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Abstract

This document contains supplementary information including extra examples for the inter-
ested reader. We include:

1. An example of various grid systems to produce pathways. This allow the reader to see
the effects different grid systems have.

2. A brief comparison to an example given by Smith et al. (2018).

3. Three additional versions of Figure 9 for comparison purposes.

4. A global shortest travel time map, in contrast to the most likely path travel time map
given in Figure 7 of the main text.

5. A more in depth sensitivity analysis.

6. An explanation of how the method can find artificial connections and an adaptation of
the method in the Strait of Gibraltar case.

Section S1 Square Grid Paths vs H3

We ran an experiment using a resolution 3 and resolution 4 H3 grid and three different sized
longitude-latitude grids. The resolution 4 grid breaks down each resolution 3 cell into roughly
seven polygons (in the manner seen in Figure 3 of the main text), resulting in an average area
of 1, 770km2, hence a much finer grid. The transition probabilities from the smaller grid sizes
generally have higher uncertainty, due to less data which then results in even more variable
pathways. In Figure S1, we can see that the variance across grid sizes is far larger than the
difference in results from changing TL.

One of the more concerning features of a longitude-latitude grid system is that the pathways
tend to choose transitions either directly east, west, north or south and rarely do diagonal
transitions. This is particularly visible with the larger 1.5 degree grid size. In contrast, for
the H3 grids we do not see this sort of pattern, and trajectories are more naturally resembling
meandering pathways. This is a key benefit of the H3 grid system, in addition to the more
constant cell sizes it produces across the globe.
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Figure S1: Paths and travel times between location 1 and 3 in Table 1 of the main text. Results
given for Tl = 2, 5, 10 days and with various grid systems. Grid systems are the same within a
column, indicated by the title of that column. Lagrangian cut-off times are altered by row.
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Section S2 Comparison to Smith et al. (2018)

Smith et al. (2018) studied long-distance dispersal events through a number of methods. An
example of pathways are given in Figure 2 of Smith et al. (2018), about how an object could
drift from the south-east coast of Australia over to the south-west coast of Brazil. The two
pathways given are from simulated particles under the HYbrid Coordinate Ocean Model (HY-
COM) (Chassignet et al., 2007) and using Monte Carlo Super Trajectories (van Sebille et al.,
2011), which we qualitatively compare to our Most Likely Path method here. Figure S2 pro-
vides the results which the most likely path method found using 60 rotations. We show results
from both resolution 3 and resolution 4 in the figure.

The pathways shown in Figure S2 look very similar to those of the route of simulated
HYCOM particles. The travel times reported in Figure S2 are also comparable, where the
minimum time reported in Smith et al. (2018) is 2.4 years using MCSTs. The resolution 3
travel time results in a close match, which is expected as the grid size is similar to what Monte
Carlo Super Trajectories are created with.

Figure S2: 60 Pathways of particles going from the south-east coast of Australia to the south-west
coast of Brazil. Both resolution 3 and resolution 4 H3 grid results shown. Pathway axis and grid
lines set to match Figure 2 of Smith et al. (2018).
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Section S3 Bootstrap and Rotation Pathways

In Figure 9 of the main body we showed example pathways for rotations in resolution 3 of the
H3 grid system. Here we show the same results in three different flavors.

• A similar plot using resolution 4 of the H3 grid system in Figure S3 with 60 rotations.

• A bootstrap version in Figure S4 with 100 bootstrap samples.

• A bootstrap version using resolution 4 in Figure S5 with 100 bootstrap samples.

Due to computational restrictions with the resolution 4 networks we use 60 rotations instead
of the 100 used in the main document for resolution 3.

We see that there is less variance in the pathways due to rotations in resolution 4 compared
to resolution 3, however the variability in the pathways from the bootstrap is considerably
larger. This is due to the classic bias-variance trade-off in statistical estimation. The results
are less biased at resolution 4 due to less discretization, but the variance of the transition
matrix entries increases due to less data being available to estimate transition probabilities.
In the main body we present resolution 3 as this seems to balance this trade-off well in the
global dataset, however in regional studies with high data density (such as data from numerous
recent clustered drifter deployments), we imagine that resolution 4 might optimally balance
this trade-off and reduce uncertainty in these regional studies.

Section S4 Shortest Travel Time Map

We recreate the travel time map shown in Figure 5 of the main document, however this time we
use the expected travel time as the objective of the shortest path algorithm. The new objective
we use to find the optimal path and travel time is:

p̂ = arg min
p∈P

n−1∑
i=0

Tpi,pi

Tpi,pi+1 + 1
, (1)

which is the minimum of Equation (9) in the main text. We show the result of this in Figure
S6. As we are now directly looking for a minimum, this map is more directly comparable to
the results shown in Figure 2 in Jönsson and Watson (2016). The map shown in Figure S6 is
smoother than the results of Jönsson and Watson (2016).

The travel times from this map may be preferable to the most likely travel times map; for
example if distances which obey the triangle inequality are desired. These are not used as part
of the main text as we believe the expected travel time of the most likely path is a more suitable
measure for most applications. Essentially, if there was a ‘true’ and non-Gaussian travel time
distribution, the minimum travel time is an estimate of the minimum of that distribution,
whereas the travel time of the most likely path is more akin to a mode. This explains, in part,
the larger travel times we obtain in Figure 5 of the main document, versus what we see here
in Figure S6 and in Figure 2 of Jönsson and Watson (2016).

Section S5 Grid Size and Lagrangian cut off time
sensitivity

To investigate the relationship between the assumed decorrelation time (TL), and the grid size,
we show an extended version of the sensitivity analysis shown in Appendix d of the main paper.
Under each resolution we estimate the travel time matrix for a grid of values for TL. Then we
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Figure S3: This figure is similar to Figure 9 of the main text, however here we only use 60 rotations
and use resolution 4 of the H3 grid system. Each line connects the centroid of each hexagon within
the path.
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Figure S4: This figure is similar to Figure 9 of the main text. Here we only use 100 bootstrap
samples instead of rotations and use resolution 3 of the H3 grid system. Each line connects the
centroid of each hexagon within the path. Note all paths are in the same non-rotated grid system
here.
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Figure S5: This figure is similar to Figure 9 of the main text. Here we only use 100 bootstrap
samples instead of rotations and use resolution 4 of the H3 grid system. Each line connects the
centroid of each hexagon within the path. Note all paths are in the same non-rotated grid system
here.
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Figure S6: Similar to Figure 5 of the main text, however rather than the travel time of the most
likely path, this shows the shortest expected travel time.
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estimate the Spearman and Pearson correlation (of the off-diagonal entries) to the travel times
created at TL = 5 for that grid system. The results are shown in Figure S7. We show the same
correlation metric between each pair of grid systems in Figure S8. We see the correlation values
are at worst 0.68 which would still be interpreted as a moderate to strong positive correlation.

We also show the mean and variance of the travel times in each matrix produced under
the five grid systems and a grid of values for TL in Figure S9. It can clearly be seen that the
smaller grid systems (H3 resolution 4 and 0.5◦×0.5◦) are less robust to changes in value of TL.
The mean and standard deviation show a downward trend as we increase the value of TL. This
shows the added robustness of resolution 3 and motivates this choice in the main paper for this
dataset (the Global Drifter Program). We recommend repeating such sensitivity analyses for
use with different datasets, especially if applied to simulated trajectories or regional studies.

Section S6 Artificial connections

When running the analysis for the rotations of Section 5c, if we do not take the preprocessing
step of removing the two points on the Strait of Gibraltar, we find that some rotations allow
this connection. In 71 of the 100 rotations we were unable to obtain a travel time estimate from
the Atlantic into the Mediterranean and in 95 we were unable to find a travel time estimate
from the Mediterranean to the Atlantic. When we do not do a rotation we are able to obtain
an estimate into the Mediterranean, this is due to the way the grid aligns as shown in Figure 3.
Even if only one of the 100 rotations are unable to provide an estimate it would be advisable
to not use the estimate from this method. Therefore, using the vanilla method on its own to
estimate travel times into the Mediterranean is not a good option.

Overall, the method provided depends on the availability of drifter data making a connection
at some point. Connections such as going across the Strait of Gibraltar are in practice highly
unlikely; any pathway which crosses it is due to a grid covering both the east and west of
the Strait of Gibraltar. One potential way to adapt the method to approximate travel times
across the Strait is, either adding artificial simulated trajectories as in van Sebille et al. (2012),
or simply add a very small probability to the transition matrix crossing from the west to the
east of the Strait of Gibraltar (and vice versa). For example, take two locations, one west
and one east of the Strait of Gibraltar, say these correspond to states w and e respectively.
If we wanted the crossing time to be 100 days into the Mediterranean sea, set Te,w such that
19 × Te,w = Te,e, the transition matrix will no longer be valid as the e row no longer sums
to one but the method will still work as intended, giving a 100 day crossing time from state
e to w. Such an adaptation would require the removal of the state which covers the Strait of
Gibraltar to force the algorithm to take the artificial 100 day crossing.

This example where the method detects the Mediterranean Sea’s artificial connection is an
interesting bonus feature of the rotation methodology, however, it is not as easily applicable
to the Panama land mass problem. In the case of Panama, we will still obtain a travel time
estimate from the Gulf of Mexico to the Pacific if a grid cell can cover both sides, but the times
which are permitted to skip over the Panama land mass will be much shorter. An automatic
detection could be achieved by looking at a large sample of rotations then running a test for
multi modality. If it finds that there are two modes which are very far apart then this would be
a sign that the method is finding some shortcut which is only present under some rotations. If
such a method worked to detect the Panama land mass, we could then use it to search for more
subtle surface transport barriers. In general it is preferable to preprocess the transition matrix
T such that rows/columns corresponding to unwanted links such at the Panama Canal and the
Strait of Gibraltar are simply removed, as we performed in our analysis. Visual detection of
pathways will generally solve any issues.
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Figure S7: A repeat of the experiment shown in Figure 10 of the main text, however we show the
results under both Spearman and Pearson correlations and under 5 different grid systems.
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Figure S8: The pairwise Spearman correlation value between the 42 travel time estimates produced
by each grid system. We fix TL = 5 days.

11



4

5

H3 resolution 3 Mean

2

3

H3 resolution 3 Standard Deviation

1.5
2.0
2.5

H3 resolution 4 Mean

1.0

1.5

H3 resolution 4 Standard Deviation

2

3

0.5◦ × 0.5◦ grid Mean

1

2

0.5◦ × 0.5◦ grid Standard Deviation

4

5

1.0◦ × 1.0◦ grid Mean

2

3

1.0◦ × 1.0◦ grid Standard Deviation

0 5 10

5

6

1.5◦ × 1.5◦ grid Mean

0 5 10

TL

3

4

5

1.5◦ × 1.5◦ grid Standard Deviation

S
u

m
m

ar
y

S
ta

ti
st

ic
of

T
ra

ve
l

T
im

e
(Y

ea
rs

)

Figure S9: The mean and standard deviation of the 42 travel time estimates used throughout
the paper. We show the mean and variance of these 42 travel time estimates in years for each
combination of the 5 grid systems and 28 decorrelation times (0.5, 1, 1.5,..., 14 days).

12



References

Chassignet, E. P., H. E. Hurlburt, O. M. Smedstad, G. R. Halliwell, P. J. Hogan, A. J. Wall-
craft, R. Baraille, and R. Bleck, 2007: The hycom (hybrid coordinate ocean model) data
assimilative system. Journal of Marine Systems, 65 (1-4), 60–83.

Jönsson, B. F., and J. R. Watson, 2016: The timescales of global surface-ocean connectivity.
Nature communications, 7 (1), 1–6.

Smith, T. M., and Coauthors, 2018: Rare long-distance dispersal of a marine angiosperm across
the Pacific Ocean. Global Ecology and Biogeography, 27 (4), 487–496, doi:https://doi.org/
10.1111/geb.12713.

van Sebille, E., L. M. Beal, and W. E. Johns, 2011: Advective time scales of Agulhas leakage
to the North Atlantic in surface drifter observations and the 3D OFES model. Journal of
Physical Oceanography, 41 (5), 1026–1034, doi:https://doi.org/10.1175/2011JPO4602.1.

van Sebille, E., M. H. England, and G. Froyland, 2012: Origin, dynamics and evolution of ocean
garbage patches from observed surface drifters. Environmental Research Letters, 7 (4), doi:
10.1088/1748-9326/7/4/044040.

13




