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Chávez, Cuevas, Almeida, Fontes, van
Tussenbroek, Mariño-Tapia, Liceaga-
Correa, Ojeda, Castañeda-Ramı́rez and
Silva. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

TYPE Original Research
PUBLISHED 02 September 2022

DOI 10.3389/fmars.2022.920339
Multiscale distribution patterns
of pelagic rafts of sargasso
(Sargassum spp.) in the Mexican
Caribbean (2014–2020)

Abigail Uribe-Martı́nez1, Diana Berriel-Bueno2,
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As the biomass of pelagic Sargassum spp. increased across the North Atlantic

equatorial recirculation region from 2011 onwards, massive rafts of sargasso

appeared in the Western Caribbean in 2015, 2018, 2019, and 2020. These

events raised concerns regarding their negative consequences on the

environment, local income, and human wellbeing. As adequate monitoring

and analysis tools are needed for designing in-water and on-beach control

strategies to reduce potential negative impacts, more robust and spatially

explicit information is needed in order to improve sargasso management and

focus restoration efforts. In this paper, we offer a spatiotemporal multiscale

description of sargasso distribution and dynamics for 2014–2020 in the

Mexican Caribbean: (1) for the entire region (millions of km2); (2) at the local

scale (thousands of km2) evaluating the dynamics inside the reef lagoon at

Puerto Morelos, Mexico; and finally, (3) specific beach observations (hundreds

of km2) derived from data on beach cleaning volumes. Fifteen areas in the

Mexican Caribbean, with different sargasso dispersions and on-shore

accumulations, were evaluated. The areas around Tulum, Solidaridad, and

Puerto Morelos have the most extreme and most frequent episodes but also

exhibited the greatest seasonal variability. Extreme sargasso presence can

occur in the Western Caribbean in any season, albeit with increasing

coverage and recurrence in the summer. Images from a coastal video

monitoring station at Puerto Morelos showed that massive sargasso

beaching was associated with low energy conditions (Hs< 0.25 m, wind
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speed<4 m/s, neap tide), while non-accumulation of sargasso on the beach

occurred under high energy conditions (Hs >0.4m, wind speed = 8 m/s, spring

tide). Time-series analyses of sargasso beaching showed different periods of

historic maximum sargasso coverage over July–October 2018 and others in

January–February 2019. Wind andwave regimes influenced sargasso in distinct

ways, depending on the coastal section, probably related to coastline

morphology, oceanic regime, or the extent of the continental platform.

This work presents the longest systematic time series (2014-2020) of high

resolution satellite detected sargasso in Mexico. Spatial and temporal patterns

are proposed as fundamental steps for managing sargasso accumulations.
KEYWORDS

satellite detection, numerical model, beach cast, surface drift, Quintana Roo
Introduction

The study of the holopelagic Sargassum species (S. natans and S.

fluitans, Phylum Ochrophyta, Class Phaeophyceae; referred to as

sargasso from hereon) in the NW Atlantic dates back to the 1830s,

with the discovery of the Sargasso Sea (Butler et al., 1983). Sargasso is

the only seaweed that passes its complete life cycle drifting on the

ocean surface. It has elongated, highly ramified thalli, up to 0.5 m in

length, with numerous blades and vesicles, that allow the thalli to

float either singly, or in floating, entangled masses (rafts) that can

extend up to several km at sea (see Supplementary Material 1).

The size and spatial configuration of sargasso aggregations

(rafts) depend on its growth but also on the spatiotemporal

dynamics of oceanic and atmospheric forces, such as wind, wave,

and surface marine currents (Butler et al., 1983; Brooks et al.,

2018; Putman et al., 2020; Marsh et al., 2021; Skliris et al., 2022).

In the Western Caribbean, close to the Yucatan Channel,

sargasso rafts are shaped like cyclonic and anticyclonic gyres,

drops, compact mats, linear formations, or raft aggregations

caused by Langmuir circulation (several short, parallel lines of

sargasso arranged perpendicular to the shore, moving in the

same direction as the wind), their size varying from centimeters

to kilometers, the former found mainly as string lines and spirals

(Guzmán-Ramıŕez et al., 2020). In the north-central Gulf of

Mexico, Powers et al. (2013) reported different types of

aggregations of sargasso: scattered clumps when the winds

were high, small and mesoscale convergence lines, and larger

circular-like rafts that may persist for several weeks or even

months while drifting in the ocean. These pelagic rafts of

sargasso have key ecological roles, serving as a refuge for

marine life, hosting species such as sea turtles, fish (of which

several are commercially important), invertebrates, and birds,

which use the sargasso ecosystem as a refuge, feeding ground,
02
nursery, and breeding habitat, either permanently or

temporarily (Pendleton et al., 2014).

Unusually large concentrations of sargasso in the tropical

Atlantic near the Equator and SW Caribbean Sea were reported

for the first time in 2011 (Smetacek and Zingone, 2013). Since

then, several studies have reported a sustained increase in the

biomass of pelagic sargasso in this region (Hu et al., 2016; Xing

et al., 2017; Wang et al., 2018) (Figure 1). Schell et al. (2015)

estimated that the concentration of sargasso in the Western

Atlantic in 2014 was approximately 10 times greater than that of

2011 and 300 times higher than that of previous decades. In 2016

and 2017, the sargasso coverage decreased, but in 2018 and 2019

it rose again (Wang et al., 2019). In 2020 and 2021, the volume of

sargasso cover was moderate to high in the Caribbean (Marsh

et al., 2021). The peak sargasso year in the Caribbean Sea and

central Western Atlantic was 2018, with the highest biomass in

June, the rafts covering almost 3,000 km2 in the area bounded by

8°–23°N and 89°–58° W (Wang et al., 2019). Wang et al. (2019)

named this new area of sargasso concentration, extending from

Equatorial Africa to the Gulf of Mexico, the Great Atlantic

Sargasso Belt (Figure 1A).

According to Cuevas et al. (Cuevas et al., 2018), the first

massive arrival of sargasso in the Mexican Caribbean, recorded

with satellite imagery, began in late 2014, reaching a first peak in

September 2015. In 2015, an average of ~2,360 m3 of sargasso

was removed per kilometre of coastline in the north, between

Cancun and Puerto Morelos (Rodrıǵuez-Martıńez et al., 2016)

(Figure 1B). After a decrease in 2016 and 2017, the influx of

sargasso resumed in February 2018 and continued until

September 2019 (Chávez et al., 2020; Rodriguez-Martıńez

et al., 2022). Even though those are the last published time

series, it is known that large amounts of sargasso were collected

in 2020 and 2021.
frontiersin.org

https://doi.org/10.3389/fmars.2022.920339
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Uribe-Martı́nez et al. 10.3389/fmars.2022.920339
Sargasso concentrations (abundance and distribution) in

the tropical Atlantic vary greatly both seasonally and

interannually. Johns et al. (2020) offered a concise, plausible

theory regarding the seasonality of this phenomenon in the

Atlantic, suggesting that the new sargasso aggregations

recirculate in the North Equatorial Recirculation Region

(NERR) and that in early spring (March–April) some masses

move south, causing a summer bloom in the Caribbean. Once

released from the NERR and transported towards the northern

coast of South America, the sargasso flows through the

Caribbean and the Gulf of Mexico (Putman et al., 2018).

However, it is more difficult to understand the large

interannual variations in the abundance of the sargasso

aggregations, as these occur at different spatial and temporal

scales, under distinct environmental forces. Skliris et al. (2022)

recently suggested that in 2015 and 2018, the years with the

highest sargasso bloom, the Intertropical Convergence Zone

(ITZ), an area of maximal trade wind convergence and sargasso

accumulation, shifted southward, thereby enriching the

seawater with nutrients flowing from the Amazon, and

equatorial upwelling in this zone stimulated the growth of

sargasso. The easterly trade winds also transport Sahara dust

into the tropical Atlantic, possibly fertilizing seaweeds in the

Great Atlantic Sargasso belt, although the importance of this

fertilization is still unknown (supplements Wang et al., 2019).

Gower et al. (2013) suggested that the sudden increase in the

sargasso masses may have been the result of the water

discharging from the Amazon containing more fertilizers in

the runoff from agricultural lands in the interior.

However, Jouanno et al. (2021) showed that there was no

significant increase in riverine influence in areas where sargasso

proliferated. On the other hand, Johns et al. (2020) have

proposed that increased winds, created by an anomaly in the
Frontiers in Marine Science 03
North Atlantic Oscillation in 2010, may have transported large

masses of sargasso from the Sargasso Sea into the NERR. Wang

et al. (2019) and Johns et al. (2020) suggested a regime change in

the NERR, together with changes in the Canaries upwelling, or

discharges from the Amazon, resulting in recurrent blooms of

sargasso and promoting the spatial pattern known as the Great

Atlantic Sargasso Belt (Figure 1). The sargasso aggregation

showed enhanced growth thanks to nutrients entrained in the

upper water column (Johns et al., 2020).

Part of the pelagic sargasso at sea is destined to arrive on

Caribbean shores, causing diverse negative impacts on coastal

ecosystems (Silva et al., 2016; van Tussenbroek et al., 2017;

Chávez et al., 2020; Bartlett and Elmer, 2021; Maurer et al., 2021;

Rodrıǵuez-Muñoz et al., 2021), local and regional economics

(Solarin et al., 2014; Milledge and Harvey, 2016), and human

health (Devault et al., 2021). The impacts include aesthetics (of

the previously pristine white beaches), additional organic matter

input, light attenuation, anoxia, and leaching (van Tussenbroek

et al., 2017; Chávez et al., 2020). The consequences are mortality

of near-shore benthos, including seagrass and coral (Silva et al.,

2016), beach erosion (van Tussenbroek et al., 2017; Silva et al.,

2020), the modification of sediment structure (Maurer, 2019),

changes in the trophic relationships (Cabanillas-Terán et al.,

2019), respiratory and skin health issues in humans (Resiere

et al., 2018), and economic losses for the tourist industry.

Although the latter has not been fully assessed, losses are

estimated to be substantial as the beaches lost their

attractiveness due to the unsightly accumulations of sargasso

(Langin, 2018). In Mexico, enormous human and financial

resources have been invested in preventing the sargasso

reaching the coast, or in removing it from the beaches; most

of these efforts have been insufficient due to the huge

volumes involved.
FIGURE 1

(A) Schematic representation of the main ocean current patterns and areas of sargasso accumulation in the Atlantic Ocean. (The Great Atlantic
Sargasso Belt; July 2011–2018 configuration; made by the authors, using information from Wang et al. (2019). (B, C) Accumulation of beach-
cast sargasso at Puerto Morelos, Mexican Caribbean (June 2021, Photographs by Laura Ribas).
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Understanding the spatial movement patterns of sargasso in

the open sea, as related to oceanographic conditions, is needed.

This knowledge should be a part of the toolbox of decision

makers and stakeholders, to help them when implementing

mitigation strategies and embarking upon restoration actions

(Casas-Beltrán et al., 2020). Coastal and marine management

requires a comprehensive, integral perspective and feasible

environmental frameworks (El Mahrad et al., 2020; Silva et al.,

2020; Guimarais et al., 2021; Silva et al., 2021). Remote sensing

has been shown to be a key piece of any timely detection tool,

furthering the understanding of patterns of sargasso circulation

and accumulation (Wang and Hu, 2017; Brooks et al., 2018;

Berline et al., 2020; Johns et al., 2020; Putman et al., 2020; Wang

and Hu, 2021). While sargasso rafts can be detected during

oceanographic expeditions or using advanced unmanned

vehicles (Butler et al., 1983; Lapointe, 1995; Huffard et al.,

2014), high-resolution imagery from free satellite sensing

inputs is essential for systematic long-term and regional

coverage if we are to understand the ocean-scale dynamics

behind the movements of sargasso (Hu et al., 2015; Wang and

Hu, 2017; Xing et al., 2017 Supplementary Material 2).

Remote sensing techniques can help in establishing early

warning systems that are strategic tools for emergency planning.

They also provide long-term data series with high-resolution

delimitation of the sargasso rafts, necessary for a comprehensive

management plan. A spatially explicit time-series analysis can

contribute to regionalization and prioritization criteria that can

be incorporated in integral marine spatial planning schemes

(Ogden, 2010; Shucksmith et al., 2014; Domıńguez-Tejo et al.,

2016). Remote sensing images are essentially input for influx

trend assessment and to understand the regional and local

dynamics of sargasso that can respond to distinct atmospheric

and ocean forcing variables. In addition to understanding

sargasso circulation in the Central Atlantic basin, regional and

local knowledge of the spatiotemporal dynamics is necessary for

appropriate decision making, preparedness, and adaptive

management (López-Miranda et al., 2021; Oxenford et al.,

2021). Information on the spatial and temporal patterns of

Sargasso would allow more appropriate monitoring, and in-sea

and on-shore recollection efforts, as well as promote protection

and restoration initiatives in the areas most affected, or areas

considered to be of special social, economic, or ecological value.

In this study, we aim to fill knowledge gaps on the

distribution patterns of sargasso at regional and local scales in

the Mexican Caribbean and to describe the oceanographic and

atmospheric features associated with the spatial and temporal

patterns of massive influxes of sargasso, through a multiple-

spatial- and temporal-scale approach. The underlying premises

are that the spatiotemporal patterns of sargasso distribution,

beaching, and accumulation are locally and regionally driven by

atmospheric (wind) and oceanographic (tides, wave power)

conditions operating at different spatial scales. These drive the

sargasso dynamics onshore and offshore and the intra- and
Frontiers in Marine Science 04
interannual variability of sargasso flux which are the result of

similar variance in patterns of the driving forces.

We adopted different spatial and temporal scales to appraise

sargasso distribution: (a) a regional evaluation (Mexican

Caribbean) using high-resolution remotely sensed imagery; (b)

a local-scale evaluation in the Puerto Morelos reef lagoon; (c) a

beach-scale evaluation considering wrack collection (usually

mostly sargasso) from two beach sections at Puerto Morelos,

Quintana Roo, Mexico; and (d) a time-specific comparison of

detected sargasso rafts captured by both means (satellite and

aerial platform).
Materials and methods

Through a multi-scale analysis, we described and

documented the spatiotemporal distribution patterns of the

sargasso rafts in the Mexican Caribbean at various scales, from

detection of sargasso at sea with satellite imagery to modelling its

movements inside a reef lagoon (Puerto Morelos) (Figure 2).

Our aim was to provide a comprehensive overview of the

spatiotemporal patterns of the sargasso at regional, local, and

micro scales in the northern Mexican Caribbean.
Study area

The Mexican Caribbean, on the east side of the Yucatan

Peninsula (see Figure 3), is a biodiverse area with key

ecosystems, such as coral reefs, seagrass meadows, calcareous

sandy beaches, complex dune vegetation, mangroves, and

submarine springs from one of the most intricate

subterraneous aquifers in the world (Guimarais et al., 2021).

The region has a tropical climate, with two seasons (winter and

summer) reflected in distinct wind patterns and air temperatures.

Winter conditions occur approximately from November to April,

with mean monthly air temperatures of 24°C–25°C, although the

diurnal minima can fall briefly during the passage of cold fronts,

known as “Nortes”. Northeastern winds prevail from October to

February, while northerly and southeasterly winds occur following

the passage of cold fronts. In summer, easterly trade winds

predominate with speeds of 3–9 m s–1. The maximum air

temperature is in August, with a monthly average of 29°C, raising

to above 33.5°C (Coronado et al., 2007). Sea surface temperatures

are between 25°C and 31°C (SAMMO, 2015). Measurements at

buoy 42056 (NDBC-NOAA), in the Caribbean basin, at a water

depth of 4,446 m, show that swell propagates from the Caribbean

Sea (SSE direction), driven by the dominant winds, with an average

significant wave height (Hs) of 0.8 m and a relatively short

dominant wave period (Tp) of 6–8 s in summer (Coronado et al.,

2007;Mariño-Tapia et al., 2011). As for the wave patterns, in winter,

higher-energy waves (Hs >1.75 m) occur as a consequence of the
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passage of cold fronts. In summer, Hs is typically small (Hs<0.3 m)

but can reach 7 m during a hurricane event.

The region has a microtidal regime, with semidiurnal

oscillations averaging 0.40 m. The Yucatan Current has a

strong influence in the region. Its direction varies from

northeastward to northwestward from south of Cozumel
Frontiers in Marine Science 05
Island and along the western side of Yucatan Channel into the

Gulf of Mexico, where it becomes the Loop Current. From April

to November, there are more intense currents, up to 2 m s–1,

with a decrease in its intensity of 0.9 m s–1 during winter. The

average velocity is 1.5 m s–1 near the surface (Coronado et al.,

2007; Athié et al., 2011).
FIGURE 2

Timeline of the multi-scale analyses conducted into sargasso patterns.
FIGURE 3

Study area within the Caribbean region. The solid blue lines delimit the 15 coastal segments (see 2.2). The bright-red polygon shows the area of
the local-scale analysis, where circulation modelling was conducted (see 2.4); the black dots show locations for the beach-scale analysis, where
time-series analyses of wrack were obtained (see 2.5); the red stars are the nodes for the oceanographic analysis (see 2.3); and the area shaded
brown is in front of the Moon Palace Hotel, where sargasso detected was compared with beach-cast sargasso (see 2.5).
frontiersin.org
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Puerto Morelos is a small coastal town, in the north of the

Mexican Caribbean (Figure 3). The National Park of Puerto

Morelos Reef has a well-developed fringing reef that delimits a

0.4–3-km-wide reef lagoon. Dense seagrass meadows cover the

bottom of the reef lagoon, which are habitat for local and

regional key species (McHenry et al., 2021). The reef has two

main openings: in the north, a reef discontinuity gives an

entrance 300 m wide and 6 m deep, and in the south there is a

navigational channel 400 m wide and 8 m deep (Coronado et al,

2007). Inside the lagoon, under normal conditions, the average

Hs is 0.3 m. Circulation conditions in reef lagoons normally

consist of a surface wave-induced flow, entering the lagoon over

the shallow reef flat, with strong flows exiting through both

channels. The wave-induced flow in the reef lagoon is modulated

by a low-frequency sea-level change related to a geostrophic

response to the variability of the Yucatan Current, with less

influence of tides and direct wind on the sea surface (Coronado

et al., 2007). Odériz et al. (2020) mentions that the physical

components and dynamics of this lagoon have been extensively

studied over several years. The average current speed is ~0.10 m/

s with a predominantly northward direction and little tidal

influence. In the northern and southern inlets, the mean

current speed is ~0.20 m/s, reaching maximum values of ~1

m/s (Coronado et al., 2007; Mariño-Tapia et al., 2011; Torres-

Freyermuth et al., 2012).
Regional scale using satellite imagery

The Operational Land Imager (OLI) sensor launched with

Landsat 8 mission has proven to be reliable in detecting

sargasso, with high spatial resolution, and this imagery is

freely available, making it a very good option for long-term

sargasso detection (Wang and Hu, 2021). We used Landsat 8

OLI imagery to compile a time series (2014–2020) of sargasso

distribution at the regional scale for the Mexican Caribbean

(Hu et al., 2016; Cuevas et al., 2018; Hardy et al., 2018; Chávez

et al., 2020; Uribe-Martıńez et al., 2020). The imagery has a

spatial resolution of 30 m and a systematic revisiting time of

16 days.

The satellite detection covers 7 years (January 2014 to

December 2020), including observations before the first

anomalous high sargasso influx in this region. A total of 432

Landsat 8 OLI images were processed, using the semi-automated

multi-index classification of Cuevas et al. (2018), for detection of

pixels with and without sargasso. This approach uses the

norma l i z ed d i ff e r ence vege t a t ion index (NDVI) ,

atmospherically resistant vegetation index (ARVI), soil-

adjusted vegetation index (SAVI), enhanced vegetation index

(EVI), and floating algae index (FAI)), plus band 2 Blue (0.452–

0.512 mm) and band 5 near infrared (NIR) (0.851–0.879 mm).

The preprocessing of the images was done using the open-

source software QGIS (QGIS-Association, 2021) starting with
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atmospheric correction, using the Semi-Automatic Classification

Plugin (Congedo, 2021). The land was masked using the Global

Administrative Areas as reference (https://gadm.org/), and

finally, the clouds were masked using the codified quality

assessment bands (BQA). Training polygons were drawn using

the following categories: sargasso, clouds, shadows, saturated

bright sea, and open sea, on a false-colour composition (red =

NIR, green = blue; blue = coastal blue/violet). These datasets

were used in a supervised classification process with the random

forest algorithm.

The quantification of detected sargasso in each Landsat

image was standardized to the effective analysis area in the

images, excluding the cloud cover. The area was divided into 2-

km-diameter hexagons in a lattice that covered the complete

swath of Landsat 8 OLI paths (approximately 150 km). There are

about two monthly observations, so the satellite sargasso

detection per month was averaged for subsequent analysis.

Based on the sargasso coverage detected by satellite for 2014–

2020 per hexagon, we were able to:
(i) Build a time-series plot and boxplots indicating sargasso

coverage in the sea each month

(ii) Perform an autocorrelation analysis through an

autocovariance function, to evaluate possible

correlations between detected sargasso during a certain

month with sargasso coverage in following months, i.e.,

to assess different time lags of association

(iii) Sum all detected coverage along the time series per

hexagon and create a cumulative sargasso cover map

(iv) Classify cumulative sargasso cover in four coverage

categories: low, moderate, high, and very high, based on

the Jenks ranking method that maximizes the variability

between categories and minimizes the variability within

delimited areas (North, 2009)

(v) Create a sargasso recurrence map, i.e., the number of

times that a sargasso raft occurred in each hexagon, and

classify these recurrence values (see iv)

(vi) Classify the spatial patterns of the sargasso, based on

both cumulative sargasso cover and recurrence

categorizations, to spatially identify areas from no

sargasso to extreme sargasso cover (Table 1). This

analysis was done for the entire period and per

season.
The sea off the Mexican Caribbean coastline was divided into

15 segments (≈30 km long and 20 km wide), based on the influx

patterns of sargasso on the shore (Chávez et al., 2020; Uribe-

Martıńez et al., 2020) (Figure 3). For each segment, we estimated

the cumulative sargasso coverage area and recurrence based on

the proportion of the hexagons intersected by the polygonal

segments. This analysis was made for the entire period and per

season. A non-parametric variance test (Kruskal–Wallis) was
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performed to evaluate the significance of possible differences

between the regions.

Putman et al. (2020) and Rutten et al. (2021) explained the

influence of waves, wind, and tides on the sargasso dynamics

close to shore and governing its beach casting; we described

graphically the mean oceanographic conditions (wind and wave

power). To do this, daily mean wave, wind power, and direction

were obtained for eight sampling nodes along the Mexican

Caribbean coast (N1: 21°N 86.5°W; N2: 20.5°N 87°W; N3:

20.5°N 86.5°W; N4: 20°N 87°W; N5: 19.5°N 87°W; N6: 19°N

87.5°W; N7: 18.5°N 87.5°W and N8: 18°N 87.5°W; Figure 3)

from ERA5 climate reanalysis (https://climate.copernicus.eu/

climate-reanalysis) using marine climate data for 2018 and 2019.

Cross-validation of satellite detected sargasso
Pelagic sargasso is constantly moving on the ocean surface

and changing its form as winds and waves force sargasso, giving

very difficult conditions for a typical cross-validation assessment.

In order to validate the location and form of a sargasso raft, it

is necessary to fly over an area known to be covered by a Landsat

8 scene, to find a sargasso raft at the same time that the satellite

will acquire the image, so the location and the form of the raft is

not significantly altered. It is also crucial that there is no cloud

between the raft and the satellite at the time the image

is acquired.

Therefore, a flight was planned, at a maximum height of

about 300 m, to coincide with the passing of the Landsat 8 OLI

satellite on 13 July 2018. Sargasso rafts in the northern Mexican

Caribbean were photographed from the air at around 11:00 a.m.
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(CST) corresponding with the approximate time of passage of

the satellite, and the geographic coordinates of the raft photos

were recorded. We built a multi-index composite (FAI, NDVI,

SAVI) of the Landsat 8 OLI satellite image for that day, following

Cuevas et al. (2018), and visually validated the presumed

sargasso aggregations in the satellite product with the aerial

photographs. To complement the verification using Landsat 8

OLI in sargasso detection at different spatial scales and methods,

we overlaid the areas of detected sargasso using MODIS (Wang

and Hu, 2016) and Landsat 8 imagery (Cuevas et al., 2018).

For this comparison, we selected some clear cases that had

occurred on a date when the two images had the least possible

time difference (~2 h). The georeferenced images were added to

the software QGIS for image compositions. Both detection

approaches were based on the “red-edge” spectral feature of

the sargasso, and the MODIS image were processed based on

thresholds of the alternative floating algae index (AFAI) (Wang

and Hu, 2016).
Local beached sargasso dynamics

The possible relationship between the wrack beaching and

near-shore oceanographic features were evaluated at the Puerto

Morelos reef lagoon, in the north of the Mexican Caribbean

(Figure 4A, see also Figure 3). The daily accumulation of

sargasso was estimated using data from a coastal video

monitoring station located at the Reef Systems Academic Unit

(Unidad Acadeḿica de Sistemas Arrecifales, UASA) of the
TABLE 1 Classification criteria of sargasso presence, based on the cumulative sargasso area and recurrence from 2014 to 2020.

Cumulative area classification
(min–max km2)

Recurrence classification
(min–max number of

images)

Spatial pattern classification Description

No Sargasso No sargasso 0. No sargasso No sargasso detected

Low (1-10) Low (1-3) 1. Low Little presence of sargasso, infrequent

Low (1-10) Moderate (4-7) 2. Moderate Some presence, when cumulative area and
frequency are a combination of low and
moderate

Low (1-10) Moderate (4-7)

Moderate (10-20) Low (1-3)

Moderate (10-20) Moderate (4-7)

Low (1-10) High (8-14) 3. Frequent Repeated presence of sargasso, with low to
moderate coverModerate (10-20) High (8-14)

Moderate (10-20) High (8-14)

High (20-40) Low (1-3) 4. Intense episodes Few episodes, with high or very high cover

High (20-40) Moderate (4-7)

Very high (>40) Low (1-3)

Very high (>40) Moderate (4-7)

High (20-40) High (8-14) 5. Frequent and intense High recurrence and cumulative area is
high or very highHigh (20-40) Very high (>14)

Very high (>40) High (8-14)

Very high (>40) Very high (>14) 6. Extreme Very high recurrence and cover
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National Autonomous University of Mexico (Universidad

Nacional Autońoma de Mex́ico, UNAM) (Figure 4B). Image

analysis techniques were used to evaluate the cover of beached

plant material (mainly sargasso). This information was

integrated in datasets to evaluate the arrival and departure of

sargasso and wind, waves, or tides.

Time average images (timex) were calculated with video

images that were captured at 3.75 frames per second, for 10 min,

every 0.5 h, from September to December 2015. The sargasso

coverage was calculated on the beach section of approximately

210 × 21 m. Detection of sargasso on the beach was performed

using segmentation techniques and the optimal thresholding

methodology (Otsu, 1979). The analysis was systematized

through a series of routines to process the images, where the

colour scale of the area was transformed from RGB (red–green–

blue) to HSV (hue–saturation–value), to improve detection and

better solve colour variations of the sargasso caused by daylight

changes and the degradation of the algae. The segmentation of

the area covered by sargasso was done by optimal thresholding,

and the sargasso coverage polygons were estimated and

transformed to geographic coordinates using georeferenced

control points following Simarro et al. (2017) and Rutten et al.

(2021), showing that this kind of analysis provides a very

valuable insight on the dynamics (arrival and separation) of

onshore sargasso.

The correlation between sargasso cover with wind, wave, and

tidal data was evaluated using daily average offshore wind and

offshore wave power calculated from ERA5 data for Puerto

Morelos (N1: 21°N 86.5°W). The direction corresponds to

where the waves and wind come from and is relative to the

geographic location of the north pole. The local wind and tide

data were obtained at a frequency of 60 s from the records of the

Meteorological and Oceanographic Academic Service (Servicio

Acadeḿico de Monitoreo Meteoroloǵico y Oceanogra ́fico,
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SAMMO) of UNAM in Puerto Morelos. Finally, the offshore

significant wave height (Hsoff) was taken from NOAA buoy

42056 (19°55′6″N, 84°56′18″W) in the Yucatan Basin. To

estimate the significant wave height inside the lagoon, Hslag,

the following transfer function was used.

Hslag =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hsoff =10

q
(1)

To link the video-derived observations with the forcing

variables responsible for sargasso movement, a numerical

model was implemented (see map in Figure 4A). The sargasso

dynamics inside the reef lagoon were simulated by reducing the

process to two basic stages: “inflow” and “outflow.” The Delft3D

model was implemented in 2D mode with a grid resolution of 50

m, which was forced with the observations of wind, tides and

waves obtained from the measured conditions described above.

The model was able to reproduce the general circulation of the

lagoon, as reported in Coronado et al. (2007).

Sargasso inflow into the model domain was simulated using

the “discharges” feature of the hydrodynamic module of

Delft3D-FLOW. This works like a dye, with a given

concentration and discharge rate that spreads through the

modelling area at a specific time, following the hydrodynamics

resulting from the flow–wave coupling. Every “sargasso

discharge” had a concentration of 84 kg/m3 and a constant

discharge rate of 0.01 m3/s for a simulation period of 7 days. This

concentration gave a visualization of the dispersion.

From inspection of the video-derived sargasso coverage and

the measured met-ocean data, the “inflow” scenario was

implemented with mild winds of 3.5 m/s, and low-energy

wave conditions, Hsoff = 0.3 m, Tp = 6 s, from the dominant

direction (SE, 135° according to the Nautical convention). The

“separation” scenario consisted of exacerbated hydrodynamic

conditions with Hsoff = 1.0 m, Tp = 10 s, and a direction of 135°.
BA

FIGURE 4

(A) Puerto Morelos reef lagoon, adapted from Parra et al. (2015). This map also shows the domain of the numerical model (see Figure 3). (B)
Targeted beach section of ~210 m, of the fixed video monitoring.
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In this scenario, two conditions were considered, one assuming a

continuous inflow of sargasso from offshore (4 additional days of

the simulation, 11 days in total) and the second with sargasso

inflow for only the first days of the simulation, assuming a

subsequent absence of offshore sargasso.
Beach cast dynamics

Since 2015, when the first massive sargasso beach casting

occurred, many owners of land on the beach front have

undertaken beach cleaning actions. A few have kept a

systematic log of the volume of sargasso collected every day

or, at least, the accumulated monthly volumes. These data have

given us key temporal patterns at a very fine spatial resolution,

at the local scale (<10 km), and are considered a direct sample

of the proportion of casted sargasso.

Two hotels in Puerto Morelos, Now Jade and Moon

Palace, contributed data on collected vegetation volumes

from their beach cleaning for a combined distance of 3 km,

for 2015 to 2020. The main aim of the beach cleaning in front

of resorts is to have a comfortable, visually attractive, and

smell-free beach. Therefore, the beached sargasso on the

Moon Palace property is collected, mostly mechanically,

and a detailed composition of the collected matter is not

possible. Nevertheless, the log books of the collected sargasso

include a qualitative indicator of what was the dominant

material (seagrass or sargasso), so it contributes to the

interpretation of the long-term sargasso beaching in

this locality.

The time-series analysis of these data was done bimonthly,

to standardize both data sources and make them comparable to

satellite detected sargasso cover in time steps. We identified the

spatiotemporal coincidences and divergences between the

patterns of satellite-detected sargasso inside a 20-km in-water

strip and the sargasso collected on the beach at Puerto Morelos,

similar to Trinanes et al. (2021). The oceanic and atmospheric

conditions were taken into account to analyse the temporal

patterns. This comparison gives a better understanding of the

association between the sargasso detected in the open sea and the

coasting volumes, and volumes collected on the beach, in order

to establish an indicative reference for sargasso influxes in the

context of regional-scale systematic detection.
Results

Structured spatiotemporal patterns at different spatial and

temporal scales were seen in the sargasso influx occurring along

the Mexican Caribbean.
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Regional-scale, high-resolution satellite
detections

This systematic time series of medium-to-high spatial-

resolution satellite detected sargasso coverage data from 2014

to 2020 for the Western Caribbean Sea. The observations start a

year before the massive sargasso arrivals became recurrent,

setting a baseline. The minimum coverage values were

recorded from July to November of 2014, from March 2016 to

December 2017, and then from October 2019 to May 2020. The

highest sargasso coverage at sea was detected from the summer

of 2018 to May 2019. In 2019, three peaks were detected: in

January, April, and August, with minimum values in the period

October 2019 to May 2020, close to zero, which meant 140 times

less satellite detected sargasso than in the previous year. For

2020, there was a very clear summer peak (June–August),

slightly more than half that of the historical maximum (≈160

km2) (Figure 5A).

Even though the maximum medians occur in summer

(Figure 5B), there is great variability throughout the year,

meaning that medium to high sargasso coverage is possible in

any month. This was the case for the sargasso peaks detected in

December 2018 and January 2019, which were almost as high as

the peak of September 2018. Excluding the summer months,

April has the most variability in sargasso coverage, as it usually

has low sargasso volumes, but in 2018 and 2019 there were large

areas covered by the algae. Variability was also high in January

and February, the former to a lesser degree but with the highest

median of both.

Autocorrelation analysis through the autocovariance

function shows that the coverage of sargasso in 1 month is

significantly correlated with the sargasso in lags of 1 to 4 months

(coefficient > 0.2; p< 0.05), with lag = 4 higher than the although

the correlation of lag = 4 is higher than the second and third lags

(Supplementary 3; Figure 1).

The accumulated sargasso coverage varied significantly

between regions in the Mexican Caribbean (H = 36.04, N = 24,

p = 0.0001). The near-shore segments tended to have higher

sargasso coverage and recurrence than areas offshore. The

segments in the north and centre, 04 (Akumal), 02 (Puerto

Morelos), and 03 (Playa del Carmen), had the highest

cumulative sargasso coverage during the analysis period

(Figure 6C). In these segments, some hexagons had over 40-

km2 coverage.

Based on the categories of cumulative sargasso coverage

(Figure 6C; Table 1) segment 04, central-northern Tulum and

southern Solidaridad municipalities, had the largest proportion

of very high and high cumulative areas, totalling almost 75%,

with 25% of the area having moderate and low accumulated

coverage (Figure 6A). In segments 02 and 03, about 50% of the

area had very high and high sargasso coverage.
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The lowest cumulative sargasso coverages per segment were

recorded in the south of the study area (segments 08, 10, and 11),

with less than 25% of area covered with very high and high

cumulative sargasso coverage, although segment 09 (Mahahual)

had very high accumulations in more areas than in the adjacent

segments. It is important to notice that this study did not cover

all of the in-water area of segments 9–11, so their values may be

underestimated. However, different patterns are not expected, as

only a very small part was not accounted for (Figures 6A, B).

Most of the segments have an area of high cumulative

coverage, less than 10 km from shore. There were a few

exceptions, such as at the entrance to the Cozumel channel,

where a strip of areas with more than 40 km2 of accumulated

sargasso was detected, but this was the only segment where the

whole polygon had a high cumulative coverage (Figure 6A)

and the only one to have a strip of over 20 km of high

coverage. Segment 01 (Benito Juarez) also has a different

spatial pattern, with large amounts of sargasso in a shore-

divergent strip and a small amount of accumulated sargasso

on the north shore.

Sargasso was detected in at least 8 months (10% of the time

series) on almost all of the coast, with >17% recurrence (14

months) in the area in front of Puerto Morelos and Tulum

(segments 02 and 04), as well as part of the Felipe Carrillo Puerto

coast (segments 06 and 07) (Figure 6D; Table 1). Almost 75% of

the segments were covered by the classes high and very high

recurrence (Figure 6D). Nevertheless, in segments 02 (Puerto

Morelos) and 06 (Ascension) very high recurrences were
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recorded, as in segment 04 (≈45% of very high–high

categories). The segment with the least cumulative sargasso

coverage and recurrence was segment 11, followed by its

northern neighbour, segment 10, although the underestimation

here must be considered (Figure 6D).

In the open sea, high cumulative sargasso coverages were

recorded along disperse and intricate sargasso streams

(Figure 6A), where recurrence values were mostly less than 7

(months), although north of Cozumel island in the central

eastern area, the sargasso was found more frequently

(Figure 6B). In the central eastern area, the sargasso was more

frequent (four to seven times, i.e., 5% to 8% of the time) than the

southwest and in the north of segment 15 (Marine area)

(Figures 6B, D). It is also important to notice that high

recurrence values were recorded (8—over 14 times) north of

Cozumel island, similar to those in the coastal fringe.

Combining the accumulated coverage and recurrence values

of sargasso (Table 1; Figure 7), segments with frequent and high

coverages of sargasso are found, mainly segments 01 to 06. Off

Puerto Morelos (the north of segment 02 and south of segment

01), and in the inlet of Ascension Bay (06, Ascension), these

extreme sargasso patterns have a well-defined spatial

configuration (Supplementary 3; Figure 2). Classification also

showed areas with frequent, intense events, particularly in

segment 04 (Akumal).

The seasonal dynamics of sargasso coverage in the coastal

segments, with maxima in the summer, are influenced by the

dominant winds, ≤0.2 kW/m2 (≤6.9 m/s), coming from the east/
B

A

FIGURE 5

(A) Coverage of satellite-detected sargasso in the Mexican Caribbean, 2014 2020, and cloud coverage. (B) Area covered by sargasso each
month. Rectangles represent the first and third quartiles, the middle line represents the median, the upper whisker represents maximum values,
and black dots are outliers.
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east–southeast (67.5°–112.5°) and which are stronger in the south

(nodes 5–8) (Figure 7C). In spring, frequent and intense events were

also quite common, as high as summer values in segment 04

(Akumal) (Supplementary 3; Figure 3). The strong influence of

more powerful winds >0.2–0.4 kW/m2 (>6.9–8.7 m/s) from east/

southeast–east (90°–135°) was also observed in spring.

In winter (Figure 7B), sargasso was seen less frequently and

with lower coverage in most of the segments, with only a few

areas in the extreme category (very high recurrence and

coverage), south of Tulum (segments 5–7), where similar or

even larger areas had more frequent and intense sargasso

coverage than in summer. Areas without sargasso were

observed in segments 01–04 and 12–14, increasing from ≈25%

of the area in summer, to more than 50% in the winter, including

areas very close to the shore, a change that occurred to a lesser

degree in segments 05–08. This can be explained by the high

variability in wind direction in winter, from 67.5° to 135°, with
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prevailing wind power of 0.2–0.4 kW/m2, commonly reaching

>0.4–0.6 kW/m2 and even >0.6–0.8 kW/m2 (Figure 7D).

There were intense episodes (Table 1), however, all along the

coastline. The spatial pattern of these intense episodes differs

from those of the summer, in the open sea mainly but also

around Cozumel Island (segments 12–14), Puerto Morelos,

and Solidaridad.

Cross-validation of satellite-detected sargasso
and beached sargasso

On 13 July 2018, from 9 a.m. to 12 p.m. (local time), we flew

over an area covered by the Landsat scene path 018, row 045,

spanning the satellite acquisition time of around 11 a.m. We

took over 800 geolocalized photographs of sargasso rafts, from

the Cancun to the open sea. A subset of well-consolidated

sargasso rafts that were observed from the plane at

approximately 11 a.m., in a cloud-free area, was chosen to
B

C D

A

FIGURE 6

Sargasso coverage (2014–2020) off the Mexican Caribbean coast; the numbered areas are coastal segments ≈30 km long. (A) Accumulated
area, (B) recurrence, (C) categories of accumulated area of sargasso in the coastal segments, and (D) categories recurrence of sargasso per
coastal segment.
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compare with the sargasso multi-index of this site. The selected

rafts were positively detected in the satellite image (Figure 8),

and the spectral features of the objects detected as sargasso in the

Landsat 8 images were radiometrically similar to the sargasso

rafts photographed from the plane. The third largest area of

sargasso detected in this study (Figure 5A), and one of the largest

sargasso volumes collected from the beach (see Section 3.3),

coincided with the date of the aerial observations.
Local beached sargasso dynamics-video
images

Analysis of 1,019 images of the 210-m beach section,

September to December 2015, showed that the largest
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accumulation of beach-cast vegetation (mostly sargasso) along

the beach (area ~4,200 m2) was in September, covering an area

of ≈1,600 m2 (Figure 9). This area subsequently decreased, to less

than 400 m2, by late October.

Although the amount of beach wrack varied daily, a pattern

between the oceanographic parameters and wrack coverage was

observed in this period (Figure 10). When there was over 500-m2

wrack coverage on the beach for more than 3 days, the average

wind speed was<4 m/s, Hslag ≤0.3 m, and tidal range ≤0.25 m,

conditions favourable to arrival. This occurred eight times in the

study period (red boxes in Figure 10), with September being the

month with most wrack coverage. These low-energy conditions,

with gentle winds, low Hs, and neap tides, are typical summer

conditions in the region; this is the season when the massive

arrivals of sargasso have occurred most often in the last 5 years.
B

C D

A

FIGURE 7

Spatial sargasso pattern classifications for (A) summer and (B) winter. The black stars show the nodes where climate data were recorded. Wind
power charts for 2014–2021 in (C) summer and (D) winter.
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Wrack event separation (natural removal), shown by green

boxes in Figure 10, was seen when wrack coverage was less than

160 m2 for 2 or 3 consecutive days and was related to high-

energy conditions—wind speeds over 10 m/s and Hslag > 0.4 m

in the reef lagoon. These high-intensity sporadic events activate

the circulation in the reef lagoon, reducing the residence time

of the wrack and favouring its movement towards the open sea.

The resuspension of beached wrack is induced by spring tides

and waves, which create a wide swash zone where the wrack is

pushed offshore into the reef lagoon, and its eventual exit.
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These results were partly confirmed by hydrodynamic

modelling. The arrival scenario (Figure 11A) of low-energy

winds and waves showed cross-reef (onshore) transport of the

dye through the reef tops, with a maximum velocity of 0.01 m/s.

Two major pathways were observed, in the north and south of

the lagoon, and the interaction caused great accumulations in

the central part of the lagoon. In this scenario, by day 2 of the

simulation, there are inflows from both offshore sources. Day 3

shows the lagoon partially covered with sargasso, and by day 7

the lagoon is completely covered (see Figure 11A). Even though
FIGURE 8

(A) A multi-index composite of a Landsat 8 OLI satellite image and aerial photographs of the same sargasso rafts, from 13 July 2018. (B) Close-
up of the area observed at the time of the image acquisition (11:06 a.m.). Red dots show the photograph locations, and the white to light green
shows the sargasso multi-index detection; (C–F), aerial photographs of sargasso rafts photographed at approximately the time the satellite
passed overhead.
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it is known that sargasso arrives as patches or strands, the

discharge feature does not permit modification of the shape of

the discharge (dye) as it spreads through the area. Therefore, as

an approximation of the dynamics of sargasso inside the lagoon,

it was assumed that the lagoon was fully covered with the algae.

On the other hand, in the separation scenario, with more

dynamic hydrodynamic conditions, the main outflow is through

the main discontinuities of the reef (mouths), to the south and

northeast of the lagoon. Figure 11B shows the first separation

scenario: 4 days of inflow and then a stop. On day 1, the lagoon is

fully covered, especially in the north and centre (light green).

Then, also on day 1, the outflow starts through the reef openings

(southern and northeast regions). On day 2, the north is

completely free of dye, and there is only a minor accumulation

in the south. Finally, on day 3, the lagoon outflow is complete,

sargasso-free, showing that the high-energy conditions can clear

the lagoon of sargasso.
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However, this is not always the case: sometimes the sargasso

arrivals are constant and accumulation continues, mainly in the

north and in zones of flow convergence, despite high-energy

conditions. Figure 11C shows that on day 1 of the second

separation scenario, with high-energy conditions and a

constant inflow, sargasso rafts occurred throughout the reef

lagoon. On day 2, an outflow of sargasso through the mouths

is observed. The northern region seems to clear, but by day 5 of

the simulation, sargasso rafts are present everywhere again, until

the end of the simulation. On day 10, only the central region was

clear and there were two main concentrations of sargasso, in the

north and south of the lagoon.

The simulations only give an approximation of the dynamics

of drifting wrack (sargasso) within the lagoon, since the dye

concentrations do not behave in exactly the same way as the

sargasso rafts, although it helps to understand the potential cover

of the algae and its dispersion.
FIGURE 9

Time series of the coverage of beach-cast vegetation (mostly sargasso) for the beach section studied, at Puerto Morelos, September–
December, 2015. There are no data in mid-October due to camera failure.
FIGURE 10

Time series of oceanographic variables and wrack coverage for the beach at Puerto Morelos, September–December, 2015. The red boxes show
arrival events, and the green boxes separation events.
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Beach cast dynamics

In 2019, when data were available for the beaches at both

Moon Palace and Now Jade, the dynamics of the beach-cast

wrack had the same pattern at both sites. The largest amounts of

beach-cast wrack were collected in May and June, >10,000–

>20,000 m3/km from the Moon Palace Beach (Figure 12A).

Another peak in beach cast occurred in May–June 2018,

a l though the volume was lower (<10,000 m3/km)

(Figure 12A). Although there were marked differences showing

a knowledge gap in the offshore–inshore transition (Figure 12B),
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the satellite-detected sargasso observed in the subarea and the

beach-cast wrack at Moon Palace episodically showed similar

temporal patterns throughout the period.

The beach-cast wrack at Moon Palace is mostly a combination

of seagrasses with sargasso (i.e., sargasso being less abundant),

followed by a mix of sargasso and seagrasses (Supplementary 3;

Figure 4). A cast of pure sargasso occurs mainly in summer but

also in January and to a lesser degree in December, then the

influxes start in April, when a mainly sargasso collection was

recorded, coinciding with the peaks in the satellite detections (see

section 3.1).
B

C

A

FIGURE 11

Concentrations of drifting rafts obtained by numerical modelling of the arrival and separation of sargasso in Puerto Morelos. Lighter (darker)
green shows larger (lower) sargasso concentrations. (A). Arrival scenario;(B) Separation scenario for 4 days of sargasso inflow. (C) Separation
scenario with a constant inflow of sargasso. The black dots in all the panels show the location of the UASA-UNAM (top) and the town of Puerto
Morelos (bottom). The red line indicates the position of the reef crest.
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For March to July 2017, discrepancies between the wrack

collected from the beach and the satellite detected sargasso were

observed, which may be attributable to differences in wrack

composition. Logbook records indicate that in these months

most wrack was seagrass. The largest discrepancies were found

for the time of the highest sargasso fluxes, September–October

2018 and May–August 2019.
Discussion

While there are numerous published works on ocean-scale

monitoring and forecasting sargasso spread and dynamics

(Brooks et al., 2018; Putman et al., 2018; Wang et al., 2019;

Trinanes et al., 2021; Wang and Hu, 2021), local and regional

patterns in countries affected by sargasso in the Caribbean is

limited, when such information is key for management and

decision making. This is the longest (2014–2020) systematic

time series of medium-to-high spatial-resolution satellite-

detected sargasso coverage data for the Western Caribbean Sea

to be published.

Satellite-detected sargasso is the most effective and efficient

strategy for long-termmonitoring (Marsh et al., 2021; Wang and

Hu, 2021). There is still room for improvement in this strategy,

as with any methodological approach, but as it is standardized

and systematic, the spatiotemporal patterns give a robust

background and a tool for decision making, management, and
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ecological restoration. As the ocean hydrodynamics are a key

driver of sargasso distribution and dynamics (Brooks et al., 2018;

Putman et al., 2020), knowledge of local and regional

hydrodynamics is essential. By combining analysis of satellite

images at the regional scale, with local observations on sargasso

beaching, and hydrodynamic modelling, we increased our

understanding of the dynamics and potential drivers of the

beaching of sargasso biomass. It is also important to be able to

recognise knowledge gaps in the understanding of variability

closer to the coast, where the transition from oceanic to coastal

dynamics occurs.

The present study offers spatial and seasonal patterns of

sargasso coverage, together with wave and wind climates, to give

a general panorama of the phenomenon, where atmospheric and

oceanographic conditions drive sargasso distribution and

beaching in different ways, depending on the spatial and

temporal observation scales, as well as the location of the

observations. This study did not reveal any particular area of

aggregation of sargasso in open waters, although some complex

shapes of cumulative coverage were detected, presumably

underlining the paths of the dominant ocean currents. The

spatial recurrence patterns of sargasso distribution in the open

sea show no major recurrent areas, maybe because of the highly

dynamic oceanic conditions. The highest cumulative sargasso

coverage and the highest recurrence rates occur on the coast,

mainly in the centre and north of the Mexican Caribbean. How

the maritime climate drives the sargasso influx onto the beaches
B

C

D

A

FIGURE 12

Bimonthly analysis of the beach-cast vegetation and sargasso quantification from satellite detection. (A) The collected wrack from the beaches
at Moon Palace and Now Jade, and the satellite-detected sargasso rafts in the area adjacent to the Moon Palace (for location see Figure 3). (B)
instantaneous normalized difference (t2 – t1) of sargasso quantification from satellite detection and data on Moon Palace collection; (C)
bimonthly mean wave power; (D) bimonthly mean wind power. Both (C, D) were calculated for the nearest ERA5 node (N1: 21.0°N, 86.5°W) (for
location see Figure 3).
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is still patchy, however, and is the subject of several local-scale

oceanographic works.

There are several studies on the hydrodynamics of the

Yucatan Current (Ochoa et al., 2001; Candela et al., 2002;

Candela et al., 2003; Ochoa et al., 2005; Cetina et al., 2006), but

the maritime climate at the local scale has been little studied.

Carrillo et al. (2015) studied the coastal circulation off the

Mesoamerican Barrier Reef System, including the Mexican

Caribbean, and described the influence of the Cayman

Current on the Yucatan and other local currents. This

depends on the latitude where the former encounters the

Mexican Caribbean continental shelf.

The Cozumel island splits the Yucatan Current into two,

while its western shore lies in the highly dynamic Ascencion-

Cozumel Coastal Eddy (Carrillo et al., 2015) and the eastern

shore has oceanic regimes more similar to the Yucatan

Current, with stronger and more focused flows (Chávez

et al., 2003; Ochoa et al., 2005; Athié et al., 2011; Alcérreca-

Huerta et al., 2019) that induce on each side of the island a

specific sargasso spatial configuration. In the present work, the

area south of the Cozumel island was seen to have the highest

cumulative satellite-detected sargasso coverage at sea

(Figures 6A, B), presumably because of the slowing in the

speed of the current in this area. North of Cozumel, where the

Yucatan Current is fully developed (current speeds of

approximately 1 m/s), sargasso is transported by more steady

currents, inducing differences in the accumulations on the east

and west shores of Cozumel.

Sargasso can be found in the Western Caribbean in all

months, with increased coverage and recurrence in the

summer, when the impact on the coasts was severe, mainly

in the north of Quintana Roo (van Tussenbroek et al., 2017;

Casas-Beltrán et al., 2020; Chávez et al., 2020; Rodrıǵuez-

Muñoz et al., 2021). Despite this clear seasonal pattern,

intense episodes are seen all along the coast in fall and

winter, except on the western side of the Cozumel Channel.

The numerical modelling of the Puerto Morelos lagoon showed

that sargasso cast is more likely to occur in summer due to

lower wave energy, while in winter there are stronger energy

pulses with higher magnitudes and a northeastern wind

direction. Onshore sargasso dynamics had already been

described before for Puerto Morelos by Garcia-Sanchez et al.

(2020) and Rutten et al. (2021) who reported similar

interannual variability in the influx to that reported in this

work, although over shorter observation periods. Rutten et al.

(2021) reported that the greatest sargasso beachings were in

2018 and 2019 and that 2016 was a mild year; this pattern is

mostly consistent with the sargasso coverage time series

reported, although in 2020 offshore sargasso coverages are

comparable to those of 2019 (Figure 5).

The higher onshore accumulation of sargasso biomass in

the summer months can be explained by various factors. In

summer (July–September), the greatest and most frequent
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sargasso coverage occurs offshore, coinciding with onshore

beaching events. The greatest sargasso coverages close to

shore were found in calm maritime conditions (≤0.2-kW/m2

winds), with the dominant winds coming from east/east–

southeast (Rutten et al., 2021; this study). However, when

oceanographic conditions are more variable, there are

notable differences between sargasso available at sea and the

wrack cast. The smallest sargasso coverage and beaching events

in winter are related with the most variable wind direction

recorded, as well as the most powerful winds and waves in the

region (Figures 12C, D). These rough atmospheric and

maritime conditions could break up the sargasso rafts and

put them below the detectable threshold for Landsat 8 OLI

imagery, as Wang and Hu (2021) suggested, and a northward

offshore transport could also be the cause of the low

observation of sargasso in the coastal area.

Beaching events were associated with low-energy

conditions (Hs< 0.25 m, wind speed<4m/s, neap tide), and

separation events occurred during high-energy conditions

(Hs > 0.4 m, wind speed = 8 m/s, spring tide), with a great

accumulation in the middle of the lagoon at Puerto Morelos

during arrival events. During separation events, the main

outflow of sargasso is the main opening in the reef, to the

centre and south of the lagoon. A considerable sargasso

biomass remain in the lagoon, if the rafts continue to arrive,

and only when the wrack input ceases the energetic

hydrodynamic conditions flush out the wrack from the

lagoon, over a period of days. However, flushing during

higher-energy events also pushes part of the wrack up to the

beach dune or drives it partially offshore where it settles on the

lagoon floor, especially when it is already in a partially

decomposed state (Rutten et al., 2021).

The greatest sargasso coverage has tended to be in the

northern Mexican Caribbean, an area of major tourism. Some

places here, such as Cancun, depend on tourism almost entirely

for their income and local employment (World Travel and

Tourism Council, https://wttc.org/Research/Economic-

Impact/Cities ); management of the sargasso influx is vital if

tourists are to keep visiting. While evidence shows a decrease in

profits over vacation periods of -3% to -8%, there was a general

increase in revenue (0.4%–2.3%) in the region, prior to

COVID-19, suggesting that the negative impact had not been

devastating until then. Maybe the sargasso was not a relevant

factor in touristic demand or perhaps management strategies

to contain the phenomena have been successful locally

(Espinosa and Li-Ng, 2020).

The information provided here can be used by the tourism

industry and decision makers to plan and prioritize their

monitoring, recollecting, and restoration efforts and also to

allow them to be prepared for anomalous arrivals of sargasso

at any time in the year, correcting strict assumptions regarding

temporal or other patterns, due to the high variability of the

sargasso distribution in the Western Caribbean.
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Final remarks

In the present work, the spatial and temporal patterns of

sargasso coverage at different scales were studied, together with

wave and wind climates, to give a general panorama of the

phenomenon, where such atmospheric and oceanographic

conditions drive sargasso distribution and beaching in

different ways. These findings reinforce the need for ongoing

work in accurately detecting sargasso, using freely available

satellite data (Cuevas et al., 2018). These data were used in this

work not just as a monitoring system, but to better

understanding the situation, as a fundamental step in

managing sargasso accumulations, nearshore and onshore. The

on-site planning and operation of sargasso deflection, collection,

and management are complex tasks that depend on a

multifactorial context that must respond to changes in the

atmospheric and oceanographic conditions.

The spatiotemporal patterns presented in this study

contribute to understand sargasso dynamics. They offer

additional robust reference information for the recent acquis

in regional knowledge that is providing the basis for public

policy makers tasked with developing technical guidelines for

the cr ises caused by the sargasso influxes in the

Mexican Caribbean.

Even though seasonal and spatial patterns were noted, high

variability was observed in them. The flow of sargasso from the

open sea towards the shore, and then onto the beaches, is due to

complex interactions between the amount and location of the

sargasso accumulations with oceanic and atmospheric

conditions at different scales. Caution is therefore needed in

decision making because, under certain conditions, substantial

on- and offshore sargasso accumulations can be found in almost

any season of the year in this region. In situ monitoring

combined with numerical modelling should be carried out at

different spatial scales; numerical assumptions can better address

if field data are available, so as to understand more fully sargasso

dynamics. Further fine-scale modelling is still needed for the

area, in order to forecast accurately, in a resolution at hundreds

of metres. Then, local authorities and other interested parties can

formulate beach cleaning plans and other management actions

more confidently.

Not only should building integral guidelines for sargasso

management contain biological, ecological, and physical

information, but also the integral analyses must include

operative capabilities of the on-site operators, including

harbour location, vessels’ autonomy, and collecting capacity,

length, and type of the different barriers, among other operative

criteria. Only by integrally analysing all these multiple factors

will we reach a complete system capable of emitting direct

recommendations in terms of sargasso contention, collection,
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and management, and this more complete analysis spaces the

scope of this study.

Finally, linking the dynamics of beach-cast wrack to sargasso

raft coverage in the sea using satellite images showed that peak

events in both generally coincide, but not always, because the

wrack may consist of other material, such as seagrass. It is

important to target research and management efforts to

effectively count the volume of beach-cast sargasso, so that this

can be more directly associated with the rafts detected at sea.

Beached sargasso datasets should also be gattered systematically

in other areas of the region.

The recent sargasso phenomenon has attracted the attention

of the scientific community. However, the economic resources

invested in research to fully understand this complex

phenomenon are scarce. If we are to have more effective and

efficient management of the sargasso on- and offshore, a more

concerted effort must be made to monitor/record and make data

public in the Caribbean region.
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Rodrıǵuez-Muñoz, R., Muñiz-Castillo, A. I., Euán-Avila, J. I., Hernández-Núñez,
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