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Abstract 

Pelagic Sargassum is one type of marine macroalgae that is known to be abundant in the Gulf of 

Mexico and Sargasso Sea. It is also known to serve as a critical habitat for many marine animals. In the 

past few years, large amounts of Sargassum have been reported in the Tropical Atlantic and Caribbean 

Sea (CS), causing significant environmental and economic problems. The goal of this study is to improve 

the understanding of Sargassum distributions, quantity, transport pathways, and bloom mechanisms in 

the CS and Tropic Atlantic through combining a variety of techniques including satellite remote sensing, 

field and laboratory measurements, and numerical modeling.  

The first question is where and how much Sargassum is in the CS and Tropic Atlantic. Previous field 

observations revealed strong seasonal and spatial variations of Sargassum, yet these observations are all 

limited in their spatial and temporal coverage. Satellite observations offer an effective means to measure 

their distributions with synoptic coverage and high sampling frequency, yet it is technically challenging to 

extract and quantify the small Sargassum features in coarse-resolution satellite imagery. Chapter 2 

focuses on Sargassum detection and quantification algorithm development using Moderate Resolution 

Imaging Spectroradiometer (MODIS) data (Appendix A). The algorithm is based on MODIS alternative 

floating algae index (AFAI), which examines the red-edge reflectance of floating vegetation. The algorithm 

includes three basic steps: 1) classification of Sargassum-containing pixels through correction of large-

scale gradient, masking clouds and cloud shadows, and removal of ambiguous pixels; 2) linear unmixing 

of Sargassum-containing pixels; and, 3) statistical analysis of Sargassum area coverage in pre-defined grids 

at monthly, seasonal, and annual intervals. The algorithm is applied to MODIS observations between 2000 

and 2015 over the Central West Atlantic (CWA) region (0 – 22oN, 38 – 63oW) to derive the spatial and 
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temporal distribution patterns as well as the total areal coverage of Sargassum. Results indicate that the 

first widespread Sargassum distribution event occurred in 2011, consistent with previous findings from 

the Medium Resolution Imaging Spectrometer (MERIS). Since 2011, only 2013 showed minimal Sargassum 

coverage similar to the period of 2000 to 2010; all other years showed significantly more coverage. More 

alarmingly, the summer months of 2015 showed mean coverage of > 2000 km2, or about 4 times of the 

summer 2011 coverage and 20 times of the summer 2000 to 2010 coverage. Analysis of several 

environmental variables provided some hints on the reasons causing the inter-annual changes after 2010, 

yet further multi-disciplinary research (including in situ measurements) is required to understand such 

changes and long-term trends in Sargassum coverage.  

To better understand the potential ecological and environmental impacts of Sargassum, field and 

laboratory experiments are conducted to link the Sargassum areal coverage observations to biomass per 

area (density) and measure the nutrient contents and pigment concentrations (Chapter 3, Appendix B). 

An AFAI-biomass density model is established to derive Sargassum biomass density from the spectral 

reflectance, with a relative uncertainty of ~ 12%. Monthly mean integrated Sargassum biomass in the CS 

and CWA reached > 4.4 million tons in July 2015. The average % C, % N, and % P per dry-weight, measured 

from samples collected in Gulf of Mexico and Florida Straits in summer 2017, are 27.16, 1.06, and 0.10, 

respectively. The mean chlorophyll-a concentration is ~ 0.05% of the dry-weight. With these parameters, 

the amounts of nutrients and pigments can be estimated directly from remotely-sensed Sargassum 

biomass. During bloom seasons, Sargassum carbon can account for ~ 18% of the total particulate organic 

carbon in the upper water column. This chapter provides the first quantitative assessment of the overall 

Sargassum biomass, nutrients, and pigment abundance from remote-sensing observations, thus helping 

to quantify their ecological roles and facilitate management decisions. 

To investigate the Sargassum transport patterns and potential bloom sources, a Lagrangian particle 

tracking model is established to track the Sargassum transport driven by surface currents and winds 
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(Chapter 4, Appendix C). The mean Sargassum distributions derived from MODIS observations are used 

to initiate and evaluate a Lagrangian particle tracking model that tracks Sargassum advection under 

surface currents and winds. Among the thirty-nine experiments, adding surface currents alone improves 

model performance (i.e., by reducing difference between modeled and observed Sargassum distributions) 

in 82% of the cases after tracking Sargassum for one month. Adding 1% wind forcing to the advection 

model also shows improved performance in 67% of the cases. Adding a time- and location-dependent 

Sargassum growth/mortality rate (i.e., change rate), derived from time-series of the MODIS-based 

Sargassum abundance and the corresponding environmental data via a Random Forest regression, leads 

to further improvement in model performance (i.e., by increasing the matchup percentage between 

modeled and observed Sargassum distributions) in 64% of the cases, although the modeled change rates 

only explain ~ 27% of the variance of the validation dataset, possibly due to uncertainties in such-derived 

change rates. The Sargassum transport model, with the mean currents, winds, and change rates acting as 

the forcing, is applied to track the mean Sargassum distributions forward and backward. The results 

demonstrate the model’s capacity of simulating the Sargassum distribution patterns, with emphasis on 

the role of biological terms in determining the large-scale distributions. These tracking experiments also 

suggest that Sargassum blooms in the CS are strongly connected to the Central Atlantic regions, and 

blooms in the Tropical Atlantic show relatively weak connections to the Atlantic regions further north. 

Although it is straightforward to apply the transport model to predict Sargassum blooms, such long-

term prediction could suffer from large error accumulations and unable to achieve satisfactory 

performance. Therefore historical Sargassum distributions derived from MODIS are used to provide an 

alternative way to realize the bloom prediction. Chapter 5 proposes such a prediction based on a hindcast 

of 2000–2016 observations from MODIS, which shows Sargassum abundance in the CS and the CWA, as 

well as connectivity between the two regions with time lags (Appendix D). This information is used to 

derive bloom and nonbloom probability matrices for each 1° square in the CS for the months of May–
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August, predicted from bloom conditions in a hotspot region in the CWA in February. A suite of standard 

statistical measures is used to gauge the prediction accuracy, among which the user’s accuracy and kappa 

statistics show high fidelity of the probability maps in predicting both blooms and nonblooms in the 

eastern CS with several months of lead time, with an overall accuracy often exceeding 80%. The bloom 

probability maps from this hindcast analysis will provide early warnings to better study Sargassum blooms 

and prepare for beaching events near the study region. This approach may also be extendable to many 

other regions around the world that face similar challenges and opportunities of macroalgal blooms and 

beaching events. Using this forecasting scheme, the summer blooms in the CS in 2017 were successfully 

predicted. Since February 2018, we have also generated monthly-updated 1-page Sargassum outlook 

bulletins to help these regions to better prepare for potential beaching events. 

Currently, the mean Sargassum distribution statistics used in this study are derived from MODIS, 

which has been operating well beyond the designed mission life, arousing concerns as to whether the 

Sargassum observation statistics can be continued in the future. As a follow-on sensor, the Visible Infrared 

Imaging Radiometer Suite (VIIRS) has the appropriate spectral bands to detect and quantify floating 

macroalgae. Based on previous works on MODIS, Chapter 6 presents an improved procedure to extract 

floating algae pixels from VIIRS AFAI imagery, with image filtering used to suppress noise and adjusted 

thresholds used to mask sun glint, clouds, and cloud shadows. The overall extraction accuracy is about 

85%. Simultaneous daily observations from MODIS and VIIRS over the CWA show consistent spatial 

patterns, but VIIRS estimations of the algae coverage (in km2) are consistently lower than MODIS (around 

– 19% mean relative difference or MRD), possibly due to lower sensitivity of the VIIRS near-infrared (NIR) 

bands than the corresponding MODIS bands. Similarly, at monthly scale VIIRS also shows lower coverage 

than MODIS, and their difference (around – 29% MRD) is larger than the difference between MODIS-Aqua 

and MODIS-Terra estimates (around – 14% MRD). Despite these differences, the spatial and temporal 

patterns between VIIRS and MODIS observed algae distributions match very well at all spatial and 
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temporal scales. These results suggest that VIIRS can provide continuous and consistent observations of 

floating algae distributions and abundance from MODIS as long as their differences are accounted for, 

thus assuring continuity in the future.  

In summary, this study has worked on four connected topics regarding Sargassum distributions, 

biomass and nutrients, transport pathways, and bloom predictions through combined efforts in satellite 

remote sensing, field and laboratory measurements, physical modelling, and statistical analyses. To my 

best knowledge, this is the first comprehensive and multi-disciplinary study to investigate pelagic 

Sargassum at synoptic scale in the Intra-Americas Sea (IAS) and Atlantic Ocean. Although several questions 

remain to be answered (e.g., “What cause the inter-annual variations of Sargassum blooms?” and “Where 

are the bloom origins?”), the outcomes of this study (remote sensing algorithms, Sargassum distribution 

and abundance maps, established bio-physical model, and a bloom forecast model) are expected to make 

significant contributions in both scientific research (including new critical baseline data) and management 

decision support. 



1 
 

 

 

 

Chapter 1:  

Introduction 

1. Sargassum and its significance in ocean ecology, biogeochemistry, and management  

Pelagic Sargassum is one type of brown macroalgae (Phaeophyceae), which has been known to grow 

in the Gulf of Mexico and Sargasso Sea in the North Atlantic Ocean (Butler et al., 1983; Butler and Stoner, 

1984). Two floating Sargassum species (S. natans and S. fluitans) dominate the neuston tow collections in 

shipboard investigations in these areas (Parr, 1939; Stoner, 1983; Schell et al., 2015).  These two species 

can be discriminated based on their arrangement of stem, blades, and air bladders (Schell et al., 2015). 

Under different environmental conditions, Sargassum can form features of variable sizes, from small 

clumps that are only a few centimeters wide to rafts or patches large enough to be detectable by coarse-

resolution satellites (Huffard, et al., 2014). Under high wind, large patches can be dissipated into smaller 

mats and may sink to the deep ocean floor, contributing the particulate organic matter (POM) in the deep 

sea (Johnson and Richardson, 1977). It is estimated that the sinking of pelagic Sargassum accounts for 

approximately 10% of the total POM transferred to the deep-sea community (Rowe and Staresinic, 1979). 

In the open ocean, Sargassum serves as a critical ocean habitat and refuge for many marine 

organisms including fish, shrimp, crab, and sea turtles (Butler et al., 1983; Council, 2002; Rooker et al., 

2006; Witherington et al., 2012; Lapointe et al., 2014; Doyle and Franks, 2015; Hardy, 2014; Casazza and 

Ross, 2008).  For many pelagic fishes and seabirds, Sargassum rafts are important feeding and spawning 

grounds (Casazza and Ross, 2008; Trott et al., 2010). Although excessive Sargassum beaching resulted in 

various problems, it is noted that proper amount of Sargassum deposition could be conducive to coastal 
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stabilization by providing nutrients to dune plants (Tsoar, 2005; Anthony et al., 2006). Through its 

ecological functions or releasing colored dissolved organic matter (CDOM), Sargassum can also affect the 

ocean biogeochemistry (Culliney, 1970; Carpenter and Cox, 1974; Phlips and Zeman, 1990; Lapointe, 1995; 

Turner and Rooker, 2006; Zepp et al., 2008; Lapointe et al., 2014). The role of nutrient limitation especially 

of reactive phosphorus, in the Sargassum growth was explored in relevant studies (Culliney, 1970; 

Carpenter and Cox, 1974; Phlips and Zeman, 1990; Lapointe, 1986; Lapointe, 1995; Lapointe et al., 2014). 

It was also found that nutrient-enhanced Sargassum productivity can occur in the neritic waters (Lapointe 

et al., 1995). Recent studies from Lapointe et al. (2014) revealed that mutualism with fishes may 

contribute to the Sargassum production in the neritic water of North Atlantic (Lapointe et al., 2014). 

Although field investigations have been made in the past few decades, the role of Sargassum in the carbon 

cycle and their total primary production remain largely unknown.  

When excessive Sargassum is washed on to beaches, it can impose a burden to local management 

and needs to be removed. Local economy, especially the tourism industry and other directly or indirectly 

related businesses, can be greatly impacted since Sargassum will cover up the beaches and release 

unpleasant smells as it decays (Hu et al., 2016). Massive Sargassum deposition would clog harbors and 

attract insects, thus inhibit artisanal fishing and arouse public health concerns (Suida et al., 2016). Sea 

turtle population could also be impacted since the Sargassum accumulation may smother their nesting 

sites (Maurer et al., 2015; Hu et al., 2016). Long-term massive Sargassum deposition can also lead to 

coastal eutrophication (Suida et al., 2016), and induce unfavorable environments for the growth of near-

shore corals and seagrass communities (van Tussenbroek et al., 2018). To physically remove the massive 

beached Sargassum, over 2.91 million dollars was spent annually in Texas (Webster and Linton, 2013). 

During the extreme beaching event in 2015, the Mexican Navy was called to help with the beach cleanup 

activities (Partlow and Martinez, 2015). All these positive and negative impacts call for a better 

understanding of the Sargassum and the Sargassum biological community.   
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2. Sargassum studies: current status  

Sargassum monitoring: field and satellite measurements 

Currently, investigations of Sargassum communities’ spatial and temporal variabilities are from 

either ship-based or remote sensing-based observations. The first set of comprehensive studies of 

Sargassum abundance were conducted between 1933 and 1935 (Parr, 1939). As shown in Fig. 1a, their 

sampling sites cover the Caribbean Islands, the eastern Gulf of Mexico (GOM), and the western Sargasso 

Sea. Fifty years later, based on shipboard surveys in the same region, no significant decline was found in 

the Sargassum biomass (from 1977 to 1981) compared to the 1930s’ study in most areas (Stoner, 1983; 

Butler and Stoner, 1984). Between 1939 and 1984, studies were more focused on the physiology, sinking 

rates (Johnson and Richardson, 1977; Woodcock, 1950), and the ecology of associated biota (Adams, 1960; 

Fine, 1970). Since 1992, the Sea Education Association (SEA, http://www.sea.edu ) has been conducting 

quarterly Sargassum surveys (Schell et al., 2015; Siuda et al., 2016) to document Sargassum abundance 

and distributions over the western Sargasso Sea, the GOM, and the Caribbean Sea areas (see Fig.1b). The 

species compositions were also identified and recorded for future analyses. Considering the significant 

seasonal and inter-annual variations of Sargassum abundance and spatial distributions, field 

measurements based on sporadic sampling are likely biased due to the lack of coverage in both time and 

space. Such a drawback may be overcome through more synoptic and frequent remote sensing 

measurements, once appropriate algorithms are developed and used. 

Because Sargassum has distinctive reflectance spectral characteristics, remote sensing data have 

been used to observe their spatial and temporal distributions in several recent studies (Gower et al., 2006; 

Gower and King, 2011; Gower et al., 2013; Wang and Hu, 2016). Gower et al. (2006) is the first proof-of-

concept study that demonstrates the potential of satellite measurements for synoptic mapping of 

Sargassum, followed by the mapping effort for the GOM and north Atlantic between 2002 and 2011 using 

http://www.sea.edu/
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MEdium Resolution Imaging Spectrometer (MERIS) observations (Gower and King, 2011; Gower et al., 

2013). However, MERIS stopped functioning in 2012, leading an information gap on Sargassum abundance 

and distributions in more recent years. In addition to such an information gap, the algorithms applied to 

MERIS are preliminary, requiring further refinement to reduce uncertainties.   

 

Figure 1.1: Past ship-based investigations over the Caribbean Sea, GOM, and Atlantic Ocean. a) Stations where 
neuston tows were made (Parr, 1939). b) Sampling sites for quarterly Sargassum surveys by SEA via the SSV Corwith 
Cramer between 1992 and 2013 (Schell et al., 2015; Siuda et al., 2016). The black dots and blue dots in the figures 
both represent the location of Sargassum tows.  

Sargassum bloom hypotheses and driving factors 

For the recent Sargassum blooms in the Tropical Atlantic, several hypotheses have been proposed to 

explain their origins, nutrient supplies, and bloom conditions (Franks et al., 2011; Johnson et al., 2012; 

Franks et al., 2014; Lapointe et al., 2015): 

 Tropical Atlantic, rather than the Sargasso Sea, is likely to be the bloom origin. 

 Nutrient enrichment from either atmospheric dust deposition, river inflow, or upwelling 

processes provides favorable bloom conditions. 

 Large-scale climate variability related to the North Atlantic air-sea interactions may have induced 

environmental conditions favorable for Sargassum growth and accumulation. 

(a) (b) 
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Specifically, several studies have hypothesized that Sargassum blooms could first occur in the North 

Equatorial Recirculation Region (NERR) of the North Atlantic between the North Equatorial Counter 

Current and the equator (Franks et al., 2011; Johnson et al., 2012; Franks et al., 2014). This hypothesis is 

supported by the speciation analysis results from the 2015 SEA cruise survey (Schell et al., 2015). Satellite-

derived Sargassum distributions (Gower et al., 2013; Wang and Hu, 2016) show that large Sargassum 

patches detectable from satellites first appeared in the Tropical Atlantic and were then transported 

elsewhere. Although satellite observations can only represent the detectable proportion of the total 

Sargassum abundance (Wang and Hu, 2016), they may also serve as indirect evidence to test this 

hypothesis.  

From previous laboratory experiments, Sargassum shows higher growth rate under high nutrient and 

suitable temperature (Hanisak and Samuel, 1987). Some studies attribute the recent increases of blooms 

events to nutrient enrichments (Lapointe, 1995; Smetacek and Zingone, 2013), where the nutrient sources 

include major rivers, dust plumes over the Atlantic, or enhanced upwelling (Johnson et al., 2012; Franks 

et al., 2014). Several climate indexes including the EI-Nino-Southern Oscillation (ENSO), North Atlantic 

Oscillation (NAO), and Atlantic Multi-decadal Oscillation (AMO) have also been investigated for their 

possible linkages with bloom events (Franks et al., 2014). Northward displacement of the Inter Tropical 

Convergence Zone (ITCZ), higher North Atlantic air pressure, and sea surface heating have been assumed 

to be related to the observed Sargassum distribution variability (Johnson et al., 2012). However, more 

data need to be collected and analyzed to test these hypotheses.       

3. Research objectives 

The goal of this study it to achieve a better understanding of the Sargassum abundance, distributions, 

transport pathways, and bloom mechanisms in the Caribbean Sea and Tropic Atlantic. Specifically, the 
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study has the following research objectives, where field and laboratory measurements, remote sensing 

observations, statistical analyses, and physical modelling are used to achieve these objectives. 

Objective 1: Design, test, and evaluate Sargassum detection and quantification algorithms to be used 

for existing ocean color sensors. 

Objective 2: Investigate the spatial distributions, temporal changes, and connectivity and transport 

pathways of Sargassum in the IAS and Atlantic Ocean. 

Objective 3: Determine the environmental factors responsible for the inter-annual variations of 

Sargassum abundance. 

Objective 4: Establish a forecasting capacity to predict Sargassum blooms in the Caribbean for 

management decision support. 

Note that while most chapters that follow will focus on the Caribbean Sea and Central West Atlantic, 

the study domain covers the entire IAS and Atlantic, where subregions are defined to help study 

connectivity and to delineate targeted studies. Fig. 1.2 shows the study domain and several important 

subregions.  

 

Figure 1.2: The study region and several important subregions defined in this study, where Sargassum community 
distributions and their connectivity are investigated. The entire study region is from 20° S to 40° N and 98° W to 15° 
E. 
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4. Dissertation outline 

To fulfill the research goals described above, the dissertation is composed of five major components 

focusing on remote sensing algorithm development (Chapter 2 and Chapter 6), Sargassum biomass 

estimations (Chapter 3), Sargassum transport modeling (Chapter 4), and Sargassum bloom prediction 

(Chapter 5). Many of these have been published or submitted in peer-reviewed journals, and for those 

cases the chapter will provide a brief summary of the published or submitted paper where the paper is 

presented in the Appendix. 

In Chapter 2, Sargassum detection and quantification algorithms (Objective 1) are designed to extract 

Sargassum features from Moderate Resolution Imaging Spectroradiometer (MODIS) imagery, with its 

areal coverage quantified based on field-measured Sargassum reflectance spectra. Application of these 

algorithms to MODIS observations over the central West Atlantic Ocean leads to the derivation of the 

long-term Sargassum areal distributions, which serve as the basis to estimate Sargassum biomass and 

nutrients (Chapter 3) and to understand Sargassum transport across different regions (Chapter 4 and 5). 

Several environmental factors are also investigated to discuss potential environmental conditions that 

may be conducive for bloom initiation and development (Objective 3). 

In Chapter 3, based on results from field and laboratory experiments, Sargassum biomass, nutrients, 

and pigments are quantified from MODIS observations (Objective 1) to help understand the potential 

ecological and biogeochemical impacts of Sargassum on the ocean environment. A Sargassum biomass 

density model is established to estimate biomass density (weight per area) from Sargassum reflectance 

characteristics. The biomass density distributions are used to estimate Sargassum nutrients and pigments 

distributions based on calibration relationships determined from laboratory experiments. Despite of the 

estimated ~ 12% relative uncertainties, results suggest that Sargassum biomass can reach several million 
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tons in bloom seasons in the Caribbean and adjacent waters, and that Sargassum carbon contributes a 

significant amount to total phytoplankton carbon. 

To investigate Sargassum transport in the Atlantic Ocean (Objective 2), Chapter 4 uses a Lagrangian 

particle tracking model to simulate Sargassum transport and distributions in the Tropical Atlantic, where 

the model is primarily driven by ocean currents and surface winds. MODIS-derived Sargassum 

distributions (results from Chapter 2) are used for particle initiation, model evaluation, and for estimating 

Sargassum growth/mortality (change) rates. Long-term (6-month) particle tracking experiments are 

subsequently conducted to study bloom formations and regional connectivity (Objectives 2 and 3). It is 

concluded that Sargassum growth/mortality rate is a key parameter to modeling and understanding 

Sargassum distributions and their inter-annual variability, yet field experiments to determine this rate are 

lacking. 

Chapter 5 focuses on designing of a Sargassum bloom prediction scheme (Objectives 2 and 4) for the 

Caribbean Sea (CS). Through analyzing historical Sargassum distribution patterns and regional 

connectivity between the CS and Central West Atlantic (CWA), it is found that blooms in certain areas of 

the CWA in January – February can be used to predict blooms in the CS in May - August. Such a statistics-

based forecasting scheme is implemented to predict Sargassum blooms in the CS in May – August from 

MODIS observations in January – February in the CWA (> 2 months lead time). Results indicate relatively 

high accuracy (> 80%) for the eastern CS but lower accuracy further west. The forecasting scheme has 

been used to generate 1-page Sargassum outlook bulletins since February 2018. These bulletins have 

been distributed widely to, and used by, many stakeholders around the Caribbean to prepare for 

Sargassum blooms and potential beaching events. 

In Chapter 6, algorithms to detect and quantify Sargassum developed for MODIS are further adjusted 

and tested with data collected by a newer satellite sensor, the Visible Infrared Imaging Radiometer Suite 
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(VIIRS) (2012 – present). These algorithms are improved in an effort to develop a capacity for seamless 

Sargassum observations from multiple satellites. Sargassum areal coverages derived from MODIS and 

VIIRS are compared at different time scales, with consistent observations obtained after applying a 

correction factor to account for their differences in spectral band settings and signal-to-noise ratios. 

Because the U.S. National Oceanic and Atmospheric Administration (NOAA) has just put another VIIRS 

(VIIRS-II, on the NOAA-20 satellite) in orbit in November 2017 and will continue to operate a series of 

VIIRS-like sensors in the future, this work will form a basis to fine-tune the algorithms for future sensors, 

in order to form a multi-decadal data record to study Sargassum changes in response to climate variability 

and human activities. 

The last chapter summarizes the major findings of this dissertation and their potential impacts to the 

science community and the public. Despite recent efforts of studying Sargassum by the research 

community and the findings from this dissertation, several important questions still remain to be 

addressed.  For example, “What caused the sudden blooms in the Tropical Atlantic and CS in 2011?”  and 

“What caused the inter-annual changes in subsequent years?”  Potential ways for future improvements 

are outlined with respect to the research goals proposed in this study, specifically to understand 

Sargassum distributions, their quantity, transport, and bloom mechanisms.  
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Chapter 2:  

Sargassum detection and quantification from MODIS observations 

1. Research overview 

This chapter is focused on Sargassum feature extraction and quantification from MODIS imagery, from 

which long-term (2000 – 2015) Sargassum distributions in the Central West Atlantic are derived and 

analyzed. This work has been published in the journal, Remote Sensing of Environment (Wang and Hu, 

2016). The paper is provided in Appendix A.  A brief summary of this paper is provided below.  

 

APPENDIX A - Mapping and quantifying Sargassum distribution and coverage in the Central West Atlantic 

using MODIS observations 

This study develops a method to extract Sargassum features from Moderate Resolution Imaging 

Spectroradiometer (MODIS) Alternative Floating Algae Index (AFAI) imagery. The method uses 

surface-fitting to remove large-scale image gradients, median filtering to suppress noise, and 

threshold-based filtering to mask clouds and cloud shadows. The extraction accuracy is > 85%, 

ensuring its applicability to derive reliable long-term Sargassum distribution statistics. After 

extracting the Sargassum-containing pixels, their corresponding fractional coverages are 

quantified through linear spectral unmixing. The upper bound, representing 100% Sargassum 

coverage within a pixel, is determined from the field measured Sargassum reflectance spectra. 

The lower bound, representing 0% Sargassum coverage within a pixel, is determined from image 

statistics. This method is applied to the MODIS Aqua and Terra data from 2000 – 2015 covering 
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the Central West Atlantic (CWA) to map the spatiotemporal Sargassum distribution patterns.  The 

estimated mean bloom coverage in the CWA during summer 2015 is > 2000 km2, much higher 

than the bloom size in 2011 when a bloom was firstly reported for this area. Several 

environmental variables (temperature, light, river discharge, etc.) are analyzed to investigate the 

potential causes of the unprecedented blooms in this region since 2011, yet the findings are not 

conclusive. 
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Chapter 3:  

Remote estimation of Sargassum biomass, nutrients, and pigments 

1. Research overview 

This chapter has designed field and laboratory experiments to estimate Sargassum biomass, nutrients, 

and pigments directly from MODIS measurements. This work has been submitted to the journal, 

Geophysical Research Letters (Wang et al., 2018, accepted). The paper is provided in Appendix B.  A brief 

summary of this paper is provided below.  

 

APPENDIX B – Remote estimation of Sargassum biomass, nutrients, and pigments (Wang et al., submitted) 

Assessing the ecological and biogeochemical role of Sargassum requires a quantitative estimation 

of their total biomass, as well as the nutrient and pigment contents. The Alternative Floating Algae 

Index (AFAI) data derived from Moderate Resolution Imaging Spectroradiometer (MODIS) 

Rayleigh-corrected reflectance (Rrc) has been applied to estimate Sargassum areal coverages, but 

the associated biomass, nutrients, and pigments are unclear. This study has designed new field 

and laboratory experiments to derive all these parameters from MODIS observations through 

building an AFAI-biomass density model and quantifying the Sargassum nutrients and pigments 

concentrations. Sargassum reflectance spectra collected at various biomass density ranges (0.00 

kg/m2 to 7.03 kg/m2) are used to establish the AFAI-biomass density model, with the model’s 

relative uncertainty estimated to be ~ 12%. The major Sargassum pigments and C, N, and P 

concentrations of Sargassum samples collected from the Gulf of Mexico and Florida Straits in 
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summer 2017 are analyzed. Monthly distributions of Sargassum biomass, nutrients, and pigments 

are derived from MODIS observations between 2000 and 2017, based on the developed model 

and calibration relationships. During July 2015, Sargassum biomass in the Caribbean Sea and 

Central West Atlantic exceeded 4.4 million tons, higher than any reported macroalgae blooms in 

the world’s oceans. The corresponding Sargassum carbon can account for ~ 18% of the total 

phytoplankton carbon in this region, thus should not be neglected in carbon cycle modeling. These 

estimations are expected to help understand the ecological and environmental impacts of 

massive Sargassum aggregations that occurred in the Central West Atlantic and Caribbean Sea in 

recent years, and to help guide local management agencies to make decisions for future 

occurrences. 
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Chapter 4:  

Modeling Sargassum transport in the Tropical Atlantic Ocean 

1. Research overview 

This chapter is focused on developing a Sargassum transport model driven by physical factors (surface 

current and wind) and biological terms (growth and mortality), to model Sargassum transport in the 

Tropical Atlantic Ocean. This work has been prepared to be submitted to the journal, Journal of 

Geophysical Research. The paper is provided in Appendix C.  A brief summary of this paper is provided 

below.  

 

APPENDIX C – Modelling Sargassum transport in the Tropical Atlantic Ocean (Wang, Hu, and Mitchum, in 

preparation) 

Sargassum clumps are floating on the ocean surface, thus treated Lagrangian particles in a 

Lagrangian trajectory model to understand their spatial distributions and temporal changes. In 

the model, surface currents and winds are used to drive the Sargassum transport in the Tropical 

Atlantic, while growth/mortality rate derived from MODIS-based statistics is used to modulate 

the Sargassum abundance. Compared to previous physical modeling efforts, this study improves 

the particle initiation and model evaluation by using the mean Sargassum distributions derived 

MODIS observations. These Sargassum abundance observations, along with the associated 

environmental variables, are used to build a model to estimate the time- and location-dependent 

Sargassum growth/mortality rate (change rate) via a Random Forest Regression. To test the 
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model performance, thirty-nine numerical experiments are conducted to track the Sargassum 

particles for one month. In most cases, adding surface currents and a 1% wind factor reduce 

differences between the modeled and MODIS-observed distributions, while adding the 

Sargassum change rate leads to better matchup percentage of the Sargassum abundances.  The 

Sargassum transport model is applied to track mean Sargassum distributions forward and 

backward at longer time scales to investigate the formation of Sargassum distribution patterns 

and their regional connectivity. The results suggest that additional biological terms in the physics-

based transport model can help explain the observed Sargassum seasonal distribution patterns. 

Furthermore, strong connectivity is found between the Caribbean Sea and Central Atlantic, while 

a very weak connection is found between the Tropical Atlantic and the northern areas.     
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Chapter 5: 

 Sargassum prediction based on historical Sargassum distributions 

1. Research overview 

This chapter has proposed a Sargassum prediction method to accurately predict the spring-summer 

blooms in the Caribbean Sea based on statistical analyses of historical Sargassum distributions. This work 

has been published in the journal, Geophysical Research Letters. The paper is provided in Appendix D.  A 

brief summary of this paper is provided below.  

 

APPENDIX D - Predicting Sargassum blooms in the Caribbean Sea from MODIS observations (Wang and 

Hu, 2017) 

Since 2011, Sargassum beaching events have induced serious problems to the coastal regions in 

the Caribbean Sea (CS). Long-term prediction helps to better prepare for the beaching events and 

to study Sargassum blooms. In this study, a hotspot region in the Central West Atlantic (CWA) has 

been identified to be indicative of the bloom conditions in the CS through time series analysis of 

the Moderate Resolution Imaging Spectroradiometer (MODIS) derived Sargassum distributions 

from 2007 – 2016. The overall prediction accuracy is > 80% in most eastern CS regions. Possibility 

of major blooms in the CS during the spring-summer months (May to August) can thus be 

predicted by the end of February with more than 2-months lead time. This forecasting approach 

successfully predicted the CS spring-summer bloom event in 2017 back in early February 2017, 

and predicted the CS spring-summer bloom event in 2018 back in early February 2018. The same 
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statistics and connectivity-based prediction approach might be of use in other regions 

experiencing similar blooms. 
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Chapter 6:  

Looking forward – Observation continuity between multiple satellites 

1. Research overview 

This chapter has developed a Sargassum extraction and quantification algorithm to work on imageries 

obtained from VIIRS, a follow-on sensor of MODIS, and demonstrated the applicability of VIIRS data to 

provide continuous and consistent Sargassum statistics originating from MODIS measurements. This work 

has been published in the journal, International Journal of Remote Sensing. The paper is provided in 

Appendix E.  A brief summary of this paper is provided below.     

 

APPENDIX E – On the continuity of quantifying floating algae of the Central West Atlantic between MODIS 

and VIIRS (Wang and Hu, 2018) 

Similar to the method developed for Sargassum extraction and quantification from Moderate 

Resolution Imaging Spectroradiometer (MODIS) observations, a refined procedure is proposed in 

this study to extract and quantify algae-containing pixels from the Visible Infrared Imager 

Radiometer Suite (VIIRS) observations. Comparable feature extraction accuracy (> 85%) is 

achieved after proper noise reduction and adjusting thresholds to mask clouds, cloud shadows, 

and sun glint. From simultaneous observations to monthly mean composites, VIIRS-derived 

Sargassum spatial and temporal distribution patterns match well with those from MODIS 

observations, although the VIIRS-derived Sargassum areal coverage is lower, due to mainly to its 

lower signal-to-noise ratios. The discrepancy, however, can be easily removed by applying a 
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calibration constant. This study therefore demonstrates the capacity of VIIRS to provide 

continuous and consistent Sargassum statistics originating from previous MODIS measurements 

to current VIIRS measurements.  It also provides a methodology for dealing with discrepancies 

from other VIIRS-like sensors, either currently in orbit or being planned for the future, to form a 

seamless multi-sensor multi-decadal Sargassum data record.  
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Chapter 7:  

Summary and conclusions 

1. Research overview 

The goal of this study is to improve the understanding of the Sargassum abundance, distributions, 

transport pathways, and bloom mechanisms in the Caribbean Sea (CS) and Tropic Atlantic. Through the 

use of satellite remote sensing, field and laboratory measurements, and numerical models, most 

objectives under this overarching goal have been achieved, which has provided new findings available for 

other inter-disciplinary studies and to guide future research and management. Specifically, satellite 

observations from MODIS and VIIRS are used to map and quantify Sargassum distributions (areal 

coverages) at synoptic scales (Wang and Hu, 2016; Wang and Hu, 2018), to estimate distributions of their 

biomass, nutrients, and pigments (Wang et al., submitted). Sargassum transport in the Tropical Atlantic is 

studied using a Lagrangian particle tracking model (Wang, Hu, and Mitchum, in preparation), along with 

Sargassum growth/mortality rate derived from statistical analyses of MODIS observations and 

environmental data. Modeling results suggest that in addition to physical forcing by ocean currents and 

winds, biological factors also play an important role in determining Sargassum distributions and their 

regional connections among the CS, Central Atlantic, and North Atlantic. The connectivity study from the 

modeling and from long-term MODIS statistics suggests that Sargassum blooms in the CS in May – August 

can be predicted from bloom conditions in the CWA in January – February, providing at least a 2-month 

lead time to prepare for blooms and potential beaching events around the Caribbean (Wang and Hu, 2017). 

Finally, the observations, modeling, analyses, and forecasting can all be continued forward through 
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satellite continuity missions such as those from the VIIRS series (Wang and Hu, 2018), where a multi-

sensor multi-decadal Sargassum data record may be established to help understand global changes and 

to help address research and management needs.  

2. Research findings and impacts 

The major findings of this study will benefit not only the science communities, but also local residents 

of the Caribbean. Below I summarize these research findings and their potential impacts. 

Distributions: Sargassum areal coverage maps  

The MODIS- and VIIRS-derived Sargassum distribution maps cover the period of 2000 – present, thus 

extending previous time-series of 2002 – 2011 from Medium Resolution Imaging Spectrometer (MERIS) 

observations (Gower et al., 2013; Gower and King, 2011). The new maps are based on an objective method 

for detection and quantification (Wang and Hu, 2016), thus providing improved data quality over previous 

results for analyzing the bloom characteristics, potential impacts, bloom origins, driving factors, and 

transport pathways. More importantly, although the targeted studies in the published papers and 

submitted manuscripts mainly focus on the CS and CWA, the monthly maps cover the entire Intra-

Americas Sea (IAS, including the Gulf of Mexico) and Atlantic. Some examples for 2014-2015 are provided 

in Fig. 7.1. In these full-coverage maps, Sargassum mats can form a continuous “belt” in the Tropical 

Atlantic from the west coast of Africa to the Caribbean, and they can also enter the Gulf of Mexico via the 

Loop Current. Furthermore, blooms in the western Gulf of Mexico can be completely out of phase from 

blooms in the Caribbean, suggesting potentially different bloom origin that should be investigated in the 

future.  
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Figure 7.1: Monthly mean Sargassum areal coverage maps from 2014 to 2015. The region coverage is from 10° S to 
32° N and 98° W to 15° E  

In addition, the weekly Sargassum distribution maps for the CS and CWA regions, updated every day 

in the Sargassum Watch System (SaWS, http://optics.marine.usf.edu/projects/saws.html), provide a 

general overview of the Sargassum distributions in these two regions for the research community and for 

the general public (http://optics.marine.usf.edu/cgi-bin/optics_data?roi=ECARIB&current=1; 

http://optics.marine.usf.edu/cgi-bin/optics_data?roi=C_ATLANTIC&current=1). Short-term predictions of 

beaching events can be made from these distribution maps when combined with ocean surface currents 

and wind data (Maréchal et al., 2017). 

Abundance: Sargassum biomass and nutrients. 

The AFAI-biomass density model established from field and laboratory experiments allows for the 

quantification of Sargassum biomass from satellite observations. Currently, Sargassum biomass 

http://optics.marine.usf.edu/projects/saws.html
http://optics.marine.usf.edu/cgi-bin/optics_data?roi=ECARIB&current=1
http://optics.marine.usf.edu/cgi-bin/optics_data?roi=C_ATLANTIC&current=1
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estimations mostly rely on field observations using neuston tows. For practical reasons, the neuston tows 

have difficulties in sampling very dense Sargassum mats (Parr et al., 1939; Bulter et al., 1983; Bulter and 

Stoner, 1984), thus may provide biased observations. Moreover, considering the strong spatiotemporal 

variations, field samplings are likely biased due to their limited spatial and temporal coverage, calling for 

synoptic and repeated satellite measurements to better understand Sargassum biomass and associated 

major pigments and C, N, P concentrations. The study here fills this research needs by providing such 

estimates at synoptic scales every month for > 17 years, which can also be extended in the future. 

These estimates can help understand the potential impacts of Sargassum on ocean biology, 

chemistry, and ecology.  They can also help plan for Sargassum harvesting for both environmental and 

economic benefits. 

Transport: Physics, biology, and connectivity 

The Sargassum transport model presented here demonstrates the roles of physical advection, winds, 

and growth/mortality rate in reproducing Sargassum distributions when the model is initiated with 

satellite observations. Although the results are limited by the lack of understanding on the Sargassum 

growth/mortality rate and lack of high spatial (e.g., sub-km) and temporal (e.g., sub-daily) Sargassum 

distribution maps, sensitivity analyses of different modeling scenarios still lead to several important 

findings:  1) Sargassum blooms in the Caribbean Sea are mainly a result of physical transport from the 

Central Atlantic regions; 2) Most of the Sargassum “particles” in the Central Atlantic region are self-

retained, and thus unlikely to be linked to the North Atlantic areas (including the Sargasso Sea). 

Predictions: Long-term versus short-term.  

Based on MODIS observation statistics, the Sargassum forecasting model can provide warnings of 

possible blooms in the CS at least 60 days in advance, with > 80% overall accuracy in most eastern 

Caribbean areas. As significant Sargassum beaching events can impact tourism, artisanal fishing, and local 
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environments and economy, local management agencies and many other stakeholders can benefit from 

this prediction to better prepare for offshore blooms and beaching events (e.g., prepare equipment for 

physical removal). Researchers can also better plan their field sampling strategies from the early warnings. 

Indeed, based on MODIS and VIIRS observations and using this forecasting model, we developed 1-page 

bulletins every month since early February 2018 to provide a general outlook of Sargassum blooms across 

the entire Caribbean. Fig. 7.2 shows an example of the bulletins, generated and in early February 2018. 

These bulletins have been distributed widely to many user groups through emails and local news media, 

Very positive feedbacks were provided by the users of these bulletins. Indeed, similar to the successful 

prediction in early 2017, reports received from local groups confirmed the success of this year’s prediction, 

where massive Sargassum blooms and many beaching events occurred a few months later in the 

Caribbean in 2018.  

The approach of the prediction also has implications for other regions facing similar blooms and 

beaching events, for example coastal regions around Brazil and West Africa. Once regional connectivity is 

confirmed through analyses of historical Sargassum distributions, a similar model may be established for 

those areas. 

While the statistics-based forecasting may provide a general outlook (e.g., Fig. 7.2) of possible bloom 

and beaching events several months in advance, predicting beaching events in the short term (days to 1-

2 weeks) is more technically challenging as such a prediction requires accurate knowledge on small-scale 

ocean and atmospheric conditions (currents and winds) several days or 1-2 weeks in advance. Such 

information is general not available for local regions. However, using the nowcast HYCOM ocean currents 

and real-time winds, short-term prediction is still possible with the near real-time MODIS and VIIRS based 

Sargassum observations (Maréchal et al., 2017). On the other hand, because the factors causing inter-

annual changes of Sargassum blooms are not well understood, it is currently impossible to predict bloom 

conditions for the coming years. 
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Figure 7.2: An example of 1-page Sargassum bloom outlook bulletins, generated from MODIS and VIIRS observations 
and distributed to many user groups. This specific bulletin was generated in early February 2018, when it was 
predicted that major blooms and beaching events would occur in the Caribbean in the following months. Reports 
received during March to June 2018 from local groups confirmed this prediction.  

3. Future research 

Causes and origins: What’s missing? 

One of the objectives in this study is to understand what caused the inter-annual changes of bloom 

patterns, and what could be the origin of the Sargassum blooms. However, after extensive data analyses 

and modeling, there are still no answers to these questions. In Wang and Hu (2016), many environmental 
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forcing factors are used in an attempt to understand inter-annual changes in bloom patterns. These 

include SST, Amazon River discharge, surface light availability, and precipitation. Although in some years 

one or two factors appear to explain the changes, in general the findings are not conclusive. Furthermore, 

because the entire IAS and North Atlantic are connective via ocean circulation, it is also difficult to pinpoint 

the bloom source(s). Addressing these challenges may require more process-driven studies than statistics 

and modeling driven approaches presented here. Unfortunately, such measurements are extremely 

scarce in the literature (Hanisak and Samuel, 1987). Clearly, more field measurements are required to 

quantify and understand Sargassum growth and mortality, with particular emphasis on what 

environmental factors may drive their changes.  

Furthermore, because the IAS and the Atlantic are connected through ocean circulation, to 

understand the inter-annual variations of the Sargassum abundance in different regions, the IAS and 

Atlantic should be considered as a whole instead of being treated separately. More efforts are required 

to thoroughly investigate how Sargassum inter-annual changes are influenced by the various 

environmental factors, climate indexes, and regional connectivity through statistical analyses and physical 

and biogeochemical modeling.  

Scales and uncertainties 

As discussed in Chapter 2, Sargassum features have variable sizes, ranging from a few centimeters to 

hundreds of kilometers. The coarse-resolution sensors such as MODIS and VIIRS can only detect the dense 

Sargassum features of > 0.2% pixel size (Wang and Hu, 2016) or > 2.80 g/m2 (Wang et al., 2018). In other 

words, all Sargassum results presented in this study represent only those that are observable by these 

satellites, while in reality many smaller Sargassum clumps and mats may exist in the ocean (Hu et al., 

2015). One possible solution to fill this gap is to estimate the amount of MODIS-undetected Sargassum 

abundance using higher-resolution satellite data (such as Landsat-8 OLI (30-m resolution) or Sentinel-2 
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MSI (10-m resolution)). These higher-resolution data can help determine the uncertainties of our current 

Sargassum observations. However, reliable algorithms need to be developed to automatically extract and 

quantify Sargassum and to remove various confusing features such as thin clouds, cloud shadows, and 

sun glint. In the end, a multi-sensor multi-scale Sargassum quantification will provide a more 

comprehensive understanding of the total Sargassum abundance and their spatial/temporal changes in 

the IAS and Atlantic Ocean. 

Sargassum blooms and fishery 

As an essential marine habitat, Sargassum mats are often associated with many marine animals 

including a variety of fish and turtles (Casazza and Ross, 2008; Witherington et al., 2014; Lapointe et al., 

2014; Hardy, 2014). It is natural to assume that increased Sargassum abundance may have a positive 

impact on fish populations in terms of total amount and diversity. The knowledge of Sargassum changes 

in response to natural and unnatural forcing is also relevant to the current restoration effort around the 

Gulf of Mexico. Future work will be dedicated to searching for possible linkage between Sargassum 

abundance and fish catch per unit effort and fish species compositions. The basin-wide Sargassum 

distribution maps from 2000 onward will serve as an important database for assessing the potential 

impacts of Sargassum changes to local fishery. Likewise, how Sargassum may affect ocean biology and 

chemistry and seafloor sediment record also remains to be further studied.  

4. Conclusions 

Despite significant Sargassum blooms and beaching events in recent years in the Caribbean Sea and 

Tropical Atlantic as well as in other regions, pelagic Sargassum has generally been understudied, especially 

when compared with studies of water column phytoplankton. Here, a comprehensive study of Sargassum 

in these regions has been conducted. The study combines satellite remote sensing, field and laboratory 

experiments, and numerical modeling to document and understand spatial distributions of Sargassum 
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abundance and their temporal changes since 2000. Several new findings are derived from this study, 

including the spatially continuous Sargassum aggregation in the Tropic Atlantic and the Caribbean, 

connectivity between the Caribbean and the Gulf of Mexico, large inter-annual changes of Sargassum 

abundance, and difficulty in understanding such inter-annual changes and in modeling Sargassum 

distributions without accurate knowledge of Sargassum growth/mortality rate. While several un-

answered questions may be addressed from future follow-on efforts, the most significant outcomes of 

this study include the remote sensing algorithms, Sargassum distribution and abundance (including 

biomass, pigments, and nutrients) maps, established bio-physical model, and, more importantly, a 

forecast model to predict Sargassum bloom probabilities in the Caribbean with at least 2 months of lead 

time. These outcomes are expected to make significant contributions in scientific research and 

management decision support, and I anticipate continuing Sargassum studies along the outlined future 

directions. 
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Appendix A: 

Mapping and quantifying Sargassum distribution and coverage in the Central West Atlantic using 

MODIS observations 

Wang, M., & Hu, C. (2016). Mapping and quantifying Sargassum distribution and coverage in the Central 
West Atlantic using MODIS observations. Remote sensing of environment, 183, 350-367. 
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Appendix B: 

Remote estimation of Sargassum biomass, nutrients, and pigments 
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Appendix C: 

Modelling Sargassum transport in the Tropical Atlantic Ocean 

Wang, M., Hu, C., & Mitchum, G. (in preparation). Modelling Sargassum transport in the Tropical Atlantic 
Ocean. 
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Appendix D: 

Predicting Sargassum blooms in the Caribbean Sea from MODIS observations 

Wang, M., & Hu, C. (2017). Predicting Sargassum blooms in the Caribbean Sea from MODIS 
observations. Geophysical Research Letters, 44(7), 3265-3273. 
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Appendix E: 

On the continuity of quantifying floating algae of the Central West Atlantic between MODIS and VIIRS  

Wang, M., & Hu, C. (2018). On the continuity of quantifying floating algae of the Central West Atlantic 
between MODIS and VIIRS. International Journal of Remote Sensing, 39(12), 3852-3869. 
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