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Abstract

A 3-D hybrid flow/transport model has been developed to predict the dispersal of oil pollution resulting from river

discharges. The transport module of the model takes predetermined current and turbulent diffusivities and uses Lagrangian

tracking to predict the motion of individual particles (droplets), the sum of which constitutes hypothetical oil spills. Currents

and turbulent diffusivities used in the model have been generated by a numerical ocean circulation model (POM) implemented

for the Caspian Sea. The basic processes affecting the fate of the oil spill are taken into account and parameterised in the

transport model. The process of evaporation is modelled with a new technique based on the pseudo-component approach.

The model is used to simulate a continuous oil release from the Volga river into the coastal waters of the north part of the

Caspian Sea. Oil slick movement and risk of contamination of the coastline by beaching oil spills are illustrated for different

wind conditions.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction extends zonally from 46.6j to 54.8jE and meridio-
The Caspian is the largest inland body of water on

the planet, with a surface area of 384,400 km2,

volume of 78,700 km3, and a coastline nearly 7000

km long. It measures 1200 km from north to south and

200–450 km from east to west. The Sea (Fig. 1)
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nally from 36.6j to 47.0jN. Over 60% of the Sea is

shallower than 100 m. There are two relatively deep

basins (about 600 and 900 m, respectively) in the

central and southern parts of the sea. The shelf zone is

very wide, and steep slopes occur only in the two deep

basins. The Caspian Sea is an enclosed sea with major

freshwater input from the Volga River balanced by

evaporation. The dynamics of the Caspian Sea is

dominated by mesoscale signals triggered by baro-

clinic processes and interactions with the very irreg-

ular bathymetry. There is however a wide variety of

processes in the sea, e.g., interactions between shelf
MARSYS-01008; No of Pages 12
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Fig. 1. The Caspian Sea bathymetry.
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Table 1

Total oil pollution load to the Caspian Sea

Sources Oil, tons/

year

Rivers 75,000

Municipalities 19,000

Industries 28,000

Atmosphere 350

Total 122,350
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and deep basin circulation, deep basin ventilation, and

ice dynamics.

In the Caspian Sea, salinity varies from zero in the

shallow northern part (in vicinity of the Volga river

discharge zone) to 14 ppt in the southeastern part. In

general, salinity increases with longitude and depth.

Mean temperature has large meridional and seasonal

variations of up to 27 jC in summer to zero in winter.

A relatively shallow seasonal thermocline occurs at

depths of 10–40 m, and is absent in winter. Salinity

and temperature in the bottom layer of the two deep

basins are almost constant and average about 13 ppt,
Fig. 2. Processes affecting the oil slick (m
4 jC and 12 ppt, 6 jC, respectively, for the central and
southern basins. Detailed analysis of physical proper-

ties and dynamics of the Caspian Sea are given in

Korotenko et al. (2002).

The Caspian Sea is fed by numerous rivers, but the

Volga River alone contributes about 82% of the

annual input.

The Caspian is considered to have three sections:

north, middle, and south. The extreme northern end

is relatively shallow (f 5 m average depth) when

compared to the southern part (900 m average

depth). Oil production, industry, and transportation

have caused severe air, water, and soil pollution

problems in the Caspian region. The Volga is a

major (but not the only) conduits of pollutants to

the Caspian Sea including oil pollution. The estimat-

ed amount of the input is given in Table 1. Accord-

ing to these data the total amount of oil discharged

by Caspian rivers reaches about 75,000 tons/year

and, among the rivers, the Volga input is the largest

one with 95% of the total petroleum hydrocarbons

input.
odified from Daling et al., 1990).
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Once oil is discharged at the sea surface, it is

transported by the flow and affected by many pro-

cesses such as evaporation, emulsification, dissolu-

tion, photolysis, biodegradation, etc., that depend on

the properties of the oil. Fig. 2 shows the most

important such mechanisms affecting an oil slick in

the marine environment. The accurate simulation of

the fate of oil slicks also requires a good knowledge

of the environmental conditions, e.g., winds, currents,

waves, turbulence, salinity, temperature, and solar

insolation. Surface winds and currents are the most

important factors determining the direction and rate at

which an oil slick moves. The physical, chemical,

and biological reactions, which weather or modify oil

as it drifts and spreads, take place over various time

scales ranging from a few hours to months and even

years. The main aspects of this dynamics have been

summarised by Mackay and McAuliffe (1988),

Spaulding (1988), and Korotenko et al. (2001,

2002, 2003).

Practical implementations of different approaches

to oil spill modelling can be found in a large number

of papers (e.g. Lehr et al., 1981; Belen et al., 1981;

Proctor et al., 1994; Varlamov et al., 1998; Cekirge

and Palmer, 2001; Korotenko et al., 2001, 2002,

2003).

This paper is structured as follows: In Section 2,

the structure of the model proposed for modelling oil
Fig. 3. Schematic of principal ele
spills and its implementation for the Caspian Sea are

described. Results of simulations of oil slick result-

ing from the Volga river discharge for different wind

conditions are analysed in Section 3. A short sum-

mary is given in Section 4.
2. Oil spill model

The presented model uses the random walk (also

called Monte Carlo) technique to follow the motion

of individual particles (oil droplets), the total amount

of which constitutes the oil spill. Models based on the

random walk concept are significantly more effective

(Hunter, 1987) than the finite-difference models

mainly because they describe exactly the advection,

which is a very important transport process for oil

slicks. The model consists of two main modules:

transport and hydrodynamic. The modules are de-

scribed below.

2.1. Transport model

The basic concept of this approach (Fig. 3) is

similar to that of Proctor et al. (1994), except

that oil is initially divided into fractions in order

to describe the evaporation process with more

accuracy.
ments of the hybrid model.
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The main part of the model is Block 5 where

displacements of each particle are estimated by

(Korotenko, 1994):

ðDxiÞj;k ¼ Vi; j Dtj þ ðgiÞj; k
ði ¼ 1� 3; j ¼ 1; 2; . . . ;Nt; kf ¼ 1; 2; . . . ;Nf ;

f ¼ 1; 2; . . . ; 8Þ ð1Þ

The displacements (Dxi)j,k are defined as the

deterministic part of the motion due to the mean

velocity field, Vi, j and the random displacement,

(gi)j,k due to fluctuations of the velocity and denotes

the displacement of the kth particle moving along the

xi axis at the jth instant of time, Nt is the number of

time steps, Dt is the time step, Nf is the number of

particles in each fraction, and the subscript f denotes

a particle fraction.
Fig. 4. Range of contents for hydrocarbon fractions (left) and the percent

(right) (modified from Yang and Wang, 1977).
The distribution of the number of particles in

fractions (hydrocarbon groups) is initially assigned

and distributed randomly depending on the type of oil.

The total number of the particles launched in the

model usually does not exceed 106; nevertheless, the

behavior of the tracked particles proved to be repre-

sentative of the entire spill, even though each droplet

represents only a small part of the total volume of the

oil. Within each fraction, each droplet is also random-

ly distributed to have its own half-life according to the

empirical exponential laws (Fig. 4, right). In practice,

those distributions are assigned randomly by means of

a random number generator giving uniform numbers

chosen uniformly between 0 and 1, and then they are

transformed into an exponential distribution with a

weight dependent on wind speed and oil temperature.

The ‘long-living’ fractions such as C2, C4, C6, C7, and

C8 are randomly exponentially distributed within a
weight changes of individual fraction of light crude oil versus time
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range corresponding to the rather slow effect of total

degradation. Their half-life for total degradation is

chosen to be 250 h (Proctor et al., 1994).

In addition to the regular movements due to the

mean current, oil droplets experience a random diffu-

sion due to the velocity fluctuations, the distribution

law of which is represented by the term, (gi)j, k, the
latter being, in the general case, a function of time and

space. The type of law for (gi)j, k is determined by the

statistical structure of deviations (fluctuations) of the

velocity from its mean value at each time step Dt.

Since these fluctuations are considered independent,

the law for (gi)j, k is thought to be Gaussian (Monin

and Yaglom, 1965). In this case, the (gi)j,k can be

represented as (gi)j, k= cj,k(2Ki, jDt)
1/2, where cj,k is a

random vector normally distributed with an averaged

value of zero and unit standard deviation; Kj,k repre-

sents the diffusion coefficient along the xi axis at time

tj = t0 + jDt. The random vector, cj,k , is obtained with

the use of the random number generator, Block 4,

giving a homogeneous distribution of random numb-

ers between 0 and 1, with consequent transformation

to the Gaussian law in Block 3. The horizontal and

vertical diffusion coefficients, Kx, j, Ky, j, and Kz, j, as

well as the mean current velocity U j
i are provided by

the flow model, Block 8. In the presented version of

the model, the horizontal diffusion coefficients, Kx, j

and Ky,j, were calculated in POM from Smagorinsky

formula, while the vertical diffusivity, Kz, j, was

obtained from the level 2.5 turbulence model (Mellor

and Yamada, 1982).

In the ‘Oil Spill Data’ block, the location and

configuration of source(s), its (their) regime of release

and production rate, and type of oil and hydrocarbon

groups are collected for subsequent initialization in

Block 1, where initial parameters such as the size of

the investigated area, spatial resolution and time steps

are adjusted to those used in the flow model, Block 8.

In Block 2, the particles’ diameter, d0, is assigned

randomly in the range dmax� dmin. The entrainment

rate, QR(d0), is defined as a function of UA and

Hrms. The critical diameter, dc (Aravamudan et al.,

1982), is given by the expression dc = 9.52v
2/3/(g2/3

(1� U0/U)
1/3). The buoyancy force depends on the

density and size of the droplets and the vertical

velocity, w (Proctor et al., 1994), which can be

estimated as w=(gd2(1�U0/U))/18v for small droplets

dV dc, and as w=((8/3)gd(1� U0/U))
1/2 for large drop-
lets d>dc. Hence, the larger droplet sizes are more

buoyant and tend to remain near the sea surface, while

the smaller droplets are less buoyant and could be

transported downwards due to turbulence. Each parti-

cle, droplet or slicklet k belonging to fraction f is

characterized by its size, density, position Xi, j
k , age,

and its own ‘half-life’, the latter being assigned a priori

when the particle is launched.

The transport model includes the effects of evap-

oration, emulsification, and decomposition, the latter

due to biochemical and physical degradation. Algo-

rithms for these effects are incorporated in Block 6,

and they are parameterized in terms of ‘half-life’ time

filters, which compare current time and the ‘half-life’

time assigned for each particle. Only particles that

occur within the subsurface ‘evaporation layer’ of

thickness, zev (0.1 m), experience evaporative decay,

while particles at all depths in the water column

experience disintegration.

The model takes into account the beaching of oil: If

the oil droplet reaches the coastline, it is marked as

beached. In this case, the droplet is fixed at the point

where it reached the beach; otherwise, the droplet is

reflected back to sea and remains in the computational

process.

Finally, data of coordinates Sj={(X1;X2;X3)j} are

stored in Block 7, the latter being also used for

identification of space cells where each particle is

found at time tj. The particle concentration C(x,y,z,t) in

a cell is defined in Block 9 as the number of particles

found in the cell relative to the volume of the cell. In

this block, the particles remaining in the water col-

umn, at the sea surface, beached, and decayed are

counted separately and inventoried in an updated

summary.

Operationally, the hybrid model is controlled

primarily by ‘‘Oil Spill Model’’ Dialog with a map

of the Caspian Sea shown in Fig. 5. The model is

started with ‘‘Update and Run’’ button, which reads

in bathymetry, predetermined current velocities, and

model and source parameters. A source position is

determined by the mouse pointer location; in doing

so the Lat/Long coordinates and instantaneous depth

will be displayed. The user may choose whether the

spill is bulk or continuous, and specifies the period

of spill in the later case. Once the model is running,

the user may also specify the wind and wave con-

ditions as well as choose which fraction (evaporated,
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Fig. 5. Main Dialog of the oil spill model.
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beached, deposited, etc.) must be displayed during

the calculations. It should be noted that once ‘‘Up-

date and Run’’ button is clicked, it runs a separate

graphic window displays real-time motion of drop-

lets. The concentration recalculated from particle

density and oil fraction distributions during the

spilling process are displayed at the map and in

correspondent frames at the upper right corner of

the main Dialog. A special Properties Dialog, which

appears by clicking ‘‘Setup Hydrocarbon Groups’’

button, allows the user to input type and properties

of oil.

2.2. Flow module

A high-resolution circulation model is required to

describe the complex hydrodynamics and thermohy-

drodynamics of coastal waters and provide appro-

priate simulations of the detailed influence of

evaporation, river discharge, and synoptic atmospher-

ic forcing. For this purpose, the sigma-coordinate

(terrain-following) primitive equation Princeton O-

cean Model (POM) (Blumberg and Mellor, 1987)
has been implemented (Block 8) with horizontal and

vertical resolutions of respectively, about 5 ft and 1 m

(for upper layer of the sea). The model is first used to

compute the climatological mean flow, Vi
c. This is

done by forcing the model with monthly averaged

wind stresses. In a second step, wind-driven currents,

Vi
d, are computed using synoptic winds for the winter

and summer seasons. In these runs, the surface stress

is calculated using a wind speed dependent drag

coefficient, CA (CA= 1.1�10� 3 for UAV 6.5 m/s

and CA= 0.61�10� 3 for UA>6.5 m/s). The bottom

stress is calculated with a drag coefficient chosen to

be either dependent on grid size or constant, 0.0025,

in case of a grid with low resolution (Blumberg and

Mellor, 1987). Tidal currents in the Caspian Sea are

negligible.

2.3. Implementation of the model for the Caspian Sea

The Princeton Ocean Model coarse grid area

covers the entire Caspian Sea from 38j40V to

47jN and from 47j to 54jE. The grid size is 1/

12j in both longitudinal and latitudinal directions. It
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Table 2

Probability (%) of different wind directions in summer

Wind Wind Direction
speed,

m/s
N NE E SE S SW W NW

0 7.24 0.02 0 0 0 0 0 0

0–5.0 4.28 5.48 3.5 5.44 1.87 1.71 1.75 5.46

5.0–7.5 11.53 8.50 3.45 5.45 2.29 1.48 1.60 11.5

7.5–12.5 4.61 1.81 0.56 1.04 0.31 0.15 0.1 5.7

12.5–17.5 0.81 0.14 0 0.04 0.02 0 0 1.87

17.5–22.5 0.04 0 0 0 0 0 0 0.22
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corresponds to the zonal resolution ranging from

6.09 km at 37jN to 7.50 km at 47jN, and a

meridional resolution of 9.02 km. POM has 21

sigma levels and was initialized with seasonally

averaged climatic temperature and salinity fields.

These seasonal characteristics were used as the
Fig. 6. Wind drift component of the currents under southw
initial background condition for the calculation of

short-term variations due to synoptic winds. Spin-

ning up of the model was performed under steady

southward wind 6 m/s during 3 months. The prob-

ability of occurrence of various wind directions in

summer (Table 2) was used for the simulation of

drift currents and oil spreading from the Volga

riverdischarge. Southeastward, southward, and

southwestward winds are the most prevalent winds

for summer. Examples of surface drift currents

generated by steady southward wind of 6 m/s are

presented in Fig. 6. The circulation is strongest in

the extensive shallow shelf areas, taking the form of

coastal jets. This effect was also noted numerically

(Korotenko and Mamedov, 2001; Korotenko et al.,

2001, 2002). The jet-like structure of the surface

currents appears along both the western and eastern

boundaries. Under non-stationary wind forcing,
ard wind at the sea surface (a) and at 2 m depth (b).
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strong changes in the upper layer circulation occur

within a few days in numerical simulations, as has

also been noted numerically by Badalov and Rzhe-

plinsky (1989).

In the model, the Volga river fresh water input is

divided into five passages to simulate fresh water

plume and current velocity more realistically. The

passages are treated as individual sources of fresh-

water which are implemented in the model’s conti-

nuity equations (see Kourafalou et al., 1996). The

velocity field presented in Fig. 6 shows the strong

influence of this river discharge in the north part of

the Caspian Sea.
3. Simulation of oil slick from the Volga river

discharge

Before simulating the transport of oil slicks, a

number of initial parameters had to be specified.

The oil (Gunashly type) was specified by density

qoil = 872 kg/m3, droplet diameters, dmin = 60 Am
and dmax = 600 Am, the evaporation times, and ‘half-
Fig. 7. Time series of the concentration of oil discharged by the Volga River

release.
life times’ Tev1 = 20 h, Tev3 = 30 h, and Tev5 = 10 h for

the fractions C5, C1, and C3, respectively. For the

‘long-living’ fraction, C2, C 4, C6 C 7, and C8, as

mentioned above Tev4 = 250 h. A percentage ratio

between C-fractions, which a priori was set initially

during a distribution of droplets between fractions

for the light crude oil, was the following: C1, C2,

and C8 = 15%; C3 and C4 = 20%; C5 = 5%; C6 = 3%;

and C7 = 7%. These ratios mean that about 40% of

oil is predicted to evaporate within the few first

days.

Since the transport model was designed in a

z-level coordinate system, the simulated velocity

and diffusivity data from POM were converted from

sigma levels to z-levels, and linear interpolation

between the two types of levels was implemented.

The transport model had 400 vertical levels; the

vertical resolution, Dz, was 0.1 m. The transport

and flow models share the same horizontal resolution.

Time steps for flow model were 6 and 180 s

corresponding to the external and internal modes of

POM, respectively, and 1800 and 180 s in simulations

of droplet transport.
for southward wind, 6.0 m/s: in 5 days (left), in 10 days (right) after
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Fig. 8. The same as Fig. 7 but in 20 days (left), in 30 days (right) after release.
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As was mentioned above, the total amount of oil

discharged by Caspian rivers is equal approximately

75,000 tons/year (see Table 1). Among the all rivers
Fig. 9. Surface concentration of oil dispersed under different wind
the contribution of hydrocarbons from the Volga is

equal approximately to 95% of the total petroleum

input. This gives the value of 8.13 tons/h, which was
s: southeastward (left) and eastward (right) winds of 6 m/s.
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Fig. 10. Surface concentration of oil dispersed under different winds: southwestward (left) and southward (right) winds of 6 m/s.
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used in numerical experiments, doing so this amount

was distributed between the five passages in order to

specify five-mouth river runoff. In each experiment,

the calculations cover a 30-day period and carried out

under different winds with the aim of assessing the

probability of the cross-boundary transport, i.e., trans-

port of oil pollution across borders of FSU1 countries.

Results are presented in Figs. 7–10. Figs. 7 and

8 depict the successive phases of the oil spill moving

under climatic mean current and southward wind 6 m/

s in the 30-day release scenario. Under this wind

condition, oil mostly remains in the Russian zone

and some part, about 25%, of the oil pollution

penetrates into the Kazakhstan zone. As is seen in

Fig. 9, southeastward and particularly eastward direc-

tions of wind are predicted to be the most unfavour-

able for the internal waters and coast of Kazakhstan.

In the case of eastward winds, the minimal time taken

for the oil slick to beach oil is predicted to be about 15

days. Southward and particularly southwestward

directions of wind are the most unfavourable for the

Russian coast.
1 FSU is Former Soviet Union.
Fig. 11 summarizes the computed oil fate as a time

history of oil emitted, oil evaporated, oil dispersed

below the surface, oil beached, and oil deposited at

the bottom for the experiments with the southeast-

ward wind of 6 m/s. Fig. 11 shows an intensive

depositing and beaching of oil accompanied the slick

moving along the shallow zone with a depth of about

5 m. As is also seen, evaporation leads to significant

mass loss for the chosen type of crude oil, i.e., more

than 40%.
Fig. 11. Time series of oil mass components for the experiment

under southwestward wind of 10 m/s.
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4. Summary

As with most of oil spill transport models, the

model presented in this paper is divided into three

major modules: input, trajectory and fate prediction

algorithms, and output; the latter, in turn, is subdi-

vided into the oil data output and environmental data

output. The oil spill prediction procedure is split into

two parts: (1) the computation of the current field by

means of the Princeton Ocean Model (POM) and

input of the mean currents together with winds to

the oil spill transport model; and (2) the oil spill model

which uses a random walk particle-tracking method,

together with the mean current from Eq. (1), to predict

the three-dimensional movements and fate of oil

droplets. Among the processes affecting the fate of

oil, advection, turbulent diffusion, evaporation, and

decay are included; the decay is modelled as the

combined effect of all the biochemical and physical

mechanisms that decompose oil. The combination of

incident-specific environmental data and spilled oil

characteristics allows conducting diagnostic and prog-

nostic simulations of behaviour of the oil slick in the

marine environment.

The transport model has been implemented for the

Caspian Sea to predict oil slick movement and the

area covered by the oil; also, risks coastline contam-

ination by the beaching of offshore oil spills were

illustrated. Numerical experiments with 30-day sce-

narios of the possible oil input resulting from Volga

river discharge show the potential threat caused by

beaching and cross-boundary transport of the oil

pollution in the northern part of the Caspian Sea.
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