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Proliferation of sargassum across the tropical Atlantic since 2011 has motivated a range of forecasting methods. Statistical methods based on basin-scale satellite data are used to address seasonal timescales. Other methods involve explicit Lagrangian calculations of trajectories for particles that are representative of drifting sargassum over days-months. This computed sargassum drift is attributed to the combined action of surface currents, winds and waves, individually or in various combinations. Such calculations are undertaken with both observed surface drift and simulated currents, each involving strengths and weaknesses. Observed drift implicitly includes the action on sargassum of winds and waves, assumed equivalent between drifters and sargassum mats. Simulated currents provide large gridded datasets that facilitate computation of ensembles, enabling some quantification of the uncertainty inherent in an eddy-rich ocean, further subject to interannual variability. A more limited number of forecasts account for in situ growth or loss of sargassum biomass, subject to considerable uncertainty. Forecasts provide either non-dimensional indices or quantities of sargassum, accumulated in specified areas or counted across specified transects over a given time interval. Proliferation of different forecast methodologies may reduce uncertainty, if predictions for given seasons are consistent in broad terms, but there is scope to coordinate different approaches with common geographical foci and predicted variables, to facilitate direct inter-comparisons. In an example of forecasting westward sargassum flux into the Caribbean during the first half of 2022, challenges and opportunities are highlighted. In conclusion, prospects for closer alignment of complementary forecasting methods, and implications for sargassum management, are identified.
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Introduction

Proliferation of sargassum across the tropical Atlantic is now an established seasonal phenomenon, since the first widespread appearance of previously rare sargassum variants in 2011 (Franks et al., 2012; Gower et al., 2013), and the subject of studies to explore drivers – both physical (Brooks et al., 2018; Johns et al., 2020; Skliris et al., 2022) and biogeochemical (Oviatt et al., 2019; Lapointe et al., 2021). The timing and severity of sargassum beaching events across the Caribbean is however highly variable, with record quantities present during 2018 (Wang et al., 2019). This underpins a leading objective, the focus here, to develop and improve forecasts of sargassum events at seasonal timescale.

Common to forecasting the oceanic transport of sargassum are satellite observations, briefly outlined here. This remote sensing of sargassum is based on the spectral reflectance in red, near infrared and shortwave infrared from floating vegetation; measurements are obtained per 1-km pixel in images from the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument aboard the Terra and Aqua satellites, subsequently interpreted as the fractional area associated with floating algae (Hu, 2009). Now standardized and freely accessible are 7-day composite ‘FA_density’ maps of an ‘Alternative Floating Algae Index’ (AFAI), provided for selected sub-regions of the tropical Atlantic (Wang and Hu, 2016). Collecte Localisation Satellites (CLS, see https://www.cls.fr/en/) further use a Normalized Floating Algae Index (NFAI) derived from Sentinel satellite images that span the entire tropical Atlantic, not freely available at the present time.

A drifting sargassum mat is subject to winds and currents, highly variable over a wide range of space and time scales. Mats are further subject to the action of waves via ‘Stokes drift’, highly localized ‘Langmuir cells’ may also act to draw down a fraction of biomass, and the growth and mortality of sargassum will respond to variations in local temperatures and nutrient availability (Jouanno et al., 2021). With multiple processes acting on widely ranging spatial and temporal scales, forecasting of sargassum drift presents a substantial challenge. An ultimate forecasting challenge relates to the beaching process, which involves nearshore currents and transport processes, related in turn to local coastal geometry and bathymetry – all of which are typically unresolved with the observations and models used in large-scale, long-range forecasting (Oxenford et al., 2021).

A range of sargassum forecasts has emerged over the last 5 years. In the following sections, we first review these methods. We then illustrate the challenge of forecasting sargassum influx past the Lesser Antilles, with one of the newer methods, aligned with a more established forecast system. In discussion, we identify a number of key questions and issues arising from our review and analysis, leading to four recommendations, to focus the sargassum forecasting community.



Forecasting sargassum: Review of methods

Satellite observations alone underpin statistical forecasting (Wang and Hu, 2017), providing the basis for monthly Sargassum Outlook Bulletins, via the Satellite-based Sargassum Watch System (SaWS, https://optics.marine.usf.edu/projects/saws.html). Dynamical forecasts are obtained by calculating the drift of satellite-located sargassum with ocean surface currents. Short-range dynamical forecasts are based on operational ocean circulation models, e.g., SAMTool (Sargassum Monitoring Tool), which thus provides 5-day forecasts of sargassum drift (see https://datastore.cls.fr/products/samtool-sargassum-detection/). For longer-range forecasts, sargassum is advected using surface currents based on model hindcasts or climatological observations.

Building on an evaluation of observed and modelled ocean currents across the tropical Atlantic, Johnson et al. (2020) evaluated a superior skill level – for representing observed drift – with trajectories calculated using gridded climatological surface currents based on drift data sampled from the Global Drifter Program (GDP, see https://www.aoml.noaa.gov/phod/gdp/data.php), plus 0.5% ‘windage’ to represent surface flow. Due to extreme sensitivity of both modeled and observed currents to direct wind action and surface Ekman drift over the long distances and times, and uncertainty as to their validity, the simplest representation was chosen that tracked well-established drifter pathways.

Johnson et al. (2020) thus developed the tracking methodology now used to routinely obtain 3-month sargassum forecasts for the Lesser Antilles, published online in the Sargassum Sub-Regional Outlook Bulletin (https://www.cavehill.uwi.edu/cermes/projects/sargassum/outlook-bulletin.aspx), as the UWI-CERMES/USM-GCRL forecast system (henceforth referred to as the CERMES forecast). In this approach, each sargassum location in a satellite image, identified where pixels exceed a threshold value, is allocated an identification number and position. After complete trajectories have been obtained, for a given length of time, the first day of that sargassum crossing a selected meridian (60°W) is recorded in three zones that represent the three major inflow channels to the Caribbean. The total number of crossings per day provide the forecast. Improvements on this drifter forecast method are needed for transition from open ocean to island landings where neither the present drifter design nor models are adequate for guidance. As the forecast is extended to 6 months by incorporating basin-wide sargassum locations from CLS, growth and loss terms also need to be added to this simple forecast.

Sargassum forecasts are otherwise obtained from large ensembles of ‘particle’ trajectories, based on currents and winds from numerical ocean models. These model data are currently obtained from simulations with HYCOM (Chassignet et al., 2007) and NEMO (Madec, 2015) community codes, configured on eddy-resolving (typically 1/12°) global meshes, available at time frequencies ranging from daily to weekly. In early dynamical forecasts, satellite imagery and operational 7-day ocean current forecasts were used to predict sargassum drift on timescales of several days (Maréchal et al., 2017). To assess sources and pathways of sargassum, Putman et al. (2018) forward-tracked particles in ensembles released across the tropical Atlantic (0-10°N). These experiments strongly supported satellite evidence for a source region in the equatorial Atlantic and revealed how interannual variability in drift towards the Caribbean is related to dynamical changes in the North Brazil Current system. Putman et al. (2020) highlighted the strong influence on sargassum drift of the skin drag and form drag associated with prevailing winds, collectively termed ‘windage’, and the importance of correctly parameterizing this windage as a percentage of the local wind speed.

Forecast timescales of up to 6 months are becoming feasible, using a variety of drift observations and ocean model data, contingent on the availability of satellite images that detect sargassum across a sufficiently large ‘catchment area’, given timescales of advection across the tropical Atlantic. Berline et al. (2020) use satellite data from across the tropical Atlantic in 2017 to initialise sargassum distributions in an operational version of NEMO, subsequently tracked forwards with winds and currents for that year, to demonstrate the viability of drift as a determinant of sargassum distributions on timescale of up to 7 months. They find that transport processes best explain observed sargassum distributions in the eastern tropics, while distributions in the western tropics may be further explained by additional local growth.

Neglected in physical models of drift are a range of biological processes and local physical action on sargassum, likely to be important for predicting sargassum abundance on timescales beyond a few days. Depending on ambient conditions, sargassum can double in biomass on timescales of 9-20 days (Lapointe, 1986; Hanisak and Samuel, 1987). The mortality of sargassum increases with temperature above an upper threshold (around 27°C), while sinking is associated with both vertical motions in the surface layer and age/longevity of the individual sargassum thallus.

In the development of the physical-biogeochemical model, NEMO-Sarg1.0, Jouanno et al. (2021) simulate growth and loss of drifting sargassum as represented by a carbon pool, subject to surface temperature, dissolved inorganic nutrients (nitrate, phosphate) and local irradiance. Considerable uncertainty in model parameters is addressed with an ensemble approach, sampling 18 parameter values from plausible ranges about baseline values, and the system is tested for the 2017 season. Ensemble means and standard deviations of simulated sargassum biomass for selected regions compare reasonably with observations, although spring growth of biomass is early by 2-3 months in the tropical Atlantic at basin scale (10-98°W, 0-30°N) and across the Caribbean Sea at regional scale (55-85°W, 8-22°N). Some parameters are considerably more influential than others, hence their uncertainty adds more to ensemble standard deviation, and Jouanno et al. (2021) discuss scope for considerable improvement through increased model fidelity. A notable capability of NEMO-Sarg1.0 is the accommodation of wave-associated Stokes drift, neglected in most model-based forecasts, which may substantially influence sargassum distribution.

Marsh et al. (2021) combine ensemble particle tracking with the option of minimal biology, based on functions used in NEMO-Sarg1.0, relating growth and mortality to in situ temperature with baseline parameter values. In the SARTRAC-EFS system, surface winds and currents are sampled from an eddy-resolving (1/12°) NEMO hindcast spanning 1988-2010, providing a 23-member ensemble from which ensemble means and standard deviations are calculated. With a considerably simpler model system, and with much limited degree of freedom compared to NEMO-Sarg1.0, ensemble-mean hindcasts of the heavy sargassum inundations of 2015, 2018, 2019 and 2020, for the vicinity of Jamaica, closely reproduce observations at seasonal timescale. Extended to replicate CERMES forecasts, we highlight both the limits of SARTRAC-EFS and the challenges of validation.



Challenges and opportunities: Forecasting sargassum influxes to the eastern Caribbean

We focus now on the challenge and opportunity of forecasting sargassum influxes across the Lesser Antilles ‘gateway’ to the wider Caribbean and the Gulf of Mexico. In Figure 1, we illustrate some geographic contexts of the CERMES forecast system. In Figure 1A, we show March climatological surface currents, inferred from GDP drifter data, emphasizing the western boundary current system. Superimposed on these currents, we show the trajectories of four GPS trackers deployed in sargassum mats near Barbados and Jamaica in late summer and early fall of 2021, and five GDP drifters sampled across the Caribbean during 2021. While these drift data confirm general westward pathways, individual trajectories are somewhat convoluted, relative to the climatological currents, as trackers and drifters are entrained into mesoscale eddies on synoptic (days-weeks) timescales. We further annotate Figure 1A with the boxed ‘Central Atlantic’ region that provides the ‘initial’ distribution of sargassum (one of the Satellite Data Products provided by the University of South Florida, via https://optics.marine.usf.edu). This sargassum, shown here for mid-March of 2022, is tracked forwards with the CERMES forecast system.




Figure 1 | From the CERMES forecast system: (A) March surface currents inferred from GDP drift data, and nine example drift trajectories (in red, deployment locations indicated by circles) into and through the Caribbean, indicating the ‘Central Atlantic’ box (in green) for which week-averaged AFAI images are provided by SaWS, shown here for mid-March 2022 (non-dimensional units, colours); (B) Floating algae areal fraction from USF, observed by satellite for 12 January, from which 2188 trajectories are obtained (blue lines), each spanning 90 days. Also indicated in (A) and (B) are zones for forecasting sargassum fluxes across 60°W (‘South’, from the South American coast to 12.75°N, in yellow; ‘Middle’, 12.75-15°N, in magenta; ‘North’, 15-18°N, in cyan).



In Figure 1B, we show the drift trajectories used in the forecast spanning 12 January to 13 April (see Sargassum Sub-Regional Outlook Bulletin, Volume 2, Issue 2), indicating also the USF satellite data of 12 January, close to when the forecast is initialized. In proportion to the number of pixels in the satellite images used to initialise the January-April forecast, 2188 tracks are obtained. These tracks largely merge across the three zones at 60°W that are used for sargassum influx forecasts, also indicated in Figures 1A, B. In contrast to the convoluted and eddying drifter trajectories in Figure 1A, the forecast tracks associated with climatological currents are highly laminar.

In a step towards unifying forecasts, we align SARTRAC-EFS with the CERMES system, specifying the same 0.5% windage and without growth/loss terms, evaluated alongside satellite observations. As for CERMES, SARTRAC-EFS forecasts are obtained over 90 days, from successive mid-month initializations over January-May of 2022. In Figure 2, we map the floating algae areal fraction, observed by satellite (left panels) and in ensemble forecasts after 1 month (right panels). Note that satellite and forecast data are now aggregated in 0.5° grid cells, as outlined in Marsh et al. (2021). In so using satellite observations here, we note shortcomings associated with variable cloud cover and other factors, which limit comprehensive validation at the present time.




Figure 2 | Floating algae areal fraction (aggregated in 0.5° grid cells), observed by satellite (left) and in ensemble forecasts after 1 month (right): (A, B) mid-February; (C, D) mid-March, (E, F) mid-April; (G, H) mid-May. Also indicated are zones for forecasting sargassum fluxes across 60°W (‘South’, from the South American coast to 12.75°N, in red; ‘Middle’, 12.75-15°N, in cyan; ‘North’, 15-18°N, in blue).



A clear contrast between observed and forecast distributions is sharper detail in the former, while an inevitable consequence of averaging 23 ensemble members is to ‘blur’ such detail in the forecasts. Considering large-scale observed features, these are reproduced with varying success in the ensemble forecasts. In mid-February, high areal fractions straddling the central part of the 60°W section (Figure 2A) are not well captured in the forecast (Figure 2B). The mid-March forecast (Figure 2D) bears closer resemblance to the observations (Figure 2C). Relatively higher areal fractions straddling the Middle and North zones in mid-April are reasonably well reproduced (Figures 2E, F). High areal fraction observed across the South zone (Figure 2G) is absent from the mid-May forecast (Figure 2H).

Aggregating SARTRAC-EFS particle fluxes across the South, Middle and North zones of 60°W, we further obtain forecasts of total sargassum flux (m2 day-1), as CERMES (not shown). Considering published CERMES forecasts issued in January, March and May of 2022 (Sargassum Sub-Regional Outlook Bulletin, Volume 2, Issues 2-4), it is evident that seasonal increases of sargassum fluxes are reliably forecast with both systems, but the CERMES forecast is better suited to prediction of major pulses. Preliminary analysis of CERMES forecasts with available field and satellite data provide some support for this tentative conclusion, although as noted above, we are currently unable to use satellite data in more comprehensive validation of these sub-regional forecasts. In summary, SARTRAC-EFS and CERMES forecasts are in reasonable qualitative agreement, although the CERMES forecasts are currently in closer agreement with the observed fluxes for this specific application.



Discussion

Our perspective on forecasting sargassum is informed by geographical contexts, processes and timescales. In reviewing different systems and addressing the prospects to refine and unify forecasts, we identify a number of key questions and issues, summarized as follows:

	Should we forecast quantities by sargassum area or influx?

	Which fixed locations, areas or transects might be defined for forecasts?

	The geographical extent and spatial resolution of satellite images determine limits on the forecast timescale for a given location, although there are prospects for improvement as basin-scale and higher resolution images become available.

	Ideally, we should include in situ growth/loss terms in Lagrangian calculations, although there is currently considerable uncertainty in the parameterization of these terms.

	Most model-based predictions lack details of beaching processes, involving tides, winds, waves and unresolved near-coastal drift related to small-scale bathymetry/geometry and residual flows

	A bespoke system such as CERMES is well designed to forecast major sargassum ‘pulses’, while SARTRAC-EFS (likewise implemented) naturally smooths these out, even within the forecast uncertainty

	The CERMES system is however currently limited to sub-regional application, largely due to shortcomings in the drifter database which compromises inferred flows through the Caribbean

	While parts of the CERMES forecast system are usefully explored and evaluated with observations, more comprehensive validation is elusive, due to limited inference of sargassum dynamics from the currently available satellite data



Elaborating on uncertainty, there is an analogue with climate forecasting, for which three sources of uncertainty have been identified: internal variability, sensitive to initial conditions; model (or structural) uncertainty; scenario uncertainty (Hawkins and Sutton, 2009). Sargassum forecasts are correspondingly subject to: uncertain initial distributions of sargassum, due to the limitations of remote sensing; uncertainty associated with limitations on the representation of processes that influence the movement, growth and loss of sargassum; uncertainty associated with the specified forcing (winds, currents, water properties), whether provided as forecasts or hindcasts.

‘Structural’ errors specific to missing processes are most notably associated with use of model data, whereas sargassum forecasts based on drift observations account for the integral effects (on drift) of multiple processes. However, on basin scales, drifter data coverage is compromised by stagnation zones created by undercurrents, river outflow and upwelling, all important to the upper ocean tropical Atlantic dynamics. In the Caribbean, a low density of drifter information in the southern portion of the basin has inhibited extension of drifter-based forecasts there. The present drifter-based forecast is also restricted to offshore waters, due to lack of understanding of the transition from deep water to coasts, which neither models nor the presently used drifters are capable of simulating.

Further structural uncertainty in forecasts based on model currents and winds to infer sargassum drift is associated with the windage factor that represents unresolved processes, including both the direct forces associated with the wind and, implicitly, the Stokes drift associated with the wave field. Several sources of uncertainty may be associated with the windage parameter:

	uncertainty in the ‘direct’ windage is related to the small extent to which a sargassum mat is exposed above the surface

	in not discriminating between wind direction and that of wave propagation, drift errors will grow with wind-wave misalignment

	sargassum mats may locally impact the wave field, of consequence for the size of Stokes drift



Apart from windage effects, a sargassum mat is subject to horizontal currents acting over the vertical extent of the largely submerged mat. While accounted for in simulations of more substantially submerged objects, such as icebergs (Merino et al., 2016), model-derived sargassum drift is typically based on surface level currents. Use of depth-integrated currents will be sensitive to the near-surface vertical resolution and hence current shear, in particular the Ekman spiral, that varies between models.

Drift (‘scenario’) uncertainty is naturally addressed with ensemble forecasts based on model data for different years (or ensemble members from an actual climate forecast). This uncertainty in forecasts based on drifter data may be quantified by sub-sampling the GDP data to obtain forecasts using an ensemble of alternative gridded currents.

While anticipated international research programmes may bring coordination to the sargassum forecasting community, some common practise may benefit both forecasters and stakeholders. We correspondingly propose four recommendations:

	target a limited number of sargassum influxes across key meridians/sections, for local relevance

	ideally quantify units of influx, as m2 of sargassum per day across a local transect upstream of an exposed coast, to inform deployment of local resources (for removal or harvesting)

	where possible, provide measures of uncertainty associated with satellite data, drift, and missing processes

	integrate forecast data with hazard exposure and vulnerability data to support impact forecasting



A concluding perspective is that forecast data should ideally be freely shared, in the public domain, to facilitate collaborative inter-comparison. Large-scale, long-range forecasts should further provide the input to local models that resolve the processes associated with beaching events, to ultimately provide more nuanced early warning that is tailored to key stakeholders in specific socio-economic sectors. Communicating the implication of forecasts is central to the successful uptake of this information by policy makers, to inform decision making.
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