COASTAL –GILBES’ GROUP REPORT
(Performance period: March 1, 2008 to August 31, 2008)
RESEARCH COMPONENT
Thrust: Remote Sensing of Coastal Waters
Project 2: Field measurements in coastal waters for algorithm testing/development and
satellite validation
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•

•
•
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•
•

Relevance to NOAA’s mission and the strategic plan: This project is well in view with
NOAA’s vision and mission that establish a comprehensive understanding of the role of
the oceans and coasts to meet our Nation’s economic, social, and environmental needs. It
is aligned with the new priorities for the 21st century presented in the NOAA’s strategic
plan and in regards of coastal and marine resources through an ecosystem approach to
management. The research activities are helping to develop better and most costeffective tools to monitor coastal processes.
Relevance to NOAA Line Office (i.e., National Weather Service, National Ocean
Service) strategic plan: This project provides critical support for NOAA’s missions of
the National Ocean Service by using and validating environmental satellite data.
Especially, it is creating an important database of bio-optical properties from coastal
waters affected by rivers discharge. These field data are crucial to develop improved
algorithms for the estimation of water quality parameters in coastal waters.
Supervising PI or Co-Is: Fernando Gilbes Santaella
Publications (during performance period):
-Journal Publications with Students: Vilmaliz Rodriguez is now working with a
journal publication that will be submitted to Remote Sensing of Environment before the
end of the year.
-On-line Publications: Hernández Guevara, Natlee M. (2008) Grain Size, Composition
and Spectral Response of Deposited Sediments in Mayagüez Bay, 18 pages.
(http://gers.uprm.edu/pdfs/topico_natlee2.pdf)
-Books: PI and students have continued working with their chapters for the peer-review
book about the oceanography and remote sensing of Mayaguez Bay, including all the
work sponsored by NOAA CREST. This book will be published in collaboration with
the Center for Hemispherical Cooperation (CoHemis) of UPRM.
Dollar amount of funds leveraged with CREST funds (during performance period):
1. Study of Benthic Habitats Using Hyperspectral Remote Sensing. Sponsored by NSFCenter for Subsurface Sensing and Imagine Systems (CenSSIS). $25,000
2. Developing a protocol to use remote sensing as a cost effective tool to monitor
contamination of mangrove wetlands. Sponsored by the Puerto Rico Sea Grant.
$25,000
Ongoing, New or Revised?: Ongoing
Staff: None
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•
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•

•

•

Students PhD: Patrick Reyes and Ramón Lopez, UPRM-Department of Marine Sciences
Students MS: Vilmaliz Rodriguez, UPRM-Department of Geology
Students Undergraduate: Nathlee Hernández, UPRM-Department of Geology (this
student worked in a NOAA CREST related topic as part of the course Geol 40455,
undergraduate research; but she was not directly funded)
NOAA Collaborators: Richard Stumpf from the NOAA’s National Centers for Coastal
Ocean Science (NCCOS). He is an expert in the application of remote sensing to coastal
waters, especially for the estimation of suspended sediments and Chl-a.
Other Collaborators: Eric Harmsen (UPRM-Department of Agricultural Engineering),
Carlos Ramos-Scharrón (Department of Geosciences, Colorado State University), and
Luis Pérez-Alegría (UPRM-Department of Agricultural Engineering), Richard Miller
(National Aeronautics and Space Administration), and Roy Armstrong (UPRMDepartment of Marine Sciences).
Operational Impact: The on-going project aims to develop the appropriate techniques to
use ocean color sensors to monitor the conditions of coastal environments. Estimates of
Chlorophyll and Suspended Sediments from space can be used as proxy for the quality of
coastal waters. Continuous monitoring of such parameters with satellite sensors will help
to better understand and manage our coastal environments.
Status of the project with respect to the goals/objectives and benchmarks previously
identified: Processing of field data collected in Mayaguez Bay over the past seven years
was continued. The first version of a site-specific algorithm for the estimation of Total
Suspended Sediments have been developed and tested, although further testing and
tuning is necessary. Remote sensing reflectance measurements obtained with the GER1500 spectroradiometer are being used to estimate these parameters and compared with
MODIS data. Several algorithms developed by different groups to estimate Chl-a using
ocean color sensors were tested in Mayaguez Bay using the GER-1500 remote sensing
reflectance data. Bio-optical data collected during the past six years with a rosette have
been incorporated in a GIS-database for further analyses and comparisons with satellite
data. Good progress has been obtained in all proposed tasks.

Tasks (For year I as per the Milestone Chart)
Task (1) Compare to satellite water leaving products and atmosphere retrievals

Interactions among the bio-optically active components found in Mayagüez Bay were studied
using Hydrolight 4.2. Dominance of the inorganic mineral particles on the spectral shape and
magnitude of the remote sensing reflectance was evident when mineral concentrations where
over 5 mg/l and chlorophyll a concentrations between 0.1 and 1 micrograms/liter. This
information was used to develop and validate ocean color algorithms for the estimation of
chlorophyll a in Mayagüez Bay. Two of the three empirical algorithms developed for the bay
perform better than the 14 published algorithms tested. Due to the complex optical nature of
coastal waters, alternative methods for the remote estimation of primary production may be
needed in sediment rich systems.

Task (2) Intercomparison of the below/above water signals with aircraft and satellite data as
available.

Use of satellite derived data for TSS estimation is Mayagüez Bay was investigated in order to
provide more resources for costal monitoring. Understanding of the dynamics and association
between apparent and inherent optical properties is necessary for the development of this type of
algorithms, especially in optically complex waters. We used in situ measurements of total
suspended sediments (TSS), backscattering and Rrs to examine and define the relationship
between these parameters for inferring of TSS concentrations using ocean color sensors. Good
relationships resulted from TSS concentration and bbp linear regression analyses in all six
wavelengths (R2=0.74-0.76; n=133; P<0.0001 for all cases). Resultant regressions, between bb
and Rrs using corresponding wavelength, show significant wavelength dependant variations
where best relationship was observed at 620 nm. The analysis of Rrs single band and Rrs ratio for
derivation of TSS indicates that red to green ratio (Rrs655/Rrs545) present the best correlation
results (R2=0.84; n=72). Simultaneous MODIS reflectance band 1 data and in situ measurements
of TSS concentration, bbp 620 and Rrs645 were all positively correlated.
Project 3: Improvement/Development of algorithms for remote sensing of coastal waters
•

•

•
•

•

Relevance to NOAA’s mission and the strategic plan: This project is well in view with
NOAA’s vision and mission that establish a comprehensive understanding of the role of
the oceans and coasts to meet our Nation’s economic, social, and environmental needs. It
is aligned with the new priorities for the 21st century presented in the NOAA’s strategic
plan and in regards of coastal and marine resources through an ecosystem approach to
management. The research activities are helping to develop better and most costeffective tools to monitor coastal processes.
Relevance to NOAA Line Office (i.e., National Weather Service, National Ocean
Service) strategic plan: This project provides critical support for NOAA’s missions of
the National Ocean Service by using and validating environmental satellite data.
Especially, it is creating an important database of bio-optical properties from coastal
waters affected by rivers discharge. These field data are crucial to develop improved
algorithms for the estimation of water quality parameters in coastal waters.
Supervising PI or Co-Is: Fernando Gilbes Santaella
Publications (during performance period):
-Journal Publications with Students: Vilmaliz Rodriguez is now working with a
journal publication that will be submitted to Remote Sensing of Environment before the
end of the year.
-On-line Publications: Hernández Guevara, Natlee M. (2008) Grain Size, Composition
and Spectral Response of Deposited Sediments in Mayagüez Bay, 18 pages.
(http://gers.uprm.edu/pdfs/topico_natlee2.pdf)
-Books: PI and students have continued working with their chapters for the peer-review
book about the oceanography and remote sensing of Mayaguez Bay, including all the
work sponsored by NOAA CREST. This book will be published in collaboration with
the Center for Hemispherical Cooperation (CoHemis) of UPRM.
Dollar amount of funds leveraged with CREST funds (during performance period):

1. Study of Benthic Habitats Using Hyperspectral Remote Sensing. Sponsored by NSF-
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Center for Subsurface Sensing and Imagine Systems (CenSSIS). $25,000
2. Developing a protocol to use remote sensing as a cost effective tool to monitor
contamination of mangrove wetlands. Sponsored by the Puerto Rico Sea Grant.
$25,000
Ongoing, New or Revised?: Ongoing
Staff: None
Students PhD: Patrick Reyes and Ramón Lopez, UPRM-Department of Marine Sciences
Students MS: Vilmaliz Rodriguez, UPRM-Department of Geology
Students Undergraduate: Nathlee Hernández, UPRM-Department of Geology (this
student worked in a NOAA CREST related topic as part of the course Geol 40455,
undergraduate research; but she was not directly funded)
NOAA Collaborators: Richard Stumpf from the NOAA’s National Centers for Coastal
Ocean Science (NCCOS). He is an expert in the application of remote sensing to coastal
waters, especially for the estimation of suspended sediments and Chl-a.
Other Collaborators: Eric Harmsen (UPRM-Department of Agricultural Engineering),
Carlos Ramos-Scharrón (Department of Geosciences, Colorado State University), and
Luis Pérez-Alegría (UPRM-Department of Agricultural Engineering), Richard Miller
(National Aeronautics and Space Administration), and Roy Armstrong (UPRMDepartment of Marine Sciences).
Operational Impact: The on-going project aims to develop the appropriate techniques to
use ocean color sensors to monitor the conditions of coastal environments. Estimates of
Chlorophyll and Suspended Sediments from space can be used as proxy for the quality of
coastal waters. Continuous monitoring of such parameters with satellite sensors will help
to better understand and manage our coastal environments.
Status of the project with respect to the goals/objectives and benchmarks previously
identified: Processing of field data collected in Mayaguez Bay over the past seven years
was continued. The first version of a site-specific algorithm for the estimation of Total
Suspended Sediments have been developed and tested, although further testing and
tuning is necessary. Remote sensing reflectance measurements obtained with the GER1500 spectroradiometer are being used to estimate these parameters and compared with
MODIS data. Several algorithms developed by different groups to estimate Chl-a using
ocean color sensors were tested in Mayaguez Bay using the GER-1500 remote sensing
reflectance data. Bio-optical data collected during the past six years with a rosette have
been incorporated in a GIS-database for further analyses and comparisons with satellite
data. Good progress has been obtained in all proposed tasks.

Tasks (For year II as per the Milestone Chart)
Task (7) Analysis of optical field measurement together with Chl, TSS concentrations
Use of satellite derived data for TSS estimation is Mayagüez Bay was investigated in order to
provide more resources for costal monitoring. Understanding of the dynamics and association
between apparent and inherent optical properties is necessary for the development of this type of
algorithms, especially in optically complex waters. We used in situ measurements of total

suspended sediments (TSS), backscattering and Rrs to examine and define the relationship
between these parameters for inferring of TSS concentrations using ocean color sensors. Good
relationships resulted from TSS concentration and bbp linear regression analyses in all six
wavelengths (R2=0.74-0.76; n=133; P<0.0001 for all cases). Resultant regressions, between bb
and Rrs using corresponding wavelength, show significant wavelength dependant variations
where best relationship was observed at 620 nm. The analysis of Rrs single band and Rrs ratio for
derivation of TSS indicates that red to green ratio (Rrs655/Rrs545) present the best correlation
results (R2=0.84; n=72). Simultaneous MODIS reflectance band 1 data and in situ measurements
of TSS concentration, bbp 620 and Rrs645 were all positively correlated.
Task (8) Evolution and tuning of algorithm for Chl retrieval in PR coastal waters
Interactions among the bio-optically active components found in Mayagüez Bay were studied
using Hydrolight 4.2. Dominance of the inorganic mineral particles on the spectral shape and
magnitude of the remote sensing reflectance was evident when mineral concentrations where
over 5 mg/l and chlorophyll a concentrations between 0.1 and 1 micrograms/liter. This
information was used to develop and validate ocean color algorithms for the estimation of
chlorophyll a in Mayagüez Bay. Two of the three empirical algorithms developed for the bay
perform better than the 14 published algorithms tested. Due to the complex optical nature of
coastal waters, alternative methods for the remote estimation of primary production may be
needed in sediment rich systems.
Task (9) Development of GIS database for land sea interactions in Mayaguez Bay
All data collected in Mayaguez Bay was put to the process of quality control in which all the
different sets were corrected and calibrated according to the specification of every instrument
and method. Once calibrated it was organized into excel spreadsheets according to the sampled
stations during the cruises. From these data sets a series of parameters were chosen to be
converted into a GIS project to make possible the analysis of the dynamics of the bay. The
selected parameters include the inherent optical properties, suspended sediments, chlorophyll and
salinity. The sampled stations were used to create interpolated layers using the spatial analyst
Spline function in ArcGIS. Once the parameters were chosen and organize into layers,
additional ancillary data was added to the projects to facilitate the analysis. This new ancillary
data includes benthic types, bathymetry, watersheds and river and streams, roads, and geology of
Mayaguez area. These ArcMap projects then were published in the web using ArcIMS. The
data cruises already available are February and October of 2003 and March, April, September,
and October of 2006. The web address is http://gersview.uprm.edu/mayabay.html.
Future Tasks (From the Milestones)
Efforts for developing site-specific algorithms for Chlorophyll-a and suspended sediments will
continue. Other sampled months are being organized and they are getting ready for the GIS
databases. Very soon they will be exported to ArcIMS and be published in the web. This
activity will allow people to access and manipulate the data via internet for better understanding
of land-sea interactions in Mayaguez Bay. Ramón Lopez, will continue working with this
important aspect of the project. A publication by Vilmaliz Rodriguez will be submitted to the
Remote Sensing of Environment journal before the end of the year. The PI and other students
will continue working with the chapters of the Mayaguez Bay book.

Use of remote sensing reflectance, backscattering and MODIS data
to estimate total suspended sediments in Mayagüez bay
Vilmaliz Rodríguez-Guzmán & Fernando Gilbes-Santaella
Abstract

Use of satellite derived data for TSS estimation is Mayagüez bay is investigated in order to provide more
resources for costal monitoring. Understanding of the dynamics and association between apparent and
inherent optical properties is necessary for the development of this type of algorithms, especially in
optically complex waters. We used in situ measurements of total suspended sediments (TSS),
backscattering and Rrs to examine and define the relationship between these parameters for inferring of
TSS concentrations. Good relationships resulted from TSS concentration and bbp linear regression
analyses in all six wavelengths (R2=0.74-0.76; n=133; P<0.0001 for all cases). Resultant regressions,
between bb and Rrs using corresponding wavelength, show significant wavelength dependant variations
where best relationship was observed at 620 nm. The analysis of Rrs single band and Rrs ratio for
derivation of TSS indicates that red to green ratio (Rrs655/Rrs545) present the best correlation results
(R2=0.84; n=72). Simultaneous MODIS reflectance band 1 data and in situ measurements of TSS
concentration, bbp 620 and Rrs645 were all positively correlated, but more data is require to better define
and validate resultant relations.
Introduction

Comprehension of relationships between water constituents, inherent optical properties (IOPs) and
apparent optical properties (AOPs) is important for characterizing the marine optical environment,
developing remote sensing ocean color algorithms (D’Sa and Miller, 2003) and interpretation of satellite
imagery for coastal case 2 waters (Doxaran et al., 2002a). Empirical relationships will be calculated
incorporating measurements of TSS concentration, optical backscattering, in-situ remote sensing
reflectance (Rrs) and MODIS data in order to provide a baseline for the development of site specific
algorithms to estimate TSS in Mayagüez bay. Scattering is a fundamental process in light propagation in
the ocean, where electromagnetic radiation is deflected from its original beam by particles. The optical
backscattering coefficient (bb) indicates, in units of m-1, the attenuation caused by scattering at angles
from 90° to 180°. Considering that this coefficient is representative of the amount of photons scattered
backward, it is directly related to reflectance information collected near the water surface or even ocean
waters data obtained from satellite sensors (Dana and Maffione, 2002; Boss et al., 2004a). The are many
constituents in water that affects the bb coefficient such as bubbles, organic and inorganic particles,
Colloids, liquid or oil particles, an extensive description of the role and significance of each one of these
constituents to bb are discussed in Stramski, et al., 2004. Additionally, better understanding of this
parameter will provide valuable information necessary to interpret and analyze satellite information
considering that in ocean waters satellite sensors essentially recorded images of backscattered light (Dana
and Maffione, 2002; Boss et al., 2004b).
Numerous studies have used measurements collected from satellite sensors to detect spatial variations of
water quality parameters associated to TSS concentrations (Ritchie et al., 1976; Miller et al., 1994; Otero
et al., 1992; Doxaran et al. 2002a; Binding et al., 2003; Chen and Muller-Karger, 2007). MODIS appears
to be a suitable sensor for the purposes of this study because the data is very accessible, it contains two
250m resolution bands at 645 nm (band 1) and 859nm (band 2) which are in a spectral region typically
associated to TSS concentration (Athius, 1998; Doxaran et al. 2003), and finally this sensor has a very
fine temporal resolution (one day) that provides information for daily monitoring. Previous studies have

validated MODIS band 1 (620-670 nm; 250 m) to estimate concentration of TSS (Miller and McKee,
2004). However, unsatisfactory results are obtained when these algorithms are applied in Mayagüez Bay.
Some of the limitations encountered during the process were: (i) the small spatial extensions of the study
area (95 Km2); (ii) the abundance of TSS and other water constituents in this bay are relatively low
compared to characteristic conditions of case 2 waters; (iii) specific optical properties for this area were
not considered. These factors make necessary the development of site-specific algorithms to retrieve
product of water quality parameters (e.g. TSS) through remote (Menon et al., 2005) or in situ optical
measurements.
Main objective of this study is to derive relationships between TSS, backscasttering, above water remote
sensing reflectance and satellite measurements in order to develop algorithms for TSS concentration
estimation.
Methods

The study period encompasses twelve research cruises that were carried out between January 2004 and
October 2006 (See table 1). A total of 17 stations were monitored within this period for bio-optical
properties, remote sensing reflectance (Rrs) and laboratory measurements of TSS, chl-a and C-DOM (Fig.
1). From these stations, six are permanent and eleven were visited only in special missions during the
first year of the study period (2004). Distribution of stations along the bay aims to detect variations
associated to river discharge by aligning them in transects that extent from the mouths of the Añasco,
Yagüez and Guanajibo rivers. Eleven additional sites at the river mouths were monitored for Rrs and TSS
during three days of sampling (June 4, 11 and 16 May) Parameters incorporated and discussed within this
report are TSS concentration, backscattering coefficients (bb & bbp) and Rrs.
For TSS concentration measurements, duplicated water samples were taken at each station at the surface
and in deep water. The water was filtered thought Millipore ® HA 0.45 µm white nylon HNWP 47mm
diameter membrane. These filters were previously oven-dried over-night at 60ºC and pre-weighed in and
analytical balance ±.0001g. The filtered water volumes varied between station samples (depending on the
sediment load of each sample). The filters were then dried at 60ºC over-night and then re-weighted.
Vertical profiles of total backscattering (bb) and particle backscattering (bbp) at six different wavelengths
(442, 470, 510, 579, 620 & 671/675 nm) were measured using a HydroScat-6 (HS-6, elaborated by HOBI
Labs). This instrument converts a raw signal to a value of Volume Scattering Function (VSF) around a
single fixed angle of 140º (Maffione & Dana, 1997). From these values and other defaults calibration
coefficients estimations of bb and bbp were made using HOBI-Labs processing software (HydroSoft). All
raw-files collected during the entire study period were processed using the same version of HydroSoft
(v.274) to ensure consistency in the data set (D. Dana, personal communication, 2008). Finally, full
resolution vertical profiles were used to generate binned profiles of bb and bbp with a 0.5 m resolution.
Above water remote sensing reflectance (Rrs) was calculated for each station with a GER 1500
(Geophysical and Environmental Research) 512-channel portable spectroradiometer following SeaWiFS
protocols (Mueller and Austin, 1995). The resulting scan data was then plotted for quality control
evaluation and any curve with anomalies (e.g. clouds, sun glint, boat shadow) was not included in the
dataset. Subsequently, mean values were calculated for each parameter and then used to calculate Rrs by
the following equation:
Rrs(λ) = L0(λ)-f (Ls(λ))
Ed(0+, λ)
(1)

Where L0(λ) is the total radiance of the sea surface, Ls(λ) is sky radiance, Ed(0+, λ) is down welling
irradiance and ƒ is the Fresnell coefficient (0.028 at 45o). The curves were corrected by subtracting the
minimum measured value between 900-920 nm, in a few cases the curves were corrected by even lower
regions (730-900 nm) (suggested by Lee, personal communication).
Images corresponding to the dates of the research cruises were downloaded through a NASA Internet
server called Landweb. The product selected was MOD02QKM (calibrated radiances level L1b at 250
m), which contains reflectance and radiance data for MODIS band 1 (620-670 nm) and 2 (841-876 nm).
Following downloading the data, images were displayed to verify their quality and then processed using
ENVI v. 3.4. This software provided all tools necessary for pre-processing and analysis. All images were
spatially subset for Puerto Rico region including surrounding coastal and oceanic waters, and
georeferenced as UTM Zone19N NAD83. The georeferentiation was validated by overlaying seventeen
points corresponding to shoreline limits within the Mayagüez Bay on a georeferenced band 2 image to
determine their proximity to the shoreline and detect possible displacements. The spectral region of this
band (841-876 nm) causes high absorption in water whereas land is highly reflective producing a sharp
contrast between land and water that allows better recognition of the shoreline. Subsequent to
georeferentiation, an atmospheric correction was applied using a pre-defined routine named dark
substract. A point vector file with stations location and ID information was overlaid to the images and,
then reflectance associated to those locations were exported as an ASCII file using exporting options of
the ROI (Region of Interest) tool. Images were evaluated to ensure that all extracted reflectance values
were from clouds free pixels.
Results and Discussion

Relationship between bbp, TSS and Rrs
Inter-relationships between bbp, TSS and Rrs were defined based on six wavelengths: 442, 47, 510, 589,
620 and 675 (Table 2). Good relationships resulted from TSS concentration and bbp linear regression
analyses in all six wavelengths (R2=0.74-0.76; n=133; P<0.0001 for all cases). Similarity in correlations
results in bb and bbp indicates that TSS dominates the backscattered signal in all six wavelengths.
Although there are not major differences between correlation results between bands, coefficients of
determinations (R2) tended to increase with longer wavelengths. Nearly identical regression results were
obtained doing same analysis with bb coefficient, with a slightly decrease in coefficients of determinations
for all wavelengths (results not presented here). The best correlation between TSS and bbp is observed at
675 nm (R2=0.76), however this channel is highly affected by chl-a fluorescence (McKee and
Cunningham, 2006; Huot et al, 2007) and it will not be consider for TSS estimation. The second better
explained regression was obtained at 620 nm (R2=0.75; n=133; P<0.001), which represents a good
channel to estimate TSS considering that typically sediments have a high response in this region of the
electromagnetic spectrum. Figure2 shows three examples with data and linear regression defined for 442,
510 and 620 nm channels. It was noticed that the three points located farther to the linear fit all
correspond to station I6, indicating that this station is contributing a high amount of the variability
observed in this analysis.
All six channels surface measurements (0.5 m) of bb were correlated with respective wavelengths of insitu Rrs in order to determine how detection of backscattering varies within the visible region of the
electromagnetic spectrum. Resultant regressions show significant wavelength dependant variations where
square correlation coefficients increased with longer wavelengths (Fig. 3). Best correlation was observed
at 620 nm (R2=0.78; n=61), follows by 589 nm (R2=0.77; n=61) and 675 nm (R2=0.67; n=61) all with a
significance P value <0.0001. In the red region pure water has an important contribution to total

absorption, therefore variations detected in Rrs are mainly influenced by total backscattering (Tzortziou et
al., 2007). For shorter wavelengths, values of Rrs shows major variability not observed in bb
measurements that results in not significant relationships in 442 nm, 470 nm and 510 nm (R2= 0.14,
R2=0.24, R2= 0.54, respectively; n=61). Tzortziou et al. (2007), explains that in shorter wavelengths, Rrs
is affected by both, total backscattering of suspended particles and absorption by non-covarying particles
and dissolved components due to the minimal contribution of pure water absorption. Based on this
asseveration, resultant poor correlations in short wavelengths suggest not only the influence of both
parameters but the dominance of absorption over backscattering.
Effect of TSS on remote sensing reflectance
For the following analysis eleven measurements carried out at the river mouths (June 2008) were
incorporated in order to have more values representative of high TSS concentration. Remote sensing
reflectance curves were plotted using all collected data and calculating mean values of Rrs associated to
four different ranges of TSS concentrations. Variations in magnitude and spectral shape are observed
among four different ranges of TSS concentration (<5 mg/l, 6-10 mg/l, 11-20 mg/l and > 20 mg/l) (Fig.
4). Detectable increase in Rrs magnitude is observed from 550 nm to 800 nm with higher concentrations
of TSS. A significant peak is observed in the near-infrared region (775nm to 825nm) when
concentrations are more than 20 mg/l, this signal is lost in lower concentrations suggesting a direct
association of TSS and Rrs response in this region. These results are similar to obtained in previous
studies (Ritchie et al., 1976; Doxaran et al., 2002a; Doxaran et al., 2003) even when TSS concentrations
are significantly lower than normally used in this type of analysis. In highly turbid waters this relation
can be successfully used to incorporate near-infrared wavelengths to develop algorithms for TSS
estimations (Doxaran et al., 2002a; Moore et al., 1999), for Mayagüez Bay the signal in this region is too
weak for satellite data validation considering the dominance of waters with relatively low concentration
conditions, additionally, water leaving radiance will not be strong enough to mitigate the effect of the
atmospheric backscatter in the signal.
Correlations between TSS and a wide range of Rrs parameters of single and spectral band ratios were
established combining data from research cruises and from sampling made at the river mouths (Table 3).
We examined correlation results at same wavelengths presented in previous analysis (442*, 470, 510*,
589, 620*, 675 nm) (Fig. 5) to facilitate the integration of all results, and at various wavebands and ratios
associated to spectral characteristics of satellite sensors such as MODIS, SeaWiFS and MERIS to define
and propose colour ratios for remotely sensed data applications. Within the single band analysis, best
correlations were observed in the red region with a significant good relationship (R2 = 0.73; n=72) for all
589, 620 and 645 nm bands. In longer wavelengths (665 and 675 nm) determination coefficients decrease
slightly until it reaches the near-infrared region where a poor correlation is observed at 859 nm (R2=0.46;
n=72); both 645 and 859 nm wavelengths represent the center of MODIS band 1 and 2, respectively.
Considering that the use of colour ratios reduces the variability of reflectance associated to changes in
particle characteristics (e.g. size and shape) (Doxaran et al., 2002b, Moore et al., 1999), this approach was
included in the analysis in order to compare ratios and single band correlations results. It was determined
that coefficient of determination increased when using colour ratios. Wernand (1998) evaluated colour
ratios associated to SeaWiFS band 1 (412 nm) and 6 (670 nm) and MERIS bands 5 (560 nm) and 6 (620
nm) for TSS estimation with reasonable results. Same ratios were incorporated in our analysis
establishing significant exponential relationships with TSS (R2= 0.75 for Rrs560/Rrs620 and R2=0.77 for
Rrs412/Rrs670). Our analysis presented a stronger correlation using same ratio with Rrs (R2=0.81; n=72)
than when use simple Rrs in red (e.g. Rrs 665; R2=0.71; n=72). These results differ to observed by Binding
et al. (2005) where the correlation between mineral suspended sediments and red to green ratios was weak

(R2=0.65), compared to a the strong coefficient of determination (R2=0.92) resulted by using a single
band at 665 nm. After evaluating various combinations within the visible spectral region, it was
determined that best relationship was observed when correlating red:green ratio specifically at 655 and
545 nm (R2=0.84; n=72) (Fig. 6). Better relationship between red to green reflectance ratios suggest that
mineral suspended sediment dominates water optical properties, over the effect of phytoplankton and
yellow substances (Binding et al, 2003). This reduces the influence of these water constituents in water
leaving radiance, presenting an advantage for the development of algorithms to estimate TSS from
satellite derived data in Mayagüez bay.
Comparison between MODIS data and in situ measurements
Agreement between the reflectance measured from a satellite sensor and in situ measurements was
evaluated by using MODIS reflectance band 1 measurements and research cruises data. The in situ
parameters included in this analysis were TSS concentration, bbp at 620 nm and Rrs at 645 nm. These two
bands were used because previous results indicated that 620 nm represents a potential wavelength for TSS
estimation and 645 nm is the center wavelength of MODIS band 1. It was determined that the
relationship between TSS and MODIS band 1 reflectance is poor, only 43 percent of the variance was
explained with the defined equation (TSS=195.62 * MODIS band 1 + 0.2552; R2= 0.43; n=34) (Fig. 7a).
A better coefficient of determination was observed, but statistically weak, when using bbp at 620 nm
(R2=0.52; n=48; P<0.0001)(Fig.7b). Two relationships were defined between Rrs 645 (MODIS band 1
center) and MODIS reflectance because of the presence of an outlier in the dataset (Fig. 7c). This outlier
corresponds to station I1 sampled during a high discharge event occurred in August 17, 2005; it was
identified as significant because the mean discharge for that day was equal to 2,200 cubft/sec, while the
mean discharge for the month of August is 411 cubfts (calculation period: Oct-01-1985 to Sept-30-2006)
(USGS, 2008). The correlation results when incorporating this point shows a strong relationship
(R2=0.88; n=30; P<0.0001) between these two parameters, indicating a correspondence between MODIS
reflectance and in situ measurements. A decrease in both, slope and square correlation coefficient
(R2=0.69; n=29; p< 0.0001), is observed when that point is eliminated. Although this can be considered
more statistically valid the inclusion of that point in the analysis can give a better idea of the tendency of
the relationship. This value is considered an extreme value representative of rare but real conditions,
more sampling associated to high river discharge is necessary to reinforce correlation defined. Poor
correlations between MODIS reflectance and is situ data can be attribute to factors such as, high spatial
variability, atmosphere effect, sensors and in situ measurement errors, difference in timing between in situ
measurements and satellite overpasses (Chang et al., 2006).
Conclusions

TSS dominate backscattered signal in all six wavelengths evaluated, which are all distributed along the
visible region of the electromagnetic spectrum. However, the relationship between bb and Rrs indicates
that the best channel to be used for TSS estimation is 620 nm, because it is where total backscattering
dominates absorption in Rrs measurements, different to shorter wavelengths where Rrs is dominated by
absorption of non-covarying particles and dissolved components. Results showed good correlations
between TSS and Rrs single band analysis in the red region, and better results are obtained with the
incorporation of red to green ratios indicating dominance of TSS in Mayagüez bay optical properties.
Comparison between MODIS band 1 reflectance and bbp 620nm and TSS in situ measurements presented
poor correlations, while a strong correlation between Rrs and MODIS was defined. The main limitation of
this analysis was MODIS data unavailability due to high percent of cloud covered in most of the cruises
dates. More data is needed to reinforce and validate the relationships.
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Appendix: Tables and Figures
Table 1: Cruises details
Dates

Season

No. of
stations

January 12-14, 2004

Dry

12

February 12, 2004

Dry

9

TSS Depth; Rrs

August 19, 2004

Dry

10

TSS Depth

Rainy

6

TSS Depth

August 17, 2005

Rainy

5

TSS Depth

September 20, 2005

Rainy

6

October 19, 2005

Rainy

6

X

December 6, 2005

Dry

6

X

March 8, 2006

Dry

5

April 21, 2006

Dry

5

September 26, 2006

Rainy

6

October 26, 2006

Rainy

6

July 19, 2005

Fiel Data
missing

MODIS data
(useful)
X (two images)

Rrs

X

X

X

Figure 1: The Mayagüez Bay with seventeen stations monitored within the study period (January 2004 to
October 2006). Stations colored in white indicate specific sites that were sampled only during special
missions, while six stations in gray are permanent stations. Letter assigned to station ID refers to the
location in terms of their distance to the shoreline (inshore-I, middle-M and offshore-O)

Table 2: Regression relationships between TSS, backscattering and Rrs in Mayagüez Bay
wavelength (λ)
442
470
510
589
620
675

Regression relationship; n=133;
TSS =
70.616 * (bbp442) + 2.1996
81.786 * (bbp470) + 2.3444
71.632 * (bbp510) + 2.4213
59.066 * (bbp589) + 2.6036
64.895 * (bbp620) + 2.5188
79.089 * (bbp675) + 2.391

Figure 2. Relationship between bbp (m^-1) and TSS
concentration (mg/l)

R2
0.74
0.74
0.73
0.74
0.75
0.76

Regression relationship; n=61;
Rrs(λ) =
0.0157 * (bb442) + 0.0062
0.0272 * (bb470) + 0.0073
0.0593 * (bb510) + 0.0075
0.1337 * (bb589) + 0.0022
0.1415 * (bb620) + 5E-06
0.1356 * (bb675) - 0.0008

Figure 3. Relationship between bb (m^-1) and Rrs
(sr^-1)

R2
0.14
0.24
0.54
0.77
0.78
0.67

Figure 4. Average Rrs spectrum for 4 concentration ranges if TSS in Mayagüez Bay. by using mean
measured in-situ Rrs and associated TSS concentration for all the study period (January
2004 to June 2008)

Table 3: Regression relationships between TSS concentration and different reflectance parameters
Rrs parameter (X)
Rrs(442)
Rrs(470)
Rrs(510)
Rrs(589)
Rrs(620)
Rrs(645)
Rrs(665)
Rrs(675)
Rrs(859)
Rrs(560)/Rrs(620)
Rrs(412)/Rrs(670)
Rrs(665)/Rrs(555)
Rrs(655)/Rrs(545)

Regression relationship; n=72;
TSS =
1357.9 * (X) - 1.512
1331.6 * (X) - 3.4123
1153.2 * (X) - 4.2096
579.58 * (X) + 1.6079
599.3 * (X) + 2.7821
602.63 * (X) + 3.1481
634.34 * (X) + 3.5357
641.76 * (X) + 3.6363
3675.4 * (X) + 5.9588
16.941* (X) -1.232
7.7701 * (X) -0.5628
23.943 * (X) - 0.7366
20.353 * (X) - 0.3937

R2
0.17
0.24
0.45
0.73
0.73
0.73
0.71
0.71
0.46
0.75
0.77
0.81
0.84

a

Figure 5. Relationship between TSS concentration (mg/l) and Rrs at three wavelengths (442, 510 and 620 nm)

b

Figure 6. Relationshibetween TSS concentration
(mg/l) and Rrs 655/645 (sr^-1)

c

Figure 7. Relationship between MODIS band 1
reflectance and in situ measurements

Site-Specific Algorithm for the Estimation of Chlorophyll-a in Mayaguez Bay
Marcos A. Rosado
Ph.D. Candidate, Department of Marine Sciences
Abstract-Interactions among the bio-optically active components found in Mayagüez Bay were
studied using Hydrolight 4.2. Dominance of the inorganic mineral particles on the spectral shape
and magnitude of the remote sensing reflectance was evident when mineral concentrations where
over 5 mg/l and chlorophyll a concentrations between 0.1 and 1 micrograms/liter. This
information was used to develop and validate ocean color algorithms for the estimation of
chlorophyll a in Mayagüez Bay. Two of the three empirical algorithms developed for the bay
perform better than the 14 published algorithms tested. Due to the complex optical nature of
coastal waters, alternative methods for the remote estimation of primary production may be
needed in sediment rich systems.
Mayagüez Bay is located in western Puerto Rico and presents a unique opportunity as a
marine bio-optics natural laboratory. The bay is characterized by a complex environment,
influenced by river discharge and anthropogenic activities. The goals of the project are to better
understand how optically active constituents of case-2 waters interact in the bay and to
developed ocean color algorithms based on that knowledge.
The first part of the project was assessing the power of a commercially available biooptical numerical analysis package (Hydrolight 4.2) to predict the remote sensing reflectance
curve based on a four component model. The model components are: water, chlorophyll a (Chl
a), colored dissolved organic matter (CDOM) and inorganic minerals. Some of the results of the
validation are shown in Figure 1.

Figure 1. October 2001 Hydrolight Rrs (0+, λ) validation results for selected stations in
Mayagüez Bay.

The second part of the project was to simulate the Rrs (λ) using Hydrolight 4.2. Chl a ,
CDOM and mineral particles concentrations were varied in order to simulate the variety of
conditions found in Mayagüez Bay. Figure 2 show some of the results obtained.

Figure 2. Rrs curves modeled by Hydrolight when CDOM absorption was set at 0.05 m-1 at
443 nm. Graphs represent 1, 5, 10, 25 and 50 mg/l of red clay minerals.
An interesting finding was that when mineral concentrations were above 5 mg/l, there is
no dependence between Chl a and the Rrs curve, especially in the 0.1 – 1 µg/l Chl a range. This
fact is very important for the process of algorithm development and validation for the bay.
The second part of my research deals with algorithm evaluation and development. The
performance of 14 empirical ocean color algorithms and a quasi-analytical algorithm (QAA)
was assessed for both the complete data set and for the TSS < 5 mg/l subset. Some of the results
are presented in figure 3.

Figure 3. Chl a estimated by OC2, OC2 v2, OC2c and OC2 v4 empirical algorithms versus
measured Chl a for the data set TSS < 5 mg/l.
Using the results from the algorithm evaluation, three algorithms were developed for the
Mayagüez Bay TSS < 5 mg/l data set. Two of the band algorithms were based on the Rrs
490/Rrs 555 ratio and the third was based on the Rrs 670/Rrs 680 ratio. The curve fitting was
done using the Origin 7.0 Scientific Analysis Software. The result of the quadratic model fitting
is shown in Figure 4.
Figure 4. Fourth order
polynomial curve fitting of
the log (Chl a) versus log
(Rrs 490/Rrs 455). The
model equation is log(Chl
a) = -0.20417 + 0.35685
log(Rrs 490/ Rrs 455) –
37.96301 log(Rrs 490/ Rrs
455)2 + 229.97611 log(Rrs
490/ Rrs 455)3 - 349.91736
log(Rrs 490/ Rrs 455)4.

The algorithms reduced the root mean squared error (RMSE) and the mean percent error
(MPE) by approximately 73% compared with the best performing published algorithms tested.

Figure 5 shows the correspondence between estimated and measured Chl a for the quadratic
algorithm.
Figure 5. Performance of the quadratic fit
algorithm developed with the TSS < 5 mg/l
data set. RMSE was reduced to 0.46 and
MPE was reduced to 56.15% in comparison
with the previously tested algorithms.

The algorithms were then tested with a data set different that the one used in their
development. The validation data set consisted of Chl a and Rrs (λ) measurements taken in the
bay in cruises carried out from 2004 to 2006. The best performing of the developed relationships
was the Rrs 670/Rrs 680 algorithm ( RMSE = 0.48, MPE = 79.0%), followed by the quadratic
algorithm (RMSE = 0.58, MPE = 120.15%). The results for the quadratic algorithm validation
are shown in Figure 6.
Figure 6. Quadratic algorithm performance
when validated using new data (2004 – 2006
cruises, TSS < 5mg/l). Note that RMSE and
MPE are smaller than those obtained with
the 14 algorithms tested.

In summary, inorganic red clay minerals dominate the Rrs(λ) at the Chl a concentrations
commonly found in Mayagüez Bay. In order to accurately estimate Chl a using remote sensing, a
better understanding of the inorganic particles dynamics is needed. Alternative approaches for
primary production estimation may be necessary in environments with high suspended particle
concentrations.

Development of the GERSVIEW Data portal
Ramon Lopez UPRM-Marine Sciences Department
The Remote Sensing of Coastal Waters group over the years of the project has acquired a data set that includes
apparent and inherent optical properties and biogeochemical parameters of the Mayaguez Bay. This data set
includes a AC-9 spectrophotometer data, suspended sediments, chlorophyll concentration, and CTD data, that has
been acquired over diverse environmental conditions due to the nature of the dynamics of the Mayaguez bay. This
bay is subject to the influence of various river discharges therefore is characterized by different temperature and
salinities regimes. This data set corresponds to data that have been collected since 2001over 21 cruises to the bay
(Table 1).
Table 1 Available data sets for the cruises to the Bay Mayaguez
Apr01
Aug05

Oct01
Sep05

Feb02
Oct05

Aug02
Dec05

Feb03
Mar06

Sampled Months
Oct-03
Jan-04
Apr-06

Sep-06

Feb04
Oct06

Aug-04
May07

Mar-05

Jul-05

Mar08

The data was put to the process of quality control in which all the different sets were corrected and
calibrated according to the specification of every instrument and method. Once calibrated it was organized into
excel spreadsheets according to the sampled stations during the cruises (Figure 1). The excel format was chosen
because of it facility access and distribution. From these data sets a series of parameters were chosen to be
converted into a GIS project to make possible the analysis of the dynamics of the bay. The selected parameters
include the inherent optical properties, the suspended sediments, chlorophyll concentrations and the salinity
variations of the bay. The sampled stations were used to create interpolated layers using a the spatial analyst Spline
function. Interpolation predicts values for cells in a raster from a limited number of sample data points. It can be
used to predict unknown values for any geographic point data, such as elevation, rainfall, chemical concentrations,
noise levels, and so on. The Spline method is an interpolation method that estimates values using a mathematical
function that minimizes overall surface curvature, resulting in a smooth surface that passes exactly through the input
points. It fits a mathematical function to a specified number of nearest input points while passing through the sample
points. This method is best for generating gently varying surfaces such as elevation, water table heights, and for
instance the parameters sampled in our project.

Figure 1 Sample excel spreadsheet with the data organized according to stations and cruises for the Mayaguez bay
project.

Once the parameters were chosen and organize into layers, additional ancillary data was added to the
projects to facilitate the analysis. This new ancillary data includes the bays benthic types ( coral reefs, sea grass
bottoms etc..) , and the bathymetry of the bay, the extend of the different watershed and river and streams affecting
the bay, the roads in the area, and geology of Mayaguez area.
To further facilitate the access to the sampled data, these ArcMap projects then were published to the web
for the general public usage, using the Web Map Server ARCIMS. This map server provided the means to serve
maps across the internet in a similar arrangement as it would by a GIS desktop tool. This allowed the layers of the
Mayaguez bay to be overlapped and be related to the different ancillary parameters that were included in the
ARCMAP project. Figure 3 shows a screen shot of one of the published pages. The web address to the portal is
http://gersview.uprm.edu. Besides the user being able to visually analyze the layer interactions it will be possible to
access the data that originated them.

Figure 2 Sample ARCMAP project of selected parameters according to stations and cruises for the Mayaguez bay
data set.

Figure 3 Screen shot of a published data set through the http://gersview.uprm.edu data portal.

