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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 (AFAIl), 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 — 22°N, 38 — 63°W) to derive the spatial and

iv



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 km?, 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 AFAl-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

Vv



(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 km?) 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.
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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



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.



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/

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.
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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):

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

e Nutrient enrichment from either atmospheric dust deposition, river inflow, or upwelling
processes provides favorable bloom conditions.

e large-scale climate variability related to the North Atlantic air-sea interactions may have induced

environmental conditions favorable for Sargassum growth and accumulation.



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 (NAQ), 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



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.
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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.



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



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



(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 CSin 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 mechanismes.
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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 km?, 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 (AFAl) 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/m? to 7.03 kg/m?) are used to establish the AFAl-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 bloomes. 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 | 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 (SaWSs, 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 AFAIl-biomass density model established from field and laboratory experiments allows for the

quantification of Sargassum biomass from satellite observations. Currently, Sargassum biomass
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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
predictionin 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/m? (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 | anticipate continuing Sargassum studies along the outlined future

directions.
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MODIS observations
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Sarposum washing ashore on the beaches of the Caribbean Islands since 2011 has caused problems for the local
envimonments, tounsm, and economies. Although preliminary resulis of Sorgasum distributions in the nearby
oceans have been obtained using measurements from the Medium Resolution Imaging Spectrometer [MERIS),
MERIS stopped functioning in 2012, and detecting and quantifying Sarpassum distributions still face technical
challenges due to ambiguous pixels from clouds, doud shadows, doud adjacency effect. and large-scale image
gradient. In this paper, a novel approach is developed to detect Sargassum presence and to quantify Szrgossum

g:ﬁii coverage using the Moderate Resolution Imaging Spectroradiometer [MODIS) altemative floating algae index
Remok srsing [AFAT), which examines the red-edge reflectance of floating vegetation. This approach includes three hasic
MOMmS steps: 1) classification of Sorgasum-containing pirels through corection of large-scale gradient, masking clouds
FAl and cloud shadows, and removal of ambiguous pixels; 2] linear unmixing of Sorgossum-containing pixels; and,
AFAl 3) statistics of Sargasum amwa coveragein pre-defined grids at monthly, seasonal, and annual intervals In the ab-
Claud sence ofdirect field measurements to validate the results, limited obsenations from the Hyperspectral Imager for
Cloud shadow the Coastal Ocean [ HIOD ) measurements and numerous local reports support the conclusion that the elevated
;ﬂm;:mm AFAL signals are due to the presence of Sorgessyminstead ofother floating materials, and varous senstvityanal-
y=s are used to quantfy theuncertainties in the derved Sorpasum area coverage. The approach was applied to
MODISobservationshetween 2000 and 2015 over the Central West Atlantic [OWA ] region [(0-22°N, 63-38"W )t
derive the spatial and temporal distribution pattemns as well as the total area cowerage of Sorgrssum Results in-
dicate that the first widespread Sorgrssum distribution event ocourred in 201 1, consistent with previous MERIS
findings. Since 2011, only 2013 showed a minimal Sgrgessum 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 km?, or about 4 imes of the summer 2011 coverage and 20 times of the summer
2000 to 2010 coverage. Analysis of sveral environmental variables provided some hints on the reasons cansing
the inter-annual changes after 2010, yet further multi-diziplinary research (including in situ measurements) is

required to understand such changes and long-term trends in Sorpassum coverage.
02016 Elsevier Inc All rights reserved.
1. Introduction Hardy, 2012), excessive beaching poses significant environmental and

Since 2011, massive beaching events of the pelagic Sargassum
macroalgae have occurred frequently on the Lesser Antilles Islands in
the southern Caribbean (Fig 1), significantly impacting local environ-
ments, tourism, fisheries, and economies (hip://mission-blue.org/
2014/10/sargassum-inundates-the-bea ches-of-the- caribbean/: Gower,
Young & King, 2013; Maurer, De Neef, & Stapleton, 2015). Concurrent
beaching events in western Africa and northern Brazil have also been
reported (Oyesiku & Egunyomi, 2015; Széchy, Guedes, Baeta-Neves, &
Oliveira, 2012). While pelagic Sargassum serves as an important habitat
and refuge for many marine organisms in the open-ocean environ ment
{Counci, 2002; Rooker, Turner, & Holt, 2006; Witherington, Hirama, &

* Correspondng author.
E-madl addres: hso@usl edu (C Hu)l

Inttp: el bl ong /10, 1016/ rse H¥1 £04019
(344257 J 2016 Hsevier Inc All rights reserved

profound economic problems. For example, over $2.91 million have
been spent annually on the deanup of Sargassum from Texas beaches
(Webster & Linton, 2013). Despite the enormous efforts of local man-
agement in response to these beaching events, our knowledge about
these blooms s imited For example: Where do Sargassum blooms ini-
date? How much Sargassum is present in the oceans? What causes the se
blooms and their inter-annual changes? How do these blooms impact
the ocean's biogeoche mistry and ecology? Indeed, to date, the only
published remote sensing works used Medium Resoluton Imaging
Spectrometer (MERIS) observations to document the Sargassum distri-
butions and abundance in the Intra-Americas Sea and the cenral Arlan-
tic between 2002 and 2011 (Gower & King, 2011; Gower et al, 2013).
However, as MERIS stopped functioning in early 2012, there is virtually
no information on the Sargassum distribution or abundance in the Ca-
ribbean, the greater Intra-Americas Sea, or nearby oceans after 2011
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because of the loss of MERIS. Furthermore, the methods used in the
MERIS-based study to detect and quantify Sargassum require refine-
ments (see Section 2). Because these questions remain unanswered,
the effort to broaden and continue further research, through the refine-
ment of MERIS-based observations, and while exploring the possibility
of using other satellite instruments, becomes crucial

In 2009, Hu (2009) developed a floating algae index (FAI) using data
collected by the Moderate Resolution Imaging Spectroradiometer
(MODIS) to detect and trace the Ulva prolifera macroalgae blooms in
the Yellow Sea near Qingdao, China (He, Liu, Yu, Li, & Hu, 2011; Hu et
al., 2010a). Because FAI was designed using the vegetation red-edge
reflectance in the near infrared, it can be used to detect any floating
vegetation including Sargassum (Hu, Feng, Hardy, & Hochberg, 2015).
In 2010, in order to help monitor potential Sargassum beaching events
on the Lesser Antilles Islands in the southern Caribbean, FAI was imple-
mented to generate MODIS FAI imagery covering the Central West
Atlantic (CWA) region (0-22°N, 63-38"W) in near real-time through a
Virtual Antenna System (VAS) (Hu, Barnes, Murch, & Carlson, 2014).
The system has been running operationally with daily updates in near
real-time (within 4-6 h of the satellite overpass). However, because
there is no effective cloud-masking method for FAI, clouds are not
masked in the imagery. Although Sargassum slicks can be visually differ-
entiated from clouds in FAlimagery with a trained eye, it is difficult for
visual interpretation by average users, as both Sargassum slicks and

clouds show high FAI values. To overcome this difficulty, an alternative
FAI (AFAI) was developed (where clouds can be masked through band
combinations), and data was produced over the whole MODIS time se-
ries (see below). Fig. 1 shows an example of the AFAl imagery generated
and distributed in near real-ime.

AFAl imagery allows for simple interpretation by a layperson to
identify surface slicks of floating vegetation. When combined with sur-
face current velocity estimates from the Hycom hydrod ynamics model
(all available through a simple click on a customized web portal
hitp://optics.marine.usf.ed u/projects/SaWS homl with full Google-
Earth compatiility), the AFAl imagery has provided timely information
on the location of large Sargassum slicks as well as their movement
speed and direction to many local groups and individuals (Hu et al,,
2014). However, several difficulies emerged when attempting to de-
rive long-term statistics of Sargassum distribution and abundance
using near real-time imagery: 1) frequent cloud cover made the valid
data rather scarce (note the location of this region's proximity to the
Inter Tropical Convergence Zone (ITCZ)) (Wylie, Jackson, Menzel, &
Bates, 2005); 2) although it is relatively straightforward to identfy Sar-
gassumslicks through visualinspection, because false positive d etection
often results from cloud shadow contamination it is difficult to auto-
mate such a detection; 3) the large-scale AFAI gradient across the
image scene makes it difficult to apply threshold-based segmentation;
and, 4) each identified Sargasum-conining pixel may contain varying
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proportions of Sargassum, leading to biased statistics if each Sargassum-
containing pixel is treated equally.

Hence, given the challenges in quantitative assess ment of Sargossum
distributions, area coverage, long-term rends, and the pressing need of
such knowledge in order to understand the potential causes of the oend
and to help make management decisions, the objectives of this study,
based on the existing MODIS AFAL imagery, are to:

1) dewelop a practical and objective method to quantify Sargassum dis-
tribution and area coverage in the Central West Atlantic using
MODE observations; and,

2) establish a long-term ( 2000-2015) time series of Sarpassum distri-
bution patterns and area coverage in the study region to quantify
the long-term rend.

As this is primarily a methodology development paper, rather than
following a traditional structure, the paper is organized in a way to
first provide some background on Sargassum detecton, then detail all
steps in the method, and finally present a time series of Sargassum dis-
tributions, While the focus of this study is on the development of meth-
odology and establishment of long-term time series, a preliminary
analysis of several environmental variables s also undertaken in an at-
tempt to understand these long-term patterns.

2. Sargassum remote sensing: What is available and what is not?

Gower, Hu, Borstad, and King ( 2006) first demonsorated that pelagic
Sargassum (Sargassum natans and Sargassum fluitans) can be detected
from satellite imagery based on elevated NIR reflecance ( the red-edge
effect, Le, enhanced reflectance between 700 and 730 nm). This detec-
tion prindple was applied to MERIS Maximum Chlorophyll Index (MCI
(Gower, King, Borstad, & Brown, 20035) ) (Gower et al, 2006), and later
to MODIS FAI (Hu, 2009). Based on the MERIS MCI products, Gower
and King (2011) first generated Sargassum distribution maps for the
Gulf of Mexico (GOM) and Sargasso Sea between 2002 and 2008, They
were byter im proved by extending coverage o indude the central Atlan-
tic with data up to 2011 in an atempt o explain the potental source of
the 2011 Sargossum bloom in the Caribbean (Gower et al, 2013). When
generafing the monthly Sargassum distribution maps, for each of the
pre-defined 5-km grids within the area of interest, the maximum MCT
was used to represent that grid. Then, the maximum MCI value during
the entire month was used to represent the monthly MCI value for
that grid. Monthly maps derived in this manner potentially contain
three error sources: 1) MCl was obtained from top-of-atmosphere
(TOA) radiance, instead of atmospherially corrected refledance, lead-
ing o uncertainties in deriving a universal threshold for Sargassum de-
tection; 2) errors in TOA radiance-based cloud-masking; and 3) the
use of maximum MCT instead of mean MClwithin the 5-km grid during
a month may overestimate Sargassum abundance.

Hu (2009) showed that MODIS FAI can also be used to detect
macroalgae blooms, MODIS FAl and AFAI were implemented to detect
and trace Sargassum blooms in near real-time over the CWA in 2010
(Huetal, 20014) but has since been back processed to 2000 to include
all MODIS data for the region. Compared to MERIS MCL, MODIS AFAI
provides a comparable and potentially better alternative because
MODIS is onboard both Aqua and Terra satellites {afternoon and maorm-
ing passes, respectively) and each MODIS swath ( 2330 km) is approaxi-
mately twice that of a MERIS swath (1150 km ). Although the near
real-time MODIS AFAL imagery has provided valuable information on
the Sargassum location and move ment, its interpre @tion was primar ly
based on visual inspection. Due to technical difficulties such asdiscim-
inating ambiguous pixels from clouds, doud shadows, cloud adjacency
effects, and removing large-scale image gradients, there has not been
any automatc detection, delineatdon, or use of MODIS AFAl D generate
long-term statistics.

Tao date, most macroalgae delineation methods (through the use of
MCI, FAIL, Mormalized Difference Vegetation Index (NDVI), or other

similar data products) are threshold-based segmentation methods that
all suffer from cross-scene large-scale image gradient Several attempts
have been made to e a global-scope threshold for image segmentation
in recent studies. In 2009, Shi and Wang (2009) developed a floating
maaoalgae delineation method producing Mormalized Difference
Algae Index [ NDAI) products which are similar to NDVI products, but a
Rayleigh coredion is applied t© TOA reflectance to remove the moleos-
lar scatrering effects before NDATis cakculated The image is first classified
info “algae” and “non-algae” dasses using the median value of the NDAI
scene, then the ocean background pixel value is determined from the
mean value of the “non-algae” pixelsina 10 = 10 pixel window centered
on the given “algae” pixel (Shi & Wang, 2009 ). The potential problems in
this method are: 1) that the mean value may be affected by the high sig-
nal values of the algae pixels; 2) the 10 = 10 pixel window could be
largely or even ompletely contaminated by algae pixels: and, 3) that
the scene-wide NDAI median value may not be able to provide a good
classification of the algae pixels (Garcia, Fearns, Keesing, & Liw, 2013).
The main idea is to obtain the background ocean signal through image
processing so that local macroalgae signals can be scaled against the
cross-image gradient. To overcome these issues, a ‘difference image'
was proposed by Keesing Liu, Fearns, and Garcia in 2011 and is com pui-
ed by subtracting a background ocean image from the original image.
Called the Scaled Algae Index (SAI) method, Keesing, Liu, Fearns, and
Garcia (2011) proposed it to quantfy U profifera macroalgae blooms in
the Yellow Sea from MODIS NDVI images. The method used a
25 = 25 pixel median filter to determine the background water signal
and applied a local threshold segmentatdon, based on the staristical dis-
ribution in the 25 » 25 pixel window, centered on the pixel of interest.
The method was further modified in Garcia et al. (2013) to select the
optimal window size and segmentation threshold. Due to variability
of the feature distribution in the median filter window, the window
size and the threshold often need to be tuned by a human expert to
achieve satisfactory performance. In short, although visual detection is
straightforward through one of the indexes, automatic detection and
quantification of macroalgae blooms are still problematic when long-
term ime series data are desired. Another difficulty is that these index-
es only detect the red-edge reflectance and thus not able to spectrally
differentiate Sargassum from other floating materials (Dierssen, Chlus,
& Russell, 2015; Hu et al, 2015). While the latter requires hy perspectral
data that are mostly unavailable from currents satellites, the former is
addressed using the approach developed in this study.

3. Data sources and processing methods

Although the near real-time monitoring of Sargassum slicks started
in 2010 (Hu et al, 2014), the development of a complete time series
MODIS data set, covering the CWA between April 2000 and October
2015, required downloading all relevant data from the 1S, National
Aeronautics and Space Administration (MASA) Goddard Space Flight
Center (http://oceancolor.gsfc.nasa gov) which were subsequently
processed using the software package SeaDAS (version 7.0.2) to gener-
ate Rayleigh-corrected reflectance (Rrc) data for each spectral band
(Hu, 2009). Both MODIS/ Terra ( MODIST) and MODIS /Aqua (MODISA)
data were downloaded and processed. The Rrc data were then used to
caloulate FAl for each pixel (Huw, 2009):

FAl = Ry suw-R o )
Rrenm = Bropen + (Rreswiw-Rrosen) # (hm=Meen )/ (hsw-haen).
where the subscripts RED, NIR and short-wave infrared ( SWIR) re pre-
sent the speciral bands. FAl is the difference between B,y and the
baseline reflectance R, yg derived from the linear interpolation be-
tween the red and SWIR bands. For MODIS FAI calculations, A =
645 nm, hygp = 859 nm, and Agpr = 1240 nm. The FAI produd pro-
vides a quick and easy way to visualize surface floating algae. However,
due to ladk of an effedive dowd-masking algorithm, only people with
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training can differentiate floating algae slides from clowd patches and
other artifacts. This represents a major hurdle for an average person o
interpret the images. To overcome this difficulty, the AFAI produc
was generated using the same FAI design but using different spectral
bands (Mheen = 667 N, her = 748 nmy, hswir = 869 nm). Note that al-
though 863 nm isin the NIR spectral range, for simplicity and consisten-
cy itis still termed as “SWIR".

Although AFAI has a lower spatial resolution ( 1-km) compared o
FAI(250-m ], the 1-km bands used in calculating AFAT have much higher
signal-n-noise ratios [ SNRs ) than the 250-m bands for FAI (e.g, 995:1
for the 748-nm 1-km band compared to 157:1 for the 859-nm 250-m
band, Hu et al., 201 2), thus compensating for the redudion in resolution
when detecting small Sargassum mats. While the disadvantage of AFAI
is its saturation over bright targets such as clouds and strong sunglint
(therefore leading to less data coverage), its advantage is relatively
easy cloud-masking, making the resulting imagery simple o interpret
even by a layperson. Such chamderistics are particularly important for
near real-time applications. One example of the AFAl imagery distribut-
ed online is shown in Fig. 1. The Sargassum slicks can be clearly visual-
ized after cloud-masking. In total, 17,772 MODIS AFAl images from
Terra and Aqua measurements between April 2000 and Movember
2015 were generated in order to develop a time series, corres ponding
to about 95 images per month

To help understand the observed Sargossum distribution patterns,
environmental data were obtained from several sources. Three data
types were obtained from NASA's Giovanni online visualization and
analysis system [ http://giovannisci.gsfcnasa.gov/giovanni/). These
data included: 1) clowd fraction d ata from the Atmospheric Infrared
Sounder (AIRS) AIRX35TM w006 between January 2009 and October
2015; 2) precipitation data from the Tropical Rainfall Measuring
Mission (TRMM) TRMM_3b43 v7 between January 200% and August
2015; and 3) aerosol optical depth (AOQD, 500 nm) data from the
(Ozone Monitoring Instrument (OMI) OMAERUWd w003 between Jan-
uary 2009 and November 2015, In addition to Giovanni data, sea sur-
face temperature (S5T) anomaly data were derived from National
Oceanic and Atmosp heric Administration (MOAA) Optimum Interpo-
lation (OI) SSTV2 monthly mean products (provided by the NOAA/
OAR/ESEL PSD, Boulder, Colorado, USA, from their Web site at
http: )/ fwwaw esrlnoaa_gov/psd/) from January 2009 to August 2015,
Photosynthetically available radiation (PAR) data were obtained
from the MODIS Aqua 4 km monthly mean products (http:/
oceancolor. gsfenasa gov/cgif13) from January 2009 to August 2015,
And finally, Amazon River discharge data were acquired from the
Brazilian National Water Agency at station Obidos (http:/fwww2,
ana.gov.br/Paginas/EN/default.as px). The station is located 800 km
upstream from the Atlantic Ocean and is above the tide's influence
thus normal water-discharge fluctuations can be detected.

4. Technical approach

Given the available 17,772 AFAI MODIS images, the process for map-
ping and quantifying the Sargassum distribution and mverage is com-
posed of three major steps:

1) Classification of individual image pixels into three classes:

A) no-observation (this class includes no satellite coverage,
sunglint, douds, clowd shadows, and all other image artfacts);

B} Sargassum-free; and

C) Sargassum-con @ining.

2) Unmixing of the Sargassum-containing class using local thresholds
for minimal (0%) and maximal (1008 ) sub-pixel coverage in order
to estimate the fractional Sargassum coverage withina pixel.

3) Data binning of the individual image pixels into pre-defined grids at
given time intervals (month, season, year) for the entire study

period (2000-2015), which leads to time series of area coverage

and distribution maps.

Note that in reality the elevated AFAl signal can be from any floating
vegetation, not just Sargassum. These floating vegetation include
Trichodesmium mats (Hu et al., 2010b; Subramaniam, Brown, Hood,
Carpenter, & Capone, 2002 ). This is actually where the name of floating
algae index came from (Hu, 2009). Howewver, in the context of Sargas-
sum mapping the elevated AFAI signal is deemed to come from Sargas-
sum mats based on both direct and indirect evidence (see Discussion).

The entire process is summarized in the flowchart in Fig. 2. Specifi-
cally, after masking cloud s, sunglint and land, initial Sargassum pixel ex-
traction is achieved by com paring the original AFAlimage and a surface
fitted image | generated by computing a four-degree polynomial fit t© a
surface with the valid AFAI pixels in each image). The extracted pixels
are marked as potental Sargassum-con@ining pixels, and are exduded
from the median filter used to calculate the Sargos sum-free background
ocean AFAI signal. The “difference image' between the original AFAI
image and background Sargassum-free ocean AFAl image is then seg-
mented to extract the final Sargassum-containing pixels using a global
scope (meaning within the CWA region in this work) threshold, Ty
False-positives over cloud shadow pixels (eg., Fiz 1) are masked as in-
valid data. For each Sargassum-containing pixel a linear unmixing
scheme, based on locally-adjusted lower (0% sub-pixel) and upper
(100% sub-pixel) bound coverage, is used o determine the fracional
Sargassum coverage within a pixel. Finally, all valid pixels (both Sargas-
sum-free and Sargassum-cont@ining ) within a pre-defined grid and a
given time interval (month, season, year) are used to calculate the
mean Sargassum fradional coverage for that grid and time interval. Sta-
tistical analyses of all grids lead to distribution and coverage maps.
Below these steps are described in detail.

4.1. Step 1: Pixel classification into three classes: No observation (A),
Sargassum-free (B), and Sargassum-containing (C)

4.1.1. No observation due to no satdlite coverage, sungling, douds, or doud
shadows

All these conditions were reated as no observation, as no informa-
tion on whether a2 pixel contains Sargassum can be determined.

4.1.1.1. Nocoverage Each AFAl image was mapped to a recangular pro-
Jjection, where some of the pixels in the projectad image may not be cov-
ered by MODIS measurements. These pixels were assigned a value of
— 0.0999 during map projection. Pixels meeting the following criteria
were identified as no satellite coverage:

Rc(667) = —0.0999 or R,.(748) = —0.0999 or R,.(869) = —0.0999.
)

4.1.12_ Sungiint and cloud-masking Both sunglint and clowds lead to en-
hanced reflectance in all spectral bands. In this study, pixels meeting te
following criteria were identified as sunglint or dowds:

Rrc(667) = 0.2 or Rpc(748) = 0.2 or Rec(BE9) = 0.2, (3)

The criteria were determined through tial and error. Although
SeaDAS processing generates a standard CLDICE (clouds or ice) flag
(Patt et al,, 2003 ), a comparison between CLDICE and the threshold-
based cloud-masking (Fig 3) shows that CLDICE over-masked Sargas-
sum-free pixels in some cases (Fig 3e) while under-masked Sargas-
sum-containing pixels in other cases (Fig. 3h). The former would
reduce the number of valid observations while the latter would reduce
the number of Sargassum-containing pixels, both leading to increased
uncertainties in the Sorgossum ooverage estimation. Note that CLDICE
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Fig. 2. Wark flow to generate Sargassum dist ibution and coverage maps from MODIS AFAI images They are generally grouped int three steps, as described in the text. Note that for
simplicity and {llustration purposes, cloud shadow masking Is shown here as a preprocessing step before classification. Practically, cloud shadow masking has to rely on the
preliminary classification results to improve the performance. Note that the illustration is to calculate a monthly mean, but the approach is the same for other time internvalks. o
represents the Sargassum subpixel coverage of the ith pixel Details can be found in Section 4.1.1

in SeaDAS was optimized for the processing of global ocean color data,
with the ultimate goal of obtaining the highest-quality ocean color
data products. In practice, to meet this goal CLDICE was determined
in a conservative way, defined as R,.(859) (after subtracting an esti-
mated sunglint reflectance) > 0.027. This is why CLDICE masked
many non-cloud pixels (including Sargassum-free water pixels and
Sargassum-containing pixels). Furthermore, some of the sunglint
pixels were not masked by CLDICE (gray-reddish color in Fig 3),
and these pixels have high AFAI values, leading to false positive de-
tection. Because threshold-based cloud-masking avoided all these
problems, this method was selected to mask both sunglint and
clouds in this study.

4.1.1.3. Cloud shadow screening. Cloud shadow pixels show high AFAI
values and may be falsely identified as Sargassum (see Fig. 4a & b)),
leading to overestimation of the Sargassum area coverage.

MODIS/Aqgen
WIN2018, 13: S0

(a) { 100 kin

Due to the lack of direct solar radiation, cloud shadow pixels show
low Rrc values as compared with the surrounding pixels. In this study,
a local total Rayleigh corrected reflectance (LTR) was first defined as

LTR = R,.(469) - R..(555). 4)

Then, the difference between LTR of the aurrent pixel and a reference
LTR value, defined as the mean LTR of a 31 x 31 pixel window centered
at the current pixel, was examined. If the difference was lower than a
predefined threshold, Tc:

LTR-Refuy <Te. (5)

The current pixel was regarded as a cloud shadow pixel and masked
as no observation. This cloud shadow masking is termed as local low

Fig. 3. Comparison between the threshold-based sunglint and cloud-masking ( this study, (3) ) and SeaDAS CLDICE masking (b). (c) and (f) are the enlarged regions from (a); (¢} and
(h) are the enlarged regions from (b); (d) and (g) are the corresponding RGB Images to fadlitate interpretation. CLDICE over-masked water pixels in (e) and Sargassum pixels in

(h) (red dashed circle). The color legend of the AFAI images is the same asthe one in Fig. 1
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HRg 4.Comparison between SeaDAS LOWLW and the LIRcloud shadow masking (this study ). (2) and (e) are theenlarged RGB Images; (b) and (f) arethe unmasked AFAT images; (¢) and
(g) showthe LOWLW flagged pixels inred; (d) and ( h) showthe LLRmasked pixels ( this smdy) inred. In (c), some of the cloud shadow pixels are missed by the LONLW flag (pink cirdes).

In (g), some of the Sargassum-containing pixels are flagged as cloud shadows (yellow cirdes).

reflectance (LLR) masking, where T, was determined to be — 0.01 after Note that the LOWLW flag generated by SeaDAS processinghasalso
rial and error and a sensitivity analysis. been proposed to detect cloud shadows (Patt et al., 2003). It is based on
Ideally, a cloud shadow mask should retain most Sargassum pixels a threshold of 0.15 mW cm™ 2 um ' sr™ ! in the derived normalized
and exclude most cloud shadow pixels. To seleat the optimal T in the water-leaving radiance at 555 nm. However, a comparison between
LLR cloud shadow masking, we manually delineated several regions of the LOWLW and LLR in Fig. 4 shows that LOWLW often missed some
interest for cloud shadow pixels (N. = 2573) and Sargassum pixels cloud shadow pixels ( pink circles in Fig. 4c) while over-masked Sargas-
(N: = 49.559). According to the cumulative and normalized histograms sum-containing pixels (yellow circles in Fig. 4g). In contrast, both the
)), aselection of T. = —0.01 served this purpose. Therefore, under-masking of water pixels and the over-masking of Sargassum-
containing pixels are red uced by the LIR doud shadow masking method

(Fig.5a &b)),
0.01 was used as the threshold to detectand mask cloud shadow
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4.12 Class B and dass C: Sargassum-free and Sargassum-containing pixels

Due to the presence of sunglint contaminated pixels (adjacent to
sunglint masked pixels), the relatively large swath of MODIS, and in-
complete atmospheric correction, there are large-scale gradient differ-
ences across AFAI images (e.g, Figs. 1 & 3) where AFAI values over
Sargassum-free water are lower near the satellite scan edge than around
the scan center. This makes it impaossible to apply a global scope thresh-
old to extract Sargassum-containing pixels in uncorrected images. Sev-
eral steps were used to account for this across-image gradient, which
are described below. Basically, a median filter ( after excluding potential
Sargassum-contzaining pixels determined first from surface fitting) was
used to generate a background Sargassum-free AFAI image, which was
then subtracted from the original AFAI image. Then, a global scope
image based threshold was determined and applied to the entire
image to extract the Sargassum-conining pixels.

4.12.1. Preliminary Sargassum pixel extraction based on surface fitting To
model the large-scale variability, a four-degree surface fitting is usu-
ally sufficient. Higher-degree surface fitting is likely to cause
overfitting, which will hinder the extraction of local bright targets
(i.e., Sargassum-containing pixels). The surface fitting was per-
formed over pixels of valid observations only, with Sargassum-
containing pixels excluded. Because nearshore pixels tend to have
high AFAI values, these pixels were also excluded before surface
fitting. Pixels with AFAI values greater than the fitted value by a
threshold T, were identified as potential Sargassum-containing
pixels, and were excluded from the median filter creation process
used to determine the Sargassum-free ocean background.

The threshold T; in the above process was determined from 8 repre-
sentative AFAl images (4 in January and 4 in June ). The Sargassum pixels
were first manually delineated from the 8 images, which were then
eroded using a 5 x 5 pixel window to assure the exdusion of Sargas-
sum-containing pixels when creating the median filter. A threshold of

. = 2.55 x 10 *was found to extract up to 95% of the Sargassum-
containing pixels (after erosion ), and therefore was used for the entire
dataset. Fig 6a and d show the original AFAl image and resultant suiface
fitted image.

MODISATE
2015006:28 GMT

4122 Median fitering to determine ocean background (Refasa). The sur-
face fitting derived background image still contains small-scale vari-
ance, therefore requiring a subsequent median filter to refine the
background image. The median filter used a 51 x 51 pixel window to
determine the median value of each pixel from the surface fitted
image. This derived median image was used as the Sargassum-free
ocean badkground, Refaza, o extract Sargassum-containing pixels by
using a global scope threshold, To.

Adopting the useofa 51 x 51 pixel window (W, = 51 pixels) was
based on several considerations. Because large Sargassum slicks do
occur, a minimum W, . of 31 pixels could be used to fill in the surface
fitting derived bright targets to avoid data loss. In Garda et al. (2013)
the optimal W, was obtained by comparing the standard error of
the means (SEMs) from 10 randomly selected ocean regions. The
SEMs would inarease in a nonlinear fashion when W, exceeded a cer-
tain value. In this study, randomly selected ocean regions within the
CWA region from 6 representative images were analyzed to determine
an optimal W, .. The SEMs of these selected ocean regions only de-
creased slowly with decreasing W:ze when Waze was <51. This sug-
gested that after excluding potential Sargassum-containing pixels from
the surface fitting process, a median filter could be used effectively to re-
move small-scale variations providing a large-scale Sargassum-free
ocean background (Refaga, Fig. 6g). Considering the typical size of the
potential Sargassum slicks and computational efficiency, Wy;. = 51
was selected for use in the median filter.

4.123 Final Sargassum pixel ex raction using a giobal scope segmentation
threshold Ts With the Sargossum-free ocean background (Refagar) ob-
tained from the two processes above, a global scope threshold T, was
determined and applied to the entire image to exrad the Sargassum-
containing pixels whose AFAI values were higher than the badkground
values of Ty :

AFAL-Re fap>Ty. (6)

To wasdetermined by comparing the cumulative frequency of man-
ually delineated Sargassum-containing pixels and their adjacent pixels
with a dilation of 5 pixels (11 x 11 pixel window). The dataset used to

AFAL - Refyy AL

Fig. & An example of the Sargassun pixel ext action process (a) Is the original AFAI image after masking sun gling, clouds cloud shadows, and land; (b) and (<) are enlarged regions from the
AFAlimage in (a); (d) Is the surface fitled image from (a); () and () are enlarged regions from the surface fitied image in (d); (g) is the median-filtered (Refam:) Image that is used as the
reference; (h) and (i) are the enlarged regions from the Refay image in (g); () is the difference image between (a) and (g); (k) and (1) are the enlarged regions from the AFAI-Ref v
(difference) image in (). Sargassum-containing pixels are extracted from the difference image using the global scope threshold To The color bar is for the difference image and the red

arrow marked the global scope threshold To used inthis study.
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determine Ty was the same as that used to determine the surface fitting
threshold. The logic was also the same: Ty, should preserve most of the
manually selected “ground truth” Sargassum-cntzining pixels while
excluding most of the adjacent Sargassum-free pixels. As marked by
the vertical line in the cumulative frequency distribution (Fig. 5c),
when T, was selected tobe 1.79x 104, about 95% of the Sargassum-
containing pixels were captured while only 10% of the adjacent Sargas-
sum-free pixels were misdassified as Sargassum-containing As with any
threshold-based method, the choice of the threshold is always a
compromise between false-positive and false-negative detections. The
sensitivity st below shows that Ty = 1.79 = 10~ % would lead © ac-
ceptable uncertainties in both categories, and would not impact the
averall findings in the long-term trend of Sargassum distributions.

Tounderstand the uncertainties in the extraction results, 12 repre-
sentative MODIS AFAI images (6 from January 2015 and 6 from June
2015), all independent from the dataset used in determining Ty, were
used to extrad Sargassum-montaining pixels following the above proce-
dures, with their results compared to those with manual delineation
(regarded as the “truth"). For the estimates of Sargassum area coverage
using unweighted Sorgassum-containing pixels, the false positive rate
was 30.41% and the false negative rate was 15.67% Due to these uncer-
tainties, alinear unmixing method was developed (see below) and ap-
plied to Sargassum-containing pixels. After weighting the Sargassum-
containing pixels using this linear tnmixing method, the false positive
rate decreased to 18.97% and the false negative rate decreased o
742%. As shown in Table 1, the overall accuracy, defined by the F-
score (Chinchor & Sundheim, 1993 ) was 86.05%, and thus acceptable
for dme series and trend anabysis.

42 Step 2: Unmixing of Sargassum-containing pixels to determine
fractional coverage (0% but < 100E)

So far, for every AFAl image, each pixel was classified as no-
observation (Class A), Sargossum-free (Class B), or Sarpassum-
containing (Class C). For the Sargassum-containing pixels, the next
step is required to determine the fracional cover age through unmixing,
a8 Sarpassum mats can rarely occupy the entire 1-km pixel. This linear
unmixing scheme is wsed to quantify the percentage of Sargassum cov-
erage within a given pixel. For each Sargassum-contzining pixel, its frac-
tional coverage was determined as

AFALy = AFALy~(AFAlLy-AFAL | (7
= (AFAL;-AFAL) / (AFAl;—AFAL) » 100%. (8)

where o is the fractional (percentage ) Sargassum coverage (rangng
from Q0% to 100.0% ) for the ith Sargassum-containing pixel, AFAly; is
the AFAI value of the ith Sargassum-containing pixel (“A” in the sub-
SCript represents “algae”, Le., Sargarssum), AFAIL; and AFAL are the
lower (corresponding to 0.0% coverage) and upper (corresponding to
100.0% cover age) bounds for the ith Sargassum-con @ining pixel, respec-
tively. AFAL; and AFAL,, are the global scope lower and upper bounds
(image and pixel independent constants) for 0% and 100% sub-pixel
coverage, respectively. AFAL, and AFAL, and are the local lower and
upper bounds, respectively, for the Sargassum patch containing the ith
Sargassum-con @ining pixel, which may vary among Sargassum patches
and imapes. Therefore, to determine oy, four parameters are required:
AFAL . AF AL, AFAL,, and AFAL.

To determine AFAlg, whidh represents 100% Sarpassum coverage
within a pixel, surface reflectance measured from pure Sargassum
mats in the GOM and off Bermuda (Fig. 1b) were used to simulate
B, and AFAI as sensed by MODIS through radiative oansfer simula-
tions. The collection of these spectra was described in Hu et al.
(2015). The simulation is the same as described in Hu (2009):

Ru'c:Ra_raTRs:g 9

where R, is the atmospheric path reflectance due to aerosols and
aerosol-Rayleigh interactions, Ry is the mean Sargassum reflec-
tance from field measurements (Fig 1b), ta is the atmospheric dif-
fuse transmittance from the sun to the Sargassum mat, and Tis the
atmmaospheric beam transmittance from the Sargassum mat to the sat-
ellite sensor. Because of the atmaospheric effects, the same R ;. could
result in different Br. as measured by the satellite. Such effects were
simulated in the following way.

Twao solar/viewing scenarios were considered in the simulation,
with one for image center and the other for image edge. Two aerosol
types were considered : maritime aerosols with 90% relative humid-
ity (m90) and coastal aerosols with 50% relative humidity (c50),
representing both open ocean and coastal ocean scenarios. Aerosol
optical thickness at 869 nm, Ta(869), was varied between 0.02 and
0.38 (the upper bound for aerosols, Robinson, Franz, Patt, Bailey, &
Werdell, 2003). All variables in Eq. (9) (ie, R, t, T) corresponding
to these different scenarios were determined using the MODIS aero-
sol lookup tables from the SeaDAS data processing software package
(Baith, Lindsay, Fu, & McClain, 20011 ). Table 2 presents a summary of
the MODIS AFAL,, values corresponding to all variable atmospheric
conditions and solar/viewing geometry. The 2013-2015 climatolog-
ical mean 7,(B69) for the CWA region was estimated to be 0.10. The
mean value corresponding to 7:(868) = 0.10, 441 x 107, was used
in this study to represent the global AFAlL for 100% Sargassum cov-
erage within a pixel. Note that for an individual Sarpassum slick, the
lecal up per bound was adjusted using Eq. (7] to account for variable
amospheric and observing conditions.

To determine AFAlL g, a histogram of AFAT values from all water pixels
near these Sarpassum slides (6 pixels outward from the slick edges ) was
generated. The median value was determined to be —8.77 » 107 # and
was assigned to AFAL, to represent 0% Sargassum-containing coverage,
Here the median value i selected to avoid noise interference in calculat-
ing the lower bound. For each Sargassum patch, the local AFAL was also
determined using the same method. The local AFAL, was derived using
Eq.(7) by normalizing the global AFAL , against the difference between
AFAL, and AFAL. These values were then used in Eq. (8) @ calculate
sub-pixel coverage oy for each of the Sargassum-containing pixels with-
in a Sorgasum patch. This method was applied in a loop through all Sar-
gassum patches within an image. Fig. 7a, b, ¢, and d show an example of
the process for extracting Sargasum-containing pixels and determina-
tion of sub-pixel coverage.

4.3 Step 3: Data binning to derive distribution and areg coverage maps

After obtaining the sub-pixel coverage of each Sargnssum-con@ining
pixel from all images, the entire study region was divided into
0.5 = 0.5" grids to generate mean distrbution maps atdifferent tme in-
tervals ( monthly, seasonal, and annual). For each grid, mean fracrional
Sargassum coverage within a particular ime interval was calculated

Tabde 1
Uncer inty and acowracy assessment of the final Sargnssum-containing pixe | extract on using sample images in January and June 2015
Fakse positive False ne gative Predsion Recall F scone
Area coverage using uivwe kg hted Sargassuim plxels | AUP) 30.41% 15678 TLH0E H1.38% TRESE
Area coverage using welghted Sargssum phoels | AWP) 18.97% TAZE B257% YT BROSE
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Table2
MODIS AFAl upper bound values ( Le. corresponding to 100% Sargassum coverage within a pixel) for vanous atmos pher i conditions {2erosol type and optical thickness ) and solar/ viewing
geometry, based on Eq. (9) and radiative transfer simulations.

mso 7.(869)

om 0.06 0.10 0.14 0.18 022 026 Q3o Q34 a3s
a=4" 0.052 0.050 0.0 0046 004 0.041 Q040 Q038 Q036 Q034
=57 0.049 0.016 oo 0.039 0.036 0.033 Q030 Q028 Q026 024
0 T.(869)

o.m 0.06 0.10 0.14 0.18 022 026 3o Q34 38
0=4" 0.052 0.8 0.046 0.0M 0.0 0.039 Q037 Qo3s Q033 Qo031
=57 0.m9 0.045 0.041 0.037 0033 0.030 Q027 Qo025 Qo022 Q020

Note: Two aerosol types are selected for open and wastal oceans: marigme aerosols with 90 relative humidity (mS0) and coastal aerosols with 50% relative humidity {S50). Two solar,
viewing scenarios are applied: near satellite nadir ( sate llite zenith 8 = 4°, solar zenith 6 = 184°, relative azimuth & = 22°) and near san edge (6 = 57°, 8, =296 = 21" ). 7,(869) =
0.10 comesponds 1 the mean ae rosal optical thickness over the study region between 2013 and 2015 as derived from MODIS. The average of the se values for 7,(869) = Q10 s 441 »
1072, (bold font), which was used in this study as the global upper bound for pure Sargassum coverage.

from all Sargassum-contining (Na) and Sargassum-free pixels (Nw) fall- 5. Results: Long-term Sargassum distribution and coverage
ing in that grid as
The above methods were applied to the entire time series be-

f= _l_lzv % ] (10) tween 2000 and 2015, where 17,772 MODIS AFAI images (9013 be-
N =0 tween 2009 and 2015) were used to generate the Sargassum
distribution and coverage maps over the CWA region at monthly,
N =Ny = Nw (11) seasonal, and annual intervals. The threshold values were selected
as: To = 179 x 107% AFAlje = 441 x 107% and

where the summation was for all Sargassum-containing and Sargassum- AFAlL o = —8.77 x 1074,
free (ie, water) pixels in that grid within the time interval, with o = Fig. 8 presents the distributions of monthly mean coverage of Sargas-
0.0 for water pixels. The mean area coverage maps were generated sum in the study region between 2000 and 2015. The color-coded value
afterintegrating all grids. The general process is illustrated in Fig. 7. represents the monthly mean percentage of Sargassum coverage for a
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Jan

'

HRg 8.Monthly mean distribution maps show Sargassum area coverage inthe CWA region betwee n 2000 and 2015, denved from MODIS AFAL images using theapproachdeveloped inthis

paper. Land is masked © black and coastline |s masked to white. The Novembe r monthly mean in 2015 contains data up © 21 November 201 5. Because the results for 2000-2009 are very
similar (and they all show minimal Sargssum coverage), for clarity the distibution maps between 2001 and 2008 are omized
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Fg.8 (continued)

given grid, varying from 0% to about 0.4%. Because the results for 2000
through 2009 are very similar and they all show minimal Sargassum
coverage, for clarity the distribution maps between 2001 and 2008 are

omitted here, During that period, small numbers of Sargassum slicks oc-
casionally appeared off the Amazon River mouth between August and
October, and the daily ime sequence indicated northward movement.

44



M Wang, C. Hu / Remmate Sensing of Emvdronmeant 183 [ 2015) 150-367 31

Table 3

Anmieal mean Sargassum cove rage over the CWA region between 2009 and 20015 The an-
| mean ayverage between 2000 and 2008 was sim ilar tothose in 208, this not | sted
ins the table.

Wear 09 2010 2011 2m2 213 2004 2m3

Mean fractional [iTir 003 007 008 002 012 032
coverage (%)

Mean are 3 CoVerage HE H5 1995 2321 85 3751 9562
(k)

However, they did not develop into large-scale blooms during those
periods.

Large amounts of Sargassum slicks did not appear until April 2011
when they were captured in MODIS AFAI imagery around 3.0° N and
407 W. These Sargassum slicks then developed and advected o the Less-
er Antilles Islands in the southern Caribbean from May to July. This
agrees well with the timing of the reported Sargassum beaching events
in those islands. From August o September, massive Sargassum slicks
started todecrease. Some Sargassum slicks still appeared off the Amazon
River mouth kter in October and Movember, but their sizes were much
smaller.

In201 2, Sargassum distribution patterns closely resembled those
found in 201 1 except for the scattered slicks in the first months of
2012 around 18N which were apparently left over from the 2011
bloom. During July, most of Sargassum slicks appeared between 5°N
and 10°N. Unlike 2011, August 2012 experienced a significant de-
crease of the total Sargassum coverage, after which only small
amounts of scattered Sargassum slicks were found off the Amazon
River mouth.

One interesting result is that after September 2012 and for the entire
year of 2013, very few Sargassum slicks were found until April 2014,
after which Sargassum distribution patterns nearly repeated those
found during the summers of 2011 and 2012 but with greater abun-
dance. The difference between 2014 and these two previous years is
that between September and December 2014, there were still consider-
able numbers of Sargossum slicks, which continued to appear through
the early months of 2015.

The most striking resultwas found in the extremely anomalous year
of 2015. Not only did the Sargassum slicks appear from the very begin-
ning of the year — which were again, apparently, left over from the pre-
vious year's bloom, but the Sargassum coverage during the spring and
summer months was much greater than in any previous year. As of Oc-
tober and November of 2015, there were still considerable amounts of
Sargassum in the offshore waters. This is analogous to condidons
found in the same months of 2014, thus posing the question of whether
similar extreme Sargassum blooms may coour in 2016,

The same method was wsed to generate seasonal and annual mean
distribution maps. From these maps, the total area coverage was cakcu-
lated to integrate Sargossum mean area coverage from all grids. While

Table 3 presents a summary of the integrated annual mean area cover-
age between 2009 and 2015, Fig. 9 shows the time series of the integrat-
ed monthly and seasonal mean coverage. These statistics provide a
quantitative measure of the amount of Sargassum in the CWA region
at monthly, seasonal, and annual scales. The distribution maps inFig. 8
closely resemble the ime series which clearly shows the anomalous
years of 2011, 2012, 2014, and 2015. Most striking s that 2015 is an ex-
treme year when both the annual mean coverage and summer mean
coverage were 4 times of those found in 2011, and the summer mean
coverage exceeded those in the pre-bloom years (2009 and 2010) by
20 dmes,

6. Discussion

While this is the first time that long-term Sargassum distributon
maps and coverage statistics are presented by applying a sophisticated
but objective methodology to MOD S observations, two questons natu-
rally arise from these results. The first is how much can they be trusted?
The second is, if they are trusted, what caused these long-term pat-
terns? Due to the lack of field measurements, neither is easy to address.
However, from spectral analysis, sensitivity analysis, and the analysis of
several environmental variables, the following discussion may provide
some useful hints,

6.1. Sargassum or other floating materials?

From the perspective of spectroscopy, it is difficult to condude that
the observed red-edge reflectance (e, elevated AFAlvalues) is due to
Sargassum instead of other floating vegetation. Using multi-sensor
data andsimulations, Hu etal. (2015) suggested that unless hyperspedral
data are used, it is very difficult to differentiate Sargassum from other
floating vegetation, as the latter also show elevated AFAI values, This is
partcularly true when the sub-pixel moverage is very small [<25%).
Therefore, currently there is no way to validate all observed slicks from
the AFAl imagery. However, two facts can help confirm that the observed
slicks are mosty, if not all, Sargassum.

The first is scarce validation using the Hyperspectral Imager for the
Coastal Ocean (HICO) observations. Hu et al ( 2015) showed that corre-
sponding to some of the MODIS-observed slicks, HICO specira of the
same slicks showed diagnostic spectral curvature around 630 nm due
to chlorophyll ¢ absorption. This is a unique feature for Sargossum
macroalgae, thus confirming that at least some of the slicks observed
from the MODIS AFAlimagery are indeed Sargassum. Likewise, the spec-
tral curvature between reflectance of blue and green bands (Hu et al.,
2010b) from randomly selected dense slicks (high AFAI values) did
not reveal spedral charaderistics of Trichodesmium mats, confirming
that at least these randomly selected dense slicks were not
Trichodesmium but likely Sargassum.
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Local news re ports from the Lesser Antilles Islands provide another
indirect source of evidence. In 2011, 2012, 2014, and 2015, there were
numerous new reports of Sargossum beaching on these islands,
supporting the findings here. In particular, the news exposure increased
tremendously in 2015, also supporting the statistical results that show
2015 as an exreme year.

Given the direct and indirect evidences, it is believed that most of
these observed slidks, if not all, are Sargassum macroalgae. However,
this does not mean that afield survey is not needed to further validate
the observations here, particularly when area coverage estimations
are o be made.

62, Uncertainties i the estimation of mean Sargassum area coverage

6.2.1. Sensitivity analysis

Several thresholds were used throughout the entire process to de-
rive the final mean area coverage maps, which incloded T: in the LLR
cloud shadow masking, the global scope segmentation threshold T, to
deter mine Sargassum-containing pixels, and AFALy, and AFAL , to deter-
mine sub-pixel Sargassum coverage. To understand the sensitvity of the
final results o changes in these threshold values, a total of 187 AFAl im-
ages from MODIS Aqua and Terra in Januwry and June 2015 were select-
ed to generate the monthly mean area coverage maps with different
combinations of variable threshold values,

Fig 10a shows the comparison between the three choices for cloud
shadow determination: no masking, LLR masking (this study), and
cloud-edge dilation (6 pixels) masking The global scope AFAL, and
AFAl, were set as the default (441 « 10 * and —8.77 » 10~ ). Com-
pared to a proper masking method, no masking led © overestimated
totzl Sargassum area coverage because some of the cloud shadow pixels
were misclassified as Sargassum. The dilation-based cloud- masking
method overestimated total Sargessum coverage even more because
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the wtal number of valid observations (N in Eg. (11]) was significantly
reduced in June when large Sargassum coverage appeared. Indeed, a 6-
pixel dilation led to up o 60% of data loss of toral number of valid obser-
vations from individual images in this analysis.

To assess the effect of To on the esimaton of mean Sargassum area
coverage, T, was varied between 1.28 = 10~ % and 2.55 = 10~%, with
mean Sargassum area coverapge estimated for each T, (Fig 10b). As ex-
pected, the estimated mean area coverage deaeased with increasing
Tq For June 2015, the mean Sargassum area coverage decreased by
~10% when Tg was changed from 1.53 = 10 % t01.79 x 10 % A -19%
percentage decrease was observed for January of 2015 Howewver,
while the absolute area coverage changed with Ta, the seasonal and
lon g-term patterns remained stable.

The estimates of monthly mean Sargassum area COVErage wWere
also sensitive to changes in AFAL, and AFAL . When AFAL , was var-
ied, AFAl,y, was set to be the default value (4.41 = 10~ %), When
AFAlug was varied, AFAlip was set to be the default value
(—8.77 = 10 *). Fig. 10c shows that when AFAL, is increased, the
mean Sargassum area coverage for January and June 2015 both in-
creased slightly. Increasing the low bound from —8.77 = 10" *1to
621 = 10" *results in larger estimation of -0.57% for June 2015. As
expected, Fig. 10d shows that when AFAl,, was increased, the
mean area coverage for January and June 2015 also decreased. Simi-
larly, an increase of the AFAL,, bound from 4.414 = 10 2 to
4,440 = 10 7 leads to a 0.44% decrease in the mean area coverage
in June 2015. Since the range between AFATuo and AFALq isup to
~4.4 x 1072 adjustment of the AFAl g, and AFAlL, at scale of
1 % 10 *will both result in minimal changes.

Although the absolute value of the area coverage changes with these
changing threshold values, the relative long-term patterns are insensi-
fve to changes in the thresholds. For example (Fig. 11 shows Ty varying
from 1.28 » 10 * to 2.30 = 10 *), while the monthly mean area
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coverage decreased in all months of 2014, the temporal patterns
remained nearly identical. Furthermaore, the absolute area coverage ap-
peared less sensitive to T, when T, was 1.79 = 10 Therefore, a T, of
1.79 = 107 * was selected in this study. In the future, field-based mea-
surements may be used to help determine this threshold. At present,
the results presented here represent the bestknowledge one can obtain
from MODIS observations and, even in the worst-case scenario, the rel-
ative temporal patterns as well as the distribution maps still remain
valid.

622 Detection limit

The MODIS pixels used in this study have a ground resolution of
1 km, making it difficult to observe small Sargassum rafis. Using simula-
tons and assuming 200:1 SMNE, Hu etal. ( 2015) suggested that the lower
detection limit of the red-edge reflectance is about 1-2% of a pixel size.
However, the MODIS band used in examining the red-edge reflectance,
the 748-nm hand, has a SNR of 995:1 (Hu et al, 2012) under typical con-
ditions, This would certainly enable MODIS AFAI to detect Sargassum
rafts smaller than 1% of a pixel size. Manual analysis of delineated
AF Al slicks with weak signals indicated that the detectable imit would
be ~0.2% of 2a MODIS 1-km pixel. This is 5 times more sensitve than
the estimates from the 200:1 SMR assumption, Correspondingly, a Sar-
gassum raft with an effective width of =2 m and effective length of
=2 km long is observable in MODIS AFAL imagery. Smaller Sargass um
rafts are simply not observable.

623 Uhcertainties due to non-optimal abserving conditions

Many factors can impact satellite observations of surface slicks of
Sargassum. For near real-time observatons, clouds, severe sun glint,
cloud shadows, and other artifacts simply make many pixels unusable,
presenting a major hurdle for near real-time Sargossum raddng How-
ever, these pixels are not counted in long-term statistics, thus would
have minimal impacts on the statistical results once sufficient number
of images is used in the statistice. On the other hand, non-optimal ob-
serving conditions such as variable winds and currents may have signif-
icantimp acts on the statistical resuls (Gower & King, 2011; Marmorino,
Miller, Smith, & Bowles, 2011; Szekielda, Marmorino, Bowles, & Gillis,
2010; Woodomck, 1993 ), Under high winds, Sargassum may be dissipat-
ed and become undetectable to MODIS imagery while they may still be
observed in high-resolution airborne imagery or field sampling through
neuston net tows. Attemps were made o determine the optimal wind
range from sequential images, however mixed results were obtained.
When wind speed was>7 m s, Sargassum tended to be undetectable
in MODIS imagery. However, this threshold could not be generalized,
and therefore was not applied to screen data. In this sense, because Sar-
gassum aggregate or mat size is impaor &nt to Sargassum coverage or bio-
mass estimates (Dierssen et al., 2015), the results obtained here are

likely underesimates and they represent only those Sargassum slicks
observable by MODIS. In other words, the absolure area coverage values
represent lower bound of Sargassum coverage. Regardless, the lack of
significant inter-annual variability or wind speed trends suggests that
wind should not impad the observed distribution patterns and tempo-
ral area cover age changes (Hu et al, 2015, 2016).

63. Cawses of the Sargassum bloom since 2011

Before satellites were used to map and quantify Sargaossum blooms
{ Gower et al., 2006), assessment of Sargassum biomass was based on
shipboard observations only (Buter, Morris, Cadwallader, & Stoner,
1983; Butler & Stoner, 1983; Huffard, von Thun, Sherman, Sealey, &
Smith, 2014; Parr, 1939; Schell, Coodwin, & Siuda, 2015; Siuda, Schell,
& Coodwin, 2016; Stoner, 1983 ). Most of these shipboard observations
were focused on the Sargasso Sea, where no significant Sargassum bio-
mass changes were found between 1933 and 1981 (Butler & Stoner,
1984). Recently, Schell et al. (2015) found Sargassum morphological
changes in the Caribbean. Yet these shipboard surveys relied on neustan
net tows that may have missed large Sargassum rafts as captured by syn-
optic and frequent satelite measurements. Then, what could cause the
sudden increase in these MODIS-observed Sargassum coverages after
20m7?

While itis extre mely difficult © pinpoint the exactreason of a large-
scale oceanic phenomenon, a preliminary effort was attempted to ex-
plain the observed long-term changes. We fully recognize that a thor-
ough understanding requires multi-disciplinary efforts to analyze both
physical and biclogical forcing, yet analysis of several environmentl
variables may provide some hints to address the following questions:
Where do the Sargassum slicks originate? And, what caused the recent
increases in the area coverage?

Indeead, although the MODIS statstics started in 2000, there is no re-
cord in either local newspaper or in fishemmen's memory of any major
Sargassum beaching event for the past 50-60 years prior to 2011 (Dr.
Jean-Philip pe Maréchal, Caribbean Global Coral Reef Monitoring Net-
work [ GCRMN ) advisor, personal comm.), suggesting that there might
be a significantchange in the local environment in the past half century.

Daily image sequences were examined to determine the potental
origin of the Sargassum slicks, similar @ the methodology used in Hu
and He (2008), to determine the origin of the Ulva bloom off Qingdao
{China ) in the Yellow Sea. Although several sequences did reveal the
first appearance of Sargassum slicks and their temporal movemenis, it
is hard to conclude that they originated from the location where they
first cbserved. This may be due to the fad that many small Sargassum
slidks are unlikely to be captured by coarse pixels resolution (Hu et al.,
2015). It is more likely that Sargassum originates in a certain location,
moves, and is detectable in MODIS AFAI imagery only when surface ag-
gregaton results inlarge, observable slicks (>2 m wide and =2 kmlong,
seeSection 6.2.2 ). Thus, this effort did not lead to any solid inference on
the origin of Sargassum slicks. On the other hand, recent shipboard ob-
servations showed that Sargassum in the CWA region in 2015 had a dif-
ferent dominant form than in the Sargasso Sea, suggesting that the
Sargasso Sea is unlikely to be the source region (Schell et al, 2015).
This is supported by hindcast numerical models, which suggested that
Sargassum may bloom in the north equatorial recirculatdon region
(MERR) due to favorable enwironmental conditions (Johnson, Ko,
Franks, Moreno, & Sanchez-rubio, 2013).

Excessive nutrient supply may be responsible for the increase in
Sargassum biomass (Smetacek & Zingone, 2013). Could the ternporal
patterns be related to the Amazon River discharge and associated
river plume? Fig. 12 shows that between May and August 2015
{ the maximum Sargassum months in the maximum year), Sargassum
slicks did appear in the vicinity of the Amazon plume (where the
plume was inferred from elevated K 4%0 values from the monthly
mean K 490 images. This is because Kd490 is highly correlated
with colored dissolved organic matter rich in river plume, Hu,
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Fig. 12 MODISA monthly mean diffuse attenuation coefficient at 490 nm (KASQ m™

M Warg, C. Hu [ Rano Sensing of Envirorenent 183 (2016) 350-367

DifTuse attenuation coefficient at 49 mm (m |
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') from May to August 2015, overlaid with Sargassum coverage (red area in the top row and red

outline in the bottom row ). Here the Sargasum coverage ks defined as fractional coverage >005%

Montgomery, Schmitt, & Muller-Karger, 2004). This, however, could
simply be a coincidence as both the plume and the Sargassum slicks
were driven by the same ocean currents. Indeed, the Amazon River

discharge (Fig. 13e) and the Sargassum area coverage does not ap-
pear to be correlative, suggesting that river discharge might not be
the dominant reason for increased bloom adtivity.
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Analysis of other environmental variables indicated that although
PAR and cloud fraction did not show any apparent correlation with
the Sargassium temporal patterns, a combination of 55T, precipitation,
and AOD might explain some of them. For example, precipitation was
much higher in 2010 and 2011 than in other observable years. The
higher than usual precipitadion may have brought additonal nutrients
{iron) from aerosols (dust) to the surface ocean (Paerl et al, 1999), fa-
voring Sargassum growth in the following years (2011 and 2012). The
winter of 2014 showed lower S5T (-0.4 °C lower than monthly mean
climatology ), possibly associated with stronger upwelling (or dee per
mixing) than other years (Black et al, 1999; Peterson, Haug, Hughen,
& Rohl, 2000; Weingartner & Weisberg, 1991) or with more African
dust according to the correlation of Morth Atlantic S5T with African
dust proposed by Wang, Dong, Evan, Foltz, and Lee (2012) using a
dataset back to 1950's {which may be exduded as no significantchange
in AOD is detected in Fig. 13f), providing more nutrients to Sargassum
and resulting in blooms in 2014 and 2015. The same mechanism could
also be used to explain the 2011 and 2012 blooms as S5T in these two
years was also lower than in other years. Therefore, the following hy-
pothesis may be generalized from these visual interpretations: while
the origin of the Sargassum is still unclear, the 2011 and 2012 blooms
appear to be a result of the combined effect of higher precipitation
(more ammos pheric nutrients) and lower 55T (deeper mixing or soon-
gerupwelling), and the 2014 and 2015 blooms appear to be the result
of deeper mixing or strong upwelling AOD shows a strong seasonal pat-
tern with more dust input in summer and less in winter (corres ponds
well with the annual cyde of African dust transport to the Caribbean
Basin as mentoned in Prospero, Collard, Molinié, & Jeannot, 2014).
This is positively correlated with the Sargassum temporal patterns in
Fig 9, suggesting dust input may stimulate Sargassum growth, Regard-
less, the exad mechanisms leading to the annual fluctuatons and the
2015 anomaly in Sargassum coverage will still require a significant
amount of multi-disciplinary effort to resolve. In the meantime, the dis-
tribution maps in Fig. 8, the long-term temporal patterns in Fig. 9, and
those obtained from historical and recent shipboard observations
(Butler & Stoner, 1983; Butler et al., 1283; Parr, 1939; Schell et al.,
2015; Sinda et al., 2016; Soner & Greening, 1984), may serve as guides
on how to perform such a multi-disciplinary investgation.

64 Continuity and other considerations

The distribution patterns and long-term trends of Sargassum cover-
age, as revealed in Figs. 8 and 9, suggest that it is likely that Sargossum
blooms may occur in future years. Given aging MODIS instruments
{they were both designed for 5-year mission life but have been opera-
tional for =13 years), the question is whether the observations can be
continued if one or both MODIS instruments cease o function? In
other words, is one instrument enough ? And, if both fail, what other in-
struments can be wsed ?

To address these questions, statistics were generated from indi-
vidual MODIS instruments and compared with those from combined
observation platforms. Between 2009 and 2015, 9013 AFAl images
were used to generate the statistics, of which 4953 were from
MODISA and 4060 were from MODIST. Fig. 14 shows that when
MODIST and MODISA were used separately, the estimated annual
mean Sargassum coverage was nearly identical between 2009 and
2013, but showed slight differences (<20%) from the coverage esti-
mates in 2014 and 2015 when both satellite platforms were com-
bined. Thus, if and when one of instruments stops functioning in
the future, reliable statistics can still be generated from the other
one, with potentially <20% uncertainty as referenced against the
combined observatons.

The Visible Infrared Imaging Radiometer Suite ( VIIES) instrument
has provided daily data since 2012, VIIRS has all required spectral
bands to calculate a VIIRS AFAL In addition, a VIIRS swath width
(3000 km) is greater than a MODIS swath (2330 km), providing
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maore data coverage than a single MODIS instrument. Therefore,
even if both MODISA and MODIST stop functioning, VIIRS can be
used to continue the Sargassum observations, Once proper cross-
sensor calibration is achieved, VIIRS is expected to provide a seam-
less datarecord for the foreseeable future. The Ocean Land Colour In-
strument (OLCT) onboard the Sentnel-3 satellite was launched on 16
February 2016. As a MERIS-heritage sensor ( 300-m resolution, 1400-
km swath) but with more spectral bands ( from 15 of MERIS to 21 of
OLCL Donlon et al, 2012), OLCT is also capable of providing AFAI and
MCI prod ucts once data become available, We expect to perform the
cross-sensor calibration on these sensors and generate VIIRS and
OLCI AFAI data products soon.

The Pre-Aerosol, Cloud, and ocean Ecosystem (PACE) mission is
currently planned at MASA (http://pace.gsfonasa.gov), with the
aim of providing hyperspectral data at similar coverage and revisit
frequency of MODIS. Such a hyperspectral mission is expected to
not anly provide continuity observations from MODIS and VIIRS
but more importantly to provide diagnostic capacity to differentiate
Sargassum from other floating materials (Dierssen et al., 2015; Hu
et al, 2015). Likewise, NASA's Hyperspectral InfraRed Imager
{HysplIRI) mission (Lee et al, 2015) and Geostationary Coastal and
Air Pollution Events (GEQ-CAPE) mission (Fishman et al., 2012)
will both hawe hypers pectral capacity for spectral diagnostics. In par-
ticular, the GEQO-CAPE mission on a geostationary platform will en-
able multiple images a day at the same lo@tion, making it easier to
avoid cloud cover and to track Sargossum movement using sequen-
tial images. This feature has been demonstrated already for tracking
blooms of the green macroalgae U prolifera in the Yellow Sea using
the Geostationary Ocean Color Imager (GOCI) (Son, Min, & Ryu,
2012). Furthermore, the future Geostationary Operational Environ-
mental Satellites = R Series (GOES-R) series will have two spectral
bands in the red (640 nm) and NIR (860 nm), respectively, with a
ground resolution of 1 km (Schmit et al., 2005). Once proven with
sufficient SNRs, the GOES-R series may provide more frequent data
than any other sensors t monitor and track Sargassum blooms.

The daily MODIS images have alre ady served as useful guides tolocal
residents of the Lesser Antilles [slands as well as other regions in the
Intra-Americas Sea, and helped management agencies to prepare for
Sargossum beaching events. Compared to the Sargassum Early Advisory
System (SEAS) to forecast Sargassum beaching events using LANDSAT
imagery (30-m resolution) and other ancillary data (Webster &
Linton, 2013}, the daily MODIS images have coarser spatial resolution
but higher revisit frequency and more spatial coverage, thus enabling
the derivation of long-term and large-scale perspectives on the size
and trend of Sargassum blooms. Although it is difficult to pinpoint the
reason of the recent blooms, one may still conclude that the blooms
were not due to local polluton but to large-scale atmospheric and ooe-
anic forcing, possibly related to weather fluctuations and dimate
change. The findings here may therefore provide unprecedented
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information to help local residents to adapt and prepare for future Sar-
gassum beaching events ina changing climate in order o sustain tour-
ism and a healthy economy.

7. Conclusions

An objedive method has been developed to quantify Sargossum dis-
tributions and area coverage from MODIS observations. The MODIS data
were then used to generate distribution maps and area coverage be-
tween 2000 and 2015 over the Central West Atlantic region. While
some of these results were reported previously using MERIS observa-
tions up to 2011 using a different method, this is the first time that a lon-
ger time series has been objectively developed which has revealed
unprecedented Sargassum coverage patterns after 2011 ever since
MODIS was put in orbit in 2000, In particular, Sargassum coverage in
2014 and 2015 was found to be significandy higher than in any previ-
ously observable year, with 2015 being the exire mely anomalous year.
Although it is currently difficult to pin point the reasons for these chang-
es, the findings here may provide guidance on future multi-disdplinary
studies to understand their origin, causes, and possible consequences to
the ocean environment

We want to emphasize that the data processing required to generate
the statistics from low-level MODIS data is computationally expensive.
Our initial effort was therefore dedicated o methodology development
with the focus on the CWA region anly. Our next step is to extend this
methodology to the entire Intra-Americas Sea (including Caribbean
Sea and Gulf of Mexico et al), the Sargasso Sea, and the entire tropical
Atlantic. Combined with ocean circulation and other data, a larger pic-
ture than presented here may provide more information o solve the
puzzle of Sargassum origin, bloom oransport, and future trends in a
changing climate,

Motations

AFAL Alrernative Floating Algae Index

AIRS Ammospheric Infrared Sounder

AOQD Aerosol optical depth

AUP Area coverage 1sing unweighted Sargassum Pixels

AWP Area coverage wsing weighted Sargassum Pixels
CWA Central West Atlantic (0 - 22°N, 63 - 38"W)

FAI Floating Algae Index

GEOQ-CAPE Geostationary Coastal and Air Pollution Events

Goct Ceostationary Ocean Color Imager

GOES-R  Geostationary Operational Environmental Satellites - R
Series

GOM Gulf of Mexioo

HICD Hyperspectral Imager for the Coastal Ocean

Hys pIRI Hyperspectral InfraRed Imager

ITCZ Inter Tropical Convergence Zone

LLE Local Low Reflectance

LTR Local Total Reflectance

MERIS Medium Resolution Imaging Spectrometer (2002 —2012)

Ml Maximum Chlorophyll Index | MCI)

MODIS Moderate Resolution Imaging S pecroradiome ter (2000 - on
Tera; 2002 - on Aqua)

MODISA  MODIS/Aqua

MODIST  MODIS Terra

MNASA MNatonal Aeronautics and Space Ad ministraton

NDAI Normalized Difference Algae Index

NDWI Normalized Difference Vegetation Index

NERR North Equatorial Redreulation Region

NIR Near Infrared

NOAA Natonal Oceanic and Atmospheric Administraton

01 Optimum Interpolaton

[alin} Ocean and Land Color Instrument

oMl Ozone monitoring insrument

PACE Pre-Aerasol, Cloud, and ocean Ecosystem mission
PAR Photmsynthetically Available Radiation

Rrc Rayleigh-Corrected Reflecance

SAL Scale Algae Index

SeaDAS  SeaWiFS Data Analysis System

SEAS Sargassum Early Advisory System

SeaWiFS  Sea-viewing Wide Field-of-view Sensor (1997-2010)

SEMs Standard Error of the Means

SNR Signal @ noise ratio

SET Sea Surface Temperanire

SWIR Short-Wave Infrared

Ta Global scope segmentation threshold

T. Threshold for cloud shadow detectiion using the LLR masking

T, Threshold for preliminary Sargassum-contzining pixel
extraction based on surface fitting

TOA Top-of-atmas phere

TRMM Tropical Rainfall Measuring Mission

VAS Virtual Antenna System

VIRS Visible Infrared Imaging Radiometer Suite
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Remote estimation of Sargassum biomass, nutrients, and pigments
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Abstract

Field and laboratory experiments are designed to measure Sargassum biomass per area (density),
surface reflectance. nutrient contents. and pigment concentrations. An Alternative Floating Algae
Index (AFAI)-biomass density model 1is established to link the spectral reflectance to Sargassum
biomass density. with a relative uncertainty of ~ 12%. Monthly mean integrated Sargassum
biomass 1n the Caribbean Sea and Central West Atlantic reached at least 4.4 million tons in July
2015. The average % C. % N. and % P per dry-weight are 27.16. 1.06, and 0.10. respectively.
The mean chlorophyll-a (Chl-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, Sargasswm carbon can account for ~ 18% of
the total particulate organic carbon in the upper water column. This study 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.

1. Introduction

Pelagic Sargasswm is a unique type of brown macroalgae that 1s mainly found in the
Atlantic Ocean. It serves as a critical habitat and refuge to various marine organisms [Council,
2002: Doyle and Franks, 2015; Hu et al., 2016; Lapointe et al., 2014; Rooker et al., 2006;
Witherington et al.. 2012]. and Sargassum smking can potentially contribute to the carbon input
to the deep-sea communities [Baker et al., 2017 Johnson and Richardson, 1977; Krause-Jensen
and Duarte, 2016; Rowe and Staresinic, 1979]. On the other hand. massive Sargassum beaching
events can cause various environmental and economic problems in coastal areas of the Gulf of
Mexico (GOM), Caribbean Sea (CS), and West Africa during bloom seasons [Franks et al..
2011; Hu et al., 2016; Schell et al.. 2015; Webster and Linton. 2013). While large Sargassum
aggregations in the Atlantic Ocean have been noted for centuries, a robust quantitative
assessment of their total biomass 1s still lacking due to technical limitations. Early Sargassum
biomass estimations mainly come from ship-based samplings using neuston tows [Butler et al..
1983: Butler and Stoner. 1984: Parr. 1939: Stoner. 1983]. Parr measured the Sargassum biomass
density in various locations in the Sargasso Sea and the tropical Atlantic. and estimated a total
biomass of 7-10 mullion tons in the Sargasso Sea [Parr. 1939]. Stoner conducted another
quantitative study and reported a major decrease of Sargassum biomass [Stoner, 1983]. which
was later attributed to the geographic varations within the Sargasso Sea and the sampling
method [Butler and Stoner. 1984]. More recently, the Sea Education Association collected
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neuston measurements in both Sargasso Sea and tropical Atlantic over the last 50 years and
observed significant abundance changes especially in the tropical Atlantic [Schell et al., 2015;
Siuda. 2011]. However. given the significant seasonal and inter-annual variabilities of
Sargassum abundance and distributions in the Intra-Americas Sea (IAS) and North Atlantic
[Wang and Hu. 2016; 2017], ship-based field measurements are likely biased for the basin-scale
biomass estimation.

Because Sargassum has enhanced reflectance in the near-infrared (NIR) spectral bands
(this 1s often called “red-edge” reflectance). satellite and airbomne instruments have been used to
detect and quantify Sargassum [Dierssen et al., 2015; Gower and King. 2011; Hu. 2009; Hu et
al.. 2015: Hu et al.. 2016]. However. due to a lack of field or laboratory measurements. nearly all
remote sensing studies have focused on the areal density or relative amount [Gower et al.. 2013;
Gower and King. 2011; Wang and Hu, 2016; 2017]. On the other hand, knowledge of Sargassum
biomass and its pigment compositions and nutrient contents, especially their distributions and
temporal changes. 1s critical in quantifying its roles in biogeochemical cycling and ocean ecology
[Baker et al., 2017; Lapointe, 1995: Lapointe et al., 2014; Rooker et al.. 2006].

Therefore, the objective here 1s to fill this knowledge gap by (1) developing a model to
estimate Sargassum biomass density from reflectance. (2) determining Sargassum nutrient and
pigment compositions and concentrations through field and laboratory measurements. and (3)
mapping distributions of Sargassum biomass, nutrients, and pigments in the study region.

2. Materials and Methods

Sargassum samples were collected from the GOM and Florida Straits i June - July 2017
(Figure S1). One station from Belize was also included in the analysis. Five types of Sargassum
data were collected: (1) wet-weight, (2) surface area. (3) surface reflectance. (4) pigment
concentrations. and (5) nutrients of C. N and P. Additional data of (1-3) collected in June 2018
in the GOM were also used.

2.1 Sargassum biomass-per-area

Sargassum biomass density was estimated by measuring the wet weight and areal
coverage of an isolated patch (Figure 1) and repeating the measurements. A photo with both a 1-
m’ quadrat and the Sargassum patch was taken before collecting the Sargassum patch. The
former was used to estimate the patch’s area, while the latter was used to estimate the patch’s
weight. The sample was rinsed to remove vertebrates and invertebrates. dramed for a few
minutes to reduce the loose water. and then the wet-weight was measured using a spring scale of
0.1 kg accuracy.
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Figure 1. Quantification of Sargassum patch areal coverage using a 1-m” quadrat. (a) Original
photo with the Sargassum patch inside the quadrat. The patch was collected immediately after
the photo collection in order to determine its biomass; (b) Rectified image based on the 8 control
points marked as red dots, as illustrated in (c) and (d).

Because the digital photos typically have strong distortions, they were first rectified using
the 8 control ponts marked on the quadrat (Figure 1). Then the Sargassum areal density (Ds. kg/
m") was calculated as:

C
Ag =C_ZAQ~ D, = W, /A, (l)

where As is the area (m?) of the Sargassum patch, Aq is the area of the quadrat (1 m’). Cs is the
pixel count of the patch. Cq is the pixel count of the quadrat, and 7% is the wet-weight (kg) of
the patch.

2.2 Reflectance and AFAI versus to Sargassum biomass density

In separate bucket experiments. Sargassum reflectance was measured at different
biomass densities in order to develop a model to estimate biomass density. The
SpectralEvolution spectrometer covers the spectral range of 277 - 1908nm, with a field of view
of 25° (Figure S2a).

Sargassum samples collected from the ocean were weighed using a spring scale with 1 g
accuracy and put in a cooler. Twenty 25 g bags. six 70 g bags, and three 100g bags of samples
(29 total) were prepared. These samples were added one at a time to the black bucket filled with
seawater forming 29 different densities. six of which are shown in Figure S2b. Sargassum
biomass density was calculated as Sargassum weight divided by the bucket surface area (m
(0.47/2)*m® = 0.17 m°). Surface reflectance was measured at each of the 29 biomass densities ~
6 times to establish a relationship between biomass density and reflectance (Figure S2¢).
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AFAI-biomass density model: Following Wang and Hu [2016]. alternative floating
algae index (AFAI) was calculated using surface reflectance corresponding to MODIS bands.
after applying the MODIS relative spectral response (RSR) to the hyperspectral reflectance
measured above:

748—-667
(

AFAI = Rys8 — Rgg7 — (Rgeo — Res7) ——

where the numbers denote the MODIS bands 1n nanometers.

Each measured R().) had a corresponding AFAT and biomass density. which were used to create a
regression model. To apply the regression model to the satellite derived AFAL the in situ AFAI
was converted to MODIS AFAI using simulations under different atmospheric conditions. Two
aerosol types were considered: maritime aerosol (90% humudity) and coastal aerosol (50%
humidity). The aerosol optical thickness at 869nm (1g69) Was tested from 0.04 — 0.44, where Tgso
= 0.10 represented the mean condition for the study region [Wang and Hu. 2016]. In situ AFAI
measurements were then converted to MODIS AFAI with the new AFAI-biomass density model
applied to MODIS AFAI In practice, because Sargassum % coverage per pixel or per 0.5° grid
was already derived [Wang and Hu, 2016] and each % coverage corresponds to a MODIS AFAT
value, such developed MODIS AFAI-biomass density model can be applied directly to the %
coverage maps.

Model validation and uncertainty estimations: Direct model validation from satellite
measurements 1s challenging due to the difficulty in linking the field-measured patch to the
satellite-measured patch [Hu et al, 2017]. There 1s further difficulty in conducting such
measurements precisely within a MODIS 1 km * 1 km pixel area due to Sargassum patchiness.
Reflectance data of ten relatively dense and homogenous patches were collected while floating
on the ocean surface, and their biomass densities were quantified with the method described in
section 2.1. Additional black bucket (section 2.2) experiments were conducted to measure
Sargassum reflectance to validate the model at various biomass density ranges.

2.3 Sargassum pigments and nutrient concentrations

Sargassum samples were collected for tissue nutrient and pigment analyses from both the
neritic and oceanic locations. At each station, ~30g Sargassum samples of both Sargassum
Sfluitans (SF) and Sargassum natans (SN) were collected, rinsed. and stored at -20°C immediately
after weighing and packing.

Sample preparation: In the lab. frozen samples were freeze-dried with the “Labconco
freeze-dryer system™ for 48-72 hours. The dried samples were ground mto fine powders with a
clean mortar and pestle. The corresponding dry-weight for each Sargassum sample was
measured to quantify the dry-to-wet weight ratio with a digital scale of 0.1 mg accuracy. The
ground materials were transferred in plastic vials and stored at -20°C until analyzed.

The ground samples were divided into three parts (subsamples) and analyzed as follows:
two were used for pigment analyses (using spectrophotometry and High Performance Liquid
Chromatography (HPLC)) and one for nutrient content measurements. For the 1 subsample,

4
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pigment extraction was conducted via vortexing ~ 0.1g of the dried sample dissolved in 10 ml of
90% acetone for 30 seconds. The sample was then sonicated in Branson 5510 ultrasonic cleaner
for 30 seconds. The mixture was stored in a -20°C freezer for 24 hours to allow for sufficient
pigment extraction. The absorption spectra of the pigment extracts were measured with a Perkin
Elmer Lambda 25 UV/Vis spectrophotometer. Concentrations of Chl-a and Chl-c were
calculated using Jeffery and Humphrey equations [Jeffrey and Humphrey, 1975]. Figure S3
summarizes the main measurement processes and Figure S4 shows the absorbance spectra
collected. For the 2™ subsample, pigment composition was analyzed by NASA-GSFC using
HPLC with similar pigment extraction protocols [Hooker et al., 2005. Van Heukelem and
Thomas. 2001]. For the 3™ subsample. the nutrient content analysis was conducted at the
University of Georgia Analytical Chemistry Lab to determine tissue %C. %N, and %P per unit
dried materials.

3. Results
3.1 Biomass density of pure Sargassum patch

A total of 43 measurements were conducted from isolated Sargassum patches. of which
38 were from the GOM and 5 from the Florida Straits. The estimated biomass density 1s 3.54 £
1.27 kg/m’ in the GOM and 1.79 £ 0.55 kg/m” in the Florida Straits. For all sam;;)les, the average
is 3.34 = 1.34 kg/m’. with a maximum of 6.74 kg/m’ and minimum of 1.26 kg/m".

3.2 Sargassum AF Al-biomass density model and its uncertainties

Fig. 2 shows the MODIS RSR-weighed in sifu AFAI against biomass density between
0.14 and 7.03 kg/m".

6.00

o franing data

8 Vadaton ot (bucket)
5.00 o Validanon dita jocean|
—

Biomass per area (kg/m?)
2

L "
D00 005 .10 015
AFAI

Figure 2. Sargassum biomass density (kg/m’) versus in situ AFAIL determined from the bucket
experiments (Figure S2) or measured in the ocean (Figure 1). The red line 1s the model fit (Eq 3)
using training data (red circles). The blue squares represent validation data from other bucket
experiments, while the gray triangles are from measurements in the ocean.
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At low densities (< 0.93 kg/m”. AFAI < 0.04), AFAI increases linearly with densnty R=
0.98). At higher densities. a two-degree polynomial relationship was established (R* = 0.96).
Thus, the AFAT-biomass density model was established as:

y = 23.34x (0 < x < 0.04)
y = 104.88 (x — 0.04)? + 65.26(x — 0.04) + 0.93 (x > 0.04) 3)
where x is the AFAI value and y is the modeled Sargassum biomass density (kg/m?).

The above model was based on in situ AFAI Simulation results in Figure S5a showed
tight relationship between MODIS AFAT and in situ AFAL Under mean aerosol conditions (Tgss
=0.10), MODIS AFALI is ~75% of in situ AFAI (Figure S5b, R*= 1.00). Therefore, a multiplier
of 1.33 was applied to convert MODIS AFALI to in situ AFAI before applying Eq. 3 to MODIS
AFAI imagery (Figure S6).

The model’s relative uncertainties were determined using independent measurements
collected both in the bucket (blue squares in Figure 2) and in the ocean (gray triangles in Figure
2). The mean uncertainty was determined to be - 11% and it appeared to be relatively consistent
for both low and higher densities. Additional uncertainty comes from the variable atmospheric
conditions. Under different conditions. the mean relative uncertainty in the MODIS AFAI was
1.2% with a maximum of 2.0%. Considering all uncertainty sources, the overall uncertanties in
the modeled Sargassum biomass density should be =0 12% for a local patch.

3.3 MODIS-derived Sargassum biomass density distributions

Of all the Sargassum-contaming pixels extracted from available MODIS images in 2015
covering the Central West Atlantic (CWA) region, 99.5% have AFAI values lower than 0.0028
(1.e., within the linear range of 0 — 0.04 in the AFAI-biomass density model). corresponding to <
6.23% Sargassum coverage within a pixel. For the monthly aggregated 0.5° grids. mean
Sargassum % coverage is usually < 0.1% within a grid.

The monthly mean total biomass in the CS and CWA from 2011-2017. estimated from
the MODIS-derived % coverage (and its corresponding AFAI value) [Wang and Hu, 2016] and
the AFAI-biomass density model (Eq. 3). are summarized in Table S1 and Figure 3 for the 0.5°
grids. Note that these biomass estimations did not consider the dense Sar- gassum aggregations in
the vertical direction. thus only representmg lower-bound estimations. If the % cov erage were
first converted to area coverage (m in each 0.5° grid) and then converted to biomass using the
field measured value of 3.34 kg/m’ for pure Sargassum patches, the estimated biomass density
would be 1.91 times the values in Fig. 3b. According to the previous ship-based measurements
[Butler and Stoner, 1984; Parr, 1939; Stoner, 1983), Sargassum biomass density in the GOM,
CS. and North Atlantic typically ranged from 0.0 to 0.84 (g/m?) [Schell et al.. 2015; Siuda.
2011]. However. for the bloom conditions shown here, MODIS-derived biomass density could
reach ~ 100 g/m’ for the 1-km plxels (Figure S6). Such dense patches at MODIS ptxel scale
would be unrealistic to sample in the field. therefore justifying the use of remote sensing to
assess the large-scale Sargasswm distributions.
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The mean total Sargasswn biomass in the CS and CWA for July 2015 1s at least (1.e.,
lower bound) 4.4 million tons. This is within the same magnitude of the biomass estimation
conducted by Parr [Parr, 1939] for the Sargasso Sea (7-10 million tons). However, because the
coarse MODIS pixels (1 km) cannot detect any Sargassum patch < 2000 m” (0.2% of a MODIS
pixel [Wang and Hu. 2016]) and because vertical aggregation of Sargassum cannot be remotely
sensed. the MODIS-based estimates can only be used as a lower bound. Also note that if the
central eastern Atlantic 1s included the total biomass would be much higher. On the other hand,
even this lower bound 1s ~ 2.5 times of the daily maximum Ulva prolifera biomass in the Yellow
Sea in 2015 [Hu et al.. 2017], indicating the unprecedented scale and intensity of the Sargassum
bloom.

3.4 Major pigment and nutrient concentrations of Sargassum

The Sargassum nutrient contents are summarized in Table 1. Most stations here are from
neritic waters (see Figure S1). There are only 3 stations that are relatively offshore. but their
nutrient compositions did not show a large difference from neritic stations. Overall, nutrient
compositions are relatively stable for all samples. The mean %C, %N. and %P per dry-weight
(d.w.) are 27.16, 1.06, and 0.10, respectively.

Table 1. Sargassum nutrients and compositions per umit dry-weight and major pigment
concentrations measured by HPLC (Unit: ng mg d.w.™). SF: Sargassum fluitans; SN: Sargassum
natans: SW: Sargassum whole samples contaimning both SN and SF. NAN means not calculated.

%C %N %P C:N C:P N:P Chl-a Chl-¢

SF 2640179 L1029 0.11=003 3080=1543 6040427582 2368732 43005=70.48 36.68=6.71

g pi R FP 5= U00=005  3S8I=1305 003 =3303 =3. 3795 =5482 3
: W 2716=25  106=031 010=003 334
T [SF 26%4=182 107030 011=00%  3289=1739  72730=31659  2311=811 AN AN
[ SN 20242200 088=028 008=002 $#=1231 IBN0=3012 B7#=56 NAN NAN
2 27062, TAN NAN
— [ SF BI0=38 T30 OII=000 BW=3FH S0 =080  BI3=3H TAN NAX
'% SN 2041=1005 1132031  010=004  2931=1005 77796=376.16  2553=505 NAN NAN
Slsw  H3HL7®0 119203 01=00 665760 600224108 2500=462 NAN NAN

Table 1 and Table S2 summarizes Chl-a and Chl-c pigment concentrations determined
from both spectrophotometric and HPLC measurements. The mean Chl-a concentration (HPLC)
15 485.20 + 101.28 ng mg d.w.”", representing ~ 0.05% of the total dry biomass. The Chl-a: Chl-c
ratio 1s 0.08 = 0.01 from all HPLC measurements. Overall, pigment compositions are stable for
both species. The two major light-harvesting pigments are Chl-a and fucoxanthin, accounting for
~- 60% and 20% of the total major pigment contents (Table S3). All other pigments are an order
of magnitude lower. The results from the spectrophotometric measurements are close to those
from the HPLC measurements.
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The HPLC-measured mean concentrations from all samples were used to derive pigment
concentrations from biomass density and to compare with those values reported by Schofield et
al[1998]. The concentrations from this study are consistently higher for all major pigments for
both SF and SN (Table S3). It is unclear whether this i1s due to seasonal variations, measurement
protocols. or real changes during the 20-year period. However, the relative fractions of the major
pigments are consistent from both studies (Figure S7).

Biomass

4.42 million tons

201 5-July

0" N, 8RS W & "N, 29 W

23" N R8* W "N W
r - _ s Chlorophyli-a y
5 el 0.43 kilotons

P
0.89 kilotons

0' N 29" W

Figure 3. Monthly mean Sargassum areal coverage (%). biomass density, Chl-a. C. N. and P in
each 0.5° grid in the CS and CWA in July 2015. Based on the mean concentrations measured in
this study. the biomass. nutrients. and pigments in (b-f) were derived from the Sargassum %
coverage (and the corresponding AFAI) in (a) using Eq. (3). The total integrated Sargassum areal
coverage, wet biomass, nutrients. and pigments over the bloom areas (density = 0.0%) are
annotated in each panel.

4. Discussions

Sargassum pigments: Sargassum reflectance properties are determined primarily from
pigment composition: each pigment has its own absorption characteristics. For example. the
reflectance troughs at 630 nm and 670 nm are caused by the strong absorption by Chl-c and Chl-
a, respectively [Bricaud et al.. 2004]. The low Chl-c: Chl-a ratio (0.08) can explain the different
magnitudes of these reflectance troughs. Likewise, the low reflectance between 400 — 500 nm
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(the reason why Sargasswum does not have any blueish-greenish colors). is caused by Chl-a
absorption around 440 nm and fucoxanthin absorption around 500 nm [Bricaud et al., 2004]. The
low reflectance in the green wavelengths 1s expected. and helps discriminate Sargassum from
Trichodesmium. This cyanobacteria (also called blue-green algae) is also abundant in the
Atlantic Ocean [Hu ef al.. 2015] and similar to Sargassum in that it also shows red-edge
reflectance when algae cells or colonies form surface scums. These reflectance characteristics,
associated with the major pigment absorptions. might eventually be used to develop algorithms
to assess Sargassum life stages and physiological states.

Sargassum Carbon: As shown in Figure 3d. the massive Sargassum bloom in the CS
and CWA contained large amounts of carbon that have not been considered in any carbon cycle
models. Is this a negligible component when compared to the traditional water-column
phytoplankton carbon (1.e.. particulate organic carbon or POC)? Or. 1s it a vital component
required to improve carbon cycle models? As Sargasswm lives mostly in nutrient-poor open-
ocean waters with low water-column Chl-a concentrations. POC from a layer 50-m deep of 0.1
mg/m’ Chl-a concentration was used to compare with Sargassum carbon. The former is
equivalent to an integrated water column Chl-a density of 5.0 mg/m’. Assuming the mean C:Chl-
a ratio of 74 (g:g) in the Atlantic Ocean [Wang et al.. 2013]. the water column POC is 0.37 g/m’.
In comparison, for waters with Sargassum biomass density > 0.0 g/m” in July 2015 (an area of
7.23 x 10° km?), Sargassum Chl-a. wet biomass, and carbon were estimated to be 0.06 mg/m’,
0.61 g/m’. and 0.03 g/m’. respectively. Although these numbers are lower than those of the
water-column phytoplankton. the Sargasswm contributions to total carbon (- 9%) should not be
neglected. On the other hand. for the entire study region (1.16 x 10" km®). because some waters
have 0.0 g/m’ Sargassum. the mean Sargassum Chl-a, biomass, and carbon in July 2015 are
reduced to 0.04 mg/m’. 0.38 g/m’. and 0.02 g/m’. respectively. This still indicates that
Sargassum carbon can represent a significant component (-~ 6%).

In addition to MODIS observed Sargassum. there may also exist many small-scale
Sargassum features that are undetectable by MODIS. Given the detection limit of 0.2% coverage
within MODIS 1-km pixels [Wang and Hu. 2016]. the lowest biomass density measured from a
MODIS pixel is 2.80 g/m’, higher than most field-measured values. Given the fact that field
measurements are mostly through neuston nets for small Sargassum mats or clumps, field
collected Sargassum densities may represent the undetected proportion. Adding the field-
measured biomass density of 0.84 g/m™ (during November 2014 — May 2015) [Schell et al.,
2015] to MODIS measurements (0.38 g/m’) (note that this value appears lower than the pixel-
level detection limit, but it is a result of monthly averaging), the mean Chl-a, biomass, and
carbon are 0.12 mg/m’. 1.22 g/m’. and 0.07 g/m’ in the entire study regions, respectively. Thus,
the total Sargassum carbon can account for ~18% of the phytoplankton carbon over the entire
study region during the peak months. By failing to account for this much carbon, it 1s clear that
current carbon cycle models could be improved by including total Sargasswm carbon.

Sargassum nutrient limitations: Compared to the Redfield Ratio (106:16:1) [Redfield.
1934]. the Sargassum C: N: P data suggest a strong nutrient limitation of both N and P.
According to the neritic baseline from Lapointe et al. [2014, 2015]. %N. N: P. C: N. and C: P of
SF are about 1, 10. 27, and 268, respectively. Compared to historical baselmnes, the results from
this study did not show a significant increase of %N for SF. which dominated the sample
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collections. However, the mean N: P (23.11) and C: P (727.39) of SF are much higher than the
neritic baseline for all cases. suggesting a consistent stronger P-limitation than historical
samples. The %N and %P of SN are slightly lower than those of SF. but their %C i1s higher. Our
results indicate that the recent Sargassum blooms could benefit from the long-term nutrient
enrichment, especially the N-enrichment during the past decades [Galloway et al, 2008:
Rockstrom et al., 2009].

Sargassum sedimentation on the deep-sea floor: Carbon and nutrients in Sargassum
also impact the deep-sea ecosystems once the algae die and sink to the ocean bottom. In fact,
connection of Sargassum to the deep-sea communities has been confirmed in field surveys where
sinking Sargassum was observed on the ocean floor [Johnson and Richardson, 1977. Rowe and
Staresinic. 1979]. These observations suggest that macroalgae may play an important role in
carbon transport to the deep-sea fauna [Krause-Jenmsen and Duarte, 2016]. Considering the
enormous blooms in the CS and CWA 1n recent years, massive carbon sedimentation may have
already provided significant carbon input, thus potentially affecting the deep-sea fauna
distribution patterns [Baker et al.. 2017]. Additional support for carbon sedimentation comes
from sediment core studies near the Deepwater Horizon Wellhead MC252 following the April
2010 o1l blowout in the Gulf of Mexico. The cores showed elevated accumulations of carbon-
rich sediments likely resulting from a major marine snow event associated with hydrocarbon-
induced microbial blooms [Brooks et al.. 2015;: Paul et al.. 2013] and sediment porewater
genotoxicity [Paul et al.. 2013]. Although the mnitiations of these sedimentation events are
different. the resulting major carbon sedimentary accumulation should be similar. In the end,
once field data are available to link Sargassum deposition and remotely sensed biomass, the
basin-scale biomass estimation from this study may help quantify the amount of carbon
deposition and infer its potential impact.
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Modelling Sargassum transport in the Tropical Atlantic Ocean
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Abstract

Since 2011, massive Sargassum blooms have occurred frequenily i the Tropical Atlantic, causmg
beaching events and other environmental and economic problems for the Canbbean islands.
Several studies have mvestigated the potential bloom sources and the transport pathways through
physical modeling However, most studies are linited by the lack of large-scale Sargassum
distribution data for model mitiation and validation. Here, the mean Sargassum distributions
denived from Moderate Resolution Imaging Spectroradiometer (MODIS) observations are used to
mmtiate and evaluate a Lagrangian particle tracking model that tracks Sargassum advection under
surface currents and winds. Among the 39 expenments, adding surface currents alone improves
model performance (1.e., by reducing difference between modeled and observed Sargassum
distributions) 1 82% of the cases after tracking Sargassum for one month. Adding 1% wind
forcmng to the advection model also shows improved performance mn 67% of the cases. Adding a
time- and location-dependent Sargassum growth/mortality rate (1e., 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 umprovement mn model performance (1.e.. by
increasing the matchup percentage between modeled and observed Sargassiom distributions) in
64% of the cases, although the modeled change rates only explam ~ 27% of the vaniance of the
validation dataset, possibly due to uncertainties in such-denved change rates. The Sargassum
transport model, with the mean currents, winds, and change rates acting as the forcing, 1s applied
to track the mean Sargassion distributions forward and backward. The results demonstrate the
model’s capacity of sumulating the Sargassum disttibution patterns, with emphasis on the role of
biological terms in determining the large-scale distributions. These tracking expeniments also
suggest that Sargassum blooms in the Caribbean Sea are strongly connected to the Central Atlantic
regions, and blooms in the Tropical Atlantic show relatively weak connections to the Atlantic
regions further north.

Kev points:
e Satellite-derived Sargasswm distributions are used to initiate and evaluate a Lagrangian
particle tracking model.
e Sargassum growth/mortality (i.e.. change) rate 1s derived from satellite-based observations
and environmental variables.

¢ The roles of physical advection, winds, and growth/mortality rate in determuining the
Sargassum distibutions, transport. and regional connectivity are stuched.

1. Introduction

Pelagic Sargassum, previously known to be abundant m the Sargasso Sea and Gulf of
Mexico (GOM) [Butler et al.. 1983; Butler and Stoner, 1984; Parr, 1939], has formed intensive
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blooms mn the Tropical Atlantic and the Cantbbean Sea (CS) 1n recent vears [J Gower et al., 2013;
J F Gower and King. 2011; Wang and Hu. 2016; 2017]. As a crtical marine habitat, the changes
of Sargassum distributions could significantly influence various related manne fauna [Council,
2002; Doyle and Franks, 2015; Lapoinre et al.. 2014; Rooker et al., 2000]. Massive coastal
beaching events i the CS and West Africa (WA) also induced environmental, ecological, and
economic problems to the local areas [Hu et al., 2016; A Sinda et al.. 2016; Smetacek and Zingone,
2013].

Understanding the ongin and distibution of Sargasswm blooms requres thorough
mvestigations of the Sargassum response to environmental forcing such as temperature, light,
nutrients, salinity, and ocean currents. Recent studies using both remote sensing and field sampling
have documented synoptic distnibution patterns of Sargassum and their temporal changes [J Gower
ef al., 2013; J F Gower and King, 2011: Schell et al., 2015; Wang and Hu. 2016; 2017; 2018], yet
Sargassum transport over synoptic scales, for example in the Tropical Atlantic 1s still not well
understood, maimnly due to lack of field-based measurements to constrain the transport models.

Several studies have been dedicated to modeling Sargassum transport in the Atlantic Ocean
and analyzing the regional connectivity. Franks et al. [2011, 2016] proposed several regions to be
critical for Sargassum accumulation and consolidations i the tropics through backtracking from
the reported beaching locations and studving drifting buoy pathways. Nathan et al. [2018]
conducted several tracking experiments to mvestigate the transport connections between the CS
and the Central Atlantic (CA) with both forward-tracking and backtracking. These studies
provided critical information on the Sargassum transport patterns and regional connections via
physical transport modeling. However, due to the lack of large-scale observations, most modeling
efforts are imtiated erther using linuted field reported locations or through random assignment,
and there 1s also lack of validation of the stmulation results for the same reason. Currently, the
Sargassum distributions in the Intra-Amencas Seas (IAS) and Atlantic Ocean derived from
Medium Resolution Imaging Spectrometer (MERIS) [J Gower et al., 2013; J F Gower and King,
2011] has already been used mn the Sargassum transport models to understand the seasonal patterns
of the Sargassum in the Atlantic Ocean [Brooks et al., 2016]. However, the “Sargassum year ™ in
the Caribbean did not start until 2011, but MERIS stopped finctioning in 2012, therefore unable
to provide updated information for the recent bloom years 1 the Tropical Atlantic. In addition, the
MERIS-derived Sargassum distributions have relatively high level of noise contammnation [ Wang
and Hu, 2016]. With a recently developed procedure, the monthly Sargassien mean distributions
are generated from Moderate-resolution Imaging Spectroradiometer (MODIS) observations with
mmproved data quality and coverage (2000 — present) [Wang and Hu, 2016; 2017]. These
Sargassum distributions can be incorporated in physical models to help understand the Sargassum
transport in the Tropical Atlantic especially for recent years.

Besides the physical transport cauvsed by ocean curmrents and surface winds, Sargassum
distributions are also largely determined by the biological growth and mortality. In fact, the role
of biological factors has already been emphasized by previous modeling efforts using the simulated
Sargassum growth/mortality rate, suggesting that the biological terms can greatly affect the
Sargassum seasonal distributions in the Atlantic Ocean [Ardron et al., 2011; Brooks er al., 2016].
Although the general mmpacts of temperature. salmity, light. and mutnient conditions on the
Sargassum growth/mortality rate have been studied in previous experiments [Hanisak and Samuel,
1987]. there 15 still a lack of sufficient measurements to establish a solid relationship to model the
Sargassum growth/mortality rate in response to vanable environmental conditions. As such, most
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Sargassum transport models did not consider their biological growth/mortality [J Franks ef al..
2011; J S Franks et al., 2016; Putman ef al., 2018 (11 revision)].

In this study, MODIS-derived Sargassim distributions are adopted to: 1) investigate the
Sargassum distribution patterns in the tropical Atlantic: 2) initiate and validate a physical transport
model; 3) establish a model to estimate Sargasswm change rate using environmental data. The
primary objectives of this paper are to establish and evaluate a Lagrangian particle tracking model
with ocean currents, surface winds, and MODIS-based Sargassum change rate. The model’s
response to each mdividual forcing factor 15 examined The model 1s then applied to MODIS
observations to improve our understanding of the Sargassum distribution patterns and cross-region
comnectivity m the Atlantic Ocean.

2. Data and methods

2.1 Data preparation

MODIS Level-0 data covermng the IAS and Atlantic Ocean (10°S - 40°N, 89°W -15°E)
from 2000 - 2016 were downloaded from the U.S. National Aeronautics and Space Administration
(NASA) Goddard Space Fhight center, and then processed to mapped Ravleigh-corrected
reflectance (Rrc) to generate Alternative Floating Algae Index (AFAT) products at 1 km spatial
resolution. Sargassim areal coverages were denved from MODIS AFAT data and were then
averaged to get the monthly mean distributions using the approach described in Wang and Hu
[2016]. The monthly mean products were applied to represent the Sargasswm distributions in the
n the muddle of each month.

The surface current velocities were downloaded from global Hybrid Coordmate Ocean
Model (HYCOM) (GLBa0.08) with a 0.08° resolution [Chassigner et al.. 2007]. The wind speed
data were obtained from National Centers for Environmental Prediction (NCEP) Reanalysis
[Kalnay ef al.. 1996] at 10 m above the sea level and were interpolated to the 0.08° HYCOM gnid.
Both the current and wind data provide daily observations and were incorporated in the Lagrangian
particle tracking model to model the Sargassimm transport. The source and resolution of the
environmental data used to derive the Sargassum change rate model including Sea Surface
Temperature (SST). chlorophyll a (Chl-a) concentrations, Photosynthetically Available Radiation
(PAR). Sea Surface Saluuty (S5S), precipitation rate, nuinent concentrations (mtrate (IN) and
phosphate (P).). and dust deposition (both wet and dry deposition) rate, are summarized in Table
L

Table 1. Summary of the environmental data used to model Sargassum local change rate (1.e., the
net growth/mortality rate. which can be positive or negative).

Environmental g Temporal Spatial
. ource . .
variable name resolution resolution
35T NOAA. Optnmml [uterpolauon (OI) 85T Menthly 1
hitps:/ sl Ipsd/ mean
Chi-a NA'SA Ocean ColorMDDIS A-:[ua Meonthly 4lm
concentrations mean
FAR NA'SA Ocean CUIUrMDDIS Aqua Meonthly 41m
. ] / mean
588 HY CDM Global Analysis (GLBaIJ 08) daily 1/12°
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Precipitation rate Tropical Rainfall Measuring Mission (TRMM, TREMM_ 3b43 Monthly 0.25°
vT) mean
mutrient (N, P) The biogecchemical mode] Pelagic Interaction Scheme for Meonthly 1/4=
concentrations Carbon and Ecosystem Studies: PISCES mean
hitp://marine copernicus ew
dust deposition rate | Spectral Radiation-Transport Model for Aeroscl Species daily 1.125°

(SPRINTARS) model version 3.9.0 [Takemura ef al., 2000]

Note: The daily products were averaged to the monthly mean composite to investigate their
mmpacis on the monthly mean change rate. All the data were interpolated to the 0.08° HYCOM
gnd to be mcorporated in the transport model.

2.2 Lagrangian particle tracking with HY COM surface current and NCEP wind

The Sargassum transport was sunulated using the daily outputs from the Global HYCOM
surface current and the NCEP Reanalysis wind velocity (10m above sea level). A Runge-Kutta 4%-
order method was used to approximate the successive postiions of the Sargassimn particles at a
time step of 30 minutes. As the diffusion term 1s much smaller than the advection term [Brooks ef
al., 2016] and hard to properly quantify. it was not considered in our tracking model. In other
smular Sargasswm transport studies, diffusion terms are also generally ignored [Brooks er al.,
2016; J S Franks et al., 2016; Pufman et al., 2018 (in revision)]. The monthly mean Sargassum
distributions were assigned to represent the Sargassimn distributions in the middle of each month.
The particles were seeded based on the monthly mean Sargassum areal density (1.e.. percent cover).
An mitial weight was assigned to each particle based on the mean Sargassum areal density in that

enid.

Ideally, larger number of particles could better represent the smaller-scale Sargassum
movement. However, the computational stress and memory consumption will increase with the
ncreasing number of particles mitiated. Here. two methods were used to immtiahize the Sargassum
particles: 1) Put the particles based on the corresponding mean Sargassum density of the 0.5 grids.
Inside each 0.5° gnd. multiple number of particles were assigned evenly based on the Sargassum
areal density to account for the small-scale Sargassum distnbutions. All the particles mnside that
grid were assigned an equal weight which sum up to the total density. For example, for a grid with
0.2% coverage, 100 particles were assigned inside that grid and each particle will have an initial
weight of 0.002%. The number of particles to mutiate was proportional to the Sargassum areal
density m that grid. The selection of the number of particles 15 a compronuse between the
computational stress and memory consumption. and the simulation performance. 2) Put the
particles based on the corresponding mean Sargassum areal density of the finer scale (0.057) grids.
Inside each gnid. one particle was seeded and assigned an mitial weight of the total density. The
particles mmitiated based on higher resclution grids should be more representative of the actual
Sargassum distributions.

Because Sargassum generally has vanable proportions above the sea surface, Sargassum
transport will likely be affected by surface winds in addition to ocean currents. The influence may
come from direct wind forcing or residual transport due to waves. The umpact could depend on the
morphology of the Sargassim features and the relative percentage of submergence. When
modeling o1l trajectories, a 3% wind factor 15 generally adopted to simlate the wind impact [Laiir
and Simecek-Beatty, 2000]. As the majonty of the Sargassim plant 1s typically submerged. surface
winds are expected to have a weaker influence. Here, a factor of 1% was tested to evaluate the
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signmificance of wind mnduced transport. The same parameter 1s also used 1n sinular studies to model
the wind-induced Sargassum transport [Pufman ef al.. 2018 (in revision)].

2.3 Modeling Sargassum growth/mortality (change) rate

Due to lack of field or laboratory measurements of Sargassum change rates. the satellite
denved monthly mean Sargassum coverage maps were applied to mfer their change rates at
monthly scales. These change rates and the environmental variables were then analyzed to estimate
Sargassum change rate under different environmental conditions.

To deternune the regional Sargassien change rate from satellite observations, one obstacle
1s to find the corresponding Sargassum features mm adjacent months. This 1s because their
morphological characteristics could change drastically in a few days in response to variable
oceanographic conditions, making 1t extremely difficult to locate the corresponding features from
monthly observations. Moreover, as pelagic Sargassum 1s free-floating on the ocean surface, 1t 1s
also challenging to deternune the environmental conditions the indrvidual Sargassum feature Lived
through (1.2 the trajectones) during that one month. Therefore, the critical problem 1s to determine
the corresponding Sargassum features and their transport pathways. Ideally. if the transport
model 15 accurate, thus can be readily solved through tracking the Sargassum particles and
recording their trajectories. However, the current transport model 1s unable to perfectly match the
model outputs with observations, especially after tracking for one month. Here. two methods were
tested to approximate the areas where the corresponding features and the transport pathways were
located.

One method 1s to divide the region into uniform grids and assume that Sargassum stays
inside the grnd duning the one-month peniod (referred as the grid method, shown in Figure 1a and
1c). As the area-averaged mean surface current speed in the Tropical Atlantic 15 ~ 0.2 - 0.3 m/s,
the distance of Sargassum transport by surface current 1s ~ 500 - 800 km m 30 days. Thus, the grid
sizes vaned from 3° = 57 to 137 = 137 were tested to derive the Sargassum change rate i adjacent
months. The other method is to identify the Sargassien features from adjacent months via senm-
objectively selection of large features (referred as the patch method. shown m Figure 1b and 1d).
Any pixel within the selected region of interest (ROL identified by visual inspection) which has a
% cover = 5x107% % (the bloom threshold used in the CS in July [Wang and Hu. 2017]) was
considered as the bloom pixel. The bloom pixels were dilated 31 pixels outward to account for the
smaller scale features near the bloom regions. The assumption 1s that the Sargassiwm feature evenly
stayed mside the defined regions and that areas can reflect the environmental conditions the
Sargassum feature went.
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Grid method Patch method

Figure 1. The methods to determune the corresponding the Sargassum features i adjacent months.
(a) and (c) demonstrate the grid method, with the 11°x11° grids marked by the red lines. The
shaded squares are an example of the comrespondmng gnd m adjacent months. (b) and (d)
demonstrate the patch method, with the boundary of the determined Sargassion patches delineated
by the white lines. The background images are the monthly mean Sargassum coverage
distributions. The colorbar of the Sargassim coverage maps 1s wmserted m (d), with values
indicating percent Sargassum cover (0.1 indicates 0.1%).

Sargassim change rate: Within that specified area (defined by the grid or patch method),
all the environmental data (summarized in Table 1) were averaged to get the mean environmental
conditions. Since the change rate was denived from two adjacent months. the environmental data
were averaged for that two months. To account for the natural growth cycles of Sargasswm, an
mdependent vanable representing the tune of the year (the number of days since the beginning of
the year divided by 363) was also included as an explanatory varable. The non-linear
transformation forms for each variable (x). including In(x), logio(x), x™%, x*°_ and x*, were also
used 1 the regression. An Akaike Information Criterion (AIC)-based vaniable selection method
was conducted to choose the appropriate environmental variables to be included m the Random
Forest (RF) regression model [Breiman. 2001; Liaw and Wiener, 2002]. The selected variables
were then used to build the change rate model through RF regression. The general process 1s
summarized in Figure 2. The regression model was trained with the Sargassion distnbutions and
environmental data from 2011-2015 and their performance was evaluated using an independent
dataset from 2016 in the study region.
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‘2011June

S coverage = S2;

Sargassum change rate
Rate = logy(S2/S1)/time

P‘I‘:,"' Year Month "';:'l'f' 58§ CHL SST dust par NO3 PO+ precipitation
Al 2011 3 0.037 6.387 35.866 0139 0016 27.053 1919 16.938 0.083
AL 2011 4 0109 |[105.198 35552 0.130 0.018 27345 2047 47000 0.054
AL 2011 S 0035 ||230317 35027 0.197 D.000 27672 1487 46264 0.048
AL 2011 6 0.024 ||399.962 3495  0.282  4.034 28,031 0871 16378 0036
AL 2011 7 0015 ||530.731 35007 0294 0046 28303 0950  46.787 0027
A0l 2011 8 0008 [|166.061 35146 0266 0004 28498 1242 47622 0.019
AL 2011 9 0013 |[350.6% 35107 0245 0.001 28711 0977 46.674 0015
— — — — — — — o— e— —_— — — — — — e— — — c—

A (:: Change rate model

Tlnpul
[ |
| ST [Nutrient [ Dust

Figure 2. The process to model the Sargassum change rate. The definition of the corresponding
features 1s either based on the gnd or patch method. A vanable representing the time of the year 1s
also used to tramning the change rate model. The colorbars of the Sargasswm coverage and change
rate maps are inserted. with values mdicating the % cover (0.1 means 0.1%) and change rate (0.05
means 0.035 doublings day™).

The Sargasswm particles were assigned an initial weight based on the MODIS-denived
Sargassum areal density (1.e.. percent cover). The time- and location-dependent change rate was
then adopted in the tracking model to adjust that particle weight along the trajectories to account
for Sargassum growth/mortality during the transport.
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2 4 Evaluating Sargassum transport modeling performance

The Sargassum transport model performance was evaluated by comparing the modeled
Sargassum particle distnbutions with the corresponding mean distibutions denived from satellite
observations. The simulated Sargassimm distnbutions was first resampled to 0.5° resolution (the
resolution of the MODIS-derived mean distributions) to make such a comparison. The abundance
difference {abundanceas) of each model outputs was quaniified by the mean difference between
observations (the ground truth) and the modeled Sargassum distnbutions (equation (1)), The
overall agreements between observations and the modeled Sargassum distnbutions were evaluated
using the matchup percentage of Sargassum abundance (abundanceémsen) after weighting the
particles with their areal densities (equation (2)).

N
Ef:%bs |ferack(i)—Fops{idl

abundanceg;rr = — ® 1009% (1)
diff E:;:’nbsff
sz”marek i
abundance,gicp = —‘E‘E%NF »* 100% (2
i=o fi

where the subscript obs, track, and match represent the pixels from valid MODIS observations,
the modeled Sargassum pixels, and the matchup pixels where both the observations and the model
outputs indicate Sargassim presence, respectively.

2.5 Model applications

Once the model performance was venfied with the satellite observations, the model was
then applied to investigate Sargassum distribution pattern formations and regional conmectivity m
the Tropical Atlantic areas through tracking the MODIS-derived mean distributions forward and
backward. The mean currents, winds, and Sargassin change rates were averaged from 2011-2015
to represent the average envirommental conditions. For backtracking with the change rates added,
a negative time step was applied to quantify the amount of areal density change. The Sargassum
distributions mn January and July were selected to represent the typical winter blooms and summer
blooms in the Tropical Atlantic.

2 5.1 Reproducing the seasonal distribution patterns through forward-tracking

The monthly mean Sargassim distributions were first derived for the recent bloom years
since 2011, when sigmficant amount of Sargassum occurred in the tropics every year except 2013,
The mean ocean surface currents and winds were then used to simulate the Sargassum transport
over the [AS and Atlantic Ocean to see 1f these patterns can be reproduced. Particles were released
based on the satellite derived mean Sargassum distributions with and without including the change
rate. The overall agreement of the model cutputs with the mean Sargassiem distnbutions were
evaluated the abundancemacn. Forward-tracking was conducted in January when typical winter
blooms were observed in the CA to investigate how the Sargassion distribution patterns may
evolve from the previous locations, and to better understand the formation and dissipation of the
large Sargassum aggregations 1 the tropics.

2.5.2 Assessing the cross-region connectivity

The transport model was also applied to assess the cross-region connectivity of Sargassum
n the Atlantic Ocean. Sargassum blooms typically occurred mn the eastern Tropical Atlantic in the
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winter and transported to other regions in the following months. Here, four important regions were
defined to analyze the regional connectivity: the CA (10°5 - 23°N, 58°W - 15°W), the North
Atlantic (NA. 23°N - 40°N, 80°W - 15°W). the WA (10°S - 15°N, 15°W - 15°E). and the CS (8°N
- 237N, 89°W -58°W). The NA was considered to be linked to the Sargasso Sea.

Forward-tracking and backtracking experiments imitiated m Januvary and July were
conducted to see how large Sargassum patches are connected between these regions and to search
for the potential linkage of the Sargassian m the winter bloom locations m the CA and the summer
blooms in the CS, CA and WA The percentage of particles transported in/out of each region from
another during the tracking experiments were used to evaluate the transport connectivity between
regions. The percent of self-retention was also calculated for the same region as the percent of
particles remained in the previous region after running the simulation for the given period. The
transport pathwayvs were analyzed with the particle trajectories.

3. Results

3.1. Sargassum accumulations in the Tropical Atlantic and the “new Sargasso Sea™

Since 2011, large amount of Sargassum has occurred in the Tropical Atlantic regions. This
is revealed by MODIS-derived mean distribution maps (Figure 3), field observations, and coastal
beaching reports [J Gower et al.. 2013; Schell er al., 2015; Wang and Hu, 2017]. On the other
hand, both field and satellite observations mdicate much lower Sargassim abundance m the
Sargasso Sea, where massive Sargassum used to be found. It seems that the “new Sargasso Sea™
has been formed in the Tropical Atlantic in recent years.

The Sargassum seasonal distributions are very different from the patterns before the
“Sargassum vear of 2011. As shown 1 Figure 3. large Sargassum aggregations first appeared in
the CA during the winter months. The bloom extent increased in the spring and moved towards
the CWA (near the Amazon River mouth) around Apnl. In summer, the Sargassim accummlations
were further transported and developed across the Tropical Atlantic, forming large Sargassum
accumulations i the Tropical Atlantic. The bloom started to decrease from August to September
and most Sargassum biomass were carried to the eastern Tropical Atlantic Ocean. Depending on
the environmental conditions, the bloom can further dumimish or retamn high abundance and mmtiate
the bloom events in the coming year.
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Figure 3. The monthly mean Sargassum distnibutions in Januwary (a). April (b). July (c). and
Ociober (d) denived from recent bloom years (averaged from 2011-2012 and 2014-2013). The
dashed circles mark the typical bloom locations in January. The colorbar of the Sargassum
coverage 15 mserted, with values indicating percent Sargassum cover (0.1 mdicates 0.1%). Note
that although the general patterns were consistent, there could be large mter-anmual varabilities of
the Sargasswm distributions m the tropical Atlantic region.

3.2. Sargassum local change rate under different environmental conditions

Seventy-five (73) groups of traiming data were generated from the patch method. With that,
the ATC-based RF regression selected the SST, N concentration anomaly, and the time of the year
to be the most sigmificant factors in deternuning the Sargassum change rate. 35% vaniability of the
training data was explained by the RF regression model (Figure S1a). The validation results of the
RF model were less satisfactory, with a B? of ~ 27% on the validation dataset (Figure S1b). The
relatively low variance explained could be partly ascribed to errors in the nutrient data and other
environmental variables, satellite derived Sargassum abundances, and such-selected Sargassum
transport areas.

For the RF model derived from the grid method. the regression model performance was
not as good, with a B? of ~ 5% obtained on the validation dataset (Figure S1c & S1d). This could
be due to the confused signals of the Sargassum transport m/out of the gnd.  Also, the Sargassum
decrease rate was generally less represented in the training data obtained from the gnd method.
That may be related to the mnvalid decrease rates derived when most Sargassum particles were
transporied out to adjacent gnds during decreasing phases. As a result. the modeled Sargassum
change rates were mostly positive values and can’t well capture the Sargassum decrease in the CS

10

75



310
311

312
313
314
315
316
317
318
318
320
321

322
323
324
325

326

327
328
329
330
331

332

333
334
335
336

337
338
339

Confidential manuscript submitted to Journal of Geophysical Research: Oceans

and CWA, making 1t unsmtable for simulating the overall Sargassum abundance changes.
Therefore, the change rate model derived from the patch method was adopted in this study.

The seasonal and spatial patterns of the modelled Sargassim change rate in the Tropical
Atlantic are summarized in Figure 4. The area-averaged mean Sargassum change rate in the CWA
(0°5 - 22°N, 63°W - 38°W) from the bloom vears duning 2011 to 2016 were generated and
compared with the observed change rate i Figure 4a. Overall, the seasonal trends are simlar to
the observations. Although some of the high growth/mortality rates in the CWA are not well
captured. the change rates i the spnng to summer months are consistently ugher than those from
winter months. For the spatial patterns. mean Sargassum change rates within the high Chl-a water
are lower than those in the nearby low Chl-a areas in most (= 80%) cases. This is consistent with
the previous conclusion that Sargassum prefers to grow i the open water [Hanisak and Samuel,
1987].

To summanze, although the change rate model did not aclueve ugh agreements with the
observations, the dominant spatial and seasonal patterns are well reflected. Therefore, the change
rate model could be applied to simulate the general response of the Sargassum biological growth
and mortality under vanable environmental conditions along the transport trajectones.
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Month Change rate at high Chl-a region (doublings day ™)

Figure 4. Summary of the spatial and temporal patterns of the modeled Sargassum change rate.
(a) Comparison of the area-averaged modeled mean change rates (from 2011 - 2016) 1 the CWA
with MODIS observations. (b) Comparison of the mean change rate in the high Chl-a region (Chl-
a concentrations = 1.0 mg/m®) and the nearby low Chl-a region (dilated 500 km outward). The
black solid line 15 the 1:1 line.

3.3. Sargassum transport model performance

The transport expenments were conducted for adjacent months when sufficient Sargassum
patches were found. Sargassum distribution data from 2011-2015 were tested using the initial
conditions in the earlier month, tracked for one month with the transport model, and then compared
the modeled distributions with the MODIS observations in the later month.

Here. the transport model performance 1s evaluated from the following three perspectives
to mnvestigate the roles of surface current advection, wind forcing, and Sargassum change rates: 1)
Has adding the surface current advection (referred as the advection model) mmproved the mode]l

11

76



340
341
342
343
344

345
346
347
348
345
350
351
352
353
354
355
3356
357
358
359
360
361
362

363
364
365
366
367
368
369

370
371
372
373

374

Confidential manuscript submitted to Journal of Geophysical Research: Oceans

performance compared to the one takes the mitial Sargassum distributions from previous month
to be the Sargassum distnbution in the following month (referred as the 1mtial model)? 2) Has
adding the wind forcing to the advection model (referred as the advection + 1% wind model)
immproved the model performance? 3) Has adding the Sargassim change rate to the advection
mode] (referred as the advection + change rate model) improved the model performance?

Figure 5 shows an example of the Sargassim distnibutions dunng a forward-tracking
experiment from August 2012 to September 2012 Figure 6 summanzes the companson of
abundancegss of the modelled Sargassum distributions using different methods. Among the thirty-
nine (39) forward-tracking experiments, 82% of the cases showed lower abundanceas after adding
the advection of the currents alone (Figure 6a), suggesting Sargassum distnbutions are strongly
affected by the surface current. However, more variable results were obtained after including 1%
wind forcing: 64% of the cases showed lower abundancess compared to the results from the
advection model, although the general impact 1s relatively small (Figure 6b). As Sargassum
patches are likely affected by wind forcing, the 1% wind factor was still considered in the
Sargassum transport model. Adding the Sargassim change rate to the advection model showed
less improvement in terms of abundanceaiss, with 36% of the cases obtained smaller abundanceais
than the results from the advection model. Larger improvements (64% of the cases) were found
for matchup percentage of the modeled Sargassim abundance (abundanceman). Besides the
uncertainties from the change rate model itself, the transport model performance can also be
affected by the errors of the particle trajectonies, where Sargassum “feel” the local environmental
conditions and adjust their growth/mortality rate. Although adding the change rate doesn’t always
mmprove the Sargassum distributions sinmlation, it helps to explain the vanations of the total
Sargassum abundance changes at monthly scales.

Considering the coarse resolution of the 0.3° mean distribution data. higher resolution
(0.05%) monthly mean composite data were also tested to mutiate the transport model. In Figure 6d,
the abundancess of the tracked distributions from the advection model using 0.05° grids were
compared with the abundanceas of the advection model outputs using 0.5% grids. In 56% of the
cases, the tracked results were mmproved by usmng the higher resolufion untial conditions. Tlus
suggests that the transport model uncertamnties could be partly associated with the imperfect mitial
conditions.

Owverall, these tracking experiment results prove that the Sargassum transport model, driven
by surface cumrents, winds, and change rates, mdeed helps to interpret Sargassurm distribution
patterns in the tropical Atlantic Ocean, although unsatisfactory model performance can occur
especially for the wind and change rate contributions.
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Figure 5. Sargassum distnibutions from the forward-tracking experiments from August 2012 to
September 2012. (a) 1s the mitial Sargassum particles distributions: (b) and (d) are the simulated
Sargassum distributions in September 2012 using the advection model and advection + change
rate model, respectively: (c) 1s the MODIS derived mean distributions in September.
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Figure 6. Comparison of the abundancess of modelled results using difference methods. The
black solid lines are the 1:1 lines. The points corresponding to model improvement are marked by
the dash boxes. “advection (0.05° initial)” represents the advection model initiated with the 0.05°
resolution mean Sargassum disinbutions. Lower abundancess values would suggest better model
performance. For example. in (a). adding surface current advection showed improved results in
most cases compared to the mitial model, with lower abundanceas from the advection model

outputs.
3.4. Bloom pattern formation, regional connectivity, and bloom source investigations

3.4.1. Sargassum seasonal distribution pattern formation

Forward-tracking with the imtial Sargassum distributions m January showed good
agresment with the satellite observations in terms of spatial patterns, although large difference is
found 1n their total matched abundance. In fact, the abundancemain were consistently lower than
10% - 20% after tracking for two months when no growth/mortality terms were considered (Figure
Ta). After mcluding the modeled change rate, the match up percentage mcreased sigmficantly and
most values were higher than 100%. This is understandable because the Sargassum abundance
could increase or decrease drastically dunng a vear. Based on MODIS observations, the highest
Sargassum change rate can be = 0.12 doublings day™ while the lowest value is ~— 0.10 doublings
day!. The lower matchup percentage before adding the Sargassum change rate further revealed
the immportant role of the biological growth/mortality term 1n determuining the distribution patterns.
Since the change rates applied here are the averaged values from 2011-2015, the unmatched
abundance after adding the modeled change rate could be related to the inter-annual vanability of
the Sargassum growth/mortality rate. In months when Sargassum growth rate are highly variable
(such as Apnl to May). the unmatched abundance are comparatively higher as shown i Figure 7a.

The majonity of the tracked Sargassum particles were found mside the regions where large
amounts of Sargassum were observed, indicating that the Sargassum initiated in January in the
CA indeed contnibuted to the pattemn formation in July. Sinular to satellite observations, large
Sargassum accumulation in the tropics typically occurred in summer months durmg the forward-
tracking (Figure 7d). The Sargassum accumulations in the tropics and CS started to dissipate
around September and decreased drastically in the following winter months. Considerable amount
of the Sargassum were transporied eastward in the later months and end up within the CA dunng
the winter months.
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m ihl Forward-tracking from January o July

Figure 7. Sumulation of mean Sargassien distributions using forward-tracking from the mean
distributions 1n January. (a) Comparison of the matchup rate of the model result before and after
adding the change rate to the adwvection + 1% wind model. (b) The simulated Sargassum
distributions 1 July using the advection + 1% wind model (c) The MODIS-denived mean
Sargasswum distributions in July. (d) Simular to (b) but the Sargassum change rate was accounted
for during tracking. The higher Sargassum densities m the tracked results could be due to the
limited number of particles imtiated m Janvary and smaller-scale motions were not well
represented.

342 Cross-region connectivity assessment

Both forward-tracking and backtracking were tested to investigate the regional
comnectivity of the Sargassum across the Atlantic Ocean, with the major results summanzed
Figure 8.

For the summer blooms m July, forward tracking with the mmitial conditions in January
suggests that the majonity (— 98%) of the Sargassum pariicles that end up mn the CS m July are
from the CA_ This 1s also supported by the backtracking results from July to January. Most particles
(~ 31%) located in the CS mn July are from the CA in Janvary. The reason that ~ 47% of the
Sargassum particles are from CS 1 July 1s because those particles were blocked by the Caribbean
islands and were unable to track back to the CA. The summer blooms in the CA can be mostly
traced back to the CA. indicating a strong retention 1n the CA region. Backiracking from July to
January indicated that some (- 13%) of the particles in CA could be originated from WA in
January. For the Sargassum presented in the WA m July, most of the particles did come from the
WA but ~ 44% of them are from the CA area in January. The forward trackang also mdicate that
Sargassum m the CA can lead to blooms m the WA

The winter blooms 1n January are mostly lecated 1in the CA and very few Sargassum were
detected elsewhere. Backtracking from January to July indicates that most Sargassum (~77%) in
the CA are traced back to the CA in summer months. Small amount (~19%) are linked to the WA,
while very weak connection is found with the NA. This 1s also supported by the forward tracking
mtiated with Sargassum distributions mn July.
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A1l this tracking results show almost no connection of the Sargassum blooms n the tropics
coming from Northern regions, but the blooms can be transported from the CA or CS into the NA.
However, one caveat is that error accumulation could be large during such long-term tracking
experiments. Still these stmulations help to understand the connections of the blooms mn different
regions.

{a) Forward-tracking from Januvary to July (b) Backtracking from July to January
.| €8 | €A | WA | Na €S | CA | WA | NA
Ccs i 0.0 0.0 17 | Cs | 471 | 00 00 | 172
CA | 978 | 959 | 978 | 47 | CA 512 I 845 | 440 I 10.1 |
wa | 00 4.0 22 0.0 WA 1.1 152 | 20, 0.0
Na | o0 [ o0 | oo | 860 NA | 06 | 01 | o0 | 67|
(¢} Forward-tracking from July to January (d) Backtracking from January to July
™~ Cs CA WA NA \ (851 CA WA NA
[ T 1 0.0 | 435 cs | 581 | 00 0.0 46
CA 343 003 | 047 83 CA 355 | 774 7.5 1.0 I
WA 0.0 0.5 5.5 0.0 WA 5.6 19:2 26.8 0.0
NA 0.0 0.2 0.0 Lo NA 0.2 l 0.1 0.0 87.8

Figure 8. The cross-region connectivity analyzed with forward and backward tracking from the
mean Sargassim distributions i January and July. (a) and (c) are the forward-tracking results
wmutiated with the Sargassum distnibutions in January and July. (b) and (d) are the backtracking
results mitiated with Sargassum distributions in July and January. These percentages are relative
to the total Sargassum in the corresponding column region in July ((a) and (b)) or January ((c) and
(d)). For example, 97.8% 1n (a) means that 97.8% of Sargassum located 1n the CS 1n July are from
the CA back i January. The percentages of Sargassum belong to the CA 1 January ((a) and (b))
or July ((c) and (d)) are highlighted by bold borders.

As discussed in the connectivity analyses, the CA serves as an important region for bloom
wmitiation. Most of the summer blooms that occurred near the CS are originated from the CA. Here,
the trajectones of the Sargassim particles tracking from the CA mn Janunary are plotted i Figure 9
and Figure 52 to show their transport pathways. Two regions with relatively high Sargassum
abundance were defined (Figure 52). In April, Sargassim particles in region B (0°N - 12°N, 35°W
- 15°W) haven't reached the C5 while many particles from region A (9°N - 19°N_58°W - 33°W)
already entered the CS area. This suggests that region A should be more related to the spring
blooms m the CS. In Wang and Hu [2017]. a hotspot region in the CWA 1s identified to be
indicative of the bloom conditions in the Caribbean in the summer. Our simulations suggest that
the particles seeded 1n thus region in February do not account for a sigmificant proportion of
particles entering the CS (4.8% Sargassum particles in the CS i July were traced back to the
hotspot region). However, as the Sargassum abundance in the hotspot 1s highly correlated to the
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total Sargassim abundance in the CA in Febmary (R = 0.88), thus justified the good prediction
performance.

T T T

| Forward-tracking from January to July |

Latitude

& Initial particle locations

® Tracked particle locations in July —
-10 T T 1 |\_> 1 1 Il

Trajectories of the particles
-B0 -70 +60 -50 -40 -30 -20 -10 [i

Longitude

Figure 9. Forward tracking trajectories of the Sargassum particles imtiated in January and tracked
forward for 6 months to July using the mean currents and winds. The trajectones are indicated by
the colored lines. Note that particles were mitiated 1n most locations_ with the weights determmned
by the Sargassum areal density. In places with higher Sargassum densities, more particles were
initiated.

4. Discussions and conclusions

A Lagrangian particle tracking model was bult mn this study to mvestigate the Sargassum
distributions and their transport in the Tropical Atlantic Ocean The analyses reveal that the
Sargassum distributions are strongly deternuned by the advection of the ocean currents while the
surface wind mmpact on the Sargassum transport 15 more vanable. The Sargassum change rate
model denved from MODIS observations emphasizes the importance of SS5T, nutrient
concentrations, and the natural growth cycles on influencing the Sargassim biological
growth/mortality rate. In most cases, including the biological change rate increased the matchup
percentage of the Sargassuwm abundance between model outputs and satellite observations.

Simulation results using the mean Sargassum distnibutions lead to the several important
conclusions: 1) The majonty of the Sargassim blooms 1n the CS could be linked to blooms in the
CA in winter months; 2) The Sargassum blooms in the CA 1n winter would contribute to the large
Sargassum accummnlations in the tropics in summer; 3) The CA has shown strong retention. Most
Sargassum particles will stay inside the CA and mitiate the blooms in the conmung year depending
on environmental conditions; 4) Although Sargassum can be transported into the North Atlantic
from the CA, there i1s very week linkage of the Sargassum transported back to the CA from the
northern areas.

The current model still suffers from several potential error sources. Firstly, the Sargassum
distributions used are limited by the temporal and spatial resolutions of the satellite data. As the
MODIS observations are often impacted by cloud. cloud shadow, and sun ghnt, it 1s very difficult

17

82



4395
496
497
438
435
500
501
502
503
504
505
506
507
508
509

510
511
512
513
514
515
516
517
518
518
520
521
522

523
524
525
526
527
528

529

530
531
532
533
534

535

Confidential manuscript submitted to Journal of Geophysical Research: Oceans

to have a complete picture of the Sargassum distributions coverning the entire tropical regions at
short time scales. Even the weekly products have many data gaps (http://optics marine usf eduw/cgi-
bin‘optics data?roi=C ATT ANTIC &current=1). This 15 understandable because the typical Daily
Percentage of Valid Observations (DPVOs) in the CWA 15 only ~ 20% [Wang and Hu, 2018]. The
uncertamnties of the density values may be high due to limited valid observations. On the other
hand, Sargassim features can change drastically i a few days: either dissipate or sink under haghly
turbulent environment, or aggregate near the frontal zone. Using the monthly mean composite to
represent the daily snapshot in the middle of that month induces uncertainties. For example, a
dense Sargassum feature may be transported in the gnd at the end of the month and resulted in a
strong signal m the monthly mean distributions, while there was no Sargassion until the last day
of the month. In that case, the feature would be tracked for extra half a month, inducing large errors
in the tracked locations. Moreover, MODIS-derived Sargassim observations are also limuted by
spatial scale of the features. As reported in field measurements [Butler et al., 1983; Schell et al..
2015; A N Siuda, 2011]. large amounts of Sargassim are below the MODIS detection linit, which
needs to be considered in the modeling

Secondly, the Sargassim growth/mortality rate 15 not well described. To date, there 15 still
a lack of measurement on the Sargassum change rate under different environmental conditions.
As Sargassum is free-floating on the ocean surface, change rate modeling based on satellite data
1s hindered by the difficulty of tracking the local Sargassum change rate, let alone errors from the
satellite observations. This study utilized the satellite derived mean distributions along with the
environmental data from satellite or model derived results to establish a mean Sargasswm change
rate model through identifying consistent large-scale Sargassum features. However, the
environmental conditions in that large area may be highly patchy and area-averaging would
mevitably smooth out signals. Also, the area where the Sargassim lived (1.e_, transport trajectories)
may not be constramned inside the area determuned by the observed distibutions. Besides that, the
physical transport model also need further improvement in the following aspects: 1) simulation of
the wind contributions; 2) mmitialization of Sargasswm particles to account for the small-scale
movements.

Despite all these linitations, this study still provides a prelininary attempt to understand
the Sargassum distnbutions and transports patterns using a Lagrangian particle model with
updated MODIS-derived large-scale Sargasswm observations. The conclusions regarding the
pattern formation. bloom source, and regional connectivity are expected to be further investigated
m future studies with better satellite or field observations, better understanding of the Sargassum
growth/mortality rate, and improved modeling techmiques.
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Predicting Sargassum blooms in the Caribbean Sea
from MODIS observations

Menggiu Wang‘ and Chuanmin Hu'

'College of Marine Science, University of South Florida, 5t. Petershurg, Florida, USA

Abstract Recument and significant Sargassum beaching events in the Caribbean Sea (CS) have caused
serious environmental and economic problems, calling for a long-term prediction capacity of Sargassum
blooms. Here we present predictions based on a hindcast of 2000-2016 observations from Moderate
Resolution Imaging Spectroradiometer (MODIS), which showed Sargassum abundance in the C5and the
Central West Atantic (CWA), as well as connectivity between the two regions with ime lags. This information
was used to derive bloom and nonbloom probability matrices for each 1% sguare in the C5 for the months of
May-August, predicted from bloom conditions in a hotspot region in the CWA in February. A suite of
standard statistical measures were used to gauge the prediction accuracy, amang which the users accuracy
and kappa statistics showed high fidelity of the probability maps in predicting both blooms and nonblooms
in the eastern C5 with several months of lead time, with overall accuracy often exceeding B0%. The bloom
probability maps from this hindcast analysis will provide eady wamings 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,

Plain Language Summary Blooms of Sargassum seaweed appear to have increased in the tropical
Atlantic and Caribbean simce 2011, These blooms provide important habitats for many marine animals (fish,
turtles, shrimps, crabs, etc) to maintain a healthy marine ecosystem, but large amaunts of Sargassum
deposition on the beaches have caused numerous problems to the local environment, tourism industry, and
economy. There is currently little information on Sargassum distribution and bloom timing, not to mention a
forecast system. In this work, based on satellite measurements and statistics, a forecast system has been
developed for the Caribbean Sea. From this system, Sangassum blooms in May-August in the Caribbean can
be predicted by the end of February, with overall accuracy often exceeding 80% in the eastern Caribbean.
The system thus provides at least several months of lead time for the local residents and management
agencies to better prepare for potential beaching events. The approach has significant implications for many
other regions experiencing macroalgal blooms of either Sargassum or Ulva prolifera.

1. Introduction

Since 2011, massive Sargassum beaching events have occurred in the Caribbean Islands, causing significant
environmental and economic problems [Gower et al, 2013; Maurer et al, 2015]. Similar beaching events have
also been reported in western Africa and northern Brazil [Oyesiku and Egunyomi, 2014; Széchy et al, 2012].
Although pelagic Sargassum provides an important ecological function in the open ocean [Counci, 2002;
Rooker et al, 2006; Witherington et al, 2012; Lapointe et al., 2014; Doyle and Franks, 2015], large amount of
Sargassum deposition on beaches can negatively impact the local economy, ecology, and environment
[Siuda et al, 2016; Hu et al, 2016]. Usually, massive Sargassum deposition on beaches has to be physically
removed [Webster and Linton, 2013; Partiow and Martinez, 2015], which represents a management burden
as there is often no advanced warning on the amount of Sargassum or the timing of beaching events.

These technical obstacles may be overcome through mapping Sargassum abundance in the Caribbean Sea
(CS) and the Adantic Ocean and through numerical modeling to predict Sargassum growth and transport.
While recent advances in satellite remote sensing have made the former possible [Gower et al, 2006;
Gower and King, 2011; Gower et al, 2013; Hu, 2009, Wang and Hu, 2016), predicting Sargassum blooms in
certain locations of the CS reqguires a thorough understanding of Sargassum biclogy (e.g., growth rate), which
may then be coupled with physical forcing (wind- and current-driven transport and dissipation) to model
Sargassum transport and abundance. Unfortunately, this capacity is currently unavailable due to lack of
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sufficient measurement and modeling efforts. Herein, based on remotely sensed Sargassum abundance
maps, we propose a practical way to predict the likelihood of blooms and nonblooms in the C5. The objective
is to provide bloom probability matrices for the C5 in May-August based on conditions in the Atlantic in
February through hindcast of historical obsernvations; these probability matrices will then provide early wam-
ing information by the end of February of every year in the future to assist scientific understanding and man-
agement planning (e.g, field surveys, physical removal, and tourism).

2. Data and Methods
2.1. Prediction Concept

The prediction is based on the Sargassum distribution maps covering the Central West Atlantic (CWA) and CS
derived from Moderate Resolution Imaging Spectroradiometer (MODIS) observations using a recenty devel-
oped method [Wang and Hu, 2016). Briefly, MODIS data collected from 2000 to 2016 were processed to
Rayleigh-corrected reflectance (Rrc), which was used to derive an Alternative Floating Algae Index (AFAIL
for each 1km pixel [Hu, 2005] that detects the red-edge reflectance of floating vegetation. An automatic
feature extraction algorithm was developed to extract Sargassum features after masking clouds, cloud
shadows, and other artifacts. A linear unmixing scheme was used o determine the subpixel coverage, which
was then aggregated to 0.5%x 0.5 grids in each calendar month, resulting in monthly mean Sargassum area
density (% cover) maps. While Figure 1 shows two sample maps for March 2014 and August 2014, respec-
tively, more maps are presented inan animation in the supporting information, in Figure 2 for bloom years,
and in Figure 52 for nonbloom years.

Sargassum blooms appear to develop first in a CWA hotspot region in February-March. Then, following the
dominant currents and winds, Sargassum in the CWA is transported to the C5 in later months where it can
develop into a massive bloom. Based on the connectivity and time lag between blooms in the two regions,
we hypothesize that blooms and nonblooms in the G can be predicted from the OWA hotspot region.

2.2, Selection of the Hotspot Region and Bloom Threshold

A hotspot was determined from the multimonth mean using a threshold (Figure 51), where a rectangular
region [0°-8°N, 45°-29°W) was selected to cover the objectively selected area. For the C5 (8°-23N,
B88°-55°W), the region was divided into 17 1° grids to evaluate the bloom conditions in each grid.

To determine the bloom threshold for each location, mean conditions between 2000 and 2010 (ie.,
“non-Sargassum years”) were used as the reference. For the CWA hotspot. mean and standard deviation of
Sargassum density of all February months between 2000 and 2010 were first calculated. Then, for any
February in the later years of 2011-2016, if the mean Sargassum density was greater than the previously
calculated mean plus 2 standard deviations, that February was considered to be a bloom (B) month, other-
wise it is a nonbloom (N) month (Figure 1d). Likewise, mean and standard deviation of Sargassum density
for the C5 for each month of May-August were calculated separately from the 2000-2010 MODIS data.
Then, for each 1° grid, if Sargassum density during a certain month in 2011-2016 was greater than its corre-
sponding mean plus 2 standard deviations, the grid was considered to be a bloom for that month, otherwise
a nonbloom (Figure 1¢).

2.3, Bloom and Nonbloom Statistics and Prediction Accuracy

First, bloom and nonbloom statistics for the €5 and the OWA haotspot region were established. Then, the
prediction of bloom or nonbloom in the C5 was carried out in a hindcast mode as follows: if there was a
bloom (or nonbloom) in the CWA hotspot region in February, it was predicted that there would be a bloom
{or nonbloom) in each grid of the CS5in each month of May-August of the same year. Finally, the accuracy of
the prediction was evaluated using the above bloom and nonbloom statistics with a suite of
statistical measures.

Specdifically, for each 1° grid in the C5, time series of blooms and nonblooms for each month of May-August
between 2007 and 2016 were first generated using the bloom threshold of that month. An example for the
month of August is shown in each row of the top left table in Figure 3 part Il Similady, ime series of blooms
and nonblooms in the QXA haotspaot region in the month of February were also generated wsing the bloom
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Figure 1. Sargassum area density (% cover) maps in (a) March 2014 and (b} August 2014 derived from MODIS observations [Wang and Hu, 2016}, suggesting
Sargassum transport from the CWA to the CS following dominant winds and currents (white arow). The green box and orange bax delineate the CS and CWA
hotspot regions, respectively. (c and d) Sargassum density threshokds used to determine blooms and nonblooms inthe 1° x 1° grids of the G and inthe CWA hotspot
region, respectively. Vertical bars represent standard deviations of each month of 2000-2010 (nonbloom years). The bloom threshold was determined as the
mean plus 2 standard deviations. For example, in July, if the density in any grid inthe CS is =5.2x 10 9%, it is considered as a blloom in that grid; in March, if
Sargassum density in the CWA hotspot is >13x 10 9%, it is considered as a bloom.

threshold of February for the CWA hotspot region (top left table in Figure 3 part Il). The month of February
was selected to be the “predicting” month.

The accuracy of these predictions was evaluated using several statistical measures including the user’s accu-
racy, producer’s accuracy, overall accuracy, and kappa coefficients [Story and Congalton, 1986; Congalton,
1991). The equations of the accuracy assessment, as well as examples for four locations in the CS, are listed
in the tables of Figure 3. The overall accuracy tells the overall agreement between prediction and ground
truth (i.e, observation), and it is defined as the sum of all correct predictions (diagonal elements in the tables)
divided by the total number of observations. For a specific grid, Xya (pink color in all tables) is the number of
observations when the CWA hotspot shows nonbloom and therefore predicts nonbloom in the CS but the CS
grid shows a bloom. Xy (blue), Xay, (yellow), and Xgg (green) are defined in the same way. The user’s accuracy
of bloom prediction is defined as the number of correct bloom prediction (Xgg) divided by the total number
of bloom prediction (Xay + Xge). The user’s accuracy of nonbloom prediction is defined as the number of
correct nonbloom prediction (Xyy) divided by the total number of nonbloom prediction (Xyy +Xyg). The
producer’s accuracy of bloom or nonbloom prediction is defined similarly, but with the total number of
observations (in the CS) instead of total number of predictions used in the denominator (Figure 3).

Kappa analysis was also preformed to all 1° grids to calculate the kappa coefficient [Cohen, 1960; Congalton,
1991], which measures the difference between the actual agreement (i.e, the overall accuracy) and the
chance agreement (i.e, expected agreement). In this study, kappa coefficient measures the overall difference
between the proposed prediction and a random guess. A kappa coefficient of 0 means that there is no
difference between prediction and random guess. Larger kappa indicates better prediction performance.
Conditional kappa, which can test the individual category agreement [Coleman, 1966; Light, 1971], was also
calculated to help interpret the prediction accuracy. Conditional kappa measures the difference between
prediction for a certain category (i.e., bloom or nonbloom) and random guess for that category.
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Figure 2. Monthly mean Sargassum density maps for bloom years between 2007 and 2016 {2007-2010 and 2013 are nonbloom years). Land and coastlines are
masked in black and white, respectively. A value of 0.05 indicates 0.05%. The red dashed box marks the February maps used for the prediction.

3. Results

From 2007 to 2016, 5 years were classified as bloom years (2011-2016 except 2013), and 5 years were classi
fied as nonbloom years (2007-2010, 2013) (Figure S3). Figure 4 shows the summary results of hindcast
prediction accuracies for each month of May-August.

Generally, the conditional kappa and user's accuracy show consistent results in terms of overall trend and
spatial patterns, but kappa-like measures are less interpretable than user's accuracy. For example, in the
top left image of Figure 4 (prediction of bloom in the CS in May), the bottom right comer (near Trinidad)
shows a value of 0.60 (orange color). This means that if a May bloom is predicted for this location at the
end of February, the odds of a bloom developing there are 60%. Likewise, if a May bloom is not predicted,
the odds of a corect prediction are >90% (second image set in Figure 4). Because the interpretation of user's
accuracy for both bloom and nonbloom predictions is straightforward, the user's accuracy is recommended
for future predictions.

The user's accuracy for nonbloom prediction (mostly >909%) is much higher than for bloom prediction
(mostly <509%). This is because most 1° grids in the CS did not have blooms between May and August
(Figure 2) regardless of the February conditions in the CWA hotspot. For this reason, for bloom predictions
the producer’s accuracy and overall accuracy are much higher than the user's accuracy, but for nonbloom
predictions the user’s accuracy is much higher than the producer’s accuracy. These observations may vary
between regions and months. For example, for the month of August and near the Lesser Antilles Islands,
the user’s accuracy of bloom prediction can reach >809%. The producer’s accuracy for bloom predictionin this
region is also high, suggesting that when a bloom occurs in August near the Lesser Antilles Islands, there is
likely a bloom in the CWA hotspot region back in February of the same year. In general, prediction accuracy
decreased in the westem CS regardless of the accuracy measures, due to a longer distance between the
western CS and the bloom source (i.e, the QWA hotspot region).

From these hindcast evaluations, the following findings may be summarized for the prediction of blooms and
nonblooms in the CS between May and August using conditions in the CWA hotspot region in February of
the same year.
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Figure 3. Part I lllustration of statistical measures to assess prediction accuracy. *B” represents bloom, and *N” represents nonbloom. Part I Demonstration of the
process to generate the estimated accuracy maps. Top left bloom and nonbloom statistics in the CWA hotspot in February {top rows) and in four locations in the
CS in August (bottom rows). Right: accuracyassessment when conditions in February inthe CWA hotspot are used to predict conditions in each of the four 1° grids in
the 5. The overall prediction accuracy in August for the entire CS is shown in the color coded map, with the four sample locations (P1-P4) annotated.

1. Predicting a nonbloom is much more reliable than predicting a bloom when measured with the user's
accuracy.

2. There is a large spatial gradient in the user’s accuracy map in bloom predictions, where accuracy in the
eastem CS is significantly higher than in the westem CS.

3. A similar spatial gradient exists in the overall accuracy map for both bloom and nonbloom predic-
tions, but overall accuracy for the entire CS is much higher than user’s accuracy for just bloom
prediction.

4. Inall predictions, most 1° grids showed kappa coefficient and conditional kappa significantly higher than
0.0, indicating that these predictions have significantly higher success rates than random guesses.
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Figure 4. Estimated hindcast prediction accuracy of blooms and nonblooms in the G between May and August of 2007-2016, based on the bloom conditions in the
CWA hotspat region {Figure 1a) in February. Further interpretations of these maps can be found in the text.
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5. The accuracy maps shown in Figure 4 may be used as guides for future predictions of bloom and
nonbloom conditions in the C5 between May and August, where the predictions can be made at the
end of February of the same year.

4. Discussion
4.1. Coincidence or Physics Driven

In nature, many phenomena can be highly correlated without a causal effect. The prediction above is based
on the fact that if a bloom occurs in one place (OWA), it occurs at a later date in another place (CS), and the
same is true for nonbloom. Then, is it simply a coincidence?

The MODIS observations, as shown in the GIF animation in the supporting information, suggest that this
correlation is beyond coincidence but driven by physics. Specifically, Sargassum in the CS did not initiate
locally but from the CWA following the prevailing winds and currents. This observation is supported by the
back-tracking results through ocean modeling [Doyle and Franks, 2015; Franks et al, 2011, 2014, 201g;
Johnson et al, 2012]. Therefore, the prediction s supported by physics, even though the method is based
on statistics.

Because of this, the method provides a simple yet effective way to predict Sargassum bloom occurrence in
the CS with relatively high accuracy, especially in the windward Lesser Antilles Islands. For a nonbloom
prediction, the prediction accuracy is neardy 100% for most locations in the C5. This is because even during
bloom years most waters still have low Sargassum density. Overall, a nonbloom prediction is more reliable
than a bloom prediction in the CS, while the accuracy of a bloom prediction for most windward Lesser
Antilles islands can reach =80% in August.

4.2. Prediction Sensitivity

In this work data between 2007 and 2016 were used to estimate prediction accuracy because the numbers of
bloom and nonbloom years are balanced during this period. If this period was extended to all MODIS years
before 2007, the user's accuracy for bloom prediction would not be affected (Figure 54) because themre was no
bloom year before 2007, However, because of the extra nonbloom years included, the producer's accuracy
for a nonbloom prediction increased significantly, while the user's accuracy for a nonbloom prediction only
increased slightly (it is already near 100%). For the same reason, the overall accuracy and kappa coefficient
both increased due to the increased number of successful nonbloom predictions. A test was conducted to
see whether the month of lanuary-April could be used as the prediction months. Table 51 shows that except
for January, all months showed identical bloom conditions in the CWA hotspot, leading to identical predic-
tion accuracy. Therefore, the month of February was determined o be the best prediction month, since it
can provide at least 2 months of lead time for local management agencies in the Caribbean.

The work presented here used a binary classification of a bloom or a nonbloom scenario. In reality, blooms
will vary in size and intensity. When blooms were further divided into small, medium, and severe blooms
according to their intensity, the owverall prediction accuracy was lower (Figure 55). Howewer, for a local
researcher or manager, knowledge of the bloom/nonbloom probability may be more important than
knowledge of the bloom intensity. Therefore, the focus of this study is on the binary classification.

4.3, Applications and Potential Limitations

Although the statistics-based prediction is supported by physics, because the forcing terms (winds, currents,
and Sargassum growth rate [Webster and Linton, 2013; Carpenter and Cox, 1574; Lapointe, 1996; Lapointe et al,
2014; Ardron et al, 2011; Brooks, 2016; Maréchal et al, 2017]) are not explicidy included in the prediction, the
prediction may only be applicable to future years when these forcing terms ane similar to the hindcast years
used here. The fundamental guestion is as follows: are the years in this study “nomal” years so the prediction
can be applied to future normal years?

Time series of the area-averaged surface winds and cuments from Windsat and current data from Ocean
Surface Current Analyses Real-time (OSCAR), respectively, are plotted in supporting information Figure 56.
Mo significant changes have been observed since 2011 when the first massive Sargassum bloom event
occurred in the CS5 Thus, if future years show winds and currents encompassed by those shown here, the
prediction should be applicable.
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Howewver, the prediction is not on beaching events but on bloom conditions in the CS. Itis unknown whether
the predictions comelate well with spatial-temporal distributions of beaching events inthe (5 because this
information is not readily available. An online search using the keywords “Sargassum,” “Caribbean,” and
“Inundation” resulted in 5 news reportsin 2011, 2 in 2012, 0 in 2013, 10/ in 2014, 28 in 2015, and 2 in 2016,
which qualitatively agree with the interannual changes in the observed bloom conditions in the CS. In reality,
whether or not a bloom will end up on beaches depends on local winds and currents, which can only be
studied through high-resolution modeling or a combination of nearshore daily observations and
currents/winds. For example, the Sargassum Early Advisory System [Webster and Linton, 2013] used periodic
Landsat observations for shont-term predictions of potential beaching events, while Maréchal et al. [2017]
used MODIS daily imagery for the same predictions. Nevertheless, as Sargassum blooms are unlikely to dimin-
ish in the coming years, the simple forecast system developed here will provide timely information o the
Caribbean residents and management agencies on the potentials of Sargassum blooms with several months
of lead time. Decision makers can benefit from this prediction in several aspects, including improved
planning for cleanup, commercial use, and tourism [Hu et al, 2016). For example, at the time of this writing,
a Sargassum bloom was found in the OWA hotspat region in February 2017; thus, we predict blooms in the
eastern O5 in summer 2017, The accuracy of this prediction will be assessed during summer 2017, while
the prediction will be sent to interested parties (e.g, NOAA CoastWatch Caribbean and Gulf of Mexico node,
Caribbean Coastal Ocean Observing System) through e-mails to provide early alerts.

4.4, Broad Impacts

The study region included the CS and CWA, yet both Ulva (a type of green macroalgae) and Sargassum
macroalgae blooms appear to have increased in recent years all around the world [Smetacek and Zingone,
2013; Qi et al, 2016; Wang and Hu, 2016). These include those in the Yellow Sea and East China Sea as well
as waters off West Africa and north Brazil. Once time series of bloom characteristics and cross-region connec-
tivity are established, the approach developed here could be extended to those regions. The forecasting
capacity not only provides early warning to management agencies but also has significant implications for
studies of ocean biogeochemistry and ocean ecology as researchers now have at least several months of lead
time to prepare for coordinated cruise surveys. Furthermorne, Sargassum can also be used to extract various
products from animal food, biofuel, to plastics, and the U5, Department of Energy is interested in improved
use of Sargassum to make these products (httpsy/vimeo.com/193881420). One of the potential challenges of
such endeavors is to find the Sargassum “hotspots” for harvesting at the right ime and right location, and the
work presented here can help to address this challenge. Indeed, Sargassum blooms in recent years have
provided both challenges and opportunities to many research and environmental groups [Hu et al, 2016,
and a forecasting system represents one significant step toward addressing these challenges.

5. Conclusion

A preliminary forecast system has been developed to predict Sargassum blooms in the Caribbean Sea in
May-August from bloom conditions in a hotspot region in the Central West Atlantic in February. This is
through hindcast analysis of the Sargassum distributions derived from MODIS observations between 2000
and 2016 using a recently developed algorithm. Although the prediction i from statistics of bloom and
nonbloom occurrence, it is supported by the physical mechanism to drive Sargassum transport and by bio-
logical factors to drive Sarga ssum growth. Accuracy assessment using historical MODIS observations showed
that bloom occurrence in July and August near most of the Lesser Antilles islands can be accurately predicted
(up to B0%) at the end of February. Prediction of nonbloom occurrence in most of the &5 can be up to 100%.
While the data record used to test the prediction is rather short (2000-2016, with only five bloom years in
between) and the prediction requines similar emvironmental forcing factors in future years as in the past years,
the forecast system provides a decision support tool to help prepare and make research and management
plans with several months of lead time.
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ABSTRACT ARTICLE HISTORY
Studying abundance and distributions of floating macroalgae such as Received 15 May 2017
pelagic Sargassum calls for long-term continuous and consistent  Accepted 22 February 2018
observations from multiple satellite sensors. Previous studies mainly
reied on observations from the Moderate Resolution Imaging
Spectroradiometer (MODIS) and the Medium Resolution Imaging
Spectrometer (MERIS). As a follow-on sensor, the Visible Infrared
Imager Radiometer Suite (VIIRS) also has the appropriate spectral
bands to detect and quantify floating macroalgae. Based on previous
works on MODIS, this study presents an improved procedure to extract
floating algae pixels from VIIRS Alternative Floating Algae Index (AFAl)
imagery, with image filtering used to suppress noise and adjusted
thresholds used to mask sun glint, douds, and cloud shadows. The
overall extraction accuracy is about 85%. Simultaneous daily observa-
tions from MODIS and VRS over the Central West Atlantic (CWA) show
consistent spatial pattems, but VIIRS estimations of the algae coverage
{in km?) are consistently lower than MODIS (around — 19% mean
relative difference or MRD), possibly due to lower sensitivity of the
WIRS 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-Agua and MODIS-Terra estimates (around
— 14% MRD). Despite these differences, the spatial and temporal
patterns between VIRS and MODIS observed algae distributions
match very well at all spatial and tem poral 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. Furthermore, once Sargassum biomass per unit Sargassum
area is determined from field measurements, conversion of these
area estimates to Sargassum biomass is straightforward.

1. Introduction

Floating macroalgae of pelagic Sargassum in the Central West Atlantic (CWA) have
shown an increasing trend and drastic inter-annual variability in recent years (Gower
and King 2011; Gower, Young, and King 2013; Wang and Hu 2016; Wang and Hu 2017).
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During bloom seasons (spring and summer), massive Sargassum beaching events in the
Caribbean countries have been frequently reported, which caused significant problems
to local tourism, fishery, ecology, and environment (Hu et al. 2016; Webster and Linton
2013; Maurer, De Neef, and Stapleton 2015). Similarly, in other oceans, an increasing
trend of other types of floating macroalgae has also been reported (Smetacek and
Zingone 2013}, such as Ulva prolifera (a type of green macroalgae) in the Yellow Sea
(Qi et al. 2016; Hu, Hu, and He 2017). Synoptic and frequent observations from satellite
ocean color sensors provide effective means to monitor, assess, and understand changes
of floating macroalgae at large spatial and temporal scales.

Currently, remote detection of floating macroalgae mainly relies on the enhanced
reflectance in the near-infrared (NIR) spectral bands (the vegetation ‘red-edge’) (Gower
et al. 2006). The red-edge reflectance allows for the development and application of
several indexes, including the Maximum Chlorophyll Index (M) for the Medium
Resolution Imaging Spectrometer (MERI5; 2002-2012) and the Floating Algae Index
(FAI) and Alternative FAl (AFAl} for the Moderate Resolution Imaging
Spectroradiometer (MODIS; Terra: 2000-present, Agua: 2002-present) (Gower et al.
2006; Hu 2009; Wang and Hu 2016). However, MERIS stopped functioning in 2012, and
both MODIS sensors are aging with their designed 5 year mission life, calling for
continuous ocbservations from other similar sensors. The Visible Infrared Imager
Radiometer Suite (VIIRS; 2011-present) on the Suomi National Polar-orbiting
Partnership satellite is also equipped with spectral bands similar to those of MODIS,
thus could be used to generate VIIRS AFAI images. Such images have been developed
and used in the Sargassum Watch System (SaW$S) for near real-time monitoring of
floating macroalgae (Hu et al. 2016). With proper masking of clouds, cloud shadows,
and sun glint, floating macroalgae appear as elongated slicks in the AFAl imagery, thus
can be easily visualized even by a layperson (Wang and Hu 2016).

However, beyond near real-time monitoring, assessment of long-term trends requires
accurate feature extraction and data-binning strategies as well as consistent data
products from multiple sensors, including the most recent VIIRS. Gower and King
(2011) made the first attempt to map and quantify Sargassum abundance using statis-
tical analyses of MERIS images (Gower and King 2011; Gower, Young, and King 2013),
followed by a new mapping scheme developed for MODIS AFAI imagery (Wang and Hu
2016; 2017). However, to date although VIIRS AFAI imagery has already been used for
visual inspection in the near real-time 5aW5s (Hu et al. 2016), automatic algae detection is
still hindered by noise contamination (see Figure 1, Figure 51, and Figure S2) and false
positive detection near clouds and cloud shadows. Furthermore, it is unclear whether
VIIRS could provide consistent observations of algae distributions and abundance to
continue the MODIS time series in case both MODIS instruments stop functioning,
although such a continuity has been demonstrated for other ocean color data products
such as water clarity (Barnes and Hu 2015). Therefore, the objectives of this study are:

* To develop an automatic algae extraction procedure to apply to VIIRS AFAI
imagery;

* To compare VIIRS and MODIS performance on their ability to detect and quantify
floating macroalgae using concurrent and collocated imagery;
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Figure 1. (a) A VIIRS AFAIl image showing floating algae slicks outlined in the red box. The yellow
boxes highlight the region with striping and other noise due to low SNRs (the brighter noise pixels
are marked in red). (b) - (): Quasi-simultaneous (within 30 minutes) VIIRS AFAl and MODIS AFAI
images from the same locations outlined by the red box in (a). (d) - (e): Extracted algae pixels
(marked in red) on VIIRS and MODIS AFAIl images. Note that MODIS images also contain some level
of striping artifacts although it is not obvious in this example. The dashed ellipses highlight that
more algae pixels are detected in MODIS image than in VIIRS image. In regions where both sensors
have valid observations, the number of algae pixels extracted from VIIRS is 2536, and 4568 from
MODIS. Such a large difference is largely removed after a pixel unmixing scheme is applied to
estimate algae coverage (in km?).

e To quantify differences between VIIRS- and MODIS-derived long-term statistics in
algae abundance and observing capacity.

2. Data and methods

MODIS and VIIRS Level-0 data for the entire year of 2016 with sufficient coverage (>
25%) over the CWA (0-22°N, 63-38°W) were obtained from the U.S. National Aeronautics
and Space Administration (NASA) Goddard Space Flight Center (Ocean Color 2017), and
processed to generate Rayleigh-corrected reflectance (R, ) for each spectral band using
the software package SeaWiFS Data Analysis System (SeaDAS) (version 7.2). Level-0 data
instead of Level-1 data were used here because for a large region such as the CWA,
multiple data granules may need to be merged together, and it is straightforward to
merge Level-0 granules before processing. The R,. data were then mapped at 1 km
spatial resolution in the equidistant rectangular projection. A total of 1148 MODIS
5 minute granules (581 from MODIS-Aqua (MODISA) and 567 from MODIS-Terra
(MODIST)) and 782 VIIRS 6 minute granules were downloaded and processed to R,.
data, which were then used to calculate AFAI for each pixel:

AFAl = R cnig — R'KMR

R‘,C,Nm = Recgep + (Reeanir = Recren) (Anig — Aren )/ (Ainig — Aren) (1)
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The subscripts RED, NIR, and LNIR ({long NIR wavelength) represent the corresponding
spectral bands. For MODIS AFAl, Agep = 667nm, Ayg = 748nm, and A g = 869nm. For
VIIRS AFAI three similar bands were used (Agen = 671nm, Ay = 745nm, and Ay =
862nm). AFAl was chosen over the original FAl for better cloud masking performance
(Wang and Hu 2016).

Figure 1 illustrates an example of VIIRS AFAl imagery showing floating algae pixels as
bright features outlined in the red box. Compared to the quasi-simultaneous MODIS
AFAl image, the VIIRS AFAI image shows more noise contamination due to lower signal-
to-noise ratios (SNRs) of VIIRS. Such noise represent a major hurdle in automatic algae
extraction. Therefore, noise reduction should be a critical preprocessing step to reduce
false positive detection. After noise reduction, algae extraction from VIIRS AFAIl imagery
can follow the same workflow as that applied to MODIS AFAI imagery, including cloud
and cloud shadow masking and removal of background variations (Wang and Hu 2016).
Similar to MODIS processing, such a workflow was realized through a two-step proce-
dure based on 4th order polynomial surface fitting and median filtering (Wang and Hu
2016). The thresholds for cloud and cloud shadow masking, however, were adjusted
specifically for VIIRS (see Section 2.2).

2.1. Noise reduction

There are two types of noise in the VIIRS AFAl imagery. One is the striping artifacts due
to imperfect detector calibration and different radiometric responses of the detectors of
the whiskbroom scanner (Cao et al. 2014). To facdlitate algae extraction, a recently
developed destriping algorithm (Mikelsons et al. 2014) was tested on the VIIRS AFAI
imagery (before map projection), with performance demonstrated in Figure 51. In most
regions, the destriping algorithm effectively reduced the striping artifacts. However,
some algae slicks aligned in parallel to the striping artifacts were also attenuated
because they were treated as noise. On the other hand, although these stripes are
noticeable in the VIIRS AFAI imagery, algae signals are often stronger and therefore can
be well discriminated in both visual interpretation and threshold-based segmentation.
Based on these considerations, destriping was not applied to VIIRS AFAI imagery.

The other type of noise often shows up near the scan edge (see Figure 1(a) and
Figure 52). Unlike striping artifacts, these noise pixels are brighter than the nearby water
pixels, thus must be removed to minimize false positive detection. Here, an 11 x 11
Gaussian filter was applied to the AFAI imagery to reduce such noise contamination.
Several commonly used noise reduction methods were tested and compared in
Figure 52. Among those, Gaussian filtering shows satisfactory performance as it can
preserve most real features while reducing noise. However, because image filtering
inevitably attenuates signals, algae extraction results from the filtered imagery were
only used to determine a location buffer where real features (ie. algae pixels) were
extracted from the original image within the buffer, thus aveoiding the noise-induced
false positive detection outside the buffer. The buffer was determined from an 11 x 11
pixel dilation over the extracted algae pixels from the Gaussian filtered imagery. The
workflow of the extraction process is summarized in Figure 53. The window size of
11 x 11 pixels used in the filtering was a compromise between reducing false positive
detection and stabilizing false negative detection (Figure 54). Although signal
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attenuation can still occur, the final estimates of algae coverages are not strongly
affected because most algae features are still detectable and feature extraction is
conducted over the original images. This procedure proves to be effective in preserving
true algae pixels while reducing false positives (Figure 52).

2.2. Selection of thresholds to mask sun glint, clouds, and cloud shadows and to
extract algae pixels

In the presence of sun glint, clouds, or cloud shadows, no information can be retrieved
from the contaminated pixels, and these pixels were masked and treated as no observa-
tions. Because both sun glint and clouds have higher reflectance than nearby water in all
spectra bands, these pixels were masked using a set of criteria as defined in Equation (2).
This threshold-based masking method is the same as that used for MODIS AFAI imagery
(Wang and Hu 2016), but with updated thresholds determined through trials and errors.

Re(671) = 0.05, or R(745) > 0.05, or R(862) > 0.05 (2)

Although cloud shadow pixels show lower R,. values than nearby water pixels in all
spectral bands (Wang and 2016), the decreases in reflectance in different bands are not
proportional, resulting in higher AFAI values than nearby water pixels, thus causing false
positive detection. To mask these pixels, a local total R,. (LTR), defined as the total R in
the 410 nm and 443 nm bands, was used:

LTR = R,(410) + R,.(443) (3)

Pixels with LTR lower than the reference values (REF rg) by a threshold T. (see Equation
(4)) were masked and treated as no observations. REF  was calculated as the mean LTR
of the surrounding 31 x 31 pixels.

LTR — REFim < Te (4)

To better preserve the algae features while masking cloud shadow pixels, histograms
of manually selected cdoud shadow pixels and floating algae pixels were used to
determine the cloud shadow threshold T (Figure 2{ac)). T, was determined to be
-8.0 1072

After correcting the large-scale gradient across the image, algae pixels were extracted
using a global threshold T,. Following the same steps as those applied to MODIS images
(Wang and Hu 2016), Ty was determined to be 2.0 107*. As demonstrated in Figure 2(b,
d), over 96.0% of the adjacent water pixels are excluded while about 88.0% of the algae
pixels are preserved after the global extraction threshold was applied.

2.3. Algae pixel unmixing

In nature, floating algae can rarely occupy the entire 1 km pixel (i.e., 100.0% coverage). A
linear unmixing scheme was used to quantify the fractional coverage within each pixel
through a global upper bound (representing 100.0% algae coverage) and a global lower
bound (representing 0.0% algae coverage).

The lower bound was inferred from the nearby water pixels adjacent to the floating
algae features, estimated to be - 44 107", The upper bound was determined from field-
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Figure 2. Cumulative and normalized frequency distributions of algae pixels, cloud shadow pixels,
and adjacent ocean pixels in several regions of interest. (a) and (¢ show the distributions of the
(LTR — REF, yg) values of algae pixels and cloud shadow pixels. (b) and (d) show the distributions of
the (AFAl - REFapa) values of algae pixels and adjacent ocean pixels. The adjacent pixels were
selected by dilating 5 pixels into the nearest algae-free pixels.

measured Sargassum reflectance after propagating to top-of-atmosphere using radiative
transfer simulations (Wang and Hu 2016). The simulations applied the relative spectral
response (RSR) of VIIRS to field hyperspectral data, with the upper bound determined to
be 4.6 1072 (see Table S1 for details).

After linear unmixing of the extracted algae pixels with the selected upper and lower
bounds, algae coverage maps were obtained, where pixels were assigned a value of
0.0% for algae-free water pixels and between 0.0% and 100.0% for algae-containing
pixels. Pixels with no observations due to clouds, cloud shadows, land, land adjacent
area, sun glint, or no satellite coverage were all masked as invalid values.

2.4. Cross-sensor comparisons

VIIRS and MODIS data products were compared at different time scales, from snapshot
imagery to composite imagery. Following Wang and Hu (2016), the entire study region
was divided into 0.5° x 0.5° grids, where fractional algae coverage from the original
high-resolution images was aggregated into each grid to obtain mean algae density (%
cover) for a given time interval (month, season, or year). The seasons were defined as
boreal meteorological seasons. In the comparisons, unless Aqua or Terra is explicitly
stated, the term ‘MODIS' represents the combined observations from both Aqua and
Terra.

The cross-sensor difference was assessed using the mean relative difference (MRD)
(Barnes and Hu 2015) between the two measurements:
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where y; and x; stand for the measurement of algae coverage or number of valid
observations. The comparison was conducted between MODIS (individual sensors or
combined) and VIIRS where x; represents the measurements from MODIS, and also
between the individual MODIS sensors (MODIST and MODISA) where x; represents the
measurements from MODISA.

To evaluate whether differences in algae coverage statistics might be due to differ-
ences in the number of valid observations, the daily percentage valid observations
(DPVOs) (Feng and Hu 2016) at any 1 km location from a given 0.5° grid was calculated
as:

N
— v i
DPVO = 3025 4 100% (6)

where N, is the number of valid 1 km observations in each grid during a time interval
and d is the number of days during the time interval, while 55 x 55 = 3025 is maximum
possible valid ocbservations in the same grid from a given day (0.5°Corresponds to about
55 1 km pixels). For example, a DPVO of 15.0% indicates that the probability of having a
valid observation at any 1 km location within the grid in a given day in that time interval
is 15.0%.

3. Results
3.1. Algae extraction accuracy

Accurate extraction of algae-containing pixels is a prerequisite for long-term statistical
analyses. To evaluate the extraction performance, 12 representative VIIRS AFAl images (6
from February and 6 from August 2016) were selected. The ‘ground-truth’ data of true
algae pixels were selected using an the Interactive Data Language (IDL) graphical user
interface (GUI) designed to extract image features with morphological constraints
guided by visual interpretations (Wang and Hu 2015). Results from the accuracy assess-
ments are summarized in Table 1. For the area coverage estimated using unweighted
algae pixels, false positive and false negative rates (Chinchor and Sundheim 1993) are
28.9% and 19.6%, respectively. After weighting each pixel using the fractional (percen-
tage) coverage, both rates are reduced significantly, with an overall extraction accuracy
of 85.5%, comparable to the algae extraction accuracy from MODIS (Wang and Hu 2016).
The reason why a better extraction accuracy was obtained after weighting each algae-

Table 1. Accuracy assessment of delineation of algae-containing pixels from 12 VIIRS AFAl images in
February and August 2016.

False positive (%) False negative (%) Precision (%) Recall (%) F score (%)

Area coverage using unweighted 289 196 736 804 76.8
algae pieels (AUP)
Area coverage using weighted 134 106 863 B46 85.5

algae pieels (AWP)
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containing pixel (for its fractional coverage) is because the false-detection (both false
positive and false negative) pixels generally have lower weights (fractional coverages)
than those of the correctly extracted ones. For example, a pixel with 10.0% algae
coverage is counted for 1.0 if weighting is not applied, but counted for 0.1 if weighting
is applied. This suggests that the proposed algae extraction procedure for VIRS is at
least as accurate as that for MODIS, thus allowing for the comparison of VIIRS and MODIS
on their capacity for quantifying algae coverage at both image level and long-term
scales.

3.2. Comparison of quasi-simultaneous observations between MODIS and VIIRS

Before comparing algae coverage statistics derived from MODI5 and VIIRS, it is important
to understand whether they lead to the same algae coverages for simultaneous obser-
vations. To address this question, 98 image pairs of quasi-simultaneous measurements
(within 30 minutes) in 2016 were selected. It is assumed that within 30 minutes algae
features do not move or change significantly, thus allowing for a direct comparison. For
the same reason, the comparison was performed from the common pixels where both
MODIS and VIIRS showed valid observations.

Although there is a relatively large discrepancy between MODIS- and VIIRS-derived
number of algae pixels (Figure 3ia)), after pixel weighting they show consistent algae
coverages (Figure 3(b)). This is because that many of the undetected pixels in the VIIRS
imagery have low weights (i.e, low sub-pixel fractional coverages), thus having relatively
small effects on the area estimates. Linear regression between MODIS- and VIIRS-derived
algae area coverages in Figure 3(b) shows a significant positive relationship (the coeffi-
cient of determination (R*) = 0.95; F = 1211.1; p << 0.001). The slope of the linear
regression is 0.94, suggesting that their coverage estimates only differ by a few percent
for most images. The negative intercept (-2.27 km?) (i.e, VIIRS is generally lower than
MODIS) may be a result of undetected weak algae slicks in VIIRS AFAI imagery (Figure 1).

Two outlier clusters that depart from the main trend are worth mentioning here. One
is for pixels that are marked as algae on VIIRS but not on MODIS AFAl imagery (blue

10000 5 - =
1a) & Slope = .74 (b ] Shope = 0.54 .
B OROO0D | lmtercept= -306.43 B Igercept = -2.27 .
& B = i 60 b B e0os ]
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E. §“:,D L e
700 | o 2 S
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[} 2000 40 GO0 BO00 loogg i 20 40 &0 B
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Figure 3. Quasi-simultaneous MODIS and VIIRS measurements over the same observed pixels in the
CWA showing numbers of derived algae pixels in (a) and algae area coverages in (b). The dashed
lines are the 1:1 reference lines and the red solid lines are the linear regression lines. The outliers
marked in the blue and red circles are explained in the text
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dashed circle in Figure 3(b)). Visual inspection shows that this is due to false positive
detection from residual cloud shadow pixels in the VIIRS imagery. The other is for pixels
showing higher algae coverage from VIIRS than from MODIS (red dashed circle in
Figure 3(b)). Visual inspection shows that this is due to the low detectability on the
scan edge, where many algae features visible in the VIIRS imagery are located on the
MODIS scan edge, thus too weak to be detected in the MODIS AFAl imagery.
Nevertheless, the comparison shows a MRD of - 18.7% in the algae area estimates
between MODIS and VIIRS, indicating relative consistency and compatibility between
the two datasets. The lower algae detectability from VIIRS imagery is possibly due to its
lower SNRs than MODIS, but it would not significantly impact the long-term statistics of
algae coverage.

3.3. Comparison of long-term statistics

Because pixels near scan edge may be missed in algae extraction, they were masked
before statistical calculations. Pixels with satellite view zenith angle (VZA) > 60° were
regarded as having no observations and excluded from the calculations. The VZA of 60°
is the standard threshold used in the Level-2 processing to flag data with large viewing
angles, and pixels with VZA above this threshold are not used in the global composites
of data products (Patt et al. 2003). The fraction of the observations meeting this masking
criterion is 10.6% for MODI5 and 29.3% for VIIRS in 2016.

Overall, statistics of mean area coverages from MODIS and VIIRS long-term measure-
ments show larger differences than from quasi-simultanecus images, with lower cov-
erages derived from VIIRS. The difference was quantified with the MRD between the
total area coverage (in km?) for each time interval. The MRD was determined to be -
28.7%, - 30.4%, and - 249% for monthly, seasonal, and annual mean coverages
between the two measurements. While detailed comparison results for monthly and
seasonal mean algae coverages are summarized in Figure S5, Table 52, and Table 53,
Figure 4 compares monthly mean algae coverage from MODISA, MODIST, MODIS (i.e,
MODISA and MODIST combined), and VIIRS measurements, all showing significant
positive correlations. MODIST shows lower estimations than MODISA but higher estima-
tions than VIRS. The MRD between MODIST and VIIRS measurements (-23.4%) is lower
than that between the two MODIS measurements (-14.1%).

The difference between VIIRS and MODIS estimates appears to come from an offset of
30-50 km?. Therefore, in summer months where algae coverage is much higher than in
winter months, the relative difference can be much smaller. For example: in December
2016, VIIRS-derived algae coverage is only 33.0% of the MODIS estimate, but in July 2016
VIIRS shows 89.0% of the MODIS estimate (Figure 4(a), Table 52). Likewise, annual mean
coverage in 2016 derived from VIIRS is 132 km? or about 75.0% of the MODIS estimate
(176 km?).

The monthly and seasonal mean algae distribution maps are provided in Figure 56
and Figure 5, respectively. Although the algae abundance (in area intensity) derived
from VIIRS is consistently lower than that from MODIS, the spatial patterns and their
temporal variations are similar. Blooms first appear in the tropical Atlantic in spring, and
are then transported to the Caribbean Sea in summer following the prevailing winds and
currents (Wang and Hu 2017).
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Figure 5. Seasonal mean algae area coverages in 2016 derived from MODIS (a), VIIRS (b), MODISA
(c), and MODIST (d). Land and coastlines are masked in black and white, respectively. The color
indicates % algae coverage in each 0.5° x 0.5° grid.

These results from monthly, seasonal, and annual statistics suggest that VIIRS can
provide estimates consistent to those from MODIS in both the spatial patterns and
temporal variations. Furthermore, after applying the corresponding scaling and offset
factors based on the relationships derived in Figure 4 and Figure S5, VIIRS observations
may provide a consistent time series in the future to continue the MODIS observations,
assuring cross-sensor continuity.

4. Discussions

In this study as well as in Wang and Hu (2016), Sargassum abundance is estimated as
area density (% cover) in each grid cell and area coverage (km?) for the study region.
Once biomass per Sargassum area is determined from field measurements, conversion of
these estimates to biomass per grid cell or total biomass for the area is straightforward.
For example, assuming 2 kg Sargassum wet biomass per m? (Mizuno et al. 2014), a 0.1%
area density corresponds to 2 g m™> wet biomass or 2000 kg km™ biomass. Such
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determined biomass per area or total biomass in a specific region will provide critical
information to understand the potential environmental and ecological impacts and to
guide management efforts. The question is what are the uncertainties in these
estimates.

In addition to the algae extraction procedure itself, several inherent factors of the
satellite sensors may lead to various uncertainties in the extraction results and in the
area estimates. These factors include sensor SNRs, pixel spatial resolutions, and data
availability.

4.1. Sensor SNRs

Using simulations and Sargassum spectra measured in the field, Hu et al. (2015) esti-
mated that for a 200:1 SNR in the NIR wavelengths, the lower detection limit of sub-pixel
algae coverage is about 1.0% of the pixel size (Hu et al. 2015). This simulation result is
indirectly confirmed by MODIS statistics in Wang and Hu (2016), where the lower
detection limit is about 0.2% of the MODIS pixel size because MODIS SNRs in the NIR
wavelengths are about 1000:1 (Hu et al. 2012), 5 times of the SNRs used in the
simulation. SNRs of VIIRS NIR bands under typical mdiance inputs of ocean environments
have not been reported, but our unpublished data using the same SNR estimation
procedure indicate that VIIRS SNRs in the NIR bands are about 500:1 regardless of the
aggregation zone along the scan direction. The lower SNRs of VIIRS thus may explain, at
least partially, why VIIRS-based algae area estimates are generally lower than those from
MODIS (Figures 3 and 4).

4.2, Pixel resolution

Once SNRs are fixed, the lower detection limit of sub-pixel algae coverage in terms of %
pixel size is also fixed. Then, the lower detection limit in terms of algae area (in km?) is
proportional to pixel size, which always increases from scan center to scan edge for a
polar-orbiting scanner such as MODIS and VIIRS.

For MODIS, Figure 57 (a) suggests that pixel size increases rapidly after VZA = 45°
(basically a cosine effect, about 6 times on scan edge over scan center). For VIIRS, the
pixel growth rate is much constrained by aggregating sequential detector read-outs and
the pixel size is approximately 2 times on scan edge over scan center (Schueler, Lee, and
Miller 2013). To determine the impact of pixel size (or the spatial sampling size) on algae
area estimates, we compared the percent of undetected Sargassum coverage using
VIIRS-detected Sargassum in 2016, with results summarized in Table 54.

With a SNR of 1000:1 for MODIS, the detection limit is 0.2% of pixel size according to
image statistics (Wang and Hu 2016). Then, for pixels near scan center, the detection
limit is about 0.002 km? For pixels near scan edge (VZA > 557), the detection limit is
0.012 km”.

For this change of pixel size from scan center to scan edge, if all detected Sargassum in
2016 were put in pixels near scan edge, 44.4% of detected Sargassum would be unde-
tected. However, only 11.0% of satellite data are located near scan edge (VZA > 55°),s0in
reality only 11.0% x 44.4% = 4.9% of all Sargassum will be undetected (last row of
Table 54). Likewise, only 32.7% x 0.9% = 0.3% of all Sargassum will be undetected from
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pixels between scan center and scan edge. For VIIRS, these numbers will be even smaller
because near scan edge VIIRS pixel size is much smaller than MODIS.

Clearly, although pixel size impacts the detectability (i.e., larger pixel size leads to
higher detection limit in terms of km?) of Sargassum within a pixel, the impacts on the
overall area estimates are rather small (about 5.0%), lower than the uncertainties from
the algae extraction procedure itself (around 14.5%, see Table 1). The impacts on VIIRS
(from scan center to scan edge) are smaller than on MODIS, and they are both within the
5.0% uncertainty bounds, thus making negligible differences when cross-sensor consis-
tency is the goal for observing continuity.

4.3. Data availability and valid observations

In addition to sensor sensitivity and pixel size, statistics of algae coverage can also be
affected by data availability or number of valid observations. Insufficient number of valid
observations could lead to statistical biases. For an extreme example, if during a month
there is only one valid observation in the study region, if this observation is an algae
pixel then the algae coverage is assumed to be 100.0% for the entire region in that
month. Likewise, if this observation is an algae-free water pixel, then the algae coverage
is assumed to be 0.0% for the entire region in that month. Obviously, neither is realistic
due to lack of valid observations. To assess whether some of the differences in the algae
statistics could be due to differences in their data availability, seasonal maps of DPVOs
for MODIS and VIIRS are compared in Figure 6, and the area-averaged DPVOs are
summarized in Figure 7.

During all seasons of 2016, a combination of MODISA and MODIST (i.e., MODIS) shows
more valid observations than VIIRS or individual MODI5 sensors, espedially in the north
of the CWA region. At lower latitudes, both MODIS and VIIRS show fewer valid observa-
tions due to frequent and persistent doud cover near the Inter-tropical Convergence
Zone (ITCZ) (Wylie et al. 2005). As shown in Figure 6, more valid observations are found
in the summer and autumn for both MODIS and VIIRS. The mean area-averaged DPVOs
is 20.8% for MODIS and 11.5% for VIIRS. Such a data availability (around 10.0%) from any
single sensor (either MODIST, MODISA, or VIIRS) doubles that for global ocean chlor-
ophyll observations from MODISA or MODIST (about 5.0%, Feng and Hu 2016) despite
the fact that the study region is in the ITCZ. This is obviously due to the different
requirements on data quality, as MODIS global composites have more stringent require-
ments on data quality. MODIST shows more valid observations than MODISA in all
months (Feng and Hu 2016), but fewer valid observations than VIIRS. While the former
is possibly due to more sun glint in MODISA than in MODIST images, the latter is a result
of larger swath width of VIIRS (3050 km) than MODIS (2330 km). When all three sensors
are combined, the maximum observing capacity is obtained. In any case, a combination
of two or more sensors leads to significantly more valid observations than any single
sensor, arquing for more instruments from polar-orbiting satellites or more measure-
ments from, for example, a geostationary platform. This is not only important for
reducing potential aliasing in statistics, but also critical for near real-time applications
that require data availability every day (Hu et al. 2016).
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Figure 6. Comparison of DPVOs between MODIS and VIIRS in each season of 2016. (b), (0, (d), and
(e) show the DPVOs from MODIS, VIIRS, MODISA, and MODIST, respectively. (a) lists the DPVOs from
both MODIS and VIIRS. The regions near land (dilated 20 km outward from shoreline) are masked to
avoid perturbations of the shallow-water bottom. A number of 25 in the color legend means that
there is a 25% chance of obtaining valid observations at a given 1 km location in a given day.

4.4. Validation

Direct validation of the estimated Sargassum area coverage is extremely difficult or even
impossible for several reasons. One, the coarse satellite pixels (about 1 km) will always
miss small Sargassum mats, as shown in Hu et al. (2015) using satellite and airborne
images with different resolutions (1 km, 30 m, 8 m, and centimetres). This has also been
shown by the contrasting results from Gower and King (2011) and from Hardy (2014)
where the former did not report any Sargassum in the eastern Gulf of Mexico through
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Figure 7. Comparison of area-averaged DPVOs in each month of 2016 between different sensors.
The mean DPVOs of MODIS, VIIRS, MODISA, and MODIST are 20.82%, 11.49%, 10.01%, and 10.81%,
respectively. The MRDs between different sensors are annotated in the figures.

analyzing 1 km MERIS data but the latter showed large amounts through analyzing 30 m
Landsat data (Hardy 2014). The contrasting results are mainly due to their resolution
difference. Two, Sargassum mats in the ocean move with currents and winds, making it
difficult to correlate field and satellite observations in the same locations at the same
time. However, as stated in Wang and Hu (2016) when using MODIS to map Sargassum,
the results represent Sargassum observable by the specific satellite sensor under realistic
ocean conditions. Therefore, considering that the focus of this paper is on the continuity
of Sargassum observing, the emphasis is not the absolute amount but rather the
consistency between MODIS and VIIRS. For this purpose, the validation is on the
unmixing approach using finer-resolution images to provide the ‘truth’.

For this type of validation, two pairs of MODISA and Landsat-8 (L8) images were
analyzed with results provided in Figure S8. As expected, Sargassum slicks extracted
from MODISA and L8 images show similar patterns, with L8 capturing more small
features. On the other hand, the area estimates derived from MODISA and L8 for the
same slicks are very close, suggesting the accuracy of the unmixing approach.

4.5. Implications for different applications

Overall, with reduced SNRs but slightly improved spatial resolution, VIIRS shows
Sargassum detection accuracy of 85.5%, comparable to MODIS performance. The area
estimates as well as spatial/temporal patterns are also consistent with those obtained
from MODIS, although in general VIIRS shows lower area estimates primarily due to its
lower SNRs in the NIR bands as opposed to different data availability (DPVOs) from
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individual observations. The validity of the pixel unmixing results, as verified by
comparisons of measurements from MODIS and Landsat, suggests that both SNRs
and spatial resolution are key requirements for accurate detection and quantification
of Sargassum mats.

There are several implications from these findings. First, operation of the near real-
time SaWs requires as much data as possible from multiple sensors. This is because that
the same locations that are not observable from one sensor (due to sun glint, clouds,
cloud shadows, or large VZAs) may be observable from another. The validated perfor-
mance of VIIRS makes such an addition in data quantity not only feasible, but with data
quality comparable to that of MODIS. This is particularly useful when considering the
wider swath width of VIIRS (3050 km) than MODIS (2330 km). Two, for science applica-
tions, VIIRS can serve as a continuity mission in case both MODIS sensors stop function-
ing, especially after adjusting their differences using regression equations derived from
concurrent observations from all sensors. Likewise, because the recent Sentinel-3 Ocean
and Land Color Instrument (OLCI) is also equipped with similar red and NIR bands as on
MODIS and VIIRS, a similar continuity study may lead to consistent observations to those
of MODIS and VIIRS as well. Finally, at the time of this writing, VIIRS-Il on the Joint Polar
Satellite System (JPSS) follow-on mission is planned to be in space by 2018, which is
expected to provide consistent observations of floating algae from the MODIS and VIIRS
time series, thus extending the current observations to the foreseeable future.

5. Condusion

VIIRS is equipped with similar red and NIR bands as MODIS, and VIIRS AFAl imagery have
been created and used routinely in the near real-time SaWs5 for detecting and tracking
floating macroalgae such as Sargassum. However, VIIRS has different SMRs, spatial
resolutions, and swath width from MODIS. This study presents the first evaluation results
of VIIRS capacity for detecting and quantifying Sargassum macroalgae, in reference
against MODIS observations. Results suggest that the inclusion of VIIRS data can not
only increase data quantity with similar data quality of MODIS, but also provide con-
tinuous and consistent observations of spatial/temporal patterns of Sargassum macro-
algae should MODIS sensors stop functioning.
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