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Abstract The academic world witnesses today 2 strong trend of fragmentation and specialization, It is not enough o say thal one
15 a specialist in limnology, nor in eutrophication or in bluegreen algal blooms, but better so, e.g., in hepatotoxins produced by
bluegreen algae that form mass outbreaks in eutraphicated lakes of polyhumic rature. This is a very natural inclination. being as
well necessary in many ways one can easily argue. However, the tendency faced by those involved in policy-making and manage-
ment of natural resources, social issues, the eavironment, and 50 on, is just the opposite in many ways. With the character of
problem-selviag and policy-making when working with global and regionai changes, interdisciplinary comprehension is substan-
tial—in a sharply augmenting manner-for reaching overall views and visions over the highly fragmented, mosaic-like scientific
knowledge. It is indispensable to address questions such as what is known, uncertain and unknows, what would be the value of
rew information on the myriad of different details of the entity, how things are interconneeted in large perspectives—in space,
time, and over disciplines—-and where the key poinis, risks, and policy handles really lie. Along with the recognition of the prob-
tematique due to the two above-mentioned tendencies, the quest for integrative approaches that help make scientists and policy-
rakers to communicate better has been here for @ while, but the development work Hes far behind the needs. This paper presents a
Bayesian network approach (o expert judgment elicitation and analysis. It has been developed for integrative studies within com-
plex, environmentaf, soctal, and natural resources management problems, Experience from climatic change impact assessment on
watersheds, and from the interconnections of globat urbanization, water, jand, poverty and available policy opticns is summarized.

i INTRODUCTION or estimate of their probabilities, by indicating which out-
come is more probable than the another. Policy related stud-
Global and regional changes—related to the climate, ecology, ies should be transparent, unambiguous, analytical, and falsi-
human demography, and societics—are issues that cross sev- fiable. These arc the basic requirements of a clear responsi-
eral decades and are characterized by extreme complexities bility allocation and political scceptability, providing also the
and uncertainties. The high level of uncertainty involved in ground for lesting, merging, and accumulation of scientific
the scientific analyses, in addition (o the complexity that ob- knowledge that can then be used in policy processes.
ligates mterdisciplinary research, call for integrated studies
and analylical approaches that address these features. This The quest for integrative approaches that help policy-makers
constilules a great challenge to scientific community, Many and scientists communicate better has been here for a while
of these same characteristics arc aiso very evident in policy {Falkenmark & Lindh 1976, Biswas 1983, Postel 1992,
making concerning the abatement of the potentially most Somlyddy 1995, Somlyddy et al. 1997), but the methodologi-
detrimental and serious problems associated, and when cal development work lies far behind the needs. In contrast o
adapting the way in which society deals with them. This must most contemporary approaches, this study uses an expert-
ail be done on the basis of the best knowledge available. judgmeni based approach. One argument for this is that in
complex problem solving, humans should be supported to
A high number of driving forces, impacts, and policy tools make use of multi-directional, associative thinking {Rowe &
must be taken into consideration, They constitute a compli- Boulgarides 1983, Rowe & Watkins 1992). However, based
cated network of inlercomnections and interdependencies on educational paradigms, typically only one-way, logical
(Figure 1}). The present mamstream methodology, however, is thinking is supported, although its major power is in the
dominated by deterministic approaches, which tend to allow analysis of small-scale phenomena and issues.
discipline-specific, mechanistic studies with limited appre-
cintion te the vast uncertainties and complex, interdiscipli- During an expert judgment process an observer interprets a
nary inlerconnections between nature, technology, and soci- situation by naming objects (system’s states) and assuming
cry, as well as the involvement of different stakeholders. associations {causalities) between them. When considering an
abject in this context, he sees il simuttanecusly as a single
For planners and policy-makers, it is imperative (o address unit and as a detail in interaction with the remaining contex;
guestivns such as what is known, uncertain, unknown; what is these two arc not always mutsally consistent. The Bayesian
the value of new information on the myriad of details, how expert judgment eliciation approach proposed uses beliof
things are interconnected in large perspectives—in space, network technigues (Pearl 1988, Varis 1994, 1993), and pro-
time, and over disciplines—and where the key points, risks, duces a network model, which allows a probabilistic, inte-
and policy handles really He. Coaceivable outcomes are se- grative analysis of the problem, and provides a shared plat-
verely handicapped without a judgmenl, expectancy, ranking form for a learning process on complex problems.
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Figure 1. The number of interconnections grows rapidly as the
complexity of the systems increases

2

THE BAYESIAN ELICITATION APPROACH

The starting point is a rating sheet that includes the most
relevant atiributes for the problem under swdy and a set of
outcomes describing pombi future development of the at-
iributes. For cach atlribute, a discrete probability distribution

is assessed by the cxpui(‘} describing lhe expected change
in the respective attribute. Thereafter, using a cross-mmpact
matrix, the expert(s) judge(s) the interdependencies between
cach pair of attributes. A scale from -1 to 1 is used, in which -
{ represents complete negative interdependency, O represents
no interdependency, and { complete positive interdependency
{Eg. 1), It implies how large a proportion of the attribute
variance is cxplained by the variance of the conditioning
variable, including the causal interpretation of the direction
of the influence. Accordingly, the sum of the absolute values
of all the link strengths affecting an auribute may not exceed
{. These interdependency parameters (link strengths) are
given in 2 directions, from aitribute A to attribute B, and v.v.

The probability distributions and link strengths are connected
o a Bayesian beliel network, which updates the expert-
inserted prios distribution for each atiribute using the infor-
maticn from other parts of the new i.e. probability distiibu-
tons in other attributes and the interdependencies between
each node pair. The updaled probability distribution, the
posterior, should not diverge o greally from the prior. If it
does, as often turns oul, it indicates the presence of inconsis-
tency in the assessment. 3 sources of inconsisiency exist: the
terminology used is not unambiguous, resulting in possible
misundersiandings and unclear definitions, eg., in Ume
seales: the model structure is problematic; and the expert 13
inconsistent. The last one implies that the expert cannot be
consistent in assessing all the attributes and their interactions.
2.1

The Assessment Protocol

The assessment protocol includes the following steps.

¢ Definition of the impact mairix. In many cases, an impact
matrix is available or can be derived from the assessment
guidelings or other similar sources, I1 i is nat available
the preparation of these sheets requires a carclul unalysis
and a plenty of literature review.

1.} Select the relevant varigbles and structure them se-
mmiricu[h' or functionally.

2 Select the number and {either numerical or linguistic)
mi!es for the eurcomes. For each nace (attribute) the
pnither must be the same.

Assessment
2. } Assess prior probabilities for cach mitcome and node.
2 Assess links hetween each node paiy in 2 directions.
3 lt:x-’afuaimn
3.1 The posterior distributions indicate the prioritics.

3.2 The differences hetween prior and posterior distribu-

tions indicare the presence of inconsisieacies n the as-

T

sessed quantities.
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3.3 Optional adjustmenti of the matrix to be consistent,

3.4 Optional sensitivity studies to links {causalities) and

to prior distributions (states of the system).
2.2 Belief Networks
Belief networks belong lo the Bayesian family of computa-
tional techniques that has emerged from artificial intelligence
research. Characteristic to them-—helief networks, causal
networks, Bayesian networks, gualitative Markov networks,
influence diagrams, and constraint networks——is the principle
of networking nodes (here atfributes) representing condi-
tional. locally updated probabilities (Horwiiz et al, 1988,
Pear} 1988, Shafer 1990, Szolovits & Pauker 1993). The lo-
cai updating principle allows construction of large, densely
coupled networks wilhout excessive growth in computation.
The networks can be constructed (o operate interactively and
on line. Recently, they have spread to many application areas,
including resource and environmenial management.

2.3  Computational Details

The mathematics of the approach are based on the general-
ized belief network methodology by Varis (1995), Tt is ex-
tended from the approach by Pearl {1988), and allows varied
ways to perform integrated analyses (Figure 2). More details
of the methodology itsell and its potential applicability in
environmental and resource management modeling are given
by Varis (1995, 1997).

Fragmatic Linguistic

Mechanistic Metric

Figure 2. Beliel networks atlow hybrid modeling. The generalized

belief network approach (Varis 1993) allows the combined use of

several, methodalogical and paradigmatic (italics} facets often seen
as being far from one another.

A belief network consists of nodes that can be arbitrarily
connected with links, Prior probabilities assigned to the out-
comes are updated with information linked from other parts
of the net, yielding the posterior probability distributions.
Those are calculated using 2 independent likelihood mes-
sages, as the product of them and the prior probability. The
properties of nodes, links, and networks relevant to the elici-
tation approach are as follows,

Each node | in a network contains

s A vector of possible (discrete) outcomes y; that are here
defined as inputs {from Step 1.2).

= Anevidence vector e;, with probabilities e),...
to k outcomes (rom Step 2.1

s A posierior probabifity distribution Bel; (analyzed in the
Evaluation phase, particularly in Step 3.7}

& assigned

The prior probabilities assigned to the outcomes are updated
with information linked from other parts of the nctwork,
yielding the posterior probability distribution.



A link tansfers information from cne node to another. It is
defined as the link matrix M, between two variables i and i,
denoting the conditional probability of ¢ given /. In the sim-
plest case of a unidirectional chain, M,y equals a Markov
chain stale fransition matrix.

It is practical to give the strength of each link using a pa-
rameter (Step 2.2 instead of inserting values for each matrix
element. The distribution of { should preserve the moments of
the distribution of j, expected value, skewness, kurtosis, but
not variance, The following approach fulfills these require-
menis. Detine a link strength parameter ny; e [-1, 1), i j 10
be used as an input, A symmetric, £ X & link mateix My is
constructed as its function. For 17 2 0, the diagonal (Eq. la)
and off-diagenal (Eq. 1b) elements of My, are obtained by

m :lﬁ-n(lwwlw‘ =r=} k {ta)
@ k { kj s i LR}
i | i
m,,.rz‘kj‘:-l|"'f“ﬂi*z .og#Er (1b)
Forn<{,
{ i
mw:“k“’r”{i“&f} (1c)
Lo !
m.,‘rz*m[i“"r_nl"? L og#k-r1d)

Network Propagation. Two independent likelihood messages
(m and A messages) are computed. The updated belief is ob-
tained as the convolution product of these messages and the
prior belief. The nodes are linked with link matrices that can
be direction-specific, This approach does not update mes-
sages in cases where the propagation direction is changed,
Therefore, the ordering of the nodes is essential. Computa-
ticnally, the two propagation directions are symmetric,

When propagating the e messages, all messages coming to a
node f from node { are denoted by py and messages leaving
nade { are denoted by m,. For any node j, preconditioned by
any node ¢ {f < j}

pu =My w (23
The elements of the likelihood vectors Py and m, are:
1] I
L P
= A} and po=lpi )
ﬂ':} f’;‘n

For elements r, the m” message is the scaled vector product
i 2 p
(joint distribution) of the message 'y 1, and ¢/
nl =

e (4)
where ¢ is a scaling constant, sealing the sum of the k vector
elements of m; to unity. The incoming message Ty . is the
joint distribution of all the messages, pg to pay. from the
node's i | predecessaors:

=
- ]
T i = H Piy
121

Starting from the first node, the pip = 1 and m, = ey, pypy =
Moy, and 50 on.

.
=L Ty

(3)

The direction is reverse in the A messages. The rest is com-

putationally similar, Al messages coming to nede i from

node j arc denoted by Iy and messages leaving the node j are

denoted by ;. For node 7, preconditioned by node f, with i < j
lii;’ = N{ﬁ; ?\'1 ( 6 }
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The A; message is the join: distribution of the MESSage Ay ,
and the evidence ;.

L r

A=A

fljon

= ,Be;}";!ﬁl.‘,n ( 7 )
where P is a scaling constant. The incoming message Ay, , 1S
a convolution of alt the messages, Iz, to 1, from the node's
1 - j successors:
M
&;\,41...” = H!;s;
k=
For each node j, the posterior belief distributions Bel; can
now be caleulated on the basis of the prior distribution 2,
updating it with the information from the sub-network above

Ty and below Ay L., the node:

(8}

{9a}
where v 13 a scaling constant. The same equation can be
written as a vector product of the two likelihood messages
and the evidence vector:

I rqr
Bel; =y e,

Belf = Yn,']f‘._;'—[ : ej ° ?‘“,lffw‘...n

{96 )

Consistency iteration. In case it is preferred to have fully
consistent results (Srep 3.3}, the following iteration scheme
can be used. It should be performed foliowing the ordering of
the nodes. Often it is necessary to go the network through
more than once. For a case with 3 outcomes, the following
equations can be used:

o=y ey, (Bel! —Bdi)ifjez,{, wb‘e.!ji {10a)

q'ftr;r,v#b-(Beli—Hk) { 10b3

where a and b are convergence parameters, Bel!, is the poste-
rior probability of outcome r. 1 is the mean of the prior dis-
tribution of node { {a control variable), 7; is the estimated link
strength, and * refers to an updated iteration value.

3. CLIMATE CHANGE IMPACT ASSESSMENT

Climate change impact assessment is a task with many as-
pects, with several methodological and philosophical prob-
tems (Laurmane 1991}, and with extreme uncertainties. Even
the direction of changes, not to taik about quantitative esti-
mates, often remains ohscure, when analyzing a specific lo-
cation or region. For instance, for Northern Europe, the
Clobal Circulation Model (GCM) results are subjected 10 a
very high incomsistencies. Riisdnen (1994) found that in
winter temperatures for Finland, the discrepancies between
simuiation results of different GCMs can exceed 10°C, which
indeed highlights the importance of expert’s role in judging
the scenarios taken as the basis of policy recommendations.

Climaie change research is a field in which individuals from
various disciplines must solve problems together, No educa-
tion provides expertise in all fields of the natural, technical,
social, and management sciences required for policy advice.
Holistic analyses are needed from various components of
ecological and social systems to case the communication
between specialists in different but often refated felds, and to
assist in focusing on the most essential impacts and problems.”

Climate changes can affect waler quality and refated resource
management issues in many different ways due to high diver-
sity of natural and man-made water badies, high diversity of
socielal needs, criteria, and preferences associated with the
utilization of waters, and complexity of aguatic ecosystems.
Varis & Somlyddy (1996) performed a comprehensive lit-
erature review on ciimatic change impact assessment on lake
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Figore 3. Summary results of climatic change impact assessment for watersheds in southern Finland {after Varis & Kuikka 1997}

and reservoir waler quality. Many problems appeared to be al
risk of becoming worsened by climatic change, particularly
those relating to eutrophication, oxygen depietion, saliniza-
tion, acidification, and thermal pollution. An extreme uncer-
tainty appeared to exist in each individual case. The research
andl development of impact assessment methedology should,
therefore, be able o handie extreme uncertainties.

To analyze and summarize the many isterrelationships of
climatic, thermal, hydraulic, hydrologic, chemical, and eco-
logical factors affecting water quality, 2 interconnection ma-
trices were created by Varis & Somiyddy (1996). 20 key de-
terminants were selected and their relationships and influence
on ¥ typical water quality problems were reviewed and dis-
cussed. For most interconnections, no typical direction can be
aiven, due to their complexity; they are a result of many
processes. Much of assessment work must hence be done
case-specifically, It is the task of the expert to decide which
delerminants and problems should be included in an analysis.

3.1 A Regional Water Resources bmpact Assessment

Using the proposed approach, an integrated assessment of
climate change impacts on the watersheds of southern Fia-
land (arcund 200,000 kmz) was performed {(Kuikka & Varis
199771, A panel of 5 climate experts and 8 watershed experis
wis used; they have been among the leading scientists in the
extensive Finnish Research Programume on Climate Change.
The study was one of the final phase, integrative assessments
of the programme (cf. Kiimirt 19973,

The study included 24 auributes {Figure 3) chosen with the
panel members. Climate experts were first asked to assess the
S ¢limate variables, Watershed experts were given this in-
formation as an input o the rest of the model, which they
were asked to work oul. Comprehensive sensitivity analyses
were performed, including studies of the roles of the atirnb-
nees’ states {expressed as probability distributions), and the
roles of the causalities between the atiributes (links), Such
analyses were made separately for all 4 groups of atiributes.

The grealest uncerlainties were seen in the changes of floods,
water pH and oxveen concentrations, problems to hydraulic

739

constructions, and the recreational value of walersheds. Posi-
tive impacts can be expected in transportation and hydropower
production, The relative importaace of different causalities was
analyzed separately for hydrological, limnofogical, and interest
variables. The causalities between climate and hydrology did
aot appear very important from the interest standpoint because
uncertainty deriving from other sources masked their effects.
The causality berween temperature and precipitation was im-
portant throughout the model; expected changes in temperature
and precipitation were important for most variabies.

4. URBANIZATION, WATER, FOOD, AND
POVERTY STUDY

Many argue that urbanization will even be a more probiem-
atic and momentous issuc than the population growth itself.
Therefore, urbanization has recently received growing atten-
tion {Anon. (996, UNCHS 1996). Of the Earth's population
growth of 90 million in a decade, the urban growth will be
around 80%. Urbanization witl be most drastic in Africa and
Asia (Figure 4), and in poorest countries: In 1990-94, the rate
was 3.8% for low-income, 2.3% for lower-middle, 2.6% for
higher-middle, and 0.3% for high-income economics (World
Bank 1996). While the global food production has shown a
stagnation since 1990, the pressure to feed the human popu-
Tation is rapidly escalating {(Figure 5). The growth of irrigated
area has dropped drastically during the past 10 years; 1t be-
comes more and more demanding and expensive to take new
arable land under intensive irrigation, At the same time, due
to unsustainable practices, a bulk—roughly 1/3-—of irrigated
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Figure 4. Urbanization will be fastest in Africa and Asia (UN 1994),



land has become unproductive. Moreover, the public apinion
towards construction of reservoirs has become very negative
in many parts of the world. The vulnerability of the global
water and food systern to hydrologic extremes and political
instabilities is in rapid growth (Figure 6).

Agriculture already contributes more than 4/5 of all con-
sumptive use of water. In 2025, how the rural areas will feed
the 2.6 billion urban dwellers more than today plus them-
sefves is a big guestion, Many examples show that the urban
areas have given a priority in water allocation over agricul-
ture due to faster capital recovery. The expectable rise in
food prices will balance out this situation to some extent, but
this development will unfortunately have the most drastic
impact on the poor. With the liberalization of world trade,
privatization, and other such giobal wends, those who have
no cash become increasingly vulnerable.

[t will be more and more difficult and demanding to meet the
growing demand from stagnant or deteriorating supply of
water. Decisions and attitudes concerning solutions on ca-
pacity such as human development, institutional set-up, water
constructions and other technological issues, given the eco-
nomic and social constraints constitute a challenging enlity
(Figure 73 with no simple answers,

ie/Ba) endes sad watiznpeld wwig

)
4
1

Figare 5. Will there be encsgh food in the coming decades? Food
projections are highly uncertain, showing a remarkable mismatch
(sample projections are IFPRL Ageacili & Rosegrant 1993; FAO:
Alexandrates 1995; World Bank: Mitchell & Ingeo 1993; Kendall
& Pimentel 1994 Worldwaiclh: Brown {996}, The linear trend
shows the average 1930-90 growth rate of 27.5 million tens/year.
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Figure 6. The number of people subjected (o water scarcily is in
rapid growth (data from Kulshreshtha 1993).
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lenges to meet the water demand are tough enough even without the
unavoidable quest Tor sustainabitty.
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4.1  Preliminary Results

In the tme frame till 2025 and beyond, 5 driving farces, 10
impact variables—3 on water and land, and 5 in socioecon-
omy—and 18 policy tools are analyzed (Figure 8, Table 1},
These variables were selected after a careful scrutiny of lit-
erature, The total number of their interconnections amounts
up to 1122, Table 2 shows selected interconnections, that can
be used as the starting point of geographicalty determined
and quantitative analyses. it is important to recognize that
case specific differences can be and often are great.

Figure 8. Grouping of the variables. For each solid-line arch. an
inlerconnection matrix has been constructed.

4.2 Further Steps

The study above s the first step in a more comprehensive
analysis that will employ the proposed approach. 5 key re-
gions are taken in closer serutiny: (1) China, (2) S Asia, (3
SE Asia, (4) The Nile Basin countries, and (3) the Sahel
West Africa. These account for 85% and 68% of the popula-
tions of Asia and Africa, and 60% of that of the globe. but a
much higher proportion of humans that will face waler scar-
city, poverty, and urbanization issues in coming few decades.
Ir addition, a monograph will be edited, that consists of a fact
sheet of  to 5 pages for each of the variables in Tables 1 - 2.

The analysis will attempt to detect and examine the following

issues in particular:

= The most important variables and variable clusters.

= The relative imporiances of different variables.

e The key knowns, unknowns, threats. risks, opportunities.

*  [neconsistencies in present comprehension of the issues,
and in policy recommendations,

» The differences in the roles of those variables among
macroregions.

e Possible, interdisciplinary cycles and feedbacks that are
difficuit 1o find without an integrated analysis.

= Further development of the methodolagy.

CONCLUDING REMARKS

e Global and regional changes are results of many intercon-
nected issues, and include a high number of social, eco-
nomic, political, ecological, technical and other lacets.

¢ They all need specific expertise, technologies, and skills
but this is not always enough.

e These facets are the more interconnecled the wider time
perspective is considered.

s« The recognition, appreciation, and comprehension of
these interconnections is crucial in the abatement of
negative impacts of these changes and when adapting so-
cieties into them.

= Scientists, policy-makers, and different
should be facilizated 1 communicate belter,

stakeholders

This study is an attempl o develop methodologies for
such purposes, and to analyze selected, important regional
and global-scale problems that are close to policy making.



Tubke 1. The variables included in the analysis, except the policy
tools, which are given in Table 2

Fopulation growih
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BB climatic changs
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Surface watey
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Table 2. Sample interconnections: From policy wols to impacts on
socipeconomy {sbove) and v.v. {below). Legends: + positive, -
negative. * indeterminate, 2 marks: strong connection/ ymbination.
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+ T i+ Human rasources development
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= + I + * i intgsnational commitments
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