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Abstract: On 11 February 2014, dozens of Portuguese man-of-war specimens were washed ashore along 15 

the entire stretch of Patos Beach (northwestern Spain). Here we performed both field experiments and 16 

numerical simulations to estimate the possible trajectories and region of origin of this swarm. On the one 17 

hand, our field experiments confirm the need to consider the main characteristics of an organism when 18 

predicting its drift. On the other hand, the numerical simulations show that this swarm originated in the 19 

open North Atlantic Ocean. The drift of the swarm was controlled by the succession of storms that hit the 20 

coasts of Western Europe in the winter of 2013–14. Our findings also suggest that most of the individuals 21 

of the swarm were right-handed.  22 

 23 

1. Introduction 24 

In the winter of 2013–14, a succession of destructive storms hit the coasts of Western Europe 25 

leading to record rainfall and flooding in many regions (Castelle et al., 2015; Kendon and McCarthy, 26 

2015; Sibley et al., 2015; Thompson et al., 2017). This had a considerable impact on infrastructure and 27 

businesses. During this severe winter, the northwestern coast of Spain experienced repeated intense 28 

rainfall events, strong winds, high waves and a large number of strandings of marine animals. Although 29 

many strandings in coastal areas around the world end up as unsolved cases, scientists have no shortage of 30 

suspected causes, including bycatch, disease, poisoning, injuries, parasites, malnutrition and storms (e.g. 31 

Arbelo et al., 2013; Truchon et al., 2013; Morley et al., 2016; Louzao et al., 2019; Dudhat et al., 2022).  32 

On 11 February 2014, dozens of Portuguese man-of-war specimens (hereafter referred to as the 2014 33 

PMW swarm) were washed ashore along the entire stretch of Patos Beach. This beach is located on the coast 34 

of Galicia (northwestern Spain). The Portuguese man-of-war (Physalia physalis) is a wind-propelled 35 



jellyfish-like animal that lives in warm tropical and subtropical waters (Totton and Mackie, 1960; Kennedy, 36 

1972; Bardi and Marques, 2007; Mapstone, 2014; Ferrer et al., 2015; Munro et al., 2019). Therefore, the 37 

2014 PMW swarm probably originated in the open North Atlantic Ocean and its drift was controlled by the 38 

succession of low-pressure systems mentioned above. 39 

The Portuguese man-of-war is a peculiar-looking colony of specialized polyps. The gonozooids and 40 

gastrozooids are used for reproduction and feeding, respectively, while the dactylozooids are used for 41 

catching prey and self-defense. The pneumatophore is a gas-filled sail-like float that allows the Portuguese 42 

man-of-war to live at the air−water interface of the sea. Large quantities of Portuguese man-of-war 43 

specimens in coastal regions have forced beaches to close and left thousands of bathers nursing painful 44 

stings. The treatment of these stings has been discussed by several researchers (e.g. Loten et al., 2006; 45 

Cegolon et al., 2013; Wilcox and Yanagihara, 2016).  46 

The Portuguese man-of-war occurs in two forms (i.e. dimorphism) which are mirror images of one 47 

another, but otherwise identical. Some observations reveal that, under the influence of the wind, one form 48 

(left-handed) moves to the right of the downwind direction and the other (right-handed) to the left (Totton 49 

and Mackie, 1956, 1960; Woodcock, 1956, 1971, 1997; Bieri, 1959; Savilov, 1961; Shannon and Chapman, 50 

1983). The sailing directions of these two forms are shown in Fig. 1. More recently, Ferrer and González 51 

(2021) ran computer simulations to demonstrate that the drift of left-handed individuals can be significantly 52 

different from that of right-handed individuals. 53 

 54 

Fig. 1. Sailing directions of right- and left-handed P. physalis.  55 



Although much work has been devoted to the Portuguese man-of-war to date, more studies need to 56 

be conducted to ascertain the effect of dimorphism on the drift of this colonial organism. Unfortunately, 57 

there is no information on whether the individuals of the 2014 PMW swarm were right- or left-handed. For 58 

this reason, the aim of the research presented here was to estimate the possible trajectories (routes) and 59 

region of origin of the 2014 PMW swarm. To do this, we performed both field experiments and numerical 60 

simulations. 61 

 62 

2. Methods 63 

At present, social media and digital newspapers are two of the main sources of information for the 64 

public and many researchers. Therefore, the first step of the study was to collect the existing information on 65 

the 2014 PMW swarm from these two sources. After reviewing this information in detail and confirming the 66 

occurrence of this event, we decided to conduct both field experiments and numerical simulations to achieve 67 

the initially proposed goal of studying the drift of the 2014 PMW swarm. 68 

We conducted two field experiments to obtain information on the drift of small low-density objects. 69 

In the first experiment, we designed and made the two forms of the Portuguese man-of-war (i.e. right- and 70 

left-handed individuals). We used polyurethane foam and cables to simulate the float and tentacles (mass 71 

and volume, respectively: 30 g and 144 mL) of the Portuguese man-of-war (see Fig. 2). We repeatedly 72 

released the designed prototypes in the waters of the Bay of La Concha and Taurán Beach, located on the 73 

coast of the Basque Country and Asturias, respectively (northern Spain). We also performed the same in a 74 

small plastic box (58 cm x 38 cm x 16 cm in length x width x height) filled with water. The aim of this first 75 

experiment was to determine whether there were statistically significant differences in the drifts of the 76 

designed prototypes in different wind conditions.  77 

In the second experiment, we used satellite-tracked surface drifting buoys called marmokas. These 78 

buoys, with cylindrical shape (184 g and 775 mL), were designed to be at the sea surface and obtain high-79 

resolution trajectories. The components of these buoys are shown in Fig. 2. Each buoy consists of a wide 80 

mouth and high-density polyethylene jar (with lid and insert plug) containing a SPOT Trace device 81 

(www.findmespot.com). Almost 77% of the buoy volume is out of the water and under the influence of the 82 

wind.  83 



The SPOT Trace is a small tracking device (88 g and 75 mL) that provides satellite-based messaging 84 

capabilities to track anything, anytime, with extensive coverage around the world. This device allows to 85 

select the rate at which GPS locations are sent. In our case, we obtained GPS locations every hour. In total, 86 

we released 27 surface drifting buoys in the open waters of the Bay of Biscay using ships of opportunity and 87 

research vessels. The drift periods and the initial and final GPS locations of these buoys are listed in Table 1. 88 

The aim of this second experiment was to obtain a large database of buoy trajectories to help understand and 89 

explain the possible drift of the Portuguese man-of-war. 90 

 91 

 92 

Fig. 2. Prototypes of right- and left-handed P. physalis (top) and components of the satellite-tracked surface 93 

drifting buoys used in this study (bottom). 94 

 95 

To estimate the possible routes and region of origin of the 2014 PMW swarm, we used the 96 

trajectories of the buoys listed in Table 1 and the Sediment, Oil spill and Fish Tracking model (SOFT). This 97 

model is an easy-to-use and computationally efficient Lagrangian particle tracking tool. Although it was 98 



initially developed to simulate the dispersal of marine eggs and larvae in the Bay of Biscay (Ferrer et al., 99 

2004), it can now be used to simulate other types of dispersal as well. Since 2017, SOFT includes the 100 

following equation to estimate the drift of a Portuguese man-of-war:  101 

 102 

UD = CDUW,θ  = CDUW,θ + CDVW,θ       (1) 103 

 104 

where UD = (UD,VD) is the drift velocity vector, CD is a wind drag coefficient and UW,θ = (UW,θ,VW,θ) is the 105 

wind velocity vector at 10 m height rotated a drift angle θ about the wind direction. The direction of rotation 106 

is clockwise if θ is negative (for left-handed individuals) and anticlockwise if θ is positive (for right-handed 107 

individuals). In the model, the method used for the movement of particles (i.e. sediments, oil spills, eggs and 108 

larvae, jellyfish, Portuguese man-of-war specimens, etc.) is based on the fourth-order Runge–Kutta scheme. 109 

 110 

Table 1 111 

Drift periods and initial and final GPS locations of the 27 satellite-tracked surface drifting buoys used in this 112 

study. 113 

Buoy ID Initial and final dates (day/month/year) and 

times (UTC) 

Initial and final GPS locations 

20150517A 17/05/2015 09:54:22–13/06/2015 12:13:01 45.45º N, 4.21º W–43.44º N, 4.06º W 

20150517B 17/05/2015 10:58:54–16/06/2015 09:44:36 45.63º N, 4.21º W–43.44º N, 2.95º W 

20150926 26/09/2015 00:41:54–25/10/2015 00:26:37 45.88º N, 4.69º W–46.02º N, 8.59º W 

20151025 25/10/2015 19:19:36–06/11/2015 11:38:34 46.22º N, 8.61º W–48.31º N, 8.81º W 

20160321A 21/03/2016 02:48:12–04/04/2016 23:52:05 46.26º N, 4.28º W–46.47º N, 3.1º W 

20160321B 21/03/2016 05:14:35–11/04/2016 05:02:25 46.25º N, 4.75º W–46.23º N, 1.87º W 

20160321C 21/03/2016 08:28:59–11/04/2016 05:50:36 46.25º N, 5.26º W–46.62º N, 2.68º W 

20160321D 21/03/2016 22:17:58–05/04/2016 00:19:53 46.76º N, 5.77º W–47.65º N, 3.51º W 

20160322 22/03/2016 02:25:22–04/04/2016 00:10:08 46.77º N, 5.26º W–47.79º N, 3.83º W 

20160519A 19/05/2016 07:13:35–16/06/2016 20:39:23 45.87º N, 4.21º W–43.79º N, 1.42º W 

20160519B 19/05/2016 09:08:05–28/06/2016 10:41:23 46.12º N, 4.38º W–43.84º N, 2.01º W 

20160709 09/07/2016 07:07:06–01/08/2016 12:12:53 45º N, 3.36º W–43.55º N, 5.55º W 

20160923 23/09/2016 15:35:06–13/11/2016 19:14:07 45.78º N, 4.2º W–44.64º N, 8.7º W 

20170517 17/05/2017 13:30:07–30/06/2017 14:17:28 45.87º N, 3.71º W–43.49º N, 3.83º W 

20180222 22/02/2018 21:58:52–04/04/2018 08:57:26 45.5º N, 4.03º W–46.63º N, 1.89º W 

20180224 24/02/2018 11:20:40–31/03/2018 23:42:58 45.5º N, 4.38º W–46.53º N, 1.83º W 

20180225 25/02/2018 03:18:37–04/04/2018 06:25:25 45.51º N, 4.19º W–46.65º N, 1.91º W 

20180226 26/02/2018 23:17:06–14/03/2018 23:50:23 45.5º N, 3.86º W–47.49º N, 2.83º W 

20180515 15/05/2018 03:51:09–21/05/2018 10:14:56 44.86º N, 2.84º W–44.23º N, 3.01º W 

20190320 20/03/2019 15:56:58–24/04/2019 11:18:27 46.25º N, 4.18º W–45.72º N, 5.96º W 

20190409 09/04/2019 15:32:57–12/04/2019 09:17:23 46º N, 4.01º W–45.75º N, 4.21º W 



20190418 18/04/2019 22:14:07–27/04/2019 20:23:26 46º N, 4.02º W–46.13º N, 2.75º W 

20200918 18/09/2020 16:06:42–26/09/2020 16:27:57 44.67º N, 3.04º W–44.2º N, 1.3º W 

20210513 13/05/2021 08:10:26–23/05/2021 07:54:59 45.62º N, 4.13º W–45.64º N, 1.1º W 

20210919 19/09/2021 20:06:19–25/11/2021 00:57:35 45.77º N, 4.17º W–43.46º N, 3.95º W 

20210920 20/09/2021 12:16:23–27/11/2021 05:42:57 45.93º N, 4.55º W–43.44º N, 4.1º W 

20220515 15/05/2022 11:20:40–13/06/2022 18:02:27 45.13º N, 3.63º W–43.58º N, 5.74º W 

 114 

The methodology applied was as follows. First, we obtained a large number of two-day trajectories 115 

using the buoy trajectories. If a buoy trajectory has N hourly GPS locations (where N > 48), we can obtain N 116 

‒ 48 two-day trajectories. That is, two-day trajectories 1 and 2 would have the GPS locations from t = 0 h to 117 

t = 48 h, and from t = 1 h to t = 49 h, respectively. Therefore, two-day trajectory i would have the GPS 118 

locations from t = (i ‒ 1) h to t = (i + 47) h. For example, we can obtain four different two-day trajectories 119 

from the trajectory shown at the top of Fig. 3. Using this methodology and the trajectories of the buoys listed 120 

in Table 1, we obtained 16,292 two-day trajectories. 121 

 122 

Fig. 3. Two-day trajectories obtained from an initial example trajectory. 123 

 124 

Second, we used SOFT to simulate the two-day trajectories obtained in the first step. In our 125 

numerical simulations with SOFT, we used Eq. (1) with the hourly wind fields provided by the operational 126 



forecasting system developed by MeteoGalicia (Meteorological Agency of Galicia). These wind fields, with 127 

a spatial resolution of 12 km, were obtained using the Weather Research and Forecasting model (WRF). A 128 

detailed description of this model can be found in Skamarock et al. (2021). The time step used in the 129 

numerical simulations with SOFT was 10 s. 130 

We also used 14 values for CD (from 0.005 to 0.07 with an increment of 0.005) and 21 for θ (from 131 

‒50º to +50º with an increment of +5º). In total, we ran SOFT 294 (i.e. 14 x 21) times to simulate each two-132 

day trajectory. The aim of these simulations was to find the values of CD and θ that best fit each two-day 133 

trajectory and then use these values to estimate the drift of the Portuguese man-of-war. To do so, we 134 

estimated the non-dimensional index s (normalized cumulative Lagrangian separation) proposed by Liu and 135 

Weisberg (2011). Note that the smaller the s value, the better the performance of the model, and that s = 0 136 

implies a perfect fit between observations and simulations. 137 

And third, we ran SOFT backwards in time to estimate the most likely routes (or trajectories) and 138 

region of origin of the 2014 PMW swarm in the North Atlantic Ocean. The initial location of this swarm in 139 

the simulations (about 10 km off the coast of Galicia) is shown in Fig. 4. The simulated swarm was moved 140 

backwards in time using SOFT for 163 days (i.e. from 11 February 2014 to 1 September 2013, both dates at 141 

12:00 UTC), assuming that reproduction occurred between summer and autumn. Here we used the best-fit 142 

CD values obtained in the second step and hourly wind fields from the ERA5 global reanalysis (Hersbach et 143 

al., 2018). This database, with a spatial resolution of 31 km, was produced by the European Centre for 144 

Medium-Range Weather Forecasts (ECMWF). 145 

 146 

3. Results 147 

In the first experiment, we released the designed PMW prototypes in the waters of the Bay of La 148 

Concha and Taurán Beach, and in a small plastic box filled with water. The drifts of these prototypes were 149 

visually inspected for several hours on different days in 2023. Our observations confirmed that the designed 150 

prototypes drifted differently. Under the influence of light to moderate winds, left-handed prototypes drifted 151 

to the right of the downwind direction, while right-handed prototypes drifted to the left of the downwind 152 

direction. This result is consistent with previous observations (see the Introduction section) and confirms the 153 

need to consider the main characteristics of an organism when predicting its drift. 154 



 155 

 156 

Fig. 4. General surface ocean circulation in the North Atlantic Subtropical Gyre. The black triangle indicates 157 

the initial location (42.2º N, 8.9º W) of the 2014 PMW swarm in the SOFT simulations where time ran 158 

backwards.  159 

 160 

In the second experiment, we released 27 surface drifting buoys in the open waters of the Bay of 161 

Biscay between May 2015 and June 2022. The trajectories of four of these buoys and some speed statistics 162 

(range, mean and standard deviation) are shown in Fig. 5. These trajectories show the complexity of the drift 163 

of a small low-density object (~0.24 gmL−1) at the air−water interface of the sea. The maximum and mean 164 

speeds of the buoys listed in Table 1 were 136 cms−1 and 35 cms‒1, respectively, with a standard deviation of 165 

about 17 cms‒1. The drift of this type of buoy is very much controlled by the wind at the sea surface because 166 

most of the buoy is out of the water. On average, the drift of the buoys was from west-northwest to east-167 

southeast. 168 



     169 

     170 

Fig. 5. Trajectories of four satellite-tracked surface drifting buoys (from top left to bottom right: 20170517, 171 

20180222, 20190320 and 20210920). The black triangles and circles indicate the initial and final GPS 172 

locations of the buoys, respectively. 173 

Using SOFT, we simulated the 16,292 two-day trajectories obtained from the buoy trajectories. From 174 

these simulations, we found the values of CD and θ that best fit each two-day trajectory. For each two-day 175 

trajectory, we also estimated the non-dimensional index s, the mean and maximum errors, and the error at 176 

the end of the trajectory. Our simulations show that s ranged from 0.03 to 0.78, while the mean errors ranged 177 

from 0.93 km to 23 km.  178 

We found that 50% of the two-day trajectories had s  ≤  0.1 (i.e. mean error ≤ 6.1 km). The mean 179 

values of CD and θ for these two-day trajectories were 0.04 and ‒13º, respectively. Given these results, we 180 

decided to use three different values for CD (0.02, 0.04 and 0.06) in the simulations to estimate the drift of 181 



the 2014 PMW swarm. The use of these values allowed us to identify differences in the drift of the swarm. 182 

In the simulations, we also used the 21 values for θ given in the Methods section.  183 

The trajectories of the 2014 PMW swarm obtained after running SOFT backwards in time for 163 184 

days are displayed in Figs. 6‒8. The trajectories obtained using negative (positive) drift angles correspond to 185 

left-handed (right-handed) individuals. The end points of these trajectories on 1 September 2013 are the 186 

estimated locations of our swarm at the initial stage of development (i.e. at the age of 0 days). We used the 187 

end points located in the open North Atlantic Ocean to approximately delimit the region of origin of the 188 

2014 swarm. The end points located on the coast were discarded as possible points of origin.  189 

On the one hand, the simulations carried out with a CD value equal to 0.04 (Fig. 6) show that the 190 

region of origin of the 2014 PMW swarm was located in the open North Atlantic Ocean. According to the 191 

model, with negative drift angles this region would be located above 49.76º N, while with positive drift 192 

angles it would be located below this latitude. Since we assume that the Portuguese man-of-war is an 193 

organism that lives in warm tropical and subtropical waters, our model results suggest that most of the 194 

individuals of the 2014 PMW swarm were probably right-handed (i.e. with positive drift angles). Therefore, 195 

the region of origin was probably located below 49.76º N. The possible routes of the swarm covered a large 196 

geographical area. 197 

On the other hand, the simulations carried out with CD values equal to 0.02 and 0.06 (Figs. 7 and 8) 198 

also show that the region of origin was located in the open North Atlantic Ocean. With a CD value equal to 199 

0.02, the model estimated that this region would be located closer to the coast of Galicia. As can be seen in 200 

Figs. 6‒8, the trajectories obtained with SOFT using different drift angles become longer and more complex 201 

as the value of the wind drag coefficient increases. Therefore, the selection of an appropriate wind drag 202 

coefficient is crucial for a successful estimation of the region of origin. 203 

  204 



 205 

 206 

Fig. 6. Simulated trajectories of the 2014 PMW swarm (from 11 February 2014 to 1 September 2013, both 207 

dates at 12:00 UTC) obtained with SOFT using a wind drag coefficient of 0.04 and negative and positive 208 

drift angles (top and bottom, respectively). The black triangle and circles indicate the initial and final 209 

locations of the swarm in the SOFT simulations, respectively.  210 



 211 

 212 

Fig. 7. As in Fig. 6, but using a wind drag coefficient of 0.02. 213 

  214 



 215 

 216 

Fig. 8. As in Fig. 6, but using a wind drag coefficient of 0.06. 217 

  218 



4. Discussion 219 

Following the suggestion of Ferrer et al. (2015), here we used a simple model based only on wind 220 

information to investigate the most likely region of origin as well as the routes of the 2014 PMW swarm. We 221 

first designed and made the two forms of the Portuguese man-of-war and small surface drifting buoys. We 222 

then conducted field experiments with the designed prototypes and buoys. Finally, we simulated the 223 

trajectories of 27 surface drifting buoys and used the results obtained with the model to simulate the drift of 224 

the 2014 PMW swarm. 225 

Many researchers have confirmed that the wind at the sea surface plays a key role in the drift of the 226 

Portuguese man-of-war (e.g. Orton, 1913; Wilson, 1947; Totton and Mackie, 1956, 1960; Woodcock, 1956, 227 

1971, 1997; Shannon and Chapman, 1983; Iosilevskii and Weihs, 2009; Prieto et al., 2015; Ferrer et al., 228 

2015). The same is true for Velella velella (by-the-wind sailor), which is another dimorphic organism living 229 

at the air−water interface of the sea (Bieri, 1959; Francis, 1991). Prior to this work, we also designed and 230 

made prototypes of the two forms of this organism and performed field experiments.  231 

The first conclusion we can draw from our research is that the prototypes and surface drifting buoys 232 

used here were of great help in modelling the drift of the Portuguese man-of-war. These Identified Floating 233 

Objects (IFOs) are part of the Surface Ocean Circulation Experiment (SOCE) we are currently conducting in 234 

the North Atlantic Ocean. The main objective of this experiment is to accurately predict the drift of small 235 

surface organisms and objects. We have recently designed and made new low-density prototypes (< 0.1 g 236 

mL−1) using air bags for packaging and wool yarns. These prototypes are closer to reality than those in Fig. 237 

2 (see Fig. 9). 238 

The second conclusion of this study is that the region of origin of the 2014 PWM swarm was located 239 

in the open North Atlantic Ocean. Assuming that most of the individuals of the 2014 PMW swarm were 240 

probably right-handed, the region of origin predicted by the model was located in the northern part of the 241 

North Atlantic Subtropical Gyre (Fig. 4). This conclusion agrees with the results obtained by Ferrer and 242 

González (2021). These authors carried out numerical simulations to study an event that occurred along the 243 

Basque coast in August 2010. 244 

A wind drag coefficient of around 0.04 may be appropriate for studies assessing the drift of small 245 

surface organisms, such as P. physalis and V. velella. However, it seems reasonable to expect both the wind 246 



drag coefficient and the drift angle to vary with wind speed and over the lifespan of P. physalis and V. 247 

velella, because there will be a significant increase in the size of these organisms (Ferrer and Pastor, 2017; 248 

Ferrer and González, 2021).  249 

 250 

Fig. 9. Low-density prototypes of right- and left-handed P. physalis made from air bags for packaging and 251 

wool yarns. 252 

 253 

In our simulations of the 2014 PMW swarm, we did not use the mean value of the drift angle 254 

obtained from the analysis of the 27 surface drifting buoys (~ ‒13º). This value should be used to correct the 255 



drift angles of right- and left-handed individuals used in the simulations. For example, considering this 256 

value, a right-handed (left-handed) individual with an initial drift angle of +30° (–30º) would have a drift 257 

angle of +17º (–43°). The mean drift angle obtained from the buoys used here (symmetrical objects with a 258 

significant part of the volume out of the water) is far from the angle given by the classical Ekman theory. 259 

According to this theory, in the Northern Hemisphere the drift angle is ‒45º (Ekman, 1905). 260 

The general surface ocean circulation in the North Atlantic Subtropical Gyre is shown in Fig. 4. This 261 

idealized wind-driven circulation indicates that we should expect a west-to-east surface drift in the northern 262 

part of the North Atlantic Subtropical Gyre. The drift of the Portuguese man-of-war (dimorphic organism 263 

with a gas-filled sail-like float) is mainly controlled by the wind. Therefore, the sailing directions and 264 

trajectories of right- and left-handed individuals will depend on the drift angles relative to the wind direction 265 

that they can reach. 266 

The winter of 2013–14 in Western Europe was characterised by many intense cyclones. In 267 

February 2014, windstorms Nadja, Okka, Petra, Qumaira, Ruth, Stephanie, Tini and Ulla brought heavy 268 

rainfall and strong winds (Priestley et al., 2017). If the presence of the Portuguese man-of-war had 269 

occurred in summer (as happened in 2010 or 2023), it would have caused a significant social and 270 

economic impact (Labadie et al., 2012; Canepa et al., 2020; Cavalcante et al., 2020; Macías et al., 2021; 271 

Maharani and Widiastuti, 2021).  272 

 273 

5. Conclusions 274 

Here we analysed the presence of a Portuguese man-of-war swarm on the coast of Galicia 275 

(northwestern Spain) in February 2014. Our findings suggest the following conclusions: (1) the swarm 276 

originated in the open North Atlantic Ocean; (2) the drift of the swarm was controlled by the succession of 277 

storms that hit the coasts of Western Europe in the winter of 2013–14; and (3) most of the individuals of the 278 

swarm were probably right-handed. We hope that these findings will inspire other researchers to address 279 

unresolved questions about the Portuguese man-of-war.  280 

 281 
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Figure captions 402 

Fig. 1. Sailing directions of right- and left-handed P. physalis.  403 

 404 

Fig. 2. Prototypes of right- and left-handed P. physalis (top) and components of the satellite-tracked surface 405 

drifting buoys used in this study (bottom). 406 

 407 

Fig. 3. Two-day trajectories obtained from an initial example trajectory. 408 

 409 

Fig. 4. General surface ocean circulation in the North Atlantic Subtropical Gyre. The black triangle indicates 410 

the initial location (42.2º N, 8.9º W) of the 2014 PMW swarm in the SOFT simulations where time ran 411 

backwards.  412 

 413 

Fig. 5. Trajectories of four satellite-tracked surface drifting buoys (from top left to bottom right: 20170517, 414 

20180222, 20190320 and 20210920). The black triangles and circles indicate the initial and final GPS 415 

locations of the buoys, respectively. 416 

 417 

Fig. 6. Simulated trajectories of the 2014 PMW swarm (from 11 February 2014 to 1 September 2013, both 418 

dates at 12:00 UTC) obtained with SOFT using a wind drag coefficient of 0.04 and negative and positive 419 

drift angles (top and bottom, respectively). The black triangle and circles indicate the initial and final 420 

locations of the swarm in the SOFT simulations, respectively. 421 

 422 

Fig. 7. As in Fig. 6, but using a wind drag coefficient of 0.02. 423 

 424 

Fig. 8. As in Fig. 6, but using a wind drag coefficient of 0.06. 425 

 426 

Fig. 9. Low-density prototypes of right- and left-handed P. physalis made from air bags for packaging and 427 

wool yarns.  428 



Table captions 429 

Table 1 430 

Drift periods and initial and final GPS locations of the 27 satellite-tracked surface drifting buoys used in this 431 

study. 432 

Buoy ID Initial and final dates (day/month/year) and 

times (UTC) 

Initial and final GPS locations 

20150517A 17/05/2015 09:54:22–13/06/2015 12:13:01 45.45º N, 4.21º W–43.44º N, 4.06º W 

20150517B 17/05/2015 10:58:54–16/06/2015 09:44:36 45.63º N, 4.21º W–43.44º N, 2.95º W 

20150926 26/09/2015 00:41:54–25/10/2015 00:26:37 45.88º N, 4.69º W–46.02º N, 8.59º W 

20151025 25/10/2015 19:19:36–06/11/2015 11:38:34 46.22º N, 8.61º W–48.31º N, 8.81º W 

20160321A 21/03/2016 02:48:12–04/04/2016 23:52:05 46.26º N, 4.28º W–46.47º N, 3.1º W 

20160321B 21/03/2016 05:14:35–11/04/2016 05:02:25 46.25º N, 4.75º W–46.23º N, 1.87º W 

20160321C 21/03/2016 08:28:59–11/04/2016 05:50:36 46.25º N, 5.26º W–46.62º N, 2.68º W 

20160321D 21/03/2016 22:17:58–05/04/2016 00:19:53 46.76º N, 5.77º W–47.65º N, 3.51º W 

20160322 22/03/2016 02:25:22–04/04/2016 00:10:08 46.77º N, 5.26º W–47.79º N, 3.83º W 

20160519A 19/05/2016 07:13:35–16/06/2016 20:39:23 45.87º N, 4.21º W–43.79º N, 1.42º W 

20160519B 19/05/2016 09:08:05–28/06/2016 10:41:23 46.12º N, 4.38º W–43.84º N, 2.01º W 

20160709 09/07/2016 07:07:06–01/08/2016 12:12:53 45º N, 3.36º W–43.55º N, 5.55º W 

20160923 23/09/2016 15:35:06–13/11/2016 19:14:07 45.78º N, 4.2º W–44.64º N, 8.7º W 

20170517 17/05/2017 13:30:07–30/06/2017 14:17:28 45.87º N, 3.71º W–43.49º N, 3.83º W 

20180222 22/02/2018 21:58:52–04/04/2018 08:57:26 45.5º N, 4.03º W–46.63º N, 1.89º W 

20180224 24/02/2018 11:20:40–31/03/2018 23:42:58 45.5º N, 4.38º W–46.53º N, 1.83º W 

20180225 25/02/2018 03:18:37–04/04/2018 06:25:25 45.51º N, 4.19º W–46.65º N, 1.91º W 

20180226 26/02/2018 23:17:06–14/03/2018 23:50:23 45.5º N, 3.86º W–47.49º N, 2.83º W 

20180515 15/05/2018 03:51:09–21/05/2018 10:14:56 44.86º N, 2.84º W–44.23º N, 3.01º W 

20190320 20/03/2019 15:56:58–24/04/2019 11:18:27 46.25º N, 4.18º W–45.72º N, 5.96º W 

20190409 09/04/2019 15:32:57–12/04/2019 09:17:23 46º N, 4.01º W–45.75º N, 4.21º W 

20190418 18/04/2019 22:14:07–27/04/2019 20:23:26 46º N, 4.02º W–46.13º N, 2.75º W 

20200918 18/09/2020 16:06:42–26/09/2020 16:27:57 44.67º N, 3.04º W–44.2º N, 1.3º W 

20210513 13/05/2021 08:10:26–23/05/2021 07:54:59 45.62º N, 4.13º W–45.64º N, 1.1º W 

20210919 19/09/2021 20:06:19–25/11/2021 00:57:35 45.77º N, 4.17º W–43.46º N, 3.95º W 

20210920 20/09/2021 12:16:23–27/11/2021 05:42:57 45.93º N, 4.55º W–43.44º N, 4.1º W 

20220515 15/05/2022 11:20:40–13/06/2022 18:02:27 45.13º N, 3.63º W–43.58º N, 5.74º W 

 433 


