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A 3-D hybrid flow/transport model has been developed to predict the dispersal of oil pollution in coastal
waters. 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 constitute a
hypothetical oil spill. Currents and turbulent diffusivities used in the model have been generated by a nu-
merical ocean circulation model (Princeton ocean model) implemented for the Caspian Sea. The basic
processes affecting the fate of the oil spill are taken into account and parameterized in the transport model.

The hybrid model is implemented for a simulated continuous release in the coastal waters of the Caspian
Sea. The potential of the model for the prediction of the advective and turbulent transport and dispersal of
oil spills is demonstrated. © 2001 Elsevier Science Ltd. All rights reserved.
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Introduction

“Petroleum companies from around the globe have
descended on the independent countries that border
the oil-rich Caspian Sea to develop new and old fields.
They have signed contracts worth tens of billions of
dollars in what is the century’s last big oil bonanza.” *

*Corresponding author. Present address: OCE URI, 217 Sheets
Building, Narragansett, RI 02882, USA. Tel.: +1-401-874-6637; fax:
+1-401-874-6837.

E-mail addresses: korotenko@oce.uri.edu (K.A. Korotenko),
ramiz@lan.ab.az (R.M. Mamedov), cmooers@rsmas.miami.edu
(C.N.K. Mooers).

! Tel.: +994-12-39-3541; fax: +994-12-97-5285.

2 Tel.: +1-305-361-47; fax: +1-305-361-4797.

3 Steve LeVine. A cocktail of oil and politics. New York Times,
November 19, 1999.

Beyond “the benefits” such projects carry the certain
threat to the marine environment in case of uncon-
strained development and transportation of oil and
petroleum products. Thus, the creation of operational
systems for the prediction of the transport and dis-
persal of oil pollutants in case of possible accidental
spills are generally included during the development of
oil fields.

The Caspian Sea (Fig. 1, left), extends zonally from
46.6 to 54.8 E and meridionally from 36.6 to 47.0 N.
Over 60% of the Sea is shoaler than 100 m. There are
two relatively deep basins (about 600 and 800 m, re-
spectively) in the central and southern parts of the
Sea. The shelf zone is very wide, and steep slopes oc-
cur only in the two deep basins. The Caspian Sea is an
enclosed sea with major freshwater input from the
Volga River balanced by evaporation, which the most
concentrated in the Garabogazkol. The dynamics of
the Caspian Sea are essentially those of mesoscale
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Fig. 1 The Caspian Sea (bottom topography (left) and sea circulation schematic (right)) (from Lednev, 1942).

space and time scales due to both mesoscale baro-
clinic motions and bottom topographic irregularities.
A wide variety of processes in the Sea; e.g., interac-
tions between shelf and deep basin circulation, deep
basin ventilation, and ice dynamics. The nature of the
air-sea interactions ranges from subtropical to sub-
polar types which constitutes an essential difference in
dynamics between the meridionally oriented Caspian
Sea and such zonally-oriented semi-enclosed seas as
the Black and Baltic Seas.

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.
Furthermore, salinity generally increases with longi-
tude and depth. Mean temperature has large merid-
ional and seasonal variations of up to 27°C in summer
and down to zero in winter. A relatively shallow sea-
sonal 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 con-
stant and average about 13 ppt, 4 C and 12 ppt, 6 C,
respectively, for the central and southern basins. The
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mean temperature, salinity, and density (sigma-t) dis-
tributions for the four seasons along 39° N (Fig. 2)
illustrate the above features.

The “classical” mean circulation scheme in the
Caspian Sea was proposed by Lednev (1943) (Fig. 1,
right). Main features of the circulation are a cyclonic
gyre over the central basin, jet-like current in the cy-
clonic sense along the western and eastern boundaries,
and an anticyclinic gyre south of the Apsheron Pen-
insula. The meridional wind stress (in the winter di-
rected southward) plays an important role and
southward winds generate a southward drift current.
In turn, a compensatory current is directed northward
as a reaction to the elevated water level in the south.
Due to the zonal inhomogeneity of wind stress (strong
on western side and weak on the eastern side), the
compensatory current intersects the surface along the
eastern boundary creating a cyclonic circulation over
the entire deep part of the Caspian Sea. The Apsh-
eron Peninsula splits the southward current into two
branches: the first branch is deflected to the east,
and combines with the northward current along the

Spill Science & Technology Bulletin 6(5/6)
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eastern boundary, and thus, creates the closed cyclonic
circulation (gyre) in the Central Caspian. The second
branch of the current flows southward, and then along
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Fig. 2 Mean seasonal temperature, salinity, and cross-sections along 39° N.

the Iranian coast before being deflected to the north;
thus, the closed the circulation in the Central Caspian
is formed. An anticyclonic eddy, the so-called Kurine
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eddy (Fig. 1, right), occurs south of Apsheron Penin-
sula; however, its position might be different according
to observations (Klevtsova, 1967; Kosarev, 1990;
Bondarenko, 1993; Tuzhilkin et al., 1997). They have
also shown that the ““classical scheme™ (Fig. 1, right) is
a rather coarse approximation to reality; for example,
strengthening of the southward winds intensifies the
southward drift current on the eastern boundary,
which dominates over the compensatory northward
current at the surface and results in a southward sur-
face flow at this boundary in contradiction to the
“classical scheme”. The southward jet is associated
with upwelling along the eastern boundary, while
downwelling along the western boundary is associated
with the other southward jet. The upwelling on the
eastern boundary yields a cool anomaly. Based on
field (Klevtsova, 1966; Kosarev, 1970) and satellite
observations (Ibraev et al., 1998), such surface current
structures and cool anomalies occur in the coastal
zone.

Problems due to oil pollution in the Caspian Sea
have existed for many years, but they have become
particularly urgent recently due to the discovery and
development of new, rich deposits of oil on the con-
tinental shelf. As long as crude oil is transported
across the Sea by ships or pipelines, there will be a risk
of spillage and the potential to cause significant pol-
lution of the marine environment. Since it is impossi-
ble to totally prevent such accidental spills, nearly
foolproof methods should be elaborated for the pre-
diction of the transport and fate of oil spills so that
rapid-decision methods can be implemented based on
the feasibility and effectiveness of different counter-
measures to prevent large-scale disasters.

Once the oil is discharged onto the sea surface,
many factors affect it, most of which (including evap-
oration, emulsification, dissolution, photolysis, and
biodegradation) are controlled by properties of the oil.
Different oil spill fate processes dominate at different
times after the spill and lead to a loss of oil mass
(Spaulding, 1988, 1995). For example, evaporation,
dispersion, and emulsification are important initially,
while biodegradation, photolysis, sinking, and tar-ball
formation become important later. In addition, the
relative effect of photolysis and biodegradation in the
mass balance is small in comparison with the evapo-
ration, dispersion, and emulsification processes.

Surface winds and currents are the most important
factors determining the direction and rate at which the
oil slick moves. The physical, chemical, and biological
reactions which weather or modify oil as it drifts and
spreads occur over various time scales ranging from a
few hours to months and even years. Thus, to ade-
quately calculate oil fate processes and the transport
of oil pollution in the sea, besides the oil’s properties,
it is necessary to know also the environmental condi-
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tions; e.g., winds, currents, waves, turbulence, salinity,
temperature, and solar insolation. The main ideas of
oil spill and fate modelling have been summarized
in reviews by Mackay and McAuliffe (1988) and
Spaulding (1988, 1995). An overview of the different
modern approaches applied in numerical models of
the behaviour and fate of oil spilled in the marine
environment presented by Reed et al. (1999).

This paper is structured as follows: In the second
section, the most important processes affecting oil spill
spreading and fate in the marine environment are
briefly highlighted; some developments in modelling
these processes are discussed as well. In the third
section, the structure of the model proposed for mod-
elling oil spills in coastal waters of the Sea is described.
In the fourth section, results of modelling oil trans-
port in the Caspian Sea for cases of blowouts in the
southwestern part of the Sea are summarized and
discussed. In the fifth section, conclusions and rec-
ommendations for further improvement of the model
are given.

Oil Spill Processes

Techniques exist for the analysis of oil spills, in-
cluding the presence of various types of oil compo-
nents in water, sediments, and biota. Modelling of the
transport of oil pollution in the ocean takes into ac-
count both the mechanical spreading and drift of oil
spills and the biochemical processes determining the
behaviour of oil and its components in sea water. The
use of particle tracking techniques is an example of an
effective approach developed recently to numerically
simulated oil slicks. This technique is based on the
Monte Carlo method. The general approach of this
method and its combination with flow models to solve
problems of pollution transport have been given (cf.
Korotenko, 1994a). In this method, each particle or
group of particles represents a fraction of the total
oil spill, and their three-dimensional movements are
simulated taking into account the effects of the above
mentioned physicochemical processes on the fate of
the particles (Spaulding, 1988; Proctor et al., 1994;
Varlamov et al., 1998; Korotenko & Mamedov, 2000,
2001). To understand these effects, the main mecha-
nisms affecting the oil are described below.

Spreading. Spreading of oil on water is controlled
by the driving forces of gravity and surface tension
and retarding effects of inertia and viscosity, which
lead to an extension of the spilled oil and the for-
mation of a slick on the sea surface. Gravitational
spreading generally plays a dominant role within a
short period of the order of several hours after an oil
spill, while this process of slick deformation may oc-
cur over a several-day period (Mackay et al., 1979).

Spill Science & Technology Bulletin 6(5/6)
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According to the widely used ‘thick—thin slick’ ap-
proach (Mackay et al., 1979), the process of spreading
may be arbitrarily expressed as a power function of
slick area and thickness:

For a thin slick,

d4, = A‘t"” {

—C;
S N— 1
hy + 0.00001 ] )

for a thick slick,

= A ©)
t

where A4, and A, are total thin and thick slick areas
(m?); Iy is slick thickness (m); ¢ is time (s); and Cj, C,
and Cj; are constants. These formulas are attractively
simple and may yield realistic characteristics of the
spreading process but lack a physical basis.

In another approach (Elliott, 1986; Johansen, 1987;
Spaulding, 1988) to describing the process of oil slick
spreading, oil is modelled as a distribution of droplets
that are driven into the sea by breaking surface waves,
such that oil spreading is controlled by the droplet size
distribution (the droplets have their own buoyancy)
and shear diffusion processes.

Adpvection. Advection is accounted for by simulation
of the movement of the centroid of the oil slick due to
large scale circulation, tidal, and buoyancy driven and
wind-induced transient currents. In the general case,
the advection due to the combined effect of these
components is described by their vector sum

Vo 1 ey e Ty, ®)

where V4 and ¥ corresponds to velocity due to
wind drift and wave (Stokes) drift component, re-
spectively which, generally, do not coincide in direc-
tion; V¢ is the wind-induced component; VT is the
tidal component; ¥ is the buoyancy-driven compo-
nent, and V) denotes the large scale component. The
sum of the wind induced and Stokes drift components,
yid 4 pvad s expressed in terms of wind speed U, at
10 m above the water surface as V¢4 pvad =
0.03 U, (Elliott, 1986; Reed et al., 1989).

Vertical dispersion. Vertical dispersion results from
wind-generated breaking waves dispersing oil verti-
cally in the water column. In high sea states where a
slick is subject to continual turbulence by wind shear
and breaking waves, the oil may be rapidly dispersed
into small, i.e., 0.01 to 1 mm diameter drops, which
are in the subsurface layer. The simplest approaches
employed for description of this process are based on
tabulations of dispersion as a function of sea state and
time after oil release (Audunson, 1979; Spaulding
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et al., 1988). The natural oil dispersion process is very
complicated and the exact nature of the fluid me-
chanics involved is not well understood. The most
common supposition is that breaking waves or tur-
bulence cause the oil layer to be propelled into the
water column thus forming a “‘shower” of oil droplets.
Most of the oil particles rise again to the slick and
coalesce there, but some of the smaller droplets diffuse
downward and become permanently incorporated
into the water layer, which makes the process of oil
transport in the sea essentially three-dimensional. For
example, according to in situ measurements (Cretney
et al., 1981; Sorstrom, 1987; Genders, 1988), oil has
been detected at 20 m depth.

It is likely that the dispersion rate is a function of
the slick thickness, oil-water interfacial tension, sea
state, and, in particular, the fraction of the sea which
is covered by breaking waves (Aravamudan et al,
1982). Based on a series of laboratory investigations
on the natural dispersion of oil on the surface and in
the water column (Delvigne & Sweeney, 1988), a sur-
face oil slick breaks up into droplets and penetrates
into the water due to the turbulence generated by
breaking waves. Submerged oil parcels break up into
droplets due to turbulence in the ambient water.
Hence, the dispersion process due to the turbulence
might be treated as the result of a continuous surface
source supplying oil droplets with different sizes. A
relationship between droplet size distribution, Ny(d),
and size of a droplet, d, Ny(d) ~ d-*3=0%) where
Ny(d) is the number of droplets in a unit size interval
[dy £ 1/2Ad]. This relationship holds for all experi-
ments, independent of oil type, weathering state, oil
layer thickness, and oil temperature.

The oil entrainment rate Or (kg/m?s) per unit area
is defined as the dispersed mass of oil in the water
column per unit surface area per breaking event. Ac-
cording to the above experiments, Or can be expressed
as

Or(d) = C(0)Dy} ScovFwed" Ad, (4a)

where Fyc = ¢,(U; — Uyw;) Ty is the fraction of the sea
surface covered by overturning waves (‘white caps’),
Ty is the wave period, Uy; is the “initiation of break-
ing” wind speed (=5 m/s), ¢, is constant (=0.032 s/m),
Scov is the fraction the sea surface covered by oil,
Dg4 = 0.0034pygH? . is the average energy dissipa-
tion per unit surface area in a overturning wave, Hyp
is the r.m.s. value of the wave height, g is the accel-
eration due to gravity, C(0) is a proportionality con-
stant dependent on the oil viscosity, u, at temperature
Tu(K): C(0) ~ [u(Toy)] ™', and py is the density of
water.

In practice, it is convenient to transform Eq. (4a)
into a similar equation valid for all different dispersion
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sources in terms of dispersed mass per unit surface
area per dispersion distortion event. The dispersed
mass of oil droplets per unit surface rate and per
dispersion event (kg/m?), M(d), is given by M(d) =
C(0)D%7Scovd®’Ad (Delvigne, 1993), from which it
follows that the total mass, My(d.), of dispersed
droplets smaller than dy.x and consisting of the orig-
inal surface oil is given by

dmax
Mo (de) = / C(0)D}7 Scovd"” 8d
0

= C(O)ng7SCovdl 7

max*

(4b)

The above experiments with different types of oil
have shown that maximum droplet size d., depends
on turbulence energy level, E(dpay oc E~%00) and
oil viscosity (dpax oc p~03**099)) The range of droplet
sizes in the experiments was found to be from 5 to
1130 um, while most of the droplets were concentrated
in the range between 75 and 320 um with a slight
tendency for shifting the median of droplet size dis-
tribution to small sizes with turbulence duration.

Horizontal dispersion. Another approach is associ-
ated with so-called ‘slicklets’, which are assumed to
occur as a result of overturning surface waves forming
small patches (slicklets) whose size is presumed to be
proportional to the mean wavelength (Aravamudan
et al., 1981). The horizontal dispersion of the slicklets
is due to the mesoscale surface turbulence.

Turbulent diffusion. When an oil slick is dispersed,
an expanding cloud of oil droplets is formed and dif-
fused horizontally and vertically due to turbulence.
Some large droplets may rise and reform the slick, but,
if the dispersion process is effective, most of them will
become mixed into the subsurface layer. A simplified
equation for vertical distribution of the oil concen-
tration may be expressed as a function of time and
depth:

C:Csexp(—z\/jvt) (5)

where Cs is the surface oil concentration, z is depth
(m), and Dy is the effective vertical diffusivity (m?/s).
From examination of experimental data a typical
value of Dy is 0.0126 m?/s (Mackay et al., 1979).

For the horizontal diffusion of oil, a simplified
equation (Reed, 1989) for the concentration of oil, C,
can be used

Clx,y,1) = (Go)lerf((D/2 — x)/E) + ((D/2 + x)/E)

% ((D/2 = y)/E) + ((D/2+ »)/E).  (6)
where C, is the initial concentration (ppb), erf is the
error function, D is the initial cloud diameter (m), and

E = (4nyt)l/ 2. The horizontal diffusivity, K., (cm/s?),
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is calculated according to the Richardson—-Obukhov
law: K,, = c,L*?, where ¢, is an empirical constant
chosen to be dependent on the turbulence dissipation
rate (~0.01), and L (cm) is the scale of the phenome-
non (cf. Ozmidov & Korotenko, 1989).

These simplified equations for vertical and hori-
zontal turbulent diffusion processes provide a very
coarse description. More accurate calculations of dif-
fusive oil transport require use of numerical models of
turbulence and turbulent transport (Korotenko &
Mamedov, 2001).

Evaporation. Evaporation is a very significant mass
loss for many kinds of oil and it has a profound effect
on density and viscosity and other properties of oil.
Evaporation can account for the loss of up to 60% of
spilled light crude oil. Rates of the evaporation depend
on the oil vapour pressure, as influenced by compo-
sition and temperature, and on transport characteris-
tics of the air—sea boundary layer influenced primarily
by the wind. The vapour pressure changes as hydro-
carbon fractions are lost into atmosphere. Among
methods developed for modelling evaporation, an an-
alytical approach and pseudo-component approach
are widely used. The analytical approach develops an
expression for the vapour pressure as a function of the
degree of evaporation or weathering (Mackay et al.,
1983).

In the pseudo-component approach, oil is charac-
terized by a set of hydrocarbon components grouped
by molecular weight (Spaulding et al, 1988) or by
boiling point fraction (Payne et al., 1984). This ap-
proach allows different fractions of the oil to evapo-
rate at different rates depending on the fraction
considered. Owing to the large number of individual
components in crude oils, Moore et al. (1973) sug-
gested simulating them by incorporating eight com-
ponents (see also Yang & Wang, 1977; Proctor et al.,
1994; Sebastiao & Guedes Soares, 1998) or 27 single
pseudo components (Reijnhard & Rose, 1982).

The range of physical and chemical properties of
eight individual hydrocarbon fractions is usually
considered in models are presented in Fig. 3, left.
These groups are: the lower alkanes (which are quite
volatile, have solubilities in excess of 10 mg/l, and
generally lie in the C? to C7 range including cy-
cloalkanes); the higher alkanes (which are less vola-
tile and soluble and have eight or more carbons);
the mono-aromatics (benzene); the naphthalenes; the
higher poly-cyclic aromatics; and an inert residue. An
example of weight changes of individual fractions of
light crude oil (no. 2 according to the classification
given by Yang & Wang, 1977) with constant wind
speed and air temperature is also considered (Fig. 3,
right).

The mass transfer rate, dm;/d¢, due to evaporation
is given by Reed er al (1989)

Spill Science & Technology Bulletin 6(5/6)
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(right) (modified from Yang & Wang, 1977).

dm;
dr

KgM:P,;
RT,;

where M; is molecular weight (gmol), P, is vapour
pressure (atm), 4s is spilled area (m?), and R is the gas
constant. Following Mackay and Matsugu (1973), the
mass transfer coefficient for evaporation Kg is calcu-
lated as

Kg = 0.028U D 1 Sc 7047 (8)
where Dg is the spillet diameter (m) and Sc; is the
Schmidt number of the ith fraction.

The evaporation process results in an increase of oil

viscosity, u. This increase can be expressed as (Mackay
et al., 1979)

Spill Science & Technology Bulletin 6(5/6)

1= po(Cuf), 9)
where Fg is a fraction evaporated, y, is the parent oil
viscosity, and C, is of the order 1-10 and chosen to be
dependent on oil type.

Emulsification. Many oils tend to absorb water to
form emulsions which may contain up to 80% water.
Thus, emulsification is an important process for cer-
tain oils which apparently have chemical constituents
which favour the formation and stability of emulsified
water. Stable emulsions may contain 80% water, are
very viscous, and have densities approaching that
of sea water. Water-in-oil emulsions are often light
brown in colour and are referred as ‘chocolate
mousse’. The rate of emulsification increases with in-
creasing sea state and can be described by the formula
(Mackay et al., 1979)
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d¥,
d—:V:KA(l—i—UA)Z(l — KpYw), (10)

where Yy is fractional water content, 1/K} is the final
fractional water content (0.8), K3 is an empirical co-
efficient (=1.43), which is chosen to be dependent on
wind speed, U,. The water is present in the emulsion in
the form of small droplets. Since oil is unable to shear
through such droplets and has to flow around them,
there is an increase in the force necessary to generate a
given shear rate or velocity gradient. This effect is (by
definition) an increased viscosity. Such an increased
viscosity may exceed the viscosity of the incorporated
parent oil by several orders of magnitude. Thus, the
emulsification process is also accompanied by an in-
crease in the effective oil viscosity (Mackay et al.,
1979)

2.5Yw ) (1)

W= Hocxp < 1.0 — 0.65%y

Density increase. The processes of evaporation and
formation of water-in-oil emulsion lead also to an
increase in the oil density. Due to weathering, the
density of few crude oils may exceed the water density.
However, the density of many water-in-oil emulsions
approaches that of water and, therefore, requires very
little uptake of particulate matter to cause the emul-
sions to submerge. Temperature changes may also
cause floating oils to sink and then resurface later. The
algorithm used to calculate oil emulsion density pg
(kg/m?) is (Buchanan and Hurford, 1988)

pe = Ywpw + (1 _YW)(:()C+CPFE)7 (12)

where p, is the density of the original crude oil and C,
is constant obtained from distillation data.
Dissolution of hydrocarbons from a slick is generally
unimportant for the spill mass balance because less
than 1% of the oil slick may dissolve. Such a low
dissolution of oil is a result of three factors: (1) the low
dissolution mass transfer coefficient; (2) the very small
water solubility driving force; and (3) the presence of
relatively small quantities of the more soluble hy-
drocarbons, most of which are more susceptible to
evaporation. The dissolved concentrations in water
under an oil slick have been of concern from a toxi-
cological viewpoint. Measured concentrations, how-
ever, have been less than 0.1 mg/l (McAuliffe, 1986).
Photolysis is also an important process for slick
weathering from the formation of oxygenated species,
resulting in changes in interfacial properties (affecting
spreading and water-in-oil mousse formation) and
possibly leading to the transfer of relatively toxic or-
ganic species to deep layers. Much of the toxic burden
in the water column, for example, is attributable to
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these photolytic products, as distinct from hydrocar-
bons present in the oil. This process, however, is un-
important over the first few days of a spill but may
become significant after a week or more (Spaulding,
1988).

Modelling of the photolysis of an oil slick has suf-
fered from the lack of knowledge of the mecha-
nisms, reaction rates, and photolytic products which
vary with oil composition and level of the insolation.
In oil spill model of Cochran and Scott (1971), a for-
mulation for the rate of photo-oxidation is proposed
as

o= (5)u-0c (13)

where B is the sun’s radiating angle (°) to the slick
surface, C is the fractional cloud cover, and C, is a
coefficient that varies with the slick thickness.

Sinkinglsedimentation of oil may occur when, as a
result of evaporation and emulsification processes (see
above), its specific gravity is greater than that of the
water, although it is a minor factor causing the oil to
submerge. It is more likely that the presence of sedi-
ments will cause a significant portion of the spilled oil
to flocculate and then sink to the bottom. A number of
laboratory studies have indicated that size, type, and
load of sediments; the salinity and some properties of
the oil; such as, its of sulphur and organic matter
contents; and degree of agitation affect the adsorption/
desorption of oil onto sediment particles. Based on
experimental results (Kolpack et al., 1977), the rate of
oil loss due to the oil-sediment adherence process,
d4,/dt (m®/s), is given as

% = 1.4 x 10725, (1 — 0.023S,), (14)

where Sp is sediment load (gm/m?) and S, is salinity.

Biodegradation is an extremely slow process which
only becomes important in the long-term in the re-
moval of oils from the marine environment. Degra-
dation rates are difficult to predict because of high
hydrocarbon dilution, variations inherent in hydro-
carbon degradability (such as types and numbers of
microbes), and nutrient and oxygen status of dilu-
tion waters. Because of the complexity of the pro-
cess, most of the studies of microbe-hydrocarbon
interaction have been carried out under controlled
laboratory conditions, and their results are assumed
applicable to the aqueous environment. Presently,
calculations of the mass loss of oils in long-term
models are based on databases which contain the half-
life of hydrocarbons in the marine environment (Feng
et al., 1989).

Spill Science & Technology Bulletin 6(5/6)
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Oil Spill Model

The description of the transport and dispersion of a
contaminant spilled at sea may be based on the ad-
vection-diffusion equation solved by finite differences
for the concentration, C

oC oc 0 0
o TV T (K"fax,) +5, (15)
where U; are the components of the three-dimensional
mean velocity field, K;; is the diffusion tensor, and S is
a source or sink term.

Instead, to simulate oil spill spreading, it is sug-
gested that the model use the pre-calculated mean
velocity and the random walk (Monte Carlo) tech-
nique to follow the motion of individual particles (oil
droplets), the total amount of which constitutes the
oil spill. As has been shown by Hunter (1987), models
based on the random walk concept are significantly
more effective than the finite-difference method mainly
because the former exactly describes the advection,
which is the most important transport process for oil
slicks.

Transport model description

The basic concept of this approach (Fig. 4) is similar
to that of Proctor et al. (1994), except that oil is ini-
tially divided into fractions in order to describe the
evaporation process with more accuracy.

The main part of the model is Block 5 where dis-
placements of each particle are estimated as given by
the following expressions (Korotenko, 1992, 1994b):

(Axl')j‘k = VAt + (’71‘)]:1(
kp=1,2,...,N;; f=12,...,8)

i=1-3;,;=12...,Ng;
(16)

The displacements, (Ax;),,, are defined as the deter-
ministic part of the motion due to the mean velocity
field, ¥;;, and the random displacement, (1;) 4> due to
fluctuations of velocity and denotes the displacement
of the kth particle moving along the x;-axis at the jth
instant of time, NV, is the number of time steps, At is the
time step, N, is the number of particles in each frac-
tion, and the subscript f denotes a particle fraction.

The distribution of the number of particles in frac-
tions (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 10%; nevertheless, the
behaviour of the tracked particles proved to be rep-
resentative 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 ran-
domly distributed to have its own half-life according
to the empirical exponential laws (Fig. 3, 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 tem-
perature (Egs. (7) and (8)). The ‘long-living’ fractions
such as C?, C*, C° (7, and C® are randomly expo-
nentially distributed within a 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).

E G, Model QR(dJJ (’7)1;:‘ Ln [0...1]
i g parameters Oil droplet Gaussian [| R.N.G
S 3xi At Q.f generator law converter
£
D:l Hw | 5
——N kp=1,2....N, s(x,y,2,t)
*a Particle coordinates: Particle
bk k P . distribution _—
% w X —X;;;‘-z_" AXi; alOll 'i;iai(:l / g
w .
S Vij Displacement : . o i‘_): ; -
S = AX&:V-At~+( 1) 1ie-time
ﬁ Ky I+ Gaussian law: Concentration
= POM | k _ g 3k 1/2
6 KZ = (7)-@ = ( ?dj,;" [ ZK IQ}'AI); ] E

Fig. 4 Schematic of principal elements of the hybrid model.
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In addition to the regular movements due to mean
current velocity, oil droplets experience a random
diffusion due to velocity fluctuations, the distribution
law of which is represented by the term, (,),,, the
latter being, in the general case, a function of time and
space. The type of law for (1;),, is determined by the
statistical structure of deviations (fluctuations) of ve-
locity from its mean value at each time step At. Since
these fluctuations are considered independent, the
law for (n;);, is thought to be Gaussian (Monin &
Yaglom, 1965) In this case, the (1), can be repre-
sented as (1,);, = 7,4 (2Ki,;A?) "2 where 74 is a ran-
dom vector normally distributed with an averaged
value of zero and unit standard deviation; K;; repre-
sents coeflicients of diffusion along the x;-axis at the
time ¢; = £y + jAt. The random vector, 7,,, is obtained
with the use of the random number generator, Block
4, giving a homogeneous distribution of random
numbers between 0 and 1, with consequent transfor-
mation to the Gaussian law in Block 3. The horizontal
and vertical diffusion coefficients, K, ;, K, ; and K, a
well as the mean current velocity U/ are prov1ded by
the flow model (Princeton ocean model, POM), Block
8. In the ‘oil spill data’ block, the location and con-
figuration 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 3, the particles diameters, d, are assigned
randomly in the range dyax—dmin. The entrainment rate,
Or(dp) is defined as a function of U, and H.,s (Eq.
(4a)). The critical diameter, d., (Aravamudan et al.,
1982) is given by the expression d. = (9.52v*/3/
g*3(1 = p,/p)'"). The buoyancy force depends on the
density and size of the droplets and the vertical ve-
locity, w, (Proctor et al., 1994) which can be estimated
as w= (gd*(1 — p,/p)/18v) for small droplets d < d.,
and as w=[(8/3)gd(l —po/p)] for large droplets
d > d.. 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 par-
ticle, droplet or slicklet k belonging to fraction f is
characterized by its size, density, position Xi’fj, age and
its own ‘half-life’, the latter being assigned a priori
when the particle is launched.

The transport model includes the effects of evapo-
ration, 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
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thickness, z., (0.1 m), experience evaporative decay,
while particles at all depths in the water column ex-
perience disintegration.

The model takes into account the beaching of oil: If
the oil droplet reaches the coastline, it is marked as
beached. In the former case, the droplet is fixed at the
point where it reached the beach, while, in the latter
case, the droplet is reflected back to sea and remains in
the computational process.

Finally, data of coordinates S; = {(X;;X2; X3);} are
stored in Block 7, the latter being also used for iden-
tification of space cells where each particle is found at
time #;. 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 latter. In this
block, the particles remaining in the water column, at
the sea surface, beached, and decayed are counted
separately and inventoried in an updated summary.

Flow module

The complex dynamics and thermodynamic of
coastal waters, synoptic atmospheric forcing, and in-
fluences of river discharge and evaporation require
application of a high-resolution circulation model in
both the horizontal and vertical directions, approxi-
mately 1/12 min and 1 m (for upper layer of the sea),
respectively, for the model to produce adequate simu-
lations. From Block 8, the sigma-coordinate (terrain
following) primitive equation POM (Blumberg &
Mellor, 1987) was implemented for the simulation of
large scale, V¢, and wind-driven, Vid, currents. To
compute the former, the model was forced by pseudo-
monthly averaged wind stress, and, to compute the
latter, it was forced by synoptic winds for the winter
and summer seasons. The surface stress was calculated
with a drag coefficient, C,, chosen to be either de-
pendent on wind speed, Uy, i.e., C, = 1.10 x 103 for
U,<6m/s and C, = 0.61 x 1073 for U, > 6 m/s. The
bottom stress was calculated with a drag coefficient
chosen to be either dependent on grid size or a con-
stant, 0.0025 in case of a grid with low resolution
(Blumberg & Mellor, 1987). The tidal currents in the
Caspian Sea are negligible, so VT was set to zero.

The horizontal diffusion coefficients, K, ; and K, ,
were calculated in POM from Smagorinsky formula,
while the vertical diffusivity, K. ;, was obtained from
the level 2.5 turbulence model (Mellor & Yamada,
1982).

Implementation for the Caspian Sea

The model grid area covers the entire Caspian Sea
from 38°40’ to 47° N and from 47° to 54° E. The grid
size is 1/6 degree in the both zonal and meridional
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directions. The model grid has 21 sigma levels
non-uniformly distributed with high resolution near
surface and near bottom. It was initialized with sea-
sonally averaged climatic temperature, salinity fields.
Initial climatic velocity was chosen according to the
“classical” scheme (Fig. 1, right). These seasonal
characteristics were used as the initial background
condition for calculation of short-term variations due
to synoptic winds. The probability of occurrence of
various wind directions in summer and winter (Tables
1 and 2), was used for simulations of drift currents and
oil spreading. Southeastward and southwestward
winds are the most prevalent winds for both seasons.
Based on surface drift currents generated by steady
southeastward and southwestward winds of 10 m/s the
circulation is strongest in the extensive shallow shelf
areas, taking the form of coastal jets (Fig. 5). This
effect was also noted numerically by Ibraev et al
(1998). The jet-like structure of the surface currents
appears along both the western and eastern bound-
aries, the latter being in contradiction to the general
scheme of circulation suggested earlier (Lednev, 1943),
as mentioned above. Under non-stationary wind-
forcing, strong changes in the upper layer circula-
tion occur within a few days in numerical simulations,
as has also been noted numerically by Badalov &
Rzheplinsky (1989).

Before simulating the transport of oil slicks, a
number of initial parameters had to be specified. The
oil (Gunashly type) was specified by density p.; = 872
kg/m?®, droplet diameters, dpi, = 60 pm and dpay =
600 um, the evaporation times, and ‘half-life times’

Table 1 Probability (%) of different wind directions in summer

T.;1 =20 h, T3 =30 h, T.,s = 10 h, for the fractions
C5, C' and C3, respectively. For the ‘long-living’
fraction, C?, C*, C°, C’7, and C®, as mentioned above
Tews = 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: C', C? and C® =15%; C3 and
C* = 20%; C° = 5%; C® = 3%:; C” = 7%. These ratios
mean that about 40% of oil is predicted to be evapo-
rated within the few first days.

Since the transport model was designed in a z-level
coordinate system, the simulated velocity and diffu-
sivity 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,
Az, was 0.1 m. The horizontal resolution, Ax and Ay,
of both models was similar. Time steps for the flow
model were 6 and 180 s corresponding to the external
and internal modes of POM, respectively, and 1800 s
in simulations of droplet transport.

A hypothetical 10-day blowout scenario releasing
light crude oil was investigated in terms of its potential
for delivering oil to the beaches of Azerbaijan and
Iran. The release point was chosen to be at 39°25 N,
50° E, in the coastal waters of Azerbaijan, approxi-
mately 140 km south of Baku (Fig. 1), in the region of
intensive development of oil deposits. For each time
step (1800 s) the hypothetical source emitted 100
droplets, which means that, by the end of the blowout,
the total number of released droplets was 48,000.
Calculations covered a 30-day period.

Wind speed m/s  Wind direction

N NE E SE S SW w NwW
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 . 1.60 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
Table 2 Probability (%) of different wind directions in winter
Wind speed m/s Wind direction

N NE E SE S SW w NW

0 6.32 0 0 0 0 0 0 0
0-5,0 2.98 5.54 3.92 49 1.88 1.82 1.26 3.38
5,0-7,5 7.7 10.18 5.5 7.8 3.7 2.9 1.58 6.98
7,5-12,5 4.42 2.72 1.27 24 1.16 0.8 0.2 4.16
12,5-17,5 1.12 0.32 0.1 0.36 0.14 0.1 0 1.86
17,5-22,5 0.12 0.02 0 0.02 0 0 0 0.32
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Fig. 5 Wind drift component of the currents under (a) southeastward and (b) southwestward winds.

Results and Discussion

Since sustained steady winds are extremely rare for
the Caspian Sea (Ikonnikova, 1960), the numerical
experiments were mostly carried out for conditions of
varying wind direction with the probability of its
direction chosen from Tables 1 and 2. Two types of
scenarios for the oil spill experiments were used: with
‘regular’ winds and with random winds. In the first
type of experiment, it was assumed that the wind
changed direction regularly while the duration of each
wind direction was taken in correspondence with Ta-
bles 1 and 2. In the second type of experiment, it was
assumed that the wind direction changed randomly,
while its direction was also taken from the Tables 1
and 2.

An example of a ‘regular wind experiment’, the
wind was chosen to change its direction clockwise
starting with the northwestward, i.e., the sequence of
its direction was the following: NW-N-NE-E-SE-S-
SW-W. Wind speed was assumed constant and equal
to 7.5 m/s. The computations were performed for 30
days; for this period, the wind velocity vector was
supposed to make a complete turn of 360°, while the
duration of action of the wind in a given direction was
chosen to be dependent on the probability of its oc-
currence (Table 1). The droplet density (concentra-
tion), A, in the sea surface layer is examined for 5, 10,
15, 20, 25 and 30 days after the release (Fig. 6). For the
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first 5 days following the beginning of the oil release,
winds were predominantly southeastward. The com-
puted slick was a slightly elongated patch (75 x 50
km?), and its leading edge crossed 39° N (Fig. 6(a)).
Within the next 10 days, the wind direction changed
gradually from southeastward to from the south-
westward, which resulted in further extension of the
whole oil slick moving southward. By the 10th day,
the leading edge reached 38° N, and the patch became
more elongated (Fig. 6(b)). The further rapid south-
ward translation during the next 5 days resulted in the
patch reaching the Iranian coast, and the slick covered
a large area (ca. 225 x 100 km?, Fig. 6(c)). During this
5-day interval, oil began beaching along the coast of
Iran; approximately 2% of all oil had beached by the
15th day after the release. More oil beached during the
next 15 days. During this period, the wind direction
had changed from westward to northwestward, forc-
ing the leading edge to move along the Iranian coast to
the coast of Azerbaijan (Fig. 6(d)—(f)). The calculated
oil fate as a history of oil released, oil evaporated and
decayed, oil remaining in seawater, and oil beached in
this experiment is summarized in Fig. 7.

Another ‘regular’ numerical experiment is con-
sidered for the winter (Fig. 8). Starting with a north-
ward wind, the oil slick began to move rapidly to
the Apsheron Peninsula; however, a relatively quick
change of wind direction to southward forced the oil
slick southeastward to the coasts of Turkmenistan and

Spill Science & Technology Bulletin 6(5/6)



PREDICTION OF THE DISPERSAL OF OIL TRANSPORT IN THE CASPIAN SEA

43%  a0® 50 517 53" 537 s4° 43° 49" 50 51 520 53t s4° 48% 49" 50 51 52" 53 s54”
1] a
477N { 497N \ ¢
Kara- Kara”
= ™~
N Bogas{\_ < \ Bogas Z
41 L N Gal 41° \ Gou:%
ggg . u Apshenh\-« Apsherc}-‘-a . w
4° Penin 200 2 a° Penin Fenin g_
= 300 N = = = ]
e 200 g%‘k - S e 4::%:- =
39%h & 100 il = =4
i i i
380 2 350 < 2
37° 37°
[ — p—
1l e A M N N N (@) § g0 10days IRAN R N (0) | 50} 15 dgys AN
48° 49 50 51”52 53" " E 43% 4o 50 517 52" 53 s E
43°  49° s0® 517 52 53" s54”
42° N ¢ = 47"
ara-
=
N é \ Bogasi L
41° \ N Gol 41°
. Y Apshero?\-f v
& f 40 = f 4’
=] =
35° 39°
33° 38° S
LSl
370 370 28
IRAN
36° 36° 30d’ys RN IR NN N
4% 49 507 51 52® 53 s4® E

Fig. 6 Successive phases of the oil spill moving under predominant southeastward wind.
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Fig. 7 Time series of modelled oil components for the case presented
in Fig. 9.

Iran. By day 30 the oil slick reached Turkmenian
coast.

One of the worst scenarios for the Azerbaijan coast
occurs when oil is released with initial westward
winds. In such a scenario, the sequence of wind direc-
tion was the following: E-SE-S-SW-W-NW-N-NE.
The prevalence of westward and northwestward winds
at the beginning of the experiment led to a rapid ap-
proach of the oil slick to the Azerbaijan coast (Fig. 9).
It took about 3 days to reach the shoreline. The
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change of wind direction according to this scenario led
to extremely extensive polluting of the Azerbaijan
coast.

Numerical experiments were performed with steady
winds which could present a serious hazard to the
beaches of Azerbaijan and Iran with the aim of assess-
ing the probability of delivering oil to the coasts.
Predicted oil mass was estimated from the percentage
of oil reaching the shore (Tables 3 and 4). For the
Azerbaijan coast, the beached amount was predicted
to be in the range of 15-25% of the total amount re-
leased. Southward and southwestward are predicted to
be the most hazardous wind directions for the Iranian
coast. In this case, the minimal time taken for the oil
slick to beach oil is predicted to be about 4 days. The
relatively short time necessary for an oil spill to reach
the coast in these experiments implies that the major
mass loss is due to evaporation, while the other de-
structive processes make minor contributions.

As is seen from Tables 3 and 4, for similar wind
conditions the estimated time for beaching is different
for the winter and summer, i.e., the time necessary for
slicks to reach the shore was found to be shorter for a
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Fig. 8 Successive phases of the oil spill moving under predominant northward wind.

typical summer period. The explanation for this effect
seems to be the ‘diurnal jet’ (Price et al., 1986) which is
formed in a stratified surface layer under intensive
solar heating and moderate winds. Such conditions
create a thin near surface sublayer which slides over
the stratified layer. This effect on matter transport in
the surface layer is very important for matter trans-
port and was investigated theoretically and in field
and numerical experiments by Ozmidov & Korotenko
(1989) and Korotenko (1992). Strong winds (more
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than 8 m/s), however, were found to destroy the
stratification and the diurnal jet; thus, conditions for
transport are likely to be equivalent for both seasons.
This effect was found by present numerical experi-
ments carried out with winds of 12.5 m/s (Table 3).

Conclusion and Future Development

As with most of oil spill transport models, the
model presented in this paper is divided into three

Spill Science & Technology Bulletin 6(5/6)
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Fig. 9 Successive phases of the oil spill moving under predominant westward wind.

Table 3 Predicted time and fractional of oil transported to the Azerbaijan coast

Season Wind Estimated time for Predicted total amount
reaching coast (h) of beached oil (%)
Direction Speed (m/s)
Winter Westward 7.5 56 89
Summer Westward 7.5 50 85
Winter Northwestward 12.5 56 87
Summer Northwestward 12.5 56 83
Winter Northward 7.5 93 84
Summer Northward 7.5 87 79
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Table 4 Predicted time and fractional of oil transported to the Iranian coast

Season Wind Estimated time for Predicted total amount
reaching coast (h) of beached oil (%)
Direction Speed (m/s)
Winter Southward 12.5 130 70
Summer Southward 12.5 125 61
Winter Northwesterly 12.5 92 74
Summer Southeastward 12.5 88 72

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 POM and input of these currents to-
gether 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 currents
from (1), to predict the three-dimensional movements
and fate of oil droplets. Among the processes affecting
the fate of oil, advection, turbulent diffusion, evapo-
ration, 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 prognostic simulations of behaviour of
the oil slick in the marine environment.

The transport model has been implemented for the
southern part of the Caspian Sea to predict oil slick
movement and the area covered by the oil; also, risks
of coastline contamination by the beaching of oil spills
in coastal waters were illustrated. Hypothetical 10 day
blowout scenarios releasing light crude oil in the
southwestern part of the Caspian Sea, where intensive
and extensive development of oil deposits is expected
soon, have been investigated in terms of the potential
for beaching oil under different wind conditions for
two seasons. The worst scenarios for the coasts of
Azerbaijan and Iran occur with westward and south-
westward winds, which have been investigated to es-
timate the amount of beached oil in each case.

Future improvement of the model is likely to in-
clude, on the one hand, high resolution nesting flow
submodel and, on the other hand, the model will be
incorporated into an integrated environmental moni-
toring system to provide real-time forecasting (see
Elliott and Jones, 2000) instead of hindicasting stud-
ies. Besides of POM it is expected that the high reso-
lution, low-dissipative DieCAST (Dietrich, 1997)
model to be used in the integrated system.

Since for adequate prediction of vertical transport
of oil and other dispersant thermal stratification is
very important during the spring and summer periods
for Caspian Sea it will need to be thoroughly mod-
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elled. Correct description of upper ocean turbulence
and process of formation of oil into droplets due to it
(Li & Garret, 1998) the subduction of iol droplets to
deep layers by action of surface waves (Thorpe, 1995)
are objectives for future research.
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