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Abstract

Climate change is a global phenomenon that affects every living being on our planet.
We have been observing drastic changes to our climate since the last few decades.
This has raised concerns among people from all works of life to address this issue
which requires collective effort in mitigating the threats. Climate researchers have
emphasized the human involvement in the acceleration of climate change, especially
due to the drastic increase in warming trend since the industrial revolution. There
are numerous climate actions that each individual performs in their day-to-day lives,
and these actions collectively impact the climate in the short and long run. Raising
awareness among people about climate change and helping them realize the conse-
quences of their actions is key to mitigating climate change problems. Our research
aimed to achieve this by building a persuasive intervention that combines visualiza-
tion of climate change data and an interactive narrative that demonstrates how our
actions can impact the climate. We conducted a user study with 100 participants
and found evidence showing that our system was effective in significantly promoting
behavior change to mitigate climate change. We found defensive responses as a key
factor that is negatively influencing the effect of our intervention on the participants.
Compelling visuals and multiple interaction options, simulating climate actions and
their consequences, and reducing the effort to learn about the phenomenon were sig-
nificant positive techniques used in the intervention. Additionally, the social elements
of our intervention played a major role in promoting participants’ willingness to per-
form pro-environmental behavior. Participants were able to learn from and compare
their behavior with other participants, and they were also able to contribute together
to fight this collective-problem, which contributed to the effectiveness of the interven-
tion. Our work contributes to the field of persuasive technology, data visualization,
interactive narratives and climate research by introducing a new persuasive way of
communicating climate change information to the general public using a combination

of data visualizations and interactive narratives.
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Chapter 1

Introduction

Climate is defined as long-term averages and variations in weather measured over
a period of several decades [83]. Climate affects every aspect of the lives of all the
living beings on this planet, and changes to it can have unexpected effects globally.
The warming of the climate we are experiencing since the last couple of decades is
phrased as “global warming”, which is the current ongoing trend in climate change.
This research aims to raise awareness and promote positive behavior change towards

climate change through a persuasive intervention.

1.1 Motivation

Intergovernmental Panel on Climate Change’s (IPCC) fourth assessment report stated
that global mean air temperature greatly increased after 1950’s, which can be related
to the increasing amount of carbon-based gases emitted through human activities
ever since the beginning of industrial revolution [129]. We are experiencing hotter
temperatures each year, where in the last year (2021), the global mean annual tem-
perature anomaly was 1.4 °C, that tied with the year 2019 in being the third warmest
year over the period 1961-2021 [45]. Moreover, 2020 was the warmest year in in-
strumental record (1.7 °C global mean temperature increase), whereas in the past
decade (2011-2020) the global mean annual temperature change was 1.31 °C, scoring
well above any earlier periods in record [43]. For these statistics, the anomalies are
compared to the climatology of the period 1961-1980 which is represented as the
climatic normal [45], that provides us with the perspective on the changing climate
over the last 60 years. Considering the notable increase we are experiencing over the
last decade, it has become a burning topic in the research community to encourage
taking steps to mitigate climate change.

The rapid changes in the climate that is being observed since the last decade,

warmer years being experienced more frequently, and widespread agreement on human
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involvement in the warming trend of the climate: these factors motivated this research
to build a persuasive intervention that would help the general public understand this
global phenomenon and show how our day-to-day activities contribute to the issue.
By raising awareness about climate change, and motivating a positive behavior change
towards mitigating climate change, we aim to address this global phenomenon with
the goal to prevent adverse changes to our world that may impact generations to come.
To achieve this, our objective of this research is to combine the persuasive power of
data visualizations, interactive narratives, and gamification to raise awareness and

promote behavior change towards this global issue.

1.2 Problem Statement

While many argue climate change being a natural phenomenon [40] and that there is
little to be done to stop these changes, the majority of climate scientists (90-100%)
agree that human activities are causing the recent global warming [26]. Stocker [121]
argues that, since the mid-20th century, human influence has been the dominant cause
of the observed global warming. John et al. [26] performed a synthesis of research
which surveyed the consensus among researchers that humans are causing recent
global warming. They concluded that 90-100% of publishing climate scientists believe
that human activities have impacted climate change. The overwhelming agreement on
the fact that humans are influencing climate change draws urgency to the development
of interventions that convey correct information and raises awareness about climate
change, since a common counter argument is often presented that there is no consensus
on human causing global warming [40].

Moreover, illiteracy about climate change is caused by misinformation about the
phenomenon that is spread across the general public [82]. Hence, it is important to
properly educate people about this global phenomenon and in ways that is under-
standable to a wider audience. Presenting information regarding climate change in
a way that is understandable to the general public is not an easy task, since climate
information spans across spatio-temporal data [76] that needs observation and explo-
ration to have an understanding of the phenomenon. Thus, it is a challenge to present
correct climate change information in an understandable manner to raise awareness

about climate change among the general public.



1.3 Solution

To make learning from data easier that is also understandable to a wider audience,
visualizations are a powerful tool that helps visually detect patterns from complex
structures, and in some cases can reveal information from data that cannot be ob-
served in any other way [73]. Graphical representation of data also possesses the
power of positively influencing its readers into finding the scientific content more
credible, regardless of the triviality of the visualization [126]. Thus, it is desirable to
convey messages regarding climate change using data visualizations that consists of
spatio-temporal data [76].

Using visualization to make sense of various phenomena with a view to solving
problems go back to more than a hundred years. In 1854, John Snow’s visualization
of the spread of cholera in an area of London saved many lives which is an astounding
achievement in the field of data visualization [105]. Moreover, visualizations can be
a mean to tell a story that is driven by data, which can be powerful in expressing
how our climate has been changing over the years. An early and notable example of
telling a story with data visualization is the “Napoleon’s March” by Minard, which
captured the losses of Napoleon’s army in his Russian campaign [55]. This simple
representation of spatio-temporal information tells the story of Napoleon’s journey
to force Russia back into the Continental Blockade of United Kingdom that lasted
for about 6 months [138]— which some have claimed to be “the best graphic ever
produced” [55] due to its success in displaying multidimensional data while hiding all
the complexities to its viewers [55].

Depicting outcomes of climate changes has been practiced across multiple medi-
ums. In fact, the documentary film, “An Inconvenient Truth” stirred attention among
the general public through its vivid portrayal of the grim visuals (such as, strong hur-
ricanes and floods destroying communities and parts of different countries getting
submerged due to rising sea levels) of global warming [57], and mass media coverage
about environmental issues have been found to be effective in raising environmental
concerns [63]. Although climate problems are mostly researched among academics
in finding factors related to the phenomenon [65] [110] [8] [76], reaching out to the
general public and educating them about its causes and effects remains an area open

for research.
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On the other hand, gamification is defined as “the application of game design
elements to non-game activities” [35], and among the many different ways to educate
people, learning through games, or gamification in education is being introduced to
various topics. Learning through gamification has been found to be more effective
than traditional learning methods, due to their ability to engage the learner, and
allowing them to learn in ways beyond simply reading [16] [75]. Therefore, to tackle
climate problem by raising awareness about climate change among the general public,
we also employ gamification.

Furthermore, the advancement in computer technology has paved the way in in-
troducing new ways of learning, where both teaching and learning experiences are
getting enhanced by new modes of interactions. Application of digital games for ed-
ucation has been envisioned since the dawn of digital games, as even found in Orson
Scott Card’s 1985 science fiction novel “Ender’s Game”, where he demonstrated a
world in which the brightest of minds learn only through playing games [119]. Al-
though we have not seen adaption of games for learning to such extent, games as a
means of learning has received much research attention [32] [66]. Emotions experi-
enced while playing games, such as excitement, triumph, dejection, relief, frustration,
relaxation, curiosity, and amusement [72], are generally self-directed as they encom-
pass our progress and interest in the game. However, interactive narratives have a
unique power to generate emotions directed towards others, in other words, to feel
empathy towards the in-game content (e.g., characters and environment) [114]. This
characteristic of interactive narratives can be harnessed to target issues that require
people to feel responsible and act accordingly [131], such as climate change which
is a global phenomenon that demands participation of individuals collectively due it
being a collective-action problem [21].

Thus, to raise awareness and promote positive behavior change to mitigate climate
change among the general public, our solution is to combine the persuasive power of

data visualizations, gamification and interactive narratives.

1.4 Contributions

With the research objectives in mind to raise awareness and promote positive behavior

change towards climate change, and in a way that is accessible and understandable
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by the general public: we developed a web application comprising of visualizations of
climate change data, and an interactive narrative game where the player drives the
story by taking decisions that impacts and determines the future of the game’s world,
reflecting the impact of our real-life choices and behaviours on the climate.

To determine whether the intervention is effective in raising awareness and pro-
mote behavior change to mitigate climate change problems, we designed and con-
ducted both a quantitative and qualitative study with a total of 100 participants
where they rated various design aspects of the intervention and shared opinions about
their awareness level and behavior towards climate change. By analyzing both quan-
titative and qualitative data, we found that the system was able to increase positive
behavior change to mitigate climate change, but could not increase awareness about
climate change. Moreover, we found a strong relation between participants’ defensive
responses against the system, and their level of awareness and willingness to change
behavior to mitigate climate change. Our system was also perceived as significantly
persuasive in promoting positive behavior change to mitigate climate change, where
all the social features of the intervention that emphasized on dealing with climate
change with collective effort received overall positive feedback from the participants.

The effectiveness of our system paves a new way of communicating and educating
climate information to the general public. To the best of our knowledge, combining
data visualizations, interactive narratives and gamification in an intervention to raise
awareness about climate change is a novel way to address the climate change problem.
Our intervention presented the two components: data visualization and interactive
narrative game respectively to the participants with an aim to enhance the experience
in motivating the user to engage in positive behaviour change and raise their climate
change awareness. The system will benefit future researchers in combining the per-
suasive nature of visualizations, interactive narratives and gamification in mitigating
complex issues such as the climate change.

Finally, based on the most effective design elements from our findings, we present
design recommendations for interventions aimed towards mitigating climate change
that include: incorporate compelling visuals, reduce effort in learning about the phe-

nomenon, depict both positive and negative outcomes of the climate’s future through
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simulation, reinforce learning and observation of other’s behavior through demonstra-
tion of collective participation of people, and provide options for exercising different

choices and show how they can impact the climate.

1.5 Research Overview

The remainder of this thesis is organized as follows:

e In chapter 2, we reviewed background research in the field of data visualization,
interactive narratives and design strategies to build persuasive interventions

that formed the foundations for this research.

e In chapter 3, first, we define concrete objectives that we aim to fulfill through

our research. Then, we explain the development of our intervention in details.

e In chapter 4, we discuss about the study that was designed to capture the

effectiveness of our intervention.
e In chapter 5, we present the results from the conducted study.

e In chapter 6, we discuss about our findings in relation to existing research,
reflect upon our research objectives, and share our design recommendations.

Then, we address the limitations of our work and directions for future work.

e In chapter 7, we share our final thoughts and conclude our research.



Chapter 2

Background

Climate change being a burning issue has led to extensive research on this phe-
nomenon that spans across multiple disciplines. However, our research mostly fo-
cuses on utilizing the persuasive nature of visualizations and interactive narratives
to promote awareness and behavior change to mitigate climate change. This sec-
tion presents background literature and reflects on their limitations that laid out the

foundations for our work.

2.1 Climate Change Visualization

Visualizations allow the viewers to interpret visualized data in various ways, and de-
pending on the purpose, the resultant visualization can provide different information.
However, gaining insights from visualizations is one of the main purposes of informa-
tion visualization, as Card et al. [20] stated “The purpose of visualization is insight,
not pictures”. The visualization research domain is a vast area that spans across
discovering new means of visualizing data, exploration of data using visualizations,
and analyzing their effectiveness: however, for our research we only focus on climate
change visualizations. When it comes to climate change visualization, the intended
insight to be gained from the visualization can vary depending on what the viewer
is expecting to learn. Some visualizations target finding indicators and factors of
climate change [9] [8] [132] [71] [76], some aim to define trends and models to pre-
dict the upcoming changes [110], while some have been designed to establish the fact
that climate change is real by providing evidence [65] [104]. There has also been an
increasing use of visualizations to demonstrate the future of the climate that help us
become more aware of the situation and better prepare for the future [46] [81].
Xinbo et al. [65] used data visualization to assess climate trends for the continen-
tal United States and gain insight on climate extreme indices. Their research used the

daily climate data from the Applied Climate Information System (ACIS), which was
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used to derive climate extreme indices such as, maximum/minimum temperatures,
high precipitation values, total annual precipitation and snowfall. They used choro-
pleth maps and line charts to intuitively help users access the derived climate extreme
data that has spatio-temporal characteristics. Through the help of visualizations and
analysis, the researchers were able to find decreasing frequency of winter temperature
and snowfall extremes in northern US, increasing trend in precipitation in inland areas
and northeast region compared to the western coastal areas and southeast region.

Varma et al. [136] introduced an interactive visualization of the greenhouse effect,
called Global Warming: Virtual Earth, with a view to help middle school students
understand the science behind this phenomenon. The authors followed the principles
from the knowledge integration (KI) framework [78] to design the learning activities
and guide students virtual experimentation. Their learning unit included videos on
introduction to global warming, calculating ecological footprint using an online tool
and visualizations to learn about greenhouse gases, clouds, and albedo. The visualiza-
tions allowed the students to conduct experiments to learn about global warming, such
as, using sliders to manipulate the population growth and see its effect on climate.
Their study with 196 participants showed that the average overall learning scores
improved from pre- to post-participation. In pre-participation questionnaire students
had some understanding of the greenhouse effect, but it was mostly incomplete or
incorrect. Students’ responses in the post-participation questionnaire included more
ideas about the interaction of the key factors in global warming, which shows that
the students’ ideas were now more normative and better integrated.

Kholid et al. [46] used Augmented Reality (AR) to provide information about
global warming interactively. Using a paper printed map, the researchers projected
3D models of melting icebergs, rising sea levels, extreme weather, drought and other
events of global warming to show their harmful effects. The user can select different
locations on the map to see the visualizations. The application was tested on 30
users consisting of elementary to college students and older adults, and most users
found that information on the application was complete and easy to understand and
operate. The system had limitations to work only on flat surfaces with a distance of
40cm to project the models properly.

There have been more non-traditional approaches in visualizing data for climate
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awareness such as Fco-visualization which aims to provide feedback on real-time en-
ergy consumption for more ecologically responsible behavior [64]. These visualizations
include public art displays that show energy consumption for a building in terms of
number of trees needed to be planted due to the amount of carbon emitted [64], or
even smart wires that glow red during heavy load [60]. However, there has not been
widespread implementation of such interventions in the real world. Daily or con-
tinuous feedback on energy load has been found to be effective in increasing energy
conservation behavior [15], but attitudes toward conservation have also been found
not linked directly to conservation behavior [64].

Nathan et al. [8] used high resolution COs emission data that resulted from the
Vulcan project which quantified fossil fuel CO5 emissions at the scale of individual
factories in the United States. Using the map of United States, the researchers
created both 2D and 3D visualizations to analyze the CO, emission rates and its
flow in the atmosphere. While the 2D visualization helped figure out that highly
populated and industrial locations emit more COs, especially during daytime and
evening, the 3D simulations allowed to get a glimpse of the transportation of CO,
across the regions. The simulations showed COy getting washed out over the gulf
due to summer thunderstorm activity, which might also be responsible for middle-
and late-summer elevated parcels of COq rich air. Another study [9] also used the
Vulcan project data to understand the complex space-time dimensions of fossil-fuel
emissions (CO,), and its relation to the human-induced climate change, and found
similar results using 2D and 3D heat map visualization using the map of United
States.

Prejmerean et al. [110] used map based visualization to simulate the current
and future situation of global warming for the counties of Romania. Using a genetic
algorithm, the expected value of carbon footprint for a settlement was calculated
based on the current data on the carbon footprint by a population of a county. This
would then be used to correlate carbon footprint with temperature change through
comparison of current data from the localities. Using this proposed solution, the
authors aimed to provide ways to assess risk factors associated with the increasing
temperature such as, the increase in temperature may impact individuals who are

prone to cardiac disease, high blood pressure and other chronic diseases.
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Kinakh et al. [71] used spatial vector data on carbon dioxide, methane, nitrous
oxide and other greenhouse gases emissions in Poland. The authors created a website
for spatial analysis and visualization of green house gas emissions using Google Maps
Javascript API and creating a heat-map of the emissions. The website provided user
interaction to perform operations on the data such as, calculating total or specific
emissions, maximum or average magnitudes of emissions. Using the created visual-
izations, the authors were able to identify highest emission regions. They also noticed
high emission in resort areas where wood is mostly used as fuel, which has a higher
emission coefficient compared to other energy sources.

Jie et al. [76] developed a visual analytical framework called Visimate: comprising
of three visualization techniques for spatial and temporal patterns in a single view,
time-series patterns, and anomaly detection. Using data collected from NOAA Na-
tional Climate Data Center and China Meteorological Data Sharing Service System’s
land surface observations, the researchers performed K-Means clustering to divide all
data stations into groups having similar climate change rates. The user can set the
date range, number of clusters and variable (e.g., average temperature change) to
be generated in the visualization. To evaluate Visimate, the researchers first used
the visualization tool to confirm existing conclusions that had been proven, such as
identifying the period (1975-1989) when China’s climate change has been believed to
have happened. Secondly, the visualization tool was evaluated by 15 experts from
National Ocean Technology Center and Naval Marine Hydrometeorology Center. The
participants scored the tool using a 10-point scale on seven aspects: aesthetics, visual
design, interaction, learnability, performance, functionality, and scalability. Aesthet-
ics and visual design were the highest rated aspects of the visualization tool, followed
by scalability as the experts found the solution generic and applicable in climate
change analysis across different parts of the world. The interaction aspect was rated
low as some participants found the tool to be slower than existing GIS platforms.
The learnability aspect was scored the lowest due to lack of time to get familiar with
the system, and the complexity of using two different representations of global radial
map. Most participants shared their concern that climate change is a complicated
process affected by many factors, and without considering all factors the correctness

of the findings can not be guaranteed.
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Christian et al. [132] addressed the issue of under utilizing information visual-
ization techniques in climate research as most climate researchers are not experts in
visualization. Their informal interviews with 76 researchers at the Potsdam Institute
for Climate Impact Research (PIK) surfaced that the state-of-the-art techniques are
rarely applied, and integration of such solutions into the researchers workflow is not
easily achievable. The results from their study clearly suggest that 2D visualizations
are preferred more than higher dimensional techniques, with time charts, bar charts,
basic maps and scatter plots being the most used visualization techniques respec-
tively. 93% of the researchers use visualization for presenting results in publications
and other scientific context, while 70% use them for verifying hypotheses. Moreover,
69% of the participants claimed to use visualization for finding unknown patterns
and structures through data exploration. Office suites (spreadsheets, diagramming,
presentation) were the mostly applied software to generate visualizations, while 38%
used geographic information systems (GIS) (e.g., ArcGIS) to perform climate research
tasks. Specialized systems such as, Ocean Data View and VisbD were mentioned in
only 20% of the feedback. For the desired features in visualization, appropriate la-
belling was mostly mentioned (88%), followed by faithfully representing geo-spatial
aspects of the data e.g., different geographic projections (56%). High degree of in-
teractivity was only mentioned by 14% of the participants as an important factor
for visualizations. The authors of the paper believe that the lack of utilization of
interactive visualizations in routine analyses work done by climate researchers can
be attributed to sophisticated visualizations being less known and that different data
types, scales, and climate scenarios are not covered in most systems which is impor-
tant in climate research. Moreover, complex and high volume data requires elaborate
data structures and caching mechanisms, for which researchers believe such data can
not be handled by interactive analyses systems. Overall, there seems to be more trust
in statistics and analytical computations, rather than in visual representations among
the climate researchers.

Parvathy et al. [104] demonstrated effects of global warming with the help of AR
to provide an engaging learning experience to students. AR can stimulate multiple
sensory modalities: touch, sight and hearing, which can make students more actively

involved in a learning process than conventional teaching methods. Using marker
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technology, the authors showed how the radiation from the sun affects the earth by
assigning a unique marker to each of the 3D representation of objects (e.g., sun or
earth). The authors conducted a comparative study on their AR system with an
ordinary video on a batch of students. Although the paper does not mention the
demographics of its study’s participants, nor does it discuss about its sample size-
the results show that participants found the AR system 80% more interactive. Most
students preferred the AR system and found the content in the said system 40% more
understandable than traditional video content.

After a review of previous literature, it is clear that using maps to visualize climate
change data is a common practice [65] [46] [8] [110] [71], and visualizing carbon
emission is an integral part in most climate change visualizations [78] [8] [9] [110]
[71]. Moreover, simple visualizations such as, scatter, bar and line charts are still
preferred over complex high dimensional visualizations by non-visualization-experts
[132]. Thus, for the general public it is more suitable to use visualizations that are
widely known. In our research we used a choropleth map, line chart, and bar plot to
present visualizations of climate change related data that are described in detail in

section 3.2.

2.2 Interactive Narrative

Narratives or storytelling has an intrinsic receptive effect on humans. Its importance
in human cognition has led to the development of a field within psychology called
cognitive narratology [74]. Narratives as agents of learning has gained popularity
in the research community, ranging from applications in teaching, raising awareness
and behavior change. Interactive narratives have been around for a while, with Role
Playing Games (RPG) like Adventure [31] and Dungeon’s and Dragons [61] gaining
popularity back in the 1970s, where the player drives the stories based on the decisions
they take in these paper-based board games. Such interactive narrative games have
evolved into more advanced computer and mobile platforms such as, Detroit: Become
Human [38] and The Walking Dead [117] that provide extensive story interactions
with complex storylines, and realistic graphics that can be harnessed to train empathy
among its player base [103]. Another main advantage of interactive narratives is that

it enables the reader to empathize wit