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Abstract To conduct the simulation of oil spills in the

Sea of Okhotsk, we developed a three-dimensional, high-

resolution ocean circulation model. The model particularly

improved the reproducibility of velocity field during the

strong stratification period. Particle-tracking experiments

with the effects of evaporation and biodegradation were

performed using the combined data of daily ocean currents

from the present model and the hourly diurnal tidal currents

from the tidal model. The results are shown by the relative

concentration of the particles averaged over the 8 years of

1998–2005 based on the ensemble forecast idea. For the

case of particles released from the Sakhalin II oil field, the

particles deployed in September–January are carried

southward by the East Sakhalin Current, finally arriving at

the Hokkaido coast, after 60–90 days. The particles

deployed in March–August are diffused offshore by the

synoptic wind drift, and hardly transported to regions south

of Sakhalin. For the case of particles released from

the region off Prigorodnoye, the oil export terminal, after

the diffusion by the synoptic wind drift, a part of them are

carried offshore of Hokkaido by the Soya Warm Current.

The particles released in November–April flow out to the

Japan Sea through the Soya Strait, mainly by the synoptic

wind drift and secondly by the diffusion due to strong tidal

currents around the Soya Strait. By considering the effects

of evaporation and biodegradation, the relative concentra-

tion of the particles is considerably decreased before

arriving at the Hokkaido coast, particularly in the case of

drift from the Sakhalin II oil field.

Keywords Sea of Okhotsk � East Sakhalin Current � Soya

Warm Current � Spilled oil � Particle-tracking experiment

1 Introduction

Oil spill accidents from tankers and offshore platforms are

one of the serious problems that affect the marine envi-

ronment and ecosystem. A serious oil spill incident

occurred in the Japan Sea from the Russian tanker Nak-

hodka in January 1997. This incident has promoted the

development of an oil spill simulation system for the Japan

Sea (Varlamov et al. 1999). Furthermore, an operational

simulation model has also been developed by Varlamov

and Yoon (2003). These studies showed that ocean currents

at depths of 0–15 m play the most important role in the

drift/diffusion of spilled oil and that the reproduction of the

current field including synoptic variability is the most

important for oil spill simulation. As for the numerical

simulation of spilled oil, Kakinuma and Yanagi (1976) and

Yanagi and Okamoto (1984), who conducted the simula-

tion for the Seto Inland Sea, were the early studies around

Japan. In the Sea of Okhotsk, where the Sakhalin oil field

exists, an oil spill simulation model was developed by the

Petroleum Association of Japan (2005) in accordance with

the demand for an operational prediction model. Although
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the model incorporates the effect of wind drift reasonably,

the background ocean current in the model is based on

schematics from the old Russian and Japanese literature

with no seasonal variation, which is quite different from

the reality.

The ocean current field in the Sea of Okhotsk has been

revealed by observations from the 1990s, particularly by

the intensive current measurements carried out in

1998–2001 under the Joint Japanese–Russian–US Study of

the Sea of Okhotsk. Surface drifter observations (Ohshima

et al. 2002) quantitatively revealed the existence of a

southward current along the eastern coast of Sakhalin,

called the East Sakhalin Current (ESC). Ohshima et al.

(2002) further showed that the ESC consists of two cores:

the nearshore core on the shelf and the offshore core over

the shelf slope. From long-term mooring measurements

(Mizuta et al. 2003), the total transport of the southward

ESC at 53�N was estimated to be 6.7 Sv (1 Sv = 106 m3

s-1) as an annual average, corresponding to 20–30 % of the

Kuroshio and to about 3 times of the Tsushima Warm

Current in the Japan Sea. This is because the flow of the

ESC extends from the surface to the bottom. The ESC is

characterized by the strong seasonal variation of its volume

transport, with a maximum in winter and a minimum in

summer.

The Soya Warm Current (SWC) is another major ocean

current in the Sea of Okhotsk. The SWC is driven by the

sea level difference between the Japan Sea and the Sea

of Okhotsk and flows southeastward along the coast of

Hokkaido in the Sea of Okhotsk through the Soya Strait

(Aota 1975; Ohshima 1994; Ohshima and Wakatsuchi

1990). The SWC carries the Kuroshio water entering the

Japan Sea via the Tsushima Warm Current into the Sea

of Okhotsk. Ebuchi et al. (2006) showed, from high

frequency (HF) ocean radars, that the SWC exhibits clear

seasonal variations with a maximum velocity in summer

and a minimum velocity in winter. Using a bottom-

mounted acoustic Doppler current profiler (ADCP), Fuka-

machi et al. (2008) revealed that the SWC becomes

stronger near the surface in summer to fall and stronger

near the bottom in winter to spring. Fukamachi et al. (2008,

2010) further showed that the SWC volume transport is

0.7–1.0 Sv as an annual average on the basis of both the

vertical structure observed by the ADCP and the horizontal

structure observed by the HF ocean radars.

To simulate the drift/diffusion of spilled oil in the Sea of

Okhotsk, a model with a good reproduction of ocean cur-

rents is indispensable. The above-mentioned observations

can be useful comparison data for developing such a

model. Simizu and Ohshima (2006) developed a three-

dimensional circulation model in the Sea of Okhotsk and

succeeded for the first time in reproducing to some extent

the structure and seasonal variation of the ESC. Using their

simulated velocity data, Ohshima and Simizu (2008) and

Ohshima et al. (2008) conducted a series of particle-

tracking experiments, which was the first reliable tracking

experiment with good reproduction of the observations.

However, their model cannot represent the current structure

in the strong stratification period very well, because of the

lack of Amur River flux and the coarse resolution of 1/6�
(about 10–20 km). Moreover, all straits are closed and thus

the SWC and water exchange with the Japan Sea and North

Pacific were neglected. Uchimoto et al. (2007) developed

an Sea of Okhotsk model with finer resolution and water

exchange, but used monthly-mean data as the model

forcing, which could not represent the synoptic variability,

which is important for drift/diffusion of spilled oil. Simizu

and Ohshima (2006) and Uchimoto et al. (2007) also did

not include the effects of tide and sea ice in their models.

Regarding the inclusion of sea ice, Watanabe et al. (2004)

developed a coupled ice–ocean model for the Sea of

Okhotsk with the resolution being 0.25� in latitude and 0.5�
in longitude.

On the basis of the model by Uchimoto et al. (2007), in

this study, we develop a three-dimensional, high-resolution

ocean circulation model with good reproducibility in the

Sea of Okhotsk, by comparison with all the available new

and historical data. We also use the tidal current data from

a three-dimensional, high-resolution tidal simulation by

Ono and Ohshima (2010). Using the combined data of

ocean currents and tidal currents, we perform a series of

particle-tracking experiments. Specifically, we release

particles from the Sakhalin II (rectangular box A in Fig. 1)

and the region (rectangular box B in Fig. 1) off Prigorod-

noye (cross in Fig. 1), toward a spilled oil prediction in the

Sea of Okhotsk. In April 2010, a catastrophic oil spill

incident occurred in the Gulf of Mexico (e.g., Kerr et al.

2010). The risk of an oil spill incident also exists in the

Sakhalin II, where extensive oil and gas fields have been

exploited. In addition, the risk of an oil spill accident due to

heavy tanker traffic is relatively high in the region off

Prigorodnoye, which is the oil export terminal located at

the end of oil and gas pipelines. For these reasons, we

select these two areas as the particle-release areas for the

particle-tracking experiments in Sect. 4.

2 Model description

The model developed in this study is based on a three-

dimensional, high-resolution ocean circulation model by

Uchimoto et al. (2007). Their model was constructed from

the Japan Coastal Ocean Predictability Experiment (JCO-

PE; see http://www.jamstec.go.jp/frcgc/jcope/) (e.g., Mi-

yazawa et al. 2004) which is based on a general coordinate

version of the Princeton Ocean Model (Mellor et al. 2002).
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Zonal and meridional grid spacings are 1/12� 9 1/12�,

corresponding to about 5 9 10 km on average. The reso-

lution is two times finer than that of the model by Simizu

and Ohshima (2006). The vertical grid uses a z-r coor-

dinate with 45 levels, which takes the r coordinate below

half of the total depth and z coordinate above half at each

grid point.

Figure 1 shows the model domain with bottom topog-

raphy based on the data of GETECH DTM5 and Hydro-

graphic Department of Japan. The model includes the water

exchange with the Japan Sea and North Pacific, which is

one advantage when compared with the model by Ohshima

and Simizu (2008). To reduce the pressure gradient error

(Mellor et al. 1994), the bottom topography is smoothed so

that the bottom slope between adjacent two grid points,

|H1 - H2|/|H1 ? H2| (where H1 and H2 are the depths of

the adjacent two grid points), is not beyond 0.175. Fur-

thermore, we improved coastal lines and vertical levels

near the surface in the model by Uchimoto et al. (2007) as

follows: (1) we added the cape located at the tip of the

Sakhalin Island around Terpeniya Bay (Fig. 1), and (2) we

increased the vertical resolution in the upper layer from (0,

10, 21, and 34 m,…) to (0, 4, 8, 13, 18, and 24 m,…). The

level-2.5 turbulence closure scheme (Mellor and Yamada

1982) is used for the vertical eddy viscosity and diffusivity.

The horizontal eddy viscosity and diffusivity are calculated

using a formula proportional to the horizontal grid size and

velocity gradients (Smagorinsky 1963); the proportionality

coefficient is chosen to be 0.2.

After spinup of about 10 years with monthly-mean cli-

matology forcing for wind stress and heat flux, the model is

driven by 6-hourly wind stress, 6-hourly heat flux, and

monthly-mean fresh water from the Amur River (Ogi et al.

2001). As pointed out by Varlamov et al. (1999) and

Ohshima and Simizu (2008), the daily wind forcing

including synoptic variability is important for an adequate

simulation of drifting materials. Since Uchimoto et al.

(2007) used monthly-averaged wind stress, we newly

calculated the wind stress using 6-hourly wind data at 10 m

above the sea surface from the European Centre for Med-

ium-Range Weather Forecasts Re-Analysis data (ERA-40)

with latitude and longitude resolutions of 1.125� from 1998

to August 2002 and the ERA-Interim data with those of 1.5�
from September 2002 to July 2006. Following Ohshima

et al. (2004) and Simizu and Ohshima (2006), the wind

speeds from the ERA-40 and ERA-Interim are corrected by

a factor of 1.25 for the whole area. Then, the corrected wind

speeds are converted to wind stresses with a formulation by

Large and Pond (1981). From 1998 to August 2003, we

use heat flux data calculated from NCEP/NCAR reanalysis

Fig. 1 Model geometry. Solid

circles (M1, M2, M3, M5, and

M9) denote the mooring

locations. Shading denotes the

region of the enlarged map near

the Soya Strait. Solid circles (E,

F) indicate locations used for

comparison with the HF ocean

radars. A cross in the enlarged

map indicates Prigorodnoye,

which is the oil export terminal.

Two rectangular boxes A and B

show the area in which the

particles are released in the

particle-tracking experiments in

Sect. 4
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dataset combined with the QuikSCAT winds using the bulk

formula, while from September 2003, we use the 1-year

cycle flux data averaged over 5 years from 1998 to 2002. In

addition, salinity at the surface is restored to the monthly

mean climatology with a relaxing time constant of 30 days.

The climatology of Levitus et al. (1994) used in the model

by Uchimoto et al. (2007) did not include high salinity

water associated with the sea ice production in the north-

west shelf and low salinity water from the Amur River,

with the coarse resolution of 1�9 1�. Thus, we newly

constructed a dataset for monthly-averaged sea surface

salinity with a resolution of 1/12� 9 1/12�, using all the

available historical data and newly obtained data by the

recent projects and profiling floats (Ohshima et al. 2010).

The model is integrated from January 1998 to July 2006.

These results will be used as the velocity data for the

particle-tracking experiments in Sect. 4. Lateral boundary

conditions at the Japan Sea and North Pacific are given by

the interpolation from the JCOPE output data with 5-day

intervals from January 1998 to 17 September 2003, and

from the 1-year cycle JCOPE data averaged over 5 years

from 1998 to 2002 thereafter.

The Sea of Okhotsk is a region of strong diurnal tidal

currents and is covered by sea ice in winter. These effects

should be incorporated into the model. In particular, diur-

nal tidal currents by coastal-trapped waves with amplitudes

of 0.2–0.4 m s-1 are dominant over the shelves around the

Sakhalin II (Ono et al. 2008). Thus, tidal currents may

influence the behavior of drifting materials. In this study,

we considered only the diurnal tidal currents (K1 and O1),

given by harmonic constants calculated from a three-

dimensional model by Ono and Ohshima (2010). Accord-

ing to Ohshima and Simizu (2008), the neglect of sea ice in

the model is not a significant problem for reproduction of

the current over the shelves. Thus, we did not include the

dynamics of sea ice in the present model. Actually, the

model reproduces the velocity field well in the ice-covered

season (January–April), as will be shown in Sect. 3.

3 Model reproducibility

In this section, we examine the reproducibility of the

model from comparison with the observations by the

ADCPs, current meters, HF ocean radars, and surface

drifters. Figure 2 shows the time series of the simulated

(blue) and the observed (red) north–south velocities at the

mooring sites off the east coast of Sakhalin (see Fig. 1 for

(a)

(b)

(c)

(d)

Fig. 2 Time series of north–

south velocity at a M1 (50 m), b
M2 (200 m), c M3 (100 m), and

d M5 (50 m), simulated in the

model (blue), and measured

with bottom-mounted ADCP (at

M1 and M5) and current meter

(at M2 and M3) (red). For

comparison, the model velocity

at M1 by Simizu and Ohshima

(2006) is superimposed by a

thin black line. Daily averaged

values are plotted and the

northward component is taken

as positive (color figure online)
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the mooring sites). The model reproduces the observed

velocities very well at M1 (Fig. 2a) and M5 (Fig. 2d).

From the correlation coefficient, bias, and standard devia-

tion of the daily north–south velocities between the

mooring data and model results (Table 1), we find that

agreement at M1 is quite good throughout the period. The

model even reproduces the variability associated with the

synoptic disturbances. As in the model by Ohshima and

Simizu (2008), our model shows good agreement in the

ice-covered period (January–April), which implies that the

inclusion of sea ice in the model is not necessarily

important for reproducibility of the current over the shelf.

One improved point is the better reproduction of the sur-

face velocity along the east Sakhalin coast during the

strong stratification period (May–November). This is

because the stratification structure is maintained by giving

the Amur River flux and the increase of the vertical res-

olution. In the previous model (Ohshima and Simizu

2008), that surface velocity is underestimated during that

period (thin black line in Fig. 2a). The model also

reproduces to some extent the current variability at M2,

M3, and M9 (Fig. 2b, c; Table 1). We also compared

the model velocities with the surface drifter velocities

(Ohshima et al. 2002), as in Ohshima and Simizu (2008).

The correlation coefficient between them is significant

with a value of 0.60. The simulated southward velocity is

smaller by 1.5 cm s-1 than the observed one and the

standard deviation of the difference between them is

13 cm s-1.

As Simizu and Ohshima (2006) and Ohshima and

Simizu (2008) have shown, extremely good reproduction

over the shelves (M1 and M5) can be explained by the

dynamics of Arrested Topographic Waves (ATWs), that is

a coastal current driven by the alongshore wind stress

(Csanady 1978). The volume transport by ATWs is the sum

of all backward Ekman transport to or from the coast. The

southward transport over the shelf shallower than 300 m at

50�N in the model agrees well with that by ATWs (not

shown), as in the results of Ohshima and Simizu (2008).

To examine the reproduction of the velocity near the

Soya Strait, we compared the surface velocity simulated by

our model with that observed by the HF ocean radars

(Ebuchi et al. 2006, 2009) near the Soya Strait (see Fig. 1

for the locations). The results of comparison for the east-

west component are shown in Fig. 3. Statistical values of

the comparisons are listed in Table 1. The model repro-

duces the variability associated with the synoptic distur-

bances as well as the seasonal variation. Furthermore, our

model reproduces the temporal westward current with the

synoptic disturbances in winter (January–February), as

observed by the HF ocean radars. Thus, the particle-

tracking experiments from coastal regions of Sakhalin and

Hokkaido are expected to provide reliable results.

Figure 4 shows the simulated monthly-averaged veloc-

ity at the surface, averaged for 8 years. Onset of the

intensification of the ESC occurs in October and the

southward ESC along the eastern coast of Sakhalin is a

dominant feature until March. On the other hand, the

southeastward SWC along the coast of Hokkaido is pre-

dominant from June to November. Another dominant fea-

ture is an anticyclonic circulation in the Kuril Basin. This

circulation would exist throughout the year although the

northward component on the western side is cancelled by

the southward ESC during November–February, when the

ESC is strong. Using the combined data of the daily ocean

currents from the present model and the hourly tidal cur-

rents from the model by Ono and Ohshima (2010), we will

conduct the particle-tracking experiments in Sect. 4.

4 Particle-tracking experiments

It has been found that the ocean current at the surface is the

most important element for the drift/diffusion of spilled oil

Table 1 Comparison of the model velocity with the bottom-mounted ADCP (M1, M5, and M9), current-meter (M2 and M3), and HF ocean

radar (E and F) velocity

Site Depth

(m)

Level

(m)

Period Correlation

coefficient

Bias

(cm s-1)

dSTD

(cm s-1)

Mean

(cm s-1)

STD

(cm s-1)

M1 100 50 28 Jul 1998–9 Jul 1999 0.87 0.5 8.7 -17.8 17.6

M2 480 200 30 Jul 1998–1 Jan 2000 0.65 -2.9 9.2 -14.1 12.1

M3 970 100 30 Jul 1998–5 Sep 1999 0.75 8.2 6.6 -13.0 9.0

M5 130 50 2 Aug 1998–14 Jul 1999 0.71 4.6 8.4 -8.5 11.9

M9 90 30 20 Sep 1999–31 Dec 1999 0.72 -6.0 11.6 -19.4 15.2

E 40 0 5 Aug 2003–31 Jul 2004 0.66 -1.0 23.6 28.0 30.1

F 47 0 5 Aug 2003–31 Jul 2004 0.78 -3.3 23.0 41.8 33.2

Correlation, bias, and standard deviation of the difference (dSTD) are calculated for the north–south (M1, M2, M3, M5, and M9) and east–west

(E and F) components on a daily basis. The mean and standard deviation (STD) of the bottom-mounted ADCP, current-meter, and HF ocean radar

velocity are also shown in the righthand columns
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(Varlamov et al. 1999). The spilled oil is not a simple

passive tracer. In reality, the movement and behavior of

spilled oil are affected by the inherent processes of the

spilled oil such as evaporation, dissolution, emulsion,

biodegradation, and settling (e.g., Shen and Yapa 1988;

Korotenko et al. 2004). However, some of the parameters

needed for these processes have not been well understood

in the Sea of Okhotsk. According to the document by the

Sakhalin Energy Investment Company Ltd. (see http://

sakhalinenergy.jp/en/documents/Corporate_OSR_jap.pdf,

in Japanese), the Sakhalin oil has relatively large volatile

components. In this case, the oil evaporation proceeds

rapidly, causing the increase of oil viscosity. This property

and the cold water condition in the Sea of Okhotsk result in

the formation of a relatively stable water-in-oil emulsion.

Under such conditions, the spilled oil is mainly drifted by

the surface ocean currents. Therefore, as a first step, we

performed the particle-tracking experiments in which the

particles are treated as passive tracers. In addition, we

incorporate the effects of evaporation and biodegradation

by a simple method as will be described in Sect. 4.1.

4.1 Methods

The particle-tracking method is similar to that of Ohshima

and Simizu (2008). The new position of a particle at a

certain grid cell is calculated hourly by velocity interpo-

lated from velocities at four grid points around the particle.

The data used in the particle tracking are daily mean

velocity and hourly diurnal tidal currents (K1 and O1), from

January 1998 to July 2006 at the surface. To check the

difference due to the time resolution of the model result,

we ran several tests using 2-hourly velocity data from the

model result for calculating the trajectories, and found

that the change of time resolution gives no significant

change.

We used a random-walk assuming a Markov-chain

model to incorporate the smaller spatial and temporal

variations than those by wind and tidal currents. In our

experiments, we used 1 day as the integral time scale,

based on the estimation from the surface drifters (Ohshima

et al. 2002). As the horizontal turbulent diffusivity, we

used 1.0 9 105 cm2 s-1, which is one-tenth of that used in

Ohshima and Simizu (2008), since the tidal effects are

explicitly included in our experiments. We also ran several

simulations using 104 and 106 cm2 s-1 as the horizontal

turbulent diffusivity, and found that the change of hori-

zontal turbulent diffusivity gives no significant change. It

has been reported that more than 90 % of oil stays in the

0–3 m surface layer (Guo and Wang 2009). In the present

particle-tracking experiments, we assumed that the spilled

oil remains within the surface (first) layer of 0–4 m and that

the vertical movement of the particle is neglected.

To investigate the drift/diffusion of spilled oil from the

Sakhalin II (rectangular box A in Fig. 1) and the region off

Prigorodnoye (rectangular box B in Fig. 1), we conducted

particle-tracking experiments with the start at the begin-

ning of each month during 1998–2005. In all experiments,

500 particles, evenly spaced in a rectangular box, A or B,

are deployed every day for the initial 30 days and tracked

for 150 days. To incorporate the spilled oil evaporation

and biodegradation processes that were not included in

Ohshima and Simizu (2008), we defined the tracer con-

centration Ci(t) at time t (in h) for the i-th particle. The

initial value of Ci(0) is set unity and Ci(t) is calculated as

Ci(t) = exp(- {kevp ? kbio}t), where the values of kevp

(a)

(b)

A

Fig. 3 Time series of surface

velocity at E (a) and F (b) near

the Soya Strait (see Fig. 1 for

the locations), simulated in the

model (blue) and measured with

HF ocean radars (red). Daily

averaged values of east–west

component are plotted with the

eastward component being

positive (color figure online)

418 J. Ono et al.

123

http://sakhalinenergy.jp/en/documents/Corporate_OSR_jap.pdf
http://sakhalinenergy.jp/en/documents/Corporate_OSR_jap.pdf


and kbio are defined by ln(2)/sevp and ln(2)/sbio using half-

life sevp and sbio for evaporation and biodegradation,

respectively. In this study, half-life sevp and sbio are set to

25 and 250 h, respectively, following Varlamov et al.

(1999). The evaporation is assumed to stop after the

elapsed time of 3sevp (=75 h), considering that the less

volatile components remain due to changes in oil properties

with time, while the biodegradation is assumed to continue

throughout the particle-tracking experiments (Varlamov

et al. 1999). Therefore, the tracer concentration at t [ 3sevp

is reduced to Ci(t) = exp(- 3kevp sevp - kbiot).

The ratio of the sum of the tracer concentration of the

particles at a certain grid cell relative to the sum of total

initial tracer concentration of released particles is defined

as the relative (tracer) concentration of the particles D(%).

Thus, D at a certain grid cell is calculated as
P

Ci(t)/

N 9 100, where N is the total number (500 for t = 24 h,

1,000 for t = 48 h, . . .; and 15,000 for t C 720 h) of

Fig. 4 Simulated monthly-

averaged velocity at the surface,

averaged for the 8 years of

1998–2005. Model coastlines

and bottom contours of 100,

200, 500, 1,000, and 2,000 m

are denoted by thick and thin

lines, respectively
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released particles, and
P

Ci(t) is the sum of the tracer

concentration of the particles found in that grid cell out of

N. Since Ci(0) is initially set to unity, the sum of the initial

tracer concentration of the total particle released equals

N. For example, if the 10th particle and the 50th particle

are found in that certain grid cell at time t after the

deployment of 500 particles, the relative concentration D is

calculated as (C10(t) ? C50(t))/500 9 100. Finally, the

relative concentration is averaged over 8 years of different

velocity fields, based on the ensemble forecast idea.

When spilled oil reaches the coast, it remains at the

coast or separates from the coast. This process (hereafter

the beaching effect) should be parameterized in the model.

In real conditions, however, the beaching effect is thought

to depend on the character of the coastal zone and the

properties of the spilled oil. In this study, for simplicity, the

particles at the coast are treated with the following two

extreme ways: (1) when a particle reaches the coast, it is

forcibly returned to the position at the previous time step

from the coast (hereafter non-beaching case), and (2) once

a particle reaches the coast, it would remain at the coast

(hereafter beaching case). The evaporation and biodegra-

dation processes are assumed to stop for the beached

particles.

4.2 Particle-tracking simulations off the Sakhalin II

Figure 5a, b shows the simulated relative concentrations at

the surface after 30, 60, and 90 days in the case of April

deployment, where the total of 15,000 particles were

released from the Sakhalin II in April. In the non-beaching

case (Fig. 5a), the particles are diffused north–southward

and offshoreward by the wind drift due to synoptic dis-

turbances. On the other hand, in the beaching case

(Fig. 5b), the particles are trapped along the east coast of

Sakhalin from 49 to 54�N. Consequently, the number of

particles that spread offshore of Sakhalin is reduced. These

two results suggest that the particles deployed in April

cannot be transported south of the Sakhalin Island

regardless of the beaching effect, because of the weak ESC.

(a)

(b)

(c)

(d)

Fig. 5 Simulated time series of relative concentration at the surface

after 30, 60, and 90 days in the case of April (a, b) and October (c, d)

deployments, averaged for the 8 years, obtained by the particle-

tracking experiment in which the total of 15,000 particles were

released from the Sakhalin II (designated by a rectangular, also

shown by box A in Fig. 1). Upper (a, c) and lower (b, d) panels show

the results without and with the beaching effect, respectively. Upper

color bar scale shows the relative concentration in the water and

lower one shows the relative concentration of beached particle (color

figure online)
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Figure 5c, d shows the case of October deployment. In

the non-beaching case (Fig. 5c), in accordance with the

abrupt intensification of the ESC in October, the particles

pass through the Terpeniya Cape (see Fig. 1 for the loca-

tion) and arrive south of Sakhalin Island after 30 days,

while a part of the particles spread off shoreward for the

westerly-dominated years. Finally, the particles are trans-

ported offshore of Hokkaido after 60–90 days. This agrees

with the results of particle-tracking experiments by

Ohshima and Simizu (2008). In the beaching case

(Fig. 5d), the particles are trapped along the east coasts of

northern and southern Sakhalin. Although the number of

particles that arrive offshore of Hokkaido is reduced to

some extent, the beached particles are also seen along the

coasts of Hokkaido and Kuril Islands, because of the strong

southward ESC.

To examine the dependence of the drift/diffusion on

deployment month, we conducted particle-tracking exper-

iments without and with the beaching effect for every

month of deployment. The relative concentrations after 90

days in January, April, July, and October–December

without and with the beaching effect are shown in Fig. 6a,

b, respectively. In the non-beaching case (Fig. 6a), a part of

particles arrives offshore of Hokkaido in the strong ESC

period (October–January). By contrast, the particles

released in April and July are mostly diffused offshoreward

by the synoptic wind drift before the intensification of the

ESC, and do not extend to the southern part of the Sea of

Okhotsk. In the beaching case (Fig. 6b), regardless of the

deployment month, many particles beach along the Sakh-

alin coast north of the Terpeniya Cape. In the December

and January cases, large numbers of particles tend to beach

on the Sakhalin coast because of relatively strong synoptic

disturbance seasons, and thus the particle distributions are

quite different from those in the non-beaching case. These

features were also seen in February and March (not

shown). The largest difference is shown in the January

deployment case, where most of the particles are trapped

(a)

(b)

Fig. 6 Simulated relative concentration at the surface after 90 days

for January, April, July, October, November, and December deploy-

ments, averaged for the 8 years, obtained by the particle-tracking

experiment in which the total of 15,000 particles were released from

the Sakhalin II (designated by a rectangle, also shown by box A off

Sakhalin in Fig. 1). Upper (a) and lower (b) panels show the results

without and with the beaching effect, respectively
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along the Sakhalin coast in the beaching case. In reality,

the beaching effect depends on the character of the coastal

zone and the properties of the spilled oil, and the realistic

relative concentration distribution is considered to lie

between Fig. 6a and b. Even though the particles reach the

Hokkaido coast, since the half-life of evaporation (*1

days) and biodegradation (*10 days) is shorter than the

transporting time of particle arrivals offshore of Hokkaido

(60–90 days), the relative concentration there would

decrease to *10-4 %. In any cases of September–January

deployment, followed by the strong ESC period, the par-

ticles would arrive the Hokkaido coast after 60–90 days.

Here, we defined the amount of spilled oil per 1 km2 as

P, represented by MD/100A, where M (kl) is the total

amount of spilled oil, D (%) is the relative (tracer) con-

centration at a certain grid cell, and A (km2) is the area of

the grid cell, *50 km2. It is difficult to predict the amount

of spilled oil from an accident at the Sakhalin II. Here, we

assumed M = 50,000 kl, which is the same value for the

case of Prigorodnoye (Sect. 4.3). This value is based on the

worst case of the tanker accident that would happen off

Prigorodnoye. Using this value, P is estimated to be

100–1,000 l km-2 around the Sakhalin II after 30 days,

while P is reduced to 1 l km-2 offshore of Hokkaido after

90 days, in the cases of October–January deployment.

Next, we defined the amount of beached oil per unit of

coast Q, represented by MD/100L, where L (km) is the

length of coast that is assumed to be parallel to one side of

a grid cell, *10 km. In the October–January deployment

cases, the estimated Q is 50–5,000 l km-1 along the east

Sakhalin coast and 5 l km-1 along the Hokkaido coast.

4.3 Particle-tracking simulations off Prigorodnoye

Prigorodnoye (cross in Fig. 1) located in the eastern coast

of Aniva Bay is the tanker terminal at the end of oil and gas

pipelines from the Sakhalin II. The probability of an oil

spill incident is relatively high, because of heavy traffic of

the oil tanker. Hence, we carried out particle-tracking

simulations with the particles released in the region off

Prigorodnoye.

Figure 7a, b shows the simulated relative concentrations

at the surface after 10, 20, and 40 days in the case of April

deployment, where the total of 15,000 particles were

released from the region (box B in Fig. 1). In the non-

beaching case (Fig. 7a), the particles drift and diffuse over

the whole area of Aniva Bay after 10 days. This is caused

mainly by the drift effect due to synoptic wind. Even after

20 days, most particles tend to remain in Aniva Bay

because of the weak current speed conditions in this season

(Fig. 4). After 40 days, a part of them are carried offshore

of Hokkaido by the SWC, while a part of them are trans-

ported eastward by the anticyclonic gyre in the Kuril Basin.

In the beaching case (Fig. 7b), the particles are trapped

along the western coast of Aniva Bay and the coast of

Hokkaido. A part of them are also transported by the

anticyclonic gyre in the Kuril Basin after 40 days (Fig. 7b).

Figure 7c, d shows the case of October deployment. In

the non-beaching case (Fig. 7c), the particles spread from

Aniva Bay after 10 days by relatively strong wind drift and

then some of them are transported towards the Shiretoko

Peninsula (see Fig. 1 for the location) via the strong

southeastward SWC, with a covering over the offshore of

Hokkaido after 20–40 days. In the beaching case (Fig. 7d),

the particles beach on the Hokkaido coast after 40 days, in

addition to the coasts of Aniva Bay.

To investigate the dependence of the drift/diffusion on

deployment month, we carried out particle-tracking

experiments without and with the beaching effect for every

month of deployment. The relative concentrations after 40

days in January, April, July, and October–December

without and with the beaching effect are shown in Fig. 8a

and b, respectively. For most of the non-beaching cases,

except for the periods from November to February when

the ESC is strong, some of the particles from Aniva Bay

are transported northward and then eastward by the anti-

cyclonic gyre in the Kuril Basin (April, July, and October

in Fig. 8a). Although this feature can also be seen in the

beaching case (Fig. 8b), the number of the particles

transported are reduced since most particles beach the coast

of Aniva Bay. In the beaching case (Fig. 8b), regardless of

the deployment month, relatively large number of the

particle beaches in Aniva Bay. In the cases of October–

January deployment, after the diffusion by the synoptic

wind drift, a part of the particles are also transported to the

Shiretoko Peninsula along the Hokkaido coast by the SWC

in October–December and by the ESC in January. In the

November–April deployment cases, some of the particles

flow out to the Japan Sea through the Soya Strait regardless

of the beaching effect (Fig. 8a, b). The outflow to the Japan

Sea will be discussed in the next section.

Here, we estimated the amounts of spilled oil per 1 km2

as P, or the beached oil per unit of coast Q, as in Sect. 4.2.

When the amount of oil released from a tanker off the

Prigorodnoye is 50,000 kl in the October–January

deployment cases, an amount of 1–100 l km-2 reaches the

region offshore of Hokkaido, while 50–5,000 l km-1 bea-

ches along the Hokkaido coast, after 40 days. These

amounts are larger than those from the Sakhalin II by one

to three orders of magnitude.

4.4 Effects of tidal currents

In Sects. 4.2 and 4.3, we performed a series of particle-

tracking experiments explicitly including diurnal tidal

currents (K1 and O1). Here, we examined the tidal effects
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on the behavior of the particles. Figure 9a, b shows the

simulated relative concentrations with and without tidal

currents (K1 and O1) after 90 days in the case of January

deployment from the Sakhalin II without the beaching

effect. In the absence of tidal currents, the relative con-

centration of particles that are carried offshore of Hokkaido

by the ESC is found to be reduced in comparison with that

with the tidal currents (Fig. 9a, b). When the tidal currents

are included, the southward transportation is somewhat

enhanced (Fig. 9c), and the increased speed is roughly

estimated to be 100 km per 90 days (*1 km day-1) from

the difference in the high concentration area between

Fig. 9a and b. The tidal-induced Stokes drift is calculated

to be southward over the Sakhalin shelf with the relatively

larger drift being *1 km day-1(*1 cm s-1) at the

northern shelf and Terpeniya Bay, where the tidal currents

are strong (Fig. 9d). From the theory of Longuet-Higgins

(1969), assuming that the current changes in the cross-

(a)

(c)

(b)

(d)

Fig. 7 Simulated time series of

relative concentration at the

surface after 10, 20, and 40 days

in the case of April (a, b) and

October (c, d) deployments,

averaged for the 8 years,

obtained by the particle-tracking

experiment in which the total of

15,000 particles were released

from the region off

Prigorodnoye (designated by a

rectangle, also shown by box B

in Fig. 1). In (a, c) and (b, d),

the results without and with

beaching effect are shown,

respectively
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isobath direction are small, the typical magnitude of the

Stokes drift is represented by VT
2/2CT, where VT is the scale

of tidal velocity and CT is the phase speed of the tidal

wave. When typical values of VT*0.3 m s-1 and CT*5 m

s-1 are used, the Stokes drift is estimated to be *1 cm s-1,

which is comparable to the model result. Thus, the

enhancement of the southward transport is attributed in part

to the tidal-induced Stokes drift. Similar southward

enhancement by the tidal currents are also seen in the

October–December deployment cases, when the ESC is

strong. It is also noted that the Eulerian residual currents

are southward with 1–2 cm s-1 in the eastern coast of

Sakhalin (Kowalik and Polyakov 1998). Although this

effect is not included in the present study, it would also

contribute to the enhancement of the southward transport.

In March–August when the ESC is weak, the deployed

(a)

(b)

Fig. 8 Simulated relative

concentration at the surface

after 40 days for January, April,

July, October, November, and

December deployments,

averaged for the 8 years,

obtained by the particle-tracking

experiment in which the total of

15,000 particles were released

from the region off

Prigorodnoye, a without and b
with the beaching effect
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particles are hardly affected by tidal currents because the

particles are diffused offshoreward by the wind drift due to

synoptic disturbances.

Figure 9e, f shows the simulated relative concentration

with and without tidal currents, after 40 days in the case of

January deployment from the region off Prigorodnoye. A

part of the particles flow out to the Japan Sea regardless of

the presence of the tidal currents, but the rate of flowing out

to the Japan Sea is increased by the tidal currents (Fig. 9g).

In January, the wind drift by the synoptic wind is very

strong and this mainly causes the outflow to the Japan Sea

(Fig. 3). The effect of the tidal currents is secondary to the

outflow. In simulating the drift/diffusion of spilled oil, the

inclusion of tidal current likely provides a more reliable

simulation, as shown, although its effect is not dominant.

4.5 Transporting time to the Hokkaido coast

In the behavior of the spilled oil, the evaporation and

biodegradation depend on the weather conditions and oil

properties, and thus their parameters used in the present

study include uncertainty. For the environmental risk

assessment of the spilled oil on the Hokkaido coast, esti-

mation of the transporting time of the particles from the

source regions is the basic information, regardless of

parameters for evaporation and biodegradation. In this

section, assuming the worst-case scenario, we estimated

the transporting time of the particles to the Hokkaido coast

from the Sakhalin II and the region off Prigorodnoye, and

examined its dependence on the deployment month, based

on the particle-tracking experiments without the beaching.

It is noted that the effects of evaporation and biodegrada-

tion are not included in this analysis in order to focus only

on the transporting time. We defined the transporting time

for a certain particle as the time that the particle first enters

a grid cell adjacent to the Hokkaido coast from 141.5 to

145.5�E. On the basis of the results from 1998 to 2005, we

constructed the histogram of the transporting time of the

particles, averaged over 8 years. In Fig. 10, we show the

results for October–January deployments, when relatively

large number of particles reach the Hokkaido coast. In the

case from the Sakhalin II (Fig. 10a), the December

Fig. 9 Top panels show the

simulated relative concentration

a with and b without the tidal

currents, after 90 days in the

case of January deployment

from the Sakhalin II. c The

difference of (a–b). d The most

dominant K1 tidal current

ellipses from the three-

dimensional tidal model (Ono

and Ohshima 2010), where the

rotation direction for clockwise

and counterclockwise is

indicated by red and blue,

respectively. Bottom panels

show the simulated relative

concentration e with and f
without the tidal currents, after

40 days in the case of January

deployment from the region off

Prigorodnoye. g The difference

of (e–f). In (c and g), warm and

cold colors denote the increase

and decrease, respectively, in

the relative tracer concentration

due to the tidal effects (color

figure online)
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deployment has the fastest transporting time of 25 days,

while in the case from the region off Prigorodnoye

(Fig. 10b), the transporting time is much shorter, only 3

days in the November–January deployment cases.

5 Concluding remarks

On the basis of the model by Uchimoto et al. (2007), we

developed a three-dimensional, high-resolution ocean cir-

culation model for the Sea of Okhotsk by comparing all the

available new and historical data. We believe that the

present model is the best model that reproduces the realistic

current fields in the Sea of Okhotsk to date. This model

improved the velocity field during the strong stratification

period, for which the performance of the previous model

such as Ohshima and Simizu (2008) is relatively poor. Since

the model includes the water exchange with the Japan Sea,

it reasonably represents the SWC entering into the Sea

of Okhotsk from the Japan Sea. For the drift/diffusion

simulation off the Sakhalin and Hokkaido coasts, our model

is considered to provide reliable results. This study carried

out particle-tracking experiments in which the particles are

deployed from the Sakhalin II and the region off Prigo-

rodnoye, toward the oil spill simulation in the Sea of

Okhotsk. The results are shown by the relative concentra-

tion averaged over the 8 years of 1998–2005 based on the

ensemble forecast idea.

In the case from the Sakhalin II, the particles deployed

in September–January are transported southward by the

ESC, finally arriving at the coast of Hokkaido after 60–90

days. By contrast, the particles deployed in March–August

are diffused offshore by the synoptic wind drift rather than

being trapped by the mainstream of the ESC, and thus the

particles are hardly transported to regions south of Sakh-

alin. In the presence of the beaching effect, the particles

released in March–August are beached on the Sakhalin

coast north of Terpeniya Bay. The particles released in

October–December when the ESC is strong can reach

the coasts of Sakhalin, Hokkaido, Kunashiri, and Etorofu

(a)

(b)

Fig. 10 Histogram of the

transport time of particles from

a Sakhalin II and b
Prigorodnoye to the Hokkaido

coast, for October (green),

November (blue ), December

(red), and January (black)

deployments, obtained by the

particle-tracking experiment

without the beaching effect.

Values averaged over 8 years

are plotted. The average (AVE)

and standard deviation (STD) of

the transporting time in each

month are also indicated (color

figure online)
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(see Fig. 1 for the locations), regardless of the beaching

effect. Since the half-life of evaporation (*1 days) and

biodegradation (*10 days) is shorter than the transporting

time of particle to the offshore of Hokkaido (60–90 days),

the relative concentration there would be considerably

smaller. If the oil of 50,000 kl is released from the Sakhalin

II, after 90 days, the spilled and beached oil are reduced to

1 l km-2 and 5 l km-1 around Hokkaido, respectively.

In the case from the region off Prigorodnoye, the par-

ticles spread in the whole area of Aniva Bay regardless of

the deployment month. Then, a part of them are transported

eastward by the anticyclonic circulation in the Kuril Basin,

while a part of them are carried offshore of Hokkaido by

the SWC. In the cases of September–January deployment,

a part of particles after 40 days can be transported to the

Shiretoko Peninsula with a large part of particles flowing

along the Hokkaido coast by the SWC in October–

December and by the ESC in January. If the same amount

of oil is released from the Sakhalin II and Prigorodnoye,

the amounts of spilled and beached oil around Hokkaido

are larger in the case of Prigorodnoye than those in the case

of Sakhalin II by one to three orders of magnitude. This is

mainly because the transporting time of particles to the

offshore of Hokkaido is shorter in the case of Prigorodnoye

(*40 days) than in the case of Sakhalin II (*90 days). The

particles deployed in November–April tend to flow out to

the Japan Sea through the Soya Strait. The outflow to the

Japan Sea is mainly caused by the synoptic wind drift

under the weakening of the SWC. The diffusion by the

strong tidal currents around the Soya Strait is the second

contributor to the outflow.

In our particle-tracking experiments, we parameterized

the effects of evaporation and biodegradation on the spilled

oil by a simple method that shows that the relative con-

centration is exponentially decreased with time. However,

the evaporation and biodegradation processes depend on

oil components, temperature, wind speed, and biomass.

Therefore, high-accuracy parameterization (e.g., Wang

et al. 2008; Guo and Wang 2009) is needed for more

realistic oil spill simulation. In the Sea of Okhotsk, Yam-

aguchi et al. (2010) have carried out more realistic simu-

lation for spilled oil in the ice-covered seasons focusing on

the offshore of Hokkaido, based on the velocities of our

dataset. According to their numerical model, forecasts of

the spilled oil distribution up to 1 week ahead are possible

by giving the time, place, and amount of the spilled oil as

the input data. Their model also showed that the drift/dif-

fusion of the spilled oil are determined by the ocean current

to the zeroth order approximation.
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