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Abstract

The climate-weather change process for the critical infrastructure operating area is considered and its states are
introduced. The semi-Markov process is used to construct a general probabilistic model of the climate-weather
change process for the critical infrastructure operating area. To build this model the vector of probabilities of
the climate-weather change process staying at the initials climate-weather states, the matrix of probabilities of
the climate-weather change process transitions between the climate-weather states, the matrix of conditional
distribution functions and the matrix of conditional density functions of the climate-weather change process
conditional sojourn times at the climate-weather states are defined. To describe the climate-weather change
process conditional sojourn times at the particular climate-weather states the uniform distribution, the triangular
distribution, the double trapezium distribution, the quasi-trapezium distribution, the exponential distribution,
the Weibull distribution, the chimney distribution and the Gamma distribution are suggested and introduced.

1. Introduction

The climate-weather change processes for the real
critical infrastructures operating areas are very
complex and it is difficult to analyse these
infrastructures’ safety additionally with respect to
changing in time their operation conditions that often
are essential in this analysis. The complexity of the
climate-weather change processes and their influence
on changing in time their operation processes and
their components’ safety parameters is often difficult
to fix. Usually, the climate-weather change processes
have either an explicit or an implicit strong influence
on the critical infrastructures safety. As a rule, some
of the extreme weather events define a set of
different climate-weather states of the critical
infrastructures in which the systems change their
operation processes and their components safety
parameters. A convenient tool for analysing this
problem is semi-Markov modelling [7]-[10], [13]-
[15], [19] of the climate-weather change processes
proposed in this paper.

2. States of climate-weather change process

To define the climate-weather states in the fixed
area, we distinguish a, a € N, parameters that
describe the climate-weather states in this area and
mark the values they can take by wi, Wa,..., Wa.
Further, we assume that the possible values of the i-
th parameter w;, i = 1,2,..., a, can belong to the
interval < b;, di), 1 = 1,2,..., a. We divide each of the
intervals < b;, di), 1 = 1,2,..., &, into n;, n; € N, disjoint
subintervals

< bi]_, dil), < bi21 diZ)a---a < bmj 1dinJ )1

such that
<b,,d,)u<b,,d,)u..u<b, .d,)
:<bi’di)’diji :b

ijj+17?

ji :1’2,___, ni _1, i :1,2,..., a.
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Thus, the vector (wi, Wa,..., Wa) describing the
climate-weather states can take values from the set of
the a dimensional space points of the Descartes
product

<b,,d;)x<b,,d,)x..x<b,,d,)

that is composed of the a dimensional space domains
of the form

where ji=12,...n,i=1.2,...,a.

The domains of the above form are called the
climate-weather states of the climate-weather change
process and numerated from 1 up to the value
w=n, -n, -...-n,and mark by ci, C,,..., Cu.

The interpretation of the states of the climate-
weather change process in the case a = 2 is given in
Figure 1. In this case, we have w=n, -n,climate-
weather states of the climate-weather change process
represented in Figure 1 by the squares marked by cs,

<byy,dy)x <byj,,dyy, ) x o x<by L dy ), C2..., Cw.
W5
dan - m
 Cu

bZn2 - m

dor 1=~ C1 C Cn,

by [~ I I I I
| | | | |
| | | | |
I L

b1y Oy = by di, bln1 dlnl

Figure 1. Interpretation of the two dimensional climate-weather states of the climate-weather change process

3. Semi-Markov model of climate-weather
change process

To model the climate-weather change process for the
critical infrastructure operating area we assume that
the climate-weather in this area is taking w, w € N,
different climate-weather states ci, Ca,..., Cw. Further,
we define the climate-weather change process C(t),
t e<0, + ), with discrete operation states from the

set {c1, Co,..., Cw}. Assuming that the climate-weather
change process C(t) is a semi-Markov process it can
be described by:

— the number of climate-weather states w, w € N,

— the vector

[A6(0)]axw = [92(0), G2(0)...., qw(0)]
of the initial probabilities

qp(0) = P(C(0) =cn), b=1,2,..., W,

150

of the climate-weather change process C(t) staying at
particular climate-weather states ¢, at the moment
t=0;

— the matrix
qll qu e qlw
[qbI ]WXW — q21 q22 e qu
qwl qw2 e qu

of the probabilities of transitions gu, b, I = 1,2,..., w,
b =1,0f the climate-weather change process C(t)
from the cIimate-weatIilgrl)states Co to ¢, where by
formal agreement

gw=0forb=12,...,w;

— the matrix
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C,(t)C,(1)...C,, (1)

[C, O)]..., = C,(t)C,(1)...C,, (1)
c,mc,,®...c, 1

of the conditional distribution functions

Cm(t) = P(Cm < t), b,1=1,2,...,w,

of the conditional sojourn times Cy at the climate-
weather states ¢, when its next climate-weather state
is ¢ b I = 12,..., w, bzl,where by formal
agreement

Cw(t)=0forb=1,2,..., w.

Further, we introduce the matrix

Cll (t) C12 (t) e ClW (t)

[Cy (D] = .C.21 (t)c, (t)...c,, (1)

Cwl (t) CWZ (t) e wa (t)

of the conditional density functions of the climate-
weather change process C(t) conditional sojourn
times Cyp at the climate-weather states corresponding
to the conditional distribution functions Cp(t), where

Cy (t):%[cbI t)] forb, I=1,2,...;w, b=,

and by formal agreement
Con(t) =0forb=1.2,...,w.

4. Conditional sojourn times at climate-
weather states

We assume that the suitable and typical distributions
suitable to describe the climate-weather change
process C(t) conditional sojourn times Cpu, b, | =
1,2,..., w, b=l,at the particular climate-weather
states are [15]:

— the uniform distribution with a density function

0, t <Xy
1
Cyi ®= Xy STLSYy
Yo = Xu
0, t>vy,,

where 0< X, <Y, <+o0;

— the triangular distribution with a density function

(3.3)
0, t <X,
t—

2 Yo X, <t<z,

c, ('[) _ Yo =X Zy — Xy

2 Yo — <t<

v Ly st< Yo

Yo = Xu Yo Zy
0, t>y,,

where 0<x, <z, <Y, <+,

— the double trapezium distribution with a density
function

0, t<x,
q +[2_qbl (Zy = X ) =Wy (Vg —2y)
" Yo = Xu
t—X
_qb|] o y Xbl StSZbl
c ('[) _ Zy — Xy
’ w -l-[z_qbI (Zb' —Xb|)_Wbl(ybl _Zm)
i Yo = Xy
Yo t
W, , 2, <t<
bl] Yo = Zy " Yo
0, t>vy,,

where 0<x,, <z, <y, <+, 0<q, <+»,

OSWbI <+, 0< le(zbl _Xbl)+WbI(ybI _Zbl) 32;

— the quasi-trapezium distribution with a density
function

Cy (t) =

0, t <X,
A —

Qu + fl Jy (t_XbI)' Xy <ts< Z;I
bl — bl

A, 7, <t<z}
A, —w

Wy, +bl—:|(yb| —t), Z; <t< Y
Yo = Zy

0, t>y,,

where

Ao _2_qbl(ztl)l _Xbl)_Wbl(ybl _Zlfl)
| =
Zfl _Zél + Yo — Xy

1 2
0<x, <z;, <72 <y, <+, 0<q, <+oo,
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0<w, <+ox;

— the exponential distribution with a density function

%&0={Q <Xy

ay expl—a,, (t—x,)], t=x,,
where
0<ay <+ox;
— the Weibull distribution with a density function

Cui (t) =

{0’ t<x,
abllgbl (t - Xb|)/}bl_1 eXp[_"‘m (t - Xbl)/}bl ], t> Xois
where

0<ay <+, 0<p, <+x;

— the chimney distribution with a density function

0, t< X,
1 Abl J Xy st< Zil
ZbI Xbl
K
Ca)= 15—+, 1z, St<zy
Zy —Zy
D
", zy <t<y,
Yo —Zn
0, t>y,,
where
0<x, <z; <72 <y, <+mo, A, 20, K, >0,

D, =0, A, +K, +D, =1
— the Gamma distribution with a density function

Cy () =
0, t <X,
(t—x,)™ " exp[—(t—x,)/ By ]

Bu™ Tlay)

, t2Xy,

where 0<a,, <+, 0< B, <+o0.

5. Extreme weather hazard states of climate-
weather change process

To define the climate-weather states in the fixed
area, we distinguished a, a € N, parameters that
describe them were distinguished. The values the
parameters can take were marked by wi, wa,..., Wa.
Further, it was assumed that the possible values of
the i-th parameter wi, i = 1,2,..., a, can belong to the
interval < b, dj), i = 1,2,..., a. Each of the intervals
<bhi, di), i =1,2,..., a, were divided n;, nj € N, disjoint
subintervals

< biy, dir), < big, di2),..., < binj ,dinj ), 1=12,..,a.

These intervals can be called the weather parameter
wi, i = 1,2,..., a, states. Some of those states of the
weather parameters can change the critical
infrastructure operation process and they also can
have dengerous influence on the critical
infrastructure safety.

Thus, each of the states of the weather parameter w;,
i = 1,2,..., a, that have most negative influence no
the critical infrastructure operation and safety can be
called the 1% category extreme weather hazard state
of the wheather parameter w;, i =1,2,..., a.

Further, according to Section 2, the climate-weather
change process states are defined by the vectors

(W1, Wo,..., Wa)
and marked by
C1, C2,..., Cwy, W=N-N,-...-N,,

then we can call each of the climate-weather change
process state ¢;j, j = 1,2,..., w, of the vector form
(W1, Wa,..., Wa):

—the a™ category extreme weather hazard state of
the climate-weather change process if all a
wheather parameters w;, i = 1,2,..., a, are at the 1
category extreme weather hazard state;

—the (a-1)"" category extreme weather hazard state
of the climate-weather change process if a-1 of
wheather parameters w;, i = 1,2,..., a, are at the 1
category extreme weather hazard state;

—the (a-2)" category extreme weather hazard state
of the climate-weather change process if a-2 of
wheather parameters w;, i = 1,2,..., a, are a4 1t
category extreme weather hazard state;

—the 1% category extreme weather hazard state of
the climate-weather change process if 1 of
wheather parameters w;, i = 1,2,..., a, are at the 1%
category extreme weather hazard state;
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—the 0% category extreme weather hazard state of
the climate-weather change process if none of
wheather parameters w;, i = 1,2,..., a, are at the 1%
category extreme weather hazard state.

Thus, the a'" category extreme weather hazard state
of the climate-weather change process is the most
denderous for the critical infrastructure operation and
safety.

6. Conclusions

The probabilistic model of the climate-weather
change process for critical infrastructure operating
area which is proposed in this paper is the basis for
the considerations in the next tasks of the EU-
CIRCLE project. This model, together with the
critical infrastructure operation process model [3]
will be used to construct a general joint climate-
weather and operation critical infrastructure model
and finally to construct the integrated general safety
probabilistic model of critical infrastructure related
to its operation process and its operating area
climate-change process [6]. The methods of
estimation of this model unknown parameters will be
given in another project report [4].
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