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Abstract 
 

Methods of oil spill domains determination are reviewed and a new method based on a probabilistic approach to 

the solution of this problem is recommended. A semi-Markov model of the process of changing hydro-

meteorological conditions is constructed. To describe the oil spill domain central point position  

a two-dimensional stochastic process is used. Parametric equations of oil spill domain central point drift trend 

curve for different kinds of hydro-meteorological conditions are determined. The general model of oil spill 

domain determination for various hydro-meteorological conditions is proposed. Moreover, statistical methods of 

this general model unknown parameters estimation are proposed. These methods are presented in the form  

of algorithms giving successive steps which should be done to evaluate these unknown model parameters  

on the base of statistical data coming from experiments performed at the sea. Moreover, approximate expected 

stochastic prediction and Monte Carlo Simulation in real time prediction of the oil spill domain movement  

are proposed. 

 

1. Introduction 
 

One of the important duties in port activities and 

shipping is the prevention of oil release from port 

installations and ships and the spread of oil spills that 

often have dangerous consequences for port and sea 

water areas [1]-[5], [8], [12]-[14], [19]-[23]. Thus, as 

the first step, there is a need for methods of oil spill 

domain movement modelling based on determination 

of the oil spill central point drift curve determination 

and the oil spill domain probable placement  

at any moment after the accident that could  

be the tools for increasing the shipping safety and 

effective port and sea environment protection. Even if, 

the real trajectory of the oil spill central point  

and the oil spill domain movement are different  

from those determined by the proposed methods, they 

can be useful in the port and sea environment 

protection. 

The oil spill central point drift trend, the oil spill 

domain shape and its random position distribution 

fixed for different hydro-meteorological conditions 

allow us to construct the model of determination  

of the area in which, with the in advance fixed 

probability, the oil spill domain is placed [2], [12]. 

This way, the area determined for oil spill allow  

us to mark the domain where the actions  

of mitigating the oil realise consequences should  

be performed. This approach is proposed to make  

oil releases at the sea prevention and mitigation 

actions more effective.   

The general model of the oil spill domain 

determination based on the probabilistic approach 

may be practically applied in the oil spill 

consequences mitigation actions at the sea after  

its statistical identification. Statistical experiments 

should be performed according to the methods  

of the model unknown parameters estimation. Thus, 

the methods of evaluation of unknown parameters  

of the oil spill central point drift curve and the joint 

density function should be proposed. Moreover,  

the procedures of their practical evaluations should be 

done as well. 
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2. Modelling process of changing hydro-

meteorological conditions at oil spill area 
 

We denote by A(t) the process of changing hydro-

meteorological conditions at the sea water areas where 

the oil spill happened and distinguish m its states from 

the set A = {1,2,...,m} in which it may stay at the 

moment t, t  <0,T>, where T > 0. Further, we assume 

a semi-Markov model of the process A(t) and denote 

by ij its conditional sojourn time in the state i while 

its next transition will  

be done to the state j, where i, j = 1,2,...,m, i  j [ 

17]-[18], [24]-[25]. Under these assumptions,  

the process of changing hydro-meteorological 

conditions A(t) is completely described by the 

following parameters [15]-[16]:  

 

- the vector of probabilities of its initial states at the 

moment t = 0 

 

   [p(0)] = [p1(0), p2(0),..., pm(0)],                            (1) 

 

- the matrix of probabilities of its transitions between 

the particular states   

 

   [pij] = 
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,  i = 1,2,...,m,    

   pii = 0,                                                                   (2) 

 

- the matrix of distribution functions of its conditional 

sojourn times ij at the particular states  

 

   [Wij(t)] = 
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,  

    i = 1,2,...,m,   Wii(t) = 0,                                    (3) 

 

- the expected values (mean values) of its conditional 

sojourn times ij at the particular states  

 

   Mij = E[ij]= 


0

tdWij(t), i, j = 1,2,...,m, i  j,          (4) 

 

- the variances of its conditional sojourn times ij  

at the particular states  

 

   Vij = D[ij] = 


0

(t – E[ij])
2dWij(t), i, j = 1,2,...,m,  

   i  j.                                                                      (5) 

Having the above parameters of the process  

of changing hydro-meteorological conditions  

A(t), t  <0,T>, T > 0, this process following 

characteristics can be determined [9]-[11]:   

- the distribution functions of the unconditional 

sojourn time i of the process of changing hydro-

meteorological conditions at the particular states i,  

i = 1,2,...,m,  

 

   Wi(t) = 


m

j 1

pijWij(t), i = 1,2,...,m;                           (6) 

 

- the mean values of the unconditional sojourn time i 

of the process of changing hydro-meteorological 

conditions at the particular states i, i = 1,2,...,m,  

 

   Mi = E[i] = 


m

j 1

pijE[ij], i = 1,2,...,m;                   (7) 

 

- the variances of the unconditional sojourn  

time i of the process of changing hydro-

meteorological conditions at the states i,  

i = 1,2,...,m,  

 

   Vi = D[i] = 


m

j 1

pijD[ij],  i = 1,2,...,m;                  (8) 

 

- the limit values of the process of changing hydro-

meteorological conditions transient probabilities  

at the particular operation states  

 

   pi(t)= P(W(t) = i), t  <0,+), i = 1,2,...,m,         (9) 

 

given by   

 

   pi = lim
t

 pi(t) = ,

1




m

j
jj

ii

M

M




 i = 1,2,...,m,             (10) 

    

where Mi, i = 1,2,...,m,  are given by (7), while the 

steady probabilities 
i

  of the vector 
xmi 1

][  satisfy the 

system of equations   
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                                                (11) 

 

(In the case of a periodic process of changing hydro-

meteorological conditions, the limit transient 

probabilities pi, i = 1,2,...,m, at the particular states 
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given by (10), are the long term proportions  

of this process sojourn times at the particular 

operation states i, i = 1,2,...,m); 

- the total sojourn times 
i
̂  of the process  

of changing hydro-meteorological conditions  

at the particular operation states i, i = 1,2,...,m, during 

the fixed time θ, that have approximately normal 

distributions with the expected value given by  

 

   ,]ˆ[ˆ 
iii

pEM   i = 1,2,...,m.                         (12) 

 

where pi, i = 1,2,...,m, are given by (10). 

 

3. Modelling trend of oil spill central point 

drift 
 

The approach and the results concerned with the 

survivor search domain at the sea restricted areas 

determination considered in [2] can be modified, 

developed and applied to oil spill drift trend 

determination.   

First, for each fixed state k, k = 1,2,…,m, of the 

process A(t) and time t  <0,T>, where T is time we 

are going to model the behaviour of the oil spill 

domain ),(tD k we define the central point of this oil 

spill domain as a point )),(),(( tytx kk
 t  <0,T>,  

k = 1,2,…,m, on the plane Oxy that is the centre  

of the smallest circle, with the radius ),(tr k
  

t  <0,T>, k = 1,2,…,m, covering this domain (Figure 

1). Thus, for the fixed oil spill domain ),(tD k  we 

have 
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   t  <0,T>, k = 1,2,…,m,                                     (13) 

 

where the ))(),((
111

tytxP kk
 and ))(),((

222
tytxP kk

are 

the most distant points of the oil spill domain ),(tD k  

t  <0,T>, k = 1,2,…,m, and the radius ),(tr k
 called 

the radius of the oil spill domain ),(tD k  is given by  

 

   ,)]()([)]()([
2

1
)( 2

21

2

21
tytytxtxtr kkkkk    

   t  <0,T>, k = 1,2,…,m.                                     (14) 

 

Further, for each fixed state k, k = 1,2,…,m, of the 

process A(t) and time t, t  <0,T>, we define a two-

dimensional stochastic process  

 

   )),(),(( tYtX kk  t  <0,T>,  

 

such that   
 

P1(x1 (t), y1 (t)) 

   y 

   x 

   t 

k            k 

P2(x2 (t), y2 (t)) 
k            k 

C(x 

k
 (t), y 

k
(t)) 

D 

k
 (t) 

r 

k
 (t) 

0 
 

0    t  
 

Figure 1. Interpretation of central point of oil spill 

definition 

 

   ),( kk YX : <0,T>   R2, 

 

where ),(tX k  )(tY k  respectively are an abscissa and 

an ordinate of the plane Oxy point, in which the oil 

spill central point is placed at the moment t while the 

process A(t), t  <0,T>, is at the state k. We set 

deterministically the central point of oil spill domain 

in the area in which an accident has happened and an 

oil release was placed in the water as the origin O(0,0) 

of the co-ordinate system Oxy. The value of a 

parameter t at the moment of accident we assume 

equal to 0. It means that the process )),(),(( tYtX kk  is 

a random two-dimensional co-ordinate (a random 

position) of the oil spill central point after the time t 

from the accident moment and that at the accident 

moment t = 0 the oil spill central point is at the point 

O(0,0), i.e.  

 

   ).0,0())0(),0(( kk YX   

 

After some time the central point of the oil spill starts 

its drift along a curve called a drift curve.  

In further analysis, we assume that processes   

 

   )),(),(( tYtX kk  t  <0,T>, k = 1,2,…,m,  

 

are two-dimensional normal processes   

 

   )),(),(),(),(),(( ttttmtmN k

Y

k

X

k

XY

k

Y

k

X   t  <0,T>,  

   k = 1,2,…,m, 

 

with varying in time expected values  
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standard deviations  
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X  )(tk

Y , t  <0,T>, k = 1,2,…,m,   

 

and correlation coefficients ),(tk

XY
  i.e. with the joint 

density functions   
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   ,),( 2Ryx   t  <0,T>, k = 1,2,…,m.                (15) 

 

Thus, the points  

 

   ))(),(( tmtm k

Y

k

X , t  <0,T>, k = 1,2,…,m,  

 

create a curve Kk called an oil spill central point drift 

trend (Figure 2) which may be described in the 

parametric form   
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Figure 2. Oil spill central point drift trend 

 

4. Modelling oil spill domain 
 

4.1. Probabilistic approach 
 

We are interested in finding the search domain Dk(t), 

t  <0,T>, k = 1,2,…,m, such that the central point  

of oil spill domain is placed in it with a fixed 

probability p. More exactly, we are looking for c such 

that     
   ,),())())(),(((
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   t  <0,T>, k = 1,2,…,m,                                     (17) 
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 }2c , t  <0,T>,  

   k = 1,2,…,m,                                                       (18) 

 

is the domain bounded by an ellipse being  

the projection on the plane 0xy of the curve rising  

as the result of intersection (Figure 3) of the density 

function surface   
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   (x,y)  R2}, t  <0,T>, k = 1,2,…,m.                 (20) 
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D
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Figure 3. Domain Dk(t) of integration bounded by an 

ellipse 

 

The graph of the domain )(tD k  is given  

in Figure 4.  

 
    y 
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D 

k
 (t) 

α (t) 

 y – mY(t) = ρXY(t)          (x – mX(t)) 
k                k                                       k    σY(t) 

 σX(t) 

k   

k    mY(t) + cρXY(t) σY 
(t) 

k                  k             k   

(mX(t), mY(t)) 
k              k     

 mX(t) – cσX 
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Figure 4. Domain Dk(t) covering oil spill central 

point with probability p 

Since  

 

   ))())(),((( tDtYtXP kkk   = ],
2

1
exp[1 2c  

   t  <0,T>, k = 1,2,…,m,                                     (21) 

 

then for a fixed probability p, the equality  

 

   )))(),((( kkk DtYtXPp  , t  <0,T>,  

   k = 1,2,…,m,                                                       (22) 

 

holds if ).1ln(22 pc   

 

Thus, the domain in which at the moment t the 

central point of oil spill is placed with the fixed 

probability p is given by    
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   ≤ – 2ln(1 – p)}, t  <0,T>, k = 1,2,…,m.           (23) 

 

Considering the above and the assumed in Section 3 

definition of the central point of oil spill, for each 

fixed state k, k = 1,2,…,m, of the process A(t) and time 

t  <0,T>, we define the oil spill domain 
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where  
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X

k
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   t  <0,T>, k = 1,2,…,m,                                     (25) 

 

and  

 

   ),(tr k
 t  <0,T>, k = 1,2,…,m,                         (26) 

 

is the radius of the oil spill domain ),(tD k   

t  <0,T>, k = 1,2,…,m. 

 

The graph of the oil spill domain )(tD k  is given  

in Figure 5.  
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Figure 5. Oil spill domain )(tD k  

 

 

 

 

4.2. Oil spill domain for fixed hydro-

meteorological conditions 
 

We suppose that the process A(t) for all t  <0,T>, is 

at the fixed state k, k = 1,2,…,m. Assuming a time step 

∆t and a number of steps s, s ≥ 1, such that  

 

   (s – 1)∆t < Mk ≤ s∆t, ,Tts                              (27) 

where  
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   Mk = E[θk], k = 1,2...,m,                                      (28) 

 

are the expected value of the process A(t), t  <0,T>, 

sojourn times θk, k = 1,2...,m, at the state k determined  

in  Section  2,   after  multiple  applying  

sequentially the procedure from Section 4.1, for 

 

   ,,,2,1 tsttt                                              (29) 

 

we receive the following sequence of oil spill domains 

(Figure 6) 
 

 

   ).(.,..),2(),( tsDtDtD kkk                         (30)
 

 

Hence, the oil spill domain ,kD  ,,...,2,1 mk   is 

described by the sum of determined domains of the 

sequence (30)  

 

   ),(...)2()1()(
1

tsDtDtDtiDD kkk
s

i

kk 


   

   ,,...,2,1 mk                                                        (31) 

 

and illustrated in Figure 6.    

 
    y 

   x 

   t 
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D
k
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D
k
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Figure 6. Oil spill domain for fixed hydro-

meteorological conditions 

 

Remark 1. The oil spill domain  kD  defined by (31)  

and illustrated in Figure 6 is determined for constant 

radius ,)( kk rtr   t  <0,T>, k = 1,2,…,m.  

If the radius is not constant, we define the sequence  

of domains  

 

   ...)2()1()()(
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kk
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   ),( tbD k   ,,...,2,1 sb  ,,...,2,1 mk                            

where  

 

   ),(:)( taDtaD kk   ,,...,2,1 ba  ,,...,2,1 sb    

   ,,...,2,1 mk         
 

defined by (24) with       
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4.3. Oil spill domain in varying hydro-

meteorological conditions 
 

We assume that the process of changing  

hydro-meteorological conditions in succession takes 

the states k1, k2, ..., kn, ki  {1,2,...,m}, i = 1,2,...,n. For 

a fixed time step ∆t, after multiple applying 

sequentially the procedure from Section 4.1:  

 

- for  

 

   ,,,2,1
1

tsttt                                          (32) 

 

at the process A(t) state k1;    

 

- for  

 

   ,,,)2(,)1(
211

tststst                    (33) 

 

at the process A(t) state k2;      

 

…  

 

- for  

 

   ,,,)2(,)1(
11

tststst
nnn



                 (34) 

 

at the process A(t) state kn; 

 

we receive the following sequence of oil spill domains 

(Figure 7):
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111 tsDtDtD
kkk

                    (35) 
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2

2
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2
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kkk
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…  
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n

nk

n
nk

n
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 (37)
 

 

where si, i = 1,2,...,n, are such that 

   (si-1)∆t < 


i

j 1

Mkj kj+1 ≤ si∆t, i = 1,2,...,n,  

   ,Tts
n

                                                             (38) 

 

and  

 

   Mkj kj+1 = E[θkj kj+1], j = 1,2...,n-1,                        (39) 
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are the expected value of the process A(t), t  <0,T>, 

conditional sojourn times θkj kj+1, j = 1,2...,n-1 at the 

states kj, upon the next state is kj+1, j = 1,2...,n-1,  

kj, kj+1,  {1,2,...,m}, j = 1,2...,n-1, determined  

in Section 2. 

Hence, the oil spill domain ,
,...,2,1 nkkk

D  k1, k2, ...,  

kn  {1,2,...,m}, is described by the sum  

of determined domains of the sequences (35)-(37), 

given by 
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D
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D
k
(sn∆t) 
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Figure 7. Oil spill domain for changing hydro-meteorological conditions 
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,  

 

   k1, k2, ..., kn  {1,2,...,m},                                   (40)  

 

and illustrated in Figure 7.  

 

Remark 2. The oil spill domain  nkkk
D

,...,2,1  defined by 

(40) and illustrated in Figure 7 is determined for 

constant radiuses ,)( ikik rtr   t  <0,T>, 

ki  {1,2,...,m}, i = 1,2,...,n. If the radiuses are not 

constant, we define the sequence of domains for each 

sate ki, ki  {1,2,...,m}, i = 1,2,...,n, in a similar way as 

that described in Remark 1 in Section 4.2.  

 

5. Monte Carlo simulation prediction of the 

oil spill domain 
 

The general model of the process of changing hydro-

meteorological conditions at oil spill area is proposed 

in Section 2 and defined by the initial probabilities  

at its states, the probabilities of transitions between 

these states and the distributions of the conditional 

sojourn times at these states. Moreover, its main 

characteristics, i.e. the mean values and variances  

of the unconditional sojourn times at particular states, 

the limit values of transient probabilities  

at particular states and the unconditional mean values 

of total sojourn times at the particular states for the 

fixed time T are determined. In this section, a Monte 

Carlo simulation approach is applied to the process of 

changing hydro-meteorological conditions at oil spill 

area prediction analysis and its characteristics 

determination. Finally, the way of oil spill domain  

in varying hydro-meteorological conditions Monte 

Carlo simulation prediction is proposed. 

 

5.1. Generating process of changing hydro-

meteorological conditions at oil spill area 
 

We denote by ki = ki(q), i  {1,2,...,m}, the realization 

of the process' A(t) initial state  

at the moment t = 0. Further, we select this  

initial state by generating realizations from the 
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distribution defined by the vector [p(0)]1×m, according  

to the formula 
 

   ki(q) = kξ,   




 1

pξ–1(0) ≤ q < 




 1

pξ(0),   (41) 

   ψ  {1,2,...,m}, 

where q is a randomly generated number from  

the uniform distribution on the interval 0,1) and p(0)  

for ξ = 0 equals 0. 

After selecting the initial state ki, i  {1,2,...,m},  

we can fix the next operation state of the process of 

changing hydro-meteorological conditions at oil spill 

area. We denote by kj = kj(g), j  {1,2,...,m}, i  j, the 

sequence of the realizations of the operation process' 

consecutive states generated from the distribution 

defined by the matrix [pij]m×m. Those realizations are 

generated for a fixed i, i  {1,2,...,m}, according to the 

formula 
 

   kj(g) = kξ,   




 1

pi ξ–1 ≤ g < 




 1

pi ξ,   (42) 

   ψ  {1,2,...,m}, ψ  i, 

where g is a randomly generated number from the 

uniform distribution on the interval 0,1) and pi 0 = 0. 

We can use several methods generating draws from  

a given probability distribution, e.g. an inverse 

transform method, a Box-Muller transform method, 

Marsaglia and Tsang’s rejection sampling method 

[6]. The inverse transform method (also known  

as inversion sampling method) is convenient if it is 

possible to determine the inverse distribution function 

[7]. This section will consider only this one sampling 

method, but the other methods are discussed in [6]-

[7]. 

We denote by ,)(
ijt  i,j  {1,2,…,m}, i  j, 

 = 1,2,…,nij, the realization of the conditional 

sojourn times θij of the process A(t), t  <0,T>, 

generated from the distribution function Wij(t), where 

nij is the number of those sojourn time realizations 

during the experiment time T. Thus, using the inverse 

transform method, the realization 
)(

ijt  is generated 

from 

 

   tij = 
1

ijW (h), i,j  {1,2,…,m}, i  j, (43) 

 

where 
1

ijW (h) is the inverse function of the 

conditional distribution function Wij(t) and h is a 

randomly generated number from the interval 0,1); 

Having the realizations 
)(

ijt  of the process A(t), it is 

possible to determine approximately the entire 

sojourn time at the state ki during the experiment time 

T, applying the formula 
 

   i = 



m

ij
j 1




ijn

1

)(
ijt , i  {1,2,...,m}.  (44) 

 

Further, the limit transient probabilities defined  

by (10) can be approximately obtained using the 

formula 
 

   pi = i / T,  T = 


m

i 1

i, i  {1,2,...,m}. (45) 

 

The mean values and variances of the process' 

unconditional sojourn times at the particular states are 

given respectively by 
 

   Mi = E[θi] = i / ni,   ni = 


m

j 1

nij, i  {1,2,...,m}. (46) 

 

   Vi = E[(Ξb)2] – (Mi)2, i  {1,2,...,m}. 
(47) 

 

Other, possible to obtain, interesting characteristics of 

the process A(t) are its total sojourn times 
i
̂  at the 

particular states ki, during the fixed time θ. According 

to the formula (12) and [11], [15]-[18], the process' 

total sojourn time 
i
̂  at the state ki, i  {1,2,...,m}, for 

sufficiently large time has approximately normal 

distribution with the expected value given as follows 

 

   ,]ˆ[ˆ 
iii

pEM   i  {1,2,...,m}. (48) 

 

5.2. General procedure of Monte Carlo 

simulation application to characteristics 

determination of a process of changing 

hydro-meteorological conditions at oil spill 

area 
 

The procedure of estimating process' of changing 

hydro-meteorological conditions at oil spill area 

characteristics is formed as follows.  

First, we have to draw a randomly generated number 

g from the uniform distribution on the interval 0,1). 

Next, we can select the initial state ki, i  {1,2,...,m}, 

according to (41). Further, we draw another randomly 

generated number g from the uniform distribution on 

the interval 0,1). For the fixed i, i  {1,2,...,m}, we 

select the next state kj, j  {1,2,...,m}, j  i, according 

to (42). Subsequently, we draw a randomly generated 

number h from  

the uniform distribution on the interval 0,1).  

For the fixed i and j, we generate a realization tij,  

of the conditional sojourn time θij from a given 

probability distribution, according to (43).  
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Further, we substitute i := j and repeat drawing 

another randomly generated numbers g and h 

(selecting the states kj and generating realizations tij, 

of the conditional sojourn time), until the sum i  

of all generated realisations tij reach a fixed 

experiment time T. Consequently, we calculate  

the entire sojourn times at the states ki, i = 1,2,...,m, 

according to (44), limit transient probabilities  

at the particular states, according to (45), 

unconditional mean sojourn times at the states, 

according to (46), variances at the states, according to 

(47) and mean values of the total sojourn times  

at the states during the fixed time θ, according  

to (48). 

The general Monte Carlo simulation flowchart  

for determination of a process of changing  

hydro-meteorological conditions at oil spill area  

is illustrated in Figure 8. 

 

Set )(: qkk
ii

 , )(: gkk
jj

 , },,...,2,1{, mji   ji  ; 

)(:)( 1)( hWht
ijij

 , 

i = 



m

ij
j 1




ijn

1

)(
ijt , 

pi = i / T,  T = 


m

i 1

i,  

Mi = E[θi] = i / ni,   ni = 


m

j 1

nij, Vi = E[(Ξb)
2
] – (Mi)

2
, 

,]ˆ[ˆ 
iii

pEM   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fix the initial state ki 

Start 

Generate g  

Set 0:)()( ht
ij


, 1: , .: constT   

Fix state kj 

Generate q  

Generate h  OUTPUT: i 

Write )(uT  

Calculate mean values Mi 

and variances Vi 

ji
kk :  

Stop 

Yes 

1:   

 

No 

Fix the realisation )()( ht
ij


 

of conditional sojourn time θij 
i ≥ T 

Calculate the limit values pi 

of transient probabilities 

Calculate the total mean 

sojourn times 
i

M̂  

OUTPUT:  

Mi, Vi, pi, i
M̂  

 

Calculate the entire  

sojourn time i 

 
 

Figure 8. General Monte Carlo flowchart for prediction of a process of changing hydro-

meteorological conditions at oil spill area 

 

5.3. Oil spill domain in varying hydro-

meteorological conditions Monte Carlo 

simulation prediction 

 

Using the procedures of the process of changing 

hydro-meteorological conditions at oil spill area 

prediction described in Sections 5.1-5.2 and the 
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modified method of the domain of oil spill 

determination presented in Section 4.3 the Monte 

Carlo simulation oil spill domain prediction can  

be done.  

The modified method of the domain of oil spill 

determination presented in Section 4.3 depends  

on changing the procedure (32)-(40) by replacing  

the conditions (38)-(40) by the conditions:  

The si, i = 1,2,...,n, existing in (32)-(37) are such that 

 

   (si - 1)∆t < 


i

j 1

tkj kj+1 = si∆t, i = 1,2,...,n, 

   ,Tts
n

                                                             (49) 

 

and  

 

   tkj kj+1, j = 1,2...,n-1,                                             (50) 

 

are the realizations of the process A(t), t  <0,T>, 

conditional sojourn times θkj kj+1, j = 1,2...,n-1, at the 

states kj, upon the next state is kj+1, j = 1,2...,n-1, kj, 

kj+1,  {1,2,...,m}, j = 1,2...,n-1, defined in Section 2. 

 

6. Identification of process of changing hydro-

meteorological conditions 
 

In order to estimate parameters of the process  

of hydro-meteorological conditions changing A(t),  

t  <0,T>, the following step should be done:   

 

- to fix the number of states m of the process A(t);  

 

- to define the states of the process A(t);   

 

- to fix the vector  

 

   )],0(),...,0(),0([)]0([ 21 mnnnn                              (51) 

 

of realisations )0(in , ,,...,2,1 mi   of the numbers of 

the process )(tA  transients at the particular states i at 

the initial moment t = 0;  

 

- to fix the vector  

 

   )]0(.,..),0(),0([)]0([ 21 mpppp  ,              (52) 

 

of realisations )0(ip , ,,...,2,1 mi  of the initial 

probabilities of the process )(tA  transients in the 

particular states i at the moment t = 0, applying the 

formula  

 

   
)0(

)0(
)0(

n

n
p i

i   for ,,...,2,1 mi                       (53) 

 

where  

 

   


m

i
inn

1

),0()0(                                                      (54)
 

 

is the total number of the process )(tA  realisations  

at t = 0;   

 

- to fix the matrix  

 

   [ ijn ] = ,

...

...

...

...

21

22221

11211





















mmmm

m

m

nnn

nnn

nnn

                              (55) 

 

of realisations ij
n , ,,...,2,1, mji   of the numbers  

of the process A(t)  transitions from the state i, 

,,...,2,1 mi  into the state  j, ,,...,2,1 mj  during  

the experiment time;  

 

- to fix the matrix  

 

   [ ijp ] = ,

...

...

...

...

21

22221

11211





















mmmm

m

m

ppp

ppp

ppp

                              (56) 

 

of realisations ijp , ,,...,2,1, mji   of the transition 

probabilities of the process A(t) from the state i into 

the state j, applying the formula   

 

   
i

ij

ij
n

n
p  ,   for i,j = 1,2,…,m, i  j, iip  = 0,  for  

   i = 1,2,…,m,                                                       (57) 

 

where  

 

   


m

ij
iji nn , i = 1,2,...,m,                                      (58) 

 

is the realisation of the total number of the process A(t) 

transitions from the state i, i = 1, 2, ..., m, during the 

experiment time; 

 

- to collect the realizations  

 

   

ij ,     = 1, 2, ..., ijn ,                                        (59) 
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of the process )(tA  conditional lifetimes ij ,  

i, j = 1, 2, ..., m, i  j, at the states i, i = 1, 2, ..., m, 

while the next transition is the state j, j = 1, 2, ..., m;  

 

- to formulate and to verify the hypotheses about  

the conditional distribution functions of the process

)(tA  lifetimes  

 

   ij , i, j = 1, 2, ..., m, i  j,                                   (60) 

 

at the states i, i = 1, 2, ..., m, while the next transition 

is the state j, j = 1, 2, ..., m,  on the base of their 

realisations 

ij ,     = 1, 2, ..., ijn . 

 

7. Identification of oil spill domain drift trend 
 

Having in disposal empirical mean positions  

of the oil spill domain central point   

 

   )),('),('( 11 tmtm k

Y

k

X )),('),('( 22 tmtm k

Y

k

X ..., 

   ))('),('( kN

k

YkN

k

X tmtm , k = 1,2,…,m,                    (61) 

 

at the moments kN
ttt ...,,, 21 , it is possible to fix the 

equation of the central point of oil spill drift trend 

curve in the following parametric form   

 

   K k : 











,...)(

...)(

1

10

1

10

bk

b

kkk

Y

ak

a

kkk

X

tttmy

tttmx




 

   ,,...,2,1,,0 mkTt                                  (62) 

 

where a and b are natural numbers while  

 

    ,k

j
 j = 0, 1, ..., a, k = 1,2,…,m,                         (63) 

 

and  

 

   ,k

j
  j = 0, 1, . . ., b, k = 1,2,…,m,                      (64) 

 

are unknown real coefficients of the assumed curve 

model.  

According to the least squares method the unknown 

coefficients of the central point of oil spill drift trend 

are determined from the condition of the minimising 

the sum of squares of the differences between  

the realisations (61) and values calculated from  

the curveK k  equations (62), i.e. for each fixed k,  

k = 1,2,…,m, the following condition should  

be satisfied   

 

   ]))()('())()('(([ 22

1




tmtmtmtm
k

Y

k

Y

k

X

k

X

kN

k 


  

        = minimum, k = 1,2,…,m.                             (65) 

 

Hence and from the necessary condition for extremes 

existence for each fixed k, after substituting   

 

   



kN

vuk

uv t
1

,


   u, v = 0,1,…,a, 


kN

k

X

uk

u tmt
1

),('


   

   u = 0,1,…,a, k = 1,2,…,m,                                 (66) 

 

   




kN

vuk

uv t
1

,


  u, v = 0,1,…,b, 


kN

k

Y

uk

u tmtF
1

),('


   

   u = 0,1,…,b, k = 1,2,…,m,                                 (67) 

 

and introducing the matrices   

 

   k  = 



























k
aa

k
a

k
a

k
a

kk

k
a

kk

...

........

...

...

10

11110

00100

,  

    k  = 





















k
a

k

k







...

1

0

, k  = 



























k
a

k

k

...

1

0

, k = 1,2,…,m,            (68) 

 

   k  = 





















k
bb

k
b

k
b

k
b

kk

k
b

kk

B...BB

........

B...BB

B...BB

10

11110

00100

,  

 

   k  =





















k
b

k

k







...

1

0

,  kF  = 





















k
b

k

k

F

F

F

...

1

0

, k = 1,2,…,m,           (69) 

 

we get   

 

   










.,...,2,1, mkF kkk

kkk




                               (70) 

 

Hence under the assumption that determinants of the 

matrices k  and k , defined by (68)-(69), are 
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different from zero we get the unknown coefficient of 

the curve models from the system of  equations  

 

   















,,...,2,1,)(

)(

1

1

mkF kkk

kkk




                            (72) 

 

where 1)( k  and 1)(  k  are the inverse matrices  

of the matrices k  and k , defined by (68)-(69). 

The equations of the remaining dependent on time t 

functional parameters of the join density functions 

),( yxk

t , t  <0,T>,  k = 1,2,…,m, may be found  

in an analogous way.  

Having in disposal empirical values of standard 

deviations of the oil spill domain central point 

positions  

 

   ),(' 1t
k

X ),(' 2t
k

X  ..., ),(' kN

k

X t  

    k = 1,2,…,m,                                                       (72) 

 

at the moments kN
ttt ...,,, 21  it is possible to evaluate 

the coefficients of functional standard deviations  

of random variables )(tX k , t  <0,T>, k = 1,2,…,m, 

given by the following curve in the parametric form  

 

   ck

c

kkk

X ttt   ...)( 1

10
, t  <0,T>,  

   k = 1,2,…,m,                                                       (73)  

 

determining them from the system of equations   

 

   kkk GA 1)(  , k = 1,2,…m,                              (74) 

 

where 

 

   k  =





















k
c

k

k







...

1

0

, kG  = 





















k
c

k

k

G

G

G

...

1

0

, 


kN
k

X

uk

u ttG
1

),('


     

   u = 0,1,…,c, k = 1,2,…,m.                                  (75) 

 

Having in disposal empirical values of standard 

deviations of the oil spill domain central point 

positions 

 

   ),(' 1t
k

Y ),(' 2t
k

Y  ..., ),(' kN

k

Y t  k = 1,2,…,m,  (76) 

 

at the moments kN
ttt ...,,, 21 , it is possible to evaluate 

coefficients of the functional standard deviations  

of random variables )(tY k , k = 1,2,…,m, given  

by the following curve in the parametric form  

 

   dk

d

kkk

Y ttt   ...)( 1

10
, t  <0,T>,  

   k = 1,2,…,m,                                                       (77) 

 

determining them from the system of equations   

 

    kkk HA 1)(  , k = 1,2,…m,                              (78) 

 

where   

 

   























k
d

k

k

k








...

1

0

, kH  = 





















k
d

k

k

H

H

H

...

1

0

, 


kN
k

Y

uk

u ttuH
1

),(')(


     

   u = 0,1,…,d, k = 1,2,…,m,                                 (79) 

 

Having in disposal empirical values of correlation 

coefficients   

 

   ),(' 1t
k

XY ),(' 2t
k

XY  ..., ),(' kN

k

XY t   

   k = 1,2,…,m,                                                       (80) 

 

at the moments kN
ttt ...,,, 21 , it is possible to evaluate 

coefficients of functional correlation coefficients  

of random variables )(tX k  and )(tY k , k = 1,2,…,m,  

given by the following curve in the parametric form  

 

   ek

e

kkk

XY ttt   ...)( 1

10
, t  <0,T>,          (81) 

 

determining them from the system of equations   

 

   kkk IA 1)(  , k = 1,2,…m,                               (82) 

 

where   

 

   k  = 





















k
e

k

k







...

1

0

, kI  = 





















k
e

k

k

I

I

I

...

1

0

, 


kN
k

XY

uk

u ttI
1

),('


    

   u = 0,1,…,e , k = 1,2,…,m.                                 (83) 

 

Having in disposal empirical values of the radius  

of the oil spill domain    

 

   ),('
1
tr

k
),('

2
tr

k  ..., ),('
kN

k
tr  k = 1,2,…,m,     (84) 
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at the moments kN
ttt ...,,, 21 , it is possible to evaluate 

the coefficients of the radius of the oil spill domain 

),(tD
k

 t  <0,T>, k = 1,2,…,m, given by the 

following curve in the parametric form  

 

   fk

e

kkk tttr   ...)( 1

10
,  t  <0,T>,         (85) 

 

determining them from the system of equations 

 

   
kkk JA 1)(  , k = 1,2,…m,                              (86) 

where   

 

   
k  = 





















k

f

k

k







...

1
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1
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kN
kuk

u
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1

),('


   

   u = 0,1,…, f, k = 1,2,…,m.                                 (87) 

 

Thus, to determine the evaluations of the central point 

of oil spill drift trend curves (62)  

and parameters of joint density functions ),( yx
k

t ,  

t  <0,T>, k = 1,2,…m, given by (15), it is necessary 

to perform the following steps:  

 

- to fix the numbers  

 

   kN , k = 1,2,…,m,                                               (88) 

 

of observations of the central point of oil spill 

positions;  

 

- to fix the moments of observations  

 

   ,.,..,, 21 kN
ttt

 
k = 1,2,…,m,                                 (89) 

 

of the central point of oil spill positions;  

 

- to fix the numbers of the process )),(),(( tYtX kk
 

t  <0,T>, k = 1,2,…,m, realisations 

 

   ),1(kn
 

),2(kn ,... )( kk Nn , k = 1,2,…,m,           (90)
 

 

at the moments ,.,..,, 21 kN
ttt  k = 1,2,…,m;  

 

- to fix the central point of oil spill positions  

 

   )),('),('( 11  tytx kk

 
)),('),('( 22  tytx kk ,...    

   )),('),('(
)()( 

tytx k
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k

kn
 k = 1,2,…,m,                 (91) 

 

at each moment ,,...,2,1, kNt   k = 1,2,…,m;  

  

- to fix the most distant points of the oil spill domain   
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1
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1111  tytx kk
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2
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)(2)(2 

tytx k
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k

kn  k = 1,2,…,m,              (93) 

 

at each moment ,,...,2,1, kNt 
 k = 1,2,…,m;  

 

- to evaluate the central point of oil spill mean 

positions, according to the formulae  
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   k = 1,2,…,m;                                                       (95) 

    

- to evaluate the central point of oil spill position 

standard deviations according to the formulae  
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    ,,...,2.1 kN  k = 1,2,…,m;                               (97) 

 

- to evaluate the central point of oil spill position 

correlation coefficients according to the formula   
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    ,,...,2,1 kN  k = 1,2,…,m;                               (98) 

 

- to calculate the radius of the oil spill domain  
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    ,,...,2.1 kN  k = 1,2,…,m;                               (99) 

 

- to find parametric forms (62) of the central point  

of oil spill drift trend and remaining parameters (73), 

(77), (81) and (85) of survivor position distributions, 

applying the formulae (71), (74), (78), (82) and (86) 

respectively.  

 

 

 

8. Conclusions 
 

The improvement of the methods of the oil spill 

domains determination is the main real possibility  

of the identifying the pollution size and the reduction 

of time of its consequences elimination. Therefore, it 

seems to be necessary to start with the new and better 

methods of the oil spill domains at port and sea waters 

determination for different hydro-meteorological 

conditions. The most important criterion of new 

methods should be the time  

of the oil spill consequences elimination minimising. 

One of the essential factors that could ensure these 

criteria fulfilment is the accuracy of methods  

of the oil spill domain determination. Those methods 

should be the basic parts of the general problem  

of different kinds of pollution identification, their 

consequences reduction and elimination at the port 

and sea water areas to elaborate a complete 

information system assisting people and objects  

in the protection against the hazardous contamination 

of the environment. One of the new efficient methods 

of more precise determination of the oil spill domains 

determination could be a probabilistic approach to this 

problem presented in this report  

and preliminarily in [12]. 

The oil spill domains determined for different hydro-

meteorological conditions can be also done for other 

kind of spills, dangerous for the environment.  

The proposed probabilistic approach to oil spill 

domains determination would surely improve the 

efficiency of people activities in the environment 

protection.   

A weak point of the method is the time and cost  

of the experiments necessary to perform at the port 

and sea water areas in order to identify statistically 

particular components of the proposed models. 

Especially experiments needed to evaluate drift trends 

and parameters of the central point of oil spill position 

distributions can consume much time  

and be costly as they have to be done for different kind 

of spills and different hydro-meteorological 

conditions in various areas. A strong and positive 

point of the method is the fact that the experiments for 

the fixed port and sea water areas and fixed hydro-

meteorological conditions have to be done only once 

and the identified models may be used  

for all environment protection actions at this regions. 

 

Acknowledgements 

The paper presents the results developed in the scope 

of the HAZARD project titled “Mitigating the Effects 

of Emergencies in Baltic Sea Region Ports” that has 

received funding from the Interreg Baltic Sea Region 

Programme 2014-2020 under grant agreement  No 

#R023. https://blogit.utu.fi/hazard/ 

 
"Scientific work granted by Poland’s Ministry  

of Science and High Education from financial 

resources for science in the years 2016-2019 awarded 

for the implementation of an international co-financed 

project." 

 

References 
 

[1] Al-Rabeh A.H., Cekirge H.M. & Gunay N. A. 

(1989). Stochastic simulation model of oil spill 

fate and transport, Applied Mathematical 

Modelling, p. 322-329.  

[2] Blokus A. & Kołowrocki K. (2003). On 

determination of survivor search domain at sea 

restricted areas, Risk Decision and Policy 8, 81-

89.  

[3] Blokus A. & Kwiatuszewska-Sarnecka B. (2018). 

Reliability analysis of the crude oil transfer 

system in the oil port terminal. Proc. International 

Conference on Industrial Engineering and 

Engineering Management - IEEM, Bangkok, 

Thailand.  

[4] Bogalecka M. & Kołowrocki K. (2018). 

Prediction of critical infrastructure accident 

losses of chemical releases impacted by climate-

weather change. Proc. International Conference 

on Industrial Engineering and Engineering 

Management - IEEM, Bangkok, Thailand. 

[5] Bogalecka M. & Kołowrocki K. (2018). 

Minimization of critical infrastructure accident 

losses of chemical releases impacted by climate-

weather change. Proc. International Conference 

on Industrial Engineering and Engineering 

Management - IEEM, Bangkok, Thailand.  

[6] Dąbrowska E. (2019). Monte Carlo simulation 

approach to reliability analysis of complex 

https://blogit.utu.fi/hazard/


Journal of Polish Safety and Reliability Association 

Summer Safety and Reliability Seminars, Volume 10, Number 1, 2019                     

 

 

 

57 

systems, PhD Thesis, System Research Institute, 

Polish Academy of Science, Warsaw, Poland. 

[7] Dąbrowska E. & Soszyńska-Budny J. (2018). 

Monte Carlo simulation forecasting of maritime 

ferry safety and resilience. Proc. International 

Conference on Industrial Engineering and 

Engineering Management - IEEM, Bangkok, 

Thailand.  

[8] Fay J. A. (1971). Physical Processes in the 

Spread of Oil on a Water Surface. Proceedings of 

Joint Conference on Prevention and Control of 

Oil Spills, sponsored by American Petroleum 

Industry, Environmental Protection Agency, and 

United States Coast Guard 

[9] Ferreira F. & Pacheco A. (2007). Comparison  

of level-crossing times for Markov and semi-

Markov processes, Statistics and Probability 

Letters, Vol. 7, No 2, p. 151-157.  

[10] Glynn P. W. & Haas P. J. (2006). Laws of large 

numbers and functional central limit theorems for 

generalized semi-Markov processes, Stochastic 

Models, Vol. 22, No 2, p. 201-231.  

[11] Grabski F. (2014). Semi-Markov Processes: 

Application in System Reliability and 

Maintenance, Amsterdam, Boston, Heidelberd, 

London, New York, Oxford, Paris, San Diego, 

San Francisco, Singapore, Sidney, Tokyo, 

Elsevier.  

[12] Guze S., Kolowrocki K. & Mazurek J. (2017). 

Modelling spread limitations of oil spills at sea. 

Proc. The 17th Conference of the Applied 

Stochastic Models and Data Analysis – ASMDA, 

London, UK 

[13] Guze S., Mazurek J. & Smolarek L. (2016). Use 

of random walk in two-dimensional lattice graphs 

to describe influence of wind and sea currents on 

oil slick movement. Journal  

of KONES Powertrain and Transport, Vol. 23, 

No. 2.  

[14] Huang J. C. (1983). A review of the state-of-the-

art of oil spill fate/behavior models. International 

Oil Spill Conference Proceedings: February 

1983, Vol. 1983, No. 1, p. 313-322. 

[15] Kołowrocki K. (2014). Reliability of Large and 

Complex Systems, Amsterdam, Boston, 

Heidelberd, London, New York, Oxford, Paris, 

San Diego, San Francisco, Singapore, Sidney, 

Tokyo, Elsevier. 

[16] Kołowrocki K. & Soszyńska-Budny J. (2011). 

Reliability and Safety of Complex Technical 

Systems and Processes: Modelling - 

Identification - Prediction – Optimization. 

London, Dordrecht, Heildeberg, New York, 

Springer. 

[17] Kołowrocki K., Soszyńska-Budny J. &  

Torbicki M. (2018). Critical infrastructure 

impacted by climate change safety and resilience 

indicators. Proc. International Conference on 

Industrial Engineering and Engineering 

Management - IEEM, Bangkok, Thailand.  

[18] Kołowrocki K., Soszyńska-Budny J., & 

Torbicki M. (2018). Critical infrastructure 

impacted by operation and climate change safety 

and resilience indicators. Proc. International 

Conference on Industrial Engineering and 

Engineering Management - IEEM, Bangkok, 

Thailand.  

[19] National Petroleum Council (1972). Committee  

on Environmental Conservation. Environmental 

Conservation: The Oil and Gas Industries.  

Vol. 2. 

[20] NOAA (1992). Oil Spill Case Histories 1967-

1991; Summaries of Significant U.S. and 

International Spills. Hazardous Material 

Response and Assessment Division Report 

HMRAD 92-11. Seattle, WA. September. 

[21] NOAA. Trajectory Analysis Handbook. NOAA 

Hazardous Material Response Division. Seattle,  

WA, undated (see  

http://www.response.restoration.noaa.gov/  for 

further information).  

[22] Reed M., Johansen Ø., Brandvik P. J., Daling P., 

Lewis A., Fiocco R., Mackay D. & Prentki R. 

(1999). Oil Spill Modeling towards the Close of 

the 20th Century: Overview of the State of the 

Art. Spill Science & Technology Bulletin, 1999, 

p. 3-16. 

[23] Spaulding M. L. (1988). A state-of-the-art review 

of oil spill trajectory and fate modeling. Oil and 

Chemical Pollution, Vol. 4, Issue 1,  

p. 39-55.  

[24] Torbicki M. (2018). Longtime prediction of 

climate-weather change influence on critical 

infrastructure safety and resilience. Proc. 

International Conference on Industrial 

Engineering and Engineering Management - 

IEEM, Bangkok, Thailand.  

[25] Torbicki M. (2019). Safety of critical 

infrastructure exposed to operation and weather 

conditions change. PhD Thesis, System Research 

Institute, Polish Academy of Science, Warsaw, 

Poland.   

 

 

 

 

 

 

 

 

 

 

http://www.response.restoration.noaa.gov/


Dąbrowska Ewa, Kołowrocki Krzysztof 

Modelling, identification and prediction of oil spill domains at port and sea water areas 

 

 

 

58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


