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Abstract: Developingmodel-based narratives of society’s response to climate change is challenged by two fac-
tors. First, society’s response to possible future climate change is subject to many uncertainties. Second, we
argue that society’s mitigation action emerge out of the actions and interactions of the many actors in society.
Together, these two factors imply that the overarching dynamics of society’s response to climate change are
unpredictable. In contrast to conventional processes of developing scenarios, in this study the emergence of
climate change mitigation action by society has been represented in an agent-based model with which we de-
veloped twonarrativesof theemergenceof climate changemitigationactionbyapplyingexploratorymodelling
and analysis. The agent-based model represents a two-level game involving governments and citizens chang-
ing their emission behaviour in the face of climate change through mitigation action. Insights gained from the
explorationonuncertainties pertaining to the systemhavebeenused to construct two internally consistent and
plausible narratives on the pathways of the emergence of mitigation action, which, as we argue, are a reason-
able summary of the uncertainty space. The first narrative highlights how and when strong mitigation action
emerges while the second narrative highlights how and when weakmitigation action emerges. In contrast to a
conventional scenario development process, these two scenarios have been discovered bottom up rather than
being defined top down. They succinctly capture the possible outcomes of the emergence of climate change
mitigation by society across a large range of uncertain factors. The narratives therefore help in conveying the
consequences of the various uncertainties influencing the emergence of climate change mitigation action by
society.

Keywords: Agent-Based Modeling, Scenario Discovery, Uncertainty, Climate Change Mitigation, Exploratory
Modeling

Introduction

1.1 In the fall of 2015, France hosted the 21st Session of the Conference of the Parties to the United Nations Frame-
work Convention on Climate Change. The ambition of the conference has been to achieve a new international
agreement on climate change response, aiming to limit global warming to 2 °C (COP21 2015). In the past, reach-
ing a global agreement on climate change has proven to be very di�icult (Weiler 2012). The di�iculty stems from
the collective nature of the problem, with common but di�erentiated ethical responsibilities among the di�er-
ent stakeholders, in combination with the many uncertainties inherent to it (Ostrom 2012). In contrast to the
extensive research on the climate system and the impact of anthropogenic activities on it, the di�erent ways in
which mankind will possibly respond to climate change has received substantially less attention in modelling
and scenario studies that explore the problem of limiting global warming, (Giupponi et al. 2013). Moreover,
given themagnitude of the challenge of responding to climate change, there is a clear need for research on this.
Society can respond in two ways to climate change. Either it adapts to the consequences of climate change, or
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it aims tomitigate climate change. In this research, we focus on exploring howclimate changemitigation action
by society can emerge.

1.2 Two issues hamper the modelling of society’s response to climate change. First, the emergence of mitigation
action by society is subject tomany uncertain factors. Although there is scientific consensus about the fact that
human activities influence climate change, there is uncertainty about the exact extent of this influence and
about the severity of the future impacts of climate change (Tompkins & Adger 2005; van Vuuren et al. 2011). Un-
certainty also exists with respect to the exact mechanisms that underlie society’s response to climate change,
such as the time preference citizens apply when valuing future costs and benefits of climate change response
(Tol et al. 2013). These uncertainties result in a widespread lack of consensus, both within the scientific com-
munity and among policy makers, on the essential facts and mechanisms that determine the overarching dy-
namics of society’s response to climate change. This e�ect is amplified by the long time horizon over which the
uncertainties manifest (Moss et al. 2010; Balbi & Giupponi 2009; Weaver et al. 2013).

1.3 The second issue hampering the model-based investigation of the emergence of climate change mitigation by
society di�icult, is that the system in which climate change mitigation action by society emerges, is governed
and influenced by a network of many interacting actors. Climate mitigation, on the one hand emerges from
international negotiations between state governments like the one in Paris in the fall of 2015. On the other
hand, various other members of society such as citizens, companies, and subnational governmental bodies,
take mitigation actions themselves and pressure their representatives at the international negotiations (Hsu
et al. 2015). The various actors involved learn from their behaviour and from the behaviour of others, resulting
in behavioural change. Simultaneously, the behaviour of the various actors is subject to bounded rationality.
The systembehaviour emerging from this self-organising emergent systemcannot be predicted by understand-
ing the individual actors and their motivations in isolation (Hughes et al. 2013). Gaining insight in this complex
system requires accounting for issues such as the heterogeneity of actors and the bounded rationality in their
behaviour; influential factors within the energy transition (Giupponi et al. 2013; Bale et al. 2015). The intrinsic
complexity of the system of interaction actors, coupled with the inherent uncertainty, imply that the overarch-
ing dynamics of society’s response to climate change are emergent, complex and co-evolving (Rammel et al.
2007; Chappin 2011).

1.4 Currently society’s response to climate change has not been incorporated adequately in modelling studies on
the energy system, climate change and associated impact as researchers have widely acknowledged (Balbi &
Giupponi 2009; Brede&de Vries 2013; Giupponi et al. 2013; Hughes et al. 2013; Pfenninger et al. 2014). Moreover,
limited attention has been given in the literature to the consequences of uncertainties influencing society’s
response to climate (Gerst et al. 2013b). In this research, we contribute to both challenges simultaneously by
developing scenarios for the emergence of climate mitigation. The main rationale for developing scenarios is
that the relevant time span – the time over which the consequences of climate change play out – is very long,
and the possible consequences of uncertainties are amplified due to the complex and chaotic dynamics of the
system in which climate change takes place (van Vuuren et al. 2012). Scenarios provide an intuitive means to
characterise and communicate information about uncertain future states of a system (Hughes 2009; Bryant & J
2010; Gerst et al. 2013a).

1.5 In contrast to conventional scenario development processes by means of an intuitive logics or scenario axes
method (van der Heijden 1996; Wright & Cairns 2011), we have used a model-based bottom up scenario devel-
opment process following Rozenberg et al. (2014). This process starts with the development of an agent-based
model of the dynamics of the emergence of society’s response to climate change. Agent-based modelling is a
modelling technique that can be used tomodel the actions of and interactions between agents under influence
of their state and the state of the environment. This modelling technique furthermore allows for simulating
autonomous and heterogeneous agents with bounded rationality and adaptive agent behaviour over local in-
teractions. In this way, the emergence of macroscopic regularities can be discovered from a bottom-up per-
spective (Epstein 2007). We argue that the use of agent-based modelling addresses the challenges posed by
the complexity of society’s response to climate change. In the development of the model, particular attention
has been given to the various unresolvable uncertainties in the inputs to the model, and uncertainties pertain-
ing specific mechanisms within the model. Next, following the model-based bottom up scenario development
process, we have explored the consequences of these various unresolved uncertainties using a series of com-
putational experiments (Bankes 1993; Bankes et al. 2013). The results from these computational experiments
are analysed using scenario discovery (Bryant & J 2010). We contend that scenario discovery o�ers a useful
additional technique for the analysis of outputs of agent-based models (Lee et al. 2015). Scenario discovery
provides insights into the subspaces of the uncertainty space that result in characteristic model outputs (see
Figure 1). These subspaces can subsequently be communicated as narratives of the di�erent scenarios.

1.6 Thestructureof thepaper follows thescenariodevelopmentprocessandstartswithamoredetaileddescription
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Figure 1: Mapping types of model outputs to specific subspaces of the uncertainty space.

of the model and associated uncertain factors, which is given in Section 2. In Section 3, we provide additional
background on scenario discovery and the exploratory modelling approach. Section 4 presents the results of
applying this bottomup scenario development approach to the agent-basedmodel a�er which the key conclu-
sions of the results are presented in Section 5. Finally, Section 6 contains a discussion on the model and the
applied methodology.

Model Description

2.1 Climate mitigation action by society is the result of international treaties, and behavioural change by national
governments and subnational actors. We conceptualize this in a highly stylised agent-based model, inspired
by the work of Putnam (1988) on two-level games, describing the time period of 2000-2100, with a time step of
a year. The higher level represents the international climate negations between governments. The lower level
represents thedynamicswithin a countrywhere citizens change their behaviour andpressure their government
with respect to their government’s position in the international climate negotiations, while the government
actor imposes climate mitigation targets in light of any international climate mitigation agreement.

Governments and citizens

2.2 The model makes a distinction between two types of agents: governments and citizens. The model consists
of 5 governments and 100 citizens related to each government. Governments are state actors that negotiate
internationally and impose agreements locally when established. The citizen agent is a catchall category for
all subnational actors, including individual citizens, subnational governmental bodies like municipalities and
provinces, and companies. This is a substantial simplification, but it makes the representation of the lower
level dynamics more tractable. We return to this simplification in the discussion. In the model, both govern-
ment agents and citizen agents emit greenhouse gases. They can reduce their emissions through mitigation
action. Mitigation action emerges out of the actions and interactions of governments and citizens related to
GHG emission reduction. The actions tomitigate are influenced by the agents’ awareness of climate change, by
climate disasters and by enforcedmitigation action as a result of international negotiations on climate change
response.

Climate change awareness

2.3 Any decision to unilaterally reduce emissions is taken by both governments and citizens, based on their climate
change awareness. This climate change awareness di�ers between agents and is dependent on the time hori-
zon of the agent. Governments and citizens individually predict future cumulative GHG emissions given their
time horizon, and assess the associated climate change impact following the climate change impact curve de-
picted in Figure 2. Next, the predicted future climate change impacts are translated into climate change aware-
ness level. Based on the level of climate change awareness, each government and each citizen decides on
whether and by how much they are going to reduce their individual GHG emissions. Because time horizons
vary between governments and citizens, di�erences in climate change awareness occur, which subsequently
results in di�erences in the emission reduction behaviour of governments and citizens.
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Figure 2: From believes about future levels of cumulative GHG emissions to climate change awareness.

Interaction between agents

2.4 At the lower level, citizens pressure their government’s mitigation policy and their government’s position in
the international climate negotiations through voting. The extent to which governments act in the interest of
the sub-national actors they represent, depends on the democratic property of the government, a heteroge-
neous characteristic of government agents. The representation of the international negotiations is based on
the bargaining game of (Smead et al. 2014), together with additional ideas from other climate change negotia-
tion games (Pinto & Harrison 2003; Forgó et al. 2005; Courtois & Tazdaït 2007). Smead et al. (2014) propose a
modified version of the N-player Nash bargaining game, where each player represents a negotiating country.
The bargaining game incorporates learning dynamics, by representing adaptive players having di�erent emis-
sion reduction demands. In this research, governments negotiate on the mitigation goals and whether or not
to participate in the final agreement. By applying game theory, the model allows for the formation of coali-
tions, cooperative solutions, and free-rider behaviour. In the model, we included two alternative game theo-
retic representations of the negotiations: a cooperative and a competitive representation. In the competitive
representation, governments can choose a free-rider strategy in the negotiations.

2.5 Depending on the number of governments agreeing (pa) to the emission reduction targets in the first round of
thenegotiations, and thedesiredemission reduction targets governmentswant to reach, anewemission reduc-
tion target is set. This new emission reduction target is calculated as the mean of the negotiation positions of
the governments, with the not-participating governments having a negotiation position of 0 (T1 =

∑ pa
n ). The

reasoning behind this assumption is that the total level of mitigation action that can be proposed in an agree-
ment depends on the number of participating governments. In the second round of negotiations, governments
deliberate once more if the emission reduction target is in line with its negotiation position (T1 ≤ pi). A final
emission reduction target is then set according to the agreeing governments (T =

∑ pa
n ). Governments then

enforce this emission reduction targetT to themselves and their individuals, increasing the voluntary emission
reduction level with an enforced emission reduction level.

2.6 The model also allows for free-rider behaviour, if a third round of negotiations is executed. In this third round,
governments candecide toexit theagreementat the lastminute, leaving theemission reduction target for other
participating governments the same, without contributing. This decision is made by determining whether the
final emission reduction target is larger than its negotiation position (T ≥ pi).

2.7 The emission reduction target of a government is dependent on its citizens. It is assumed that individuals can
explicate their preferences on the desired climate change response of their governments through voting. The
extent to which governments consider this opinion is determined by the democratic value of governments.
This is conceptualised by governments taking the average climate change awareness of the individuals related
to that government into account, with respect to their democratic value. This democratic value is another het-
erogeneous property of governments. Governments can influence mitigation action by individuals in turn, by
enforcing mitigation action through top-down legislative, regulatory and economic incentives. It is assumed
that governments will enforce extra mitigation action of the individuals related to the government if they par-
ticipate in an international agreement on climate change response. This top-down enforcement of mitigation
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action is conceptualised as an increase in mitigation action by governments and individuals to whom themiti-
gation action is enforced.

Climate disasters

2.8 A final element in the model is disasters. With the model, the influence of climate-change related disasters on
climate change awareness can be explored. Climate disasters occur locally, randomly a�ecting only a subset of
the countries in themodel. Climate disasters temporarily influence either the climate change awareness or the
amount ofmitigation action of the governments and citizens a�ected. The influence can either be positive, im-
plying that climatedisasters increasedemand formitigationaction, or negative, implicitly implying that climate
disasters increase demand for adaptation action, thus decreasing the demand for mitigation action.

Synthesis

2.9 We argue that the presented stylized agent-based model is adequate for understanding and exploring the dy-
namics between heterogeneous governments and citizens. The stylized representation also enables us to con-
duct a range of analyses, within reasonable computational requirements. In the analyses, the most important
outcomes of the model are the cumulative GHG reduction, and the annual GHG reduction relative to the initial
value in the model. The model is implemented in NetLogo and can found online at https://www.openabm.
org/model/4911/version/1/view. For a more detailed description of the model, see the formal model de-
scription following the ODD-protocol (Grimm et al. 2010) in the supplementary material.

Uncertainties influencing the emergence of mitigation action by society in the face of
climate change

2.10 In order to construct internally consistent and plausible narratives about the pathways of the emergence of
mitigation action by society in the face of climate change, uncertainties need to be acknowledged, identified,
and their consequences explored. We systematically identify uncertainties using the XLRM framework (LEM-
PERT et al. 2006) and a proposed agent-based modelling uncertainty checklist (Greeven 2015). We structure
the uncertainties into four categories: uncertainties related to environment settings, agent characteristics, in-
ternational negotiations on climate change response, and climate disasters. The main uncertainties related
to the environment settings are the climate sensitivity and economic sensitivity of climate change. Uncertain-
ties from the agent characteristics category are related to the adaptive traits governments and citizens apply in
responding to climate change and factors influencing the interaction between governments and citizens. Un-
certainties related to international negotiations on climate change response are factors influencing the internal
mechanisms and frequency of these negotiations. Uncertainties related to climate disasters are factors influ-
encing the internal mechanisms and stochastic factors behind the occurrence and e�ect of climate disasters.

2.11 Table 1 specifies the uncertainty space. Some of these uncertainties are represented through a range of values.
For example, the climate sensitivity (that is, the sensitivity of the climate to greenhouse gas emission levels) and
the economic sensitivity of climate change (that is, the sensitivity of economic impact due to climate change)
both have a range of possible values. Other uncertainties are represented as structural uncertainties, allowing
switching between di�erent model structures or categorical values of an uncertainty. For example, the model
contains both a cooperative game theoretic representation of international negotiations, as well as a competi-
tive game theoretic representation in the form of a repeated prisoner’s dilemma. The le� column displays the
variable in which uncertainty is incorporated. Themiddle column describes the assigned uncertainty range for
the parametric or structural uncertainties. The column on the right provides an explanation for the assigned
uncertainty range.
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Uncertainty Uncertainty range Explanation and reference

Environment settings
Climate sensitivity and economic sensi-
tivity of climate change factor 1

1.01 – 1.03 This factor influences the shape of the
climate change impact equation. A low
value of this factor represents a high cli-
mate sensitivity and economic sensitivity
of climate change, and vice versa. The
shape of climate change impact equation
is based on (LEMPERT et al. 2007; IPCC
2014).

Climate sensitivity and economic sensi-
tivity of climate change factor 2

0.80 – 1.20 See above explanation

Emission level change delay years 1; 3; 5 Governments and individuals take past
years into account when adjusting GHG
emission levels. Di�erent delays are ex-
plored, ranging froma short delay (1 year)
to a longer delay (5 years)

Agent characteristics
Time horizon of individuals 0 – 50 A time horizon of 0 relates to indi�er-

enceabout future climate change impact,
whereas a time horizon of 50 could relate
to thinking two generations ahead.

Time horizon of governments 0 – 50 See the above explanation
Standard deviation of time horizon distri-
bution

0 – 20 A standard deviation is used to introduce
heterogeneity in the individual time hori-
zon of citizens of the same country. A
value of 0 relates to a homogeneous dis-
tribution, whereas a value of 20 relates to
a generation di�erence in possible distri-
butions.

Democratic value of governments 0 – 1 The democratic value determines the ex-
tent to which governments base their
mitigation policy on the interest of their
citizens. A democratic value of 0 there-
fore relates to a complete stratocracy,
whereas a democratic value of 1 relates to
a complete democracy.

Future cumulative GHG prediction error 0 – 0.30 A prediction error is introduced to correct
for the fact that governments and citizens
do not have the capacity to correctly pre-
dict future cumulative GHG emissions.
The prediction error ranges from 0 to
0.30, the latter indicating a 30% predic-
tion error.

Table 1: Uncertainties represented in the model
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International negotiations on climate
change response
Years between international negotia-
tions on climate change response

5; 10; 15 The frequency of major international
negotiations on climate change re-
sponse has been based on the Kyoto
negotiations in 1997 and the Copen-
hagen negotiations in 2009. This
model allows for more frequent or less
frequent international negotiations on
climate change response.

Game theoretic representation of inter-
national negotiations

Cooperative; Prisoners Uncertainty exists about the game the-
oretic representation of the interna-
tional negotiations on climate change
response (Ackerman et al. 2009; Smead
et al. 2014). The international negotia-
tions can either be of cooperative na-
ture, inwhichgovernments seekamore
shared solution for the problem or of a
more competitive nature in the form of
a repeated prisoner’s dilemma.

Mitigation enforcement factor 0.20 – 1 The strength of the mitigation enforce-
ment that can be a result of interna-
tional negotiations on climate change
response can be altered, ranging from
a relatively weak enforcement to a rela-
tively strong enforcement.

E�ect of international policy on citizens 0.50 – 1 The mitigation enforcement can have a
di�erent e�ect on citizens and national
policy. The strength of this e�ect can
range by adjusting this factor.

E�ect of international policy on na-
tional policy

0.50 – 1 See above explanation.

Climate disasters
Base chance of climate disaster 0.01 – 0.1 The chance that a climate disaster oc-

curs, independent from the amplifying
influence of climate change, can range
betweenclimatedisasters occurringev-
ery year to every 10 years. This range
hasbeenbaseduponmajor climatedis-
asters that have occurred that past de-
cennia, of which some are accounted to
climate change by some people.

E�ect of climate change on climate dis-
asters

0 – 1 The relation between climate change
and the occurrence of climate disasters
is under dispute (Weinkle et al. 2012).
This factor determines the strength of
the relation between climate change
and the occurrence of climate change.
The influence of climate change on the
occurrence of climate disasters is then
subject to the strength of the relation
and the amount of cumulative GHG
emissions.

Table 2: Uncertainties represented in the model (Continues)
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Initial severity of climate disaster 1; 3; 5 The influence that a climate disaster has
on the climate change awareness of govern-
ments and individuals can range from 0 to
0.20

Climate disaster memory 1; 3; 5
Positive e�ect of climate disasters on climate
change awareness

True; False Scientific evidence on the direction of the ef-
fect of climate disasters on mitigation action
is limited and in part contradictory. Some lit-
erature states that climate disasters have a
positive e�ect on mitigation action (Zahran
et al. 2006; Spence et al. 2011; Rudman et al.
2013). Other literature states that climate dis-
asters do not a�ect mitigation action (Whit-
marsh 2008; Dessai & Sims 2010). Finally,
there is also literature stating that climate
disasters have a negative e�ect on mitiga-
tion action, because those struck by a climate
disaster demand adaptation action, pushing
mitigation action plans to a further future
(LEMONICK 2012; MARSHALL 2012). This am-
biguity is captured in a structural uncertainty
that allows the model to switch between a
positive and negative e�ect of climate disas-
ters onmitigation action

Table 3: Uncertainties represented in the model (Continues)

Scenario discovery

3.1 To address the challenge of constructing narratives on the emergence of mitigation by society in the presence
of various uncertainties, we applied an exploratory modelling approach to scenario development using agent-
based modelling. The application of agent-based modelling enables us to capture the complexity and emer-
gence of mitigation action by society in the face of climate change (Gerst et al. 2013a). To explore the conse-
quences of the various uncertain factors, we use the agent-basedmodel in an exploratory fashion (Bankes 1993;
Bankes et al. 2013). We generate series of computational experiments and assess the behaviour of the model
across these experiments. To summarise the computational experiments in a small but representative set of
scenarios, we applied scenario discovery (Bryant & J 2010; KWAKKEL et al. 2013; Rozenberg et al. 2014; Kwakkel
& Jaxa-Rozen 2016).

3.2 Scenariosprovideacommonlyusedmeans tocommunicateandcharacterizeuncertaintybybounding theways
inwhich the systemunder studycouldpossibly evolve (vanVuurenetal. 2011). A conventionalwayofdeveloping
scenarios is by means of the intuitive logics or scenario axes method, in which highly uncertain, high impact
driving forces form the scenario axes. The scenario logic approach can fail to summarise the multiplicity of
plausible futures into a small set of scenarios that is representative of all plausible futures in case of many
interdependent uncertain factors (Bryant & J 2010). Moreover, the scenario logic approach relies on themental
models of analysts or stakeholders. It has been found that the mental models which humans (consciously or
unconsciously) use todealwith complex systemsare typically event based, have anopen loop viewof causality,
ignore feedback, fail to account for time delays, and are insensitive to non-linearity (Sterman 1994). Hence,
essential elements of dynamics in complex systems, namely feedback, time delays and non-linearity, cannot
be appropriately dealt with. Consequently, mental simulations of complex systems are proven to be highly
defective (Sterman 1989; Brehmer 1992; Kleinmuntz 1992; Diehl & Sterman 1995; Dörner 1996; Sastry & Boyd
1998; Atkins et al. 2002). Together, this implies that when one is developing scenarios of the future evolution
of complex systems, these scenarios should be derived from an ensemble of runs of one or more bottom up
simulation models, rather than feeding scenarios to suchmodels (Allen 1990; Gerst et al. 2013a).

3.3 Our approach takes up this challenge by generating an ensemble of simulation runs through computational ex-
perimentation, which systematically explore the consequences of alternative realisations of the various uncer-
tainties (KWAKKEL et al. 2013). This exploratory modelling approach can be used to analyse the consequences
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of uncertainty on many levels, ranging from parametric uncertainties to structural uncertainties (e.g. di�erent
structures or even whole models). A given computational experiment describes one possible resolution to the
various uncertain factors. By conductingmany of these experiments, insight is generated into the behaviour of
themodel across the entire space of uncertain factors (Bankes 1993; Bankes et al. 2013). This space is defined by
the particular uncertain factors, and the variable ranges over which each of the factors is considered viable. To
support this exploratorymodelling, we have used the ExploratoryModellingWorkbench developed by Kwakkel
(2012). This workbench includes the ability to control NetLogo from Python, which utilizes the java classes that
are also used by the RNetLogo controller (Thiele et al. 2012).

3.4 The scenario discovery approach has been put forward as a technique that can be used for developing scenar-
ios for problems that involve many uncertainties (KWAKKEL et al. 2013). The goal of scenario discovery is to
identify the combinations of a small number of input parameters to a simulation model that are most strongly
predictive of specific (classes of) model outcomes (LEMPERT et al. 2006; Groves & Lempert 2007; Bryant & J
2010). In this research, scenario discovery is applied to construct narratives based on internally consistent and
plausible assumptionson theemergenceof climate changemitigationactionby society. The scenariodiscovery
approach that has been applied in this research consists of the following steps:

1. Define the key indicator(s) for the subject of the narratives; in the case of this research, the focus is on the
emergence of climate change mitigation action by society. An agent-based model is constructed captur-
ing the emergence of climate changemitigation action by society.

2. During the conceptual description of the research problem, the system conceptualisation and themodel
specification, uncertainties influencing the emergence of climate changemitigation action by society are
explicitly acknowledged, identified and incorporated in the agent-basedmodel.

3. Explore the consequences of the specified uncertainties; a large ensemble of plausible models is gener-
ated which covers the space spanned by the uncertainties. By conducting explorative and targeted anal-
yses over this ensemble of plausible models, the consequences of the various uncertainties influencing
the emergence of climate changemitigation action by society are explored. As a result, subspaces of the
uncertainty space can be identified that are strongly predictive for the emergence or failure of emergence
of climate changemitigation action by society.

4. Translate the identified subspaces of the uncertainty space into narratives. The number of relevant sub-
spaces and narratives that are communicated are application specific.

3.5 In order to identify the subspaces, scenario discovery relies on rule induction algorithms. The most frequently
employedalgorithm for scenario discovery is thePatient Rule InductionMethod (Friedman&Fisher 1999). PRIM
aims at finding combinations of values for the uncertain input variables that result in similar characteristic val-
ues for an outcome variable. Specifically, PRIM seeks a set of subspaces of the uncertainty space within which
the values of a single output variable is considerably di�erent from its average value over the entire space
spanned by all the uncertain input variables. PRIM describes these subspaces in the form of hyper rectangu-
lar boxes of the uncertainty space. An illustration of what PRIM is trying to achieve is shown in Figure 3. To
complement the insights from scenario discovery, we use partial factorial experimental designs to explore the
influence of specific individual uncertainties on the full behavioural landscape. In this partial factorial design, a
given uncertain factor is set to a fixed number of possible values, and an ensemble of experiments is generated
using LatinHypercube sampling for the remainder of the uncertain factors. Wenext explore the dynamics of the
model for each of the fixed values for the one uncertain factor across this ensemble. In this way, the influence
of the single uncertain factor can be assessed rigorously (see Figure 4).

Model Outcomes

4.1 In this section, we apply scenario discovery and the partial factorial analysis of individual uncertain factors to
the agent basedmodel of the emergence of climatemitigation in society. By conducting a large number of com-
putational experiments, this explicit representation of the set of plausible model outcomes is generated. The
EMA workbench, developed by (Kwakkel 2012), supports generation of this large number of computational ex-
perimentsand theanalysis of the results. For the initial analysis,wegenerated 1000computational experiments
using Latin Hypercube Sampling. Each of the 1000 experiments is replicated 100 times, in order to account for
the stochastic uncertainty present in the model. We arrived at 100 replications through experimentation. The
outcome of a given experiment is then the mean over these 100 replications. This implies that in order to map
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Figure 3: Visual explanation of PRIM.

Figure 4: Partial factorial design where uncertain factor B is set to two possible values and a LHS design is gen-
erated for Uncertain Factors A and C.

the full uncertainty space, 100.000model runs are executed. Conducting 100.000model runs of themodel used
in this research on a 12-core Xeon workstation took about 3.5 hours to complete. The choice for 1000 experi-
ments is motivated by the fact that we are trying to find a balance between required computation time and
having su�icient amount of data to conduct for further analyses. We also observed that increasing the number
of experiments did not reveal any strikingly di�erent model behaviour.

4.2 In Figure 5, thebandwidthof outcomes across the 1000 computational experiments is shown for the cumulative
GHG reduction and the annual GHG reduction. The cumulative GHG reduction is the most important indicator
for the dynamics of the emergence of climate changemitigation action by society. The cumulative GHG reduc-
tion is determined by dividing the cumulative GHG emission by the cumulative GHG emission if no mitigation
action would have been taken, that is, the business as usual GHG emission scenario. The annual GHG emission
reduction is calculated in the same way. The annual GHG emission reduction is more easily interpreted, as it
can be compared to existing emission reduction goals. However, because the annual GHG emission reduction
can be temporarily a�ected at any point in time, it serves less useful for analysing the emergence of mitigation
action over time. The blue shaded areas represent theminimum andmaximum values of the model outcomes
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Figure 5: Model outcomes for cumulative GHG reduction, and annual GHG reduction.

at any point in time. The large uncertainty space influencing the emergence of climate changemitigation action
by society results in large di�erences in possible outcomes.

4.3 By conducting explorative and targeted analyses on the uncertainty space such as PRIM and the analysis of in-
dividual uncertain factors using partial factorial experimental designs, the behavioural landscape of the agent
basedmodel of the emergence of climate changemitigation action by society has been explored. We analysed
in depth the influence of uncertainties such as the time horizon of governments and citizens, the game theo-
retic representation of international negotiations, and the e�ect climate disasters on the demand formitigation
action using the partial factorial experimental design approach. Two examples of these analyses are described
below, providing a representation of the various types of analyses used and demonstrating the insights that
can be drawn from such analyses. For a complete overview of all analyses conducted on the exploration of the
consequences of uncertainties influencing the emergence of climate change mitigation action by society, we
refer to the detailed analyses in Greeven (2015).

4.4 Figure 6 shows the influence of governments and citizens having a short versus a long time horizon. The blue
shaded area represents the envelope of outcomes of 1000 computational experiments spanning the full uncer-
tainty space in which governments and citizens have an average time horizon of 40 years. The green shaded
area represents the envelope of outcomes of 1000 experiments spanning the full uncertainty space in which
governments and citizens have an average time horizon of 10 years. The large di�erence in cumulative GHG
reduction as a result of the uncertainty related to the time horizon governments and citizens use to assess the
future impact of climate changehighlights the importanceof this single source of uncertainty on the emergence
of climate mitigation.

4.5 Figure 7 summarizes the results from the PRIM analysis focussed on identifying the combination of uncertain
factorswhereGHG reduction ismore than 35% in the year 2100. A high cumulativeGHG reduction in 2100occurs
if there is a high climate sensitivity and high economic sensitivity of climate change; in which climate disasters
make governments and citizens increase their emission reduction behaviour; and in which the international
climate changemitigation negotiation are represented using cooperative game theory.

4.6 By exploring the consequences of the various uncertain factors influencing the emergence of climate change
mitigation action by society using both explorative and targeted analyses, subspaces of the input space have
been identified that are strongly predictive for the emergence of climate change mitigation action by society.
These subspaces can be translated easily into communicable, internally consistent, and plausible narratives.
The scenario discoverymethodhas enabled us therefore to create narratives that naturally follow from the sim-
ulationmodel and its associated uncertain factors. In this research, we focus only on the emergence of climate
change mitigation action by society. Therefore, two narratives have been identified, describing how certain
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Figure 6: Analysis of the impact of on average high or on average low time horizon for all agents in the model.

Figure 7: PRIM analysis results. The figure specifies the limits on each uncertain factor and the quasi-p value for
this limit. Coverage is the fraction of all the cases of interest that is contained within the box limit. Density is
the fraction of all the cases within the box that are of interest. For more details on these concepts, see (Bryant
& J 2010).

sub-spaces of the uncertainty space lead to the co-evolutionary emergence of either strong or weakmitigation
action. More narratives can be created if there are more outcomes of interest, or if there are multiple alterna-
tive explanations for the same class of outcomes (Guivarch et al. 2016). An example would be to construct four
narratives: the emergence of strongmitigation action under a high and a low climate sensitivity and economic
sensitivity of climate change, and the emergence of weak mitigation action under a high and a low climate
sensitivity and economic sensitivity of climate change. However, the two narratives identified in this research
prove to be a succinct representation of the possible outcomes of the emergence of climate changemitigation
action by society because of the large uncertainty space. The two narratives are presented below.

Narrative 1: The emergence of strong climate changemitigation action by society

4.7 A strong emergenceofmitigation action,measures by the amount of GHGemission reductionover the course of
the 21st century, ismainly determinedby the climate sensitivity and the economic sensitivity of climate change,
and the time horizon members of society apply in assessing their belief about required response. In the case
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of a strong relation between cumulative GHG emissions and climate change, a strong relation between climate
change and the economic impact of climate change, and governments and individuals assessing the long-term
future impact of climate change, society’s response to climate changewill be characterised by high annual GHG
emission reductions in the start of the 21st century. Society is concerned about the future impact of climate
change that results in high climate change awareness. Stimulated by their citizens, governments aremorewill-
ing to cooperate in tackling the problem of climate change in the international arena. Furthermore, govern-
ments are more cooperative in the negotiations with the aim of taking collective responsibility for this global
problem. International negotiations on climate change response will take place frequently and the mitigation
agreements resulting from these negotiations consist of strongermitigation goals. Finally, the potential impact
of climate change is becoming visible through the occurrence of climate disasters. This results in an increase in
climate change awareness highlighting the importance of taking mitigation action. International negotiations
on climate change response that happen to be right a�er the occurrence of a climate disaster aremore success-
ful and result in stronger mitigation goals. In conclusion, this narrative describes a scenario in which climate
change is serious, but a conscious society is aware of the future impact climate change canhave and is prepared
to respond with strong mitigation action.

Narrative 2: The emergence of weak climate changemitigation action by society

4.8 Weakmitigation action by society emerges under the circumstances of a low climate sensitivity and economic
sensitivity of climate change in combination with a short time horizon amongmembers of society in assessing
the future impact of climate change. Because climate change only increases gradually andmembers of society
do not want to adapt their behaviour to the possible consequences climate change may have in the future,
little mitigation action is undertaken. International negotiations on climate change response are unsuccessful.
The failure of the negotiations is worsened by the fact that some governments are incentivised to free-ride in
these negotiations as they want other governments to respond to climate changewithout taking responsibility
themselves. Finally, climate disasters have an adverse e�ect on the demand of mitigation action. Mitigation
action plans are pushed to the future, because those struck by the climate disaster demand to spend their
resources on adaptation action. International negotiations on climate change response that are held right a�er
the occurrence of a climate disaster are therefore bound to be unsuccessful to result in ambitious mitigation
goals. In conclusion, little mitigation action by society emerges when the impact of climate change is low, in
combination with a society unwilling to act in advance to mitigate the future impact of climate change.

Discussion

5.1 The agent-based model constructed in this research has been an abstract and primarily theoretical represen-
tation of the emergence of climate change mitigation action by society. Many uncertainties and simplification
have been made in the system conceptualisation. However, this level of abstraction has been justified by the
purpose of themodelling study and theway inwhich themodel has been used: the limitations of the data have
been acknowledged, and the consequences of uncertainties within the model have been explored. There has
not been a claim for a correct representation of reality, but by applying EMA there has been an exploration over
the internally consistent and plausible assumptions that lead to plausible states of the system. In this way, it
has beenpossible to construct internally consistent andplausible narratives about the pathways of society’s re-
sponse to climate change. Within this research, the benefits of the application of EMA to ABMhave been shown.
Conversely, it can be concluded that ABM lends itself well to exploratory purposes.

5.2 While the narratives might not be particularly surprising, one should note that the methodology applied in
this research covers a multiplicity of possible futures into two narratives. Moreover, these narratives illustrate
the internal consistency and plausibility of these futures, since they represent subspaces of co-evolutionary
emerged futures: they form a generative proof for a relatively simple result. A significant portion of the many
and vast uncertainties related to climate response can be captured by these two intuitive narratives.

5.3 Translating the results of this research into to comprehensive policy advice would require additional research
but we want to highlight that, although the results might be found unsatisfying in the sense that they do not
provide clear policy suggestions, themethodologywhichweused to arrive at our results can give policymakers
additional food for thought. While explicitly accounting for the large range of uncertain factors, this research
has aimed at describing the possible outcomes of the emergence of climate changemitigation by society. This
might help in conveying the consequences of the various uncertainties influencing the emergence of climate
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change mitigation action by society to policy makers. A policy suggestion naturally following from the pre-
sented narratives is to educate citizens on assessing the long-term future impact of climate change, since the
narratives have shown this to be an important factor in determining the future state of the system. Another pol-
icy suggestion o�ered by the narrative is to make use of the window of opportunity for climate change policy
as a result of a temporary raise in climate change awareness, for example a�er a climate disaster. The same ap-
plies to the period following successful climate change negotiations. That is, policy makers should exploit the
momentum created by the recent Conference of Parties in Paris to steer towards collaborative climate change
mitigation action.

5.4 There are plenty of opportunities for further improvement of the model and its analysis. A major area for fur-
ther research relates to the incorporationof climateadaptationasanadditionalpossible response to themodel.
This requires an extensive exploration regarding the interplay between climate changemitigation and adapta-
tion response. In the current model, the assumption has beenmade that governments and individuals choose
for mitigation once the e�ects of climate change become more visible. However, over time, the increasingly
visible consequences of climate change might a�ect a change from (a demand for) more proactive behaviour
into (a demand for)more reactive behaviour. In such a situation, people are not anymorewilling to spend their
money onmitigation measures, but rather spend the samemoney on adaptation measures.

5.5 Second, heterogeneity in themodel could be further extended. Currently, governments and citizens use a gen-
eral climate change impact equation. This implies that the consequences of climate change are equal for ev-
eryone, a premise that can be easily challenged. This heterogeneity can be extended to the way in which gov-
ernments and citizens would determine their response, being a mix of mitigation and adaptation measures. It
might be the case that countries that are more prone to climate change induced damages have a larger prefer-
ence for adaptationmeasures and countries thatwill face climate change induceddamages further in the future
have a larger preference for mitigation measures.

5.6 A third area for improvement of the model is related to amount of agents used in the model. In our model,
society has been represented as a two-level game. However, the amount of layers that represents society
could be extended by including inter-governmental organisations, multinationals, regional governments, non-
governmental organisations, et cetera. Furthermore, it is essential to explore the influence of the number of
agents, an issue that requires amodification to themodel. Exploring the influence of the number of agents can
yield interesting insights into the course of climate change negotiations and into the dynamics of top-downand
bottom-up interaction.

5.7 A final area for improvement relates to the cognitive agent behaviour. Climate change response is influencedby
many factors, and further research couldbe conductedat extending the amount of factors that are incorporated
in themodel. This could include low-level interaction, such as the influence of PV visibility in neighbourhoods,
image, word of mouth, et cetera.

Conclusions

6.1 In this researchwe have conducted a scenario discovery study that enabled the identification of internally con-
sistent and plausible narratives on the pathways of the emergence of climate change mitigation by society. A
modelling approach combining agent-basedmodelling and exploratory modelling and analysis supported the
scenario discovery approach. The various uncertainties influencing the emergence of climate change mitiga-
tion action by society have been acknowledged, identified, and their consequences have been explored. As a
result, two narratives have been constructed, describing how certain sub-spaces of the uncertainty space lead
to the co-evolutionary emergence of strong andweakmitigation action. That is, out of the 15 uncertain factors,
only the climate sensitivity, the economic sensitivity, the time horizon of individuals and governments, and the
game theoretic representation of the international negotiations, are critical in explaining the success or failure
of the emergence of strong climate changemitigation.

6.2 The narratives constructed in this research are based on amodel-based exploration of the consequences of un-
certainties influencing the emergence of climate change mitigation action. They prove to be a succinct repre-
sentation of the possible outcomes of the emergence of climate changemitigation action by society as a conse-
quenceof the largeuncertainty space. The largedi�erencebetween the twonarratives shows theconsequences
of the large uncertainty space influencing the emergence of climate change mitigation action by society. The
research therefore highlights the importance of uncertainties and ambiguities such as the ones related to the
time horizon members of society apply in assessing the future impact of climate change, the internal mecha-
nisms behind international negotiations on climate change and the influences of climate disasters on climate
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change response. Constructing narratives in such anopen, objective andexploratoryway canhelp in conveying
the consequences of uncertainties influencing society’s response to climate change. This research can there-
fore serve as a though-provoking stimulus for analysts or decisionmakers in the run up to international climate
change negotiations such as the recent Conference of Parties in Paris and the further policy process a�erwards,
by highlighting the many possible pathways of society’s response to climate change and the consequences of
uncertainties.

Appendix

Here is a repository that include full data and code of the model.
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