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The holopelagic macroalgae sargassum has proliferated across the tropical Atlantic since 2011, of consequence for coastal populations from West Africa to the Caribbean with limited early warning of major beaching events. As part of an interdisciplinary project, ‘Teleconnected SARgassum risks across the Atlantic: building capacity for TRansformational Adaptation in the Caribbean and West Africa’ (SARTRAC), an ensemble forecast system, SARTRAC-EFS, is providing seasonal predictions of sargassum drift. An eddy-resolving ocean model hindcast provides the winds and currents necessary to generate ensemble members. Ensemble forecasts are then obtained for different combinations of ‘windage’, the fractional influence of winds on sargassum mats, and in situ rates of growth, mortality, and sinking. Forecasts for north and south of Jamaica are evaluated with satellite-observed distributions, associated with beaching events in specific years of heavy inundation, 2015 and 2018-20. These seasonal forecasts are evaluated, on lead times of up to 180 days. Forecasts are subject to leading modes of tropical climate variability, in particular the Atlantic Meridional Mode (AMM). More accurate forecasts for a given year are obtained with ensemble members from hindcast years with a similar spring AMM-index. This is most clearly evident during negative AMM phases in spring of 2015 and 2018, when positive sea surface temperature anomalies and anomalously weak trade winds were established across the northern tropics. On this evidence, SARTRAC-EFS is potentially useful in providing early warning of high sargassum prevalence. Extended to sargassum drift off West Africa, extensive cloud cover limits availability of the satellite data needed for full application and evaluation of SARTRAC-EFS in this region, although experimental forecasts off the coast of Ghana are found highly sensitive to the windage that is associated with strong onshore winds during boreal summer. Alongside other forecast systems, SARTRAC-EFS is providing useful early warnings of sargassum inundation at seasonal timescale.
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INTRODUCTION

In recent years, holopelagic sargassum macroalgae (seaweed) has been increasingly recorded far beyond the Sargasso Sea – named after the prevalent seaweed – in the western subtropical gyre in the North Atlantic (Fidai et al., 2020). Large quantities of sargassum notably appeared across the tropical Atlantic during the summer of 2011 (Franks et al., 2012). Proliferation of sargassum in most years since 2011 has been consequential, as it accumulates and decomposes on beaches, causing damage to ecosystems (van Tussenbroek et al., 2017) and adversely impacting human health and livelihoods (UNEP, 2018). A wide range of uses for sargassum has meanwhile been identified, providing business opportunities (Desrochers et al., 2020). The unpredictable supply of sargassum is however identified as one of five challenges that face stakeholders concerned with potential opportunities for sargassum reuse and valorisation (Oxenford et al., 2021). For resilient adaptation to this environmental challenge, we therefore need to better understand and predict the annual influxes of sargassum to beaches throughout the tropical Atlantic.

Like the Sargasso Sea, pelagic sargassum in the Caribbean comprises two species, Sargassum natans and S. fluitans, including several morphotypes or forms. Early inundations, however, were dominated by a form considered rare in the Sargasso Sea, Sargassum natans VIII (Schell et al., 2015; García-Sánchez et al., 2020). S. fluitans and S. natans have also been sampled along the coast of Ghana since 2009 and not being indigenous to the Gulf of Guinea, were considered to have originated in the Sargasso Sea (Addico and deGraft-Johnson, 2016). These species of sargassum were also identified further to the east, off the coast of Nigeria, in 2012 (Oyesiku and Egunyomi, 2014). The basin-scale extent of these species has led to recognition of the ‘great Atlantic Sargassum belt’ (Wang et al., 2019).

Hydrometeorological processes such as currents and wind not only drive oceanic movement of sargassum but also influence beaching along coastlines. These wide-scale oceanic processes however give way to local tidal, coastal currents, and prevailing wind and wave conditions, that further determine beaching events. In the Caribbean during 2019, for example, beached sargassum was mapped by the Mona Geoinformatics Institute using remote sensing and field validation techniques around the coastline of Jamaica (Anderson et al., 2021). Results revealed those particular shorelines to experience inundation, with much of the east and south coasts seeing some of the highest frequency of sargassum beaching that year (see Figure 1).
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FIGURE 1. Sargassum beaching locations and frequency for Jamaica, 2019, mapped for every 1-km segment of coastline and overlain on average wave height (100-year return, source: Caribbean Disaster Mitigation Project, 2000). Eastern and southern locations such as Manchioneal (Portland) and Hellshire (St Catherine), respectively, were observed to have undergone particularly frequent sargassum inundation as a result of a combination of local hydrometeorological and geomorphological conditions favourable to beaching.


Trade winds from the north-east are attenuated by local changes in terrain such as high mountain ranges to the east of Jamaica. Offshore waves undergo refraction and significant energy dissipation on encountering wide, gentle-sloping shelf areas south of the island but far less so to the north of the island where the shelf is predominantly narrow and steep. Combined with a local diurnal wind regime, microtidal conditions and seasonal swells, various coasts are exposed to strong wind and wave conditions at different times of the year (Maxam and Webber, 2010).

While these hydrometeorological conditions will account for some of the beaching observed, some areas were shown on the map to experience significant inundation in both relatively active and calm wave environments. The shoreline of Clarendon (the central coast of south Jamaica – see Figure 1) notably exhibits this paradox. It is expected therefore that local shelf and shoreline changes will provide complexities in coastal geomorphology that will be significant in driving finer-scale processes and intensity of sargassum beaching in specific areas.

The west African coastline, from Senegal to Nigeria is likewise subject to highly variable quantities of beached sargassum, with notable beaching events recorded along the coast of Ghana, especially the western coast (Rhein-Knudsen et al., 2017), in late June of 2020 – see Figures 2A,B. This has been observed along the shore of many fishing villages (Ackah-Baidoo, 2013). Observations indicate that landings are prevalent on gently sloping beaches, especially along the western coast of Ghana. The focus here on large-scale processes should be appreciated in the context of local processes in our oceanographic regions of interest, around Jamaica and off Ghana.


[image: image]

FIGURE 2. (A) Beached sargassum at Sanzule, on 20 June 2020, located in the centre of (B), which shows sites on the western coast of Ghana recording beached sargassum in June 2020.


Complementary to monitoring for sargassum at beaches, throughout the region, is remote sensing. Since 2011, innovative satellite remote sensing analysis has provided strong evidence for initial growth and establishment of sargassum in the equatorial Atlantic (Gower et al., 2013; Franks et al., 2016; Wang and Hu, 2016). Based on an ‘Alternative Floating Algae Index’ (AFAI), ‘FA_density’ maps are now provided daily, as the mean of the previous 7 days. The AFAI is an ocean colour index, obtained by utilising the spectral reflectance in red, near infrared and shortwave infrared of floating vegetation per 1-km pixel in images from the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument that is currently onboard the Terra and Aqua satellite, translated as a fractional (or %) area covered by floating algae (Hu, 2009). Across the “Central Atlantic Region,” or “Central West Atlantic” (CWA), encompassing 38-63°W, 0-22°N (see Figure 3), the FA_density data can be summed to obtain a total area of sargassum, daily since February 2000, shown here in Figure 3. The inception of summer sargassum blooms in 2011 is clear, with considerable seasonal variability unfolding over subsequent years. Most extensive areas of sargassum developed through 2015, 2018, 2019 and 2020.
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FIGURE 3. Total area of sargassum across CWA (km2), integrating areal fraction over 38–63°W, 0–22°N (see inset map), 2000-20. Area is inferred from satellite images provided by the Optical Oceanography Laboratory at the University of South Florida (https://optics.marine.usf.edu). The highlighted peaks correspond to four years (2015, 2018-20) when sargassum was present in large quantities around Jamaica, chosen to test our seasonal prediction system.


Recent proliferation of sargassum across the tropical Atlantic has attracted considerable scientific attention in the marine science community. A series of studies have established that increased presence of sargassum in the Caribbean can be traced back to the equatorial Atlantic, several months earlier (Franks et al., 2016; Brooks et al., 2018; Wang et al., 2019). Subsequent drift calculations based on currents from numerical models and a nominal 1% ‘windage’, provided compelling evidence for the drift of this sargassum from the equatorial Atlantic to the eastern Caribbean (Putman et al., 2018).

Johns et al. (2020) provide an extensive review and update on our understanding of the proliferation of sargassum since 2011. A basin-scale, tropical-extratropical perspective is now established. It is proposed that a historic climate anomaly in 2010 – an exceptionally negative phase of the North Atlantic Oscillation (weak Icelandic low and Azores high pressure centres) – drove sargassum from the western subtropics (the Sargasso Sea) to the northeast, as far as Gibraltar. Swept south in the Canary Current, the hypothesis is that the subsequent appearance of sargassum in the eastern central tropical Atlantic was the trigger for spring growth and the first Caribbean inundation of summer 2011. The sargassum has subsequently been recirculating in the North Equatorial Recirculation Region (NERR) (Franks et al., 2014), forming a belt across the northern tropical Atlantic that follows seasonal migration of the Intertropical Convergence Zone (ITCZ). Seasonal releases from the NERR, in most years since 2011, supply sargassum that subsequently beaches throughout the Lesser Antilles and the Caribbean. Drifter data provide evidence that the NERR also supplies the sargassum that beaches along West Africa (Johnson et al., 2020), consistent with basin-wide extent of the North Equatorial Counter Current in the approximate zone 5–10°N, during the second half of the year. Sargassum may thus be conveyed eastward, joining the Guinea Current to be delivered to west African coastlines from Senegal to Nigeria.

The challenge of predicting sargassum has grown alongside studies of how and why these blooms are developing. On short timescales, of up to several days, satellite imagery and operational 7-day ocean current forecasts are used to predict beaching events (e.g., Maréchal et al., 2017). On much longer timescales, other approaches must be adopted, involving the use satellite observations (Wang and Hu, 2017), drifters (Johnson et al., 2020) and models (Jouanno et al., 2020). Berline et al. (2020) use satellite data to initialise sargassum distributions in an ocean model, subsequently tracked forwards to provide a seasonal hindcast for 2017.

We adopt a similar approach to Berline et al. (2020), extended to forecasting with uncertainty. As part of the interdisciplinary project, Teleconnected SARgassum risks across the Atlantic: building capacity for TRansformational Adaptation in the Caribbean and West Africa (SARTRAC), remote sensing and modelling are being used to develop a wider early warning system for the arrival of sargassum at specific locations on both sides of the tropical Atlantic: Caribbean and West Africa. For fast and practical capacity building and operational implementation, we have developed a forecast system based on data available in the public domain, and hindcast winds and currents obtained with an ocean model of spatial resolution sufficiently high to simulate realistic movement and dispersal of sargassum. We thus address the basin-scale movement of sargassum, subject to complex and chaotic currents, and highly variable winds, at seasonal timescale. The effects on drifting sargassum of growth, mortality and sinking are retrospectively calculated, to refine the predicted quantities of sargassum at specific locations and times. Here, we demonstrate the application of SARTRAC-EFS to years of extensive beach inundation at two different locations, Jamaica and Ghana, exploring the sensitivity of forecasts to variable ocean and climate states, windage, growth and decay.

The paper is organised as follows. In section “MATERIALS AND METHODS,” we outline the use of satellite observations, ocean model hindcasts, particle tracking and basic algorithms for growth mortality and sinking. In section “RESULTS,” with a focus on the Caribbean and Jamaica, we present the basis for initializing sargassum distributions and results of several test predictions, of sargassum inundations in four selected years, 2015, 2018, 2019, and 2020. We further present exploratory predictions for the west African region, and Ghana in particular, although this is currently restricted by more limited satellite observations in the eastern tropical Atlantic. In section “DISCUSSION,” we discuss our proposed framework for seasonal forecasting alongside several quite different methods proposed by others, emphasizing a complementary approach to long-range prediction of annual sargassum conditions across the tropical Atlantic.



MATERIALS AND METHODS

Predictions are initialised and also evaluated with satellite observations of floating vegetation through the use of FA_density data. Central to predictions is a high-resolution ocean model hindcast, providing datasets used to efficiently track large numbers of particles that are representative of drifting sargassum mats. Using currents and winds from a hindcast spanning 1988-2010, we obtain 23-member ensembles per forecast, amounting to a basic Ensemble Forecast System (EFS). Hence, we refer to the system as SARTRAC-EFS. We describe in turn the datasets and methods that underpin SARTRAC-EFS, concluding this section with a summary of SARTRAC-EFS and brief comments on practical aspects.


Satellite Observations

A range of Satellite Data Products are provided by the Optical Oceanography Laboratory at the University of South Florida, via the website https://optics.marine.usf.edu, including daily ‘FA_density,’ calculated as a mean of the 7 past days (including that day), following the method described in Wang and Hu (2016). In addition to the Central Atlantic Region, we consider FA_density for the Eastern Caribbean (60-75°W, 10-23°N) and around Jamaica (75-82°W, 15-22°N). Together with the Central Atlantic region, these data guide the initialisation of particles, to track sargassum at seasonal timescale. In Figure 4, we show FA_density distributions across the Central Atlantic, Eastern Caribbean and Jamaica, during the high-prevalence years of 2015, 2018, 2019, and 2020, during the summer peaks. In each case, high areal fractions of sargassum are prevalent across the region. In the absence of FA_density, we use AFAI images for the Gulf of Guinea (east of 16°W, 0-7°N) to initialise particle locations for experimental predictions, with a focus on the pathways via which sargassum arrives off Ghana.
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FIGURE 4. Composites of FA_density images (1-km resolution, non-dimensional units) during summer sargassum peaks, selecting maxima during: (A) days 226-230 (mid-August) of 2015; (B) days 196-200 (mid-July) of 2018; (C) days 161-165 (mid-June) of 2019; (D) days 161-165 (mid-June) of 2020. Limits of Central Atlantic, Eastern Caribbean, and Jamaica regions are indicated by the red boxes.


With a focus on Jamaica, we aggregate daily (7-day averaged) area fraction data to the north and south of the island, bounded by 18-20°N, 75-80°W and 16-18°N, 75-80°W respectively. The corresponding time series in Figure 5 reveal that the early 2011 and 2012 prevalence of sargassum in the eastern Caribbean did not extend to Jamaican waters. Only in late 2014 did sargassum start to appear around Jamaica, with subsequent peaks in 2015, 2018, 2019 and 2020, highlighted in Figure 5. These four peak years present a range of tests for our seasonal predictions.
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FIGURE 5. Time series of the total area of sargassum (km2), north and south of Jamaica (for areas indicated in inset maps) over 2011-20, highlighting notable peak events.




Ocean Model Hindcast

The hindcast data used for our drift calculations comprises 5-day averages of surface winds (for windage), temperature, salinity and surface currents from a hindcast spanning 1988-2010, obtained with the Nucleus for European Modelling of the Ocean (NEMO) ocean model (Madec, 2008) in eddy-resolving global configuration (ORCA12), henceforth NEMO-ORCA12. The ORCA12 configuration of NEMO has a horizontal resolution at the Equator of 1/12°, or 9.277 km. This high resolution is similar to that used in previous offline sargassum drift calculations (Brooks et al., 2018; Putman et al., 2018; Johns et al., 2020), and is essential to best represent the swift and narrow boundary currents that dominate the region.

NEMO-ORCA12 is forced with surface datasets produced by the DRAKKAR project (Brodeau et al., 2010), comprising 6-hourly mean 10 m winds, 2 m air temperature, 2 m humidity, daily mean heat and radiative fluxes, and monthly mean precipitation fields, adjusted from ERA40 reanalysis (Uppala et al., 2005). The hindcast used here is obtained with NEMO v3.2 and the following DRAKKAR Forcing Sets (DFS): DFS4.1 forcing up to the end of 2007, switching to NEMO v3.3.1 and DFS5.1.1 forcing in an extension to the end of 2010. Details of model parameterisation and initialisation are outlined in Blaker et al. (2015).

The high horizontal resolution of NEMO-ORCA12 ensures that we advect and disperse particles with realistically swift and eddying currents. In Figure 6, we illustrate the basin-wide system of currents and prevailing winds, for selected time slices at the start of quarters 2 and 3 of 1988 (1-5 April and 1-5 July, respectively). Broad westward flows of the South Equatorial Current (SEC) span much of the tropical Atlantic, beneath the trade winds that are associated with subtropical high-pressure and equatorial low-pressure systems. As the ITCZ migrates north in boreal summer, the SEC strengthens, and a northward branch develops. Northward of this SEC branch, eastward flow is established – the North Equatorial Counter Current (NECC). Extending further to the east into the Gulf of Guinea, along the coastlines of Côte d’Ivoire, Ghana, Togo, Benin and Nigeria, the NECC strengthens the Guinea Current (GC) in boreal summer. Another important flow pathway is clearly evident in elevated mean speed (> 50 cm s–1) along the north coast of South America, as far as the Caribbean. This flow takes various names with progression away from the Equator, as the North Brazil Current (NBC) becomes the Guyana (Guiana) Current (GyC), and finally the Caribbean Current (CC). In sampling currents and winds from 23 hindcast years, we account for the chaotic character of these eddying flows, additional to anomalies associated with interannual variability in large-scale atmospheric and ocean circulation.
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FIGURE 6. Example 5-day average of currents (speed, cm s–1, colours) and wind stress vectors (white arrows, length proportional to magnitude, units N m–2), in the tropical Atlantic region, indicating key currents (SEC, South Equatorial Current; NECC, North Equatorial Counter Current; GC, Guinea Current; NBC, North Brazil Current; GyC, Guyana Current; CC, Caribbean Current), for (A) 1-5 April, and (B) 1-5 July, of 1988.




Particle Tracking

Drifting sargassum is tracked with virtual “particles,” subject to winds and ocean currents from NEMO-ORCA12. These particles are released at selected locations, proportional to the areal fraction extracted from the FA_density images, with subsequent positions recorded at daily or 5-daily intervals for up to 180 days. The particle trajectories are calculated using the off-line Lagrangian ARIANE mass-preserving algorithm (Blanke and Raynaud, 1997) in “qualitative mode,” with the 5-day mean horizontal velocity fields of NEMO-ORCA12. ARIANE is based on an analytical solution for curvilinear particle trajectories across model grid cells. In this study, particles are constrained to drift with surface currents and the trajectories are hence 2-dimensional in the latitude-longitude plane.

Previous particle tracking studies have emphasised windage as a crucial factor in explaining the drift of sargassum (Putman et al., 2018; Johns et al., 2020; Putman et al., 2020; Van Sebille et al., 2021). Any part of an object exposed above the sea surface will be forced by the wind in the same direction as the wind blows. This windage force is a combination of skin drag and form drag. Skin drag is a frictional force, proportional to “surface roughness” of the object. Form drag is related to wind pressure on the object, which is a function of shape and buoyancy. These factors determine the surface area presented to the wind, relative to that below the surface, which is in turn exposed to the net surface current.

In calculating the trajectory of a given object, windage can be related to a small percentage of the wind speed. ARIANE is thus modified to include windage, subject to the 5-day averaged winds. To obtain near-surface currents from drifter data, Pazan and Niiler (2001) developed a regression model for the quality control of drifting buoy data; analysing global datasets, the undrogued buoy response to wind, expressed as a ratio of difference between undrogued and drogued buoy velocity, relative to the wind velocity, was determined to be 0.0097 ± 0.005. A windage factor of 0.01, or 1%, is therefore typical for a variety of partially submerged objects, including sargassum, and has been specified in a number of drift calculations – e.g., Johns et al. (2020) and references therein, Berline et al. (2020); Johnson et al. (2020), Putman et al. (2020). If 1% of the wind vector is added to the surface current vector for the purpose of trajectory calculations, then for typical wind speed ranging 5-10 m s–1 (trade winds) coincident with typical current speed ranging 0.1–0.2 m s–1 (surface flow in the tropics, away from boundary currents), we are adding 1% of 5–10 m s–1 (0.05–0.1 m s–1) to the current, which is equivalent to 50% of the current speed.

An attractive feature of ARIANE is the efficiency of calculation for potentially large numbers of particle trajectories. We initialise particles in the following steps:


1.extract areal fraction at 1-km resolution from selected FA_density images

2.aggregate these data per NEMO-ORCA12 gridcell (approximately 9 × 9 km), calculating a total sargassum area for that gridcell

3.allocate one particle per fixed unit area of sargassum across gridcells and evenly distribute these particles across each gridcell, so the FA_density data are used to weight the number of particles per 9 × 9 km gridcell



To represent a typical sargassum raft and ensuring a large number of particles that does not overwhelm subsequent tracking and post-processing calculations, we choose a fixed unit area of 10 m2. In proportion to the extent of sargassum in satellite images, we thus initialise up to 300,000 particles for Jamaican forecasts. Repeating the 180-day trajectory calculations for this number of particles, using each hindcast year of 1988-2010, an efficient approach is essential if we are to experiment with alternative start times, windage, etc. An additional feature of particle tracking, with ARIANE and similar schemes, is the possibility to track particles backwards through time. This is a useful means of determining the extent to which Central Atlantic, Eastern Caribbean, and Jamaica regions (Figure 4) capture the upstream locations of the sargassum bound for selected locations, for a given forecast timescale – we return to this issue in section “Upstream Sources of Sargassum and Limits on Seasonal Forecasts for Jamaica.” Finally, in addition to position along trajectories, ARIANE records the environmental conditions, specifically temperature and salinity – of potential use in determining in situ growth and mortality (see section “Growth, Mortality and Sinking of Sargassum”).

From the forward and backward tracking experiments, we record particle location and properties every 5 days. Subsequent to these drift calculations, particle data are statistically analysed at selected times (e.g., every 30 days) on a grid of resolution 0.5° × 0.5° for areal fraction (percent cover of sea surface) and mean age (days adrift, since the experiment started). Over selected areas of interest – south and north of Jamaica, off western and eastern Ghana – we further calculate the total area of sargassum as forecast time series, providing early warning of the quantities of beached sargassum that may be expected. Particles subject to windage may “virtually beach,” evident in output data as terminated before day 180. We separately identify the corresponding last oceanic location of these beaching particles, although we note that NEMO-ORCA12 does not include the localised coastal processes (tides, waves, etc.) that likely play an important role in beaching events.



Growth, Mortality and Sinking of Sargassum

At timescales beyond even a few days, the extent of sargassum may increase or decrease, subject to three factors: growth, mortality and sinking. In terms of growth, doubling times can be between 9-20 days (Lapointe, 1986; Hanisak and Samuel, 1987). Mortality, including partial mortality and/or loss of buoyancy (senescence), leads to sinking of the sargassum thalli. The sinking factor here refers to a physical process, associated with vertical motions in the surface layer. In biological models, these growth and loss terms can be applied to a carbon pool, C, that represents drifting sargassum. Here, we equivalently apply these terms to the area per particle, initially 10 m2, following selected formulations and parameter baseline values in Jouanno et al. (2020). In the absence of in situ nutrient data (nitrate, phosphate) and light availability, we limit these terms accordingly to temperature dependence, such that
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Growth is formulated according to μmax, the maximum uptake rate of carbon, with baseline value 0.069 day–1 (ranging 0.05-0.09 day–1), multiplied by factors related to temperature, light, nitrogen and phosphorus. The latter three factors are here assumed constant. The temperature factor is obtained as
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where Tx = Tmin for T ≤ Topt, Tx = Tmax for T > Topt, given Topt = 26.0°C (ranging 22-28°C), Tmin = 10.8°C, and Tmax = 43.2°C.

Mortality is formulated according to a temperature-dependent mortality rate,
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given m = 0.04 [0.05-0.1], λm = 0.62 [0.2-0.7].

A maximum sinking rate of 0.057 day–1 (ranging 0.05–0.1 day–1), in Jouanno et al. (2020), is ideally related to Stokes drift and Langmuir circulation (for a review, see Van Sebille et al., 2020), but is here assumed constant at this baseline value.

The temperature factors for growth and mortality are shown graphically in Supplementary Figure 1. Using baseline parameters, optimal growth at 26°C falls by 10% at temperatures higher or lower by around 5°C. The mortality factor becomes important only at high temperature, indicating an important influence in particular during summer (June-August), when climatological sea surface temperatures typically exceed 28°C across the region. We note here that the temperature range in Supplementary Figure 1 is typical for the subtropical gyre, specifically the Sargasso Sea, the focus of sargassum growth studies on which the corresponding parametrisation is based. In our context, Caribbean and equatorial waters rarely drop below 26°C, and a more regionally specific parameterisation – currently unavailable – would be preferable.

Ambient temperature and salinity are recorded along each ARIANE trajectory. We therefore post-process each trajectory, increasing or decreasing the area attributed to each particle (initially 10 m2) according to a net change related to the temperature-dependent growth and mortality rates and a constant sinking rate. While this approach is idealised, assuming several constant factors, it provides a useful first-order representation of the in situ biological and physical processes that drive changes in sargassum biomass, and hence areal fraction.



Summary of SARTRAC-EFS

We summarize the five steps involved in a single SARTRAC-EFS forecast in Figure 7, with reference to software elements, and elaborating here on some practical perspectives. Substantial amounts of data are transferred and manipulated in steps (1) and (2). At step (3), further large datasets of daily or 5-daily particle positions may be generated. In the case of Jamaican forecasts, we track 150,000-300,000 particles (allocating one particle per 10 m2 of sargassum), resulting in position files of size ranging 400-800 Mbytes. In steps (4) and (5), we select particles within specific ranges of longitude and latitude, every 5 days through each 180-day prediction. For given growth and loss factors, applied at step (4), we thus obtain cumulative areas of sargassum for target locations (e.g., north and south of Jamaica). For evaluation of our predictions, we obtain the corresponding cumulative areas from FA_density maps. With 23 individual 180-day forecasts (using the winds and currents for each of 1988-2010), we further obtain ensemble means and standard deviations, along with root mean square (rms) error, based on differences between predictions and observations. These ensemble statistics and evaluations are implicit in step (5).
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FIGURE 7. The five steps involved in a single SARTRAC-EFS forecast: (1) access and download FA_density maps; (2) allocate particles in proportion to FA_density; (3) run ensemble of 23 drift calculations, with selected windage, with each of the hindcast years; (4) post-process particle data, with or without source/sink terms; (5) prepare forecast graphics and data for sharing with stakeholders.





RESULTS

Given the availability of FA_density data coverage, we focus on the Caribbean region and the waters around Jamaica in particular, first illustrating the initialisation of particles in proportion to the observed sargassum across a region encompassing the Jamaican, Eastern Caribbean and Central Atlantic ‘boxes’ (see Figure 4). In a series of 180-day predictions, we consider four recent years when sargassum was prevalent around Jamaica and beached in large quantities around much of the island. With evidence of a role for the Atlantic Meridional Mode of climate variability in two major inundations (2015 and 2018), this influence is further examined in selected ensemble members. Despite the constraints of satellite observation in the eastern tropical Atlantic, a more limited set of predictions are undertaken for this region, indicating wider prospects for seasonal predictions of the arrival of sargassum in coastal waters, across the tropical Atlantic. In two of the figures shown below (Figures 8, 9), we randomly select an example hindcast year, to illustrate time-slice distributions of sargassum areal fraction predicted by SARTRAC-EFS; these selected years are broadly representative of the full 23-year ensemble.
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FIGURE 8. Example forecast distributions of areal fraction (km2) after: (A) 30 days; (B) 60 days; (C) 90 days; (D) 120 days; (E) 150 days; (F) 180 days; this is for days 91-275 of 2018, drift only under 1% windage; winds and currents are from the hindcast year 2002.
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FIGURE 9. Example 2020 forecast distributions off west Africa, (A) initially, and after (B) 30 days (19 June), (C) 60 days (l9 July), and (D) 90 days (18 August); this example is drift only, under 0% windage; winds and currents are from the hindcast year of 1989.



The Caribbean

Downstream of the North Brazil Current, the Caribbean naturally receives sargassum drifting with the North Brazil Current, Guyana Current and Caribbean Current, aided by the prevailing trade winds – see Figure 6. In the following analyses, results are interpreted in the context of these major influences, and the interannual variability inherent in tropical climate.


Upstream Sources of Sargassum and Limits on Seasonal Forecasts for Jamaica

The geographical extent over which we initialize particles – representative of sargassum – determines the time horizon for seasonal forecasts, which is consequently limited by the spatial coverage of satellite data (see section “Satellite Observations”). To first quantify this influence on predictability, we investigate the origin of particles around Jamaica (in the region 16-20°N, 75-80°W), sampling sargassum on day 270 of 2015 when a large total area is evident (see Figure 5). Particles that each represent 10 m2 of sargassum are tracked backwards for 180 days. Calculations are undertaken with currents and winds for each year of the NEMO-ORCA12 hindcast, and ensemble-mean results obtained accordingly. In Figure 10, we summarize the results of this experiment, sampling particles on an 0.5° grid for equivalent fractional area of sargassum at selected time slices and mean particle age. Similar maps are obtained for 2018, also back-tracking from day 270 (not shown).
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FIGURE 10. Back-trajectories from Jamaica ‘box’ (the red dotted square) for 180 days, initialised on day 270 (late September) in 2015, showing in (A,B) the ensemble-mean areal fraction of sargassum (colour-coded in the range 0–0.025%), (A) 60 days earlier (late July), (B) 120 days earlier (late May), (C) 180 days earlier (late March), and in (D) the ensemble-mean age (days before arrival around Jamaica, colour-coded in the range 0-180 days). Areal fraction is gridded at 0.5° grid. Back-trajectories are here subject to 1% windage. The “catchment area” for initialisation of forward trajectories is within the solid red boundary. Particles are traced backwards from a small area around Jamaica, within the red dotted square. The ensemble means are averages of 23 back-trajectory experiments computed with winds and currents for 1988-2010.


Within the first 60 days, almost all particles remain within the solid red boundary (Figure 10A), which we define as the ‘catchment area’ for initialisation in our forward calculations. By 120 days earlier, only a small number of particles are present outside the catchment area, south of the Equator in the North Brazil Current (Figure 10B). A more substantial number of particles lies outside the catchment area 180 days earlier, tracing a broad zonal inflow to the western boundary, just south of the Equator in the South Equatorial Current (Figure 10C). A few particles can be traced to an origin south of 10°S, outside the domain in Figure 10, being carried northward in the upstream North Brazil Current. Particle mean-age, considering all particles during the entire experiment, indicates a progressive aging towards the east, in the range 150-180 days for particles moving towards the initialisation catchment area with equatorial flows (Figure 10D).

To further quantify the timescales on which particles originate from within or beyond the catchment area, Supplementary Figure 2 shows the percentage of particles remaining in the catchment, every 5 days, up to 180 days prior to arrival around Jamaica. Here, we show analyses for initial distributions (around Jamaica) in both 2015 (Supplementary Figure 2a) and 2018 (Supplementary Figure 2b). From the individual ensemble members (green lines), considerable variation in these percentages is evident, although similar ensemble means and standard deviations (mauve lines) indicate that a little over 50% of particles remain within the catchment area up to 120 days earlier, and 30–40% of particles by 180 days earlier.

On the basis of these results, given the available catchment area and advective timescales, we qualify predictions of sargassum presence around Jamaica on timescales of up to 180 days. It is evident, however, that as the forecast time horizon increases, we increasingly lack information on sargassum that originated outside the catchment area, which will reduce forecast accuracy, in particular at timescales beyond 120 days. To the extent that ensemble forecast accuracy is proportional to the fraction of particles still within domain for a given time horizon, the accuracy of 180-day forecasts is approximately halved compared to 60-day forecasts.



Initializing Sargassum to Forecast Selected Peak Events

Accounting for the limits on seasonal prediction, we focus on the four peak events around Jamaica (Figure 5) to test predictions over the second and third quarters of 2015, 2018, and 2020, and over the first and second quarters of 2019. We therefore sample sargassum distributions on days 91-95 of 2015, 2018, and 2020, and on days 1-5 of 2019. As cloud cover may limit the extent of initialisation on any given day, we select the maximum value (over the five sampled days) of FA_density, per pixel. We further note that the FA_density maps for each day are means of the past 7 days. Taken together, we thus account for some synoptic variability in the satellite data availability.

To specify initial particle distributions for the ARIANE experiments, we aggregate the 1-km FA_density data per 1/12° (9 × 9 km) NEMO-ORCA12 gridcell. These initial distributions are illustrated in Figure 11, confirming high areal fraction (% ocean surface covered by sargassum) across much of the central Atlantic region. Year-to-year variations are also evident: high areal fraction extends from the Lesser Antilles to the eastern boundary, across much of the central Atlantic region, in 2015 (Figure 11A); the most extensive areal coverage in 2018 is already reaching the eastern Caribbean by day 91 (Figure 11B); a band of high areal fraction is located further to the north at the start of 2019 (Figure 11C); high areal fraction is confined to the boundary current, closer to the Brazilian coast, in 2020 (Figure 11D).
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FIGURE 11. Initial distributions of areal fraction (km2), spanning Jamaica, eastern Caribbean and Central Atlantic regions, for the four forecast years initialised on: (A) day 91 of 2015; (B) day 91 of 2018; (C) day 1 of 2019; (D) day 91 of 2020. Day 91 is the start of April. To reduce the limiting influence of cloud cover on synoptic timescales, these day-specific distributions are obtained as maxima over days 1-5 and days 91-95 of source satellite data that are provided as averages of the preceding 7 days (see text for details).


We then specify a number of particles per gridcell, in proportion to the fractional area value (see section “Particle Tracking”). Where rounded-up gridcell area equals or exceeds 20 m2, multiple particles are located on a sub-grid array per NEMO-ORCA12 gridcell, such that the number of particles is proportional to FA_density. Particles that start at slightly different initial locations within gridcells may follow quite distinct trajectories in the strongly eddying currents of NEMO-ORCA12. Particles are thus strongly dispersed on a 180-day timescale.



Seasonal Predictions

With particles initialised as in Figure 11, we obtain particle positions every 5 days, up to 180 days after release. To illustrate typical advection and dispersion, in Figure 8 we present maps of inferred sargassum areal fraction every 30 days, for days 91-275 of 2018, subject to 1% windage. We choose this year as characterised by the most extensive proliferation of sargassum to date, although similar results are obtained in the other three years (2015, 2019, and 2020), distinguishing days 1-185 for 2019.

Several general features are apparent. After 30 days, a ribbon of high areal fraction has advected across the central Caribbean Sea (Figure 8A), consistent with the Guyana Current and the Caribbean Current that are a downstream continuation of the North Brazil Current. Some westward movement is also attributed to the prevailing winds. Over the subsequent 150 days (Figures 8B–F), ongoing westward advection is evident, superimposed on which is a degree of northward drift. This is consistent with surface Ekman currents at 45° to the right of prevailing easterly trade winds. Note also that particles are progressively leaving the domain by 60 days, via the Gulf Stream flowing along the coast of Florida at 30°N. The combined consequence of large-scale circulation, Ekman drift and windage is to convey a substantial number of particles to the waters around Jamaica, notably to the south of Jamaica after 60 days (Figure 8B), 120 days (Figure 8D) and 180 days (Figure 8F).

Turning now to seasonal predictions for arrival of sargassum around Jamaica, we present time series of observed and predicted areal fraction for days 91-275 of 2015 (Supplementary Figure 3), 2018 (Supplementary Figure 4) and 2020 (Supplementary Figure 6), and days 1-185 of 2019 (Supplementary Figure S5). For each year, we separately consider waters south of Jamaica (16-18°N, 75-80°W, left panels) and north of Jamaica (18-20°N, 75-80°W, right panels). For these two areas, we undertake four ensembles:


•Drift only, 0% windage.

•Drift only, 1% windage.

•Temperature-dependent growth and mortality, constant sinking (‘growth/loss’), 0% windage.

•Growth/loss, 1% windage.



For each ensemble, we calculate the ensemble mean and standard deviation, every 5 days. We further calculate a root mean square error (km2), between predicted and observed time series, presented in Supplementary Tables 1–4.

Referring to Supplementary Tables 1–4, we summarize here the best fit of ensemble-mean predictions, based on minimum root mean square (rms) error, based in turn on differences between predictions and observation, per experiment:


•For days 91-275 of 2015, the best fit to observations, south and north of Jamaica is obtained with 1% windage, drift only.

•For days 91-275 of 2018, the best fit to observations south of Jamaica is obtained with 1% windage plus growth and loss; north of Jamaica, the best fit is obtained with 1% windage, drift only.

•For days 1-185 of 2019, the best fit to observations south of Jamaica is obtained with 1% windage, drift only; north of Jamaica, the best fit is obtained with 0% windage, drift only.

•For days 91-275 of 2020, the best fit to observations, south of Jamaica is obtained with 1% windage plus growth and loss; north of Jamaica, the best fit is obtained with 0% windage plus growth and loss.



Best-fit ensemble-mean predictions are evidently obtained with different combinations of drift, growth/loss and windage, for each year, south or north of Jamaica. Some general patterns do however emerge. In 75% of the predictions, better fits are obtained with 1% windage, consistent with previous studies (Putman et al., 2018; Johns et al., 2020). On the other hand, the possibility that optimal predictions are obtained with different windage and growth/loss factors, in different years, is consistent with the parameter sensitivity experiment and optimisation analysis of Jouanno et al. (2020) who interpret ‘either low sensitivity to parameters … or interdependency between them’. It is more likely that shortcomings in our predictions are attributed to overlooked factors, such as the influence of salinity, sea state and unresolved boundary current dynamics, alongside the use of inappropriate parameterisation, arising from inadequate knowledge of the physiology of sargassum.

Some insight may nevertheless be gained with scrutiny of improvements in specific years. It is noteworthy that 1% windage improves predictions north of Jamaica in 2015 and 2018, compared to 2019 and 2020. With sargassum generally most extensive in 2015 and 2018 (see Figure 3), this suggests that winds more influentially force the drift of larger mats, that preferentially drifted to the north of Jamaica in these years. Furthermore, the inclusion of a growth/loss term clearly improves the fit to observations in summer 2020. Comparing Supplementary Figures 6c,d,g,h, we conclude that a combination of relatively high mortality and sinking rates, and relatively low growth rates, prevent the sustained high areal fraction. This suggests that the sargassum arriving around Jamaica in this year was subject to particularly high temperatures. While the specific conditions of 2020 are not used in the predictions, we note from Figure 11D that the initial distribution on day 91 of 2020 was located further south than in the other three years, subject to higher climatological sea surface temperatures during April-June – and hence higher mortality rates.

Given a better fit to observed coverage with 1% windage in 2015 and 2018, we further illustrate the potential beaching of particles in Supplementary Figures 7–9, as outlined in section “Particle tracking.” Across the western tropics, particle locations prior to beaching (Supplementary Figure 7) cluster around selected coastlines and islands, notably the Lesser and Greater Antilles. Extending our focus on Jamaica, and accumulating particles thus defined, we obtain a range of total areas, using the currents and winds of each hindcast over 1988-2010 (Supplementary Figure 8). Taking means and standard deviations of each 23-member ensemble, areas of beached sargassum over days 90-275 of 2015 are thus predicted as 102 ± 74 km2 and 61 ± 47 km2, north and south of Jamaica, respectively. For 2018, the corresponding totals are 261 ± 192 km2 and 153 ± 96 km2. Considering the ensemble-mean beaching area 5-daily over days 90-275 (Supplementary Figure 9), we predict peak beached areas in 2015 of 3.5 km2 over days 245-250, and 2.1 km2 over days 240-245, north and south of Jamaica, respectively. The corresponding beached areas for 2018 are 12.4 km2 over days 235-240 and 8.8 km2 over days 240-245. We therefore predict peak beaching rates, north and south of Jamaica from mid-July to early August.

One final point we note is the different influence of windage for forecasts south and north of Jamaica in some years, such as 2019 and 2020. This may be related to a general strengthening of trade winds moving equatorward across the region of sargassum drift (see Figure 6), such that higher % windage is more appropriate for forecasts south of Jamaica, in years when there is a clear equatorward strengthening of the trade winds. This may be in turn related to basin-scale climate variability, which we consider next.



The Influence of Regional Climate Variability

Some of the uncertainty in seasonal forecasts of the drift, growth and loss of sargassum is related to the winds, currents and sea surface temperatures used in the forecast calculations. Noting the considerable spread in some ensembles, in particular those for which the ensemble-mean better fits the observations, we therefore consider how and why some individual ensemble members fit the observations particularly well. With this objective, we note also the apparent influence of regional modes of climate variability on sargassum. Two specific modes are the Atlantic Meridional Mode (AMM) and the Atlantic Niño.

The Atlantic Meridional Mode (AMM) is associated with anomalies in the cross-equatorial meridional gradient of SST anomalies in the Atlantic, which tend to peak in boreal spring (Xie and Carton, 2004). A positive phase of the AMM is characterised by positive SST anomalies centred around 10°N and anomalously weak trade winds centred around 5°N, via an influence on the latitude of the Atlantic ITCZ (Doi et al., 2010). Interannual variability associated with the Atlantic Niño is similar to the better known El Niño in the Pacific, positive modes being characterised by surface warming along the Equator during boreal summer, with peak warming at around 10°W (Xie and Carton, 2004; Lübbecke et al., 2018). Accompanying this positive mode are stronger easterly trade winds in the 10-15°N of the central Atlantic. An Atlantic Niño index is calculated by averaging SST anomalies over 3°N–3°S, 0°–20°W (Zebiak, 1993).

In Figure 12, we show monthly indices for the AMM and the Atlantic Niño spanning 1988-2020, and highlighting the predicted quarters of 2015, 2018, 2019, and 2020. Of particular relevance here, the stand-out sargassum seasons of 2015 and 2018 coincide with negative excursions of the AMM index (blue line), with a secondary influence from the Atlantic Niño in positive mode (red line).
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FIGURE 12. Atlantic Meridional Mode (AMM) and Atlantic Niño indices, monthly, 1988-2020, highlighting predicted quarters with vertical green bars and pre-2011 negative excursions of the March-May AMM-index (averaging below –3, dashed blue line) with vertical blue bars.


Given the off-equatorial AMM influences on winds and wind-driven currents, this mode of variability is of particular interest in sargassum predictions, while Atlantic Niño variability may influence initial distributions through temperature effects on growth of sargassum early in the season in equatorial latitudes. We therefore consider the potential for improved predictions by selecting individual ensemble members from years in the NEMO-ORCA12 hindcast that most closely match the predicted year, in terms of the AMM-index. We consider the two years when sargassum blooms most clearly coincide with a negative phase of the AMM. For individual ensemble members, we calculate the rms error between predicted and observed time series. We further obtain the AMM-index averaged for the peak period of March, April and May (MAM), for each ensemble member (1988-2010). A significant positive correlation between rms error and AMM-index, for a predicted year characterised by negative AMM-index, then confirms that lower rms error is associated with ensemble members that share that negative index.

This approach is tested with two predictions of sargassum total area south of Jamaica, for which the AMM-index is negative, and ensemble-mean rms is minimum (see Supplementary Tables 1, 2):


•days 91-275 of 2015, with 1% windage and drift only

•days 91-275 of 2018, with 1% windage and growth/loss



In MAM of 2015, the AMM-index averages -4.653, and the correlation between rms error and AMM index is 0.499. In MAM of 2018, the AMM-index averages -2.353, and the correlation between rms error and AMM index is 0.414. These significantly positive correlations are consistent with more accurate predictions (lower rms errors) for ensemble members based on hindcast winds and currents from years subject to similar negative AMM conditions as observed in 2015 and 2018.

In Figure 13, we show time series of the predicted total area of sargassum south of Jamaica, selecting forecasts based on four ensemble members (per prediction) for which the March-May averaged AMM-index is below -3.0 (thin blue lines, averaged to obtain sub-ensemble means as thick blue lines), for days 91-275 of 2015 and 2018. These ensemble members are obtained with hindcast winds and currents for 1989, 1991, 1994 and 2009 – indicated with blue bars in Figure 12.
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FIGURE 13. Predicted total area of sargassum south of Jamaica, selecting forecasts based on ensemble members for which AMM index < –3.0 (thin blue lines, averaged to obtain the thick blue lines): (A) days 91-275 of 2015, with 1% windage and drift only; (B) days 91-275 of 2018, with 1% windage and growth/loss. The full ensemble mean is also plotted (thick mauve line). Observed areas are indicated by the black lines.


Improvements over the full ensemble mean (thick mauve line) are gained by averaging ensemble members from hindcast years with a closely matching (negative) AMM-index. Over the 180-day forecasts, rms errors (considering ensemble means with respect to observations) are reduced from 22.23 km2 (see Supplementary Table 1) to 16.54 km2 for 2015, and from 50.87 km2 (see Supplementary Table 2) to 48.00 km2 for 2018. More specifically, the observed peak in sargassum area at around day 200 of 2018 is more accurately predicted, by approximately doubling the ensemble-mean prediction, while the summer 2015 peak is closer to observations by around 50% of the ensemble-mean prediction.

Further improvements of sargassum predictions at seasonal timescale may be gained through association of reduced rms errors in ensemble members sharing phases (with the forecast year) for other modes of climate variability, although utility of this advantage will depend on corresponding predictability for these modes at seasonal timescale. In the case of the AMM, interannual variability is linked via air-sea interaction to an upwelling structure in the northeast tropical Atlantic, known as the Guinea Dome; springs and summers characterised by a negative AMM, leading to extensive sargassum, are preceded by a strong Guinea Dome in late fall of the preceding year (Doi et al., 2010). This AMM predictability may assist seasonal sargassum forecasts.



Example Forecasts for Spring and Summer of 2021

We have prepared forecasts for days 91-275 of 2021, shared with SARTRAC partners in Jamaica. To provide an example of a summary SARTRAC-EFS forecast, we show in Figure 14 and Supplementary Table 5 the graphical and tabulated “dashboard” information that can be provided to stakeholders. The highest peak area of sargassum south of Jamaica (65.9 ± 19.2 km2) is obtained if we include growth and loss terms, which also delays the peak by 5 days, compared to assuming drift only. Forecast areas north of Jamaica are less sensitive to the choice of forecast, although the peaks are delayed by 4-5 weeks compared to south of Jamaica. As was evident for previous years (see section “Seasonal Prediction”), late-season area estimates are suppressed in the forecasts that include growth and loss factors.
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FIGURE 14. Forecasts for the total area of sargassum present south (A,C) and north (B,D) of Jamaica for days 91-275 of 2021, assuming 1% windage and drift only (A,B) and including growth and loss factors (C,D). The green shading highlights a planned survey period; individual ensemble members are indicated with thin black lines; the ensemble-mean is indicated with the thick mauve line; one standard deviation above and below the mean is indicated with a thin mauve line; total area is obtained by aggregating the area represented by each particle, south and north of Jamaica, accounting for growth and loss terms in (C) and (D).





West Africa

Shifting our focus to the eastern tropical Atlantic, and the prevalence of sargassum along the coast of west Africa, we are confronted with the challenge of limited satellite data due to cloud cover. To explore the potential for seasonal forecasts in this region, with a focus on the coastal waters of Ghana, we apply the same approach as for predictions around Jamaica, initializing particle locations with a single clear AFAI image for 20 May 2020, followed by an experimental analysis of the catchment area for sargassum arriving off Ghana.


Seasonal Predictions for Summer 2020

Initialising particles in a limited Gulf of Guinea catchment area (see section “Satellite Observations”), and subject to quite different currents and winds compared to the central and western tropical Atlantic, predictions for west African region are limited to just 90 days. In Figure 9, we illustrate the initial distribution (Figure 9A), and example forecast distributions, after 30, 60, and 90 days (Figures 9B–D), under 0% windage, with winds and currents here from the hindcast year of 1989.

With particles initially confined to the west of the domain, rapid eastward advection in the Guinea Current is striking (Figures 9B,C), with considerable accumulation of particles in the eastern Gulf of Guinea after 90 days (Figure 9D). As for Jamaica, we assemble time series in Figure 15 for the predicted total area of sargassum, here for coastal waters of western and eastern Ghana, defined poleward of 4°N in the longitude ranges 1-3°W (left panels) and 1°W to 1°E (right panels) respectively.
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FIGURE 15. Time series of total area of sargassum poleward of 4°N off west Ghana in the longitude range 1-3°W (A,C,E,G), and off east Ghana in the longitude range 1°W to 1°E (B,D,F,H), predicted for May-August 2020: (A,B) 0% windage, drift only; (C,D) 1% windage, drift only; (E,F) 0% windage, drift plus growth and loss; (G,H) 1% windage, drift plus growth and loss; individual ensemble members are indicated with green lines; the ensemble mean is indicated with the mauve lines; note the much reduced area range (0–8 km2), compared to Supplementary Figures 3–6, 13, 14.


We repeat the same combination of four experiments, finding a quite different influence of windage. With prevailing onshore winds during summer (see Figure 6B), the majority of sargassum is driven ashore to the west and very little sargassum reaches coastal waters of Ghana under 1% windage, compared to 0% windage. In the latter experiments, compared to east Ghana, first arrival of sargassum off west Ghana is earlier by around 10 days and total area is generally higher after day 200. This is consistent with western provenance of the sargassum, and progressive dispersal with conveyance eastward.



Upstream Sources of Sargassum and Limits on Seasonal Forecasts for Ghana

To examine the catchment area for sargassum arriving off Ghana in mid-summer, at timescales up to 90 days, we use the same approach as for the sargassum arriving around Jamaica (see section “Upstream Sources of Sargassum and Limits on Seasonal Forecasts for Jamaica”). With limited coverage of satellite observations across the region, we evenly distribute particles off Ghana (one per NEMO-ORCA12 gridcell) in the area defined for the forecasts in Figure 15 (poleward of 4°N, 3°W-1°E), at day 192 (early July). Recognising the impact of windage in section “Seasonal Predictions for Summer 2020,” we examine upstream sources under windages of 0% and 1%. Results are presented in Supplementary Material (Supplementary Figures 10–12).

Under 0% windage (Supplementary Figure 10), the majority of particles are back-tracked due west over the first 60 days, with some particles previously traced back eastward to equatorial Africa. A wide range of provenance is evident in the geographical spread of particle mean ages that exceed 60 days (Supplementary Figure 10D). Under 1% windage (Supplementary Figure 11), westward backtracking is curtailed (compared to 0% windage), with the majority of particles swiftly advected from southeast to northwest over days 20-60 (Supplementary Figure 11D). Under 0% windage, most (> 50%) of the particles remain within the Gulf of Guinea catchment area (enclosed with the solid red boundary) within 60 days. Under 1% windage, the time horizon for which most particles are still in catchment falls to around 50 days (Supplementary Figure 12). In summary, analysis of back-trajectories confirms that the Gulf of Guinea catchment area provides initial locations appropriate to forecasts up to 50-60 days, and that extension of this area westward to ∼25°W and southward to ∼5°S is necessary to initialise 90-day forecasts.





DISCUSSION

We have used a range of available datasets and methods to develop SARTRAC-EFS, a prototype ensemble forecast system to predict the seasonal arrival of sargassum in selected coastal waters, here around Jamaica and off Ghana. In our hybrid approach, use satellite observations to initialise the location of virtual particles in proportion to the sargassum, across upstream sources. The particles are tracked forwards in time, subject to a plausible range of winds and surface currents from a 23-year hindcast spanning 1988-2010. Forecasts are obtained as time series of the mean and standard deviation in the total area of sargassum, inferred from the aggregation of particles in selected areas. One limitation of this study concerns the unavailability of synoptic wind and current data for more recent years – specifically 2015 and 2018-20 – although we consider that the available hindcast samples a range of ocean and climate variability that is suitably representative, for ensemble forecasting at seasonal timescale.

Tracking particles subject to surface currents under varying degrees of windage (here 0% or 1%) follows the pioneering work of Putman et al. (2018), and we reflect here on specific issues raised by that study in the context of our findings. In broad agreement with Putman et al. (2018), we find that particles initialised in proportion to sargassum in the Central Atlantic region move generally westward to arrive in the Caribbean on a seasonal timescale. Some of the variability between ensemble members of SARTRAC-EFS is likely related to differences in the balance of direct and indirect connectivity between the equatorial Atlantic and the Caribbean that are related to changes in the North Brazil Current system, noting implicit interannual variability in five identified transport routes (Figure 10 in Putman et al., 2018). A variable role of windage across the Caribbean, as suggested by Putman et al. (2018), may explain why windage both improves and degrades forecasts, in different years. Finally, the close correspondence between satellite observations of sargassum coverage in the equatorial Atlantic and subsequent inundations in the eastern Caribbean is consistent with predicted arrivals around Jamaica that are roughly proportional to initialised distributions, in each of our four study years. Other points raised in Putman et al. (2018), regarding the need to more fully account for physical and biological processes, are covered later in our discussion.

This expedient use of model hindcast data and ensemble statistics enables us to account for the uncertainty inherent in winds and currents on timescales from synoptic to seasonal. In this respect, SARTRAC-EFS is complementary to alternative prediction systems, based on statistics of satellite observations (Wang and Hu, 2017), climatological drift observations (Johnson et al., 2020), and a deterministic, physical-biogeochemical model (Jouanno et al., 2020). Each method has advantages and caveats. To the extent that satellite data is an accurate measure of sargassum abundance at basin-scale, past satellite observations can guide the development of a statistical model, but without process-level detail. In situ drift observations, of undrogued drifters, provide the most authentic dynamical description of how sargassum moves through the region, but relies on climatology as a “best guess” of where sargassum will drift in any year, and drifters are known to under-sample some of the flow. Fully coupled models provide a process-rich representation of physical and biogeochemical processes, but the realism may be compromised by a large number of highly uncertain parameters, and multiple interactions can lead to large errors. The pragmatic approach of SARTRAC-EFS blends aspects of these established approaches, and as such we share some strengths and weaknesses. An improved assessment of sargassum developing on seasonal timescales may be best informed by a suite of predictions, accommodating each approach.

Testing SARTRAC-EFS for four recent years, when sargassum proliferated throughout much of the tropical Atlantic, we show that the seasonal forecast in a given year should ideally account for appropriate windage, growth, mortality, sinking and regional climate variability. Improved agreement with observations may be gained in several ways:


•Adding more functionality to our trajectory calculations (further discussed below).

•Monitoring the physical and biological processes that drive the growth, movement and mortality of sargassum, across the tropical Atlantic, to improve our understanding of how best to include these processes in our forecasts.

•Continued application of SARTRAC-EFS and other prediction systems to future sargassum influxes, learning from each seasonal forecast.



Our forecasts are ultimately limited by the availability and quality of satellite derived distribution of sargassum to both initialize and evaluate predictions. In particular, extension of daily FA_density images substantially to the east of 38°W would potentially extend the Jamaica forecast time horizon well beyond 120–180 days. Likewise, westward and southward extensions of the satellite data available for forecasts off west Africa are necessary for Ghana forecasts of up to 90 days. There are now prospects for wider satellite monitoring of sargassum via the Sentinel-2 and Sentinel-3 satellites, with free and open access to Sentinel-3 products via the Copernicus Online Data Access (CODA) Web Service. Météo France, the French national meteorological service, is now using these satellite data to develop sargassum forecasts for the French Caribbean islands. More critically, major improvements in the remote sensing of sargassum in the eastern tropics is necessary to validate seasonal predictions off west Africa. With both Sentinel 2 and Sentinel 3 satellites in orbit, there is now an opportunity to improve temporal coverage and probability of obtaining cloud free images. Furthermore, as indicated in earlier studies (e.g., Gower et al., 2013), the availability of red edge spectral bands in both sensors could be highly useful in detecting the sargassum optical signature and, in turn, accuracy in detection.

On a fundamental level, there is also an urgent need for better understanding of the growth and loss of sargassum in the tropical Atlantic, with existing parameterisations and parameters based on analysis of sargassum from the Sargasso Sea. In the meantime, we highlight scope for improvement of our framework by incorporating more processes in the offline growth algorithm. Different nutrient sources may determine the annual growth rates (Oviatt et al., 2019), depending on pathways followed by sargassum mats in a given year. This growth factor may be incorporated into our seasonal predictions by associating nutrient levels with physical water properties, temperature and salinity.

Regardless of nutrient limitations, sargassum growth is a function of not just temperature – as included here – but also salinity. In laboratory experiments, the growth rate for S. natans increases substantially, from ∼0.1 to ∼0.5 doubling day–1, as salinity is increased from 24 to 36 psu (Hanisak and Samuel, 1987). Sargassum drifting with the North Brazil Current may encounter salinity variations in this range, associated with the highly variable Amazon plume. Including a functional dependence on salinity, saved along with temperature along each trajectory, therefore offers the prospect for further refinement of predictions. We can furthermore accommodate variable light levels, in relation to local irradiance. Finally, the sinking rate may be varied in relation to local wind conditions, by including Stokes drift in the trajectory calculations.

In addition to in situ processes, seasonal predictions of sargassum movement must account for the interannual variability of winds and currents across the tropical Atlantic. In addition to the Atlantic Meridional Mode and Atlantic Niño that we have identified here, other modes of interannual climate variability may be influential in determining the transport, growth and loss of sargassum in any given year. The North Atlantic Oscillation appears to have exerted a remote influence on the tropical Atlantic in 2010/11 (Johns et al., 2020), but the region is also subject to some influence from the El Niño (Saravanan and Chang, 2000; Xie and Carton, 2004).

Interplay between modes of natural variability and anthropogenic climate change will likely determine the future prevalence of sargassum. Over 2031-50, regional expression of projected global-mean sea surface temperature rises in the range 0.64-0.95°C, (Table CB1.1 in IPCC, 2019), will impact both the growth and mortality of sargassum. Meanwhile, sea surface salinity is subject to ‘pattern amplification’ under an intensifying hydrological cycle, now evident over a long timescale (Gould and Cunningham, 2021). Given the multiple dependencies of sargassum growth and mortality on temperature and salinity, the overall consequence of climate change and variability for sargassum are highly uncertain on a multidecadal timescale.

At a practical level, we finally stress the need to couple the open ocean forecasting systems such as SARTRAC-EFS with coastal nearshore prediction models/frameworks. Only then can the forecasts serve all sector stakeholders, such as those managing sargassum beaching events to protect tourism, coastal livelihoods and health, providing advance warning for fisheries sector and businesses using or planning to use sargassum.

Further experiments and analysis to determine the relative importance of different modes of climate variability, on the prevalence and drift of sargassum, are ongoing. Meanwhile, forecasts with SARTRAC-EFS for summer of 2021 indicate that substantial quantities of sargassum will once again be present north and south of Jamaica, providing useful early warning of beaching events throughout May-August, with peak quantities most likely during June.
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