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Abstract

In recent years qualitative modeling has found its
way into the transdisciplinary field of sustainabil-
ity science. Here, “transdisciplinarity” refers to the
close interaction between science and policy mak-
ing, e.g. questions are often raised by decision mak-
ers and results need to be simple and comprehen-
sible. “Sustainability science” refers to a highly
complex issue, integrating ecological, economic,
and social dimensions with the objective of find-
ing ways towards a “better” future. The paper gives
an overview on the requirements and condition for
modelling in this field and illustrates possible con-
tributions of qualitative reasoning along a set of ex-
amples. At the end, the expereinces made are put
forward into a a list of needs and new approaches
for further improvements of the applicability of QR
in the field.

1 Introduction

Environmental science is a long existing field of research,
focussing primarily on the natural effects of human activi-
ties like energy production, traffic, or construction. Within
this field problems like pollution have been investigated, e.g.,
with regard to the distribution by atmospheric transport or its
ecological effects. As it has become obvious that the scale
of these impacts have now reached a global scale, e.g. the
evident human-driven change of the global climate, the re-
duction of ozone in the higher levels of the atmosphere, es-
pecially over Antarctica and more recently over the Arctis
also, or the reduction of biological diversity. Furthermore, ev-
idence increases that these changes have a significant impact
on human well-being, e.g. material income, human health
and security. This “closing of the loop” has created a major
challenge for science which is called to provide a basic un-
derstanding of the natural and the social processes governing
these global changes [Steffen et al., 2004].

This challenge to science is confronted with some major
obstacles for the traditional way of scientific analysis. Maybe
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most pronounced is the lack of experimental setups to study
these processes on the global scale. On the other hand, we
are facing a vast variety of geographical contexts in terms
of cultural, social and also natural determinants for human-
environment systems. Furthermore, some, if not most, of
the knowledge available is qualitative in nature and any kind
of quantification is either not available yet or might also be
not possible in principle, e.g. culture, politics, etc. These
examples already illustrate that there appears to be a vast
field of potential application for qualitative reasoning. In
recent years, some first steps have been made to apply QR
into this challenging field of global change research. The
present paper seeks to give an overview on some of these
approaches with an emphasis on qualitative differential equa-
tions [Kuipers, 1994].

The paper starts by formulating some requirements for
modeling and “logic argumentation” when applied within the
field of global change research (Sec. 2. In Section 3 examples
will be given for applications of qualitative reasoning which
seek to meet those problems and requirements. Based on the
experiences from these examples, the final section will list
some essential needs for progress in the field of qualitative
reasoning when it comes to its applicability to global change
research.

2 Requirementsfor Modeling

Within global change research, models are used for a vari-
ety of questions. Most prominent are models of the global
climate which come in different levels of complexity. Here
models are mostly used to study the implications of atmo-
spheric composition, e.g. the concentration of radiative ac-
tive trace gase like carbon dioxide (greenhouse gases), for
the temprature and precipiation distribution across the world.
Models are also used to study and understand the history of
the Earth’s climate. Similarly, models are used to investi-
gate the implications of climate for vegetation and agricul-
ture. These models might be seen as both, creators of scien-
tific hypotheses as well as experimental setups for testing.
When it comes to the human realm, the philosphy of model
usage shifts. As there is a wider range of competing scientific
theories, models are often seen as a means for justification.
Because many of these models are equally good and valid
with regard to the reconstruction of real world data, models
are used to justify certain actions. An example is the ongoing



debate about the actual costs for reducing the anthropogenic
emissions of greenhouse gases. The latter is necessary to
avoid a dangerous climate change, which is a target the in-
ternational community has agreed upon in 1992 within the
UN Framework Convention on Climate Change.

In general, the usefulness of models in global change re-
search comes from their very strength of “giving logical im-
plications of explicit assumptions” (Steve Schneider, pers.
communication). Nevertheless, further difficulties arise from
the fact that this field of research is not (solely) pure science,
but also has a strong science-policy interface. When eval-
uations of political actions and strategies are sought for, the
needs of decision makers need to be taken into account: What
do they want to know? What variables are within their field
of experience and decision making? What can and what they
want to influence? This amalgamum of issues raises some
special requirements for modeling which not only seem to
be particularly suited for qualitative reasoning methods, but
which are also of wider relevance.

1. Qualitative Knowledge: For many of the aspects to
be considered only qualitative knowledge is available.
Take, for example, the realm of human decision making.
Though a wide range of theories are available, ranging
from optimal choice via bounded rationality to “mud-
dling through”, the quantification of these theories is of-
ten only be possible in an ex-post analysis of decisions
taken in the past. Yet we cannot be sure that the func-
tions and numbers unconsciously used in earlier deci-
sions, still hold in the future. Though we can also be
not sure whether the qualitative aspects, i.e. | prefer X
over Y, also holds in the future, the assumption that they
actually still hold is more robust.

Qualitative knowledge also prevails when the quantifica-
tion of “issues” itself are problematic or highly debated.
Take, for example, the issue of poverty. Though it is
generally agreed that poverty does play a major role in
Global Change, its indication by measurable numbers is
argued since the very first moment the issue entered the
international debate.

2. Geographical Variability: The focus of the analyses in
global change research are human-environment systems.
When studying these systems on small scales, e.g. vil-
lages or provinces, researchers often claim that the sys-
tem varies heavily from place to place. Yet, the question
is, how different and different with respect to what. Of-
ten the systems share the same variables and maybe also
the existence of interactions between variables. They
might differ by the functions relating the variables, but
not by the qualitative properties of these functions, e.g.
monotonies. In this sense a qualitative modeling ap-
proach can bridge these differences by looking at the
more general qualitative properties only [Petschel-Held
and L tdeke, 2001.

3. Communicability: When models are directly used in
a science-policy dialogue, they need to be simple and
comprehensible [van Dalen et al., 1998]. Note that this
not necessarily holds, if model outputs are used to as-
sess before communicating with decision makers or the

wider public, i.e. when scientific results are presented as
clear facts and not if policy measures are to be investi-
gated interactively. Comprehensibility not only refers to
the way, how the results are presented, but also to the
content of the model. Experience shows, that decision
makers want to understand what is happening inside of
the model, what its assumptions are, and what it is based
on. Yet, they also have a preference for numbers, which
probably rests on the prevailing assumption that science
is only exact if it produces such numbers.

4. Conceptual Knowledge: Besides “scientific modeling”
based on theories and data, the mental models of deci-
sion makers are of particular interest in the field of global
change research. How do decision makers envisage the
world? How do they perceive causes and mechanisms
of change? In order to present decision makers with the
implications of their mental maps, it can be useful to
develop a formal representation of these maps. Within
a dialogue process of so-called group modelling, these
maps are put into a formal framework and the outcomes
of these formal representations are discussed. These can
lead to new questions, modifications of the mental maps,
and a more thorough understanding.

3 Applications

Within this section, some qualitative modelling approaches
are discussed which have been developed by modelers from
the global change research community. It is particularly dis-
cussed, how these approaches can meet some of the require-
ments discussed above.

3.1 Qualitative Knowledge: Agriculturein
North-East Brazil

Agriculture in North-East Brazil is dominated by smallholder
farmings on rather nproductive grounds. This induces an
increased vulnerability to droughts which occur frequenty
about once or twice per decade. Smallholders often do not
have the means to cope with droughts are caught in poverty.
In addition, the “regular” dynamics is determined by an in-
creasing loss of productivity due to soil degradation, e.g. by
erosion.

In order to understand this dynamics, a model has been de-
veloped which makes use of qualitative differential equations
[Sietz et al., 2004]. The model used the C-Version of the
QSIM algorithm, developed at the Potsdam Institute for Cli-
mate Impact Research [Eisenack and Petschel-Held, 2002].
The model has been based on the general knowledge and
literature from the region. Droughts are not endogenous to
the model, but their effect can be studied using the resulting
graph of qualitative dynamics. Unfortunately, the data basis is
too weak for a throrough validation of the model, but accord-
ing to expert judgment the overall structure of the dynamics
is reasonable and thus can be used to study implications of
droughts and governmental programs to improve the liveli-
hoods of the local smallholders.



3.2 Case Study Integration: Smallholder
Agriculture

Smallholder agriculture is not only a problem in Northeast
Brazil, but constitutes a major element of sustainability prob-
lems throughout the developing world. In order to get an
overall impression on the processes governing the dynamics
of smallholder agriculture a set of 22 case studies throughout
the tropics has been evaluated. The basic idea is that the local
situations in these regions share the same qualitative proper-
ties, i.e. the functions describing the processes within a model
share the same monotonicity properties. Furthermore the case
studies were evaluated with respect to the qualitative dynam-
ics in the region. If the qualitative trajectory of a region is
found in the model output, the model can be considered as
being not falsified for the region. In this sense, qualitative
modelling can be used as an integrative tool for the compari-
son of case studies [Petschel-Held and L Udeke, 2001.

The general QDE model included a total of 30 variables of
which five variables were considered as being independent,
thus characterizing the local context. Focus of the analysis
was in which of these contexts smallholders can cope with
impoverishment, environmental degradation or both. For this
a “locking analysis” was performed, in which the result graph
is analysed with respect to subsets where the qualitative val-
ues of some variables remain constant and do not have suc-
cessors where these variables do change [Eisenack, 2003].

It turned out that three of the context variables are decisive
for the existence of locked sets with respect to environmental
degradation and impoverishment, i.e. the aquisition of new
knowledge by smallholders, population growth and the natu-
ral productivity of the region. This gives further insights into
the causes for the so-called environment degradation spiral
[Petschel-Held et al., 1999; Kates and Haarman, 1992].

3.3 Communicating with Decision Makers:
M odelling Urban Sprawl

Urban sprawl describes a process of urban change charac-
terized by an increase in the build-up area together with a
decrease in density. Within an international project funded
by the European Commission, qualitative modelling was in-
tended as an integrative tool to describe the processes of ur-
ban sprawl in seven metropolitan regions in Europe assessed
by individual case studies. It was the goal of the project to
provide insights and tools for better managing urban sprawl
which the European Union sees as a necessity for improv-
ing the quality of life. Therefore the project also included a
close interaction with urban planners and governments, e.g.
with respect to the usage and application of the model. This
took place with two so-called stakeholder workshops and one
training workshop. Two of these workshops focused the com-
munication of the model and its results as well as its implica-
tion for urban sprawl management.

In general, planners and urban governments found the
model a useful tool for improving their knowledge basis on
urban sprawl. Interestingly enough the main benefit did not
come from the model results, but from its underlying assump-
tions and hypothesis. The usability of the model therefore
came from the validation of these assumptions by its own val-
idation on basis of the findings of the individual case studies.

3.4 Conceptual Knowledge: Sustainable
Development in The Netherlands

Within the SCENE project, Grosskurth and Rotmans devel-
oped a participatory modeling approach using the qualitative
systems analysis tool from the Santa Fe Institute [Grosskurth
and Rotmans, 2004]. Within this exercise stakeholders in the
issue of water basin management in the Netherlands were in-
terviewed about their perception of relative issues and their
interactions. This information was collected within the qual-
itative systems approach by counting the numbers at which
variables and interactions were mentioned by the stakehold-
ers. As a result, the most important variables and interactions
are identified which then was used as a basis for quantitative
modelling based on the most relevant variables and interac-
tions.

4 Further Needs

The experiences made with qualitative models within the field
of global change research give clear hints on needs for im-
proving qualitative reasoning approaches. These improve-
ments are necessary to enhance the usability of these ap-
proaches which are perceived as being potentially strong due
to their reliance on qualitative and incomplete knowledge.

Of particular importance the following issues can be men-
tioned:

e Reducing the Output Space. Decision makers expect sci-
entists to reduce the uncertainty about the future. Often,
the outputs of qualitative models are very comprehen-
sive, not allowing statements beyond a “either this or that
can happen, but we don’t know which.” It is therefore
important to improve qualitative modeling approaches
to reduce the number of possible solutions. Of course,
this often requires the use of further information in the
model building phase. Some recent progress has been
made at the Potsdam Institute by using information on
the order of partial derivatives within multiple variance
constraints.

e Communicating the Results. The focus on the presen-
tation of the results of qualitative models so far is, of
course, on its exactness. Unfortunately, these kinds of
graphs and diagrams are not very appealing for non-
experts. This definitely limits the application of quali-
tative models. Therefore methods have to be developed
to translate these graphs into more appealing presenta-
tions without loosing exactness. The only way this ap-
pears to be possible is by reducing the information given
from the completeness it seeks for the time being to ele-
ments which are seen as most important and relevant for
decision makers.

e Bridging the gap to quantitative models. Quantitative
modeling is widespread in global change research. Mod-
els for climate, vegetation or hydrology, but also for the
economy are regularly used for analysis and policy ad-
vice. In many instances these models are coupled, either
consequtively or in a back and forth manner. Many of
these models find their limits when it comes to qualita-
tive knowledge, e.g. within the social science realm. It



would therefore be useful to develop methodolgoies to
couple qualitative with quantitative models.

In summary, it can be stated, that the application of qualita-
tive reasoning approaches within global change research has
made some progress, but without further conceptual improve-
ments along the lines indicated, this progress will fade.
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