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Abstract: The objective of this publication is to present the method based on Multidimensional Comparison Analysis enabling
quantification of risk in integrated water resources management (IWRM). The ability of assessing the size of risk and
its spatial location in water management now and in the future is essential in the process of making decisions
concerning the actions that should eliminate or limit the cause of its occurrence. The possible risk is formulated by a
combination of the measure of pressures and the measure of sensitivity. The risk determined in this way is of a
complex character because by using one measure all the main elements that have influence on IWRM are included.
The elaborated method for risk determination was applied in the Upper Vistula water region.
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1. INTRODUCTION

The possible failures in water management have their cause mainly in inappropriate
administration of water resources (Integrated-2008). They are also connected with how credible the
diagnosis of the current status is and with uncertainty in forecasting changes. The ability of
assessing the size of risk and its spatial distribution in water management (now and in the future) is
essential in the process of making decisions concerning the actions that should eliminate or limit the
cause of occurrence of the risk.

Modern water management is based on the principles of Integrated Water Resources
Management (IWRM) (A Handbook - 2009). The determination of risk may be fundamental for
elimination of threats which make it impossible to achieve the set goals. It also allows to prioritize
the problems in the analysed area, and to diversify the intensity of actions that limit the influence of
certain factors on the size of risk, at the same time optimizing the necessary financial expenditures.

This article presents, for the first time, the method which allows to determine the risk in
Integrated Water Resources Management for any particular area. This method is compliant with the
conditions mentioned above. Quantification of risk in Integrated Water Resources Management is
strictly connected with the risk of not achieving good status of waters defined in Water Framework
Directive, which is the basis of water policy for the European Union countries.

1. RISK IN IWRM - DEFINITIONS

Risk is the measure which indicates possible failures in IWRM. Risk is of a complex character
because by using one measure all the main elements that have an influence on IWRM are included.
Risk factors in IWRM have their base in the following fields:

= technical

" economic

» financial

= social

= organizational
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legal
climatic

What needs to be emphasized is that the possibilities of limiting risk are dependent on a state's
income level and the wealth of the society.
How to calculate the risk in IWRM?

The key-terms used in the presented method are:

Measure of risk in IWNRM — R’ — the measure of a possible failure in IWRM expressed by the
product of the measure of pressures and the measure of sensitivity;

Measure of pressure — M', — aggregated measure representing pressures coming from man’s
economic activity which are exerted on a particular spatial unit calculated on the basis of
pressure indicators; .

Measure of sensitivity — M'y, — aggregated measure representing the sensitivity to pressures in
a spatial unit, taking into account physical, environmental, economic and social factors —
calculated on the basis of sensitivity indicators;

Pressure indicators — indicators which characterize pressures coming from man’s economic
activity in a spatial unit, enabling calculation of the measure of pressures;

Sensitivity indicators — indicators which characterize sensitivity to pressures in a spatial unit,
enabling calculation of the measure of sensitivity;

Spatial unit — a unit for which we determine risk, as well as the measures of pressure and
sensitivity. This unit might be an administrative unit (commune, county) or natural (sub-
basin, surface water body);

For a spatial unit i we have the two following measures:

M/, — measure of pressure in spatial unit i,
M, — measure of sensitivity in spatial unit i.

According to one of the used formulas, the risk in IWRM in a particular spatial unit, i.e. R, may
be defined as:

R'=M, -M,

(1)

Graphical interpretation of the risk is presented in Figure 1.

measure of pressure > measure of sensitivity risk in IWRM

Figure 1. Risk in INRM

According to the formula, the risk in IWRM will be small in those units in which:

pressures coming from man’s economic activity are small
there are physical, environmental, economic and social factors mitigating sensitivity to
pressures

On the other hand, the risk in IWRM is large in those units in which pressures are strong and
there are physical, environmental, economic and social factors augmenting sensitivity.
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Figure 2. Graphical interpretation of the value of measures

2. THE ADOPTED METHOD VS. MULTIDIMENSIONAL COMPARATIVE
ANALYSIS

As a matter of fact, the problem of determining risk and its distribution in a certain area is a
problem of spatial information. That is why the use of Multidimensional Comparative Analysis
(MCA) was proposed. The term MCA originates from the term “multidimensional object”, which is
used in taxonomic methods and in factor analysis. According to Mynarski (1992), this object is a
statistical unit called a spatial unit, determined by the values of a set of variables. The ordering of
units is done on the basis of an aggregated variable, which is the resultant of individual indicators.

For the purpose of determination of measures of pressure and sensitivity it was proposed to use
the taxonomic method, which makes it possible, for example, to classify and hierarchize spatial
units which are presented by Grabinski (1984). In order to do so, one should create the matrix of
distance, where the taxonomic distance is calculated between the points of multidimensional space,
according to the rules of analytic geometry. The calculated distances enable to determine the
position of each point in relation others, which provides the possibility of ordering and
classification. In the case of the proposed method, the distances are calculated on the basis of model
spatial units; they are calculated separately for pressures and for sensitivity. The rules of
constructing model spatial units and calculating the distance are presented in the further part of this
chapter.

3. DESCRIPTION OF THE METHOD

4.1 Selection of spatial units for risk analysis

Selection of spatial units for risk analysis has to ensure the possibility of comparing those
features which are the subject of consideration. In this work we distinguish natural, pseudo-natural
and artificial units. The natural units include real objects which are separated from their
surroundings; the following natural units may be distinguished: economic units, morphology units,
sub-basins or households. The pseudo-natural units are the aggregated natural units such as villages,
communes, counties, districts, states etc. They are characterized by irregularity and diversification
in respect of shape and size. In their case it is necessary to relativize their characteristics
(indicators), i.e. to relate their value to basic variables, which are surface and population. Artificial
units include geometrical figures filling out the studied area — the description of those objects may
be done without relativization of characteristics. The natural units (possibly pseudo-natural) which
are sub-basins or their parts, Surface Water Body (SWB) or possibly administrative units are the
appropriate units for risk analysis in [WRM.
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4.2 Selection of indicators for the determination of measures of pressure and sensitivity in
spatial units

After the selection of spatial units for the analysis, it is necessary to define indicators for the
determination of measures of pressures and sensitivity. The above mentioned factors of risk are the
base for this determination.

In the case of the measure of pressure, the possible indicators are divided into the following
groups:

= public utilities factors;

* industry factors;

= agriculture factors.

Indicators included in the groups mentioned above should be characterized by pressures in
spatial units, coming from public utilities (water usage, sewage), industry (water usage, sewage
including cooling liquids), agriculture (water usage, fertilization, number of cattle). Those are the
potential sources of problems, which require proper preparation and support from local structures
responsible for water management in spatial units.

The remaining factors which determine the level of sensitivity in a spatial unit are: the physical,
environmental, economic and social factors, those occurring in spatial units, those connected with
water management and those having influence on the effectiveness of management or the
preparation of local authorities; also the local conditions showing the activity of the local population
in terms of environmental protection. This level is defined as the measure of sensitivity.

In the case of the measure of sensitivity, the factors for analysis might be divided into the
following groups:

* indicators of water resources management, concerning the coordinated process of making
decision — they characterize cooperation of local administration in a spatial unit and sub-
basin administration in the field of water management;

» indicators of water resources management concerning flexibility in the process of making
decisions and implementation of new technologies — they characterize utilization of the best
practices and technology in water resources management in a spatial unit;

* indicators of identification of goals in water management — they tell us how clear the goals in
water management on the local level are, and whether they correspond with local needs;

* indicators of economic and financial aspects — they characterize the clarity of financial
sources of water management on the local level, the assessment of implementation of
repayment rule for water services in a spatial unit, the possibility of trainings for specialists;

» indicators of organizational and legal frames — they characterize the existence of a local
strategy in solving problems of water management, which consists in solving problems in
stages; as well as the existence of appropriate legal personnel to implement such a strategy;

* indicators of trainings — they characterize quantitatively the existence of training programs in
a spatial unit and the functioning of interdisciplinary personnel for IWRM;

* indicators of information and research — they characterize the existence of information
systems for water management in a spatial unit and its participation in current research;

* indicators of monitoring and importance of public sector — they inform about access of local
authorities to monitored information and the importance of the public sector in the process of
integrated planning;

» indicators of the natural potential coming from resources and natural conditions in a spatial
unit — they characterize the existence of natural conditions for the implementation of IWRM
rules in relation to the population in a spatial unit;

* indicators of economic potential — they indicate the financial potential of spatial units, the
initial state of the environment, the possibilities of financing environment protection
investments, the wealth of the society and its life standard;
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» indicators of educational potential — they indicate the possibilities of forming ecological
attitudes. These indicators take into account the existence of proper infrastructure and the age
structure of the population of a spatial unit;

* indicators of land use planning and protected areas - they indicate the rationalization of
activities in space management which enable integrated planning of water management in
spatial units;

» indicators of local activity - they reflect the existence of local structures taking care of
environmental protection, having plans and programs and being the potential partners for
regional administration in spatial units;

* indicators of IT technology and communication - they reflect the usage of electronic
communication channels in spatial units, which facilitates the conducting of the water policy
and the information policy connected with it;

» indicators of structures in water management administration on the local level in SWB - they
indicate the state of organizational preparation for the implementation of integrated rules of
water resources management in a spatial unit.

4.3 Observation matrixes

As a result, if we have determined a set of spatial units Q and defined indicators pressures and
sensitivity for its elements, we may build two observation matrixes (Table 1 and Table 2).

All indicators in both pressures and sensitivity matrix, which identify the analysed set of spatial
units, must be quantitative, which means that the units must present numerical values. Indicators
(their set) should not be neutral and they should be connected with a determined initial value
(measure). There is an additional requirement, which states that each feature must be qualified as a
stimulant or a destimulant. A stimulant - is a feature in case of which bigger values are preferred
(for example indicators of economic potential). A destimulant - is a feature in the case of which
smaller values are preferred (for example indicators of water usage).

Table 1. Pressure matrix — QOp

Indicator 1 ... Indicator k
Y1 (Spatlal unit 1) P11 cee Plk
Y1 (Spatial unit m) Pt Pk
where: i = 1, ..., m — number of units, j = 1, ..., k— number of indicators,

Pij — value j-of this indicator w i-in this spatial unit.

Table 2. Sensitivity matrix — Qy

Indicator 1 ... Indicator n
Yl (Spatlal unit 1) W11 cee Wln
Y1 (Spatial unit m) Wi s Wi
where: i = 1, ..., m — number of units, j = 1, ..., n — number of indicators,

Wij — value j-of this indicator w i-in this spatial unit.

For most of the indicators the so-called “conversive transformation” is possible, which allows to
change their character to the opposite one (changing a stimulant into a destimulant). The
determination of the character of indicators should be based on essential substantial information
appropriate for the goal of the analysis. It is also possible to consult it with experts. The correctness
of determination of particular indicators may be verified by analyzing their correlation with the
initial measure. It is also possible (but not used in this case) to determine the weight of the stimulant
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and the destimulant. One of the methods is the expert method (individual or collective), others are
methods based on the available statistical-informational material. Generally, weights prefer
indicators of substantial variation, which have a large diagnostic value.

4.4 Standardization of indicators value

The initial scale, in which the values of indicators occur in the pressure matrix and in the
sensitivity matrix, has to be brought to a reduced scale in order to eliminate the units specific for
indicators and to equalize the values of variables. This process is called the standardization of
variables. Standardization has to be done for both pressure and sensitivity matrix. As an example,
the procedure of standardization is presented for sensitivity matrix Qy,. Standardization of values of
features converts the values of features Wi, (matrix Qy,) into values Xj.. Values Xj; are interpreted
as coordinates of point images of particular objects Y; in n-dimensional space of features.

L )
SC
i ch
w, = &)
m
i (Wic - Wc )2
S = i=1 (4)

m

where: X;. — standard value c- of this indicator in i-in this spatial unit, W, — arithmetic average c-of this
indicator, S, — standard deviation c-of this variable.

Standardization of elements in pressure matrix Q,, is carried out in a similar manner.

4.5 Determination of coordinates of the point image of the model of pressure and sensitivity

The next step is ordering the set of spatial units according to the values of variables. This
procedure should be done for indicators of pressure and sensitivity. It is necessary to divide
indicators into stimulants and destimulants. This method allows to ” put in order” the analysed set
of objects Q defined by using a set of indicators.

Firstly, it is necessary to determine:

» The stimulants and destimulants for pressure indicators;

» The stimulants and destimulants for sensitivity indicators.

The Ordering is indicated by a measure of similarity of each of those objects to the model object
defined by using the most favourable values of features, which occur in the examined set of objects.
The model objects (models) in the analysis are hypothetical (not existing in reality) spatial units
determined by values of indicators representing respectively the lowest pressure and the lowest
sensitivity.

Below we present exemplary formulas for the sensitivity matrix used for the determination of a
model spatial unit Yow, which will be the level of reference in further analyses.

Yow = {XOI;X02;"‘;X0n} &)
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(6)

C

max X, for stimulant
Xope =

min X, for destimulant

4.6 Calculating the distance of spatial units from the model of pressure and sensitivity

In the next steps, we determine, separately for the matrix of pressure and for the matrix of
sensitivity, distances from the model. Below are exemplary formulas for the matrix of sensitivity.

The distances between particular spatial units and Qy model are Euclidean distances determined
according to the formula:

diO :\/Z(Xic _X()c)2 (7)

c=1

The obtained distances both for pressures and sensitivity indicators are the base for the
determination of measures of pressure and sensitivity, which make it possible to determine the risk
of failure in IWRM. Distances for indicators of pressures and sensitivities should be brought to the
standardized value. Below are exemplary formulas for the measure of sensitivity, according to
Hellwig (1968) and Pluta (1977):

a: =% ®)
dO

d,=D,,+2-S, ©)
Z(dio _Dm)2

S, =1-= (10)

m

zdio

D,, == (11)

where: d;” —standard distance between image i-of this spatial unit and model of sensitivity, Sy —standard
deviation of distance, dy — Euclidean distance between image i-of this spatial unit and the model of
sensitivity, Djy — average distance in the set of objects.
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°
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Figure 4. Standard distance between image i — of this spatial unit and the model
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4.7 Determination of the measure of pressure and the measure of sensitivity as a similarity
between each spatial unit Yi and models of pressures and sensitivity, which are the level of
reference

The values of the measure of pressure and the measure of sensitivity are determined on the basis
of distances determined for the indicators of pressure and sensitivity. The indicator is determined
according to the following formulas:

For pressure measure:

Mi =cC.

P (12)

where: Mip — measure of pressure in i-in this unit, ¢;” —standard distance between image i- of this spatial unit
and the model for pressure;

For sensitivity measure:

M, =d; (13)

where: M',, — measure of sensitivity i-in this unit, d;" —standard distance between image i-of this spatial unit
and the model for sensitivity.

4.8 Risk determination in IWRM

Having the measures of pressures and of sensitivity, it is possible to calculate the risk in IWRM
for each analyzed area. As a consequence, the measure of risk in a spatial unit i is defined according
to the formula (1) presented above.

Figure 5 presents the summary of MCA algorithm applied to determine the risk in IWRM.

The application of the elaborated method for risk determination was done in Upper Vistula water
region — Walczykiewicz (2010). The area of the Upper Vistula River catchment is of great
importance in the water management of Poland. The surface water runoff accounts for 30% of the
total outflow from the country. A number of research and pilot programmes covered the area. These
programs concerned the determination of the state and scenarios of development of water
management in the Upper Vistula catchment, as well as a reform of the system of management and
financing. It should be noted that forecasting scenarios of changes in water management is essential
for taking appropriate adaptation measures (Floerke, Alcamo 2004).

The method was used for the determination of risk in its current status and the prognosis for year
2030. In the case of the prognosis, the risk was determined for three hypothetical development
scenarios, which were quantitatively characterized on the basis of proper compositions of pressures
and sensitivity indicators. Of all the analyzed scenarios, scenario B (harmonization) is the best in
terms of IWRM, Scenario A (stagnation) showed the worst parameters, whereas scenario C
(polarization) is an intermediate scenario, in which the local development progresses more slowly
than the administration at the level of a water region. These scenarios take into account the planned
changes at the level of the European Union, which have an impact on the socio-economic situation
in Poland. The analyses were performed for aggregated surface water bodies. The results of the
analysis for the current state and for the particular scenarios are presented in Figure 6.
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O — set of spatial units

Q=1{Y1, Y12, ..., Yo}

v

Observation matrix for pressure

Qr = {P11, P12, ..., Pt}

v

'

Observation matrix for sensitivity

Qw={Wi, Wiz, ..., Wi}

Standarization of pressure matrix elements

P,

ic

v

A

Standarization of sensitivity matrix elements

w.

1

Determination of coordinates for point image of
pressure model

Yro = {Xi0, X20, .., Xko}

A 4

A

Determination of coordinates for point image of
sensitivity model

Yow = {Xo1, X20, ..., Xuo}

Distance matrix for pressure

E={eio, €20, ---., €mo}

A 4

A

Distance matrix for sensitivity

D: {dlo, dz(), ceeey dmo}

Measure of pressure - M, b

Determination of pressure measure M,; for each
spatial unit as the standard distance between
image i-of this spatial unit and the model for
pressure

y

Measure of sensitivity - M,

Determination of sensitivity measure M, for
each spatial unit as the standard distance
between image i — of this spatial unit and the
model for sensitivity

v

Determination of risk in IWRM for each spatial unit “i” as a
following product:

R' =M M)}

Figure 5. Algorithm MCA for risk determination in INRM

4. CONCLUDING REMARKS

The research indicates that the established goals in water resources management may be
achieved only together with significant participation of authorities and local communities. As a
consequence, for risk determination it is very important to assess the range of this participation, its
forms, as well as both technical and substantial preparation of those two groups. Moreover, for the
analysis it is necessary to take into account local environmental and socio-economic conditions and
issues connected with spatial management.

The result of research presented here proves that its established goal was achieved and the
presented method may find a wide range of applications in risk determination, which is always one
of the most substantial elements of socio-economic development planning, including the
development of water management.

The proposed method takes into account a wide and practically open range of indicators that
have a significant impact on water management. It may also serve as an important element
supporting decisions in establishing co-operation programs and activities for the implementation of
the principles of IWRM. The presented method allows to determine the main sources of pressure
and sensitivity of the analyzed spatial units, thus allowing for individualized actions and optimal
spending of funds. From the point of view of IWRM, the most important aspect of the method is its
ability to assess the measure of sensitivity resulting from the conditions, and the ability to build
locally-adapted programs for the reduction of this measure (New Approaches-2009).
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Determining the risk in IWRM at the same time allows for the catchment administration to
manage more efficiently through appropriate planning of activities and their spatial diversification
resulting from the size of the calculated risk.

current state scenario A scenario B scenario C
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Figure 6. The results of analysis for the current state and for the predicted scenarios
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