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ABSTRACT: Since 2011, pelagic Sargassum has experienced extraordinary blooms in the Tropical Atlantic where a system of persistent
but seasonally variable currents has retained and consolidated it in large masses. Although beneficial at sea, principally as a unique pelag-
ic habitat, when Sargassum inundates the nearshore environment it can have catastrophic effects on tourism, fisheries, health, and local
ecosystems. Providing advanced warning of arrival dates of large masses of Sargassum is critical for enabling preparations and planning
for its removal, use, and mitigation. Predictions of arrival time and location involve satellite identification of Sargassum at sea together with
ocean current data for forward model tracking. However, forecast ocean current data are generally valid for only 5—7 days. In this study,
ocean currents from 2 models (HYCOM and OSCAR) are validated against satellite tracked drifters from the Global Drifter Program with
vector correlation and with skill in replicating a drifter pathway. Various wind additions to the models are also tested. Although both models
capture the surface current systems in the Tropical Atlantic, they are mediocre in performance along both boundaries. In contrast, a drifter
based current data model with 0.5% wind addition had high skill levels. This skill-tested drifter—based model was then used to determine
marine connectivity across the Tropical Atlantic and suggests a much broader spread of Sargassum in the eastern Tropical Atlantic than
is presently observed by satellites, conforming to earlier hypotheses. This model forms the basis for seasonal scale Sargassum forecasting.
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INTRODUCTION

Since 2011, large quantities of pelagic Sargassum spp. (S. na-
tans and S. fluitans; hereafter referred to as pelagic Sargassum)
have repeatedly inundated coastal locations in the Tropical
Atlantic, from equatorial Brazil, throughout the Caribbean,
and along West Africa from Sierra Leone through the Gulf
of Guinea (Johnson et al. 2013, Franks et al. 2016a, Wang et
al. 2019). Although pelagic Sargassum was previously known
to occur periodically in this region, the sudden appearance of
such massive quantities was unprecedented and suggested a
new consolidation region for pelagic Sargassum had been es-
tablished across the equatorial region of the Tropical Atlan-
tic, and that it most likely began to bloom there around 2010
(Gower et al. 2013). The system of persistent ocean currents in
this equatorial region can circulate pelagic Sargassum through-
out the region and consolidate it on scales sufficiently large for
in—situ blooming to occur under excellent growth conditions
(Franks et al. 2016b). This new region has been supplying mass
pelagic Sargassum influxes to the Caribbean and West Africa
since 2011. Prior to 2011, pelagic Sargassum consolidation and
mass blooming was unique to the sub—tropical North Atlantic
(Sargasso Sea and the Gulf of Mexico [GOM]; Laffoley et al.
2011).

Individual pelagic Sargassum thalli propagate vegetatively
and can reach up to 1 m length. They can easily entangle with
other thalli and, under the right sea conditions, form large
rafts of pelagic Sargassum which may span several kilometers

and create a distinctive marine habitat (Butler et al. 1983).
Conversely, currents, winds and waves are also active in break-
ing the loosely entangled structures apart and dispersing in-
dividual pelagic Sargassum strands and clumps over long dis-
tances, connecting otherwise isolated marine ecosystems with
uncertain consequences.

In pelagic Sargassum consolidation regions offshore, the
floating rafts and long lines can be of enormous ecological
benefit, supporting a large and diverse marine community
from epiphytes and small invertebrates to large pelagic fishes
and seabirds (Laffoley et al. 2011, Huffard et al. 2014, Mon-
roy—Velazquez et al. 2019). In recognition of its value as essen-
tial fish habitat, protection is given for the Sargasso Sea under
the International Sargasso Sea Alliance (Laffoley et al. 2011).
In addition, the US National Marine Fisheries Service (NMFES)
implemented a fishery management plan for pelagic Sargassum
habitat within waters of the US south Atlantic region NMFS—
NOAA 2003). Despite its ecological value when at sea, impacts
on local ecosystems, human health, coastal livelihoods, and
national economies throughout the equatorial Atlantic and
Caribbean have been, and continue to be, extremely serious
when pelagic Sargassum washes ashore in large masses (hereaf-
ter referred to as events; e.g. Louime et al. 2017, McLawrence
et al. 2017, van Tussenbroek et al. 2017, Langin 2018, Resiere
et al. 2018).

Cataloging the new distribution of pelagic Sargassum out

SThis article is based on a presentation given in November 2019 at the 72 annual Gulf and Caribbean Fisheries Institute conference in Punta Cana, Dominican
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side of its historic locations in the North Atlantic Gyre (Sargas-
so Sea) and GOM and prediction of its arrival along coastlines
in the Tropical Atlantic and the Caribbean has become para-
mount (UNEP 2018"). Validating transport models of pelagic
Sargassum and understanding the connectivity between consoli-
dation areas by ocean currents is essential for accurate predic-
tion of coastal pelagic Sargassum events and determination of
annual and inter—annual event cycles. This is critical for in-
forming appropriate response and adaptation measures to the
pelagic Sargassum events, which have significant implications
for small—scale fisheries, tourism and human health, as well
as innovative valorization of pelagic Sargassum in agriculture,
renewable energy, carbon sequestration, and as a raw material
in a myriad of potential products (UNEP 2018!, Desrochers et
al. 2020).

There has been much effort expended over the last few years
to understand pelagic Sargassum arrival and transport through-
out the Wider Caribbean (e.g., Wang and Hu 2016, Brooks et
al. 2018, Putman et al. 2018, Wang et al. 2018, 2019, Johns
et al. 2020). New and experimental products have been de-
veloped, which provide valuable insight into the comparative
presence of pelagic Sargassum blooms across the Caribbean and
GOM, and visual assessment of the probability of inundation
(e.g., Webster and Linton 2013, Hu et al. 2016, Wang and Hu
2017, Arellano—Verdejo et al. 2019). Some of
these products are freely accessible (e.g., USF’s
Optical Ocean Laboratory, Satellite—based Sar-
gassum Watch System (SaWS) [https://optics.
marine.usf.edu/projects/SaWS.html], NOAA’s
Atlantic Oceanographic and Meteorological
Laboratory Ocean Viewer [https://cwcgom.
aoml.noaa.gov/cgom/OceanViewer/]).  Other
initiatives are striving to provide more accurate
forecasting. Examples of high resolution, short—
term forecasting include Maréchal et al. (2017),
Sutton (2019) and Bernard et al. (2019). To date
however, there are few examples of longer—term
(seasonal) forecasting of pelagic Sargassum arriv-
al. Johnson and Franks (2019) have used clima-
tologies from different ocean current data sets,
together with 7—day composite satellite images
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Despite the ongoing efforts, UNEP (2018') highlight the cur-
rent gap between researchers developing pelagic Sargassum iden-
tification and forecasting methods, and national and regional
agencies challenged to deal with the problem. Indeed, the com-
munication of reliable long—term (years) and medium—term
(months) forecasts of pelagic Sargassum arrivals to stakeholders
is critical for the Caribbean region for adaptation and inno-
vation to this new climate hazard and opportunity (Cox and
Oxenford 2019).

In this study, we evaluate the performance of 2 ocean cur-
rent models and a climatological drifter—based dataset in the
complex equatorial region of the Tropical Atlantic as a founda-
tion to longer—term prediction of pelagic Sargassum events. We
then use the best performing current dataset to (1) examine
connectivity of pelagic Sargassum between eastern and western
equatorial Atlantic consolidation areas and the Western Tropi-
cal Atlantic, and to (2) provide the first medium—term forecasts
of pelagic Sargassum events in the Eastern Caribbean by track-
ing from identifications in regional satellite imagery. Further,
we address the communication gap by using our predictions to
provide island—scale information and guidance to the Eastern
Caribbean islands’ fisheries and tourism stakeholders via the

publication and distribution of the Sargassum Sub—Regional
Outlook Bulletin.

0.05
Current Speed

of the Alternative Floating Algae Index (AFAI),
to provide a ‘threat level’ forecast of pelagic Sar
gassum in the Eastern Caribbean. As they point
out however, the considerable variations in
models used for tracking pelagic Sargassum and
lack of model validation and skill assessment

contributes significantly to the present low level of forecasting

precision.

'UNEP. 2018. Sargassum outbreak in the Caribbean: Challenges,
opportunities and regional situation. UNEP(DEPI)/CAR WG.40/ INF8
Sargassum White Paper. Meeting of the Scientific and Technical
Advisory Committee (STAC) to the Protocol Concerning Specially
Protected Areas and Wildlife (SPAW) in the Wider Caribbean Region,
Panama City, Panama, 5 — 7 December 2018, 16 p. http://gefcrew.org/

carrcu/SPAWSTACS/Info—Docs/WG.40_INF8—en.pdf

FIGURE 1. Ocean surface current streamlines showing study area. Noted currents are Guy-
ana Current (GyC), North Brazil Current Retroflection (NBCR), North Brazil Current (NBC),
South Equatorial Current (SEC), Benguela Current (BC), Guinea Current (GC), and North
Equatorial Counter Current (NECC).

MATERIALS AND METHODS

Three sets of archived gridded ocean currents (tracking—cur-
rents) obtained from HYCOM, OSCAR and a climatological
drifter dataset were evaluated for use in pelagic Sargassum pre-
diction and connectivity across the Tropical Atlantic between
10°S and 20°N latitudes (Figure 1). First, modeled ocean cur-
rents from HYCOM and OSCAR were statistically compared
to drogue—off drifter currents over the period 2013—2014 as a
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means of validating these models. Secondly, the models and
the climatological drifter dataset were skill—assessed against a
drifter pathway right across the equatorial Atlantic to examine
their performance in emulating the track. The datasets used
are described in detail here, followed by the steps taken to
evaluate performance.

Satellite tracked drifters

Satellite tracked drifters (also referred to as mixed layer
drifters) from the Global Drifter Program (GDP, formally SVP,
https://gdp.ucsd.edu/Idl/svp/) have been deployed around
the globe since 1979 and consist of a low—windage surface
satellite transmitter (35 cm spherical hull) tethered by a thin
cable to a semi—rigid Holey—Sock drogue centered at 15 m
depth. Archived data records (https://www.aoml.noaa.gov/
phod/gdp/) contain longitude/latitude, date/time and calcu-
lated current components (u—east, v—north). Data are quality
checked and spline fit to 6—h intervals (Lumpkin and Pazos
2007). The metadata set associated with each drifter ID con-
tains a drogue—off flag, noted at the location and time when
drogue loss occurs. Although GDP drifters were designed to
last in excess of 400 d, loss of drogue is common before loss
of battery. The drifting transmitter buoy (drogue—off drifter)
then becomes a reasonable representation of surface currents
providing that windage on the drifting buoy is considered.
For example, global statistics of slippage for these drogue—off
drifter buoys has been determined at 1% * 0.5% of wind speed
at 10 m height (Pazan and Niiler 2001).

The following drifter data were used here: (1) data from
all Tropical Atlantic drifters (comprising about 1.25 million
data points) available between 1990 and 2019 (this data set
is referred to herein as the ‘climatology drifter—based current
dataset’); (2) data from all Tropical Atlantic drifters that lost
their drogues (drogue—off drifters) available between 2013 and
2014 (n = 8,398); and (3) data from drifter ID 118523 that lost
its drogue in April 2013 but continued to track currents until
July 2014.

A gridded set of drifter current vectors for the drifters was
created by interpolation to the HYCOM grid (1/12° longi-
tude/latitude) at 365 year—days using an inverse distance in-
terpolator with a cut—off at 2° longitude/latitude. Spline fits
over time filled most of the offshore voids, many of which were
found at grid points along the equator where mixed layer drift
ers tend to flow around the shallow Equatorial Undercurrent
(EUC).

Hybrid Coordinate Ocean Model (HYCOM)

The Hybrid Coordinate Ocean Model (Bleck 2002, http://
hycom.org) is a finite difference numerical model with 1/12°
longitude/latitude resolution. It is a foundation for the Global
Ocean Forecasting System (GOFS). It has high vertical resolu-
tion in the mixed layer with surface currents representing the
upper 1 m. One advantage of the hybrid coordinate system is
its ability to transition from ocean basin to continental shelf.
A second, major advantage is its use of data assimilation (altim-
etry especially) to phase—lock the model to real events. Rather
than directly incorporating surface data into the equations of
motion, assimilation is approached by providing a climatology

of temperature and salinity structure and converting remotely
sensed data into dynamic corrections to this climatology (Fox
et al. 2002).

Global validation of the model output is done by statistical
comparison with the GDP drifters described above (Metzger
et al. 2017). In 2017 the GOFS 3.0 system was transitioned to
GOFS 3.1 with improvements in wind—stress forcing and near
surface layering. Wind stress forcing in the improved system
accounts for the alteration of surface wind shear due to surface
currents.

Ocean Surface Current Analyses Real—time (OSCAR)

Ocean Surface Current Analyses Real—time (OSCAR) is a
NASA diagnostic model developed by ESR (Earth and Space
Research; Dohan 2017) with a global surface current database.
OSCAR data were obtained from NASA’s Jet Propulsion Labo-
ratory (JPL) Physical Oceanography Distributed Data Archive
Center (DAAC). Mixed layer currents are calculated (Bonjean
and Lagerloef 2002) with simple physical representation using
satellite sensed sea surface height (altimeter), wind and sea sur-
face temperature measurements, and interpolated to 1/3° lon-
gitude and latitude horizontal grid resolution at 5 d intervals.
Dynamic improvements for equatorial regions where the Co-
riolis parameter goes to zero are implemented. In contrast to
HYCOM, the remotely sensed forcing parameters are directly
incorporated into the diagnostic model. It is globally tuned
to GDP drifters described above and, hence, represents the
mixed layer as ‘slab’ motion.

National Center for Environmental Prediction (NCEP)
winds

NCEP—Reanalysis marine surface wind data were obtained
from NOAA, Boulder Colorado (https://psl.noaa.gov/data/
gridded/data.ncep.html). Meridional and zonal daily 10 m
winds were obtained at 2.5° horizontal resolution and inter-
polated to the HYCOM grid (1/12°) or OSCAR grid (1/3°).
For comparison experiments in parcel tracking, wind vector
components from 2013—2014 were added to HYCOM and
OSCAR surface currents as a percent of wind speed. Climato-
logical winds (averages over 2010 to 2017) were also added to
the gridded drifter current dataset to investigate the impact of
wind—forced slippage (drifter/model—parcel motion through
the water). Tests were made of wind additions to model cur-
rents of between 0.5% to 2.0% of the wind speed at 10 m.

Model validation

Modeled currents (from HYCOM and OSCAR) were inter-
polated to drogue—off drifter locations for statistical compari-
son. Currents derived from all drifters in the Tropical Atlantic
between 2013—2014 that lost drogues (n = 8,398) were used
in this direct vector correlation (following Kundu 1976) with
model produced tracking—currents. For calculation of vector
veering (angle between drifter and modeled vectors) the set was
divided into northern and southern hemisphere (n = 5,413 and
2,985 respectively).

Trajectory skill assessment

It is important to assess the ‘skill’ of different ocean cur
rent models and ocean current datasets to determine how
accurately they mimic the actual recorded track of a drifter
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FIGURE 2. Global Drifter Program (GDP) drifter (ID 118523, black line) that lost its
drogue on 6 April 2013 and died in the Gulf of Guinea in July 2014. Red stars are end

points for forward and back tracking comparisons. Black squares are at monthly intervals

ments, L = length of segment, and Ad = end
distance between drifter segment and simulated
track. For skill assessment, S = 0 is defined as no
skill and S = 1 as perfect skill. If S <0 then set S
= 0. Our measure of model skill in determining
connectivity along the entire track is defined

to be the mean of forward track and backward
track skills for all segments.

In order to examine regional skill, segment
locations along the track were separated into 3
regions, a NE Brazil section, a North Equatorial
Counter Current (NECC) section and a West Af-
rica section (Figure 3). A segment length of 60
d (=25% of entire drifter track length) was cho-
sen after initial trial runs indicated that this was
an appropriate length for providing reasonable

starting on 1 April 2013. Arrows show direction of travel.

visual separation to determine skill in different
regions of the drifter track. Marine connectivity

when both forecasting and hindcasting. This is especially true
over large distances in order to validate not only the accuracy
of end points but also the route taken along the way, to fully
understand connectivity of marine areas. Model—based track-
ing can start and end at the correct locations (demonstrating
connectivity between marine areas at end points) but may show
little resemblance to the actual path taken and therefore mis-
represent the real connectivity of marine areas. Trajectory skill
assessment (Liu et al. 2014) has been developed and used to
compare the relative performance of altimeter—based models
in the GOM.

In the present skill study, we used drifter ID 118523 which
was launched in March 2013, dropped its drogue on 6 April
2013 and continued to drift from the equatorial channel up
the coast of Brazil and back to Africa where it entered the west
African coastal current in December 2013 and finally died in
the Gulf of Guinea in July 2014 (Figure 2). From drogue—off
to arrival off Africa the track is 9800 km in length and 243 d
in duration. This drifter track passed through much of the area
where modeling is questionable, such as the equator, the Ama-
zon outflow, the west coast of Africa and the Gulf of Guinea,
and provides an excellent opportunity to evaluate skill of repli-
cation for both forward and back tracks using

between the two locations is considered reasonable (not spuri-
ous) when the 2—way tracks coincide (e.g., Breivik et al. 2012).

Examining connectivity across the Tropical Atlantic

Connectivity between the Caribbean and the Tropical At
lantic was reexamined by using our skill assessed climatology
drifter—based current dataset to backtrack from 39 pelagic
Sargassum events (37 in the Eastern Caribbean and 2 in West
Africa) reported in 2011 by Franks et al. (2016b). Multiple year
backtracking from these events was done with the year—day cli-
matology by simply adjoining 2 one—year records. Event dates
were best estimates from event reports and ran from 8 April to
23 December 2011. These were backtracked to what would be
the equivalent of 1 January 2010 in the climatology. This end
date was chosen because of the occurrence of an historic low
in the North Atlantic Oscillation index, and the suggestion by
Johns et al. (2020) that a wind anomaly over the central/east-
ern portion of the North Atlantic during January—March 2010
could have brought sufficient quantities of pelagic Sargassum
into the Tropical Atlantic for bloom to occur. To account for
sub—grid scale turbulent diffusion, 10 parcels were launched at
each event site with a stochastic current addition of 1% of the
current speed.

the ocean current models, including the grid-
ded set of drifter tracking—currents we refer
to as the climatology drifter—based current da-
taset. The skill assessment involved launching
parcels at 10 d intervals along the drifter track
and running them forwards and backwards for
60 d segments using each of the different mod-
els and the climatology drifter—based current
dataset with the addition of different wind fac-
tors (slippage). Skill (S) is determined for each
segment (i) from the separation distance at the
end of the segment divided by the length of the
drifter track segment:
Equation 1:  Si = 1-Adi/Li,
where i = 1 to n, n = total number of seg-
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FIGURE 3. Regional division of segments for skill assessment. Squares represent 10
d launch intervals for each 60-d segment. NE Brazil: Blue squares. NECC/NBCR: Red
squares. West Africa: Green squares.
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ResuLts

Validation of ocean current models

Modeled currents from both HYCOM and OSCAR yield-
ed encouraging statistical comparisons (Table 1) to satellite
tracked drifters that had lost their drogues (n = 8,398) but con-
tinued to record movement. The mean speed of all drogue—off
drifters in the Tropical Atlantic study area for the years 2013—

TABLE 1. Summary of model validation results showing mean speed
and vector correlations of model currents versus drogue-off drifters in
the tropical Atlantic for the period 2013-2014 (n = 8,398). Mean
speed of drifter set was 0.308 m/s. Slippage is the percent wind at
10 m added to the model. A positive veer means model vector is
clockwise from drifters and a negative veer is counterclockwise. N/S
is north (+) or south (-) of the equator.

Model Slippage Mean Correlation Degrees
Speed Veer

(%) (m/s) (r?) (N/S)
HYCOM_GOFS3.1 0 0.268 0.50 2.4/-5.7
HYCOM_GOFS3.1 1.0 0.308 0.52 1.2/-2.6
HYCOM_GOFS3.0 0 0.332 0.32 -1.3/-10.3
HYCOM_GOFS3.0 1.0 0.358 0.35 2.1/75
OSCAR 0 0.234 0.77 2.9/-2.6
OSCAR 1.7 0.308 0.73 1.0/1.4
Drifters N/A 0.308 N/A N/A

2014 was calculated as 0.308 m/s. This is faster than the actual
mean speed of surface water flow, due to wind forced slippage
of the drogue—off transmitter buoys that travel through the
water (rather than simply with the water). The mean speed of
HYCOM (measuring surface water) and OSCAR (measuring
the average over the surface layer to a depth of 15 m) currents
calculated for this Tropical Atlantic region compared favorably
to the drifter data set, giving mean speeds of 0.268 m/s and
0.234 m/s, respectively. To match drogue—off drifter speeds,
HYCOM had to be multiplied by 1.070% (rounded to 1%) of
the wind speed, matching known slippage of these drifters and
confirming that HYCOM should not need a wind addition to
match surface flow. OSCAR had to be multiplied by 1.725%
(rounded to 1.7%). Comparison between HYCOM GOFS 3.1
and GOFS 3.0 shows that there has indeed been a small im-
provement in mean speed comparison and correlated variance
in speed. In summary, HYCOM GOFS 3.1 with a 1% wind
addition was able to account for 52% of the variance in vector
correlation (Table 1).

OSCAR mean speed matched the drogue—off drifter set
mean speed when a wind addition of 1.7% of the 10 m wind
speed was added to modeled currents. Again, comparison of
this result to the observed global slippage of drogue—off GDP
drifters (i.e., 1.0% * 0.5% of wind) suggests that a wind addi-
tion of ~0.7% can be added to OSCAR modeled currents to
simulate surface water flow. Since OSCAR currents are tuned
to mixed layer slab flow, this wind addition is reasonable in or-
der to reproduce wind forced surface flow. Vector correlation
amplitude is higher in OSCAR (the model can account for

73% of vector correlation variance) than HYCOM and the cor
related deflection angle between OSCAR and drifter currents
remains remarkably low showing little Ekman veering between
the surface and the 15 m simulation by OSCAR (Table 1).

Skill assessments

Although statistical comparison of speed and vector correla-
tion between drogue—off drifters and modeled currents was
encouraging, attempts to simulate the drifter path backward
and forward from points along the drifter path gave mixed
results (Table 2). Sixty—day modeled segments along drifter
ID 118523 path at 10 d intervals were divided into NE Bra-
zil, NECC including the North Brazil Current Retroflection
(NBCR) and West African regions by historical regional dy-
namics and by visual appearance of the results (Figure 4). Skill
for each segment was averaged by region and by the entire track
in each direction. Considering wind slippage on the drifter,
results from the models (1% wind addition to HYCOM and
1.7% to OSCAR) gave a total skill (mean backwards and for-
wards) over all segments of S ~ 0.50. Worst skill was obtained
off NE Brazil and West Africa, and best in the NECC/NBCR
(Table 2).

Although not completely comparable to HYCOM and OS-
CAR, trajectory simulation skill was also determined for the
year—day climatology drifter—based current dataset against

the drogue—off drifter ID 118523. Table 2 shows the skill—

TABLE 2. Summary of skill assessment results showing the skill in simu-
lating drifter ID 118523 path with forward and backward tracking
using different current models (HYCOM GOFS3.1 and OSCAR) and
the climatology drifter-based current dataset with different levels of slip-
page applied. Results show mean skill levels (S) for all 60 d segments
within each geographic region (NE Brazil, NECC/NBCR, W Africa)
and an overall mean for each model variation. Slippage is the per-
cent wind speed at 10 m height added to the model and the gridded
drifter climatology. n - the number of 60 d segments; NECC - North
Equatorial Counter Current; NBCR - North Brazil Current Retroflection.

Model Slippage Skill level (S)
NE Brazil NECC W Africa Overall
/NBCR mean
HYCOM forward 0 0.67 0.70 0.59 0.66
HYCOM back 0 0.56 0.79 0.34 0.60
HYCOM forward 1.0 0.09 0.75 0.55 0.49
HYCOM back 1.0 0.77 0.55 0.11 0.49
OSCAR forward 0 0.41 0.68 0.22 0.48
OSCAR back 0 0.56 0.79 0.34 0.60
OSCAR forward 1.7 0.35 0.61 0.40 0.50
OSCAR back 1.7 0.41 0.54 0.52 0.51
Drifters forward 1.7 0.70 0.69 0.60 0.66
Drifters back 1.7 0.77 0.55 0.68 0.64
Drifters forward 0.7 0.68 0.84 0.47 0.76
Drifters back 0.7 0.80 0.82 0.89 0.84
Drifters forward 0.5 0.63 0.86 0.62 0.75
Drifters back 0.5 0.80 0.82 0.89 0.84
Drifters forward 0 0.90 0.87 0.75 0.84
Drifters back 0 0.87 0.82 0.92 0.86
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FIGURE 4. Model current trajectory segments shown together with drogue-off drifter (ID 118523) track. Segments launched at 10 d intervals (black
diamonds) along the drifter track and tracked in the models for 60 d. Left: HYCOM GOFS3.1 model with 1% wind addition. Right: OSCAR model with

1.7% wind addition. Upper: Forward tracking. Lower: Back tracking.

level calculated using wind additions to the drifter currents be-
tween 0% and 1.7% of climatological wind speed. Mean skill
for all sets was S ~ 0.77; range 0.64—0.86 (considerably higher
than for the HYCOM and OSCAR models), and with low vari-
ability, especially among datasets with wind addition of 0.7%
or less. Like HYCOM and OSCAR tests, daily positions of 60
d segments at 10 d intervals along the track are shown (Figure
5). This substantially higher skill from trajectory tracking using

Drifter Climatology
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a drifter—based current product with a small wind addition (0
- 0.7%) suggests its greater accuracy for long range predictions
and determination of marine connectivity between the pelagic
Sargassum consolidation areas in the Tropical Atlantic.
Examining connectivity across the Tropical Atlantic
Connectivity between the Caribbean and the Tropical At
lantic was demonstrated by backtracking from pelagic Sargas-
sum events in 2011 using our skill—assessed current product
(the climatology drifter—based current dataset with 0.5% wind
addition; Figure 6a). The modeled tracks also show 2 likely pe-
lagic Sargassum consolidation areas off West Africa, one in the
eastern portion of the NECC and one along the equator west
of Gabon. Tracking forward from the 1 January 2010 ending
sites for 2 years (Figure 6b) clearly shows not only a pelagic Sar
gassum belt extending from the Caribbean back to West Africa,
but a continuation of the belt into the Gulf of Guinea and an
equatorial return flow to Brazil, completing the circuit. Pelagic
Sargassum landings are observed from about 5° S along the coast
of Brazil to the Antilles Islands of the Caribbean, and along the
coast of West Africa from Gabon to about 10°N (Figure 6b).

DiscussioN

Long—range prediction

This study has been motivated by the need to predict pelagic
Sargassum events in the Eastern Caribbean on medium—term

FIGURE 5. Forward (upper) and back (lower) tracked segments using cli-
matology drifter-based currents with 0.5% wind addition. Black line is drifter
path and diamonds are skill segment starts at 10 d intervals.
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difference model (HYCOM—GOFS 3.1) and a diagnostic
model (OSCAR) in an attempt to validate their usefulness
in tracking pelagic Sargassum. Two principle assumptions
have been made: (1) that pelagic Sargassum in rafts and lines
large enough to be identified in optical satellite imagery are
transported at the same speed as the upper meter of water,
and (2) that drogue—off GDP drifters slip in comparison
to the upper meter of water at ~1% of the wind speed at 10
m height (Pazan and Niiler 2001). With these conditions,
HYCOM was found to match mean surface current speed
with no wind addition. This should not be surprising since
extensive validation efforts (Metzger et al. 2017) have been
employed to develop, validate and verify GOFS for Naval
operational nowcast/forecast using GDP drifters. However,
HYCOM could only account for 52% of the vector correla-
tion variance. OSCAR required ~0.7% wind speed addition
to its currents at 15 m depth to match mean surface current
speed and explained 73% of the variance. In both cases cor-
related angle of veering between model and drifter vectors
was small.

Calculated skill in following the path of a drogue—off
drifter over 8 months and 9,800 km was only moderate for
both HYCOM and OSCAR (S ~ 0.5, with 0.0 being no skill
and 1.0 perfect skill), even when appropriate wind addition
was incorporated to match drogue slippage. It should be

FIGURE 6. Simulations of pelagic Sargassum tracks in the Tropical Atlantic
using the skill-assessed climatology drifter-based dataset with 0.5% windage.
A. Shows back-tracks of 10 parcels launched at each of 39 pelagic Sargassum
event sites from 2011 with a stochastic dispersal. Red stars are start locations;
purple squares are ending locations on the climatological equivalent of 1 Janu-
ary 2010. Daily points are plotted along tracks as small blue dots. Note clus-
tering of endpoints in two locations off Africa. B. Shows forward tracks from the
1 January 2010 end locations (purple squares in Figure 6A). White squares
are groundings of some parcels showing the likely distribution of pelagic Sar-
gassum events in the tropical Atlantic. Density of daily points (blue dots) show
likely paths of pelagic Sargassum transport. Note pelagic Sargassum belt ex-
tending along the coast of Africa from Sierra Leone through the Gulf of Guinea

noted, however, that the drifter passed through a wide vari-
ety of complex dynamic current regimes. It traversed from
south of the equator in the South Equatorial Current (SEC)
through bifurcation at Cabo Sao Roque Brazil, across the
mouth of the Amazon during peak outflow in May (Dai and
Trenberth 2002). Then, it moved into the North Brazil Cur-
rent Retroflection (NBCR) where it circled for several loops,
and finally into the NECC where it encountered long waves
of length appropriate to Rossby waves emanating from the
coast of Africa. It is interesting to note here that both HY-

with an equatorial return path.

COM and OSCAR appear to simulate the oceanic first

(seasonal) and long—term (annual) scales (UNEP 2018!, Cox
and Oxenford 2019). Prediction requires: (1) satellite identifi-
cation of pelagic Sargassum (Wang and Hu 2016, 2017) in the
Atlantic, and (2) forward tracking to the date of arrival using
modeled ocean currents. This presents a number of challenges.
First, the limited optical satellite coverage in the cloud covered
pelagic Sargassum source regions of the equatorial and eastern
tropical Atlantic is a primary hindrance to longer range fore-
casts, presently limiting predictions to a 3 month time scale.
Second, ocean currents from different models used to date
produce significantly different trajectories when applied to
forward and back tracking (Johnson and Franks 2019) in this
dynamic ocean region creating uncertainty in both arrival time
and identification of source region.

Here we have focused on the second challenge by using GDP
surface buoys that have lost their drogues to compare with sim-
ulated trajectories using ocean currents generated by a finite

mode Rossby wave motions (Chelton and Schlax 1996) of

the drifter in the NECC with significant north/south excur-
sions at ~500—800 km wavelengths. Before the drifter reached
the coast of Africa, however, seasonal reversal of the NECC
began (November) with concomitant slowing and change in
motion of the drifter. Poorest skill from the models occurred
along the western boundary (off NE Brazil) and off west Africa
within the complex seasonal reversal of the NECC.

Combined results from vector correlations and skill analysis
suggest that the wind driven component of surface currents is
captured by HYCOM and with wind addition to OSCAR, but
the geostrophically balanced current component may be under-
represented. Away from frictional boundary layers, steady state
surface currents can be approximated by a wind driven com-
ponent plus a geostrophic component. The latter is dominated
by Sea Surface Height (SSH) gradients balanced by Coriolis.
However, in equatorial regions, the Coriolis force goes to zero
as do SSH gradients in a balanced flow. Since both HYCOM
and OSCAR rely on satellite altimeter measured SSH for deter-
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mination of the geostrophic surface currents, it should not be
surprising that both models would be sensitive to noise in the
weak SSH signal (Bonjean and Lagerloef 2002). Furthermore,
in equatorial regions, optical satellites are clearly compromised
by water vapor and African dust (Foltz and McPhaden 2008)
as well as by cosmic ray interference with their sensors. These
same factors create noise in altimetric satellites which, together
with low SSH gradient signals, reduce the ability of models to
simulate surface currents in this region.

Although beyond the scope of this study, it is suspected that
Rossby and internal Kelvin waves, which play a large role in
distributing energy, may not be well represented in altimetric
forced models of the equatorial region. Rossby waves are ubig-
uitous throughout the oceans and are the result of transient
adjustments to changes in atmospheric forcing (Chelton and
Schlax 1996). Kelvin waves also redistribute energy but along
boundaries, including coastlines and the equator (Djakouré et
al. 2017%). Along the coast of west Africa where the coastline
turns sharply, coastal Kelvin waves shed energy into westward
propagating Rossby waves (Shriver et al. 1991). This complex
system of energy redistribution can manifest itself in strong
transient currents with relatively weak SSH gradients, difficult
to accurately detect. A further difficulty is the limited represen-
tation of river outflow in the models in this equatorial region
that receives outflow from 2 of the world’s largest rivers, the
Amazon River in the west and the Congo River in the east.

In contrast, a gridded climatological ocean current model
based on GDP drifters with 0.5% wind addition had a high
skill in forward and backward track comparisons with a
drogue—off drifter across almost 10,000 km of the tropical At
lantic. Although regional improvements are needed, particu-
larly within the Amazon outflow and in the Gulf of Guinea,
and the question of pelagic Sargassum slippage is unclear, this
gridded dataset is an improvement for long—range predictions
of pelagic Sargassum arrival in the Caribbean and for marine
connectivity studies.

Interpretation of satellite imagery to identify and visualize
pelagic Sargassum has been an important breakthrough over
the past decade (Gower et al. 2013, Wang and Hu 2016, 2017,
Wang et al. 2019). However, cloud cover, optical noise and im-
age resolution have inhibited detection of pelagic Sargassum
by satellites in much of the region. As such, distribution of
pelagic Sargassum along the equator and the Gulf of Guinea
has generally not been recognized, although historical surface
currents suggest that this is an important component of the
distribution and recirculation of pelagic Sargassum (Franks
et al. 2012, Johnson et al. 2013, Franks et al. 2016a, b). Fur-
thermore, confirming connections between pelagic Sargassum
events in the Eastern Caribbean and regions of consolidation
and blooms in the tropical Atlantic have been hampered, not
only by the constraints of satellite identification, but by un-
certainty in ocean current model accuracy over long distance
paths through complex ocean dynamic regions.

In this study we have used our skill—assessed gridded clima-
tology drifter—based current dataset for back—tracking from
previously reported pelagic Sargassum events in the Eastern

Caribbean to consolidation regions. As such, our results sup-
port the hypothesis of Franks et al. (2016b), based on HYCOM
model tracks and drifter pathways, of 2 major consolidation ar-
eas in the tropical Atlantic. These areas include one in the west
in the area of the NBCR and one (not generally recognized
in most studies) broadly spread in the eastern tropical Atlan-
tic along and offshore the coast of West Africa from Sierra
Leone through the Gulf of Guinea. From the present study,
the eastern consolidation area may be better represented as 2
core areas, one off Sierra Leone and one west of Gabon along
the equator. Forward—tracking for 2 years from these eastern
endpoint locations produced a clustering of daily track points
which extends across the NECC from the NBCR and then
down the coast of West Africa and into the Gulf of Guinea.
There is also a narrow strip of clustered points in the equato-
rial channel that connects the eastern consolidation area with
spring pelagic Sargassum events (Franks et al. 2016b) in the
southern Lesser Antilles. The distribution of consolidation ar-
eas together with the general regional circulation pattern sug-
gests that oscillation of pelagic Sargassum between eastern and
western areas gives rise to multi—year fluctuations in arrivals
in the Caribbean and is important to annual and inter—annual
scale predictions. This forward tracking also indicated ground-
ing locations along the coasts of West Africa, South America
and the entire Antilles island chain that align with pelagic Sar-
gassum events reported from these locations (e.g., NE Brazil: de
Széchy et al. 2012, Sissini et al. 2017; French Guiana: Florenne
et al. 2016; Antilles islands: Franks et al. 2012, McLawrence et
al. 2017; West Africa: Solarin et al. 2014, Komoe et al. 2016).

Communicating pelagic Sargassum forecasts

While this study has made significant progress in improving
the ability to predict pelagic Sargassum arrival in the Eastern
Caribbean from its new source region in the tropical Atlantic,
several constraints remain that still hinder accurate forecasts,
especially over time frames greater than 3 months. Principle
among these are: (1) the capability to detect and quantify pe-
lagic Sargassum by satellites, particularly in the equatorial and
eastern tropical Atlantic, including the Gulf of Guinea; (2)
lack of information on the growth and mortality of pelagic
Sargassum as it travels, that will influence whether the biomass
changes significantly between tracked start and end points;
and (3) a lack of validation efforts across the tropical Atlantic
of wind induced slippage on models versus actual pelagic Sar-
gassum mats in situ.

Growth and mortality rates are highly complex and likely
to be regionally variable in the tropical Atlantic. Although
satellite estimates are important (e.g., Gower and King 2013),
consolidation and dispersal along with seasonal cloud cover
can readily mimic growth and mortality making it difficult to
establish the intensity of pelagic Sargassum events in predictive
models. Estimating wind influence on models (e.g., Putman
et al. 2020) in order to mimic pelagic Sargassum drift will most
likely be dependent on Sargassum mat structure as well as on
regional conditions such as water depth, thermocline depth,
and wind fetch.

Despite recognition of the relatively low precision of pelagic
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Sargassum predictions to date, we are responding to the call
for increased communication between researchers developing
pelagic Sargassum prediction methods and stakeholders faced
with the consequences of pelagic Sargassum events. In this ef-
fort a skill—assessed climatology drifter—based current dataset
is used to provide medium—term (3 month) predictions of pe-
lagic Sargassum events to the Eastern Caribbean sub—region.
These predictions are being communicated via a quarterly
product (Sargassum Sub—regional Outlook Bulletin, https://

sector—specific implications to tourism and fisheries stakehold-
ers (Cox and Oxenford 2019). By simplifying scientific jargon
so that stakeholders can easily understand and benefit from
the forecasts, we anticipate that the bulletin will facilitate wider
access to specifically tailored early warning information, thus
allowing better decision—making by key socio—economic sec-
tors in the Eastern Caribbean islands. We also anticipate that
ongoing research and ground—truthing efforts to address the
present constraints will improve the precision of these forecasts

www.cavehill.uwi.edu/cermes/projects/sargassum/outlook—  over time.
bulletin.aspx) designed to convey island—scale forecasts and
ACKNOWLEDGMENTS

This study has benefited from the support of the Climate Change Adaption in the Eastern Caribbean Fisheries Sector
(CCAFISH) project of the Food and Agriculture Organization (FAO) and the Global Environment Facility (GEF). We are
grateful to the producers of the data sets used in this study: HYCOM (National Oceanographic Partnership Program),
OSCAR (NASA/JPL/PODAAC), GDP drifters NOAA/AOML/PhOD) and winds (NO4A4/OAR/ESRL PSL). We are
especially grateful to C. Hu and M. Wang of the University of South Florida, Optical Oceanography Laboratory for all
satellite imagery that was integral to the model development and for fruitful discussions.

LiteraTure CITED

Arellano—Verdejo, J., H.E. Lazcano—Hernandez, and N. Cabanil-
las—Teran. 2019. ERISNet: Deep neural network for Sargas-
sum detection along the coastline of the Mexican Caribbean.

Peer] 7:6842. https://doi.org/10.7717/peerj.6842.
Bernard D., E. Biabiany, N. Sekkat, R. Chery, and R. Cécé.

2019. Massive stranding of pelagic —sargassum seaweeds on
the French Antilles coasts: Analysis of observed situations
with Operational Mercator global ocean analysis and fore-
cast system. Presented at: 24th Congrés Francais de Méca-
nique, Brest, France, 26—30 August 2019. https://cfm2019.
sciencesconf.org/258628/document (viewed on 9/23/2020).

Bleck, R. 2002. An oceanic general circulation model framed in
hybrid isopycnic—Cartesian coordinates. Ocean Modelling

37:55—88. https://doi.org/10.1016/51463—5003(01)00012—-9

Bonjean, G. and G.S.E. Lagerloef. 2002. Diagnostic model and
analysis of the surface currents in the tropical Pacific Ocean.
Journal of Physical Oceanography 32:2938—2954. https://
doi.org/10.1175/1520—0485(2002)032<2938: DMAAOT>2.0
.CO;2

Breivik, O., T.C. Bekkvid, C. Wettre, and A. Ommundsen. 2012.
BAKTRAK: Backtracking drifting objects using an iterative
algorithm with a forward trajectory model. Ocean Dynamics

62:239-252. https://d0i:10.1007/510236—011—0496—-2
Brooks, M.T., V.J. Coles, R.R. Hood, and ]J.ER. Gower. 2018.

Factors controlling the seasonal distribution of pelagic Sar
gassum. Marine Ecology Progress Series 599:1-18. https//doi.
org/10.3354/meps12646

Butler ]J.N., B.F. Morris, J. Cadwallader, and AW. Stoner. 1983.
Studies of Sargassum and the Sargassum community. Bermuda
Biological Station Special Publication 22, Hamilton, Bermu-

da, 307 p.

Chelton, D.B. and M.G. Schlax. 1996. Global observations of
oceanic Rossby waves. Science 272:234—238. https://doi.
org/10.1126/science.272.5259.234

Cox, S. and H.A. Oxenford. 2019. Summary report on the devel-
opment of the sub—regional Sargassum outlook bulletin for
the Eastern Caribbean. CC4FISH Project Report D24 to the
FAQO. Centre for Resource Management and Environmental
Studies, University of the West Indies, Cave Hill, Bridgetown,
Barbados. 11 p. https://www.cavehill.uwi.edu/cermes/proj-
ects/sargassum/outlook—bulletin.aspx

Desrochers, A., S.—A. Cox, H.A. Oxenford, and B. van Tussen-
broek. 2020. Sargassum uses guide: A resource for Caribbean
researchers, entrepreneurs and policy makers. Report funded
by and prepared for the Climate Change Adaptation in the
Eastern Caribbean Fisheries Sector (CC4FISH) Project of the
Food and Agriculture Organization (FAO). Centre for Re-
source Management and Environmental Studies (CERMES),
University of the West Indies, Cave Hill Campus, Bridgetown,
Barbados. 172 p. https://www.cavehill.uwi.edu/cermes/proj-
ects/sargassum/docs/desrochers_et_al_2020_sargassum_
uses_guide_advance.aspx

Dohan, K. 2017. Ocean surface currents from satellite data. Jour-
nal of Geophysical Research: Oceans 122:2647-2651. https://
doi.org/10.1002/2017JC012961

Dai, A. and K.E. Trenberth. 2002: Estimates of freshwater dis-
charge from continents: Latitudinal and seasonal varia-
tions. Journal of Hydrometeorology 3:660-687. https://
doi.org/10.1175/1525-7541(2002)003<0660: EOFDFC>2.0.
CO;2

de Széchy, MT.M., PM. Guedes, M.H. Baeta—Neves, and E.N.
Oliveira. 2012. Verification of Sargassum natans (Linnaeus)
Gaillon (Heterokontophyta: Phaeophyceae) from the Sargasso
Sea off the coast of Brazil, western Atlantic Ocean. Check
List 8:638—642. https://doi.org/10.15560/8.4.638

Foltz, G. R. and M. J. McPhaden, 2008: Impact of Saharan dust
on tropical North Atlantic SST. Journal of Climate 21:5048-
5060. https://doi.org/10.1175/2008JCLI12232.1

GCFI 28


https://doi.org/10.7717/peerj.6842
https://cfm2019.sciencesconf.org/258628/document
https://cfm2019.sciencesconf.org/258628/document
https://doi.org/10.1016/S1463-5003(01)00012-9
https://doi.org/10.1175/1520-0485(2002)032%3C2938:DMAAOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0485(2002)032%3C2938:DMAAOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0485(2002)032%3C2938:DMAAOT%3E2.0.CO;2
https://doi:10.1007/s10236-011-0496-2
file:///C:\Users\Don\Desktop\pubs\gcfi2019_dr\pub\https\doi.org\10.3354\meps12646
file:///C:\Users\Don\Desktop\pubs\gcfi2019_dr\pub\https\doi.org\10.3354\meps12646
https://doi.org/10.1126/science.272.5259.234
https://doi.org/10.1126/science.272.5259.234
https://www.cavehill.uwi.edu/cermes/projects/sargassum/outlook-bulletin.aspx
https://www.cavehill.uwi.edu/cermes/projects/sargassum/outlook-bulletin.aspx
https://www.cavehill.uwi.edu/cermes/projects/sargassum/docs/desrochers_et_al_2020_sargassum_uses_guide_advance.aspx
https://www.cavehill.uwi.edu/cermes/projects/sargassum/docs/desrochers_et_al_2020_sargassum_uses_guide_advance.aspx
https://www.cavehill.uwi.edu/cermes/projects/sargassum/docs/desrochers_et_al_2020_sargassum_uses_guide_advance.aspx
https://doi.org/10.1002/2017JC012961
https://doi.org/10.1002/2017JC012961
https://doi.org/10.1175/1525-7541(2002)003%3C0660:EOFDFC%3E2.0.CO;2
https://doi.org/10.1175/1525-7541(2002)003%3C0660:EOFDFC%3E2.0.CO;2
https://doi.org/10.1175/1525-7541(2002)003%3C0660:EOFDFC%3E2.0.CO;2
https://doi.org/10.15560/8.4.638
https://doi.org/10.1175/2008JCLI2232.1

Johnson et al.

Florenne, T., F. Guerber, and F. Coals—Belcour. 2016. Le phé-
nomeéne d’échouage des sargasses dans les Antilles et en
Guyane. Rapport a Ministére des Outre—Mer, Ministére
de ’Environnement, de I’Energie et de la Mer et Ministére
de I’Agriculture, de ’Agroalimentaire et de la Forét, Paris,
France. 203 p. https://agriculture.gouv.fr/sites/minagri/files/
cgaaer_15113_2016_rapport.pdf

Fox, D.N., C.N. Barron, M.R. Carnes, M. Booda, G. Peggion, and
J. Van Gurley. 2002. The Modular Ocean Data Assimilation
System. Oceanography 15:22—28. https://doi.org/10.5670/
oceanog.2002.33

Franks, J.S., D.R. Johnson, D—S. Ko, G. Sanchez—Rubio, J.R.
Hendon, and M. Lay. 2012. Unprecedented influx of pelagic
Sargassum along Caribbean island coastlines during summer
2011. Proceedings of the Gulf and Caribbean Fisheries Insti-
tute 64:6—8.

Franks, J.S., D.R. Johnson, and D.S. Ko. 2016a. Mass strandings
of pelagic Sargassum along Caribbean and West Africa coast-
lines: Understanding and prediction — a technical report.

Proceedings of the Gulf and Caribbean Fisheries Institute
68:402—408.

Franks, ].S., D.R. Johnson, and D.—S. Ko. 2016b. Pelagic Sargas-
sum in the Tropical North Atlantic. Gulf and Caribbean Re-
search 27:SC6—SC11. https://doi.org/10.18785/gcr.2701.08

Gower, J. and S. King. 2011. Distribution of floating Sargassum
in the Gulf of Mexico and the Atlantic Ocean mapped using
MERIS. International Journal of Remote Sensing 32:1917-
1929. https://doi.org/10.1080/01431161003639660

Gower, ], E. Young, and S. King. 2013. Satellite images suggest a
new Sargassum source region in 2011. Remote Sensing Letters

4:764—7173. https://doi.org/10.1080/2150704X.2013.796433

Hu, C., B. Murch, B.B. Barnes, M. Wang, J.—P. Maréchal, J.
Franks, D. Johnson, B. Lapointe, D.S. Goodwin, ].M. Schell,
and A.N.S. Siuda. 2016. Sargassum watch warns of incoming
seaweed. Eos 97. https://doi.org/10.1029/2016EOQ058355
(viewed on 7/20/2020)

Huffard, C.L., S. von Thun, A.D. Sherman, K. Sealy, and K.L.
Smith Jr. 2014. Pelagic Sargassum community change over a
40—year period: Temporal and spatial variability. Marine
Biology 161:2735-2751. https://doi.org/ 10.1007/s00227—
014-2539—y

Johns, E.M, R. Lumpkin, N.F. Putman, R.H. Smith, F.E. Muller—
Karger, D.T. Rueda—Roa, C. Hu, M. Wang, M.T. Brooks,
L.J. Gramer, and FE.E. Werner. 2020. The establishment of
a pelagic Sargassum population in the tropical Atlantic: Bio-
logical consequences of a basin—scale long distance disper-
sal event. Progress in Oceanography 182:102269. https://doi.
org/10.1016/j.pocean.2020.102269

Johnson, D. and ]. Franks. 2019. Prediction of pelagic Sargas-
sum incursions: Model development. Final Report, Center
for Fisheries Research and Development, The University of
Southern Mississippi, School of Ocean Science and Engineer-
ing, Gulf Coast Research Laboratory, Ocean Springs, MS,
USA. 13 p. https://www.cavehill.uwi.edu/cermes/projects/
pelagic Sargassum spp./docs/cc4fish/d32_final_report_on_
prediction_of_pelagic_sargassum.aspx

Johnson, D.R., ].S. Franks, D.S. Ko, P. Moreno, and G. Sanchez—
Rubio. 2013. Sargassum invasion of the Eastern Caribbean
and dynamics of the Equatorial North Atlantic. Proceedings
of the Gulf and Caribbean Fisheries Institute 65:102—103.

Komoe, K., Y. Sankare, N'G.B.Y. Fofie, A. Bamba, and A.G.—
S. Sahr. 2016. Taxonomic study of two species of Sargassum:
Sargassum fluitans (Borgesen) Borgesen and Sargassum natans
(Linnaneus) Gaillon (brown algae) collected in Cote d’Ivoire
coasts, West Africa. Nature and Science 14(10):50-56. https://
doi.org/10.7537/marsnsj141016.09

Kundu, P.K. 1976. Ekman veering observed near the ocean bot
tom. Journal of Physical Oceanography 6:238—242. https://
doi.org/10.1175/1520—0485(1976)006<0238:EVONTO>2.0
.CO;2

Laffoley, D.d’A., H.S.J. Roe, M\V. Angel, J. Ardron, N.R. Bates,
LL. Boyd, S. Brooke, K.N. Buck, C.A. Carlson, B. Causey,
M.H. Conte, S. Christiansen, ]. Cleary, J. Donnelly, S.A.
Earle, R. Edwards, K.M. Gjerde, S.J. Giovannoni, S. Gulick,
M. Gollock, J. Hallett, P. Halpin, R. Hanel, A. Hemphill, R.].
Johnson, A.H. Knap, M.W. Lomas, S.A. McKenna, M.]. Mill-
er, P.I. Miller, EW. Ming, R. Moffitt, N.B. Nelson, L. Parson,
Al]. Peters, J. Pitt, P. Rouja, J. Roberts, D.A. Seigel, A.N.S. Si-
uda, D.K. Steinberg, A. Stevenson, V.R. Sumaila, W. Swartz,
S. Thorrold, T.M. Trott, and V. Vats. 2011. The protection
and management of the Sargasso Sea: The golden floating
rainforest of the Atlantic Ocean. Summary Science and Sup-
porting Evidence Case. Sargasso Sea Alliance, Bermuda. 44
p. https://www.cbd.int/cop/cop—11/doc/vtable/Sargasso.Re-
port.—copll—iucnl.pdf

Langin, K. 2018. Seaweed masses assault Caribbean islands.
Science 360:1157-1158. https://doi.org/10.1126/sci-
ence.360.6394.1157.

Liu, Y., R.H. Weisberg, S. Vignudelli, and G.T. Mitchum. 2014.
Evaluation of altimetry—derived surface current products
using Lagrangian drifter trajectories in the eastern Gulf of
Mexico. Journal of Geophysical Research: Oceans 119:2827-
2842. https://doi.org/10.1002,/2013JC009710.

Louime, C., J. Fortune, and G. Gervais. 2017. Sargassum inva-
sion of coastal environments: A growing concern. American
Journal of Environmental Sciences 13:58—64. https://doi.
org/10.3844/ajessp.2017.58.64

Lumpkin, R. and M. Pazos. 2007. Measuring surface currents
with Surface Velocity Program drifters: The instrument, its
data and some recent results. In: A. Griffa, A.D. Kirwan,
A.J. Mariano, T. Ozgskmen and H.T. Rossby, eds. Lagrang-
ian Analysis and Prediction of Coastal and Ocean Dynam-
ics. Cambridge University Press, Cambridge, UK, p. 39-67.
https://doi.org/10.1017/CBO9780511535901.003

Maréchal, J.—P., C. Hellio, and C. Hu. 2017. A simple, fast,
and reliable method to predict Sargassum washing ashore
in the Lesser Antilles. Remote Sensing Applications: Soci-

ety and Environment 5:54—63. https://doi.org/10.1016/].
rsase.2017.01.001.

McLawrence, ]J.L.C., H. Sealy, and D. Roberts. 2017. The impacts
and challenges of the 2015 Sargassum seaweed invasion in the
Caribbean. International Journal of Ecology and Environ-

GCFI 29


https://agriculture.gouv.fr/sites/minagri/files/cgaaer_15113_2016_rapport.pdf
https://agriculture.gouv.fr/sites/minagri/files/cgaaer_15113_2016_rapport.pdf
https://doi.org/10.18785/gcr.2701.08
https://doi.org/10.1080/01431161003639660
https://doi.org/10.1080/2150704X.2013.796433
https://doi.org/10.1029/2016EO058355
https://doi.org/10.1016/j.pocean.2020.102269
https://doi.org/10.1016/j.pocean.2020.102269
https://www.cavehill.uwi.edu/cermes/projects/pelagic Sargassum spp./docs/cc4fish/d32_final_report_on_prediction_of_pelagic_sargassum.aspx
https://www.cavehill.uwi.edu/cermes/projects/pelagic Sargassum spp./docs/cc4fish/d32_final_report_on_prediction_of_pelagic_sargassum.aspx
https://www.cavehill.uwi.edu/cermes/projects/pelagic Sargassum spp./docs/cc4fish/d32_final_report_on_prediction_of_pelagic_sargassum.aspx
https://doi.org/10.7537/marsnsj141016.09
https://doi.org/10.7537/marsnsj141016.09
https://doi.org/10.1175/1520-0485(1976)006%3c0238:EVONTO%3e2.0.CO;2
https://doi.org/10.1175/1520-0485(1976)006%3c0238:EVONTO%3e2.0.CO;2
https://doi.org/10.1175/1520-0485(1976)006%3c0238:EVONTO%3e2.0.CO;2
https://www.cbd.int/cop/cop-11/doc/vtable/Sargasso.Report.-cop11-iucn1.pdf
https://www.cbd.int/cop/cop-11/doc/vtable/Sargasso.Report.-cop11-iucn1.pdf
https://doi.org/10.1126/science.360.6394.1157
https://doi.org/10.1126/science.360.6394.1157
https://doi.org/10.1002/2013JC009710
https://doi.org/10.3844/ajessp.2017.58.64
https://doi.org/10.3844/ajessp.2017.58.64
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Tamay %C3%96zg%C3%B6kmen&eventCode=SE-AU
https://doi.org/10.1017/CBO9780511535901.003
https://doi.org/10.1016/j.rsase.2017.01.001
https://doi.org/10.1016/j.rsase.2017.01.001

Pelagic Sargassum in the Tropical Atlantic

mental Sciences 43:309-317. http://www.nieindia.org/Jour-
nal/index.php/ijees/article/view/1254

Metzger, ].E, RW. Helber, P.J. Hogan, P.G. Posey, P. Thoppil, T.L.
Townsend, A.J. Wallcraft, O.M. Smedstad, D.S. Franklin,
L. Zamudio—Lopez, and M.W. Phelps. 2017. Global Ocean
Forecast System 3.1 Validation Test. Memorandum Report
NRL/MR/7320—17—9722. Naval Research Laboratory, Sten-
nis Space Center, MS. 60 p. https://apps.dtic.mil /dtic/tr/full-
text/u2/1034517.pdf (viewed on 03/29/2020)

Monroy—Velazquez. LV., R.E. Rodriguez—Martinez, B.I. van Tus-
senbroek, T. Aguiar, V. Solis—Weiss, P. Briones—Fourzan,
2019. Motile macrofauna associated with pelagic Sargassumin a
Mexican reef lagoon. Journal of Environmental Management

252:109650. https://doi.org/10.1016/j.jenvman.2019.109650

NMFS—NOAA. 2003. Fisheries of the Caribbean, Gulf of Mexi-
co, and South Atlantic: Pelagic Sargassum habitat of the south
Atlantic region. Federal Register 68(192): 57375-57379.
http://www.safmc.net/Portals/6/Library/FMP/Pelagic Sar-
gassum spp./SargFMPFinalrule.pdf (viewed on 05/18/2020)

Pazan, S.E. and P.P. Niiler. 2001. Recovery of near—surface veloci-
ty from undrogued drifters. Journal of Atmospheric and Oce-
anic Technology 18:476—489. https://doi.org/10.1175/1520—
0426(2001)018<0476:RONSVF>2.0.CO;2

Putman, N.F.,, G.J. Goni, L.J. Gramer, C. Hu, E.M. Johns, J. Tri-
nanes, and M. Wang. 2018. Simulating transport pathways of
pelagic Sargassum from the Equatorial Atlantic into the Carib-
bean Sea. Progress in Oceanography 165:205—214. https://
doi.org/10.1016/j.pocean.2018.06.009

Putman, N.FE, R. Lumpkin, M.]. Olascoaga, J. Trinanes, and G.].
Goni. 2020. Improving transport predictions of pelagic Sar
gassum. Journal of Experimental Marine Biology and Ecol-
ogy 529:article 151398 in press. https://doi.org/10.1016/].
jembe.2020.151398

Resiere, D., R. Valentino, R. Neviéere, R. Banydeen, P. Gueye, ].
Florentin, A. Cabié, T. Lebrun, B. Mégarbane, G. Guerrier,
and H. Mehdaoui. 2018. Sargassum seaweed on Caribbean is-
lands: An international public health concern. The Lancet

392:2691. https://doi.org/10.1016/S0140—6736(18)32777—6
Shriver, J.F., M.A. Johnson, and ].J. O’Brien. 1991. Analysis of

remotely forced oceanic Rossby waves off California. Journal
of Geophysical Research: Oceans 96:749—757. https://doi.
org/10.1029/90]C01973

Sissini, M.N., M.B.B. de Barros Barreto, M.T.M. Szechy, M.B. de
Lucena, M.C. Oliveira, J. Gower, G. Liu, E. de Oliveira Bas-

tos, D. Milstein, F. Gusmao, J.E. Martinelli—Filho, C. Alves—
Lima, P. Colepicolo, G. Ameka, K. de Graft—Johnson, L. Gou-
vea, B. Torrano—Silva, F. Nauer, J. Marcos de Castro Nunes,
J.B. Barufi, L. Rorig, R. Riosmena—Rodriquez, T.J. Mello,
LV.C. Lotufo, and P.A. Horta. 2017. The floating Sargassum
(Phaeophyceae) of the South Atlantic Ocean - likely scenari-
o0s. Phycologia 56:321-328._https://doi.org/10.2216/16-92.1

Solarin, B., O. Bolaji, and R. Akinnigbadge. 2014. Impact of
an invasive seaweed Sargassum hystrix var. fluitans (BOrgesen
1914) on the fisheries and other economic implications for
the Nigerian coastal waters. IOSR Journal of Agriculture and
Veterinary Science 7:1—6.

Sutton, M. 2019. Sargassum monitoring service. CLS—ESASAR-
GA-FR, Final Report, Collecte Locasilation Satellities, Po-
luzané, France. 29 p. https://eo4society.esa.int/wp—content,/
uploads/2019/10/CLS—ESASARGA—19—-0304—FinalRe-
port.pdf

Van Tussenbroek, B.I., H.A. Hernandez—Arana, R.E. Rodriguez—
Martinez, J. Espinoza— Avalos, H.M. Canizales—Flores, C.E.
Gonzélez—Godoy, G.M. Barba—Santos, A. Vega— Zepeda,
and L. Collado—Vides. 2017. Severe impacts of brown tides
caused by Sargassum spp. on nearshore Caribbean seagrass
communities. Marine Pollution Bulletin 122:272-281.
https://doi.org/10.1016/j.marpolbul.2017.06.057

Wang, M. and C. Hu. 2017. Predicting Sargassum blooms
in the Caribbean Sea from MODIS observations. Geo-
physical Research Letters 44:3265—3273. https://doi.
org/10.1002/2017GL072932.

Wang, M. and C. Hu. 2016. Mapping and quantifying Sargassum
distribution and coverage in the Central West Atlantic using
MODIS observations. Remote Sensing of Environment 183:
350-367. https://doi.org/10.1016/j.rse.2016.04.019

Wang, M., C. Hu, ]J. Cannizzaro, D. English, X. Han, D. Naar,
B. Lapointe, R. Brewton, and F. Hernandez. 2018. Remote
sensing of Sargassum biomass, nutrients, and pigments.
Geophysical Research Letters 45:12359—12367. https//doi.
org/10.1029/2018GL078858

Wang, M., C. Hu, B.B. Barnes, G. Mitchum, B. Lapointe, and
J.P. Montoya. 2019. The great Atlantic Sargassum belt. Science
365:83—87. https://doi.org/10.1126/science.aaw7912

Webster, R.K. and T. Linton. 2013 Development and implemen-
tation of Sargassum Early Advisory System (SEAS). Shore and
Beach 81:1-6

GCFI 30


http://www.nieindia.org/Journal/index.php/ijees/article/view/1254
http://www.nieindia.org/Journal/index.php/ijees/article/view/1254
https://apps.dtic.mil/dtic/tr/fulltext/u2/1034517.pdf
https://apps.dtic.mil/dtic/tr/fulltext/u2/1034517.pdf
https://doi.org/10.1016/j.jenvman.2019.109650
http://www.safmc.net/Portals/6/Library/FMP/Sargassum/SargFMPFinalrule.pdf
http://www.safmc.net/Portals/6/Library/FMP/Sargassum/SargFMPFinalrule.pdf
https://doi.org/10.1175/1520-0426(2001)018%3C0476:RONSVF%3E2.0.CO;2
https://doi.org/10.1175/1520-0426(2001)018%3C0476:RONSVF%3E2.0.CO;2
https://doi.org/10.1016/j.pocean.2018.06.009
https://doi.org/10.1016/j.pocean.2018.06.009
https://doi.org/10.1016/j.jembe.2020.151398
https://doi.org/10.1016/j.jembe.2020.151398
https://doi.org/10.1016/S0140-6736(18)32777-6
https://doi.org/10.1029/90JC01973
https://doi.org/10.1029/90JC01973
https://doi.org/10.2216/16-92.1
https://eo4society.esa.int/wp-content/uploads/2019/10/CLS-ESASARGA-19-0304-FinalReport.pdf
https://eo4society.esa.int/wp-content/uploads/2019/10/CLS-ESASARGA-19-0304-FinalReport.pdf
https://eo4society.esa.int/wp-content/uploads/2019/10/CLS-ESASARGA-19-0304-FinalReport.pdf
https://doi.org/10.1016/j.marpolbul.2017.06.057
https://doi.org/10.1002/2017GL072932
https://doi.org/10.1002/2017GL072932
https://doi.org/10.1016/j.rse.2016.04.019
file:///C:\Users\Don\Desktop\pubs\gcfi2019_dr\pub\10.1029\2018GL078858
file:///C:\Users\Don\Desktop\pubs\gcfi2019_dr\pub\10.1029\2018GL078858
https://doi.org/10.1126/science.aaw7912

	Pelagic Sargassum Prediction and Marine Connectivity in the Tropical Atlantic
	Recommended Citation

	journal Volume 31 GCR cover--2020
	johnson.et.al.final.pdf

