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The Tropical Atlantic Ocean has recently been the source of enormous amounts of floating Sargassum macroalgae that have started to inundate shorelines in the Caribbean, the western coast of Africa and northern Brazil. It is still unclear, however, how the surface currents carry the Sargassum, largely restricted to the upper meter of the ocean, and whether observed surface drifter trajectories and hydrodynamical ocean models can be used to simulate its pathways. Here, we analyze a dataset of two types of surface drifters (38 in total), purposely deployed in the Tropical Atlantic Ocean in July, 2019. Twenty of the surface drifters were undrogued and reached only ∼8 cm into the water, while the other 18 were standard Surface Velocity Program (SVP) drifters that all had a drogue centered around 15 m depth. We show that the undrogued drifters separate more slowly than the drogued SVP drifters, likely because of the suppressed turbulence due to convergence in wind rows, which was stronger right at the surface than at 15 m depth. Undrogued drifters were also more likely to enter the Caribbean Sea. We also show that the novel Surface and Merged Ocean Currents (SMOC) product from the Copernicus Marine Environmental Service (CMEMS) does not clearly simulate one type of drifter better than the other, highlighting the need for further improvements in assimilated hydrodynamic models in the region, for a better understanding and forecasting of Sargassum drift in the Tropical Atlantic.
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INTRODUCTION

The surface currents in the Tropical Atlantic Ocean are among the least sampled in the world’s ocean (Ardhuin et al., 2019), mostly because surface drifters are quickly expelled from the region by the divergent currents associated with the Equatorial upwelling (Lumpkin and Garzoli, 2005) and also because the area is often cloud-covered, obscuring remote sensing. Yet, knowledge of the ocean surface currents in the Tropical Atlantic, and in particular their vertical shear; is very important for the ocean-atmosphere heat flux (Hummels et al., 2014), which is tightly controlled by the currents shear (Schlundt et al., 2014). The region is also recently identified as the most likely source of the holopelagic Sargassum macroalgae genotypes (Sargassum fluitans III and Sargassum natans I and VIII) that have recently started to inundate the Gulf of Mexico, Florida, the Caribbean Islands, the western coast of Africa, and northern Brazil (Amaral-Zettler et al., 2017; Gower and King, 2019; Wang et al., 2019; Johns et al., 2020). While there are many potential factors that contribute to these increased inundations, including ocean warming and eutrophication (Schell et al., 2015; Johns et al., 2020), is it still unclear how the surface ocean currents control the distribution and connectivity of the Sargassum and the probability of these open ocean ecosystems stranding on shorelines (Coston-Clements et al., 1991).

Knowledge of the surface circulation and transport mechanisms for floating material like Sargassum through the Tropical Atlantic Ocean is an important step in predicting Sargassum inundations (Putman et al., 2018, 2020; Michotey et al., 2020). While the exact depth at which Sargassum floats varies with its physiology, degree of fouling, and the sea state (Johnson and Richardson, 1977), the gas-filled vesicles provide sufficient buoyancy so that the organisms are almost always in the upper meter (Putman et al., 2020). This transport depends on current shear (Haza et al., 2008; Laxague et al., 2018), windage and wave-driven Stokes drift (e.g., Fraser et al., 2018; Onink et al., 2019). Furthermore, better understanding of the mechanisms behind particulate transport will also aid in understanding the pathways of floating plastic through the region, and the extent to which interhemispheric transport controls the accumulation of plastic (van Sebille et al., 2011, 2020; Wichmann et al., 2019).

Here, we present results of a drifter release experiment undertaken during RV Pelagia Sargassum Cruise PE-455 in July and August of 2019. Pairs of drogued and undrogued drifters were deployed in the Tropical Atlantic Ocean between (6°N, 30°W) and (12°N, 55°W). From the GPS-trajectories of the 38 drifters, we computed the difference in dispersion for custom-built undrogued drifters at the very surface of the ocean and for drogued SVP drifters that more closely follow the currents at nominally 15 m depth.



MATERIALS AND METHODS


Drifters

For this project, we deployed 20 custom-built surface drifters (Morey et al., 2018) that were designed to follow the Total Surface Currents (Ardhuin et al., 2018) as much as possible. These Total Surface Currents include the geophysically forced currents, the tidal currents, and the wave-driven Stokes drift (van den Bremer and Breivik, 2018). These drifters, hereafter called Stokes drifters, were made from 15-cm diameter Polyvinyl Chloride (PVC) pipe and each had a SPOT TRACE (GlobalStar, Canada) tracker to send GPS coordinates (Figure 1). The Stokes drifters were 10-cm tall, ballasted such that only the top 1–2 cm were above the water surface (to allow for GPS reception and data transmission), and the SPOT TRACE tracker would always face upward. The Stokes drifters were designed to keep windage to a minimum: compared to the 5.1 cm-thick Osker-1 drifter in Sutherland et al. (2020), for example, our 10 cm-hull even further reduced the windage effect because a large fraction of the drifters is below the water. Furthermore, winds were generally weak (“gentle winds,” 3 on Beaufort scale) in the days following deployment so that windage is a negligible effect for the analysis presented here. Before deployment, the drifter caps were sealed with Tangit PVC glue (Henkel, Germany).
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FIGURE 1. Photos of the Stokes drifters, in their unassembled components (left) and once assembled (right). The Stokes drifters were built from a 10-cm long piece of PVC pipe, with two caps. Each contained a GlobalStar SPOT TRACE tracker with GPS receiver powered by 12 D-cells. Photos by Daan Reijnders.


The twenty Stokes drifters were deployed in 10 sets (Supplementary Figure 1): Most drifters were deployed as pairs except Stokes 13, that was deployed on its own, and Stokes 18, 19, and 20, which were deployed as a triplet. The GlobalStar SPOT TRACE trackers inside the Stokes drifters were programmed for maximum sensitivity to motion and to transmit their GPS position every 30 min for device numbers 1, 2, 14, and 16; and every hour for all other devices. Devices 14, 16, 18, and 19 were loaded with custom firmware so that they would be “always on,” transmitting even if no position change were detected. These changes to the transmission rate and firmware were made at sea just before deployment to try to improve transmission rates because transmission success rates of the Stokes drifters varied widely (Supplementary Figure 1). Some of the drifters only returned a handful of transmissions, while others lasted almost a year.

In addition to the custom-built undrogued Stokes drifters, we deployed eighteen drogued Surface Velocity Program (SVP) drifters (Lumpkin et al., 2017). Eight of these were provided by the United States National Oceanic and Atmospheric Administration’s (NOAA) Global Drifter Program (GDP) and 10 were provided by MétéoFrance. The NOAA and MétéoFrance were the same except that the MétéoFrance ones also included a barometer, which will not impact the hydrodynamics of the drifters so that for this analysis the 18 SVP drifters are all considered the same. Each pair consisted of one NOAA and one MétéoFrance SVP drifter, except for the last deployment of two MétéoFrance SVP drifters. While the NOAA SVP drifters were transmitting right from deployment, the MétéoFrance drifters only started transmitting the day after deployment. This unfortunately implied that we were not always able to compute SVP dispersion for the first few hours after deployment. Here, we used the hourly location data of these SVP drifters until April 6, 2020, processed and quality-controlled by the NOAA GDP following the Elipot et al. (2016) method (v1.04). All four drifters launched at each location were deployed simultaneously from the stern of the vessel by a team of launchers from the port and starboard sides (12.8 m apart).



GDP Drifter Dataset

To place the trajectories of the 38 drifters that we deployed during the RV Pelagia Sargassum Cruise PE-455 into context, we use the full Global Drifter Program or GDP dataset at 6-h resolution (Lumpkin and Pazos, 2007; Lumpkin et al., 2017), available from Lumpkin and Centurioni (2019). For the Equatorial Atlantic region analyzed here, this includes a total of 3444 drifters, spanning the time period July 1979 to April 2020 (although the coverage is not uniform throughout these years).



Simulations

To further investigate the processes controlling the drifter dispersion, we compared their trajectories to those of virtual drifters advected in a numerically obtained flow field, the novel Surface and Merged Ocean Currents (SMOC) product from the Copernicus Marine Environmental Service (CMEMS). This SMOC product provides hourly surface flow fields for the Navier-Stokes currents from the Nucleus for European Modeling of the Ocean (NEMO, Madec and NEMO Team, 2016) Mercator PSY4 1/12° operational system (Gasparin et al., 2018), barotropic tides from the FES2014 tidal model (Carrere et al., 2015) and Stokes drift from the MétéoFrance Wave Action Model (MFWAM, Ardhuin et al., 2010). All surface flow fields were provided on a 1/12° global regular grid with hourly temporal resolution.

To compute the pathways of virtual drifters, we then used the Parcels v.2.2.0 framework (Delandmeter and van Sebille, 2019), which allows simulations with different hydrodynamic fields (e.g., Jutzeler et al., 2020). For each of the three different flow fields (Navier-Stokes currents, Stokes drift and tides), as well as the sum of the three (“Total currents”), we advected one particle at each release location and time, and then advected the particles forward using the respective flow field, with a Runge-Kutta4 time step of 10 min and for a maximum of 5 days. We output the virtual particle positions every hour.



RESULTS


Drifter Pathways

Figure 2 gives an overview of the trajectories of the 20 undrogued Stokes drifters and 18 drogued SVP drifters deployed during PE-455. An animation of these drifters for their first 180 days is available in the Supplementary Material. All but one of the drifters deployed east of 44°W moved eastward, and all but one of the drifters deployed west of 44°W moved westward.
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FIGURE 2. Map of the trajectories of the 20 undrogued Stokes drifters and 18 drogued SVP drifters deployed during the RV Pelagia PE-455 in July and August 2019 and their trajectories are shown through April 2020. Black triangles indicate the release locations in the Tropical Atlantic Ocean, see Supplementary Figure 1 for their labeling. The three red squares indicate locations where beached Stokes drifters were found and reported.


While most of the Stokes drifters did not transmit their positions much longer than a few weeks, we also received three reports from people finding the drifters on beaches (red squares in Figure 2). Stokes drifter 10 was found on Mes-Meheux, Banana Islands, Sierra Leone on December 28, 2019; Stokes drifter 15 was found on Utila, Honduras on March 15, 2020, and Stokes drifter 16 was found in Port Aransas, TX on July 10, 2020. Furthermore, Stokes drifters 14 and 18 seemed (from their GPS fixes) to have ended on coastlines of Jamaica and Panama, respectively.

Four of the undrogued Stokes drifters entered the Caribbean Sea, of which three passed between St. Lucia and Martinique, and one passed first between Antigua and Barbuda and then between St. Kitts and Anguilla (see Supplementary Figure 2). These four all moved westward on the northern half of the eastern Caribbean Sea, closer to Hispaniola than South America. One Stokes drifter then moved northwestward into the Gulf of Mexico, while the other entered the Panama-Colombia Gyre east of Costa Rica. On the other hand, none of the drogued SVP drifters penetrated far into the Caribbean Sea. Three of the SVPs came close to the Lesser Antilles, but each of them stopped transmitting when close to an island (Supplementary Figure 2).



Drifters From the Full GDP Dataset

The probability for drifters in the full six-hourly global GDP dataset (see section “GDP Drifter Dataset”) to enter the Caribbean Sea from east of 61°W was also lower for drogued drifters (Figure 3A, typically 40–60%) than it was for the drifters that had lost their drogues (Figure 3B, typically 60–80%, with the difference in Figure 3C), confirming the results from our 38 drifters. The undrogued drifters were expected to move in a similar fashion to both our Stokes drifters and Sargassum mats. In this analysis, we have calculated for each 1° × 1° grid cell the fraction of GDP drifters that subsequently enter the Caribbean Sea past a polygon, drawn slightly within the Caribbean Sea to exclude drifters which run aground on the Lesser Antilles. One possible explanation for this difference in drifter behavior may be that the flow at 15 m is more likely to deflect the drogued drifters to the north (on average) east of the Lesser Antilles, while the undrogued drifters that are more affected by wind are blown into the Caribbean Sea by the trade winds.
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FIGURE 3. Probability for drifters in the full six-hourly global GDP dataset to enter the Caribbean Sea, calculated for each 1° × 1° grid cell as the fraction of GDP drifters that subsequently enter the Caribbean Sea past a defined polygon (white line). Panel (A) is for the GDP drifters that still have their drogue attached; panel (B) is for the GDP drifters that have lost their drogues; panel (C) shows the difference between the undrogued and drogued probabilities.


The striking separation at 44°W, with eastward-traveling drifters east of that longitude and westward-traveling drifters west of that longitude, agrees reasonably well with the drifter-derived bin-averaged velocity reported in Lumpkin and Garzoli (2005). In Figure 4A, the zonal velocity of all drifters in the Tropical Atlantic in the entire GDP six-hourly dataset shows that the eastward movement of our drifters that were released east of 44°W is in line with all other GDP drifters in the historical data set (section “GDP Drifter Dataset”). However, the drifters that we deployed west of 44°W are in regions where the zonal velocity of the other GDP drifters is sometimes eastward and sometimes westward. The same is true (and even clearer) for the subset of SVP drifter velocity measurements made in the months of June–August only (Figure 4B).
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FIGURE 4. Maps depicting the zonal velocity (in cm/s) for all the SVP drifters in NOAA’s Global Drifter Program six-hourly dataset. Panel (A) shows the velocities for all SVPs, panel (B) shows the velocities for only these SVPs that were reporting in June, July, or August. Black triangles depict the launch locations of our drifters in July 2019.




Drifter Pair Separation

Most of the drifters were deployed in pairs-of-pairs, where two SVP drifters and two Stokes drifters were deployed at the same time and location. This allowed for an analysis of the pair-dispersion of the drifters (e.g., LaCasce, 2008), and in particular an analysis of how this pair dispersion differed between the undrogued Stokes and drogued SVP drifters.

Figure 5 shows the drifter trajectories for the first 5 days after deployment, on the same scale for each of the nine pairs-of-pairs release locations (ordered from east to west across the Tropical Atlantic Ocean). In general, the separation within each pair was much smaller than the common advection for the pairs. The only exception to this was the SVP pair in release location 7 (Figure 5G), where the two SVP drifters had already started to separate from each other a few hours after release.
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FIGURE 5. Maps of the drifter trajectories in the first 5 days after deployment for the nine release locations from easternmost location (A) to westernmost location (I) (black triangles), with the undrogued Stokes drifters trajectories shown in red and the drogued SVP drifters trajectories shown in blue. Note that some of the SVP drifters only started transmission a few hours to a day after deployment; the displacement between the deployment location and this first transmission is indicated by blue dashed lines. Further note that not all Stokes drifters transmitted for 5 days; locations where drifters stopped transmitting are indicated by black squares.


The separation between the different pairs (i.e., the separation between the Stokes and SVP drifters) was much larger than the within-pair separation, for all nine release locations. While the general direction of drift was similar for the Stokes and the SVP drifters, and some looping behavior was coherent between the pairs (in, e.g., release location 6), the pairs did diverge within hours of deployment.

Following the analyses in van Sebille et al. (2015), Figure 6 shows both the separation-with-time and Finites Scale Lyapunov Exponent (FSLE) analyses of the drifter dispersions. While separation-with-time, which is simply the drifter separation D (i.e., the shortest distance between the two drifters) in each pair as a function of time, is more robust to inertial oscillations (e.g., Beron-Vera and LaCasce, 2016), the FSLE analysis provided crucial information on scale-dependence of the drifter dispersion that separation-with-time cannot provide.
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FIGURE 6. Pair-wise dispersion analysis for the undrogued Stokes (red) and drogued SVP (blue) drifters, shown both as separation-with-time [panel (A)] and as Finite Scale Lyapunov Exponent [FSLE, panel (B)] analyses, for the first 20 days after deployment.


In the FSLE analysis, λ(D) is the separation rate, calculated as the shortest time τ(D) on which the drifter separation D increases by a factor r, as:
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where we choose r = 1.25 as an optimum between reducing noise on the individual FSLE lines while maintaining resolution (see Supplementary Figure 3).

For some of the release locations (notably release locations 3, 4, and 8; see Figures 5C,D,H), the delay in start of transmission for the MétéoFrance SVP drifters meant that the first day or more of the trajectory was missed. These first hours could thus not be used for the dispersion analysis and for that reason three of the blue lines start only after one day in Figure 6A.

A very clear signal in these pairwise dispersion analyses was that the SVP drifters diverged faster than the Stokes drifters, for a given time since release. The SVP’s separation distance was on average larger than that of the Stokes drifters in Figure 6A, and for a given separation distance the separation rate was shorter in Figure 6B. This is a somewhat surprising find, which suggests that the turbulence experienced by the undrogued Stokes drifters was smaller than that experienced by the drogued SVP drifters.

One reason for the larger separation in the drogued SVP drifters could be that wind rows associated with Langmuir circulation led to stronger convergence right at the surface than at 15 m depth (e.g., Laxague et al., 2018; van Sebille et al., 2020). Indeed, Figure 6B suggests that the largest differences in FSLE separation rates between drogued and undrogued buoys occurred for scales smaller than ∼1 km, while for scales larger than ∼10 km the differences are far less striking (although data coverage for the undrogued Stokes drifters is limited beyond ∼5 km separation). This also points to dynamics on scales of hundreds seconds of meters to kilometers being the driver of these dispersion differences.

In previous work on drifter dispersion (e.g., Lumpkin and Elipot, 2010; Poje et al., 2014; van Sebille et al., 2015; Meyerjürgens et al., 2020), different scaling regimes have been identified in the FSLE analysis: A Richardson regime predicted by Surface Quasi-Geostrophic (SQG) theory where λ∝D−2/3 (Held et al., 1995), an exponential regime predicted by Quasi-Geostrophic (QG) theory where λ is constant (e.g., Pedlosky, 1996), and a diffusive regime where λ∝D−2 (LaCasce, 2008).

Here, we saw only the D−2/3 Richardson regime, and possibly a shallower regime for the SVP drifters on scales between 5 and 20 km. The diffusive regime was not observed in our results, which is not a surprise as it typically only appears on length scales larger than those investigated here. That we did not find an exponential regime suggests that both the drogued SVP drifters and the undrogued Stokes drifters may follow SQG theory, and are not consistent with 2D QG turbulence, in this region. The slope in the FSLE from the undrogued Stokes drifters seemed to be slightly steeper than that in the FSLE of the drogued SVP drifters.



Comparison to Virtual Drifter Trajectories

The role of wave-driven Stokes drift on the difference in drifter transport can be further explored by comparing the observed Stokes drifter trajectories to those of virtual surface particles computed from the CMEMS-SMOC flow fields (see also section “Simulations”).

Figure 7 shows the same 5-day long trajectories as Figure 5, but now also overlays the virtual particle trajectories advected using the surface Navier-Stokes Currents, the Stokes Currents, and the Tidal Currents from CMEMS-SMOC, as well as the sum of these three components (“Total Currents”). Even though the drifter data have not been used in the SMOC data assimilation, the general pathway patterns of at least some of the virtual particles agreed well with the drifters. For some others (e.g., release locations 7 and 8), the virtual particles moved in a different direction than the drifters. Interestingly, release locations 7 and 8 were both in the Amazon plume; it could be that the edge of this plume was not captured well in SMOC.
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FIGURE 7. Comparison of observed Stokes and SVP drifters with virtual surface particles computed from the Surface and Merged Ocean Currents (SMOC) product from the Copernicus Marine Environmental Service (CMEMS). Panels (A–I) show results for easternmost location (A) to westernmost location (I).


Since we were using the surface flow fields only, our expectation was that the SMOC flow fields were in better agreement with the Stokes drifter trajectories than with the drogued SVP drifters. To quantify how the four different SMOC-based trajectories compared to the two types of drifters, we computed the mean cumulative separation distance L (Haza et al., 2019; van der Mheen et al., 2020):

[image: image]

where [image: image] is the location of virtual particle i at time t, [image: image] is the corresponding drifter location and T is the number of timesteps in the drifter trajectory. Since this metric sums over all steps in the trajectories, it provides a better measure of skill than the separation distance at the end of the trajectory alone.

The mean cumulative separation distances are shown in Figure 8. This shows, for all drifters that have transmitted at least 5 days (i.e., the ones without a black square in Figure 5), the value of L between the Stokes drifters (red S, upper rows) and SVP drifters (blue D, lower rows) and each of the four SMOC simulations, for the first 5 days and for each of the nine release locations.
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FIGURE 8. Mean cumulative separation distance for the first 5 days between the virtual particles advected in the CMEMS-SMOC flow fields, and the two types of drifters (undrogued Stokes drifters on the lines with red “S,” drogued SVP drifters on the lines with blue “D”), shown for each of the nine release locations. Distances were only computed for drifters that have at least 5 days of transmissions.


For most release locations, the Navier-Stokes and Total Currents yielded the smallest separation distances. For release location 7 and 8, however, the Stokes and Tidal Currents had smaller separation distances with the drifters than the Total and Navier-Stokes Currents, as could also already be seen in Figure 7. This may have to do with errors in the SMOC Navier-Stokes fields, perhaps because the release locations were on the edge of the Amazon plume, although a full investigation is beyond the scope of this work.

Unexpectedly, there was no clear pattern between the separation distances for the Stokes and SVP drifters. For three of the release locations, the smallest separation distance was with the Stokes drifters, and for five of the release locations, the smallest separation distance was with the SVP drifters (the Stokes drifters in release location 5 transmitted for less than 5 days). From this analysis alone, we could therefore not conclude that the SMOC surface currents were more representative of the Stokes drifters than of the SVP drifters, as one would expect.



DISCUSSION AND CONCLUSION

Here, we have presented a first analysis of the pathways and dispersion of 20 custom-built Stokes drifters and 18 regular SVP drifters in the Tropical Atlantic. This was not nearly a large enough amount to draw firm conclusions about the pathways of Sargassum into the Caribbean Sea, but it did provide insights into the difference between surface and subsurface separation. We found that the drogued SVPs separated faster than the undrogued Stokes drifters. From analyzing the full GDP data set we found that SVP drifters that had lost their drogue were more likely to enter the Caribbean Sea. We also found that the dispersion was bigger between instruments of different types (e.g., between SVP-Stokes by comparison to Stokes-Stokes and SVP-SVP), meaning that they are sensitive to different forcings.

The increase in Sargassum biomass as seen by satellites (Wang et al., 2019) has resulted in widespread strandings of sargassum mats and severe economic and environmental impacts in the Caribbean, and July 2019 satellite images estimated the largest accumulation of this macroalgae ever measured. Our drifters were deployed within that record “Great Sargassum Belt.” Despite the small dataset, because most Sargassum floats in the upper meter of the water column, our hypothesis is that the movement of Stokes drifters better represents the drift of Sargassum.

The new SMOC surface current data set from CMEMS did not capture the general pathway of the Stokes drifters that well, even though we acknowledge that individual-trajectory comparisons provide a very demanding test for models because the drifter trajectories are so sensitive to initial conditions. While for some of the release locations, the virtual and observed pathways matched nicely, for others they did not. Furthermore, the Total Currents product was not even consistently the one with the lowest mean cumulative separation distance. In some cases, the Total Currents at the surface were more similar to the drogued SVP drifters than to the undrogued Stokes drifters. This means that there is a clear need for further improvements of the surface currents product in the Tropical Atlantic Ocean, a region that plays an important role in global climate and the life cycle and fate of Sargassum.
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