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Abstract: Due to its dire impacts on marine life, public health, and socio-economic services, oil
spills require an immediate response. Effective action starts with good knowledge of the ocean
dynamics and circulation, from which Lagrangian methods derive key information on the dispersal
pathways present in the contaminated region. However, precise assessments of the capacity of
Lagrangian methods in real contamination cases remain rare and limited to large slicks spanning
several hundreds of km. Here we address this knowledge gap and consider two medium-scale
(tens of km wide) events of oil in contrasting conditions: an offshore case (East China Sea, 2018)
and a recent near-coastal one (East Mediterranean, 2021). Our comparison between oil slicks and
Lagrangian diagnostics derived from near-real-time velocity fields shows that the calculation of
Lagrangian fronts is, in general, more robust to errors in the velocity fields and more informative
on the dispersion pathways than the direct advection of a numerical tracer. The inclusion of the
effect of wind is also found to be essential, being capable of suddenly breaking Lagrangian transport
barriers. Finally, we show that a usually neglected Lagrangian quantity, the Lyapunov vector, can
be exploited to predict the front drifting speed, and in turn, its future location over a few days,
on the basis of near-real-time information alone. These results may be of special relevance in the
context of next-generation altimetry missions that are expected to provide highly resolved and precise
near-real-time velocity fields for both open ocean and coastal regions.

Keywords: satellite altimetry; Lagrangian approach; contaminant dispersion; SAR; Lyapunov expo-
nents; speed of front drifting; short-term prediction

1. Introduction

Marine pollution in all its forms is a major human-induced stress on coastal and
oceanic ecosystems with often dire impacts. Contaminants include nutrients [1,2], per-
sistent organic pollutants [3], oils [4], heavy metals [5], radionuclides [6,7], and marine
litter [8], such as micro and macro plastics [9,10]. By harming marine life and biodiversity,
contaminants can compromise natural heritage sites, public health, and socio-economic
ecosystem services, including commercial fisheries, recreation, marine aquaculture, and
tourism [9,11,12]. Therefore, pollutant discharges require immediate and effective action,
which starts with good knowledge of the dispersal pathways prevailing in the region where
the pollution occurred.
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The class of ocean physical processes that control the dispersion of a contaminated
water mass depends on the spatial scale of the spill, its location, as well as the temporal
window that is considered. In this work, we focus on the case of medium-size (>10 km)
contamination events, typically associated with ship oil leakage, and temporal scales
of days to weeks, which are the typical ones associated with a response following an
oil spill event [13]. For these spatio-temporal domains, stirring by the ocean mesoscale
activity is known to dominate tracer dispersal [14–16]. Reliable information on open ocean
stirring dynamics comes from data assimilation circulation models [17] and remote sensing
systems, such as satellite altimetry and high-frequency radars [18–20], which provide maps
of surface currents. This information includes the mesoscale features present in the velocity
field that are responsible for the redistribution and filamentation of any passively advected
tracer down to scales larger than a few km, where submesoscale dynamics [21] and small
scale turbulence eventually take over. For the case of coastal stirring processes with smaller,
rapidly evolving dynamics, conventional altimetry maps are known to be less reliable, and
models with data assimilation or high-frequency radars may be the only viable option.

In order to mimic the stirring process induced by mesoscale velocity fields on a
contaminant and estimate its dispersal pathways, Lagrangian methods are especially
useful. These methods analyze the properties of the simulated trajectory obtained by the
integration of the velocity field [22]. The velocity field is then transformed into a map of the
transport features that describe the spreading of a passively advected tracer (see Figure 1).
Our work will focus on the Lyapunov exponent technique, a metric that tracks frontal
structures controlling trajectories of passive tracers in the ocean. These structures are
temporally-coherent features sometimes referred to as transport barriers [23] or Lagrangian
fronts [19], and more generically belonging to the so-called Lagrangian Coherent Structures
(LCS [24]). Here we will use the term “Lagrangian front”. The interest of using Lagrangian
fronts to study contaminant spill dispersal or when tracking a specific water mass during
an in situ campaign study is obvious: as the front moves, it attracts and stretches the tracers
along its pathway. At the same time, it acts as a transport barrier inhibiting the cross-frontal
dispersal of the tracers (Figure 1).

The use of Lagrangian methods has received considerable attention in many prob-
lems related to tracer dispersal, including phytoplankton dynamics [25]. It has also been
proposed as an operational tool for cases of pollutant dispersion. However, little attention
has been paid to the evaluation of the efficiency of these Lagrangian methods in real cases
of contaminant dispersion, such as oil spill accidents. An exception is the DeepWater
Horizon oil spill, which occurred in the Gulf of Mexico in April 2010 while drilling near
the mouth of the Mississippi River, and is reported to be the largest accidental marine oil
spill in the history of the petroleum industry. Lagrangian studies were performed on this
oil spill by Olascoaga and Haller (2012) [26]. Duran et al. (2018) [27] also showed statistical
consistency between climatological LCS and the DeepWater Horizon spill trajectory. Using
such a massive spill for Lagrangian validation studies has the advantage that the smaller
circulation scales, not necessarily well resolved by the velocity fields, play a secondary
role over the effect of larger eddies and jets in the vast surface areas occupied by the spill.
Nevertheless, massive contaminations are rare compared to accidents that may involve
individual ships or short-time spills. Is the Lagrangian approach also reliable for smaller
accidents? In this paper, we considered two real cases of accidents: an offshore oil spill that
occurred in the East China Sea in 2018 and one event of coastal oil pollution in the eastern
Mediterranean Basin in 2021.

As a main goal, this paper attempts to use Lagrangian information to analyze these
two oil spill cases while qualifying the efficiency of satellite altimetry and data assimilation
models in each of the accidents. By doing this, this paper also shows that a usually
neglected Lagrangian quantity, the Lyapunov vector, contains, in fact, precious information
for managing contaminant accidents because it informs on the drifting velocity of the tracer
patch contained by Lagrangian fronts.
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Figure 1. Sketch of a Lagrangian analysis applied to a velocity field (in this case, altimetry-derived
geostrophic velocities). Panels (a–d) correspond to altimetry maps highlighting the daily sea surface
heights from the 17th to 20th of January 2018 in a frontal area near the region of the East China
Sea accident. The first step leading to the calculation of a Lyapunov field is the computation of
backward Lagrangian trajectories depicted in panels (e–h). Panels (i–l) show the finite-size Lyapunov
exponent in the same area, identifying oceanic Lagrangian fronts. The daily shape deformation of
two passive tracers (in purple and fuchsia) due to a nearby Lyapunov front (black filament) is added
as an illustration.

This article is structured in the following way. In Section 2, satellite and model data are
described, followed by a presentation of the Lagrangian techniques. These include the finite-
size Lyapunov exponent (FSLE), one of the main tools used to detect Lagrangian fronts
in near-real-time oil spill analysis and pollution management. Near-real-time analysis of
pollution spreading, such as oil spills, ideally requires additional information on the future
displacement of the Lagrangian fronts controlling the contaminant dispersion. Therefore,
Section 2 also contains a heuristic method using the Lyapunov vector to make a short-term
prediction of the Lagrangian fronts’ drifting over a few days, without the need for future
predicted velocity fields. Sections 3 and 4 examine and discuss the results of the Lagrangian
techniques for each of the two pollution cases while considering the direct wind impact on
the transport pathways. The conclusions and perspectives are drawn in the final section.

2. Materials and Methods
2.1. The East China Sea Oil Spill

The first case study is an oil spill accident that occurred in the East China Sea (ECS)
after a collision on the 6th of January 2018 (30◦51.1′N, 124◦57.6′E) between the Hong
Kong-flagged cargo ship CF Crystal and the Iranian oil tanker Sanchi, carrying hundreds of
thousands of metric tons of a full natural-gas condensate (ultra-light crude) cargo [28–30].
On the 14th of January 2018, the Sanchi oil tanker exploded after burning for more than one
week and sank at the location (28◦22′N, 125◦55′E) [28,29,31]. We will refer, in the following,
to this accident as the “East China Sea oil spill”.

This case is well suited for an analysis focused on the effect of horizontal stirring. Over
the spatiotemporal scales of the East China Sea oil patch (10–100 km) and the duration of
the accident (several days), the mesoscale circulation active in the region redistributed the
contaminated water in a complex pattern [29]. Such a mesoscale activity is organized by the
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Kuroshio Current (Figure 2), a major western boundary current that sheds energetic eddies
and creates a region of strong strain around its core [29,31,32]. In particular, panels (a,c,d)
highlight the presence of a strong frontal oceanic structure associated with the Kuroshio
Current.

Figure 2. The region of the oil spill accident in the East China Sea, in the Northwest Pacific ocean.
Panels (a,b) illustrate the 2018 mean sea surface height (in m) and the 2018 mean eddy kinetic energy
(in cm2/s2), respectively. The white rectangle shows the East China sea oil spill area that is reported
in panels (c,d). The sea surface heights (color, in m) and the derived current velocities (arrows, in
m/s) in the smaller scaled region of the East China Sea oil spill on the 18th of January 2018 are
mapped in panel (c). The altimetry-derived finite-size Lyapunov exponent (in days−1) for the same
date is computed backward in time (d).

2.2. The East Mediterranean Oil Spill

The second case study we analyzed occurred in the Mediterranean Sea in February 2021,
when Levantine countries witnessed the arrival of oil pollutants, particularly tar-balls,
washing up onshore. The origin of the pollution is unclear. It might be oil leaked from a
ship or illegally dumped into the water from a tanker. The vessel responsible for such a
disaster is still unidentified as many vessels were near the location (50 km offshore from
the Lebanese coast). On the 12th and 13th of February 2021, two slicks of oil were detected
near the shore (~30 Km from the coast) in the southeast Levantine basin from SAR images.
We will refer to this second case study as the “East Mediterranean oil spill”.

The Mediterranean Sea (Figure 3) is a highly active Atlantic-Suez shipping corridor
and hosts about 10% of the global shipping activity. It is subjected to frequent oil spills and
discharges from ships [33,34]. Confronting such threats in the semi-enclosed Mediterranean
Sea is crucial as they put the marine ecosystems at risk. The Mediterranean Sea is, indeed,
rich in biodiversity with a high rate of endemism and contains 4% to 18% of the global
marine biodiversity [35]. Cleaning up these types of oil spills would take months or years,
with negative socio-economic impacts on tourism, health, and fishing.
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Figure 3. The region of the oil spill accident in the Mediterranean Sea. Panels (a,b) represent
2019 mean sea surface height (in cm) and the mean eddy kinetic energy (in cm2/s2), respectively,
in the Eastern Mediterranean basin. The black rectangle shows the region affected by the East
Mediterranean oil spill, which is reported in panels (c,d). The sea surface height (color, in cm) and
the derived current velocities (arrows, in m/s) in the smaller scaled region of the East Mediterranean
oil spill on the 2nd of July 2019 are mapped in panel (c). The altimetry-derived finite-size Lyapunov
exponent (in days−1) for the same date is computed backward in time (d).

2.3. Oil Slick Detection

SAR has proven to be a very valuable technique for tracking and monitoring surface
oil pollution, whether occurring offshore in the open ocean or in coastal water, undisturbed
by the land thanks to its high resolution (up to ~10 m). A typical SAR image of the ocean
appears as a dark image with some gray or white slicks. A floating oil slick weakens
the surface roughness that is usually engendered by what is known as short gravity-
capillary waves (see Marangoni theory detailed in Marangoni (1871) [36] and Alpers
and Hühnerfuss (1988) [37]). The short gravity-capillary waves and the inferred surface
roughness are responsible for the radar back-scattering that triggers grayish-white patches
on SAR images of the sea surface. However, when the waves are damped by the surface
oil, dark patches are visualized on the SAR images. This is the principle of detecting the oil
slicks on the ocean surface by SAR-equipped satellites. Nevertheless, dark patches on SAR
images of the sea surface can also result from a phytoplanktonic bloom, the turbulence
engendered by a ship propeller, and any other phenomenon capable of damping the
short gravity-capillary waves, thus reducing the back-scattered radar power. To avoid
ambiguity and optimize the detection of surface oil slicks by SAR images, with the highest
contrast among slicks, several parameters should be taken into account. These include
radar configuration, slick nature, and meteorological and oceanic conditions. These are
detailed in Chapter 11 in Jackson et al. (2004) [38] and Girard-Ardhuin et al. (2005) [39].

Remotely sensed observations of the East China Sea oil trajectory and the East Mediter-
ranean oil slicks were analyzed by the “Collecte Localisation Satellites” company (CLS)
in Brest. The oil patches were detected using Terrasar, Sentinel1, Sentinel2, and Sentinel3
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Imagery. Contours of the East China Sea oil spill have been manually detected from
these images for the period from the 17th to 20th of January 2018 (see Figure 4). The East
Mediterranean contamination was revealed as a set of disconnected patches of variable
size observed at the surface. Here, we focused on the two largest slicks that were tracked
near-shore in the southeastern Levantine basin on the 12th of February 2021.

Figure 4. East China Sea oil spill trajectory from the 17th to 20th of January 2018 detected by
SAR images.

2.4. Satellite Observations and Numerical Models

All the data involved in the Lagrangian applications are provided by Copernicus
Marine Environment Monitoring Service (CMEMS, http://marine.copernicus.eu/services-
portfolio/access-to-products, accessed on 15 June 2021). Different products of current
velocities were used with particular attention to near-real-time datasets as they are usually
the only products available when unexpected accidents occur.

2.4.1. Global Current Velocities

Surface geostrophic currents in near-real-time (NRT) are derived from the sea sur-
face height above geoid (SSH) and are provided by a global satellite product (product id:
SEALEVEL_GLO_PHY_L4_NRT_OBSERVATIONS_008_046) processed by the DUACS
multimission altimeter data processing system. This product treats data from all avail-
able altimeter missions: Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2, Jason-2,
Jason-1, T/P, ENVISAT, GFO, and ERS1/2. Daily surface observations of the global
ocean were chosen with L4 processing level and a spatial resolution of 0.25◦ × 0.25◦.
We also used altimetric currents in a delayed-time version with L4 processing level (id:
SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047), providing daily estimations
of the sea surface heights above the geoid and the derived surface geostrophic currents
with a spatial resolution of 0.25◦ × 0.25◦. We also employed the CMEMS NRT geostrophic
velocity fields, including a modeled Ekman current based on ECMWF NRT winds (product
id: MULTIOBS_GLO_PHY_NRT_015_003). Daily mean global ocean currents were used
in this work with 0.25◦ × 0.25◦ spatial resolution and L4 processing level. This product
was chosen to estimate the wind impact on the ocean current, which, in turn, could affect
the transport of contaminants. Aside from remotely sensed data, we tested ocean surface
velocity data from the Mercator global ocean analysis and forecast system, providing a 3D
daily analysis (product id: GLOBAL_ANALYSIS_FORECAST_PHY_001_024). This numer-
ical model assimilates different parameters, including sea level, sea ice concentration and
thickness, in situ TS profiles, and sea surface temperature (SST) over 50 depth layers. Here
we considered the daily analysis-derived current velocities at the surface, in near-real-time,
with 0.083◦ × 0.083◦ spatial resolution and L4 processing level.

http://marine.copernicus.eu/services-portfolio/access-to-products
http://marine.copernicus.eu/services-portfolio/access-to-products
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2.4.2. Mediterranean Current Velocities

For the Mediterranean application, we started by identifying the near-real-time La-
grangian fronts using the regional European Seas daily altimetric geostrophic velocities
with 0.125◦ × 0.125◦ horizontal resolution (product id: SEALEVEL_EUR_PHY_L4_NRT_
OBSERVATIONS_008_060). The Lagrangian analysis was then repeated using near-real-
time model analysis data with a higher horizontal resolution (0.042◦ × 0.042◦) provided by a
coupled hydrodynamic-wave model implemented over the whole Mediterranean Basin, by
the Mediterranean Forecasting System (MFS) (product id: MEDSEA_ANALYSISFORECAST_
PHY_006_013).

2.4.3. Surface Wind Velocities and Current-Wind Mixed Product

According to NOAA (2002), the oil pathway is not only subjected to the current
velocities but can also be affected by other factors, including the direct wind forcing. For
this purpose, we created a new velocity product where we added 3% windage (the average
value recommended by NOAA) to the current velocities. Although not all the results
were presented in the paper, the Lagrangian analyses were repeated with and without
this direct wind forcing to evaluate the impact that it could have on the results. We used
daily means of surface wind speed from the IFREMER CERSAT Global Blended Mean
Wind Fields with 0.25◦ × 0.25◦ spatial resolution and L4 processing level (product id:
WIND_GLO_WIND_L4_NRT_OBSERVATIONS_012_004).

2.5. Lagrangian Advection and Derived Trajectories

In order to generate particle trajectories, the current velocity fields described above
were linearly interpolated in time (with a step of 3 h) and space (at the exact position of each
point along a trajectory). The integration in time of the velocity field was performed with a
Runge–Kutta integrator of the fourth-order [25]. A detailed description of this method is
found in reference [40].

For the East China Sea oil spill case, we started by a 6-day advection of a numerical
tracer (radius 0.3◦ (~33 Km)) centered at the location of the East China Sea and representing
the initial oil patch. The starting date is the 14th of January 2018, the day when the oil slicks
were observed at the surface for the first time. The chosen duration of advection (6 days)
reflects the fact that the last day’s available data for East China Sea oil slicks were those of
the 20th of January 2018. A numerical experiment of direct advection was performed only
for the East China Sea oil spill whose origin location was well-known, unlike that of the
East Mediterranean pollution.

2.6. Lagrangian Fronts Detection by the Lyapunov Exponent

We estimated Lagrangian fronts as ridges in a map of both finite-time (FTLE) and
finite-size (FSLE) Lyapunov exponents [19,23,41–43].

The finite-size Lyapunov exponent (λ) is defined by the following equation:

λ
(

d0,d f ; x0,t0

)
=

1
τ

log
(d f

d0

)
, (1)

where d0 represents the initial size of a water parcel at time t0, and τ the time needed to
reach a maximal stretching length of df.

λ not only depends on d0 and df but also on the initial position of the particle pair x0
and the time of deployment t0. For both FTLEs and FSLEs the calculation was done with
four equally spaced particles at fixed distance d0 from a central particle located at x0, and
then advanced after diagonalizing the Cauchy–Green tensor formed by the evolution in
time of these particles [44].

The finite-time and finite-size Lyapunov exponent calculation [23,42,45–47] are two
Lagrangian methods that analyze the rate of deformation that a water parcel undergoes
while being advected. For geophysical flows, the limit for integration time is relaxed to a
finite temporal window, which is set explicitly for the finite time calculation. For the case
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of the finite-size Lyapunov exponent, the integration ends when a finite perturbation of a
fixed size reaches a prescribed final growth.

Lyapunov exponent maps can localize in space and time geometrical features that are
relevant for the tracer transport. Examples of geophysical applications are many, for both
the atmosphere [45,46,48] and the ocean [42,49–52].

When computed backward in time on a two-dimensional geophysical flow, a spatial
map of Lyapunov exponents typically presents some ridges that can be interpreted as
Lagrangian fronts. The value of a Lyapunov exponent has units of the inverse of time and
indicates the rate of confluence, that is, the exponential decrease of the distance between
two water parcels during their advection towards the confluence region. A tracer released
nearby a ridge of high Lyapunov exponents is attracted by this line exponentially fast.
Under an approximation of small divergence/convergence, the compression of the distance
between two water parcels must be compensated by stretching in the orthogonal direction.
As a consequence, a ridge of maximal Lyapunov exponents is also a line along which a
tracer (for instance, a contaminant) is stretched into a filament.

2.7. Estimating the Drifting Speed of a Lagrangian Front

An original development of our work is a method for predicting the drifting speed of
a Lagrangian front. We described this new method here and then applied it in the Results
Section. Panels (i–l) of Figure 1 illustrate that a Lagrangian front has several interests in
the case of a contaminant spill: it attracts the contaminant, it stretches it, and at the same
time, it contains the tracer, acting as a transport barrier. Therefore, knowing the position of
Lagrangian fronts in a region where a contaminant spill has occurred helps in estimating
the shape that the contaminated water will assume on timescales of the order of the inverse
of the Lyapunov exponent value [26].

The exponential dynamics of a tracer undergoing stretching over the front typically
occurs much faster than the drift of the front itself. For this reason, the Lagrangian front
is often approximated as stationary [26]. Nevertheless, Lagrangian fronts do evolve in
time [26] (see Figure 5). The possibility of anticipating the future front position and
its folding has an obvious interest when estimating the fate of a pollutant, as well as for
characterizing the dynamics of frontogenetic processes across the ocean basins [23,24,42,53].

Figure 5. A moving Lagrangian front simultaneously transporting a nearby numerical tracer. Panels
(a–d) are daily finite-size Lyapunov exponent maps from the 17th to 20th of January 2018. The
sharpest Lagrangian front attracts the red numerical tracer and at the same time displaces the tracer
northward while drifting in this direction. The drift of the front occurs during the stretching of the
passive tracer. Without considering the drift of the front, the predicted position of the tracer would
be expected several tens of km south of its real position.

How can the drifting speed of a Lagrangian front be estimated? Our starting point to
answer this question is a theoretical property of the flux across Lagrangian fronts found
by Shadden et al. (2005) [54] (later corrected by Haller et al. (2011) [55] by adding missing
assumptions). These authors considered Lagrangian fronts defined as ridges of finite-time
Lyapunov fields. They showed that under general conditions, this flux can be considered
“small, and in most cases negligible for well-defined LCSs or those where the rotation
speed is comparable to the local Eulerian velocity field, and can be computed from FTLE
fields with a sufficiently long integration time” [54] (p. 271). Haller et al. (2011) [55] added
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further assumptions so that the long integration time conditioning a negligible across-front
flux, according to Shadden et al., remains valid.

Although the objective of Shadden et al. was to provide a firm mathematical ground
to the interpretation of ridges of Lyapunov exponents as transport barriers, the condition of
minimal flux across a ridge of a Lyapunov field could also be used to estimate the drifting
speed of the ridge itself. Consider the case in which the flux across that Lagrangian front
was strictly equal to zero, or at least small enough so that the drifting speed of the front
can be approximated by the zero-flux case. In this case, whenever a ridge appears to be
transverse to a smooth velocity field (see Figure 6A), a sufficient condition for maintaining
a zero flux is to impose a local displacement of the ridge by the component of the velocity
field orthogonal to the ridge (Figure 6B,C).

Figure 6. A sketch resuming the method used for the short-term prediction of front drifting presented
in this paper. Panel (A) represents the starting position of a water mass (filled blue patch). Panel (A,C)
show the new position of the same water mass (filled blue patch) after a few days. The old position
is reported as a hashed circle. Assuming that the water flux is negligible across a Lagrangian front
(black line in panel (A)), the front should move as the water particle drifts with a speed (purple arrow)
directed across and orthogonal to the front. Otherwise, the water particle crosses the filament, which
will no longer be considered as a well-defined front or transport barrier (panel (B) and the associated
FSLE map). The front drifting speed is represented by the purple arrow in panel (C) in which the
dashed line defines the initial position of the front before its movement. The continuous black
arrow in all panels corresponds to the altimetry-derived velocity vector. Panels are accompanied by
examples of FSLE showing the need for the front to drift in order to conserve its characteristic as a
transport barrier. By drifting, the front prevents the cross-frontal passage of the blue water mass, as
shown in the FSLE map accompanying panel (C).

2.8. Sea Surface Temperature

We used daily global satellite observations of near-real-time sea surface tempera-
ture with 0.05◦ × 0.05◦ horizontal grid resolution and L4 processing level. The prod-
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uct provides a gap-free map generated by the Operational Sea Surface Temperature
and Ice Analysis (OSTIA) system using in situ and satellite data from infrared and mi-
crowave radiometers. The SST product is also available by CMEMS with the following id:
SST_GLO_SST_L4_NRT_OBSERVATIONS_010_001.

3. Results
3.1. Lagrangian Advection of Virtual Numerical Tracer vs. East China Sea Oil Imaging

The first case we considered was the East China Sea oil spill. The first experiment
we performed was a direct advection of a passive tracer released at the accident location
using different velocity fields. In Figure 7a–d, the resulting advected trajectories using the
different velocity products were mapped in red. They were compared to the East China Sea
oil propagation detected from SAR images, plotted in black. When using the delayed-time
and near-real-time data from the 14th to the 20th of January 2018 (Figure 7a,b), the advected
pattern was incompatible with the real trajectory of the East China Sea spill. Indeed, the
stretching observed in the oil path on the 20th of January 2018 (Figure 4 and north-eastern
part of the study region) was not detected by the simple altimetric advection method in
both panels. To take into account the wind impact on the current transporting the oil, we
repeated the 6-day advection experience using the geostrophic velocity fields combined
with modeled Ekman current. According to Figure 7c, the addition of the wind impact did
not improve the results nor affect the conclusions. Another 6-day advection was then made
using the Mercator analysis product in Figure 7d. Although the resulting advection seemed
to be more reliable in terms of strain and northeastward direction, the actual trajectory
lay south of the advected one, which remains insufficient for the analysis of such oil spill
pathways. The advection experiment was also repeated by adding the 3% windage to
consider the direct wind impact on the oil itself (NOAA, 2002). Very little change was
noted, and not surprisingly, due to the weak wind intensity (<7 m/s, results not shown).

Figure 7. Six-day advection of a numerical tracer corresponding to East China Sea oil spill using
different current velocity products (from satellite observations and the Mercator numerical model).
The red patterns in panels (a–d) correspond to the output trajectory after a 6-day advection since
the 14th of January 2018, initializing the tracer at the oil spill site. In panel (a), the red trajectory is
computed from delayed-time altimetry, and in panel (b) from near-real-time altimetry. In panel (c),
the red trajectory is computed from near-real-time altimetry combined with Ekman currents, and in
panel (d) from Mercator analysis surface velocities. The real oil pathway is mapped in black based
on satellite image analyses. The blue asterisk represents the location where the Sanchi tanker sank.
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3.2. Regional Application of Lagrangian Fronts on East China Sea Pollution: Offshore Dynamics

We then identified Lagrangian FSLE fronts in the location of the East China Sea oil
spill accident using the near-real-time surface geostrophic velocities (Figure 8). Note that
the cross-frontal drift will be examined in Section 3.4.1. The red patch represents the
daily trajectory of the leaked oil available from the 17th to the 20th of January 2018. As
observed in Figure 8, the daily shape and displacement of the East China Sea oil spill were
remarkably consistent with the location and shape of the fronts underlined by the FSLE
map. The most intense front highlighted on the 17th of January became sharper in the
following days, and it presented a stretching zone attracting the oil tracer. The oil spill
rapidly extended along the front direction, as seen on the 20th of January 2018. This sharp
front evidenced the Kuroshio Current impact in the spill location, capable of transporting
the pollution over large distances and in a short amount of time [29,32].

Figure 8. Daily backward finite-size Lyapunov exponent (FSLE) in the East China Sea oil spill
region. The black asterisk in all panels indicates the location where the Sanchi tanker sank. The
red patch represents the daily evolution of the leaked oil patch (observed from satellite images)
from 17th to 20th of January 2018 in panels (a–d), respectively. The gray-scaled filament-shaped
fronts in the background represent daily Lagrangian fronts (FSLE computation). Black fronts reveal
highly attractive and stretching zones. In this case, the sharpest front is related to the core of the
Kuroshio Current.

The same experience was repeated using (i) the velocity-derived altimetry product in
delayed-time instead of near-real-time (Figure A1); (ii) the velocity product with added Ek-
man impact (Figure A2); and (iii) analysis-derived velocities in near-real-time provided by
the Mercator global ocean analysis and forecast system (Figure A3). For (i) and (ii) cases es-
pecially, the results were similar with no significant additional information. Backward FSLE
based on Mercator product provided a much more complex distribution of Lagrangian
fronts, with more features and finer scale information than altimetry-based calculations.
However, the additional details were not confirmed by similar patterns in the oil patch.
Moreover, the higher number of smaller Lagrangian fronts rendered it more complicated
to distinguish which one would control the spilled oil. There was no real improvement to
the positions given by the simple use of observational altimetry.
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For the offshore East China Sea spill, and consistently with the direct advection
experiment, the addition of wind drag, through the use of the mixed current-wind velocities
(see Section 2.4.3), did not improve the results (results not shown).

3.3. Regional Application of Lagrangian Fronts on the East Mediterranean Pollution: Coastal
Dynamics and Strong Wind

On the 12th of February 2021, two oil slicks were spotted near the shore in the
southeastern Mediterranean basin in SAR images (see Figure 9). We started by a Lyapunov
exponent computation in the polluted area in the southeast of the Levantine basin, using
the altimetry-derived current velocities. In this coastal region, altimetry seemed insufficient
for the detection of near-shore fronts where the spilled oil was observed (the red slicks in
Figure 9c). This is not surprising, as one limitation for satellite altimeters is their inaccuracy
near the land shore (at least 5–10 km from the coast) that increases in regions of small
Rossby radius such as in the Mediterranean [55–59].

Figure 9. Altimetry-derived FSLE map of the 12th of February 2021, with the corresponding oil slicks
detected by SAR images. (a,b) are the SAR images for two slicks of oil identified near the coast on
the 12th of February provided by Sentinel-1. The FSLE map in (c) highlights the Lagrangian fronts in
near-real-time in the southeastern Levantine basin, with the oil trajectories mapped in red.

For a more reliable near-shore analysis in the southeastern Mediterranean basin, we
chose the data assimilating model analysis from the Mediterranean Forecast System (MFS).
The model allowed the tracking of an along-shore Lagrangian front trapping the oil on the
12th of February, thus explaining the shape of both pollutants, the northern and southern
ones (see Figure 10b). Indeed, there was a consistency between the front direction and the
form of the two oil slicks. The southern part was stirred along the front, while the northern
one seemed to curve following the front curvature (see Figure 10b). The model-derived
front could not be tracked using altimetry alone (see Figure 10a). According to the SAR
images, the two oil slicks observed on the 12th of February persisted to the next day while
still in contact with the same front.
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Figure 10. Comparison between Lagrangian fronts (gray) (a) derived from altimetry and (b) derived
from the Mediterranean circulation model. The red patterns in (a,b) represent the position of the oil
slicks on the 12th of February 2021.

The Lyapunov experiment was repeated for the 12th and 13th of February using a
3% windage component included in the mixed current-wind product (NOAA, 2002). The
resulting fronts are shown in Figure 11a,b. On both days, the Lagrangian front responsible
for the oil retention was still well-detected when adding the windage, but with minor
impact on the front retaining the northern oil slick (32.6◦N, 34.7◦E), as seen in Figure 11a.
Nevertheless, there was an intensification of the wind speeds starting on the 16th of
February (see Figure 12), which persisted for a few days with a pronounced eastward
direction. Simultaneously, the gray-scaled fronts inferred from the mixed current-wind
product drifted to the east, as if the wind was shifting all of the local fronts following its
direction. Such phenomena could have accelerated and facilitated the arrival of oil onto
the eastern Levantine coasts.

Figure 11. FSLE maps using surface currents corrected with a wind component for the 12th and 13th
of February 2021 in panels (a,b), respectively. The red patterns in panels (a,b) represent the position
of the oil slicks. Wind speed is represented as blue vectors in both panels.
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Figure 12. FSLE maps using surface currents corrected with a wind component for the 16–18th
of February 2021 in panels (a–c), respectively. Wind speed is represented as blue vectors in all
the panels.

3.4. Prediction of the Lagrangian Front Drifting Speed
3.4.1. Front Drifting Speed in the Area of the East China Sea Oil Spill

We then proceeded with the application of the estimation of the front drifting speed
(see Section 2.7) applied to the area of the East China Sea oil spill. Formally, the estimation
of the drifting speed of Lagrangian fronts can be derived for fields of both finite-time and
finite-size Lyapunov exponents. A visual comparison of the two methods showed that
differences were small, and the results qualitatively agree. Since the finite-size technique
provided a slightly sharper result (see finite-time Lyapunov exponent result in Figure A4),
we reported the analysis based on this diagnostic.

Starting with the velocity fields and FSLE on the 17th of January, we predicted the
frontal displacement and the new frontal position over the following two days. Figure 13a
represents the Lyapunov exponent fronts for the 17th of January 2018, in the studied area,
with the calculated cross-frontal velocities illustrated as purple arrows. The front advection
method for the two-day prediction was only applied to the most intense fronts in the
area (>0.18 days−1). The results are illustrated as red filaments in Figure 13a, showing
the predicted new position of the 17th of January fronts after two days, i.e., on the 19th
of January 2018. We then plotted the Lagrangian fronts underlined by the finite-size
Lyapunov exponent of the 19th of January, calculated using these interim velocity fields
(Figure 13b). The observed “analysis” gray-scaled fronts were then compared to those
predicted from the 17th of January FSLE fields (in red). Figure 13b showed a remarkable
consistency between the placement of the 19th of January’s analysis ridges (gray-scale)
and those, in red, predicted from the 17th of January. The placement of almost all the
advected strong fronts for the 19th of January in the studied area was well predicted by
this drifting front technique. The persistence from the 17th to the 19th of January of the
strong front responsible for stretching the East China Sea oil spill on the 20th of January
was an important piece of information. Indeed, we could thus anticipate that sooner or
later, the spilled oil would be caught by this nearest strong front and remain in this area.



Remote Sens. 2021, 13, 4499 15 of 26

Figure 13. Comparison of the placement of the predicted fronts by the prediction method to the
positions of the real ones derived from the FSLE computation. The red filaments correspond to the
new position of the fronts of the 17th of January 2018 (λ > 0.18 days−1) after a 2-day prediction
application. The gray-scaled fronts in the background of panels (a,b) are the Lagrangian fronts
derived from the FSLE for the 17th and 19th of January 2018, respectively. Panel (a) highlights the
drifting for the 17th of January after a 2-day prediction. The purple arrows in (a) are the front drifting
speed. Panel (b) allows a comparison between the experimentally-predicted fronts since the 17th of
January 2018 (red filaments) and those computed by the FSLE once the required daily velocity fields
were available (gray-scaled filaments). The black asterisk indicates the location where the Sanchi
tanker sank, engendering the oil discharge.

3.4.2. Front Drifting Speed in the Area of the East Mediterranean Oil Spill

Despite the difficulties in applying the technique in near-shore analyses, we predicted
the drifting of the Lagrangian fronts in this region based on the MFS velocity fields and their
derived FSLE fields. We started by calculating the speeds at which these fronts, including
the one retaining the oil, will move. The resulting drifting velocities were indicated
as purple vectors in Figure 14b and applied over the two-day prediction. Figure 14a,b
highlighted the initial gray-scaled fronts from the Lyapunov exponent using the initial
velocities on the 12th of February 2021. The red filaments in Figure 14b,c revealed the
predicted positions of the initial fronts two days later, without using any future data. These
were then compared to the FSLE analysis fields on the 14th of February. The predicted
eastward drifting towards the shore of the FSLE front that interests us (retaining the oil on
the 12th of February) was confirmed by the consistency between the red and gray-scaled
fronts in Figure 14c.
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Figure 14. Two-day prediction from the 12th of February using the developed method with the
mixed current. The area of pollution is framed in black in panel (a). The calculated speeds of front
drifting are illustrated in panel (b) as purple vectors. The red patterns in panels (b,c) represent the
resulting fronts after a 2-day prediction since 12 February. The gray-scaled fronts in the background
of panel (b) refer to those of the 12th of February, while the ones in panel (c) are those of the 14th of
February. The latter serve for evaluating the placement of the method-derived red fronts.

3.5. Fronts Drift and SST Patterns

In the East China Sea oil spill area, the developed prediction method could reliably
predict the displacement and the new positions of Lagrangian fronts governing oil spill
dispersion. As previous studies showed an association between Lagrangian and thermal
fronts, we investigated whether predicting the near future Lagrangian fronts could also
predict future positions of thermal fronts. Conditions of both strong SST contrast and
drifting fronts were rare and could not be found at the same time and position of the East
China Sea oil spill. However, these two conditions occurred in a nearby region on the 12th
of May 2018 (see Figure 15e).
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Figure 15. Lagrangian and thermal fronts drifting. Panel (a) shows the FSLE map of the 12th of
May 2018, where a virtual tracer (blue patch) is positioned in the proximity of a Lagrangian front.
In panel (b), the gray-scaled Lagrangian fronts are those underlined by the FSLE of the 14th of May
2018. The blue pattern in panel (b) represents the new position of the virtual tracer (released in
panel (a)) after a 2-day advection from the 12th of May 2018. Panel (c) is the same FSLE map of the
12th of May 2018 presented in panel (a), where purple arrows reveal the calculated drifting speeds
of the fronts with λ > 0.15 days−1. Panel (d) represents the FSLE map of the 14th of May 2018. The
2-day predicted fronts from the 12th of May are superimposed in dark green on both (c,d) maps.
These predicted fronts are also added to (e,f) SST maps. (e,f) are the SST maps for the 12th and 14th
of May 2018, respectively.

Figure 15a,b endorsed the importance of studying drifting fronts. To investigate
whether the front drifting could be predicted, we applied our method to the initial fronts,
those of the 12th of May 2018. In Figure 15c, we calculated and drew the drifting speeds
as purple vectors. The red fronts in Figure 15c,d were those predicted for the 14th of
May, starting from the 12th of May velocities. In Figure 15c, the gray-scaled fronts in the
background were derived from the FSLE analysis fields for the 12th of May, whereas those
in Figure 15d were from the FSLE analysis fields for the 14th of May. Figure 15d showed a
clear consistency between our predicted fronts in red and the analysis fields highlighted by
the FSLE in the background.

We proceeded with the SST comparisons. We started by mapping the SST of the 12th
of May 2018 in Figure 15e. Then, we superposed the predicted fronts previously calculated
for the 14th of January onto the SST of the 14th of May in the background of Figure 15f. By
comparing Figure 15f,e, even if it was not conclusive, we could observe certain coherence
between the SST spatial pattern and the predicted front on the 14th of May. The SST front
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seemed to follow the direction of the Lagrangian front drifting, especially the front part
retaining the numerical tracer in Figure 15a,b.

4. Discussion

In this paper, we highlighted the ability of near-real-time Lyapunov to predict the
stretching dynamics in two cases of medium size (tens of km) oil spills, typical of ship
leakages. Moreover, we have highlighted that the Lyapunov vector, an often neglected
quantity in the Lyapunov calculation, is able to predict the drifting speed that is also the
velocity field orthogonal to the front—and therefore the near-future displacement—of
Lagrangian fronts. The implementation of this idea is quite straightforward, the only
technical difficulty being the calculation of the tangent to the Lagrangian front, needed to
find the component of the velocity field that is orthogonal to the front. This step is easily
achieved since the method for the calculation of finite-time/finite-size Lyapunov exponents
also provides the Lyapunov vector, which yields the local direction of the Lagrangian front.

Due to the errors in operational velocity fields (either altimetry or assimilation-based
models), the simple advection of a numerical tracer released at the position of the accident
largely misrepresented the fate of the oil spill. In contrast, we found that a Lyapunov
analysis is more informative than simple Lagrangian advection for the two cases of oil
spills. In the Sanchi oil spill case, the altimetry-derived geostrophic velocity fields were
adequate to identify, in near-real-time, the offshore Lagrangian barriers attracting the
propagation of the leaked oil from the 17th to 20th of January 2018. However, conventional
altimetry alone was insufficient for detecting near-shore Lagrangian fronts governing
the coastal pollution in the Levantine Basin in February 2021. This is not surprising as
satellite altimetry products are known to be less reliable over the smaller, more rapidly
evolving coastal dynamics. The future SWOT mission, with improved accuracy in coastal
regions [60], will allow us to improve the near-coastal analyses. Meanwhile, the near-
real-time analyses from the Mediterranean Forecast System model have been shown to
detect the Lagrangian front trapping the oil on the 12th and 13th of February 2021. These
coastal Lagrangian fronts showed a remarkable susceptibility to wind forcing. The wind
strengthening towards the east (after the 16th of February) could move all the fronts in
the region at once, following the wind direction. The effect of strong wind had probably
helped the pollution reach the eastern Levantine coasts more quickly than from coastal
current stirring alone. Moreover, we introduced an avenue to be explored, which is the
prediction of future patterns of SST by the developed prediction technique. Even if our
results were preliminary and not conclusive, we tracked certain consistency between the
predicted Lagrangian fronts and SST patterns. This application should be revisited and
repeated using different products, not only SST products with higher resolution but also
testing other ecological tracers, such as chlorophyll. The ability to predict these patterns’
deformation may be a promising way to improve conservation studies.

The method we presented based on Lyapunov vectors for predicting front deformation
and displacement is a heuristic method based on some assumptions. As a consequence,
there are some cases where the front prediction fails. These inconsistencies of the predictive
method can be explained by considering the different approximations behind our method.
First, possible errors in the convergence of the Lyapunov exponent computation may
appear and affect the Lyapunov vector calculation, in particular its orientation. Second,
the current velocities may also rapidly change, whereas we are using a constant daily
drifting speed for the Lagrangian fronts, which is also the reason why this method remains
applicable for short-term predictions only. In this work, we examined two-day predictions
as they represent the best compromise to obtain an informative forecast and avoid the errors
induced by the rapid change of the current velocities. Predictions of a longer integration
time still need further validation work. Third, a limitation of our method is the visual
selection of the sharpest fronts in the studied regions. Finally, and most importantly,
further developments of a Lyapunov vector-based method for the prediction of a front
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drifting speed should explicitly estimate all terms that contribute to a material flux across a
Lagrangian front, as presented in Shadden et al. (2005) [49] and Haller et al. (2011) [55].

Different biological, physical, and chemical processes (known as oil weathering pro-
cesses; OWP) may affect the oil patch. OWPs include biodegradation, dissolution, evapora-
tion, and emulsification/dispersion, as well as photo-oxidation [61,62], and depends on
the type and characteristics of the oil, as well as on the spatial and temporal environmental
conditions. In this work, the two chosen oil spill cases were exclusively used as a validation
method for qualifying the efficiency of Lagrangian fronts in affecting the horizontal trans-
port and trajectory of the passive contaminants at the surface. Taking into consideration the
weathering processes and different oil types, non-conservative behavior was not crucial in
this application but would be important for estimating composition, lifetime, and possible
contaminating effect of the oil patch. Nevertheless, in further work, our analyses could
benefit from different model-derived data that consider more factors affecting passive
pollutants dispersion (e.g., tides and wave forcing).

We assumed that the vertical movement is negligible and focused particularly on the
horizontal surface transport. In the eastern Mediterranean, although the pollutant type
was reported to be tar oil, we were only interested in analyzing the two slicks floating at
the surface. Regarding the East China Sea oil spill, the accident was characterized by the
large quantities of condensate, fast-floating ultra-light crude oil (~98% of the total spill)
which were released in the ocean, despite the smaller leak of heavy fuel oil (~1.7% of
the total spill). Such an accident differs from the ones of previous studies, such as those
of the Gulf of Mexico, the Ixtoc (following the explosion of rig off the coast of Mexico
in June 1979), and the Deepwater Horizon oil spill studied in the paper of Duran et al.
(2018) [27] and which mainly unleashed heavier crude oil that could persist in the deep
ocean for years [63,64]. Moreover, natural-gas condensate, as in the East China Sea oil
spill, is a petroleum product that is lighter and more volatile than crude oil and that does
not last long in the environment. Instead, it burns, evaporates, or degrades, engendering
chemical substances in the surface water that last for weeks to months [64]. The short-term
predictions studied here are especially relevant for these latter cases.

Our approach is only applicable when stirring by ocean activity is the key mechanism
dominating the genesis of the transport patterns, at mesoscales with spatial scales ranging
from ~10 to 100 km and on the temporal scales of days to weeks [13–16].

Usually, when studying horizontal transport, we should take into account the stirring
and mixing processes that are the main competitors governing the horizontal transport of
tracers in the ocean. Mixing across frontal structures, including diffusivity even in its small-
scale, might have an important impact on the dispersion of passive tracers in the ocean.
Unlike horizontal stirring that reinforces the tracer gradients across fronts, small-scale
diffusivity processes tend to reduce and smooth the gradients [14,65,66]. Nevertheless, in
this study, we particularly highlighted the impact of the horizontal stirring in controlling
the formation and the evolution of the transport patterns, shaping, in turn, the trajectory
of the oil tracer. When neglecting the impact of cross-front diffusivity, we assume a scale
separation and emphasize the balance between the mesoscale straining of a frontal structure
and the small-scale mixing across the front (the Lagrangian front in our case). Under this
assumption, the mesoscale stirring leads, at first, to a stretching of the patch by the currents
along one direction while reducing the other, thus forming an elongated filament-shaped
front. The profile of the tracer patch with its initial centered origin is transformed into a
half Gaussian curve [41]. The continuous effect of this filamentation process creates more
surfaces of contact along the stretching direction between regions of distinct properties.
Simultaneously, the width of the front keeps thinning until the impact of smaller-scale
across-front diffusion arises and balances that of the mesoscale straining [41,67,68].

The following scale equation defines the balance between mixing and stirring processes.

σ =

√
KH
λ

, (2)
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where KH represents the small-scale diffusivity and λ determines the larger scale strain
rate. The latter refers, in our case, to the stretching rate of the front and thus to the
associated Lyapunov exponent quantity [41,67,68]. According to Nencioli et al. (2013) [68],
the cross-front mean diffusivity KH is estimated at 3.98 m2 s−1 with 70% of the obtained
KH values ranging between 0.4 and 5 m2 s−1. The equation of σ as a function of KH and λ
represents the scale at which the stirring and diffusivity impacts are balanced. For spatial
scales larger than σ, the strain impact dominates the small-scale mixing in the horizontal
processes. However, at scales smaller than σ, reliable work should take into account the
significant diffusivity contribution associated with the fronts. In our study on the East
China Sea oil spill, we found λ = ~0.18 days−1 as the minimal strain value for the sharpest
Lyapunov fronts. For such a strain rate, the scale parameter, σ, can be calculated following
Equation (2). The mean σ in the area of the East China Sea oil spill is thus estimated to be
~1.38 km (~0.44–1.55 km). For the East Mediterranean oil spill case, with a mean Lyapunov
exponent of 0.31 days−1, the mean σ is 1.05 km (~0.33–1.18 km).

Our studied processes extend on a scale area (>10 km) larger than the scale parameter
with a particular focus on the mesoscale dynamics. The assumption of neglecting the small-
scale diffusivity impact across the front in this work is thus consistent with these scales.

5. Conclusions

In this work, we studied the capacity of Lagrangian methods in informing on the
shape and drift of oil spills of medium size (~10 s of km), such as the ones that may
be caused by a ship leakage. Lagrangian advection of virtual tracers cannot sufficiently
represent the path of oil spills, mainly due to the fact that available model- or altimetry-
based velocity fields are too smooth. As a consequence, the virtual patch is insufficiently
stretched and insufficiently drifts in respect to the real one. However, the computation
of Lagrangian fronts through the Lyapunov exponent calculation allows the detection
of near-real-time stirring features, the Lagrangian fronts, predicting where the tracer is
being attracted and filamented. Our analysis shows that these Lagrangian structures are
vulnerable to strong wind events that can, at once (in a few hours), break them or move
them abruptly to the coast. Aside from near-real-time studies, pollution management
demands knowledge of the future propagation of the pollutant in the days following the
discharge. We showed that under some approximations, this information can be estimated
by combining the near-real-time Lyapunov vector and near-real-time surface currents,
without the need for information on future current velocities. This prediction can work
on short-term studies (2–3 days) and can support management and prediction tools for
oil spills and other floating contaminants. Our approach will undoubtedly benefit from
future satellite altimetry missions, such as SWOT [56,69,70], in terms of their observations
with increased resolution and reliability close to the coast, and may be extended to other
environmental applications, such as conservation [52].
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Appendix A

Figure A1. Daily backward finite-size Lyapunov exponent (FSLE) application repeated in the area
of the East China Sea oil spill using the altimetry product in delayed-time. The black asterisk
in all panels indicates the location where the Sanchi tanker sank. The red patch represents the
daily evolution of the Sanchi leaked oil path from the 17th to 20th of January 2018 in panels (a–d),
respectively. The gray-scaled filament-shaped fronts in the background represent daily Lagrangian
fronts (FSLE computation using Altimetry Copernicus product in delayed-time). The altimetry-
derived velocity product in delayed-time used here is available at E.U. Copernicus Marine Service
Information (CMEMS). Daily surface observations of the global ocean are used in delayed-time
(DT), with L4 processing level and a spatial resolution accounting for 0.25◦ × 0.25◦ (product id:
SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047).

Figure A2. Cont.
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Figure A2. Daily backward finite-size Lyapunov exponent (FSLE) application in the area of the East
China Sea oil spill using altimetry and the Ekman product. The black asterisk in all panels indicates
the location where the Sanchi tanker sank. The red patch represents the daily evolution of the Sanchi
leaked oil path from the 17th to 20th of January 2018 in panels (a–d), respectively. The gray-scaled
filament-shaped fronts in the background represent daily Lagrangian fronts (FSLE computation using
altimetry and the Ekman Copernicus product). The Ekman product, where geostrophic velocity
fields are combined with modeled Ekman current, is available at E.U. Copernicus Marine Service
Information (CMEMS). Daily global ocean products are used with 0.25◦ × 0.25◦ spatial resolution
and L4 processing level (product id: MULTIOBS_GLO_PHY_NRT_015_003).

Figure A3. Daily backward finite-size Lyapunov exponent (FSLE) application in the area of the East
China Sea oil spill using Mercator analysis product. The black asterisk in all panels indicates the loca-
tion where the Sanchi tanker sank. The red patch represents the daily evolution of the Sanchi leaked
oil path from the 17th to 20th of January 2018 in panels (a–d), respectively. The gray-scaled filament-
shaped fronts in the background represent daily Lagrangian fronts (FSLE computation using Mercator
analysis Copernicus product (product id: GLOBAL_ANALYSIS_FORECAST_PHY_001_024)). Sur-
face daily-mean current velocities are considered, with 0.083◦ × 0.083◦ spatial resolution and L4
processing level.
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Figure A4. Daily backward finite-time Lyapunov exponent (FTLE) application in the area of the East
China Sea oil spill using the altimetry product in near-real-time. The black asterisk in all panels indi-
cates the location where the Sanchi tanker sank. The red patch represents the daily evolution of Sanchi
leaked oil path from the 17th to 20th of January 2018 in panels (a–d), respectively. The gray-scaled
filament-shaped fronts in the background represent daily Lagrangian fronts (FTLE computation
using Altimetry Copernicus product). Dark fronts reveal highly attractive and stretching zones. In
this case, the sharpest front is related to the core of the Kuroshio Current. These fronts are even more
prominently observed with the backward FSLE technique. The altimetry-derived velocity product is
also available at E.U. Copernicus Marine Service Information (CMEMS). Daily surface observations of
the global ocean are used in near-real-time (NRT), with L4 processing level and a spatial resolution ac-
counting for 0.25◦ × 0.25◦ (product id: SEALEVEL_GLO_PHY_L4_NRT_OBSERVATIONS_008_046).
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