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Abstract—Oil spill incidents with tankers, port terminals and
offshore platforms impact seriously on marine life and socio-eco-
nomic services. They occur more and more frequently and require
immediate and effective response which starts with good knowl-
edge of the likely pathways of spilled oil in the region where a
pollution has occurred. The drift of a hypothetical oil spill from the
main oil port in Peter the Great Bay (PGB) in the Sea of Japan is
simulated from a Lagrangian point of view based on the retro-
spective velocity field of the ROMS circulation model with
horizontal resolution of 600 m. The particle-tracking experiments
with the effects of oil evaporation and biodegradation have been
performed releasing hourly passive tracers at the beginning of
every month during a few years. These numerical experiments
showed pathways of spilled oil in different seasons, size of the
open-sea area covered by the oil and risks of coastline contami-
nation. Three main scenarios of propagation of the spilled oil in the
surface layer have been found and analyzed. In the first one, the
spilled oil drifts fast away from the coast due to prevailing north/
northwest winds in the cold season (from December to April). The
second scenario predominantly occurs in the warm season (from
May to November) with prevailing south/southeast winds when the
oil slick remains near the coast in the first days after an incident.
The third scenario is an intermediate one with the dispersal of the
spilled oil away from the coast but not too far from the oil spill site.
To explain this behavior, we used the Lyapunov maps which
allowed us to identify Lagrangian fronts in the study area that shape
passive tracer evolution. As a Lagrangian front moves, the oil slick
moves with it. At the same time, the front acts as a transport barrier
preventing cross-frontal spreading of oil.
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1. Introduction

Oil spill incidents with tankers, port terminals and
offshore platforms are one of the serious problems
that affect the coastal and oceanic ecosystems, natural
heritage sites, commercial fisheries, marine aquacul-
ture, and tourism. Statistics provided by the
International Tanker Owners Pollution Federation
(www.itopf.com/knowledge-resources/data-statistics/
statistics) indicates that oil spill events continuously
reported in different regions through the world. Such
events occur more and more frequently Michel and
Fingas (2016) and require immediate and effective
response which starts with good knowledge of the
likely oil pathways in the region where the pollution
occurred. Reliable information on surface currents
comes from high-resolution regional or global cir-
culation models and satellite altimetry. The altimetry-
based velocity field near coast is known to be not
reliable Abdalla and Kolahchi (2021), and numerical
models with data assimilation may be a preferable
option. The model-based simulation data on oil dis-
persion should be incorporated into a system for
monitoring, simulating, and forecasting oil spills.

In order to simulate dispersal pathways of any
passively advected tracer, Lagrangian methods are
especially useful. They include particle-tracking
numerical experiments Varlamov et al. (1999); Var-
lamov and Yoon (2003); Ohshima and Simizu
(2008); Ono and Ohshima (2013); Qiao and Wang
(2019); Korotenko et al. (2003, 2004) with the direct
integration of the velocity field and the methods
based on the Lagrangian-indicator technique Prants
(2014); Prants et al. (2017) which allow to track
frontal structures, known as Lagrangian fronts Prants
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et al. (2014a), controlling trajectories of passive
tracers. As the Lagrangian front moves, the nearby
tracers move along its pathway Fifani and Baudena
(2021); Prants (2022). At the same time, it acts as a
transport barrier preventing the cross-frontal transport
of tracers Boffetta et al. (2001). Both these properties
of Lagrangian fronts are very important in opera-
tional forecasting dispersion of oil spills.

A catastrophic oil spill incident occurred in the
Sea of Japan with the tanker “Nakhodka” in Jan-
vary 1997. Cold weather conditions acted to form a
very stable, persistent water-in-oil emulsion. The
spilled oil traveled to unusually great distances,
affected thousands of kilometers of Japan’s coastline
and caused huge social and economic damage. An oil
spill simulation model has been developed by Var-
lamov et al. (1999). This model, incorporating wind
drift, random diffusion, parametrization of oil evap-
oration, biodegradation, and beaching, was based on
a particle-tracking method using an ocean circulation
model. Furthermore, an operational simulation model
has also been developed Varlamov and Yoon (2003).
These studies showed that ocean currents at depths of
0-15 m play the most important role in the dispersion
of oil and that the reproduction of the current field is
the most important for oil spill simulation.

A coupled flow/transport model has been devel-
oped to simulate a continuous oil release from the
ports of the Black Sea and from the Volga River into
the coastal waters of the north part of the Caspian
Sea. Using predetermined model currents and
Lagrangian tracking, the authors Korotenko et al.
(2003), Korotenko et al. (2004) predicted the motion
of individual particles, the sum of which constituted a
hypothetical oil spill.

The particle-tracking numerical experiments have
been conducted also for the Sea of Okhotsk near the
eastern Sakhalin coast, the area of offshore oil and
gas exploration and production facilities, where a
high risk of incidents exists Ohshima and Simizu
(2008). Similar experiments have been carried out to
simulate the fate and behavior of the oil spill during
January—February 2018 from the tanker “Sanchi” in
the East China Sea Qiao and Wang (2019); Pan and
Yu (2020). This accident led to the worst tanker spill
in the last 40 years. The simulation of the oil slick
trajectories for the most-likely oil spill scenarios has
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been carried out in the framework of a decision
support system proposed for passive and active
response planning in Persian Gulf, before and after a
spill Amir-Heidari and Raie (2019).

The methods, using Lagrangian coherent struc-
tures Olascoaga and Haller (2012); Duran et al.
(2018), have been applied in modeling the real inci-
dents such as the Deep Water Horizon oil spill, which
occurred in the Gulf of Mexico in April 2010, the
largest marine oil spill in the history of the petroleum
industry. A new Lagrangian quantifier for forward
time uncertainty for trajectories that are solutions of
models generated from data sets has been proposed to
deal with the much less catastrophic pollution event
after the collision of the passenger ferry “Volcan de
Tamasite” with the Nelson Mandela dike in La Luz
Port in the Mediterranean Sea in April 2017 Garcia-
Sanchez et al. (2022). Lagrangian-front tech-
nique Fifani and Baudena (2021) has been applied to
study the East China Sea oil spill in 2018 and the
near-coast East Mediterranean incident in 2021.
These methods focus on revealing geometric struc-
tures in chaotic oceanic flows which control the
dispersion of a contaminated water volume in
dependence on the spatial scale of spill, its location
and a temporal window when it occured.

Oil spill simulation is a complex task, as the fate
and transport of the oil spill depend on several fac-
tors. The dispersal of oil at the surface and in a
subsurface layer is controlled by sea currents, the
wind and waves. In addition, the spilt oil also
undergoes biodegradation, evaporation, emulsifica-
tion and other processes, which act simultaneously
and change the physicochemical properties of oil in
time. The Lagrangian particle-tracking method has
been widely used in recent years. In terms of the
method, spilled oil is discreted into a large amount of
small oil particles Varlamov et al. (1999); Varlamov
and Yoon (2003); Ohshima and Simizu (2008); Ono
and Ohshima (2013); Qiao and Wang (2019); Mac-
Fadyen et al. (2011); Ciappa and Costabile (2014).
The spreading and entrainment of oil are not directly
dependent on oil composition and tend to be linked
through macro characteristics such as viscosity and
density Pan and Yu (2020).

We consider spilled oil as a large number of small
passive oil particles which are advected by the ocean



Vol. 180, (2023)

currents, wind and horizontal mixing. One of our
tasks is to determine the potential pathways of virtual
oil particles after a hypothetical spill from the Koz-
mino oil terminal as the first try. Computation of oil
trajectories utilizes currents from the ROMS model
over a comparatively short period of time, during 4-6
days after a hypothetical spill allowing us to compute
particle’s trajectories and Lagrangian indicators and
maps. That requires a high volume of gridded wind
and sea current data. We simplify the problem and
consider only biodegradation and evaporation pro-
cesses among different weathering
processes Keramea et al. (2021). These processes
have the effect of removing part of the oil from the
active components of the spill.

In this paper, we simulate consequences of a
hypothetical oil spill from the Kozmino crude oil
terminal located in a small bay of PGB near Vladi-
vostok city. Kozmino is the terminal point of the
Eastern Siberia—Pacific Ocean pipeline and is the
third-most important oil outlet in Russia (see Fig. 1).
Kozmino port is meant for oil receiving through the
pipeline and its transshipment to modern tankers. Port
is ice-free throughout the year.

We will use the numerical circulation model
(ROMS) with the horizontal resolution of 600 m and
perform particle-tracking experiments with the aim to
simulate the likely pathways of spilled oil in PGB
during 2008-2012 in the area with monsoon-like
climate. The first aim is to find preferable surface
pathways of spilled oil in different seasons, as well as
regions in the open-sea covered by the oil and risks of
coastline contamination by the beaching of oil spills.
With this aim, we compute the density of trajectories
of the virtual oil particles released in a small area
near Kozmino oil terminal and compute so-called
dasymetric maps Budyansky and Goryachev (2015);
Prants et al. (2015) in two typical months with car-
dinally different wind regime over the PGB area.
These maps are designed to show accumulated den-
sity of trajectories of the surface tracers during
February and August of every year from 2008 to
2012. We also plan to calculate monthly-averaged
(2008-2012) relative concentrations of oil particles to
compare the dispersion of oil in different months of a
year. Another aim is, using the Lagrangian methods,
to identify temporarily-coherent structures in the

Lagrangian Oil Spill Simulation in Peter... 553

Peter the Great Bay
132°E 133°E

Model domain

The Sea of Japan

Figure 1
Bathymetric maps of Peter the Great Bay (top) and the Sea of Japan
(bottom) with some geographic features. The computational
domain is shown in the top panel with the 50, 100, 200, 500,
1000, 2000 and 3000 m isobaths. SB Strelok Bay, VB Vostok Bay,
NB Nakhodka Bay, CL Cape Likhachev, CP Cape Povorotny, Al
Askold Island. %¥Kozmino oil port. Rz, Ar, Sh, Su and Pr are the
mouthes of Razdolnaya, Artemovka, Shkotovka, Sukhodol and
Partizanskaya rivers

complex flow near the coast and in open sea which
control the dispersal of oil slicks. With this aim, we
compute the maps of the finite-time Lyapunov
exponent Pierrehumbert (1991) that allow us to
locate so-called Lagrangian fronts Prants et al.
(2014a) and transport barriers Boffetta et al. (2001)
that track the oil front and govern spill dispersal.

2. Common Features of Circulation in Peter
the Great Bay

The seabed in PGB is a shallow shelf that breaks
off abruptly along the steep continental slope down to
the depth of 3 km (see Fig. 1). The major circulation
features in the study area are the Primorsky Current
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and cyclonic and anticyclonic eddies over the shelf.
The Primorsky Current is a permanent feature of the
general circulation that flows over the continental
slope and affects the circulation in the shallow Amur
and Ussuri bays which, in turn, affects circulation in
smaller bays like Strelok, Nakhodka and Kozmino
bays. In the upper layer, the Primorsky Current
moves away from the coast in the southwestern
direction. During the summer monsoon season, it is
more stable and flows closer to the coast. A branch
from the Primorsky Current enters Ussuri Bay and
forms an anticyclonic circulation. During the winter
monsoon season, the axis of the Current shifts off the
coast Yurasov and Yarichin (1991). The mean speed
is on the order of 10-20 cm/s in the surface and
intermediate layers Isobe and Isoda (1997) and 5 cm/
s in the deeper layer Takematsu et al. (1999).

Anticyclonic eddies drift southwestward along the
northern periphery of the Primorsky Current from
Cape Povorotny to Cape Gamov (see Fig. 1) Belin-
sky and Istoshin (1950). They have been found to
contribute to the formation of anticyclonic circulation
in Ussuri Bay, changing the hydrological parameters
of the Bay Ladychenko and Lobanov (2013). Thus,
circulation in the open waters and shallow bays of
PGB is determined by the complex interaction of
multiscale features such as basin geometry, bottom
topography, wind, water exchange with the north-
western part of the Sea of Japan and river discharge.
Instrumental measurements have shown that tides do
not make a considerable contribution to circula-
tion Shevchenko et al. (2017).

The speed of wind and its direction affect strongly
on spilled oil drift, especially at the sea surface. The
wind regime over PGB area is monsoon-like (www.
meteoblue.com/en/weather/historyclimate/climatemo
delled/vladivostok_russia_2013348). The cold north-
west, west, and north winds from the continent
prevail in the winter. All other directions account for
less than 40% of frequency. In summer, south,
southeast and southwest monsoon winds from the sea
occur with the total frequency of about 30-40%. The
high frequency of winds blowing from the sea is
observed in the second half of August and in
September. In the coastal zone, the orography affects
the direction of air masses transport. Therefore, sig-
nificant deviations from the main wind flow during
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monsoon circulation can be observed over the coast.
This deviation is especially noticeable in the warm
season, when the direction becomes less stable with
decreasing wind speed. Tropical cyclones, called
typhoons, pass over the study area mainly from July
to September. They impact strongly on the wind field
and, consequently, on circulation in the sea.

For the case of coastal oil spill incidents, simu-
lation with the conventional altimetric AVISO field is
not reliable because the horizontal resolution of
1/4° x 1/4° is not enough to resolve rapidly evolving
submesoscale structures, and this product is absent at
the distances smaller than ~25 km away from the
coast. Numerical models with high resolution or
high-frequency radars may be the only viable option
to study dispersal of oil spills near the shore and at
submesoscale. In this study we use the Regional
Ocean Modeling System (ROMS, www.myroms.org)
with the horizontal resolution of 600 m.

3. Circulation Model

ROMS is a free-surface, nonlinear, primitive
equation model featuring terrain-following coordi-
nates in the vertical and advanced
numerics Shchepetkin and McWilliams (2005). The
model domain (Fig. 1), vertical and horizontal reso-
lution, numerical schemes for vertical turbulence
forcing, and bulk flux formulation were the same as
in Fayman and Ostrovskii (2019), Prants et al. (2022)
(see Table 1). The wind speed at the sea surface was
obtained from the Daily ASCAT global wind field (6-
hourly blended wind products with a spatial resolu-
tion of 0.25° in longitude and latitude over the global
ocean).

Air pressure, incoming shortwave radiation, rela-
tive humidity, air temperature, precipitation and
cloud cover were obtained from the NCEP-DOE
AMIP-II Reanalysis. Daily SST, obtained from the
Operational Sea Surface Temperature and Sea Ice
Analysis (OSTIA), was used for the net heat flux
correction Good and Fiedler (2020). According to
this Analysis Donlon and Martin (2012), the sea ice
in PGB is insignificant, and it was not taken into
account in the calculations. Monthly sea surface
salinity from World Ocean Atlas 2018 was used for
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Table 1

The model domain (see Fig. 1) and parameters

Model domain 129.5° E-135.5° E; 40.5° N—43.5° N
Horizontal 600 m
resolution
Vertical resolution 32 terrain-following vertical layers (vertical
S-coordinate)
Vertical turbulence Generic Length Scale scheme Umlauf and
Burchard (2003)

Horizontal Harmonic viscosity along constant potential
viscosity density surfaces with the coefficient of
6 m?/s
Horizontal Harmonic diffusion along constant
diffusion geopotential surfaces with the coefficient
of 5 m?/s
Atmospheric Bulk flux computation Fairall et al. (2003)

boundary layer

Pressure gradient  Finite volume Pressure Jacobian Lin (1997)

freshwater flux correction Zweng et al. (2019). Par-
tizanskaya, Sukhodol, Shkotovka, Artemovka and
Razdolnaya rivers flow into PGB. Daily mean data of
the river discharge were obtained from the Auto-
mated Information System of State Monitoring of
Water Objects (gmvo.skniivh.ru). Monthly mean data
of the Tumen River discharge were obtained from the
hydrological station in Quanhe Tian et al. (1999).
The lateral boundary conditions for temperature,
salinity, velocity and sea surface height daily data
were obtained from nesting the model into a Japan
Coastal Ocean Predictability Experiment (JCOPE2)
model dataset Miyazawa and Zhang (2009). The
mixed radiation-nudging boundary condition, which
assumes radiation conditions on outflow and nudging
to a known exterior value on inflow, was imposed on
all open boundaries for the 3D fields of temperature,
salinity and velocity components. The Flather
boundary condition was applied to the normal com-
ponents of the barotropic velocity at a liquid
boundary Flather (1976). The Chapman boundary
condition was imposed to the surface height Chap-
man (1985). The model was run for the 20-year
period (1999-2018), starting from the initial condi-
tions generated by interpolation of the JCOPE2 fields
on January 1, 1999. The simulated ocean fields were
saved every hour. The Message-Passing Interface
programming was used to provide faster and more
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powerful problem-solving with the halp of a parallel
computing.

When simulating the spilled oil dispersal, ade-
quate representation of the currents in the upper
0-5 m layer is crucial. In warm seasons, the ROMS
reproducibility of current variability has been verified
by comparing simulation results with regular CTD
data in 25 oceanographic expeditions conducted in
PGB from May to September in 2001-2016 by the
Far Eastern Regional Hydrometeorological Research
Institute (FERHRI, Vladivostok). The results of
ROMS simulations have been found to be in a good
agreement with the results of diagnostic simulation
based on these CTD measurements. In particular,
ROMS has been able to reproduce the observed
current field and major features like eddies and cur-
rents on a monthly mean basis both in the warm and
cold seasons.

The model has shown a good performance
including the reproducibility of anticyclonic eddies
regularly generated past the Cape Povorotny Fayman
et al. (2019) and their southwestward advection by
the Primorsky Current. In the cold season, ROMS has
shown good results in simulating various physical
processes in PGB comparing simulation results with
the CTD data from an Aqualog profiler and bottom
stations Fayman and Ostrovskii (2019); Prants et al.
(2022).

4. Lagrangian Methods

In the Lagrangian approach, transport and mixing
processes are studied by following passive particles
(tracers). Trajectories of particles are computed by
solving advection equations which in our case are two
dimensional:

Y ition), W=rion, W
where ¢ and A are latitude and longitude, respec-
tively, and u# and v are the angular zonal and
meridional components of the velocity field in the
upper model layer at the location of the particle,
respectively. Angular velocities u and v are measured
in arc minutes per day and are related to linear
velocities U and V in cm/s by the ratio:
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The advection equations (1) in terms of angular
velocities have the simplest form Prants (2014). The
Lagrangian trajectories were computed by integrat-
ing (1) with the fourth-order Runge—Kutta
scheme with the constant time step of 86.4 s, a
bicubic spatial interpolation and time interpolation by
Lagrangian polynomials of the third order.

It has been reported that more than 90% of oil
stays in the 0-3 m surface layer Guo and Wang
(2009). Therefore, we assume that oil remains at the
surface and that the vertical movement of individual
particles is neglected during the short integration
period of 4-6 days. The processes of sedimentation
to the bottom, degradation and the formation of oil
clots take more time Korotenko et al. (2003).
Therefore, we take into account oil evaporation and
biodegradation processes only with the half-lifetimes
Tevp and Ty, which have been estimated to be 25 h
and 250 h, respectively Varlamov et al. (1999); Ono
and Ohshima (2013).

Integrating equations of advection (1) with many
thousands of particles, we identify advective path-
ways and their variations in different seasons and
years. With the task to determine the potential path-
ways of oil after a hypothetical spill from the
Kozmino oil terminal, we did not take into account
turbulent diffusion in the equations of motion. To test
that the variability of the velocity field is much more
important to determine the pathways of spilled oil
than a small-scale turbulence, we have carried out a
large number of numerical experiments adding a
random component to the model velocity in the upper
layer. The adding of a stochastic component did not
lead to cardinal changes in the shape of the oil pat-
ches launched in different seasons. During the first
two-five days after launching, the oil patches with a
stochastic component only slightly blurred as com-
pared with the patches without a stochastic
component (see Fig. 1S in Supplementary material).
Similar results have been obtained by other authors
who have studied a sensitivity of location of
Lagrangian coherent structures and fronts to errors by
adding a random noise to the model or altimetric
velocity field (see, e.g., Harrison and Glatzmaier
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2012; Hernandez-Carrasco et al. 2011; Keating et al.
2011). They have shown that the location and shape
of coherent structures with noise were similar, albeit
blurred, to structures without noise.

We consider evaporation and decay in a simpli-
fied manner. These processes depend on oil
components, temperature, wind speed and bio-
mass Guo and Wang (2009). In the case of a real
incident, a high-accuracy parametrization is needed
for more realistic oil spill simulation. However, it is
out of the scope of our study devoted to simulation of
likely pathways of oil and to analysis of oceano-
graphic features and material structures that shape
spilled oil evolution and affect these pathways.

In majority of the particle-tracking experiments,
N = 90,000 particles, evenly spaced in a small area
42.77° N-42.725° N, 132.98° E-133.025° E
(3.7 x 2.8 km) around the Kozmino oil port (see
Fig. 1) are deployed every hour from 00:00 to
23:00 GMT on the first day of every month. We
calculate the tracer concentration C;(¢) at time 7 (in
hours) for the i-th particle. The initial value of C;(0)
is set to be unity and C;(¢) is calculated as
Ci(t) = e~ tkew+kbio)t " \where the values of the coeffi-
cients kevp and ky;, are defined by log(2)/Tevp and
log(2)/Ty;o using half-lifetime Teyp =25h and
Thio = 250 h. Particle concentrations are calculated
until 00:00 by the fifth day of the month in which the
particles were launched. Because of this, the value of
t and, as a consequence, the concentrations differ for
particles launched at early and late hours. The parti-
cles, launched at 00:00 on the first day of the
corresponding month for which =96, have the
smallest concentration.

The simulation results in Sect. 5 show plots of the
concentration which were computed as follows. The
study area 42.3° N-43.4° N, 131.7° E-133.5° E was
divided into 300 x 300 bins with the size of 667 m
for latitude and 360 m for longitude. At the first
stage, the relative concentration was calculated in
each bin C(%) = > Ci(t)/N x 100, where N =
2,160,000 is the total number of released particles,
and >_ C;(¢) is the sum of the concentrations found in
the bin at the moment of time ¢. Such summation was
done for every month and every year separately. At
the second stage, the monthly-averaged relative
concentration was calculated for each bin summing
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C(%) in the same months in 2008-2012 and diving
the total sum by 5 years. The monthly-averaged rel-
ative concentration is a dimensionless quantity
defining the fraction of oil particles (taking into
account the degradation of oil over time) in different
regions of the study area. That allows us to compare
the dispersion of oil in different months of a year. If a
particle enters a coastal cell of the interpolated
velocity field, it either remain at the coast (the
beaching effect) for a while or leave the coast under
the action of the suitable current field. Finally, the
relative concentration is averaged over five years.

To analyze the dispersal pathways, Lagrangian
methods are especially useful. Besides the direct
integration of advection equations for passive parti-
cles in a prescribed velocity field, they also include
special techniques on calculation Lagrangian fronts
which transports tracers. By definition Prants (2014),
the Lagrangian front is a structure with the (local)
maximum gradient of a Lagrangian indicator, i.e., it
is a boundary between areas with very different val-
ues of this indicator. To detect these frontal
structures, controlling trajectories of tracers and
therefore forecasting transport pathways of a con-
taminant, we use here the finite-time Lyapunov
exponent A Pierrehumbert (1991). A is a finite-time
average of the divergence/convergence rate of ini-
tially close-by particles that is calculated here by the
method proposed by Prants et al. (2011). The equa-
tions (1) are linearized near a given trajectory to
obtain a set of equations for infinitesimal deviations
from it. Then, the 2 x 2 evolution matrix is calculated
to find its largest singular value g (¢, ), which shows
how much an initially small deviation increases. The
ratio of the logarithm of the maximal possible
stretching in a given direction to the integration time
interval r—1f, gives the value of the finite-time
Lyapunov exponent:

_11‘10'1(t,l‘0)
Tot—1y

A (3)
The values of A are computed backward in time for
six days for a large number of oil particles distributed
homogeneously over the study area starting at the
beginning of every hour of every day in every month
in 2008-2012. Then A values are plotted on a geo-
graphic map of the study area providing us with
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hourly Lyapunov maps. The curves of the (locally)
maximum values of A (“ridges”) approximate
attracting manifolds when integrating the advection
equations backward in time (see, e.g., Haller 2002).
These manifolds are material lines consisting of the
particles diverging from each other in the course of
time with the maximal rate. That is why they can be
approximated by the “ridges” in the Lyapunov field.
The prominent “ridges” with large values of A are
Lagrangian fronts that evolve in time and control
transport processes Prants (2022).

Cyclonic and anticyclonic eddies are regular fea-
tures in PGB which occur both in the warm and cold
seasons. It is expected that they could play an
important role in dispersal of oil spills in PGB. So, it
is necessary to have an effective method to identify
and track submesoscale and mesoscale eddies. First
of all, we compute the locations of stationary points
with zero velocity and record them every hour. The
standard stability analysis is then performed to
specify the stagnation points of elliptic and hyper-
bolic type (for details see Prants et al. 2014b, 2017).
The stable elliptic points (triangles on the maps) are
located at the centers of eddies where rotation pre-
vails over deformation. The birth of an eddy is
signaled by the appearance of an elliptic point,
whereas its disappearance signals the decay of an
eddy. The hyperbolic points (crosses on the maps),
where deformation prevails over rotation, are located
mostly between eddies. They have associated repel-
ling stable and attracting unstable manifolds.

5. Results of Simulation and Discussion

5.1. Particle-Tracking Simulation

The reproduction of the current field including its
variability is the most important for oil spill simu-
lation. The results of particle-tracking experiments
strongly depend on oceanographic situation in small
bays and the open part of PGB on the day of a
hypothetical accident and after that. The current field
at the surface, in turn, strongly depends on wind
conditions. The monsoon-like wind regime over PGB
area www.meteoblue.com/en/weather/historyclimate/
climatemodelled/vladivostok_russia_2013348 is one
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of the key factors governing surface spilled oil
dispersal.

To estimate possible pathways of spilled oil after
a deployment from the Kozmino oil terminal, we
computed the so-called dasymetric maps Budyansky
and Goryachev (2015); Prants et al. (2015) for two
months with cardinally different wind regime over
the PGB area. The region in Fig. 2 was divided into
300 x 300 bins with the size of 667 m for latitude
and 360 m for longitude. 40, 000 tracers were
released in the surface layer from a small area near
the port with the size of 3.7 x 2.8 km every day at
00:00 GMT during February and August of every
year from 2008 to 2012. The advection equations (1)
were integrated forward in time to count hourly how
many times v the oil particles visit each bin during
February and August in 2008-2012. The counting
time for each trajectory was 6 days.

The dasymetric maps in Fig. 2 show not a
collection of particle’s trajectories but an accumu-
lated density of particle’s traces in the logarithmic
scale in every bin by white-to-black gradation. In the
logarithmic scale, even a small color contrast means a
considerable difference in the density of particle’s
traces that is higher near the source and decays with
distance from the source. However, the color contrast
between the density of particle’s traces near the
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source and at a distance is not extremely large due to
the rapid removal of oil particles from the coast to the
open sea by the Primorsky Current. In other words,
these maps show preferable pathways of oil particles
in PGB during a short period of time.

In February, the prevailing north/northwest winds
cause predominantly southwestward drift of the oil
particles and their advection to the open sea by the
Primorsky Current. In August, the prevailing
south/southeast winds favor a dispersion of the
particles in the area covering the smaller bays in
PGB, including the Nakhodka, Vostok, Strelok and
Ussuri bays with a high risk of contamination of the
coastal recreation zones.

The relative tracer concentration at the surface
was computed as it was described in Sect. 4. N =
90,000 virtual oil particles were released every hour
within 24 hours with the start at the beginning of the
first day of every month. The concentration was
averaged for every month in 2008-2012 and plotted
on the geographic map in Figs. 3 and 4 by the
beginning of the fifth day after the deployment.

As it was pointed out in Sect. 2, the permanent
circulation feature in the study area is the Primorsky
Current schematically shown in (Fig. 1). Its speed
varies depending on the season, but all the year it
flows approximately in the same southwestward

132°E 132.5°E 133°E
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Figure 2
The dasymetric maps show the accumulated density of trajectories of the surface tracers released from the Kozmino oil terminal (the star) a in
February and b in August months with prevailing winds from the continent and from the sea, respectively. The data are accumulated within
six days after the release and shown in the logarithmic scale. For more details see the main text. The abbreviations are the same as in caption
to Fig. 1
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Figure 3
Monthly-averaged (2008-2012) tracer concentrations are shown at 00:00 GMT of the fifth day after the deployment of particles from a small
area near the Kozmino oil port (the green star). For details, see the main text. The bars show relative concentration in the upper layer and the
depth in the study area. The abbreviations are the same as in caption to Fig. 1

direction. However, particle-tracking experiments in
2008-2012 have shown that configuration of the
calculated oil slicks, their shape and distance from the
coast are very different in different months of a year
(see Figs. 3 and 4).

We distinguish three main scenarios of surface
propagation of the spilled oil in the first days after the
incident. In the first scenario, the spilled oil moves
fast away from the coast. That occurs mainly in the
cold season when strong north/northwest winds from
the continent favor the removal of tracers from the
source. In the second scenario, tracers remain near
the coast, at least, for the first four days after the
incident. It occurs often in summer with prevailing
south/southeast winds from the sea which create
conditions for blocking propagation of spilled oil
from the coast to the open sea. The third scenario is
an intermediate one with the oil spill dispersal away
from the coast but not too far away from the Kozmino
oil terminal as compared to the first scenario. That

occurs predominantly at weak winds or when the
wind changes fast its direction.

Selection of three scenarios in accordance with
displacement of the oil slicks away from the coast is,
of course, conditional. It’s more important that in the
warm season the concentration of the spilled oil is
typically larger near the coast as compared to the cold
season. Moreover, the oil slicks propagate predom-
inantly westward in the “warm” months covering the
coast of the Nakhodka and Vostok bays (see also the
dasymetric map in August in Fig. 2). In the cold
season, the southwestward drift of the oil slicks is
more pronounced (see also the dasymetric map in
February in Fig. 2).

The results obtained in this section show that the
direction and speed of wind have a significant impact
on the surface transport of the spilled oil. The
Lagrangian analysis in the next section provides a
deeper insight into the reasons of the behavior of oil
slicks in different seasons.
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Figure 4
The same as in Fig. 3 but for July — December

5.2. Lagrangian Fronts Detection

In this section we explain why the spilled oil is
advected just after the deployment in a distinct
manner in different months of a year. With this aim,
we computed the Lyapunov maps for 90, 000 parti-
cles distributed homogeneously over the study area
starting at the beginning of every hour of every day in
every month in 2009. The procedure was explained in
Sect. 4.

The inspection of 8760 Lyapunov maps allowed
us to conclude that the dispersal of the spilled oil is
controlled by strong Lagrangian fronts which are
approximated by dark “ridges” on the maps with the
large values of the finite-time Lyapunov expo-
nent A (3). These “ridges” are shown by blue
elongating bands in Figs. 5, 6, 7 consisting of a
number of material lines each of which, by the
definition of A (3), is a collection of particles
diverging from each other with the maximal rate in
the course of time. The Lagrangian fronts evolve in

the course of time and exist for a finite period of time
in oceanic flows.

The finite-time Lyapunov exponent is a quantita-
tive measure of chaos in fluid flows. It is more
important for the problems of oil dispersion that the
“ridges” in the Lyapunov field are Lagrangian fronts
which minimize advection of oil particles across the
front and maximize advection along the front. The
tracers from outside cannot cross the front transver-
sally because they consisted of material lines. They
can do that only due to a small-scale diffusion that
does not lead to cardinal changes in the shape of the
oil patches during the considered comparatively short
period of time (see Fig. 1S in Supplementary mate-
rial). It is expected that the Lagrangian fronts, formed
near coast just after deployment of oil particles,
control evolution of the oil patch at the first stage. As
the front moves away from the coast, a patch follows
it, deforming in accordance with the deformation of
the front. This advective process can be complicated
by the presence of other Lagrangian fronts in the
study area.
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Figure 5
The finite-time Lyapunov exponent maps show snapshots of the evol%ling oil spill (green particles) with Lagrangian fronts and surface current
field overlaid. The evolving front LF shapes the spilled oil and simultaneously acts as a transport barrier. The tracers were released at
00:00 GMT on November 1, 2009. The red triangle and yellow cross show elliptic and hyperbolic points, respectively. The surface current
field is shown by arrows. The A values are given in day~!. The abbreviations are the same as in caption to Fig. 1

This speculations are illustrated by the Lyapunov
map in Fig. 5 with a moving Lagrangian front which
transports the spilled oil and simultaneously acts a
transport barrier. The passive tracers, imitating oil
particles in the surface layer, were released at the oil
spill site at 00:00 GMT on November 1, 2009
(Fig. 5a). The strong Lagrangian front, formed before
this date to the south of the Kozmino port, initially
blocked the spread of the oil slick away from the
coast due to the wind from the sea. By the beginning
of November 1, wind direction changed to the north
wind and then to the northwest/west wind (see
Table in the Supplementary Material). The location
of this front deliniates an attracting unstable manifold
associated with two yellow hyperbolic points in
Fig. 5a. This front initially pushed the oil westward.
As the front moved, it attracted and stretched the oil

slick transporting oil around the anticyclonic eddy
with the center at 42.45° N, 132.54° E (the red
triangle in Fig. 5a). This eddy gradually drifted to the
open sea advecting the spilled oil around its periphery
(Fig. 5b—d). The oil slick did not directly follow the
surface current oriented southwestward but drifted in
a more complicated way following the nearest strong
front. Therefore, Lagrangian fronts attract the spilled
oil, stretch the oil slick and act as transport barriers.
The deep reason of that is the presence of attracting
unstable manifolds in chaotic flows which are
approximated by the “ridges” in the Lyapunov
field (see, e.g., Haller 2002).

In the preceding section, we selected three
scenarios of propagation of the spilled oil in the
study area. Based on the Lyapunov maps, computed
in 2009, we analyze now the oil spill dispersal from
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the Lagrangian point of view. The first scenario with
fast removal of spilled oil from the source in the cold
season with prevailing north winds is illustrated in
Fig. 6 where the evolution of the surface oil slick,
deployed at 00:00 GMT on January 1, 2009 (Fig. 6a)
is shown for the first three days after the deployment
in the field of the finite-time Lyapunov exponent A.
A strong Lagrangian front formed by the end of the
first day after the deployment. The tracers have been
gradually distributed along it (Fig. 6b). Due to the
strong northwest/west winds with the speed of around
10-12 m/sec (see Table in the Supplementary Mate-
rial), the front drifted fast away from the coast
gradually stretching the oil slick (Fig. 6¢). By the
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beginning of the fourth day, the perimeter of the slick
increased significantly, the slick has been stretched
and transported away from the coast, and its head
split following two different fronts (Fig. 6d).

In the second scenario the behavior of the spilled
oil is cardinally different. This scenario often occurs
in the warm season with prevailing winds from the
sea. Figure 7 illustrates the second scenario where the
oil slick was deployed at 00:00 GMT on June 1,
2009. Due to the easterly/southeast winds (see
Table in the Supplementary Material), a strong
Lagrangian front formed by the beginning of June
Ist (Fig. 7a). The front drifted then to north creating a
transport barrier which prevented spread of spilled oil
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Figure 6

Lyapunov maps illustrate the first scenario with fast removal of the spilled oil from the coast in the cold season. The oil slick (green particles),
released at 00:00 GMT on January 1, 2009, follows the Lagrangian front (LF) drifting away from the coast. The abbreviations are the same as
in caption to Fig. 1
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Figure 7

Lyapunov maps illustrate the second scenario where the spilled oil remained near the coast for the first days after the deployment at
00:00 GMT on June 1, 2009. The drifting Lagrangian front (LF) acts as a transport barrier preventing spread of the oil slick (green particles)
to the open sea. The abbreviations are the same as in caption to Fig. 1

to the open sea (Fig. 7b—d). The tracers from outside
could not cross this near-coastal front transversally
because it consisted of material lines. The front
existed, at least, for 5 days after the deployment, and
the oil slick has stretched gradually along the
Nakhodka Bay coast.

The third scenario is illustrated in Fig. 8 where
the evolution of the surface oil slick, deployed at
00:00 GMT on October 1, 2009 is shown in the field
of the finite-time Lyapunov exponent. October typ-
ically is the quietest month in the area with weak and
multidirectional winds. A Lagrangian front was
initially oriented almost zonally (Fig. 8a) due to the
south/southwest wind (see Table in the Supplemen-
tary Material) preventing the oil spill dispersal to the
central part of PGB (Fig. 8b). After two days, the

wind direction changed to the northwest/west one,
and the front begun to drift to the southwest (Fig. 8c).
Then the wind direction changed once again to the
west/southwest one and lead to almost zonal orien-
tation of the front (Fig. 8d). The major part of the
passive tracers of the initial oil slick has been
gradually distributed along the front. A smaller part
remained near the coast in the Nakhodka Bay. This
front drifted away from the coast gradually stretching
the oil slick. By the end of the fifth day after the
deployment, the oil slick reached the central part of
PGB (Fig. 8d).

Accidental oil spills require an immediate effec-
tive response that ideally additional
information on the future spread of oil slicks.
Lagrangian fronts evolve in time and they do that

requires
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Figure 8
Lyapunov maps illustrate the third scenario where the spilled oil remained near the coast for the first two days after the deployment at
00:00 GMT on October 1, 2009 and then it begun to remove away from the coast following the evolving Lagrangian front (LF). The
abbreviations are the same as in caption to Fig. 1

sometimes in a complicated manner (see Figs. 6, 7
and 8). The possibility of anticipating the future front
position would be very important when estimating the
oil spill dispersal. Knowing the position of Lagran-
gian fronts in a region, where an oil spill has
occurred, helps to forecast the location of oil slicks.
The Lagrangian approach can help with this because
Lyapunov maps, in principle, allow us to predict the
position of the prominent “ridges” in the future on
timescales of the order of the inverse of the Lyapunov
exponent, based on near real-time velocity field
alone, i.e., without the need for velocity fore-
cast Olascoaga and Haller (2012).

A method for predicting the drifting speed of
Lagrangian fronts has been elaborated by Fifani and
Baudena (2021). It is based on a theoretical property
of the flux across Lagrangian fronts defined as
“ridges” of finite-time Lyapunov fields. Shadden
et al. (2005) showed that under general conditions
this flux can be considered as small and in most cases
negligible for well-defined “ridges”. Whenever a
“ridge” appears to be transverse to a smooth velocity
field, 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
it Fifani and Baudena (2021). The drifting speed of
Lagrangian fronts at a given point is calculated as the
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orthogonal projection of the current velocity vector
on the orthogonal direction to the corresponding
“ridge”. This method is applied to all the points over
the front, providing its future displacement after a
defined short-time period.

However, the applicability and effectiveness of
this forecast method depend on the area where an oil
spill has occurred. In the open sea, the maximum
values of the finite-time or finite-scale Lyapunov
exponents have been found to be less then 0.4 days™!
(see, e.g., Fifani and Baudena 2021), allowing to
predict the position of Lagrangian fronts on time-
scales of the order of /\_1, i.e., theoretically no more
than for four days ahead. In large bays, the maximum
A values could reach 0.8 days™' Budyansky et al.
(2022). In our case, the maximum A values reach
4 days~! near the coast making the forecast prob-
lematic. Recalling that A is a finite-time average of
the divergence rate of initially close-by particles (see
Sect. 4), it is obvious that such large values of A near
the coast are explained by fast divergence of the
particles moving away from the coast and the
particles remained near the coast. However, in the
open part of PGB the values of A for prominent
“ridges” ranges from 0.5 to 1 days~! allowing to
predict the position of the corresponding Lagrangian
fronts on the timescale of 1-2 days. This possibility
can support management and prediction tools for oil
spills when every day is important in a clean-up of oil
spills.

6. Conclusion

Using the retrospective ROMS-based velocity
field with the horizontal resolution of 600 m, we
simulated the surface spread of a hypothetical oil spill
deployed from one of the most important oil outlets
in Russia, the Kozmino port near Vladivostok. The
results of Lagrangian particle-tracking experiments
with a large number of tracers were shown by the
relative concentration averaged in 2008-2012. They
allowed us to find preferable surface pathways of
spilled oil in PGB in different seasons, as well as
regions in the open-sea covered by the oil and risks of
coastline contamination by the beaching of oil spills.
The monsoon-like wind regime over the PGB area
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was shown to play the important role in the surface
spread of oil. Applying a special Lyapunov tech-
nique, we could identify Lagrangian temporally-
coherent structures, Lagrangian fronts, which track
the oil front and govern spill dispersal. As a
Lagrangian front drifts, the oil slick moves along its
pathway. At the same time, the front acts as a
transport barrier preventing cross-frontal transport of
oil. The Lyapunov maps might serve not only as an
efficient tool for use in oil spill emergency response
planning but also to predict changes in the oil patterns
over a few days on the basis of near-real-time
information alone.

Three main scenarios of propagation of the spilled
oil have been found. In the first one, the spilled oil
drifts fast away from the coast due to strong north/
northwest winds and specific distribution of the
Lagrangian fronts in the study area which favor the
removal of oil away from the source. That occurs
mainly in the winter and spring months. In the second
scenario, oil remains near the coast. It occurs typi-
cally in the with  prevailing
south/southeast wind that creates conditions for
appearance of transport barriers blocking surface
propagation of spilled oil away from the coast to the
open sea. If so, the oil should “seek” for gaps
between different transport barriers to enter the open
sea between them. The third scenario is an interme-
diate one with the dispersal of the spilled oil away
from the coast but not too far away from the Kozmino
oil terminal as compared to the first scenario.

The ROMS-based hourly Lagrangian maps might
serve as an efficient tool for use in oil spill emergency
response planning. The aim of emergency response
planning is to reduce the response time, to forecast
changes in the oil patterns and to increase the effec-
tiveness and efficiency of the response actions. The
knowledge of location of the Lagrangian fronts/bar-
riers in various parts of PGB and of rapid pathways of
oil at the time of real incidents opens a new way
towards developing a simulation-based technology
that could use this knowledge for the reduction of
environmental risks. The key benefit of the proposed
Lagrangian methods is an increase in the time for an
adverse impact of oil spills to reach the coastal zone.

warm  se€ason
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