWiFSinstrument

SeaWiFSisan eight channel visible light radiomenter dedicated to global and regional ocean color measurements.
SeaWiFSis afollow-on mission to the Coastal Zone Color Scanner (CZCS) instrument. SeaWiFS improves on the
CZCS mission by having better bands for atmospheric correction or the removal of the light scattering by the Earth’s
atmosphere.’® Thisimprovement makes the SeaWiFS instrument much better at estimating chlorophyll and
suspended matter along the coastal regions.

The orbital characteristics of the platform allow coverage of more than 90% of the ocean surface every two days.*
The data is collected in two spatial resolutions: global data at 4.5 km and regional dataat 1 km.*® Theinstrument’s
primary optics consist of an “off-axis folded telescope and a rotating half-angle mirror.”*® This telescope collects
the radiation back scattered by the Earth’s surface and atmosphere and reflectsit onto the instrument’ s mirror. From
here, the beam is directed through a series of dichroics beam splitters, which transmit some wavelengths and reflect
therest. After the beam splitters separate the light into four wavelength regions, spectral bandpass filters are used to
narrow these regions into the desired spectral bands. Next, the light signal is converted from analog to digital,
amplified, and time-tagged for transmission back to Earth.’® (For more information on the characteristics of the
SeaWiFS data, please refer to reference 10.)

2.33 SeaWiFSdata

SeaWiFS Level 1 data consists of at-instrument raw radiance counts. Calibration and navigation datais availablein
aseparate datafile.

SeaWiFS Level 2 data consists of normalized water-leaving radiances and geophysical parameters derived from the
radiance data. The normalized water-leaving radiance data is corrected for atmospheric light scattering and sun
angles differing from nadir. The following list defines the classes of SeaWiFS Level 2 data™:

o Normalized water-leaving radiance at 412 nm, 443 nm, 490 nm, 510 nm, 550 nm, and 670 nm
Chlorophyll a concentration (derived)
K (490) (derived)
Angstrom coefficient, 510-865 nm (derived)
Epsilon of aerosol correction at 765 and 865 nm (derived)
Aerosol optical thickness at 865 nm (derived)

SeaWiFS Level 3 data consists of these geophysical parameters binned to a 9km square global spatial grid. Dataare
available over several temporal resolutions, including 8-day, monthly, and annual intervals. The SeaWiFS Level 3
data product consists of a main file of meta-data and data set wide information and a set of 13 subordinate files for



geophysical parameters. SeaWiFS Level 3 data can be quite large. For example, a monthly main file can average
about 62 megabytes and each subordinate file can average 26 megabytes each!*°

2.34 SeaWiFS ocean color measur ement

A guantitative measurement of the global ocean color is crucia to understanding the ocean’ s rolesin the planet’s
carbon cycle. According to Dr. Charles McClain, the SeaWiFS Project Scientist, “ The concentration and
predominant identity of substances and particles in the euphotic, or lighted, zone of the upper ocean influences the
apparent color of the ocean, which can range from deep blue to varying shades of green and ruddy brown.”** Living
phytoplankton, which contain chlorophyll and associated pigments, inorganic sediments, detritus (particulate
organic matter), and dissolved organic matter all contribute to the color of the ocean.*

On a proof-of-concept mission, the first attempt to measure ocean color from space was the Coastal Zone Color
Scanner (CZCS). CZCS not only demonstrated that ocean color could be remotely sensed from space, but provided
scientists with eight years of operational data, from November 1978 till June 1986."" SeaWiFSisacritical element
of NASA'’s biogeochemistry research program.

Remote sensing of ocean color is based on the principle that particulate and dissolved substances suspended in water
will interact with incident light.™ In open ocean conditions, concentrations of particulate matter and dissolved
substances are low. In these conditions, the water molecul es scatter light similar to the way the atmosphere scatters
light, producing a characteristic deep blue color.™* The scattering of light that is caused by particul ate reflection and
absorption of light by dissolved substances will alter this deep blue ocean color.** For example, the photosynthetic
pigment found in phytoplankton absorbs strongly in the red and blue regions of the visible spectrum and reflects
strongly in the green region. Therefore, as the concentration of phytoplankton in the ocean increases, the water will
appear increasingly greenin color. The absorption of light by phytoplankton’s chlorophyll can be quantified to
determine tﬂe concentration of chlorophyll in the water and allow the estimation of phytoplankton abundancein a
given area.

In addition to the required atmospheric corrections, remote sensing of ocean color can be strongly effected by the
presence of light-scattering inorganic particulate matter in the water.* Since particul ate concentrations generally
increase closer to the coastline, the water’s color tends to change from blue-green to brown or reddish-brown.™* It
becomes harder to distinguish the light absorption due solely to chlorophyll in these conditions. By collecting light
in severa b?lnds, SeaWiFS is able to minimize the effects of suspended inorganic materials on ocean color
calculation.

3. COMPUTATIONAL ASPECTS

The purpose of the computational aspects section isto document the information technology that has been
developed and utilized to implement the analysis defined in the project methodology. This section begins with an
overview of the high-level system architecture. The second part goes into the data engineering utilized to present
the information contained within the remote sensing files and the database of in situ observations. The third part
provides the reader with the detailed design of the Coral Reef Analysis Application. Thisincludes abrief discussion
on each of the programs developed. Finaly, the computational aspects section concludes with a quick look at the
Coral Reef Analysis Application from a user’ s perspective.

3.11 High level system architecture overview

As with most web-based systems, the Coral Reef Analysis Application design is based on a multi-tier system
architecture. This approach divides the application into several layers of discreet functions. Exampletiers for the
application include the user interface/presentation tier, the business logic tier, and the data accesstier. Sincethe
programming for a particular tier can be modified or relocated without affecting the other tiers, this 3-tier model
makes it easier for an enterprise to continually evolve an application as new needs and opportunities arise. Also,
existing applications or critical subsystems can be permanently or temporarily retained and encapsulated as a
member of the appropriate architectural tier.'?

The user interface tier of the Coral Reef Analysis Application will be implemented by a standard web-browser
delivering a combination of static and dynamic web pages. Client-side browser based scripting will be utilized to
provide more robust features, such as input verification.



The business logic tier provides the Coral Reef Analysis Application specific logic and business rules. Since the
critical application logic is encapsulated in this business logic tier, the application does not require any installation
onindividual client systems, beyond a standard web browser. This architecture also better supports an evolutionary
development process, since thereis no installed base of client software to support or upgrade.

The data accesstier provides interfaces to the required data repositories. It acts as the gateway for data between the
users of the system and the back-end files and databases. Thisisvery beneficia in a production system, since the
specific logic required to access the data is encapsulated here, change islocalized to the data tier when external
systems evolve or are upgraded. The main engine behind the Coral Reefs Analysis application is Sun’s Java Servlet
technology. In general, Servlets represent the Java world’ s response to Common Gateway Interface (CGI)
programming. They reside on aweb server and act as a middle-ware layer between front-end web browser requests
and back-end application logic. Typicaly the back end provides access to databases and/or server hosted
applications.

3.2 Data engineering

There are three data repositories within the Coral Reef Analysis Application: HDF files, a small database, and XML
documents. This sub-section will discuss each of these at length and the next sub-section on Detailed Design, will
explain how they are to be used within the project.

3.21 HDF files

HDF stands for Hierarchical Data Format. It was developed at NCSA as atechnique for data archiving large
volumes of data. A good archiving format should meet the requirements of being easy and efficient to store and
maintain over long periods of time and should permit easy access over long time frames. Two mgjor characteristics
of the HDF format make it suitable as an archiving format. First, it is self-describing. This means that the file itself
contains meta-data about the structure and format of the data itself.* Since thisinformation is contained within the
fileitself, thereislittle danger that the semantics of the archive could be lost, rendering the data worthless. The
second characteristic is the fact that HDF stores the information very compactly.* Thisis critical given the
enormous volume of data from applications, such as remote sensing. Further, since HDF uses features like standard
time/date stamps and checksum algorithms, it is very successful at storing datain a binary format that is portable to
different hardware. For the Earth Observing System, HDF was extended to become HDF-EOS. The extension adds
three features to the standard HDF: grids, points, and swaths. The addition of these features allows the data to be
accessed via spatial and/or temporal methods.™

3.22 XML documents

XML stands for “eXtensible Markup Language”. Like HDF, it is a self-documenting data description format. XML
isaset of rules for defining semantic tags that break a document into parts and identify the different parts of the
document.® It is a meta-markup language, that allows the user to define a syntax to create other domain-specific,
semantic, structured markup languages.™ This format is being used more frequently for remote sensing
applications. For the Coral Reef Analysis Application, several Java applications and Servlets were written to creste
and parse XML documents. We attempted to create alogical structure for these XML documents.
Each document contains the following information:
First, the root element isthe XML feature that al others are members. Inthis case, the top-level featureis:
<SEAWIFS_GRIDDED_DATA>
Next, there is an element that defines information used by each cell inthe row. Thisincludesinformation such as
the vertical and horizontal cell size, which iscommonto all cellsin arow. Hereisarow specific example:
<ROW>
<ID>1000</ID>
<NORTH_LAT>6.5833</NORTH_LAT>
<SOUTH_LAT>6.5000</SOUTH_LAT>
<VSIZE>0.0833</VSIZE>
<HSIZE>0.0839</HSIZE>
<CELL_COUNT>4291</CELL_COUNT>
</ROW>



Finaly, there are elements for each cell inthe file. Thefield “cell_count” in the row element tells us how many
cells of data are contained in this XML document. The cells are number from zero to (cell_count —1). Each
element contains information specific to that cell, such as the bands of remote sensing data. Hereisacell example;
<CELL_0>
<WEST_LON>-180</WEST_L ON>
<EAST_LON>-179.9161</EAST_L ON>
<BAND_0>58.6196</BAND_0>

<BAND_5>0.0288</BAND_5>
<ICELL_0>

3.23 SQL database

In the most general sense, a database is a collection of information related to a particular subject or purpose, such as
tracking customer orders or maintaining amusic collection. Typically the term denotes the software application that
is used to hold the information. Information is stored within database tables. Tables are made up of columns, which
represent a feature for each entry in the table, and rows, which represent individual records. For instance, in the
reefBase database, the table contains columns like the reef’ s name and location. Each reef should have datain each
of these columns. The rows, however, are used to hold information about different coral reefs. Therefore, the
information associated with row 1 isthe record for Iki 1sland, while the information associated with row 3 is related
to the Suvadiva Atoll. If databases just held information they’d be rather boring. Every database allows the user to
pull information from them in avariety of ways. In addition to proprietary access techniques, most modern
databases support some level of Structured Query Language (SQL). SQL queries form arequest to the database that
defines what information is pulled from which table, under some constraint. For example, the Coral Reef Analysis
Application uses the following SQL query:

SELECT ID, REEFNAME, COUNTRY, LAT, LONG

FROM REEF

WHERE ((LONG >= inWest) AND (LONG <= inEast) AND (LAT >= inSouth) AND (LAT <= inNorth));
This query asks the database to pull out the columnsid, reef name, country, lat, and long from the table reef. The
constraint is specified in the WHERE clause. Thislimits the results to within a user specified bounding box.

3.3 Detailed design

This section describes in detail the purpose and design of each software component developed for the Coral Reef
Analysis Application. Figure 1 shows ablock diagram that illustrates each of these software components. The
shape of the objectsin the figure is used to convey the type of the object. Rectangles with the lower right corner
turned up are used to represent datafiles. The system’s database is shown as a 3-d cylinder and the commercial off
the shelf (COTS) system components are shown as 3-d rectangles. Color isalso used in the figure to classify the
user requests/responses Various-p-i ece; of the sygtem. .
[ via http if to client browser | UNModified input datafiles are givena

pae purple color. Created data products
On-Demand are shown as date blue and COTS
Processing software applications are shown as
ST magenta. The applications that were
developed for this project are shown as
e e s e dark gray rectangles. There arethree
major stagesin the block diagram.
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During this stage, the HDF dataistrandated into an XML format via a developed program, the model datais
implemented as a stand-alone datafile, and the reefBase datais imported into alocal database. 1n an operational
application, these first two stages would be run infrequently.

The third stage is on-demand processing. As the name suggests, the purpose of this stage is to respond to user
requests. Thisstage is comprised of the COTS networking pieces, al static HTML files for the user interface, and
the Java Servlet program used to analyze the system’ s data.

3.31 Detailed Software Design

First, let’slook at the back end processing stage. The program hdf2xml.javaisto translate the SeaWiFS Level 3
HDF datafilesinto appropriate XML documents. This program is a stand-alone program that receives two input
parameters from the user: the starting and ending row. Based on the values of the start and end row parameters,
hdf2xml.java pulls out the appropriate row information from the binlndex Vgroup. For each row, the binlndex
Vgroup defines the row number, starting location, the vertical/horizontal distance, and the height.

Asthe program loops over all the rows from the binlndex V group, it checks to see if the current row is between the
starting and ending row. If so, the data from the binlndex V group and from the supporting files are parsed and
output to the correct XML file. If not, the program uses the binlndex Vgroup data to skip the proper number of non-
required data in each of the HDF supporting datafiles. The output isan XML file for each row of data. Asitis
parsing the data, the program also computes the latitude and longitude for each row and cell. A text file of summary
information is also produced. Thistext fileis parsed by other programs to locate required XML files.

Next, let’slook at the on-demand processing stage. The exploreRS Java Servlet runs when a user selectsthe
appropriate hyperlink. This program reads the text file created by hdf2xIm.java program and creates as output a
dynamic HTML page containing a table of the row number, a count of data elementsin that row, and the north and
south latitude for each row. Also, adirect hyperlink to therow’s XML datafileis provided.

The exploreModel Java Servlet runs when a user selects the appropriate hyperlink. 1t readsthe Model XML data
filesand uses HTML to produce a bar graph of the model data. Based on the data values read for each band of data,
the program scales asmall 1 pixel by 1 pixel image. First, the largest data value for the model islocated, and this
value is scaled as 100% of the allowable 200-pixel graph display area. The other band data values are calculated as
the integer representation of their relative percent of the distance to the maximum band data. This technique allows
for decimal heightsto be represented in the integer screen height by approximating a fixed point numbering system.

The reefBase Java Servlet runs when a user selects the appropriate hyperlink. This program requires 4 parameters:
North Latitude, South Latitude, East Longitude, and West Longitude. Together, these 4 parameters define a
bounding box, which is used to pull information out of the reefBase database as a SQL query. Asthe program
executes, it builds a SQL query out of the parameters and retrieves the name and L atitude/L ongitude for each coral
reef within the bounding box. A constraint is applied to pull only the data that has a longitude less than or equal to
the North Latitude, greater than or equal to the Southern Latitude, greater than or equal to the Western Longitude,
and less than or equal to the Eastern Longitude all at the sametime. The results are returned asaHTML table
within the dynamically generated HTML document.

The analyzeData Java Servlet is the main analysis piece of the Coral Reef Analysis Application. Itiscaled froma
static HTML page where the user defines the analysis parameters. These parameters include the North, South, East,
and West values for the bounding box and the model data valuesin each of the bands. The analyzeData.java pulls
information from the remote sensing data XML files and the reefBase database. The data from these two sources
are combined into the same grid by the program. First, based on the user’ s input, the program queries the reefBase
database to retrieve al coral reefs within the bounding box. Second, analyzeData.java reads the text file of row
information that was created by the hdf2xml.java program. It loops over the rows of data from this file and ignores
rows that are not within the North and South limits of the bounding box. To do this, the program determines if the
bounding box’ s north value is less than or equal to the northern latitude of the row and at the same time the
bounding box’ s north value is greater than or equal to the row’s southern latitude. If thisisthe case, aboolean
variableis set and all rows are processed until the last oneif found. Thisis determined by testing to see if the
bounding box’ s south value is less than or equal to the northern latitude of the row and at the same time the
bounding box’s south value is greater than or equal to the row’s southern value. Next, the XML data file associated
with a selected row is opened and parsed. Since each cell has an associated east and west value, it isasimple test.



A test isdone to determine if the bounding box’s west value is greater than or equal to the current cell’s west value
and at the same time the bounding box’ s west value is less than or equal to the current cell’ s east value.  When this
isthe case, all cells are processed until the exit condition is reached. Cells are no longer processed after the
bounding box’ s east value is greater than or equal to the current cell’s west value and at the same time the bounding
box’s east value isless than or equal to the current cell’s east value. For each cell selected for processing by this
algorithm, analyzeData.java checks to see if the reefBase database has any coral reefs present there. If so, this
information is retrieved and processed for output. Also for each cell, the remote sensing datain each band is
retrieved and parsed from the XML file. The RMS statistical measure is computed as defined in

U3 (data, -~ mode, )’

The RMS gtatistical measure is equal to the square root of the sum of the squared differences between each data and
model point. Since each point in the sequence is compared, a small value of RM S indicates that the two sequences
are closer together. The computed RMS value is compared to a user-supplied value of epsilon. The relationship
between RM S and epsilon is combined with the presence or absence of a coral reef from the reefBase to determine if
the model hit or missed areef. There are several possible outcomes. First, we have areef present according to the
in situ observations and the RMS value is less than or equal to the user supplied epsilon. In this case the model
accurately predicted that a coral reef was present. Therefore, we define thisasa hit. In the second case, thereisn't a
reef present according to reefBase, but the RM S value isless than or equal to the user supplied epsilon. Thisis
defined as afalse positive. It may be an indication of afailure of the model to predict the existence of a coral reef or
it could represent areef that exists but isn’t in the reefBase database. In the third case, thereis areef present
according to the reefBase database, but the calculated RM S is greater than the user supplied epsilon. Therefore, we
definethisasamiss. Finaly, if thereisn’t areef present and the RMSis greater than epsilon, we' ve got a situation
defined as a so-called soft hit. In this case, the model is saying that nothing is present and the database is saying
nothing is present. The output from analyzeDatajavais sent back to the user’s web browser asan HTML table
within adynamically generated HTML page. Each table row represents a unique combination of remote sensing
datarow and cell. The columns of the HTML table contain the cell’ s north, south, east, and west values. It also
contains alist of reefs, in any, pulled from the reefBase database that are within this cell’ s boundaries, the calculated
value of RM S, and two dynamically generated hyperlinks to the helper Java Servlets graphData and vizData. The
graphData.java functions identically to model Data.java, accept that for each band both the model and actual remote
sensing data for the selected cell are displayed side by side. Please note that it is hecessary to scale both the model
and remote sensing data identically so that the graphs for both data sequences line up over al bands. The vizData
Java Servlet dynamically buildsthe HTML page of parameters for the Coral Reef Visualization applet discussed in
detail below. The vizData Java Servlet createsan HTML file on the server for the user. Onceit is finished
processing, it gives the user adirect link to this newly created file. Thisis done so that we can ensure that all the
parameters have been written to the HTML page before the applet is downloaded and begin execution on the user’s
system. If thistechnique wasn’t used, there would be a race condition and the applet may fail because all the data it
requires wasn't written to the enclosing page before it began executing.

3.36 Coral reef visualization applet

The Coral Reef Visualization Applet allows the user to visually interact with the remote sensing and model data. It
islaunched from alink off of the dynamic page generated by the analyzeData Java Servlet. Thislink invokes
vizData. Java Servlet, which dynamically buildsthe HTML page that wraps the Coral Reef Visualization Applet.
This page contains the information necessary for the applet to display the dataas HTML “PARAM?” tags. For
example, let’slook at the following line from the page:

<PARAM name="cel|195" value="-2.25 N to0 -2.3333 S,41.0702 E to 40.9868 W,6.6376, 3.148, 2.391,
1.521,0.703,0.0861,Takawa Milinga$511">

Thislinetellsusthat cell 1195 is bounded by —2.25 North to —2.33 South and 41.07 East to 40.986 West. Following
thisin the value field are the six bands of remote sensing data. Finally, this example has a cora reef present. The
nameis“TakawaMilinga’ and the reefBase database id is511. A Java string tokenizer is used to pull out the
various pieces of data. String conversion methods are called to translate the data required from strings to floating
point numbers. Below is a screen shot of the Coral Reef Visualization Applet in action. In the upper left-hand
corner, you'll notice alarge area of blue and red squares. Each square represents one cell of remote sensing data.



The color indicates if acoral reef is present in the reefBase database within that cell. There are 11 rows by 21
columns. This gives us five rows above and below and ten rows to the right and left of the center cell. The center
cell isthe one the user clicked on from the analyzeData.java generated page. The user may click on any cell to
move around in main mapping area. The currently selected cell has awhite x init. On the lower |eft thereis azoom
area, showing the eight neighbors of the currently cell.
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fledged Java object with both
associated data and methods. For
example, each object hasits own array
of remote sensing band data, as well as
the appropriate methods to access this
array. By using get and set methods
for the object’ s data, the actual
implementation can vary without
affecting the calling code. The
technique enables the application to be
very extensible. It would be asimple
matter to extend the data associated
with the cells for amore robust version
of this problem or for another remote
sensing analysis job.
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FM R T - text box that displays the associated
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Figure 2, Coral Reef Visualization Applet The information displayed includes the

cell’ s latitude/longitude, the contents
of the cell’s array of remote sensing data, and alist of coral reefs from the reefBase database (if any).

The black box next to the reef name is the screen shot is actually a hyperlink to the detail .java Java Servlet, which
displays the full information about the reef from the reefBase database in a separate browser window.

On the right-hand side of the display is a graph and table designed to show the user how closely the remote sensing
data from the currently selected cell compares with the model. The bar graph plots the model data as small circles
on each of the red band lines. The remotely sensed data is drawn on top of the red band line asabar. Below the bar
graph isadata table that shows the model and data pointsin atabular format. The RMS statistical metric isalso
displayed here. There are many ways in which the Coral Reef Visualization Applet could be enhanced. For
example, the cellsin the main and zoom area could be colored based not only on reef presence, but also onthe RMS
comparison between that cell’ s data and the current model. Also, the tool could be extended to display multiple
models at the same time.

4. ANALYSISAND RSULTS

4.1 Distribution analysis of SeaWiFS remote sensing data

One interesting area would be to investigate the SeaWiFS band data for cells that have at |east one coral reef present
in the reefBase database. The ultimate goal would be to establish a pattern that is unique to these cellsonly. In
order to do this, we modified a version of the hdf2xml.javatool to output a comma separated values file for cells that
have coral reefs present according to the reefBase database. This new program, coralDatajava, generates afile
containing the row/column number, the bounding box values, and the data values for bands zero to six.

This data was read into Matlab for analysis. We ran against rows 500 till 1500, giving coverage from approximately
33 degrees North to —33 degrees South. Thisresulted in 5392 unique cells of datain the coralData,java output file.
Please note that this number is much lower than full contents of the reefBase database, because there are a few cora
reefs outside this coverage and because many cells contain more than one coral reef. Figure 3 shows a histogram



distribution for each of the SeaWiFS data bands. Table 1 provides some cumulative statistics for the same set of
data.
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Figure 3, Histograms of SeaWiFS Data Bands with Reefs Present

Table 1, Cumulative Statistics for SeaWiFS Data Bands with Reefs Present

Band Min Max Mean Median STD
0 0.00 32.37 5.91 4,870 4.27
1 0.03 97.85 7.71 6.191 6.62
2 0.09 137.14 7.35 5.922 7.15
3 0.15 109.73 4.89 3.833 5.32
4 0.04 57.62 2.28 1.544 3.03
5 0.00 252 0.20 0.085 0.28

4.11 Comparison of in situ Data to Lubin’s M odel

This section contains the results from comparing Lubin’s model for the four objects against the SeaWiFS remote
sensing data and the in situ observation. Please note that there are no in situ observations available for the non-coral
objects. We used an epsilon value of 10.0 and 12.0 and compared all cellsin the rows defined above in the
distribution analysis. The models assume a depth of 5 metersin the following discussion. For sand, the model and
data cells were with within the epsilon of 10.0 approximately 6.333% of the time. Thisjumpsto 8.25% when the
epsilonisset of 12.0. Again, thereisno in situ database to compare against. It is comforting that this number for
sand is much larger that the two coral objects, since you would expect to have more sand visible that coral
throughout the coverage area. For algae, the model and data cells were within the epsilon of 10.0 approximately
3.2123% of thetime. Thisjumps up to 4.0120% of the time with an epsilon of 12.0. For the two types of coral,

M ontastrea cavermosa and Dichocoenia stokesi, the model data cells were within the epsilon of 10.0 approximately
6.4321% of thetimein cellsthat contain coral reefs according to the in situ database. When epsilonis set to 12.0,
this jumps to 6.7778% of the time, again constrained to cells containing coral reefs according to the in situ database.
Things get much worse when we look at data where there aren’t coral reefs present according to the model. A false
positive was defined earlier as a cell where there is no reef present in the in situ data, but the model and the dataare
within the specified epsilon. Here we get afalse positive 7.3333% and 7.4523% of the time with an epsilon of 10.0
and 12.0 respectively. Asyou can see, we had avery difficult time getting the remote sensing data and the model
datato line up. Why? There are at least three possible shortcomings in the existing system to hinder this complete



analysis. First, there is no depth associated the remote sensing grid cells. Without thisinformation, it is difficult to
know which model to test against a specific of remote sensing data. 1n the near term, a SeaWiFS data quality flag,
which indicates the water is too shallow for accurate ocean color, could be used to filter the data for the suitable
model. Inthelonger term, the XML produced could be combined with another product, such as the Digital
Elevation Model (DEM) to get a more accurate estimation of the average cell depth. Second, the data we chose to
analyze may be too large for the model to be effective. It would be interesting to see if better results could be found
with a data set of higher spatial resolution, such as a SeaWiFS Level 2 Local Area Coverage data set or even
Landsat Thematic Mapping. Third, this may be cause because the wrong cora reef model is being applied. We
only check for the existence of areef, not the type. The type data within reefBase doesn’t typically have the specific
coral species. Without thisinformation, it is not possible to determine the exact model to apply. This shortcoming
could be corrected by pulling the species data for particular coral reefs from *analog’ sources, such asthe World
Atlas of Coral Reefs.!

4.12 Mean band values as an alter native model

One thought we had, was to use the mean value from each band of cells with coral reefs present as an alternative
model. Wetested this alternative using Matlab. When epsilon equals 10.0, the average hit is 73.33. It jumps up to
86.44 percent when epsilon equals 12.0. Thisisafairly good match against the cells that contain coral reefs. In
order to answer how well, we needed to run the mean band values through all points within aregion to see the hit
and miss counts. We started with the region from rows 990 to 1020, giving a bounding box of approximately 6.5
degrees North to 4.2 degrees South over all 360 degrees. In 289 cells with coral reefs present in thisregion
according to the reefBase database, 185 of them had a model and remote sensing RM S val ue of less that an epsilon
of 10.0. Thisisahit rate of about 67%. However, in the 132834 cells where thereis no reef present according to
the reefBase database, 58589 cells had a model and remote sensing RM S value of less than the same epsilon. Thisis
afalse positive rate of approximately 44%.

4.13 Hyper spectral sensors

One area that may help yield significantly better resultsis the use of hyperspectral sensors and appropriate data
analysistechniques. Imaging spectrometers collect a very large number of wavelength channels at the same time.
Hyperspectral systems collect on the order of hundred of wavelengths per pixel. For example, the CASI 2 sensor
collects 288 bands of data for each pixel imaged. This differs substantially from multispectral systems, which
collect on the order of tens of bands per pixel. For example, the Landsat Thematic Mapper sensor collects three
bandsin the visible, one in the near infrared, two in the mid infrared, and one in the thermal infrared only. Another
way to distinguish hyperspectral from multispectral dataisthe channel size. Hyperspectral sensors have very small
wavebands when compared to their multispectral cousins. For example, the Landsat Thematic Mapper channels
vary from about 60 nm in channel 3 to 270 nmin channel 7. Thisvaries considerably from a hyperspectral sensor,
such asthe CASI 2, which has a spectral resolution of 2.2 nm FWHM at 650 nm. By having so many small
wavebands over such a large portion of the electromagnetic spectrum, it is possible to use hyperspectral datato
determine the unigque spectral signature of remotely sensed objects. Since hyperspectral datasets offer a tremendous
increase in spectral resolution, it isvery likely that analysis based on them will match the models much closer.
There has been some success in the utilization of hyperspectral systems for the identification of coral reef features.
The reader is referred to Holden and Ledrew work in the International Journal of Remote Sensing.”® Another
example is NOAA's use of hyperspectral imaging to remotely monitor coral health and mortality at Buck Island
National Marine Reserve."

5. CONCLUSIONS
This paper presents two magjor results. First, asthe analysis section details, the comparison of SeaWiFS data against
Lubin’s spaceborne spectral model proved less successful than initially hoped. While less than ideal, our results do
show that there is considerable promise in this approach. Research areas we are currently pursuing include
utilization of datasets with higher spatial resolution and higher spectral resolution. We are considering using
different hyperspectral datasets taken from airborne sensors such as Aurora and AlSA and spaceborne sensors like
EO-1 Hyperion. We intend to investigate fusing the remote sensing observational data with ocean depth
information. We believe this multi-sensor data fusion approach will further improve our outcome. The second
major result this paper providesis aval uable overview to the techniques and trade-offs associated with designing
and implementing a fairly detailed architectural and functional description of a web-delivered database-driven
remote sensing analysis application.
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