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Abstract

This thesis investigated how driving is affected by low visibility due to wildfire smoke. Virtual reality
experiments with a driving simulator were performed with 89 participants. The software and hardware
configuration mirrored the experiments by Rohaert et al. (2025) in order to compare the results.
Participants drove five scenarios with different levels of smoke and were instructed to behave as they
would in real life. Main findings were that the free-flow speed was reduced with a decrease in visibility,
distance headway was increased with an increase in speed, and an increase in traffic density reduced
speed. This is in line with Rohaert et al. (2025). Furthermore, it was concluded that there was no
statistical evidence that cultural differences (between participants reported nationality/citizenship
divided into continents), familiarity with driving in New Zealand and risk perception had an impact on
free-flow speed. Additionally, it was established that gender had an impact on risk perception. Although
there was no statistical evidence that gender affected free-flow speed. For driving experience, more
specifically, driving habits and years of obtaining a driver’s license, no statistical evidence was shown
regarding the impact on the free-flow speed. Although a trend could be noticed that people driving more
rarely tend to drive slower. Moreover, familiarity with driving in low visibility was shown not to have
an impact on the free-flow speed. Although the findings in this thesis have limitations.
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Sammanfattning

Skogsbrénder dr ett 6kande samhéllsproblem, och leder till forddande konsekvenser dver hela virlden.
Vid en skogsbrand kan obligatorisk evakuering vara nédvindig. Pa grund av detta dr forskning inom
detta omréde viktigt. Korning i nedsatt sikt dr ett &mne med begrénsad forskning. Vid evakuering fran
byggnader har det visats att ganghastigheten minskar nér sikten forsdmras. Medan forskning pé att kora
i dimma, med nedsatt sikt, har motségande resultat. Hur korbeteende péverkas av nedsatt sikt ar viktigt
att ta hdnsyn till ndr samhéllen planeras och utvecklas. Dessutom dr det viktigt att undersdka hur
kulturella skillnader paverkar korbeteendet. Detta for att kunna se om data fran ett land ar globalt
applicerbart eller inte. Riskperception kan paverka beslut baserat pé beslutstagarens kénslor och tankar
angdende en situation. Darfor ar det viktigt att undersoka hur riskperception paverkar korbeteende, och
foljaktligen evakueringen fran skogsbrinder.

Syftet med detta examensarbete &r att undersdka hur korbeteende paverkas av lag sikt i Nya Zeeland.
Utover detta ér syftet att jamfora resultaten fran detta examensarbete med tidigare forskning av Rohaert
et al. (2025) och Wetterberg et al. (2021). Malet &r att analysera om kulturella skillnader, korerfarenhet
samt riskperception paverkar korbeteendet.

Experimenten utforda i Nya Zeeland anvinde en korsimulator med en installation och
mjukvarekonfiguration som liknade den av Rohaert et al. (2025). Det var 89 deltagare som frivilligt
medverkade i de virtuella experimenten. Urvalet bestod till storst del av mén, personer mellan &ldrarna
1845 ar med storst representation fran kontinenterna Asien, Europa och Oceanien. Deltagarna korde
fem scenarion med olika mingder av rok (extinktionskoefficient). De kdrde pa en landsvdg som hade
en hastighetsbegransning pa 80 km/h. Deltagarna blev instruerade att kora som de hade gjort i verkliga
livet. Efter experimentet blev deltagarna tillfrigade att svara pé ett frageformulér gillande demografi,
riskperception och korerfarenhet. Dataanalysen genomfordes med hjilp av Python, SPSS och Excel.
Boxdiagram, spridningsdiagram och statistiska tester anvéndes for att undersoka korbeteendet relaterat
till forskningsfrdgorna.

Den framsta upptickten frin examensarbetet var att korbeteendet paverkades av forsdmrad sikt. En lagre
sikt resulterade i en minskad hastighet. Detta gar i linje med tidigare upptickter frdn Rohaert et al. (2025)
och Wetterberg etal. (2021). En annan upptickt var att en 6kande hastighet resulterar i ett 1angre avstand
till bilen framfor och en 6kning i trafiktéthet resulterar i en minskning i hastighet, liknande slutsatserna
av Rohaert et al. (2025). I detta examensarbete drogs slutsatsen att det inte fanns nagot statistiskt bevis
for att kulturella skillnader (mellan deltagarnas angivna nationalitet/medborgarskap uppdelat i
kontinenter), korerfarenhet samt riskperception pédverkade hastigheten. Dock kunde det i detta
examensarbete pavisas att riskperception skiljer sig mellan kén (mén och kvinnor).

Sammanfattningsvis uppvisade resultaten i detta examensarbete relaterade till tidigare forskning av
Rohaert et al. (2025) inga signifikanta skillnader. Diremot, har upptéckterna i detta examensarbete
begrinsningar. Begrinsningarna inkluderar men &r inte begransade till mjukvaru- och hardvaru-
konfigurationen samt beteendetroheten.



Summary

Wildfires are an increasing societal problem with consequences all over the world. When there is a
wildfire, mandatory evacuation can be necessary, making this research important. Driving in low
visibility is a topic with limited research. For pedestrian movement in buildings and tunnels, low
visibility has been shown to impact the evacuation, causing a reduction in speed. However, driving in
fog, with limited visibility, has contradictory findings. How driving behaviour is affected by visibility
is important when designing and developing communities. Additionally, how cultural differences affect
driving behaviour is needed to see if data from one country is globally applicable or not. Since risk
perception affects decisions based on the decision maker’s feelings and thoughts towards a situation, it
is important to see whether this affects driving behaviour, and consequently evacuation from a wildfire.

The purpose of this thesis is to investigate how driving behaviour is affected by low visibility in New
Zealand. Furthermore, the purpose was to compare the results from this thesis with previously done
research by Rohaert et al. (2025) and Wetterberg et al. (2021). The aim is to analyse if cultural
differences, driving experience, and risk perception affect the driving behaviour.

The experiments conducted in New Zealand used a driving simulator with a setup and software
configuration similar to Rohaert et al. (2025). A total of 89 participants volunteered to engage in the
virtual reality experiments. The sample consisted of a majority of male participants, people mainly
between ages of 18-45 years old, with the largest representation from the continents Asia, Europe, and
Oceania. The participants drove five scenarios, with different levels of smoke (extinction coefficient),
on a rural road with a speed limit of 80 km/h. They were instructed to drive as they would in real life.
After the experiment, they answered a questionnaire regarding demographics, risk perception, and
driving experience. Data analysis was performed using Python, SPSS, and Excel. Boxplots, scatter plots,
and statistical tests were used to investigate driving behaviour related to the research questions.

The main finding from the thesis were that the driving behaviour is affected by reduced visibility. A
reduction in visibility results in a speed reduction. This is in line with the findings from Rohaert et al.
(2025) and Wetterberg et al. (2021). Another finding was that an increase in speed results in a larger
distance headway and that an increase in traffic density results in a decrease in speed, likewise Rohaert
et al. (2025) concluded. In this thesis, it was concluded that there was no statistical evidence that cultural
differences (based on participants reported nationality/citizenship divided into continents), driving
experience, and risk perception affect the free-flow speed. Although it could be established in this thesis
that risk perception differs between genders (male and female).

In conclusion, the findings in this thesis related to the previous research by Rohaert et al. (2025) did not
differ. However, the findings in this thesis have limitations. The limitations include, but is not limited
to, software and hardware configuration, and behavioural fidelity.
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1 Introduction

1.1 Background

Wildfires have always been a natural part of the Earth’s ecosystem, although changes in the climate with
increased heat and drier conditions lead to more active fire seasons (NOAA, 2023). Wildfires are
therefore an increasing societal problem with devastating consequences. This is apparent on news
reports all over the world, for instance, Dawson and Rivault (2025) reported that 400,000 hectares
burned in Spain during 2025 and that 270,000 hectares burned in Portugal during the same period.
Another current example is the wildfires in Los Angeles at the beginning of 2025; more than 17,000
structures were destroyed, and 200,000 people were under evacuation orders (Stelloh et al., 2025).

An example of devastating wildfires in Sweden is the two large wildfires in Vistmanland in 2014 and
in Gavleborg, Dalarna, and Jdmtland in 2018. The fire in 2014 burned 13,000 hectares, one person died,
and 1000 people were evacuated (MSB, 2015). In 2018, there were several wildfires that burned about
25,000 hectares, according to Eriksson (2019), and about 100 people who lived in the most affected
areas had to evacuate (Bjorklund, 2019). Another country that suffers from wildfires is New Zealand.
New Zealand suffers from approximately 3000 wildfires per year, which results in about 6000 hectares
of burnt land (Arnold, retrieved 2025). According to Arnold (2025), the cost for repairing the damage
of these wildfires is approximately 100 million NZ dollars for infrastructure and public property; this
does not include wildland, conservation areas, or private property.

During a wildfire that is close to a populated area (i.e., so-called wildland-urban interfaces), households
are frequently requested to evacuate (Kuligowski, 2021). Wildland-urban interfaces are an area where
wildland meets infrastructure and humans (Schug et al., 2023). Furthermore, if the evacuation orders
are implemented too late, it can result in an evacuation in dangerous conditions (Kalogeropoulos et al.,
2025; Kuligowski, 2021). In a wildfire evacuation, smoke is a key factor to consider. Smoke can travel
far from the fire and reduce visibility. According to the Government of Canada (2025), wildfire smoke
can travel thousands of kilometres from the origin of the fire. How smoke affects people depends on
where the smoke is present. Intini et al. (2022) discuss how smoke at the driver’s height affects people.
The authors continue to describe that smoke may lead to some evacuation routes being blocked, leading
to a higher traffic density on another route. Moreover, poor visibility can increase the risk of crashes.
However, real-life data on how smoke at the driver’s height affects driving is limited (Intini et al., 2022).
Cascio (2018) describes how wildfire smoke spreading in the atmosphere can cause health issues
globally. The issue Cascio (2018) discusses does not relate to the affected visibility at the driver’s height.

Large areas with poor visibility will aggravate the evacuation. Reduced visibility is one of the most
considerable outcomes in terms of the danger of wildfires, and it complicates emergency evacuations
(Lopes et al., 2024). This impact has been first investigated in the building context, where reduced
visibility tends to reduce pedestrian movement speed in evacuations (Fridolf et al., 2014). Furthermore,
Rohaert et al. (2025) studied how reduced visibility affects driving behaviour. Rohaert et al. (2025) used
virtual reality to simulate a virtual environment where participants could drive on a road with varying
visibility. Virtual reality experiments can be performed without participants being exposed to dangerous
conditions (Arias et al., 2021).

Since wildfires are an increasing global problem, it is important to consider wildfire evacuation when

designing and developing communities (Kuligowski, 2021). How people drive in smoke can affect the

evacuation process, and therefore, this can be a factor to consider when designing communities. Another

important aspect, since wildfires are a global problem, is that it is uncertain whether research in one

region (e.g., a country) is globally applicable. According to the BESECU (Behaviour, Security and

Culture) project funded by the European Commission (2013), researchers have identified that culture is
1



a factor affecting disaster response. The BESECU project investigated how these differences affect fire
evacuation in buildings. The project team looked at three building evacuations and identified that some
behaviours differ across cultures (European Commission, 2013).

1.2 Purpose

The purpose of this thesis is to examine how individual driving behaviour is affected by smoke in New
Zealand. The factors that will be considered are speed, traffic density, and headway. Traffic density will
impact the speed of the vehicle and which headway that is preferred by the driver. Moreover, the
purpose is to compare the results from New Zealand with previously published research in Sweden by
Rohaert et al. (2025) and Wetterberg et al. (2021).

1.3 Aim

The aim of this thesis is to analyse whether there are any cultural differences between the sample from
the experiments previously conducted in Sweden and the sample from the experiment in New Zealand
related to driving in smoke. More specifically, differences in driving behaviour between the two
datasets. Moreover, the aim is to analyse whether risk perception and driving experience affect driving
behaviour in the dataset from New Zealand. Furthermore, the aim is to understand if data on driving
behaviour in smoke is universal i.e., if datasets collected at different locations can be merged or not, or
if cultural differences have an impact.

1.4 Research questions
The following two research questions will be investigated in this thesis.

e How is individual driving behaviour affected by reduced visibility due to wildfire smoke?
e How is driving behaviour in decreased visibility affected by cultural differences, driving experience,
and risk perception?

1.5 Limitations and delimitations

To collect a valid experimental dataset and to be able to compare the results with previously done
research by Rohaert et al. (2025), the thesis will be delimited, mainly regarding sample characteristics
and the virtual environment. Since the purpose was to compare the findings of this thesis to research by
Rohaert et al. (2025) one limitation in this thesis is connected to the setup and equipment used, as it was
not possible to exactly mirror experiments performed by Rohaert et al. (2025).

The sample characteristics are a delimitation. The participants in this thesis were mainly young (younger
than 45), healthy individuals, and no one had functional limitations. Furthermore, the participants in the
experiment were mostly students. There can be a difference in both driving behaviour and driving
experience between older and younger populations. For instance, Mueller and Trick (2012) found that
there was a difference in driving behaviour due to experience when investigating driving behaviour in
fog. Driving experience can have a connection to age, since older people most likely have had their
driving license longer than younger people. Therefore, the result might not be applicable to the entire
population.

Furthermore, only cultural differences between participants in the experiments that were conducted in
Sweden and participants in the experiments conducted in New Zealand will be investigated in this thesis.
This is due to that the ground research was performed in New Zealand, and the benchmark experiments
by Rohaert et al. (2025) were performed in Sweden. It is not certain that these differences will apply to
every region.

This thesis only considers the visibility part when it comes to the effects of wildfires during evacuation.
There are other aspects of the smoke that will affect the driving behaviour, for instance, smelling and
2



inhaling the smoke, or irritant aspects from the smoke. Moreover, the thesis only considers the effects
of the low visibility caused by the smoke in wildfires. When evacuating a wildfire, there could also be
visible flames and ember showers. Other factors that may affect the driving behaviour could be trees
falling or traffic pile-ups, which are also not considered in this thesis.

The participants were only driving on a rural highway. If the experiments were performed on a highway
or in an urban environment, results may be different. To isolate the impact of reduced visibility, there
are no crossings, turns, or traffic lights that could impact the result. In addition, the thesis did not
investigate decision-making regarding the route choice, the decision to evacuate or not, or the preferred
mode of transportation. Furthermore, the thesis did not consider the fact that people tend to make
intermediate stops during the evacuation, as described by Toledo et al. (2018).

One limitation of the experiment is that participants are aware that they are in a virtual reality
experiment. This may cause them to make decisions they would not make in a real situation. According
to Tornros (1998), individuals drive at higher speeds in driving simulators. Furthermore, Zhang et al.
(2020) found more aggressive driving behaviour in driving simulators compared to real life. The risk
perception may differ between the virtual reality experiment and real-life. It is possible that participants
in the virtual reality experiment might perceive the risk of a traffic accident as higher than the risk of
the wildfire, although in reality, they might perceive the contrary.

To make a comparable analysis between the results from this thesis and the experiments performed by
Rohaert et al. (2025), the hardware and software should be the same. However, it was not possible to
repeat the exact same experimental setup due to hardware availability and software limitations. Some
changes were implemented; for further information, see section 3.4.1. This might affect the comparison
of the results between the experiments in this thesis and the previously published paper by Rohaert et
al. (2025).

Another limitation is participants experiencing cyber sickness. This resulted in participants not
continuing with the experiment, which affected the sample size. This was the case for the experiments
by Rohaert et al. (2025) as well.



2 Literature review

The first part of the thesis consisted of a literature review with the aim of investigating the knowledge
on evacuation in wildfires today. Search engines used to find relevant references were LUBsearch, Finn,
and Google Scholar. The following keywords and search terms are a selection of the ones that were
used: evacuation, vehicle, smoke, wildfire, visibility, traffic modelling, driving behaviour, and risk
perception. The references were chosen by first reading abstracts to filter which references were relevant
to the subject. The keywords were used to do specific searches in the references for further filtering of
the articles. Furthermore, the snowball technique was applied to expand the sources used. The literature
review was also based on previously published research by Rohaert et al. (2025) and Wetterberg et al.
(2021).

The following section provides a review of the literature on subjects that relate to driving behaviour in
smoke. The literature review is divided into eight sections:

e Smoke in wildfires

e Modes of transportation in wildfire

e Driving in reduced visibility

e Factors affecting driving behaviour

e Risk perception

e Virtual reality and driving simulator

e Research on driving behaviour in smoke
e Wildfire evacuation simulations.

The first section provides information on how smoke impacts visibility and why this needs to be taken
into consideration during a wildfire. The section will narrow down to how smoke can be estimated and
how it is represented in the virtual environment.

Since the research in this thesis focus on driving behaviour and the participants in the experiments will
evacuate by a vehicle, different modes of transportation are covered in the next section to motivate why
a vehicle was simulated.

The section of Driving in reduced visibility is meant as an introduction of how visibility affects the
driving and presents some findings from previous research on driving in fog and pedestrian movement
which is relevant for this.

Moving on the section about Factors affecting driving behaviour aims to broaden the perspective about
driving behaviour. In the first section it was explained that visibility has an impact on driving, however
in this section several factors that can have an impact on the driving behaviour will be explained.

Since risk perception also is a factor that can affect driving behaviour this next section aims to give the
reader an understanding on risk perception in general and factors affecting risk perception.

Section six aims to describe how virtual reality and driving simulators can be used as research methods,
and their advantages and disadvantages, in order to explain why this is a valid method for the research
conducted.

Section seven narrows down on previous research on driving behaviour in smoke to give an overview
of the previous research done on this topic. The focus is to give the reader information about the study
by Rohaert et al. (2025) and Wetterberg et al. (2021) which are the previous studies this thesis will be
compared to.



The last section aims to provide the reader with information on how the findings from this thesis and
previous research can be implemented and used in models to plan for wildfire evacuations. Furthermore,
the decision to evacuate is discussed since this will affect the evacuation.

2.1 Smoke in wildfires

When reflecting on the danger of a wildfire, smoke is a key factor to consider. Additionally, other
hazards include spotting, which is when firebrands spread with the wind, causing other places than the
actual fire front to ignite (Manzello, 2020). Another hazard is embers, which are small burning particles
that can be carried from the fire and ignite vegetation and structures (Manzello, 2020).

The combustion type in wildfires can be either flaming or smouldering, and it is not uncommon that
both processes exist during a wildfire (Rein & Huang, 2021). Rein and Huang (2021) state that flaming
combustion is faster than smouldering combustion and generates higher temperatures. The smouldering
combustion has not been paid as much attention to as the flaming combustion (Rein & Huang, 2021).
Although it has recently been paid more attention to, since it releases large amounts of carbon and air
pollution. Smouldering combustion produces large amounts of smoke (Rein & Huang, 2021). Smoke
from wildfires will have an impact on visibility. According to Lopes et al. (2024), reduced visibility is
one of the most considerable outcomes in terms of the danger of wildfires, and it complicates emergency
evacuations.

2.1.1 Visibility

A person’s vision is often represented by visibility, which refers to the distance at which an object can
be seen or how far away someone can see (Fridolf et al., 2019). The light intensity in smoke changes
mainly due to absorption, emission, and scattering (Wahlqvist & Rubini, 2023). The authors describe
that extinction refers to how absorption and out-scattering reduce the light intensity. The extinction
coefficient, referred to as K, is a measure of how light scatters as it passes through a medium
(Mullholland, 1995). A higher value of K indicates a denser smoke, which means that the visibility is
reduced (Mullholland, 1995; Jin, 2008). Cheung et al. (2026) replicated the experiments by Jin (2008)
and confirmed the linear relationship between extinction coefficient and the distance at which objects
are visible.

The Beer-Lambert Law (Equation 1) can be used to assess how much the intensity of light is reduced
when passing through a medium (Mullholland, 1995).

- Equation 1

Iy = Initial intensity of light before passing through a medium
I = Intensity of light that remains after being reduced

D = Distance at which the intensity is being reduced

& = Molar extinction coefficient [m*/mol/m]

¢ = Concentration of the absorbing species [mol/m?]

Visibility in smoke is a subject with limited research (Wahlqvist & Rubini, 2023); on the contrary, Jin
(2008) describes that research has been done on visibility in fog. According to Jin (2008), there are some
differences between these two, for instance, physical characteristics. While fog always consists of water
mist, the characteristics of smoke depend on what materials are burning and the circumstances.
According to D’Evelyn et al. (2022), there are numerous factors, such as fuel type, burned area, fire
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duration, and fire weather, that affect the smoke volume from a wildfire and how it disperses in the
atmosphere. Since the condition during a wildfire often includes high temperatures, dry and windy
conditions, the plume rise and transport increase (D’Evelyn et al., 2022).

Rohaert et al. (2025) and Wetterberg et al. (2021) found that driving speed was reduced when driving
in reduced visibility. The same relationship has been found by Fridolf et al. (2014) for pedestrian
movement in buildings. Since visibility has a large impact on evacuation in general, Jin (2008)
performed tests with smoke to get a relation between visibility and optical density. Two main factors
affect how smoke reduces the visibility: smoke particles cover the field of view, which affects our ability
to perceive objects, and the smoke has an irritant effect. Visibility through smoke can be estimated by
the following equations (Jin, 2008).
v, =C /c Equation 2

N

V, = (C/CS) * (0.133 — 1.47logCy) Equation 3

V, = Visibility, used when smoke is in the non-irritant region

V, = Visibility, used when smoke is in the irritant region

C, = Extinction coefficient

C = Empirical constant, depending on the object, its brightness and its surroundings

Visibility in smoke in compartment buildings, as previously mentioned, is dependent on the irritating
effect. The experiments Jin (2008) performed showed that participants had difficulties seeing and
keeping their eyes open in the presence of thick, irritating smoke. This reduction in visibility can thus
have an impact on the evacuation by, for instance, reducing walking speed.

There are not as many studies on health effects from wildfires, which has led to that the irritant effect
from wildfires is not as established (Youssouf et al., 2014). However, the authors continue to state that
there is a possible link between large smoke concentrations and irritant effects in wildfires. Viswanathan
et al. (2006) also investigated health effects after a wildfire in San Diego by analyzing air quality, before,
during, and after the fire. It was found that there was an increase in visits to the emergency rooms for
symptoms caused by irritant effects.

2.2  Modes of transportation in wildfires
During wildfire evacuation, there are several modes of transportation that can be used, which depend on
several factors, including the types of people and accessibility to different modes of transportation.

It is most common to use private vehicles (e.g., cars) (Intini et al., 2019; Zehra & Wong, 2024). Public
transportation is another mode of transportation that can be used, especially important for those who
cannot rely on using a private vehicle (Zehra & Wong, 2024). For instance, people without a driving
license, people who do not own a private vehicle, and people with low mobility. People who cannot
depend on using private vehicles could also rent a vehicle or carpool. This mode of transportation is,
according to Zehra and Wong (2024), not as common as the others.

In other contexts, such as evacuating from hurricanes, transportation modes have been studied. Cahyanto
et al. (2014) investigated tourists’ decision-making in hurricane evacuations. It was concluded that
tourists are a vulnerable group, and their mode of transportation may differ from local residents. Tourists
who had access to private vehicles or airplanes were more likely to evacuate than tourists who had rental
vehicles (Cahyanto et al., 2014).



According to Tyler (2021), air and sea transport are two other modes of transportation that can be used
in wildfire evacuation. However, they may not be very common. Nevertheless, for remote communities
and islands, Zehra and Wong (2024) mention that air evacuations are common. Air evacuations can also
be beneficial when evacuation routes are blocked; nonetheless, it can be logistically challenging and
will also always require a combination with ground transportation (Zehra & Wong, 2024). Furthermore,
for coastal towns and islands, waterway traffic can be important. However, fleet availability, mainland
route connections, and infrastructure affect the possibilities to use this mode of transportation (Zehra &
Wong, 2024).

Evacuating from a wildfire on foot is another possible mode of transportation (Ronchi & Gwynne, 2019;
Tyler, 2021; Zehra & Wong, 2024). Tyler (2021) mentions that using pedestrian movement as the only
mode of transportation is possible when it is within walking distance and a clear route to a safe place.
For wildfire events, pedestrian movement is quite rare (Zehra &Wong, 2024). Pedestrian movement will
always, to some extent, be incorporated into the other modes of transportation (e.g., walking to a private
vehicle) (Tyler, 2021). However, Ronchi and Gwynne (2019) state that when there is a large-scale
wildfire involving vehicle evacuation, pedestrian movement generally does not have a large impact on
the total evacuation time.

2.3 Driving in reduced visibility

Since there is limited information about how smoke affects driving behaviour, studies made on driving
behaviour in fog are sometimes used as a source of information. A study conducted by Mueller and
Trick (2012) investigating driving behaviour in fog showed that there is a difference in driving behaviour
due to experience. Additionally, novice drivers did not adapt their speed due to reduced visibility
conditions as the experienced drivers did (Mueller & Trick, 2012). However, Intini et al. (2019) mention
that the findings of driving behaviour in fog vary; Snowden et al. (1998) present an increase in speed,
while Hoogendoorn et al. (2010) present a decrease in speed and capacity.

Numerous studies have been done on evacuation in smoke and poor visibility in buildings and tunnels
for pedestrian movement. However, it is important to remember that the circumstance in wildfires differs
from buildings and tunnels (Ronchi et al., 2024). As mentioned previously, it is common to use a private
vehicle in a wildfire evacuation, which is not the case in buildings and tunnels. Two other aspects that
differ between wildfires and buildings/tunnels, according to the authors, are that wildfires take place in
open outdoor spaces with vegetation often as the main flammable material, whereas the fire in buildings
and tunnels is in an enclosed compartment with flammable materials such as furniture and vehicles
(Ronchi et al., 2024).

Furthermore, reduced visibility can have an impact on headway. Headway is the distance or time
between the vehicle someone is driving and the vehicle ahead (Biswas et al., 2021). During a wildfire
evacuation, headway needs to be taken into consideration. There are previous studies that have
investigated headway. Gao et al. (2020) investigated the distance headway in hazy weather and in clear
weather and found that when the speed is high the distance headway was lower during hazy weather
conditions. Kang et al. (2008) investigated distance headway during five different fog densities and with
three different speeds. The results indicated that when the leading vehicle drove at a higher speed the
drivers maintained a larger distance headway.

2.4 Factors affecting driving behaviour

The traffic situation during a wildfire may be different from a regular day. Emergency conditions may
affect people’s driving behaviour, for example, disorientation, unfamiliarity, and limited information
about the situation (Intini et al., 2019).



Ahmad et al. (2024) performed a study where they investigated historical wildfire events in the United
States. During the investigated events, there was a mandatory evacuation order, and the study examined
the driving behaviour in both rural and urban areas. Ahmad et al. (2024) found that there was a
significant difference in the driving behaviour between rural and urban areas. Moreover, it was
concluded that alternating driving conditions during the wildfire affects and changes individuals’ driving
behaviour. Furthermore, queues and traffic delays, which can be caused by traffic intersections and
junctions, are critical when evacuating from a wildfire (Ahmad et al., 2024).

According to Kinateder et al. (2015), evacuation behaviour can be enhanced by behavioural training.
Meaning that the more practice a person has in a situation, the better they are at handling it. A study
investigated driving behaviour connected to threat assessment and found that people with more training
were better at scanning the environment for threats than the control group (Kinateder et al., 2015).

Colonna et al. (2016) performed a road test to investigate how familiarity affects speed choice while
driving. The authors concluded that route familiarity seems to have an impact on the speed choice. An
increase in familiarity results in an increased speed (Colonna et al., 2016). Kuligowski (2021) expresses
that there are limited data on familiarity connected to driving behaviour in wildfires.

Kuligowski (2021) suggests the following area to be researched further.

What are the driving behaviors expected in WUI fire events, including speeds and flows, likelihood of
lane changing and gap acceptance, desired spacing, and reaction times? What types of factors affect
driving behavior? (Kuligowski, 2021, p. 6)

According to Kuligowski (2021), virtual reality techniques, for example, driving simulators, are a
method that can be used to investigate the factors previously mentioned.

Kuligowski (2021) states that behaviour during a wildfire evacuation can considerably change
depending on the circumstances in different countries. It is not certain that data regarding wildfire
evacuation is applicable in another country. Due to this, it is important to investigate driving behaviour
all over the world. In addition to this, differences within a country may result in different driving
behaviour. For instance, factors that may affect the driving behaviour within the country can be:
populations with different cultures and religions, tourism, and differences in socioeconomic status.
Moreover, Nunes et al. (2024) describe that the evacuee’s behaviour can be affected by the distance to
the wildfire.

Kuligowski (2021) mentions that data from other disasters, for example, hurricanes, is sometimes used
due to the limited data from wildfires. However, there are uncertainties about whether this data is
applicable or not. For instance, longer warning times, larger affected areas, and more accurate
predictability can be expected for hurricanes.

2.5 Risk perception

Risk perception is a factor that can consequently affect the driving behaviour. Furthermore, risk
perception is a theory describing how an individual perceives risk depending on their experience,
culture, and attitude (Rother, 2011). Lovreglio et al. (2016) discuss that there are both internal and
external factors affecting risk perception. Environmental and social cues are examples of external
affecting factors, meanwhile demographics and characteristics are examples of internal affecting factors.
Risk perception influences whether people decide to act or not in a situation of risk (Stone, 2014).
Kinateder et al. (2015) describe that when developing evacuation models, it is important to understand
risk perception and its effect on evacuees’ behaviour. Another important factor to consider, according



to Lovreglio et al. (2016), is that each evacuee has a behavioural uncertainty. This means that the
behaviour of an individual cannot be predicted with certainty by external observers.

There are several factors affecting our risk perception: trust, degree of voluntariness, familiarity, and
fear (Stone, 2014). Stone (2014) states that there needs to be trust between the recipient and the source,
otherwise the recipient will not have confidence in the message. Furthermore, people tend to
underestimate risks that are common and familiar, and overestimate those that are rare. For example, Jin
(2008) concluded that during an evacuation from a building, people tend to get emotionally unstable in
thinner smoke if the building is unfamiliar.

Moreover, Stone (2014) explains that if the action is associated with fear or pain, the risk will be
perceived as higher, and if the action is associated with a large and clear benefit, the risk will be
perceived as lower. However, if the action is associated with uncertainties or if the benefit is
disproportionate to the risk, the risk will be perceived as higher (Stone, 2014). Slovic et al. (2005)
describe that individual risk perception and risk acceptance are strongly connected to the feelings the
individual has towards a situation, especially the feeling of dread. Moreover, the author describes that
risk perception is based on both the feelings towards a situation and the thoughts about it. Similar to
Stone (2014), Slovic et al. (2005) describe that if a situation is judged to have a high benefit, the risk is
judged to be low. Social influence is a factor impacting evacuation; if people see that everyone in their
surroundings is evacuating, they are more likely to do so themselves (Toledo et al., 2018).

McGee and Healey (2022) present the results from an online survey that investigated risk perception
related to wildfire smoke, among other things. They found that half of the participants in the survey
perceived the risk of the wildfire smoke to be severe or extreme. In addition to this, the participants who
had experience with wildfire smoke had a higher risk perception. Furthermore, McGee and Healey
(2022) established that the risk perception increases the longer wildfire smoke is present. Another
finding is that risk perception is affected by gender; female participants had a higher risk perception for
wildfire smoke than male participants. The fact that there is a difference in risk perception between
genders is also supported by Kinateder et al. (2015).

When it comes to natural hazards, previous experience has been shown to increase risk perception, yet
if a person did not experience personal harm, it may have the opposite effect (Kinateder et al., 2015).
Furthermore, the authors describe that perceived risk is also affected by hazard knowledge and
familiarity. Hazard knowledge is a collected concept regarding a person’s emotions towards a specific
hazard, for example, the consequences of the hazard and responses to it. The risk perception is found to
be increased with higher hazard knowledge; however, it is not fully established (Kinateder et al., 2015).
On the other hand, familiarity with a situation has been shown to decrease risk perception.

How risk is perceived will affect the decisions people make during an evacuation. Lindell and Perry
(2012) present the Protective Action Decision Model (PADM), which is a model that considers that
environmental, social cues, and warnings will influence people’s decisions facing a risk. According to
Lindell and Perry (2012), environmental cues could, for instance, be hearing or smelling something in
the surroundings. Social cues come from how other people in the surroundings behave and react to the
risk. Warnings could, for instance, be messages heard on the radio or television, which can affect the
decision (Lindell & Perry, 2012).

Related to the model by Lindell and Perry (2012), Lovreglio et al. (2019) presented a conceptual
Wildfire Decision model, which considers risk perception by householders in wildfire, related to
decisions they take. In the model, Lovreglio et al. (2019) assume that householders will embrace one of
the following behavioural states: normal state, investigating state, vigilant state, or protective state.
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According to Lovreglio et al. (2019), householders who perceive no risk, or low risk, will embrace the
normal state and will not act. However, when there are uncertainties about the risk, or if it is a low risk,
householders will embrace the investigative state and seek further information. Furthermore,
householders will embrace the vigilant state when a threat is identified, and the risk is perceived as low.
In this state, householders will seek more information before acting. The authors continue to describe
that when the risk is high, householders will embrace the protective state and decide to act.

2.6 Virtual reality and driving simulators

In order to study driving behaviour a valid research methodology needs to be applied. Some
experimental research methodologies, such as real-world evacuation drills, are associated with a high
risk for participants. However, using virtual reality is an alternative that reduces these risks. According
to Kuligowski (2021), there has been limited research on traffic behaviour in wildfire evacuation. The
reason for this is that traditional methods have restrictions due to ethical and logistical limitations
(Kinateder et al., 2014). Moreover, Kinateder et al. (2014) mention that laboratory studies and field
studies are methods containing logistical and ethical issues. In contrast, virtual reality has opened
opportunities in performing experiments in dangerous conditions; for instance, Wetterberg et al. (2021)
and Rohaert et al. (2025) have used virtual reality to investigate driving behaviour in smoke.

There are multiple advantages to using virtual reality experiments. An advantage is that participants can
be exposed to dangerous conditions in virtual reality, for example smoke, without being physically
affected by the negative consequences (Arias et al., 2021). In addition to this, virtual reality experiments
allow a controlled environment, which would not be possible when doing a field study (Arias et al.,
2021; Kinateder et al., 2014). Along with replicability, they make virtual reality an ideal tool to perform
cross-cultural studies.

Hartfiel and Stark (2021) performed experiments using a dynamic driving simulator, a static driving
simulator, and a real-life car. Their study concluded that when driving on a straight road, there were no
statistically significant differences between the two simulators and the real-life car related to driving
speed. Furthermore, Risto and Martens (2014) investigated how headway differs between a driving
simulator and real life. They concluded that there was no difference between the preferred headway in
the simulator compared to real life. The research by Hartfiel and Stark (2021) and by Risto and Martens
(2014) supports that driving simulators can be used for investigating driving behaviour. Although, this
keeping in mind that these studies were performed under normal driving conditions (i.e. no emergency
or reduced visibility.

2.6.1 Virtual reality systems

There are several virtual reality (VR) systems, for instance, divided into immersive and non-immersive
systems (Cipresso et al., 2018). The non-immersive systems are simpler and cheaper than the immersive
systems (Cipresso et al., 2018). Moreover, immersive systems use several sensory output devices, which
result in a higher sense of reality (Cipresso et al., 2018). For instance, the non-immersive systems create
images by using desktops. Head-Mounted Displays (HMD) and Cave Automatic Virtual Environments
(CAVE) are two types of immersive VR systems (Slater & Sanchez-Vives, 2016). The HMDs has one
display for each eye, which allows the user to see images. Since HMDs monitor the position of the user’s
head, it allows the user to feel like they are in the virtual environment, because wherever the user looks,
the environment is shown in 3D. The CAVE is like a cube, which shows the virtual environment on
screens on both walls and floors (Slater & Sanchez-Vives, 2016).

There are both advantages and disadvantages to the immersive systems previously described. An
advantage of using a CAVE is that participants can have a natural field of view; meanwhile, participants
using HMDs have a more restricted field of view (Ronchi et al., 2019). Furthermore, an experimental
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setup in a CAVE is more complex to configure than HMDs, resulting in higher expenses for the
equipment. Ronchi et al. (2019) performed a repeated evacuation experiment with both a CAVE and a
mobile-powered HMD. They found that the results were similar with both using a CAVE in the
experiment and using an HMD for the specific case of the impact of flashing lights on tunnel evacuation.
Therefore, Ronchi et al. (2019) concluded that HMDs are more beneficial for that specific application
as they are easier and cheaper to use. In the experiments performed in this thesis an immersive system,
HMD, was used since it was interpreted as the most suitable.

Even though HMDs have shown to be useful, there are some limitations. First of all, the field of view is
a limitation, as previously mentioned. Blissing and Bruzelius (2018) state that a healthy individual has
a horizontal field of view close to 200°. According to European requirements, a person should not drive
with a horizontal field of view lower than 120° (Blissing & Bruzelius, 2018). Furthermore, numerous
HMDs on the market have a horizontal field of view between 90° to 100°, thus below the European
requirement for driving.

Ronchi et al. (2024) mention that there are also issues with the resolution, since it differs from how it
would be in real life. Most HMDs have, according to Blissing and Bruzelius (2018), an angular
resolution of 10-15 pixels per degree; meanwhile, projector-based simulators have 30-40 pixels per
degree, which is more than twice the resolution. Opposite to real-life situations, objects such as traffic
signs and objects in the distance can be hard to see clearly. Ronchi et al. (2024) discuss that this loss of
detail limits visibility when using HMDs. The authors present that the required resolution to be able to
see numbers on the traffic signs in the virtual environment is between four and five pixels. The headset
used in the experiment has an average pixel density of 13.36 pixels per degree. When combining the
required resolution and the average pixel density, a distance for maximum visibility of 49.8 to 62.2 m
can be calculated (Ronchi et al., 2024). Compared to an average person in real life, the distance for
maximum visibility is more than four times as long. Furthermore, Blissing and Bruzelius (2018) mention
that according to European requirements, a person should not drive with a visual acuity corresponding
to less than 30 pixels per degree, thus once again the HMDs are below the European requirement.

Finally, there is a sensory conflict using HMDs (Blissing & Bruzelius, 2018). According to Blissing and
Bruzelius (2018), HMDs use a fixed convergence distance; however, in real life, a person alters their
convergence distance when seeing objects at different distances. This is known as the accommodation-
vergence conflict, which can cause blurred vision, headaches, and eyestrain (Blissing & Bruzelius,
2018). Besides, using VR can cause cybersickness, which can result in symptoms such as nausea and
dizziness (Biswas et al., 2024).

2.6.2 Driving simulators

Driving simulators have been used to investigate driving behaviour. The purpose of using a driving
simulator is to create a realistic driving scenario, using, for instance, monitors, projector screens, or VR
headsets (Ronchi et al., 2024). Furthermore, there are different types of driving simulators, and some
use real-world vehicles to make the scenarios even more realistic (Philips & Morton, 2015). The authors
continue to describe that physical fidelity is associated with how the physics in the driving simulator
relates to the physics in the real world. Moreover, high physical fidelity generally results in high
behavioural fidelity, which implies that people using the driving simulators behave like they would in
real life (Philips & Morton, 2015).

In some cases, realism can be achieved by adding a feature that, for the participant, may not feel realistic,
but it results in realistic behaviour (Arias et al., 2021). An example of this is given by Arias et al. (2021)
where they performed virtual reality experiments of an evacuation from a two-story house. Participants
were were supposed to evacuate from the second floor. The windows in the house was locked since
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jumping of from the window in real.life is not an easy decision due to that it can lead to serious injuries.
Acoording to Arias et al. (2021) the participants thought this was an unrealistic feature, although Arias
et al. (2021) described that it lead to more realistic beahviour. In the experiment in this thesis a feature
that can bee seen as unrealistic is the oncoming traffic on the road, heading in the direction of the fire.
This feature was added as a cue to not overtake.

Fidelity and validity are two terms that are used when estimating if a driving simulator is representative
of real-life behaviour (Wynne et al., 2019). Fidelity relates to the accuracy of representing physical
properties of the driving scene and driving behaviour as it can be expected in real-life situations (Philips
& Morton, 2015). Validity refers to whether results from the driving simulator reflect real-life situations
(Wynne et al., 2019). Since human behaviour in fire is a broad field and integrates researchers from
various fields, such as psychology, fire protection engineering, and traffic engineering, the vocabulary
can differ between different disciplines (Kinateder & Ronchi, 2019). Furthermore, the authors continue
to describe that other terms commonly used for describing the concept of fidelity and validity is
verification and validation. Verification refers to “doing the maths right”, and validation refers to “doing
the right maths” (Kinateder & Ronchi, 2019).

There are previous studies on driving simulators that have shown that there are arguments that both
support and oppose that driving simulators represent real-life driving behaviour. Supporting arguments
are that the results on speed and headway in a driving simulator were similar to real-life behaviour
(Zhang et al., 2020). Furthermore, Zhang et al. (2020) found that participants showed a more aggressive
behaviour in driving simulators, which is an opposing argument. Térnros (1998) also found that
participants drive at higher speeds in driving simulators compared to real life. Participants can also be
less cautious when overtaking, for example, passing at higher speeds (Llorca & Farah, 2016). Using
driving simulators to perform experiments on driving behaviour, as previously described, is a useful
method. However, it is important to be aware of the limitations of VR and take them into account when
analysing the results.

2.7 Research on driving behaviour in smoke

As previously mentioned, there is limited data on driving behaviour in wildfires; however, studies have
been conducted on this subject in the last couple of years. These studies used virtual reality and driving
simulators as research methodology.

Wetterberg (2020) performed virtual reality experiments to investigate the following four questions.

Which speed do people choose in the case of a wildfire vehicle evacuation at different smoke densities?
How can the choice of speed be described as a function of the smoke density? Is there any difference in
choice of speed at a certain smoke density depending on the previously driven road segment (if it has
been driven in thicker or thinner smoke)? Is the distance between the centre of the car and the centre
line of the road affected by the smoke density? (Wetterberg, 2020, p. 2)

The experiments consisted of one driving scenario where the optical density varied with time. The
optical density that was used throughout the experiment was 0 m™, 0.05 m™, 0.1 m™!, 0.15 m!, and 0.2
m!. A total of 46 participants took part in the VR experiment. The participants were also asked to fill
out a survey after the experiment, answering questions about their experience and demographics.
Wetterberg (2020) concluded that reduced visibility resulted in reduced speed. How much the speed was
reduced varied among the participants. This relationship was described in three functions, depending on
the speed of the drivers. The author could not conclude how the choice of speed was impacted by
previously driving in thicker or thinner smoke. Furthermore, the author could not conclude if smoke
density had an impact on drivers’ distance to the centreline.
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In Canada, a VR driving study was performed where they had experimental conditions that differed
from Wetterberg et al. (2021). The participants were exposed to either smoke or fog during daytime or
nighttime (Ronchi et al., 2024). Driving behaviour and experience were investigated. The hypothesis
was:

(1) participants will drive faster during daytime than during nighttime, (2) participants will drive faster
in conditions with a low density of smoke or fog than in conditions with a high density of smoke or fog,
(3) participants will maintain a larger headway during nighttime than during daytime, and (4)
participants will maintain a larger headway in conditions with a high density of smoke or fog than in
conditions with a low density of smoke or fog. (Ronchi et al., 2024, p70)

According to Ronchi et al. (2024), the results suggest that there were both participants who drove faster
and maintained a smaller headway, and participants who drove slower and maintained a larger headway.
These findings indicate that the participants’ perception of the scenario and the risk affect the driving
behaviour. It was also found that participants who drove in fog perceived the risk higher than the
participants who drove in smoke. One conclusion from the experiments was that the visibility impacted
the chosen speed (Ronchi et al., 2024).

Rohaert et al. (2025) performed virtual reality experiments in a driving simulator with 37 participants.
The participants engaged in five scenarios with five different extinction coefficients (K=0.003 m™', 0.05
m?, 0.1 m?, 0.15 m, 0.2 m™'). The participants were asked to respond to a pre-experiment and post-
experiment survey where they answered questions about their experience, demographics, and
cybersickness. The aim of the study was to investigate how driving behaviour and distance headway are
affected by differences in visibility. Rohaert et al. (2025) established that participants reduced their free-
flow speed when visibility was reduced, which, according to Rohaert et al. (2025), can impact the
evacuation process by making it slower. It was concluded that thicker smoke caused the participants to
decrease their distance headway. However, the results suggest that the car-following behaviour remains
stable.

Both Rohaert et al. (2025) and Wetterberg et al. (2021) concluded that the driving speed is reduced when
visibility is reduced, which is in line with previous studies that have found that walking speed is reduced
when visibility decreases (Fridolf et al., 2014).

2.8 Wildfire evacuation simulations

Kuligowski (2021) describes that wildfire evacuation simulation models can be used for both pre-event
evacuation planning and real-time decision-making. The author describes that the models can be useful
for the authorities to make informed and satisfactory decisions regarding when to declare an evacuation
order and which evacuation routes to use. They can also be useful for developing evacuation plans.
Furthermore, the models can, for instance, help to predict speed, travel time, and queue lengths.
According to Intini et al. (2019), there are different traffic models used to simulate evacuation in
emergencies, which could also be applicable for wildfires.

2.8.1 Traffic modelling

The typical overall structure of a traffic model consists of four steps: trip generation, trip distribution,
modal split, and traffic assignment (Ronchi & Gwynne, 2019; Intini et al., 2019). Trip generation
concerns how many people will begin to evacuate in a zone, and to which zone they will evacuate.
Furthermore, the authors continue to describe that trip distribution refers to how you get from one zone
to another. Modal split concerns how many evacuations are performed by the different types of possible
transportation. Traffic assignment refers to how the traffic is distributed within the entire zone.
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Travel demand (trip generation, trip distribution, and modal split) can be modelled independently in
separate models or together in one extensive model. Traffic models can be used to estimate the
evacuation time. To determine the evacuation time, the traffic must be calculated, for example, traffic
flows and travel times (Ronchi & Gwynne, 2019; Intini et al., 2019).

Macroscopic, microscopic, and mesoscopic are the main modelling methods used for evacuations
(Kuligowski, 2021; Intini et al., 2019). Macroscopic models show a broader perspective of traffic
behaviour. To do so, they require representation of the relationship between traffic speed, flows,
capacities, and densities. On the contrary, microscopic models require data on how different individuals
(e.g., vehicles, people, or households) behave during an evacuation for a more refined representation
(e.g., through an agent-based modelling approach or similar). When it comes to wildfires, data on car
following, lane changing, gap acceptance, and reaction times are needed for more accurate microscopic
models (Kuligowski, 2021). However, according to Kuligowski (2021), there is limited data on these
parameters. Finally, the author continues to describe that mesoscopic models are a combination of the
microscopic and macroscopic models.

A limitation with macroscopic models is that decisions, movements, and driving behaviour of
individuals are not explicitly modelled (Intini et al., 2019). However, a macroscopic model may be more
effective when modelling evacuation from a dense area with a large population, since evacuation time
would mostly be driven by flow constraints. Furthermore, the authors continue describe that the contrary
applies for microscopic models, which makes them suitable in situations with lower flow constraints
and when individual behaviour can significantly affect results.

To be able to use these evacuation models, data on all the different aspects that affect an evacuation, for
example, behaviour, traffic patterns, transportation choice, and number of evacuees, is needed
(Kuligowski, 2021). However, there is limited information about decisions, behaviours, and evacuation
movement concepts which may depend significantly on the type of population involved.

2.8.2 Model calibration

For traffic modelling in evacuation, speed-density and flow-density relationships are often represented
(Qu et al., 2015). A set of known relationships exists. However, data-fitting for their parameters can be
complicated.

Qu et al. (2015) discuss that a linear model for traffic flow theory is over-simplified. For speed-flow
density relationships, there are both parametric and non-parametric regression models that can be used
(Rohaert et al., 2024). Furthermore, the authors continue to describe that a parametric regression uses
an already existing equation between a dependent and an independent variable. Examples of common
parametric regression models are the parabolic model for flow-density, for instance, by Greenshields et
al. (1935), the bi-linear model by Daganzo (1994) for speed-density, and the exponential model by, for
instance, Newell (1961) (Rohaert et al., 2024). Furthermore, Rohaert et al. (2023) describe that just as
Greenshields et al. (1935), Underwood (1961) also created an exponential model with two parameters.
These models are simple and do not really represent real-life traffic situations, and may indicate only
macroscopic trends. Non-parametric regression models are, according to Rohaert et al. (2024), more
accurate when it comes to predicting free-flow speed. However, Rohaert et al. (2024) advise that both
parametric and non-parametric models should be considered when analysing traffic situations.

2.8.3 Evacuation decision-making

According to Toledo et al. (2018), the most studied behaviour when it comes to evacuations is the
decision whether to evacuate or not. Toledo et al. (2018) presented four different factors that affected
the decision to evacuate or not. The factors are sociodemographic, household, event, and other individual
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characteristics. The authors continue to describe that sociodemographic factors include age, gender,
income, education, and profession. Factors related to the household are whether the decision maker, for
instance, has children or pets. The event is characterised by the risk level, instructions from authorities,
and whether others evacuate. Other individual characteristics that can affect decision-making include
whether the individual has an evacuation plan, experience, and a social network (Toledo et al., 2018).

The decision-making process before evacuating from a wildfire will have an impact on travel demand,
for example, how many people will leave an area. Labhiri (2024) investigated the decision-making
process of tourists in wildfires and identified multiple key variables affecting the decision-making. One
of the variables is property attachment. McLennan et al. (2019) describe that some residents under
evacuation orders will stay due to that they want to protect their property.

Socio-demographics, for instance, gender, age, and functional limitations, are another variable that
affects the decision-making (Labhiri, 2024). Matyas et al. (2011) investigated tourists' likelihood to
evacuate in hurricanes in Florida and found that among tourists, young adults were more likely to
evacuate, even though older tourists showed a higher risk perception. Cahyanto et al. (2014), who also
investigated tourists’ evacuation from hurricanes, found that female tourists had a higher likelihood to
evacuate compared to male tourists.

Furthermore, Labhiri (2024) discussed tourists’ driving behaviour and how it affected total evacuation
time. Since tourists may be unfamiliar with the roads, it may result in reduced speeds and flows.
Therefore, driving behaviour on unfamiliar roads needs to be accounted for when modelling traffic.
According to Labhiri (2024), another aspect that needs to be accounted for is differences in the way
tourists drive, due to their driving experience from their home countries.
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3 Method

The method of the thesis is divided into three parts: literature review, experiments and data analysis.
The literature review was performed first to provide background information to the subject, see
section 2. The experiments were then conducted at Massey University in New Zealand. After completing
the experiments data analysis were performed using SPSS and Excel.

3.1 Ethical aspects
The experiments have previously been conducted in Sweden, and the researchers who conducted those
experiments took the ethical aspect into account and applied for ethical approval, as cited below.

The experiment was conducted in accordance with the Swedish Act (2003:460) on the ethical review of
research involving humans. The study was approved by the Swedish Ethical Review Authority (dossier
number 2023-04122-01) (Rohaert et al., 2025, p. 2).

An ethics application to the Massey University Human Ethics Committee (MUHEC) was submitted by
Professor Ruggiero Lovreglio in New Zealand. The application (Human Ethics Notification -
4000030932) was approved and judged to be of low risk.

The fact that the experiments were judged to be of low risk does not mean that there are no risks. For
instance, the risk of participants suffering from motion sickness or dizziness during the experiment. This
was also the case for the experiments by Rohaert et al. (2025). Due to this, the researchers monitored
the participants during the entire experiment and made it explicit that participants could withdraw at any
time, and that participating was entirely voluntary. To decrease the risk of motion sickness, all measures
for an appropriate calibration of the Head-Mounted Display were instructed to the participant.

3.2 Participants
The sample size was limited to no more than 120 people, and it was scheduled that the data collection
should last between 1% October to 31% October. The final participant count was 89.

Participants who met the following inclusion criteria were allowed to participate in the experiments. The
inclusion criteria were largely the same as in Rohaert et al. (2025).

e They were 18 years old or older.

e They had a normal vision or corrected-to-normal vision (e.g., they wore contact lenses, glasses
suited for the headset, or they were nearsighted).

e They had a valid driver’s license.
¢ They could communicate in English.

e They did not currently have any eye disease (e.g., an eye infection) or had not had one in the
past month.

e They did not use a hearing aid that was not compatible with over-the-ear headphones.
e They did not have epilepsy.

e They did not previously suffer from severe motion sickness during travel.

¢ They did not previously have recurrent migraines.

¢ They did not suffer from stress or anxiety-related disorders.
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e They did not have a concussion and did not experience post-concussive symptoms (e.g.,
headaches, dizziness, nausea, etc.).

3.2.1 Recruitment of participants

Participants were recruited in Auckland, New Zealand, through posters and fliers on the Massey
University campus, through advertisements on LinkedIn, and through word-of-mouth advertising. To
compensate the participants for the time they took to participate, they were given a voucher of 20 NZD
(=120 SEK). The participants were asked to read a participant information sheet where they could
receive information about possible risks, data collection, and data management, and that they could
withdraw from the experiment at any time since it was a voluntary experiment. Participants had to sign
a consent form and were given a participant identifier. The participant identifier was used to make the
data collection anonymous, so that the participant could revise and review their data, upon request, until
the point of data analysis.

3.3 Hardware configuration

The headset that was used in the experiments was the HTC Vive Pro 2 VR headset. “The in-plane
switching liquid crystal display screens with a combined resolution of 5K (2448 x 2448 pixels per eye)
offered a field of view of 120° (horizontally) and could operate at a refresh rate of 120 Hz.” (Rohaert et
al., 2025). The same headset was taken to New Zealand and was used in the experiments conducted
there; however, the refresh rate was 90 Hz instead of 120 Hz as the citation. For the participant to interact
with the virtual environment, a steering wheel and pedals were used (the Logitech G920 driving force
racing wheel). The car seat setup that was used was LUMI LRS09-BS02 Racing Simulator Cockpit with
Gear Shift Mount. Figure 1 shows the setup. However, there were a few participants in the first days of
experiments who had the same car seat but at another location, see Appendix B. The second location
was a private room, which was not available in the beginning of the experiments.

Furthermore, some aspects that differed for the setup among the participants in the experiment are that
in the first location, the lights were on. When the setup was moved to the second location, the lights
were first on, then off for some participants, and then on again for the rest of the experiment. This was
due to that the researchers tried to figure out a malfunction with the headset, later referred to as
blackouts, which is explained in section 5.1 It is unclear how many participants had the light on or off,
however the participants were not aware if the lights were on or off and therefore it should not affect
their behaviour. After some experiments, the settings for the steering wheel and the accelerator were
changed due to complaints by participants. It is not certain how many participants had the first settings;
however, the settings were changed early during the data collection and therefore the majority of the
participants had the same setting.

Figure 1: Car seat setup for the experiments in New Zealand.
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To power the virtual reality system in Unity (the game engine used to develop the scenario), a desktop
computer was used. It had a processor with an Intel(R) Core(TM) i9-9900K CPU, operating at a base
frequency of 3,60 GHz, but capable of a boost of 5,00 GHz. The processor has a total of 8 cores with a
total of 16 threads, with a thermal design power (TDP) of 95 W. The system had a RAM memory of
128 GB. The processor was complemented by a GEFORCE RTX 3090 Ti graphics card, built on the
Ampere architecture. It featured 24 GB of GDDR6X video random access memory (VRAM) and 10752
NVIDIA CUDA cores. The graphics card operated at a base clock speed of 1,56 GHz with a boost clock
speed of 1,86 GHz. It had a thermal design power (TDP) of 450 W.

3.4 Software configuration

The virtual environment was originally developed in Unity 2021.3.22f1 by Arthur Rohaert. The same
virtual environment that was used for the experiments in Sweden by Rohaert et al. (2025) was used in
this experiment. However, some changes had to be implemented since the environment needed to
represent the environment in New Zealand, see section 3.4.1. Unity’s built-in fog function was used to
create the smoke in the virtual environment. The function is based on an interpolation that uses the Beer-
Lambert law. The colour of the smoke was based on sunlight, which was obtained by using the light
intensity and the extinction coefficient. For further information about details regarding the design of the
virtual environment, see Rohaert et al. (2025).

The road in the virtual environment was a procedurally generated rural road consisting of small
fragments that repeated throughout the experiment (Rohaert et al., 2025). The vehicle was simulated as
a pickup truck with features inside the car to make it seem real. This included engine sounds, tire sounds,
and a moving steering wheel. There was also a radio fragment. The purpose of the radio fragment was
to reduce discomfort and awkwardness and increase immersion. Rohaert et al. (2025) implemented the
radio in the VR environment after receiving feedback from participants in the pilot testing. The radio
fragment in the original experiment was an extract from a Swedish radio reporting on an ongoing
wildfire. In the New Zealand experiment, the radio fragment reported on an ongoing wildfire in New
Zealand, and included, for example interviews with residents, employees in the fire department,
authorities, and an environmental researcher. It did not provide any driving instructions. The radio
fragment was approximately 50 minutes long, and it began at a randomised time for each participant.

The participants were not instructed to follow traffic rules, although they were instructed to drive as they
would in real-life situations. There were also cues on how you should drive in the virtual environment,
such as speed limit signs of 80 km/h every two kilometres, double yellow no-passing line indicating no
overtaking, as well as a convoy of six leading vehicles and randomly passing oncoming traffic also
discouraged overtaking (Rohaert et al., 2025).

For rural roads in New Zealand, there are standard road widths for the lane and shoulder. Depending on
the landscape, the traffic density, and speed environment, the requirements differ (COLAB, 2023). For
roads with a speed limit of 80 km/h, the dimensions were similar to the road setting in the virtual
environment that Rohaert et al. (2025) used; therefore, the width of the road was not changed.

3.4.1 Changes to the VR-environment
The changes that were implemented to the virtual environment in order to adapt it to New Zealand’s
driving situation are listed below.

e The side of the road people drive on. In New Zealand, they have left-hand traffic.

e The side of the steering wheel in the vehicle. Due to the left-hand traffic, the steering wheel is
located on the right side of the car. The dashboard and mirrors were also flipped according to left-
hand traffic.
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e Road markings; edge marker poles. The edge marker poles were designed in PowerPoint according
to the NZ Transport Agency (retrieved 2025) and were imported to Unity as an image.

e Road markings; centreline. The centreline was designed as a double yellow no-passing line,
according to the NZ Transport Agency (retrieved 2025).

o Traffic signs. A new speed limit sign was created, and the "Do Not Overtake" sign from the virtual
environment in the experiments conducted by Rohaert et al. (2025). was removed. The speed limit
sign was changed in Unity according to the instructions in the NZ Ministry of Transport (2024).

e The radio fragment that Rohaert et al. (2025) used was from Sveriges Radio (the Swedish public
radio broadcaster), which reported on ongoing wildfires in Sweden and was therefore removed. A
new radio fragment was created. The transcript (see Appendix D) was created using ChatGPT
(OpenAl, 2025), and the voices were recorded by Narakeet (Narakeet, 2025). Further information
about the radio fragment is presented in chapter 3.4.

e New license plates were designed by the researchers for the oncoming traffic. This was done using
PowerPoint with publicly available images as inspiration, following standards set by the NZ
Transport Agency (retrieved 2025). The new licence plates were imported to Unity as an image.

Some of the scenarios from the previous experiments by Rohaert et al. (2025) were changed to validate
the regression models previously produced, with more exact data points. In Table 1, the scenarios used
in the experiments by Rohaert et al. (2025) and the scenarios that were used in this thesis are listed.

Table 1: Extinction coefficient for previously done experiments by Rohaert et al. (2025) and this thesis.

Scenario Rohaert et al. (2025) This thesis
k [m'] 0* 0*
0.05 0.025
0.1 0.05
0.15 0.075
0.2 0.1

*The value 0 m™! is in fact 0.003 m™ in Unity, because it is not possible to have a value
of 0 for the extinction coefficient. This applies to the rest of the thesis.
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In Figures 2-6 below, the participant’s view in the five different scenarios is presented.

Figure 2: The participant's view with Figure 3: The participant's view with
extinction coefficient K = 0 m™. extinction coefficient K = 0.025 m™.

Figure 4: The participant's view with Figure 5: The participant's view with
extinction coefficient K = 0.05 m™. extinction coefficient K = 0.075 m™.

Figure 6: The participant's view with

extinction coefficient K = 0.1 m™.
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3.5 Experimental procedure
In Figure 7, the experimental procedure is briefly presented, and it is further explained in the following
sections.
'

* Read participant information sheet

C{)Hsent fﬂﬂn * Opportunity for questions

* Sign consent form

+ Adjust headset
+ Test trial

Familiarisation with equipment

* Five scenarios with different levels of smoke
» Randomised scenario order

Experiments

. . * Respond to questionnaire
QUﬁStlﬂnﬂalrﬁ * Regarding demographics, risk perception, driving
experience, and VR experience

Feedback « Explain purpose

* Information about withdrawal

Figure 7: Experimental procedure for the New Zealand experiments.

3.5.1 Consent form

The researchers welcomed the participant and thanked them for taking part in the experiment. The
participant was given a participant information sheet, which they had also received before the
experiment by email, they were asked to read it again. The sheet included information about possible
risks, a project brief, procedures for withdrawal, and information about the data collection. When the
participant had read the participant information sheet, they were asked if they had any questions and if
they understood everything. If the participant wished to proceed with the experiment, they were asked
to sign the consent form indicating that they understood their rights, that the experiment was voluntary,
and that they agreed that their personal data would be collected in accordance with the General Data
Protection Regulation (GDPR).

3.5.2 Familiarisation with equipment

The researchers provided instructions on how to adjust the car seat setup and the VR headset. The
researchers ensured that the VR headset was correctly adjusted and made sure that the participant felt
comfortable with the steering wheel and the pedals. When the setup was adjusted, the participant was
asked to drive a test trial, and they were encouraged to ask questions during the test trial since the
researchers would not interact with the participant during the other scenarios. The participant was also
reminded that they could terminate the experiment at any time by letting the researchers know verbally.

3.5.3 Experiments

When the participant felt comfortable with the setup, they were informed that they were going to drive
five scenarios with short breaks in between. The participant was monitored during the breaks to check
for possible symptoms of cybersickness, and the participant was asked if they would like some water.
Before the first scenario, the participant was given a short scenario description, identical to the scenario
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description Rohaert et al. (2025) used, except for the authority responsible for initiating the evacuation
and that it says New Zealand in two places instead of Sweden.

“During a severe drought during the summer, New Zealand has started suffering from several large
wildfires. Although the firefighters are working day and night to put out these fires, many of them are
still spreading. Some are an immediate threat to life safety as they are spreading towards places where
people live. Therefore, the New Zealand authorities has decided that mandatory evacuations are
necessary. You are currently close to a wildfire, and you are ordered to evacuate towards a safe

’

location. You just have to follow the road to get there.’

Between every scenario, the participant was given a short reminder of the scenario description, as
presented below.

“You are ordered to evacuate from a wildfire, and you just have to follow the road to get to a safe place.
Remember to drive as you would in real life, that this is a driving simulator and not a video game, and
that you can terminate whenever you want.”

The five scenarios were similar, except for the level of smoke, which was represented by the extinction
coefficient K. It varied between K=0 m™, 0.025 m™!, 0.05 m™", 0.075 m™!, and 0.1 m™". The order of the
scenarios was randomised, and each participant had a unique order.

Every scenario consisted of 13 phases, instead of 12 as Rohaert et al. (2025) since the authors thought
it was clearer together with Figure 8. The numbers in table 2 represents the transition between phases
illustrated in Figure 8. The content of each phase the same as the phases in the experiments by Rohaert
et al. (2025) described in Table 2 and Figure 8 below. The description of the phases is largely taken
from Rohaert et al. (2025) to ensure consistency.

Table 2: Phases of each scenario in the experiment. Description is paraphrased from Rohaert et al. (2025).

1to 2 | Idling The participant drove 5 meters on an empty road.
During this phase, the participant reached their desired
7 to 3 Building up free-flow speed.
free-flow speed The phase lasted until the participant had driven 100
metres, and when (125 - 250*K) seconds had passed.
Measuring free-flow speed
3to4 . ing free-flow sp The desired free-flow speed was measured for 30 seconds.
(Going 100)
Unseen by the participant, a convoy of six leading vehicles
was inserted in the virtual environment, with the speed of
80% of the participant's desired free-flow speed.
Inserting the leading The distance of the lead?ng Vehlcle.s to the participant
4to05 hicl differed between scenarios depending on K.
vefetes The distance varied between 34 meters (K=0) to 660
meters (K=0.1)
During this phase, the participant had time (20 s) to catch
up with the convoy and could maintain the speed.
Measuring headway at 80%
5to 6 | of the free-flow speed The participant's distance headway was measured for 30 s.
(Going 80)
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6to7

Slowing down the leading
vehicles to 60% of the
free-flow speed

The convoy reached a speed equal to 60% of the
participant’s free-flow speed by decelerating with 0.1 m/s.
The phase lasted for 20 more seconds, so that the
participant could establish a stable distance headway.

7to 8

Measuring headway at 60%
of the free-flow speed
(Going 60)

The participant’s distance headway was measured for 30 s.

8to9

Slowing down the leading
vehicles to 40% of the
free-flow speed

The convoy reached a speed equal to 40% of the
participant’s free-flow speed by decelerating with 0.1 m/s.
The phase lasted for 20 more seconds, so that the
participant could establish a stable distance headway.

Measuring headway at 40%

9 to 10 | of the free-flow speed The participant's distance headway was measured for 30 s.
(Going 40)
o
Slowing down the leading The.c$)nvoy’reached a speed equal to 20/(.) of th.e
10 to 11 | vehicles to 20% of the fice- participants’ free-flow speed by decelerating with 0.1 m/s.
J The phase lasted for 20 more seconds, so that the
Jlow spee participant could establish a stable distance headway.
Measuring headway at 20%
11 to 12 | of the free-flow speed The participant's distance headway was measured for 30 s.
(Going 20)
Th "Thank you. Y take off th
13| Finish ¢ message "Thank you. You can now take off the
headset." was displayed on the screen.
F 3
Speed

——

T
I
Measuring for 30 s l|
[l
1
|
1

1-2:
2-3: Building up free-flow speed
3-4:
4-5:
5-6:
6-7:
7-8:
89
9-10: Measuring headway at 40%
10-11: Slowing down to 20 %
11-12: Measuring headway at 20%
13: Finich

Idling

Measuring free-flow speed
Inserting leading vehicle

Measuring headway at 80%

5 Slowing down to 60 %
6 Measuring headway at 60%

i
1
1 : Slowing down to 40 %
i
1
|

7.
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Measuring for 30 s

10

Measuring for 30 s

11

H_)

Measuring for 30 s

Measuring for 30 s .
Time

v

Figure 8: Speed-time curve for the vehicle in the virtual environment. Figure largely based on Figure 5 by

Rohaert et al. (2025).
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For more information about the phases, the reader is referred to Rohaert et al. (2025).

For the New Zealand experiments as well as the experiments previously conducted in Sweden the
duration of each trial was approximately seven minutes; however, it varied depending on the level of
smoke and the free-flow speed (Rohaert et al., 2025). The experiment in total lasted for approximately
an hour.

3.5.4 Questionnaire

After completing all five scenarios, the participant was instructed to answer a questionnaire, see
Appendix C. It included questions regarding demographics, the experimental experience, driving
experience, risk perception, and their VR experience. The questions were mainly the same as the
questions used by Rohaert et al. (2025), to be able to compare the results. A section about risk perception
was also added, and some questions were adapted to fit the New Zealand environment and the research
questions of the present study. The Likert-scale questions about risk perception were inspired by
questions from studies by Shaw et al. (2019) and Bernhardt et al. (2019).

3.5.5 Feedback

Finally, the participant was thanked for joining the experiment, and they were given a brief explanation
of what their data would be used for. The participant was given their 20 NZD voucher. They were also
asked if they had any questions and were reminded of their rights regarding data withdrawal and the
ability to review their collected data.

3.6 Dataanalysis

A code in Python was used to summarize the results gathered from the virtual experiments. The results
gathered from the summary were the free-flow speed and distance headway for each phase that was
measured, see Table 2 (referred to as Going 20, Going 40, Going 60, Going 80 and Going 100).

The rest of the data analysis was carried out using SPSS (version 31.0.1.0 (49)) and Excel.

3.6.1 Free-flow speed

The free-flow speed was calculated by the code in Python by dividing the distance travelled by the
participant during the phase Going 100 by the time (30 seconds). The dimensionless speed was
calculated by dividing the free-flow speed in the Going 100 phase for each extinction coefficient by the
free-flow speed in the scenario where the extinction coefficient is zero. Consequently, in the scenario
with K=0 m™! the dimensionless speed equals one.

A boxplot (free-flow speed for each extinction coefficient) was created using SPSS to visually inspect
if any data points distinguished from the rest of the data. A criterion of a free-flow speed of 130 km/h
was set as the limit of reasonable driving, since driving at a speed higher than that on a road with a speed
limit of 80 km/h in New Zealand can cause a charge with careless and dangerous driving (NZ Transport
Agency, retrieved 2025). Two data points had a higher speed than 130 km/h, belonging to the same
participant, and this participant’s dataset was therefore removed from the analysis.

A boxplot (free-flow speed for each extinction coefficient) was created using SPSS for the datasets from
New Zealand, Rohaert et al. (2025), and Wetterberg (2020). This was done to visually compare the
datasets to investigate which datasets could be used. The decision was taken to only use the data from
Rohaert et al. (2025) and the New Zealand dataset in the rest of the analysis, see section 5.1 for further
explanation.
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A boxplot (free-flow speed) for the datasets with identical extinction coefficients was created for the
datasets from New Zealand and the dataset by Rohaert et al. (2025). Statistical tests (normality tests, U-
tests, and T-tests) were performed to see if the data could be merged or not.

Furthermore, two separate linear regressions were created for the dataset from Rohaert et al. (2025) and
the dataset from New Zealand. A multivariate linear analysis was performed to see if the linear
regressions from the two datasets were significantly different. A linear regression was created with
prediction intervals for the merged dataset with the dimensionless speed as a function of the extinction
coefficient. Furthermore, an exponential regression and a power regression were created.

3.6.2 Speed-Headway

The code in Python calculated the free-flow speed for the phases Going 20, Going 40, Going 60, and
Going 80 as previously explained. To calculate the headway, the distance travelled by the lead vehicle
was subtracted from the distance travelled by the participant’s car at each measurement point during
these phases. The headway for each phase was defined as the average over the entire phase.

Two boxplots (distance headway) were created using SPSS, one boxplot with all measuring phases and
extinction coefficients for the datasets from New Zealand and Rohaert et al. (2025), and one boxplot
only containing the identical extinction coefficients. Statistical tests (normality tests, U-tests, and T-
tests) were performed using SPSS to investigate if the datasets could be merged.

In Excel, graphs showing the speed as a function of distance headway were created. A linear trendline
was fitted to the data points in the scatter speed and distance headway plots. Since there was no adequate
value of where the trendline should begin, it was forced to begin at the origin.

Datapoints with a distance headway above 180 metres were removed from the relationships regarding
speed and distance headway. According to NZ Transport Agency (retrieved 2026) the 4-second rule
should be applied for the following distance (distance headway) when driving in bad weather. When
driving at 80 km/h the following distance should be approximately 90 metres. This recommendation is
during a non-emergency and bad weather does not directly imply low visibility like the situation in the
virtual environment. Furthermore, the authors did not want to remove to many datapoints due to that
this would not be representative for the real results. Therefore, the authors thought that the value of 90
metres should be doubled leading to that the benchmark is approximately 180 metres. This resulted in
that eleven datapoints were removed.

By calculating the centre point between the maximum and minimum value of the speed and visually
looking at the datapoints, a value of where the speed was judged to be constant was decided for each
extinction coefficient. The graph was then adjusted by cutting the linear trendline at the point where the
speed was judged to be constant. The same method was used for the New Zealand dataset and the dataset
by Rohaert et al. (2025).

Graphs (speed-distance headway) were created with data from New Zealand and Rohaert et al. (2025),
merged with all extinction coefficients, and separately for the identical extinction coefficients.

3.6.3 Speed-Traffic density
The traffic density was calculated by dividing 1000 by the average distance headway for each measuring
phase (Going 20, Going 40, Going 60, and Going 80).

For the identical extinction coefficients, graphs showing the speed as a function of traffic density were
created with the data from New Zealand and Rohaert et al. (2025) separated. One graph was also created
with the data from New Zealand and Rohaert et al. (2025) merged for all extinction coefficients. For all
graphs, an exponential trendline was fitted; the trendline was forced to start at the speed of 80 km/h (the
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speed limit in the virtual environment). This was an assumption made due to that there was no other
adequate point of where it should begin. The exponential trendline was used since it was similar to the
regression by Rohaert et al. (2025).

Eleven datapoints were removed from the dataset. The benchmark was a distance headway of 180 m
with the same motivation as previously explained for speed and distance headway.

3.6.4 Cultural differences

Boxplots (free-flow speed) were created for the continents represented in the sample from New Zealand.
However, the continents Africa and South America were removed since each only consisted of 5% and
2% making the sample very small.

Statistical tests (normality tests, U-tests, and T-tests) were performed in SPSS to investigate if there
were any significant differences in the free-flow speed between the continents in the New Zealand
sample. Since the sample size was small, statistical tests (normality tests, U-tests, and T-tests) were
performed to investigate if the data from Rohaert et al. (2025) (with all but one participant reported
being familiar with driving in a country from Europe) and from New Zealand (with participants stating
that their nationality/citizenship was from a European country) were significantly different. Statistical
tests (normality tests, U-tests, and T-tests) were also performed in SPSS to investigate if there were any
significant differences in the free-flow speed between the continents, when the data from Rohaert et al.
(2025) was added to the continent of Europe.

Since there are limitations with dividing participants into continents based on their reported
nationality/citizenship as well as adding data from Rohaert at al. (2025) to the continent of Europe (see
section 6.1.1 for a discussion about this), it was also investigated if familiarity with driving in New
Zealand impacts free-flow speed. Boxplots were created and statistical tests (normality tests, U-tests,
and T-tests) were performed.

3.6.5 Driving experience

Boxplots and scatter plots were created for the free-flow speed and the years of obtaining a driver’s
licence. The participants were divided into groups depending on how long they had had their driver’s
licence. There were three groups: participants who had had their driver’s licence for 1-9 years, for 10-
20 years, and for more than 20 years. These groups were chosen by the researchers to make sufficiently
large and comparable groups while also allowing for the analysis of a gradual increase in driving
experience. The boundaries are not based on theoretical thresholds but were selected to provide a clear
and practically manageable division of the data.

Furthermore, a boxplot was created to visually inspect free-flow speed and driving habits. The
participants were divided into three groups: driving daily, driving regularly, and driving rarely. Driving
daily consisted of participants who reported driving daily. Driving regularly consisted of participants
who reported on driving either four to six days a week or two to three days a week. Driving rarely
consisted of participants who reported driving either a few days a month, a few days a year, less than a
few days a month, or less than a few days a year. Statistical tests (normality tests, T-tests, and U-tests)
were performed in SPSS to investigate if the driving habits impacted the free-flow speed.

A boxplot was created to visually inspect free-flow speed and familiarity with driving in low visibility.
Statistical tests (normality tests, T-tests, and U-tests) were performed in SPSS to see if the familiarity
with driving in low visibility impacted the free-flow speed.
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3.6.6 Risk perception

Data regarding risk perception and data for the free-flow was collected and visually presented in a scatter
plot (free-flow speed and risk score). The participants were given a risk score depending on their answers
in the questionnaire for the questions regarding risk perception. The risk score was the average of the
answers to the Likert-scale questions.

Furthermore, a boxplot was created to visually inspect free-flow speed and risk score. The participants
were split into three groups: low-risk, mid-risk, and high-risk. The group division was done by dividing
the total risk score (7) by three (equals 2,33), to get three equally large groups. The low-risk group had
a risk score below or equal to 2.33. The mid-risk group had a risk score higher than 2.33 but lower than
4.67. The high-risk group had a risk score higher than or equal to 4.67. Statistical tests (normality tests,
U-tests, and T-tests) were performed using SPSS to investigate if the risk score had an impact on the
free-flow speed in the experiment.

A boxplot was also created to visually inspect risk score between female and male participants. Only
participants who reported being male or female were included in the boxplot. The category other was
not used since the sample only consisted of 2%. Statistical tests (normality tests, U-tests, and T-tests)
were performed using SPSS, and the effect size was calculated to investigate if gender had an impact on
risk perception.

Furthermore, a boxplot was created to visually inspect free-flow speed between female and male
participants. Statistical tests (normality tests, U-tests, and T-tests) were performed using SPSS to
investigate if the free-flow speed differed between male and female participants.
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4 Sample characteristics

In total, 89 participants joined the experiment. However, 31 participants (34%) have been removed from
the dataset. Reasons why 34% of participants got excluded from the New Zealand dataset were mainly
due to motion sickness (12 participants). Other reasons were overtaking in more than one scenario (seven
participants), a technical issue with the radio fragment (one participant), crashing with the car or driving
into trees and rocks in the virtual environment (nine participants), due to overheating (one participant),
or due to driving at very high speed (one participant, see section 3.6.1). For further information about
overtaking, see Appendix E section 7.

Figures 9-13 show the demographics of the participants, including gender, occupation, continent, age,
and years lived in New Zealand. The division of continents were based on the question from the
questionnaire “What is your nationality/citizenship (please enter a country)?”.

The demographics show the following: the sample consisted mostly of male, students, and people with
a reported nationality/citizenship from Asia. However, females, employed, and people with a reported
nationality/citizenship from Europe and Oceania were also largely represented.
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31% 14%
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29%

53%
26%
= Male Unemployed = Asia
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m Other Employed = Europe
m Retired Africa
. .
Figure 9: Gender distribution of Figure 10: Occupation distribution of ) South .Amerl.ca o .
participants in the experiment. participants in the experiment. Figure 11: Continent distribution of

participants in the experiment.

In Table 3 the countries which participants expressed as their nationality/citizenship is presented. As
can be seen there were eight countries from Asia, five from Europe, three from Oceania, one from South
America and three from Africa. There are 15 of the countries (75%) with only one to two participants.

Table 3: Represented countries for the division of five continents.

ntinent i
Continent  Number of Represented countries

countries
i 2 China (9), India (3), Philippines (4), Sri Lanka (11),
s Myanmar (1), Nepal (1), Indonesia (1), Cambodia (1)
Europe s France (2), Malta (1), Russia (1), Austria (1), Ireland (2),
European* (1)

Oceania 3 New Zealand (13), Australia (1), Fiji (1)

South .
America 1 Colombia (1)

Africa 2 South Africa (1), Kenya (2)

*One participant reported their nationality/citizenship as European in a question where the
participants were asked to report a country.
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The age had a broad representation. The youngest participants were 18 years old and the oldest was 75
years old. However, there was a greater representation for the ages 18-45 years (93%). For years lived
in New Zealand, there is also a broad representation; however, it is clear that there were more
participants who have lived in New Zealand for a shorter period of time. For instance, 43% of the
participants had lived in New Zealand for less than one year.
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Figure 12: Age distribution of participants in the experiment.
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Figure 13: Distribution of years lived in New Zealand for the participants in the experiment.
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In Table 4 it is clear that people with a reported nationality/citizenship from Oceania have lived in New
Zealand the longest. For Asia the mean is 1,8 years which is 14 times shorter than the mean for years
lived with a reported nationality/citizenship from Oceania. For Europe the mean is 4,3, which is 6 times
shorter than the mean for years lived with a reported nationality/citizenship from Oceania.

Table 4: Years lived in New Zealand divided into continent belonging based on nationality/citizenship from questionnaire.

Continent (based on Years lived in New Zealand [years]

nationality/citizenship) Count Mean Min Max Mode
Asia 31 1.8 0.08 10 0.67
Europe 8 4.3 0.25 14 2.5
Oceania 15 26 1 72 21
South America 1 0.67 0.67 0.67 -
Africa 3 3.3 0.3 6.5 -
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5 Results

The following section presents the results from the virtual reality experiments that were conducted in
New Zealand. It is divided into the following sections: Free-flow speed in relation to visibility,
Headway, Traffic density, Cultural differences, Driving experience, Risk perception, and Answers from
questionnaire.

5.1 Free-flow speed in relation to visibility

Figure 14 shows the free-flow speed for each extinction coefficient for 59 participants in the experiment.
Participants that overtook, or terminated the experiments are removed and not represented in this figure.
The “Technical issues” (blue) are datasets where participants experienced blackouts for one or multiple
scenarios, lasting approximately 1-2 seconds. The blackouts were caused by a technical issue with the
VR headset, causing it to go to “sleep”, showing a black screen for the participant. This group consisted
of seven participants. However, it is not entirely certain how many participants experienced this. It is
certain that seven participants experienced blackouts, since they told the researchers directly or when
asked about it. It is also certain that 36 participants did not experience blackouts, since it was figured
out how to spot the blackouts at a later stage. However, until this was understood, there were 14
participants who might have experienced blackouts. Although they did not mention that they
experienced it, therefore they were not included in the group of “Technical issues”.

The “Flagged datasets” (purple) were datasets that stood out to the researchers during the experiment,
for instance, due to very high speed. The speed limit of the virtual environment was 80 km/h, and a
speed of more than 130 km/h was the boundary for the high speed, see section 3.6.1. This group
consisted of five participants. The “Remaining dataset” group consisted of 47 participants.
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Figure 14: Boxplot presenting free-flow speed for each extinction in the New Zealand dataset, divided into groups.

Figure 14 was created to see if the data from the participants with “Technical issues” and the ’Flagged
datasets” differed from the "Remaining datasets”. When looking at the figure it is clear that there are
only two datapoints that stand out from the others. The flagged datasets have a higher average free-flow
speed than the other two groups, however it is not an unreasonably high speed. Therefore, it was decided
that the participants who had technical issues or had a flagged dataset could be used for the rest of the
data analysis, except for the dataset with two datapoints with free-flow speed above 150 km/h (belonging
to the same participant) which were removed from the analysis, as well as the other datapoints from this
participant. All other datasets are considered as one group for the New Zealand dataset moving forward,
making it a total of 58 participants.
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Figure 15 shows an overview of the free-flow speed in relation to the extinction coefficient for the
datasets collected in New Zealand, and by Wetterberg (2020) and Rohaert et al. (2025) in Sweden.
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Figure 15: Boxplot presenting free-flow speed for each extinction for data from New Zealand,
Rohaert et al. (2025), and Wetterberg (2020)

Figure 15 shows that the dataset from Wetterberg (2020) is consistently different from the other two
datasets. This is not a surprising result, since there are multiple differences between these experiments.
For instance, a different set-up (including VR hardware and scene, etc.) was used, and Wetterberg (2020)
did not measure headway. Therefore, the rest of the analysis will only compare results from Rohaert et
al. (2025) with the New Zealand dataset.

The free-flow speed for the identical extinction coefficients in the New Zealand dataset and the dataset
from Rohaert et al. (2025) is shown in Figure 16.
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Figure 16: Boxplot presenting free-flow speed for the New Zealand dataset and Rohaert et al. (2025)
with identical extinction coefficients.

In Figure 16, the free-flow speed is very similar in the dataset from New Zealand compared to the dataset

from Rohaert et al. (2025). This is clear when for instance looking at the average free-flow speed, which

is similar for all three extinction coefficients. Statistical tests showed that there was no statistical
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difference between the samples for extinction coefficients 0.05 m™ (U-test with a p-value of 0.758) and
0.1 m' (T-test with a p-value of 0.877), see Appendix E. For the scenario without smoke, extinction
coefficient 0 m-1 the test showed that there was a statistical difference between the samples (U-test with
a p-value of 0.005). However, the effect size was calculated to 0.3, which indicates that the effect is
small (Numiqo Team, 2025).

In Table 5, the results from a linear regression of the dimensionless speed and extinction coefficient are
presented for both the New Zealand dataset and the dataset from Rohaert et al. (2025). The correlation
coefficient indicates that the fit is moderate, since the R? value is rather low. However, this is the case
for both the dataset from New Zealand and the dataset from Rohaert et al. (2025).

Table 5: Regression equation and correlation coefficient for the linear regressions on the New Zealand
dataset and the dataset from Rohaert et al. (2025).

Dataset Regression equation R?
NZ y =-3563x +1 0.3571
Rohaert et al. y=-—4047x +1 0.4305

A multivariate regression analysis was performed on the two samples. It was investigated if there were
any differences between the slope and constant between the experiments in New Zealand and Rohaert
et al. (2025). The regression showed no significance (p-value of 0.1 and 0.252) between the samples,
see Appendix E (E1.2). Which means that the two linear regressions could be combined.

For the combined dataset including all data points from both the New Zealand dataset and the dataset
from Rohaert et al. (2025), a linear, exponential, and power regression is presented in Table 6. These
were tested to see if any of the regressions was a good fit to the data collected. Since the R? was similar
for the three regressions it was decided to make prediction intervals for the linear regression due to its
simplicity. See Appendix E (E1.3) for a visual presentation of the three regressions in Table 6.

Table 6: Results from regression analysis of the combined dataset.

Regression Equation R?
Linear y=-29398x +1 0.3092

Exponential y = g~ H164x 0.3345
Power y = 0.4597x 0142 0.3188
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In Figure 17, the linear regression for the combined dataset is presented with prediction intervals. When
looking at the datapoints (blue in the figure) it can be noticed that there is a variation of values for
dimensionless speed. However, the prediction intervals were created to visually show the variation of
datapoints, and the prediction of the values of the datapoints.
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Figure 17: Dimensionless speed as a linear regression of extinction coefficient, with prediction intervals.

In two open-ended questions (Question 5 and 6), see Appendix C, participants were asked to reflect on
how they changed their driving speed, knowing they were evacuating, and depending on how far they
could see.

A large portion of the participants (approximately 60%) reported changing their driving speed knowing
they were evacuating, but why they changed it varied among the answers. Some examples are due to
visibility, urgency and the risk of the situation. See some statements below.

“Yes, due to visibility and urgency of the situation.”
“I drove more carefully and kept my distance from the car in front.”

“Yes, I was driving slightly faster when I seemed to be the only one on the road. But, when I saw more
cars, 1 tended to reduce my speed to match the others out of safety for myself and others.”

“Yes. I noticed 80 limit but I still went up to 120 since I thought I should evacuate asap.”

Some participants reported not changing their speed, knowing they were evacuating. Some examples
are due to that they perceived the risk as low or due to not wanting to get involved in an accident. See
some statements below.

“No, for safety of other drivers on the road and to be able to respond in time to any hazards.”
“No, the urgency did not motivate me to change speed.”

“No, because the danger was low. Just smoke.”

Furthermore, all participants who were included in the data analysis reported changing their driving
speed depending on how far they could see. Multiple participants have reported slowing down to avoid
accidents and slowing down due to the low visibility. See statements below.

“Yes, when the smoke is becoming stronger, I just slow down. When it is more visible, I will speed up.
This is to keep a safe distance with the car ahead of me and mitigate risk of sudden occurrence.”
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“Yes to avoid the accidents.’

“As visibility decreased with each simulation I drove slightly slower each time until I reached 70km-h
in the last one and once I had gotten used to the lessened visibility, I drove to 80km again because 1
could still see the road lines in front of me. It was only until I reach the traffic ahead of me that [
slowed down to the point where we were crawling 20km-h.”

5.2 Headway

In Figure 18, the distance headway for both the dataset from New Zealand and Rohaert et al. (2025) is
presented with a separate boxplot for each measuring phase and extinction coefficient. As can be seen
in the figure there is a downward trend for distance headway with an increasing extinction coefficient.
There are some datapoints well above 180 m in distance headway; see Appendix E (E2.1) for the full
boxplot. It was decided to include the extinction coefficients of 0.15 m™ and 0.2 m™, even though they
were not investigated in the experiments conducted in New Zealand. This was done to show the broad

trend with both the experiments in New Zealand as well as the experiments conducted by Rohaert et al.
(2025).
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Figure 18: Boxplot presenting distance headway for each measuring phase for the identical extinction coefficient.

*During each measuring phase (Going 20, Going 40, Going 60, and Going 80, which relate
to the speed in km/h), the participant’s distance headway was measured for 30 seconds.
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Figure 19 shows the distance headway for both datasets, considering a separate boxplot for each
measuring phase for the identical extinction coefficient for the New Zealand dataset and Rohaert et al.
(2025). The same downward trend for distance headway with an increasing extinction coefficient as
Figure 18 can be seen in this figure. When looking at the average distance headway it is similar for all
phases and extinction coefficient, except for extinction coefficient 0 m™ in the phase of Going 80, where
the extinction coefficient from New Zealand has a higher average. There are some datapoints well above
180 m in distance headway; see Appendix E (E2.1) for the full boxplot.
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Figure 19: Boxplot presenting distance headway for each measuring phase for the identical extinction coefficient.
*During each measuring phase (Going 20, Going 40, Going 60, and Going 80, which relate
to the speed in km/h), the participant’s distance headway was measured for 30 seconds.

U-tests showed that there was no statistical difference in distance headway between the dataset from
Rohaert et al. (2025) and New Zealand for all measuring phases and extinction coefficients (for all
phases, a p-value > 0.0004 was obtained, see Appendix E (E2.3) for further explanation).

Figure 20 shows the speed as a function of the distance headway for all extinction coefficients in the
New Zealand dataset and the dataset by Rohaert et al. (2025). For the identical extinction coefficients
(0 m', 0.05m", and 0.1 m™) the dataset from New Zealand and Rohaert et al. (2025) is combined.

The graph was created with a linear trendline that was forced to start in the origin, up to the point where
the speed was briefly estimated to be constant. For a further explanation of how the graph were created,
see section 3.6.2. This method differed from Rohaert et al. (2025), who made a piecewise regression
model, splitting the datasets into two groups: one free-flow group and one with traffic. Rohaert et al.
(2025) looked at how the two groups intersected to create the piecewise regression.

As can be seen in the Figure 20, there is a large variation for the datapoints. However, many datapoints
lies between the distance headway 0-50 metres with a speed between 5-40 km/h. Datapoints with a
distance headway above 180 m were removed from this plot. When looking at the linear regressions the
slope is similar for all extinction coefficients. A trend can be seen in the figure, when driving at higher
speeds a larger distance headway is preferred.
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Figure 20: Relationship between speed and distance headway for each extinction coefficient
for the combined dataset.

In Appendix E Figures E6-E8 the relationship between speed and distance headway is presented
separately for the identical extinction coefficient (0 m™!, 0.05 m™, and 0.1 m™") between the New Zealand
dataset and the dataset by Rohaert et al. (2025). In the figures it can be seen the results from New Zealand
and Rohaert et al. (2025) are similar.

In one open-ended question (Question 8), see Appendix C, participants were asked to reflect on how
they changed their distance to the car in front of them depending on how far they could see. The majority
of the participants (approximately 70%) changed their distance. The most mentioned reasons for this
were to avoid accidents, the low visibility resulted in participants wanting more time to react to
unexpected situations, and the taillight of the car in front of them was used as a reference. See statements
below.

“I tried to stay away from the car in front in case of emergency braking.”

“Yes. I try to follow them further away when the smoke is bad, but I followed them slightly closer
when the smoke is too bad, because I used their taillight as a reference.”

“Yes, I did. I drove fairly close to the cars in the first few while I could still see them, but in the last
few I tried to keep my distance because if there was a sudden stop, I wanted enough distance so 1
wouldn't crash into them.”

“Yes, I did. Again due to visibility, I tried to keep more distance with the car ahead of me when the
visibility was low.”

5.3 Traffic density

Figure 21 shows the relationship between speed and traffic density for all extinction coefficients in the
New Zealand dataset and the dataset by Rohaert et al. (2025). For the identical extinction coefficients
(Om™, 0.05m", and 0.1 m™") the dataset from New Zealand and Rohaert et al. (2025) is combined. The
graph was created with an exponential trendline, forced to begin at 80 km/h (speed limit in the virtual
environment). For further explanation of how the graph were created, see section 3.6.3.

When looking at the figure, traffic density varies between 5 and 140 vehicles/lane km. For all extinction
coefficients there is a downward trend. When traffic density increases, the speed decreases. This is a
reasonable result since high traffic density in real life often leads to slower speeds.
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Figure 21: Relationship between speed and traffic density for each extinction coefficient for
the combined dataset.

In Appendix E Figures E9-E11 the relationship between speed and traffic density is presented separately
for the identical extinction coefficient (0 m™, 0.05 m™!, and 0.1 m™") between the New Zealand dataset
and the dataset by Rohaert et al. (2025). In the figures it can be seen that the results for traffic density
and speed from New Zealand and Rohaert et al. (2025) are similar, in some cases overlapping.

5.4  Cultural differences

It was investigated whether there were any differences in free-flow speed between participants who were
familiar with driving in New Zealand and those who were not. Figure 22 shows free-flow speed for all
extinction coefficients in the New Zealand dataset divided into groups depending on if participants were
familiar or not familiar with driving in New Zealand. The group of participants who were familiar with
driving in New Zealand consisted of 51 participants, whereas the group of participants who were not
familiar consisted of seven participants. As can be seen in the figure the average free-flow speed for the
two groups is similar. Statistical tests showed that there were no statistical differences between these
two groups. However, the small sample size limits this finding. Especially the sample size for the group
that were not familiar with driving in New Zealand, which were approximately one seventh of the sample
that were familiar.
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Figure 22: Boxplot presenting free-flow speed for participants who were familiar and not familiar with driving in New Zealand.
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In Table 7 the mean, min, max and median for years lived in New Zealand is presented for both
participants being familiar with driving in New Zealand and not familiar. As can be seen, for participants
reported being familiar with driving in New Zealand there is a large variation (0.08-72 years lived).
However, the median is 2.5 years which is a short amount of time lived in New Zealand. For participants
reported not being familiar with driving in New Zealand there is not as much variation (0.33-2.5 years
lived). However, this sample is much smaller.

Table 7: Statistics for familiarity with driving in New Zealand based on years lived in New Zealand.

Familiar with driving Years lived in New Zealand [years]
in New Zealand? Mean Min Max Median
Yes 9.6 0.08 72 2.5
No 0.93 0.33 2.5 0.67

Furthermore, it was investigated if cultural differences had an impact on free-flow speed by grouping
participants into continents based on their reported nationality/citizenship. The participants were divided
into the three continents Asia, Europe and Oceania. The continent Asia consisted of 31 participants,
Oceania consisted of 15 participants and Europe consisted of eight participants. Since the sample size
for Europe was limited to eight participants data from the experiments by Rohaert et al. (2025)
conducted in Sweden was added into this group. Statistical tests were performed for all the extinction
coefficients and continents, using only data from the New Zealand data collection as well as using data
from Rohaert et al. (2025) included to the European sample. The statistical tests showed that there were
no statistical differences (U-tests and T-tests with a p-value >0.003) for the free-flow speed. See
Appendix E (section 3) for more detailed results (boxplots and statistical tests) regarding cultural
differences. The assumption of dividing participants into continents depending on their reported
nationality/citizenship has its limitations, which is further discussed in section 6.1.1.

5.5 Driving experience

The driving experience for the participants is presented in figures below (Figure 23-28). For years of
obtaining a driver’s license, it is relatively spread amongst the sample. Nevertheless, it is apparent that
the majority (88%) are used to drive in New Zealand, and that the majority (64%) is familiar with driving
in low visibility. Furthermore, it is also apparent that many participants (43%) drive daily. In the
questions concerning comparing participants to other drivers about overtaking and preferred speed, the
answers varied.

25 Are you used to driving in
38% New Zealand?
20 12%
- 15 22%
=]
=
S 10 16%
10%
5 7%
0 0 3%
0 H i [
1-5. 11-15. 21-25 31-35 41-45 >50
<1 6-10. 16-20 26-30 36-40 46-50 o
88%
®Yes ©No
Years [-]
Figure 23: Distribution of years of obtained driver’s licence for the participants Figure 24: Familiarity with driving in
in the experiment. New Zealand for participants in the
experiment.
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Are you familiar with

How often do you drive? driving in low visibility?

Never before

Used to but not anymore [l 36%
Less than a few days a year [l
A few days a year [
A few days a month | R RN
Two to three days a week |  IIIIN
Four to six days a week | N I
Daily I
0 5 0 15 20 25 = Yes ©No
Figure 25: Driving habits for the participants in the experiment. Figure 26: Familiarity with driving in
low visibility for participants in the
experiment.
When comparing yourself to other When comparing yourself to other
drivers, do you tend to maintain similar drivers, do you tend to overtake as often?
speeds?
28 Much Much 21 Much Much
74 slower. faster. 18 less. more.
20 15

Count [-]
o

Count [-]
\O
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1 2 3 4 5 6 7

Figure 27: Likert-scale of comparison between participants Figure 28: Likert-scale of comparison between participants
and other drivers related to maintained speed. and other drivers related to overtaking.
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The impact of years of obtaining a driver’s license on free-flow speed was investigated, see figures in
Appendix E (section ES). However, no trend could be found, and there was no noticeable difference
between participants who had had their driver’s license longer.
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Figure 29 shows the free-flow speed depending on driving habits. By looking at the boxplot, it is
noticeable that the average free-flow speed is lower for the group that drives more rarely. Although

statistical tests (U-tests and T tests with a p-value > 0.003), showed that there were no statistical
differences between the samples, see Appendix E (EO0).
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Figure 29: Boxplot presenting free-flow speed for each extinction coefficient in the New Zealand dataset, sorted by driving
habit.

Figure 30 shows that the average free-flow speed is similar between the groups of participants who are
familiar and not familiar with driving in low visibility. This could imply that familiarity with driving in
low visibility does not affect the free-flow speed in this experiment. In addition to this, statistical tests
showed that there was no statistical difference (U-tests and T tests with a p-value > 0.01) between the
samples, see Appendix E (E5.2).
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Figure 30: Boxplot presenting free-flow speed for each extinction in the New Zealand dataset, sorted
by familiarity with driving in low visibility.
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5.6 Risk perception

In general, the answers about risk perception in the virtual environment vary extensively amongst the
sample, as can be seen in Figures 31-37. However, in the questions regarding the consequences, from
both the wildfire, a potential traffic accident, and a traffic pile-up, there is a trend that more participants
felt a higher risk.
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Figure 31: Likert-scale for the statement "I felt worried/ Figure 32: Likert-scale for the statement "If a crash
scared of being involved in a car accident in the virtual occurred in these conditions, the consequences for me
environment”. would be serious”.
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Figure 33: Likert-scale for the statement " I felt worried/ Figure 34: Likert-scale for the statement " If the wildfire

scared of being caught in the wildfire in the virtual reached me, the consequences for me would be serious".
environment".
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Figure 35: Likert-scale for the statement " I felt worried/ Figure 36: Likert-scale for the statement " If trapped, the
scared of being trapped in traffic while evacuating in the consequences would be serious".
virtual environment".
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Figure 37: Likert-scale for the statement " Overall, driving
experience in this virtual scenario felt high-risk".
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How risk perception affects the free-flow speed was investigated by making a scatter plot and a boxplot,
see Appendix E (section E6). No clear trend could be found in the graphs. Statistical tests (U-tests
between the risk groups with p-values of 0.813, 0.246, and 0.082) showed that there were no statistical
differences between the samples, see Appendix E (section E6.2).

Figure 38 shows a boxplot of the risk score for female and male participants in the experiment. There
were 39 male participants and 18 female participants. The female participants generally had a higher
risk score. Statistical tests (U-test with a p-value of <0.001) showed that there was a statistical difference
in the risk score between female and male participants. The effect size was calculated to be 0.34 and
was therefore shown to be medium (Numiqo Team, 2025).
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Figure 38: Boxplot presenting risk score by gender (female and male).

Furthermore, the difference in free-flow speed between the female and male participants was
investigated. A boxplot, see Appendix E (section E6), showed that the free-flow speed for female and
male participants was analogous. A statistical test (U-test with a p-value of 0.842) showed that there
was no statistical difference for the free-flow speed between female and male participants, see Appendix
E (section E6.2).
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5.7 Answers from questionnaire
In the following section, some of the answers from the questionnaire are presented.

Figures 39-41 show Likert-scale questions about the perception of the wildfire threat, the urgency of
evacuation, and the possibility of a traffic accident. In all three figures, a predominant trend toward
“Yes, very much so” is apparent. As can be interpreted from the figures many participants perceived
that the situation in the virtual environment was an emergency and not normal driving conditions due to
that they thought for instance that the evacuation was urgent, and that the wildfire was a threat.

Did you consider the possibility of being Did you perceive the wildfire as a threat?
involved in a traffic accident during the
21 experiment? 21
No, not Yes, very No, not Yes, very
18 -—atall much so. 18 —atall. much so.
15 15
=12 =12
g g
3 9 3 9
O @]
6 6
‘iInB - uill
0 0
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Figure 39: Likert-scale of perceived threat of traffic Figure 40: Likert-scale of perceived threat of the wildfire
accident in the virtual environment. in the virtual environment.
Did you perceive the evacuation as
urgent?
21 No, not Yes, very
18 —atall much so.
15

Count [-]
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9
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Figure 41: Likert-scale of perceived urgency of the
evacuation in the virtual environment.
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Figure 42 and Figure 43 show positive feedback related to graphics and car behaviour in the virtual
environment of the experiments.

Did the car you drove behave like a real Were the graphics of the virtual
car would? environment realistic?
18 No, not Yes, very 24 No, not Yes, very
15 at all. much so. 20 at all. much so.
— 12 — 16
g 9 g 12
s) o
© 6 © 3
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Figure 42: Likert-scale of perceived realism of the car’s Figure 43: Likert-scale of perceived realism of the virtual
behaviour in the virtual environment. environment.

Figure 44 and Figure 45 show that it is evident that the habit of playing video games varies among the
sample. However, it seems to be less common to use virtual reality.

How often do you play video games? How often do you use virtual reality?
Never before | Never before | NG
Used to but not anymore | NG Used to but not anymore | RN
Less than a few days a year |  IIINN Less than a few days a year | I
A few days a year ] A few days a year I
A few days a month | N RN A few days amonth [l
Two to three days a week | N Two to three days a week
Four to six days a week | N Four to six days a week
Daily ] Daily
0 3 6 9 1215 18 21 0 3 6 9 12 15 18 21
Figure 44: Participants’ tendency to play video games. Figure 45: Participants’ tendency to use virtual reality.
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Figure 46 shows that 55% of the participants had heard about wildfires on the news, radio, and/or
social media before the experiment. Only 1% of the participants had evacuated from a wildfire before.

In which ways have you experienced
wildfires before?
1%

16%

55%
= No experience

Heard about them on news / radio / social media
» Had one close by
Evacuated from one

Figure 46: Familiarity towards wildfires.

Furthermore, 16% of the participants had had a wildfire close by. In one open-ended question
(Question 12), see Appendix C, participants were asked to reflect on whether they would behave
differently in real life. A majority of the participants said no. However, some participants answered that
they would behave differently. For some of the reasons why, see the statements below.

“I think I would have driven faster if I felt the heat from the fire, hearing cracking sounds from the
forest or having difficulties breathing.”

“Could be possible and depends on the situation since I very well knew in advance that this is

simulator and done for a study. I was bit more calm and relaxed compared to how it would be in real
life maybe more stressed about the situation at hand.”

“No, I think that was pretty accurate behaviour.”

“Yes a little, because the gas is a bit different.”

“Yes. because in real life experience is much different with the real pressure, panic and fear of
death.”

“Most likely, more urgency, others would be panicking so cars would be driving more erratically.”

“Unlikely to have changed my driving. However I would have been a lot more stressed and anxious.”
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6 Discussion

In the following section, the results from this thesis will be discussed. Furthermore, factors that could
have an impact on the results and future research suggestions are discussed.

6.1 Free-flow speed in relation to visibility

Likewise, Rohaert et al. (2025) and Wetterberg (2020), a downward trend for the free-flow speed with
increasing extinction coefficient was found (see Figure 15). When driving in fog, Snowden et al. (1998)
presented that the speed increased, and Hoogendoorn et al. (2010) presented a decrease in speed, which
has been mentioned by Intini et al. (2019). However, how smoke affects driving behaviour has limited
research. Nevertheless, this experiment, experiments by Rohaert et al. (2025), and experiments by
Wetterberg (2020) have shown that the free-flow speed decreases with thicker smoke. Consequently,
the same trend can be found for driving in smoke, and unlike the research on driving in fog, the results
are not contradictory. The trend of decreasing speed when driving in smoke is consistent with pedestrian
movement in smoke, which is a well-studied subject. For instance, Fridolf et al. (2014) present a reduced
walking speed for pedestrian movement in smoke in buildings.

The downward trend for the speed related to the extinction coefficient is not a surprising result. Since
driving is affected by lower visibility. This was also confirmed by participants in the New Zealand
experiment, since they reported that they had to change their driving in scenarios with more smoke, see
section 5.1.

6.1.1 Cultural differences

When analysing how the free-flow speed varied between continents, results showed that there were no
statistical differences between the studied continents (Europe, Asia, and Oceania). Kuligowski (2021)
expressed that behaviour during an evacuation can differ between countries. The experiments conducted
in New Zealand showed that there was no statistical evidence from this sample that the driving behaviour
(the free-flow speed) differed depending on where the participants came from. However, the sample
size in this experiment was small, especially when comparing different continents. Consequently, the
sample size limits this finding. Due to this, further research is needed to be able to draw any adequate
conclusions regarding whether nationality and cultural differences have an impact on the driving
behaviour.

Rohaert et al (2025) asked the participants who engaged in the experiments if they were familiar with
driving in Sweden. Five participants reported on being more familiar with driving in Belgium
(2 participants), the Netherlands (1 participant), Hungary (1 participant) and the United States of
America (1 participant). An assumption was made that the participants nationality/citizenship is from
the country where they are familiar with driving. The authors in this thesis did not have access to the
information regarding which participants datapoints belong to the assumed nationality. Therefore, all
participants datapoints were added to the dataset with people from Europe in the experiments in New
Zealand. The authors are aware that this is a limitation, and the results should be used with caution.
However, one important finding that the researchers want to highlight is that there was no statistical
difference between the results from New Zealand and the results from Rohaert et al. (2025). There are
multiple different nationalities in these two datasets. Therefore, this supports the finding that the free-
flow speed does not differ depending on nationality.

There are limitations dividing participants into continents when comparing culture and how it affects
driving behaviour. Two countries belonging to the same continent can in fact have different driving
behaviour. However, it was decided to make this division due to that there was a large variation of
countries with a few participants from each country (see Table 3). Comparing countries was not possible
with the small sample size. Therefore, it was decided to divide participants into continents. Due to the
limitations previously mentioned the results regarding cultural differences based on nationality/
citizenship) is presented in Appendix E (section 3).
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Since there are limitations with the comparison based on continents, it was decided to also investigate
is there were any statistical differences for the free-flow speed between participants who reported being
familiar with driving in New Zealand and participants who reported not being familiar with driving in
New Zealand. No statistical differences were found between the free-flow speed for these two groups.
However, this finding also has limitations due to its small sample size, as well as the fact that participants
reported being familiar with driving in New Zealand at the same time that they had not lived there for
many years. It is difficult to draw a line for when it is reasonable to assume that you are familiar with
driving in a specific country. For some people that might be after a short amount of time, but for others
it can be years.

6.2 Headway

Similar to the findings by Rohaert et al. (2025), the results from the experiments conducted in New
Zealand showed that driving at a higher speed relates to a larger preferred distance headway. This aligns
with research by Kang et al. (2008). As Rohaert et al. (2025) discuss, the speed and distance headway
curve have a car-following and a free-flow pattern. When the distance headway is very long, there is no
car-following behaviour. Consequently, in the relationship between speed and distance headway (as
shown in Figure 20), the speed is “constant” when the curve reaches a certain distance headway.

The relationship between speed and distance headway is complicated. In this study, the speed-distance
headway curves are simplified, and this is therefore a limitation. The curves were assumed to start in the
origin, which is not representative of real-life traffic situations. That the curves start in the origin means
that there is no distance between the vehicles in the virtual environment when they are not moving. As
Rohaert et al. (2025) explain, a traffic jam does not mean that there is no distance headway, hence the
start in the origin is not realistic. It was decided to start the linear regression in the origin due to that
there was no adequate point of where it should begin. This was estimated to be a better assumption than
determining a different value. This would require more complex models.

The end of car following behaviour (as the speed becomes constant in the graphs) was estimated by
calculating the centre point and visually studying the data points, see section 3.6.2. This is also a
limitation and simplification. However, these graphs were created to visually show the relationship
between speed and distance headway for the New Zealand dataset compared to the dataset from Rohaert
et al. (2025). The main research question was to investigate if there were any differences between these
two data collections. This was done by creating boxplots and performing statistical tests (U-test and T-
test). In the experiments conducted by Rohaert et al. (2025), a mixed-effects model was used to capture
participants’ behaviour, and to obtain a value at which distance headway, the car-following behaviour
begins. The linear curve for the speed-distance headway relationship in the paper by Rohaert et al. (2025)
was fitted using a model by Daganzo (1994).

Furthermore, Figure 19 shows that the average distance headway is reduced when the extinction
coefficient is increased for all the measuring phases except Going 20. This tendency corresponds with
the data collected from experiments by Rohaert et al. (2025). It is also in line with findings from Gao et
al. (2020).

The majority of the participants (approximately 75%) have reported that they adjusted their distance
headway depending on the visibility. However, how the headway was adjusted varies, and no clear trend
from their answers can be connected to the results (see section 5.2 for statements). Possible reasons that
also align with statements, to why the chosen distance headway is shorter in scenarios with more smoke,
are that participants wanted to see the car in front of them and use it as a reference point, leading to that
when visibility was reduced, the distance headway was also reduced. This has also been discussed as a
possible explanation by Rohaert et al. (2025).

As mentioned, in the measuring phase, Going 20, the tendency of decreasing the distance headway with
an increasing extinction coefficient could not be noticed. Instead, a similar average distance headway
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was shown in all three scenarios. In this measuring phase, the leading vehicle had the lowest speed of
the experiment, corresponding to 20% of the chosen free-flow speed by the participant at the beginning
of the experiment. For the participant to maintain a larger distance headway, they would need to drive
at a very low speed, which would be quite difficult. Another solution for this would be to stop and wait
for the car in front to continue further on the road, which is not a natural behaviour. The behaviour that
the participants showed resembled what can be seen on a freeway in a traffic jam where the distance
headway is short due to the very low speed.

6.3 Traffic density

The results show (see Figure 21) that when traffic density increases, the speed decreases. This is not a
surprising result, since high traffic leads to slower speeds in real life. The results of the traffic density
relationship correspond very well to the dataset by Rohaert et al. (2025). For instance, for an extinction
coefficient of 0.05 m™' (Appendix E Figure E10) the exponential regression largely overlaps for the two
datasets. Furthermore, for the extinction coefficients 0 m™ and 0.1 m™, the curves are similar (see
Appendix E Figure E9 and Figure E11). The combined graph with all extinction coefficients (Figure 21)
shows that for all extinction coefficients, the speed and traffic density relationship is similar. Since the
graphs are similar it can be speculated that the extinction coefficient does not have a large impact on
traffic density.

Likewise, the relationship between speed and distance headway, the relationship between speed and
traffic density are presented as simplified regressions (exponential). In order to represent how speed is
affected by traffic density more accurately, more complex regression models would need to be applied.
It was decided to create a regression without a plateau, as Rohaert et al. (2025) had. The reason for this
is that the data from New Zealand did not visually seem to have a plateau, and if we were to apply a
plateau, there was no adequate point at which the plateau would transition to the exponential regression.
Like the speed distance headway regression, we are aware of the limitations and simplifications of the
fitted regression for speed and traffic density.

6.4 Driving experience

In the New Zealand sample, driving behaviour (free-flow speed) relating to the driving habits was
investigated. Figure 29 shows that the average free-flow speed differs for participants who drive daily,
regularly, and rarely. For all extinction coefficients, the participants driving rarely had a lower average
free-flow speed in total. However, statistical tests (U-test and T-test) showed that there was no statistical
difference between these different groups for each extinction coefficient. Therefore, in this thesis, there
is no statistical evidence that driving habits impact the free-flow speed. These results differ from what
Mueller and Trick (2012) found when investigating driving behaviour in fog.

Moreover, how familiarity with driving in low visibility affects the free-flow speed was investigated.
For the participants reporting on being familiar with driving in low visibility, the familiarity mainly
related to driving in fog. Figure 30 shows that the average free-flow speed for each extinction coefficient
is similar for the participants reporting on being familiar and not being familiar with driving in low
visibility. Statistical tests (U-test and T-test) also showed that there was no statistical difference between
participants who were familiar and not familiar with driving in low visibility. Meaning that for this
thesis, there was no statistical evidence that familiarity with driving in low visibility affected the free-
flow speed.

6.5 Risk perception

When analysing risk perception, the figures about perceived risk in the virtual environment (see Figure
31-38) show a large spread among the sample. Since risk perception, according to Rother (2011), is a
theory describing individuals’ perceived risk depending on culture, experience, and attitude, this result
is not unexpected. As Stone (2014) describe there are a lot of factors affecting a person’s risk perception.
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The large spread among the sample can be explained by this. Individuals have different experiences and
thoughts, meaning that their risk perception is naturally different.

The figures previously mentioned show that many participants reported on perceiving the wildfire as a
threat, that there was a possibility of being involved in a traffic accident, and an urgency in the
evacuation. Slovic et al. (2005) describe that risk perception is based on the feeling towards a situation
and the thoughts about it. As can be seen in the figures, the participants have felt that the situation had
a risk. This could have had a possible impact on their driving behaviour.

Some participants reported believing to change their driving behaviour, for instance, if they had seen
any visible flames or heard fire crackling, or if the situation had more urgency (see section 5.7).
Environmental cues such as seeing visible flames or embers, smelling the smoke, or hearing the
crackling from the fire, could affect participants’ risk perception, possibly resulting in another driving
behaviour. In this experiment, and in the experiments by Rohaert et al. (2025), the only environmental
cue of the wildfire is the smoke, causing low visibility. If there were to be any other environmental cues,
the results could possibly differ.

Another factor that might affect the driving behaviour is the social cues in the virtual environment. In
this experiment, and in the experiments by Rohaert et al. (2025), a radio fragment reporting on an
ongoing wildfire was one of the social cues (see section 6.6.1 for further discussion regarding the radio
fragment). Lindell and Perry (2012) gave the example of hearing a message on the radio as a social cue;
this can consequently affect the risk perception. Another social cue in the virtual environment is the
convoy of leading vehicles. The convoy follows a specific pattern (see section 3.5.3) of constant speed
and driving calmly. Toledo et al. (2018) described that social influence is a factor impacting evacuation.
If the convoy had behaved differently, for instance, showing more stressful behaviour, perhaps that
would have had an impact on the participants’ driving behaviour.

In real life there will probably be more environmental and social cues than there were in the virtual
environment. Consequently, the risk perception might differ and could have an impact on the driving
behaviour.

Figure 46 showed that the majority of participants reported having some experience with wildfires in
the form of hearing about them on the radio, news, and/or social media. However, only 1% reported
having evacuated from a wildfire before, and 16% reported having had a wildfire close by. It was
concluded that it would be difficult to draw any valid conclusions regarding how familiarity with
wildfires affect risk perception, and consequently the driving behaviour. Although this is an interesting
aspect for further investigations, since Kinateder et al. (2015) have mentioned that familiarity can affect
risk perception.

When dividing the participants between female and male, the average risk score was found to be higher
for female participants than male participants. A statistical test (U-test) showed that there was a
statistical difference in the risk score between female and male participants. This result is in accordance
with Kinateder et al. (2015) and McGee and Healey (2022). However, when investigating if gender had
an impact on free-flow speed, no statistical difference was found between female and male participants.
This also applies to how the risk score affected the free-flow speed. Consequently, it was shown that the
risk perception (risk score) for female and male participants differed in this thesis; nevertheless, no
conclusion can be drawn on how the risk perception (risk score) affected free-flow speed.
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6.6 Key factors affecting the results
In this section, possible factors that could affect the results will be discussed.

6.6.1 Radio fragment

As mentioned in section 3.4, Rohaert et al. (2025) used a radio fragment from the Swedish public radio
broadcaster, which was a real radio fragment that reported on the fires in Gdvleborg, Dalarna, and
Jdamtland, 2018. It included a press conference with the Swedish Prime Minister and the MSB director
general, where they discussed the situation and development of the wildfires. Due to copyright issues
and the fact that there were limitations in finding radio fragments that discussed wildfires in New
Zealand, it was decided that an artificial radio fragment should be created.

The intention was to create a similar radio fragment as the one Rohaert et al. (2025) used. However, it
was not possible to achieve the exact message as the Swedish radio fragment. In the artificial radio
fragment, there were no direct driving instructions. Although some of the information in the fragment
can be interpreted as factors affecting the driving behaviour. One example of this is the sentence “Follow
the designated evacuation routes, and head towards the nearest safe shelter”. On one hand, this could be
interpreted as a factor resulting in a faster driving behaviour. On the other hand, this would mean that
all the information regarding a wildfire could be interpreted as affecting the driving behaviour,
depending on the recipient and their interpretations.

Another example from the artificial radio fragment is the sentence “If you encounter any animals in
distress or injured, please contact local animal control or shelters for assistance". This sentence could,
in theory, cause a more cautious driving behaviour due to the risk of collision with animals. However,
in the fragment that Rohaert et al. (2025) used, it was mentioned to look out for fleeing deer and other
forest animals. This means that if a real radio fragment had been used, there would still be factors
mentioned that, in theory, could impact the driving behaviour.

If the artificial fragment does not discuss anything about the wildfire, it is possible that it would not feel
like a real-life situation, which also can affect the driving behaviour. If the radio fragment had been
removed in this thesis, there might have been difficulties in comparing the results with Rohaert et al.
(2025) since it is not established that the radio fragment did not have an impact on the driving behaviour.
Lastly, the radio fragment was only implemented to reduce the feeling of discomfort (Rohaert et al.,
2025); therefore, it was reasonable not to put too much effort and thought into it.

6.6.2 Realism in the virtual experience

Figure 43 shows that many participants reported that the graphics of the virtual environment felt realistic.
This can indicate that the virtual environment has a high physical fidelity, which subsequently can result
in high behavioural fidelity, as Philips and Morton (2015) have mentioned. If this is the case this might
indicate that the results received in the experiments are a good representation of a real-life situation.

Furthermore, Figure 42 shows that most participants perceived that the car in the virtual environment
behaved like a real car. On the other hand, about 20% of the participants answering the questionnaire
reported that the accelerator did not represent a real-life accelerator. In open-ended questions,
participants mentioned that the car automatically stopped when removing pressure from the accelerator.
An attempt to solve this issue was made at the beginning of the data collection by changing and adapting
the settings on the Logitech driving profile. The researchers tried different settings and chose the one
that was most representative of a real car, based on that the researchers tried many different settings and
choosing one that felt most representative. However, this did not fully solve the issue, and the sensitivity
persisted throughout the data collection. This is therefore a limitation. Parallel to that, the fact that the
perception of the virtual environment felt realistic can contribute to a higher behavioural fidelity, the
issue with the accelerator can contribute to lower physical fidelity, and therefore lower behavioural
fidelity. For instance, an anecdotal statement is that one participant mentioned that the setup affected
the behaviour, and that the participant probably would have driven differently if it were a real car.
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Using driving simulators as a research tool has its limitations, as concluded by Térnros (1998) and Zhang
et al. (2020). In an open-ended question (Question 12), see Appendix C, approximately 30% of the
participants mentioned that they would have behaved differently in real-life situations. How their
behaviour would have differed varies among the participants. Some mention that they would have driven
slower in real life, meanwhile others reported on probably overtaking the other cars. Some said they
would be more stressed, less calm, and that they were aware that they were immersed in a virtual
environment. This adds to the previous paragraph that the behavioural fidelity might be lowered.
However, since it is not known what the driving behaviour of the participants would be in real life it is
not certain that their predictions are correct. This needs to be taken into consideration as a limitation.

The sensitivity of the accelerator and the fact that the participant was aware that they were immersed in
a virtual environment contribute to less realistic driving behaviour and therefore less realistic results.
Although figures about perceived consequences in the virtual environment (Figure 32, Figure 34, and
Figure 36) imply that the consequences were perceived as serious, which can consequently make the
driving behaviour more realistic. If the participants did not believe that the virtual environment and the
driving scenarios felt realistic, they would probably not report that the consequences were serious.
Although it must be considered that participant might report answers that they believe the researchers
want.

One factor contributing to a less realistic feeling is the setup. The driving simulator that was used
resembles a race car. This is a limitation that the researchers were aware of before starting the
experiment. Rohaert et al. (2025) had a setup from a real car (car seat and steering wheel). However, for
this project, the timeframe and financial aspect did not allow for this. One measure was implemented to
make the car setup more realistic. The car seat was placed on blocks so that it did not feel like you were
sitting close to the ground. Although a limitation is that this was done after some experiments had been
conducted. Furthermore, two locations were used for the experiments, see section 3.3. This could be a
limitation since not all participants had the exact conditions. However, this is not believed to have a
major impact on the driving behaviour.

6.6.3 Blackouts

How the blackouts affected the driving behaviour is rather uncertain. Two of the participants
experiencing blackouts mentioned in the questionnaire that it slightly affected their driving behaviour.
The others did not mention anything about it. The researchers’ speculations about how blackouts could
affect the driving behaviour are that the feeling of the virtual environment being real could have been
affected. If there is a feeling of not being in a “real” environment, the driving behaviour might not be as
realistic. Participants might also have slowed down to avoid hitting objects in the virtual environment.
However, how the result is affected by the blackouts was judged to be low. The reason for this is that
the speed and distance headway used is an average in each measuring phase lasting for 30 seconds. The
blackouts that lasted for 1-2 seconds should not have a big impact on the average. Additionally, for some
participants, the blackouts happened in a phase where no measurement was taken. Furthermore, Figure
14 shows that there was no visually protruding dataset for the participants who experienced blackouts.
Therefore, there was no motive to remove these datasets from the sample.

6.6.4 Dropout rate
For the experiments conducted in New Zealand, the dropout rate was higher than the experiment by
Rohaert et al. (2025). Approximately 34% compared to 19%.

The participants who overtook in more than one scenario were excluded due to that headway cannot be
measured after they have overtaken. Although the data until they overtook could have been used, for
example, for the free-flow speed in the first measuring phase. Since there were only seven participants
who overtook in more than one scenario, the researchers decided that there was enough data gathered
without the participants who overtook. This exclusion of participants can be a limitation. One participant
overtook in one scenario in the last measuring phase and was therefore included in the analysis.
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During the experiment, one participant told the researchers that there was no sound. Due to this technical
issue, it was decided to exclude this dataset, since it is not certain that the radio fragment does not have
an impact on the driving behaviour. Therefore, it was believed that all datasets should have a working
radio fragment. Furthermore, one participant terminated at the beginning of the first scenario due to
overheating and wanted to terminate. Therefore, this dataset was excluded.

Nine participants had difficulties controlling the car. Due to this, they crashed either with other vehicles
in the virtual environment or with the surroundings. These participants were excluded since crashing in
the virtual environment breaks the sense of reality. When crashing, the vehicle drives through the object
involved in the crash. This makes the participant realise that there are no consequences in the virtual
environment, which in turn gives no sense of realism. The data until a crash could have been used;
however, this was raised to the researchers after the data analysis and is therefore a limitation.

The remaining participants who were removed from the data collection terminated the experiment due
to motion sickness. This is approximately 13% compared to 5% terminating due to motion sickness in
the experiments by Rohaert et al. (2025). The reason behind this increase in dropouts due to motion
sickness is a bit uncertain, although some possible reasons are discussed below.

One possible reason is the refresh rate for the VR headset. For the experiments by Rohaert et al. (2025),
a refresh rate of 120 Hz was used, although for the experiments in New Zealand, the refresh rate was 90
Hz. This means that each frame had 11,1 ms to load for the New Zealand experiment. A test was later
performed for one scenario, and the refresh rate was between 6-8 ms, therefore under 11,1 ms. However,
the green lines on the performance graph turned red or purple on a few occasions indicating that each
frame took a longer time to load. This could affect the image, possibly causing motion sickness.
Although for most of the scenario the lines were green, under 11,1 ms.

After the data collection, it was noticed that the “profiler function” in Unity was enabled. The profiler
function is used to test how games perform in Unity. This can slow down the simulation. Although the
test with the refresh rate mentioned above was done twice, one with the profiler function enabled and
one with it disabled. No noticeable differences could be viewed.

If the base stations have a poor connection to the VR headset, the image can be slightly disrupted. This
could possibly be a reason for participants getting motion sick. Two base stations were used at the
beginning of the experiment, one in front of the car seat setup and one behind. However, when the
blackouts were noticed, two more base stations were added (one in the front and one in the back).
Additionally, in the Steam VR application, the base station connection could be monitored. It was never
noticed that the connection was lost.

Another possible reason for the increased motion sickness is the steering wheel calibration. At the
beginning of the data collection, some participants complained that the steering wheel was very
sensitive. Adjustments were made in the settings for the Logitech profiler. After these adjustments, the
complaints decreased (this is an anecdotal statement). As previously discussed, the sensitivity of the
accelerator was an issue during the entire data collection. Because of the sensitivity, some participants
had difficulties maintaining a stable speed, causing the vehicle to move unnaturally forward and
backwards. This is believed by the researchers to be the main reason for the increase in motion sickness.

The increase in motion sickness is a limitation in this thesis and can affect the behavioural fidelity.
However, not every participant experienced motion sickness. When asked by the researchers if they
were feeling okay between the scenarios, some participants said that they were completely fine, while
others reported some dizziness and motion sickness, but not to the degree that they wanted to terminate.
These are all anecdotal statements.

Furthermore, a limitation is that the headset does not fit all participants. Some participants had
difficulties adjusting the headset correctly. The researchers tried to give instructions and tried to help to
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adjust it correctly. However, the researchers cannot know for sure that the headset was fitted accurately
and that the participants had no blurriness. In the test trial, the participants were asked if they could read
the speed indicator or if the headset needed to be adjusted in order for them to see more clearly. If the
image is a bit blurry, it could result in motion sickness.

6.7 Future research

This thesis and the experiments by Rohaert et al. (2025) were simulated on a straight rural road, without
intersections and junctions. As previously mentioned, traffic intersections and junctions can be critical
when evacuating from a wildfire (Ahmad et al., 2024). The authors also mention that there is a
significant difference in driving behaviour between rural and urban areas. Therefore, it would be
interesting to compare whether the results would change if the simulations were performed on an urban
road with intersections and junctions.

As previously discussed, the amount of environmental and social cues is limited in the virtual
environment. Since this could affect the risk perception, it would be interesting to redo the experiments,
adding more environmental cues and social cues. For instance, ember showers, visual flames, smelling
the smoke, and hearing fire crackling. Another interesting aspect is to analyse the extent to which the
radio fragment affects the driving behaviour. As Toledo et al. (2018) discuss, social influence can impact
evacuees’ behaviour. Therefore, it would be interesting to perform experiments where participants get
to drive in different scenarios where the leading vehicles have different behaviours, to see how the
participants would react. For instance, if one or more vehicles in the convoy overtake or show stressful
behaviour.

To increase the validity of the findings in this thesis related to risk perception, cultural differences, and
driving experience, this needs to be further investigated with a larger sample size. For the cultural
difference aspect, experiments including all continents should be performed. Familiarity with wildfires
is an interesting aspect that can affect driving behaviour. Therefore, further investigation is needed.
Other demographics that can have an impact on the driving behaviour, such as age, gender,
socioeconomic status, profession, and education, should be investigated.
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7 Conclusion

In conclusion, this thesis has performed virtual reality experiments in New Zealand, investigating
driving behaviour in smoke. The purpose of the thesis was to investigate the following research
questions.

e How is individual driving behaviour affected by reduced visibility due to wildfire smoke?

The results from this thesis were that the driving behaviour is affected by reduced visibility. A reduction
in visibility, a higher extinction coefficient, results in a decrease in free-flow speed. Furthermore, it was
concluded that a higher speed results in a larger distance headway. This is in line with previous findings
by Rohaert et al. (2025). This means that the data collections can be merged to make a more extensive
regression.

e How is driving behaviour in decreased visibility affected by cultural differences?

In this thesis, it was found that there was no statistical evidence that familiarity with driving in New
Zealand affected the free-flow speed. Another finding was that there was no statistical evidence that
cultural differences (based on participants reported nationality/citizenship) between the three continents,
Asia, Europe, and Oceania, affected the free-flow speed. Although the sample size and assumptions
limit these findings. Therefore, these results should be taken with caution and further research is needed
to validate these findings.

o How is driving behaviour in decreased visibility affected by driving experience?

It was investigated whether driving habits and familiarity with driving in low visibility affected the free-
flow speed. No statistical evidence was found that these two factors affected the free-flow speed.
Although it was noticed that driving rarely resulted in a lower average free-flow speed.

e How is driving behaviour in decreased visibility affected by risk perception?

Statistical tests in this thesis showed that there was no statistical evidence that risk perception impacts
the free-flow speed. It was concluded that gender has an impact on risk perception; female participants
showed higher risk perception than males. This is in line with previous research by Kinateder et al.
(2015) and McGee and Healy (2022). However, when investigating if gender had an impact on free-
flow speed, no statistical difference was found.

Another finding, which was not included in the research questions, was that traffic density impacts
speed. An increase in traffic density results in a decrease in speed. This finding is in line with the findings
by Rohaert et al. (2025).

Since wildfires are an increasing global issue, these findings are important when designing and
developing communities. As well as when planning for emergency evacuations due to wildfires.
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Appendix A. Reporting on the use of generative Al

The text below reports on how the authors have used generative Al.

Usage of GAI Yes or no
1) I used in my report a Generative Al tool (e.g. ChatGPT or similar) Yes

2) I used a GAI tool as language editor (i.e. to correct grammar mistakes, etc.) Yes

3) I used GAI to retrieve information Yes

4) I used GAI to get help in writing code Yes

5) I used GALI for translations Yes

6) I used GAI to generate graphs/images No

7) I used GALI to help structuring my content No

GAI was mainly used to check for spelling and grammar mistakes. Furthermore,
synonyms and translations were sometimes used. GAI was also used to create a
transcript for the radio fragment and to record the voices on the radio fragment. It
was also used sometimes to understand some sentences in English. Furthermore, it
was used to understand how GDPR was applicable for this experiment and how it
should be handled. To understand how the python code used, summarized the
results, GAI was used (not for writing the code).
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Appendix B. Setup

As previously mentioned, two different setups were used in the experiments. Figure B1 was the first
setup that was used for a short amount of time.

: Shecgisr— 0 IS et
Figure Bl: First setup used in the experiments.
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Appendix C. Questionnaire
The post-experiment questionnaire that was used is presented in this Appendix.

Post-experiment questionnaire

* Obligatoriskt

Participant identifier

1. What is your participant identifier? *

This is the five-digit number that is written on the post-it you received.

About the experiment

2. Did you consider the possibility of being invelved in a
traffic accident during the experiment? *

Mo, not at all Yes, very much so

3. Did you perceive the wildfire as a threat? *

No, not at all Yes, very much so

4. Did you perceive the evacuation as urgent? *

No, not at all Yes, very much so

5. Did you change your driving speed, knowing you were
evacuating? Why or why not? *
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10.

1.

12.

13.

. Did you change your driving speed, depending on how far

you could see? Why or why not? *

. Did you overtake the cars in front of you? Did you consider

it? Why or why not? *

. When following the car in front of you, did you change the

distance between you and the car depending on how far
you could see? Why or why not? *

. Did you use the mirrors to look at the traffic behind you? *

L} Yes

Did the car you drove behave like a real car would? *

Mo, not at all Yes, very much so

Were the graphics of the virtual environment realistic? *

No, not at all Yes, very much so

Would you behave differently in real life? If so: what would
you have done differently? *

Do you have any other comments about your experience
you would like to share? *
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About you

14. What is you gender identity? *

You can choose to type "prefer not to say”.

15. What is your nationality/citizenship? *

Please enter a country. You can choose to type "prefer not to say".

16. How long have you been living in New Zealand? *

Please enter a number. If you have lived in NZ your whaole life, write
WL

17. What is you age? *

Please enter a number greater than or equal to 18.

18. How tall are you (approximately)? *

Please answer in centimeters. Number must be between 120~220 cm.

19. What is you main occupation? *
'Q Unemployed

f_) Student

{_3 Employed

f_) Self-employed

'

)} Retired

() Prefer not to say
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20. Do you have any visual impairment, e.g. shortsightedness
or colourblindness? *

() Yes

R
() Mo

p—

(:' Prefer not to say

2. How often do you play video games? *
) Daily
() Four to six days a week
() Two to three days a week
[} Afew days a month
) Afew days a year
[} Lessthan a few days a year
|} Used to but not anymore

()} Mever before

22. How often do you use virtual reality? *
() Daily
) Four to six days a week
[} Two to three days a week
) Afew days a month
) Afew days ayear
() Lessthan a few days a year
) Used to but not anymaore

) Mever befare
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Driving experience

23.

24.

25.

How many years have you had your driving license? *

Enter a number (in years).

How often do you drive? *
(O Daily

[ Four te six days a week
() Two to three days a week
) Afew days a month

) Afew days a year

() Lessthan a few days a year
I Used to but not anymaore

(_) MNewver before

What type of transmission are you most familiar with? *
4 j Manual

7 -

) Automatic

() Both
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26.

27.

28.

29.

30.

3

Are you used driving in New Zealand? *

i
L) Yes

-
O Mo

Have you ever evacuated from a wildfire with a car? *

P
) Yes

P
) Neo

Are you familiar with driving in low visibility? *

|/-

™
\_J) Yes

i

If yes (in question 28), what was the cause of the low
visibility? And did you find it more difficult to drive?

When comparing yourself to other drivers, do you tend to
maintain similar speeds? *

Much slower Much faster

When comparing yourself to other drivers, do you tend to

overtake as often? *

Much less Much more
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About risk perception in the virtual environment

This section is about your feelings and perception of the risk of the wildfire and the
risk of a car accident in the virtual environment. Answer the questions related to
how you felt being immersed in the virtual environment during the experiment.

32. | felt worried/scared of being involved in a car accident in
the virtual environment. *

Strongly disagree Strongly agree

33. If a crash occurred in these conditions, the conseguences
for me would be serious. *

Strongly disagree Strongly agree

34. | felt worried/scared of being caught in the wildfire in the
virtual environment. *

Strongly disagree Strongly agree

35. If the wildfire reached me, the consequences for me would
be serious. *

Strongly disagree Strongly agree
36. | felt worried/scared of being trapped in traffic while

evacuating in the virtual environment. *

Strongly disagree Strongly agree
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37. If trapped, the consequences would be serious. *

Strongly disagree Strongly agree

38. Qverall, driving experience in this virtual scenario felt high-

risk *
1 2 3 4 5 6 7
Strongly disagree Strongly agree

39. In which ways have you experienced wildfires before? *

Select all options that apply to you.
|: Mo experience
|: Heard about them on news/radio/social media

|: Had ane case by

Evacuated from one

40. Would you like to add something to the previous question
(guestion 39)7
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Appendix D. Radio fragment transcript

Below is the radio fragment transcript for the artificial radio fragment created using generative Al. The
names in bold represents different fictional characters with different voices. The lines represents where
different parts were separated with a jingle.

Brooke:

"Hello, and welcome to this special report on the devastating wildfires currently raging on the North
Island of New Zealand. Today, we bring you the latest updates on the fires, the ongoing emergency
response, and how the local communities near Auckland are being affected. These fires have been one
of the most intense challenges faced by New Zealand in recent years, and we’ll be speaking to those
on the frontlines, including emergency responders, local residents, and key decision-makers."
Brooke:

"The fires started in the rural areas of Northland, a region just north of Auckland, early last week.
What began as small, localized blazes quickly escalated into large, uncontrollable wildfires due to a
combination of dry conditions, strong winds, and record-high temperatures. In the past few days, the
fire has spread to areas closer to Auckland, putting hundreds of homes at risk."

Brooke:

"To date, more than 15 000 hectares of land have been affected, and several rural communities are on
high alert. Local authorities have reported that at least 200 firefighters are working tirelessly

to contain the flames, but the conditions remain difficult. It is estimated that the fires could take weeks
to fully control.”

Brooke:

"We have spoken to some residents who have been impacted by the fires. Some of them have already
been evacuated, while others are still in the evacuation zones, waiting for news."

Keith:

"I live just a few kilometres from the fire. Last night, the sky was filled with smoke, and we could hear
the crackling of the flames. It’s really scary, and we were told we need to leave immediately. It’s hard
to believe that this is happening so close to Auckland."

Brooke:

"Many residents have expressed their shock and fear, with some describing their experiences of seeing
the fire from their backyards. Others are still trying to gather their belongings and make their way to
the evacuation centres."

Brooke:

"What were your immediate thoughts when you first heard about the fire? Did you feel prepared?"
Keith:

"I wasn’t prepared at all. We’ve had small fires around here before, but nothing like this. When the
authorities told us to evacuate, we grabbed whatever we could and left. Now we’re staying with
friends in a nearby town."

Brooke:

"Many residents share similar stories of shock and fear. Some were able to evacuate quickly, while
others spent hours trying to make sure their homes were safe before leaving."

“Lets hear from another resident.”

Rose:

"The fire is so close now. I was on the phone with my family, and we could hear the flames in the
background. It feels like we’re living through a nightmare. I’ve lived here for years, but I’ve never
seen anything like this."

Brooke:

"Have you received much support from the community or local authorities?"

Rose:

"Yes, the support has been overwhelming. We’ve had emergency teams helping us evacuate, and the
community has really pulled together. It’s just hard not knowing what we’ll come back to."
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Brooke:

"As the fires continue to spread, authorities have issued a mandatory evacuation order for those living
in areas close to the fire fronts. If you live in the evacuation zones near Whangarei, Waitangi, or areas
to the north of Auckland, it is crucial that you leave your home immediately. Follow the designated
evacuation routes, and head towards the nearest safe shelter. Emergency services are on the ground

to assist with evacuations."

Brooke:

"For those who are farther away from the fires, such as in Auckland and other regions, the air quality
has been severely affected by the smoke. If you are in an area where the smoke is present, please stay
indoors. Close all windows and doors, and if you have air conditioning or ventilation, make sure to
turn them off to prevent the smoke from entering your home. It's important to limit outdoor activities,
especially for those with respiratory issues."

Brooke:

"Another important safety reminder for those living in the more affected areas. If you encounter any
injured or distressed animals, please report them to the local authorities or animal shelters."

Brooke:

"Please continue to monitor local news for updates and follow the instructions from emergency
services. We urge everyone to remain vigilant and follow safety protocols to protect yourselves and
your families."

Brooke:

"While many of those closest to the fires are already dealing with the evacuation orders and the
dangers of the flames, we wanted to hear from someone who, while not directly impacted, is still
feeling the weight of this crisis. Joining us now is Ruby Smith, a resident who lives a few hundred
kilometres from the affected areas, but who, like many others, has been closely following the
developments through the news."

Brooke:

"Thank you for joining us, Ruby. Can you start by telling us where you are located and

what you’ve been hearing about the fires?"

Rose:

"Yes, I live close to Taupo, which is about 300 kilometres away from the fire zone. I’'m not in an
evacuation area, thankfully, but I’ve been glued to the news. The smoke is starting to drift our way,
and there’s a sense of worry among everyone I talk to."

Brooke:

"What has been the general reaction in your community to the fires, even though you're not in
immediate danger?"

Rose:

"It’s been a mix of concern and helplessness. We know that our neighbours to the north are in a really
bad spot, and it’s hard to just watch it on TV. There’s a lot of support for the evacuees, though. People
are donating food, clothes, and things like that, but there’s also this feeling of 'What if it comes closer
to us?"

Brooke:

"It must be unsettling to watch such a crisis unfold so close to home. Have you been in touch with
anyone who has been directly impacted by the fires?"

Rose:

"Yes, I’ve been in touch with some friends who live in an evacuation zone. They’ve had to evacuate.
One of them said it was so sudden, they had barely enough time to grab their pets and

leave. They’re safe, thank goodness, but they’ve lost everything. It’s heart-wrenching to hear these
stories. You just don’t expect it to happen like this."

Brooke:

"How have you been coping with this uncertainty? Are you taking any precautions, even

though you're not in an evacuation zone?"

Rose:

"I’m trying to stay informed, obviously, but it’s been hard not to feel anxious. We’ve been checking
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air quality levels every day, and there’s a bit of smoke in the air here now. We’re keeping the windows
shut, and I’ve stocked up on some supplies just in case. I think we all feel a bit vulnerable right now."
Brooke:

"It sounds like you're taking sensible precautions. Are you getting enough information from the local
authorities and media about how to respond if the fires get any closer to your area?"

Rose:

"Yes, we’ve been getting updates. The local council has sent out information on what to do if we need
to evacuate, though we're still quite far from the danger zone. I think it’s just the uncertainty that
makes people nervous. Everyone’s keeping an eye on the weather reports and the news, but there’s no
clear answer on what will happen next."

Brooke:

"Is there anything else you’d like to share about how this situation is affecting you or your
community?"

Rose:

"I think the biggest thing is just the waiting. We don’t know if we’ll be asked to evacuate in the next
few days, but we also know that our fellow New Zealanders need help. We’re trying to stay calm and
keep supporting each other in whatever way we can. Everyone is talking about how we’ll rebuild after
this, but for now, we’re just hoping for rain. A bit of rain would make a huge difference."

Brooke:

"Thank you so much for sharing your perspective, Ruby. It’s clear that this crisis is affecting people on
every level, even those who are not directly in harm’s way. We’ll continue to monitor the situation
closely, and we appreciate you taking the time to speak with us today."

Rose:

"Thank you. Stay safe, everyone."

Brooke:

"As we continue our coverage of the devastating wildfires on New Zealand's North Island, let’s take a
moment to provide a live update on the situation. The fires, which have been burning for several days
now, show no signs of slowing down. In fact, local authorities are reporting that the flames have now
spread to over 16 000 hectares of land, with new hotspots appearing in the eastern and central regions.
Areas to the north of Auckland, including Whangarei and parts of the Bay of Plenty, remain the
hardest hit.

Firefighters are working tirelessly to contain the blaze, but the situation is far from
under control. Strong winds, which have reached speeds of up to 60 kilometres per hour, are
continuing to fan the flames, making it incredibly difficult for crews to establish fire breaks. Despite
this, firefighting teams have made progress in certain regions, and they are focusing their efforts on
preventing the fire from reaching more populated areas.

However, the weather remains a major concern. Temperatures are forecasted to rise
again over the weekend, and no significant rainfall is expected in the immediate future. Experts say
that unless conditions change, it is likely the fires will continue to spread, particularly towards the
southern parts of the island.

At this time, over 10,000 residents have been evacuated from high-risk areas, and
emergency shelters are being set up across the region. Local authorities are urging everyone to follow
evacuation orders to ensure their safety.

The fire threat has prompted the New Zealand government to declare a state of
emergency in the worst-hit areas, and additional resources are being deployed to help contain the
situation. Emergency services are also coordinating with local councils to ensure that displaced
residents are being cared for and provided with the necessary support.

In the past hour, authorities have confirmed that some of the affected communities have
lost power, and efforts are underway to restore electricity to these areas. The smoke from the fires
continues to affect air quality across large portions of the island, and residents in nearby towns are
being urged to stay indoors where possible. As the day unfolds, we expect further updates to come in,
and our teams on the ground will continue to provide you with the latest information as the situation
develops."

"Let’s turn now to the latest updates coming from the frontlines of the fires. As of
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today, emergency services are focusing their efforts on several hot spots near the town of Whangarei,
and in the areas surrounding the cities of Mangonui and Dargaville. These areas are the worst affected
by the flames."

Brooke:

"Firefighter Noah Williams, can you tell us the current situation at the fire fronts? How are the efforts
to contain the fire progressing?"

Noah:

"Right now, it’s incredibly challenging. The winds are unpredictable, and with temperatures over 30
degrees Celsius, the fire spreads quickly. Our priority is to protect lives and prevent the fire from
reaching more densely populated areas. But we are making progress, and we’re receiving more
support as the situation develops."

Brooke:

"How are the evacuation efforts being coordinated, and how are the residents responding?"

Noah:

"We have a well-established coordination system with the local councils. The community response has
been strong; many people have already evacuated, but some have chosen to stay and protect their
properties. We understand that, but we advise everyone to leave when told to do so."

Brooke:

"The evacuation efforts have been an intense focus of the authorities today, with many roads now
closed off due to the fire risk. Emergency shelters are being set up in nearby towns, with the hope of
accommodating the thousands of displaced residents."

“Thank you Noah for your input, we will get back to you soon again.”

Brooke:

"As we continue to follow the developments of these devastating wildfires, we want to remind
everyone that the situation is still very much ongoing. Firefighters are working tirelessly to contain the
flames, but the conditions remain incredibly difficult. The unpredictable winds and high

temperatures are only making their job harder, and we continue to receive reports of new

hotspots emerging in previously unaffected areas.

Authorities are urging those in affected regions to stay vigilant and follow evacuation
orders immediately. Over 10,000 residents have been evacuated so far, and shelters have been set up in
nearby towns to provide refuge for those displaced. At the same time, those of you further away from
the fire zones should still be cautious, as the smoke continues to spread across the North Island,
causing poor air quality in many regions.

If you live in these areas, it’s important to limit outdoor activities and stay indoors
whenever possible. If you notice any significant changes in the weather, such as rising winds or
worsening smoke, take immediate precautions. Local councils are working hard to provide
information and resources to help keep everyone safe, so be sure to stay tuned to the latest updates
from authorities.

Brooke:

"As the fires continue to spread, the New Zealand government has issued a mandatory evacuation
order for several communities in the affected regions. The order has impacted over 10,000 residents,
with authorities urging people to leave their homes. The risk of the fire reaching these areas is high,
and emergency shelters have been set up to accommodate those displaced."”

“Now we are going to hear from our minister of environment.”

Brooke:

"How is the government handling this emergency, and what steps are being taken to ensure the safety
of residents?"

Minister of environment:

"The government is fully committed to providing support for both affected residents and the
emergency services. We've dispatched additional resources, and our primary focus is on saving lives.
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This includes the evacuation orders, providing food and shelter, and ensuring our firefighting efforts
are as effective as possible. We're working closely with local councils and emergency teams to
coordinate the response."

Brooke:

What are the long-term plans to address the aftermath of these fires, and how is the government
planning to assist those who have lost their homes?"

Minister of environment:

"Long-term recovery will be a challenge, but we are already planning for it. We’ll provide financial
support, rebuild damaged infrastructure, and work with local councils to ensure that displaced
residents are given temporary accommodation. This crisis is far from over, but we are united in
ensuring that we stand by those affected."

Brooke:

"Alongside these efforts, the government is setting up counselling services to help residents deal with
the emotional and psychological toll that such traumatic events have caused. Many are also asking
whether more could have been done in advance. Are there any plans to strengthen fire prevention or
climate resilience going forward?"

Minister of environment:

"Absolutely. These fires are a stark reminder of the growing threat posed by climate

change. We’re accelerating our national resilience strategy, which includes investing in firebreak
infrastructure, early warning systems, and community preparedness training. We’ll also review land
management policies, especially in high-risk zones, to better protect lives and property in the future.
Prevention is key, and we intend to learn from this disaster."

Brooke:

"Many New Zealanders watching from afar want to help. Is there anything the public can do right now
to support those affected by the fires?"

Minister of environment:

"Yes, and [ want to thank everyone who has reached out with offers of help. We encourage people to
donate to verified relief organizations working on the ground — they need funds to continue providing
food, clothing, and shelter. For those in unaffected areas, blood donations are also welcome. And just
as importantly, we ask everyone to stay informed and follow official guidance to avoid
misinformation, which can hinder emergency efforts. The solidarity we’ve seen has been
extraordinary, and it truly makes a difference."

Brooke:

"The weather has played a significant role in the rapid spread of these wildfires. Experts

have stated that the ongoing heat wave, combined with dry conditions from a prolonged drought, has
created an environment where fires can ignite and grow quickly. The winds have been shifting
throughout the day, making it difficult for firefighters to predict the direction of the flames."
Minister of environment:

"The conditions are very concerning. We’re expecting strong winds to continue, which will

further exacerbate the situation. We also have high temperatures forecasted for the next few days, and
there’s very little rainfall in sight. This means the fires are likely to continue to spread unless we see
significant intervention."

Brooke:

In times of crisis, we often see communities coming together in remarkable ways. What has stood out
to you most in terms of how New Zealanders are responding to these wildfires?"

Minister of environment:

"What’s truly moving is the sense of solidarity. From volunteers preparing meals in evacuation
centres, to neighbours helping each other evacuate livestock, to school children raising money for
affected families — the response has been overwhelmingly compassionate. It’s a powerful reminder
that while this disaster has caused immense hardship, it has also brought out the best in people. These
moments of connection are what carry us through. I couldn't be prouder of how New Zealanders have
stepped up for one another."

Brooke:

Thank you very much for answering the questions!
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Brooke:

"New Zealand’s wildfires are part of a larger global trend. With increasing temperatures, similar
wildfires have been devastating regions across the world, from California to Australia. Scientists warn
that climate change is a contributing factor, making extreme weather events more frequent and intense.
To understand the wider implications of these fires, we're joined now by Isla Jones, a climate

scientist.

Isla:

"Yes, we are seeing a global pattern. The rising temperatures and changing weather conditions are
creating an environment where wildfires are more likely to occur and more difficult to control. This is
an issue that many countries are grappling with, and New Zealand is no exception."

"Specifically, what we’re observing is a combination of longer drought periods,
reduced humidity, and shifting wind patterns — all of which contribute to what we call ‘fire weather.’
These are the precise conditions that fuel large, fast-spreading wildfires. Climate change doesn’t cause
wildfires directly, but it intensifies the conditions that allow them to ignite and grow rapidly."
Brooke:

"So in practical terms, what does this mean for the future? Should New Zealanders prepare for
wildfires becoming a regular part of life?"

Isla:

"Unfortunately, yes. Without significant reductions in global greenhouse gas emissions, the models
suggest that the frequency and intensity of such events will increase. That means longer fire seasons,
more stress on ecosystems, and greater risks to human health and infrastructure. What we’re seeing
now may soon become the new normal — unless we act decisively."

Brooke:

"And is there any hope? Can we reverse this trend, or are we too far gone?"

Isla:

"There is hope, but time is critical. By reducing emissions, transitioning to renewable energy,
protecting our native forests, and investing in adaptation strategies, we can still avoid the worst
outcomes. It’s not just about stopping climate change — it’s about building resilience now, for the
generations to come."

Brooke:

"Let’s return briefly to the situation on New Zealand’s North Island, where wildfires continue to burn
— though with some signs of progress. According to the latest reports, fire crews have managed to
slow the spread of several active fronts, particularly in the western and central parts of the affected
region. While the total area impacted remains significant — now estimated at just over 17 000
hectares— there have been no major new flare-ups in the past 12 hours. Areas north of Auckland,
including Whangarei and inland parts of the Bay of Plenty, remain closely monitored. Local
firefighters, supported by crews from other regions, are continuing their efforts to strengthen
containment lines around residential zones."

"Weather conditions have improved slightly in the past hours, with lower wind
speeds and a modest drop in temperature, giving emergency teams a much-needed window to regroup
and reinforce key zones. However, fire officials are warning that the situation remains unpredictable,
and that any shift in wind direction could cause renewed challenges."

"Evacuation orders remain in place in certain high-risk areas, and about 10,000
people are still unable to return to their homes. Emergency shelters continue to operate, and local
authorities say they’re well stocked and supported."”

"In addition to the fire threat itself, smoke continues to affect air quality in many towns
and cities — especially in lower-lying areas. Health authorities are advising residents to stay indoors if
possible, especially those with asthma or respiratory conditions, and to avoid strenuous outdoor
activity."

"While some power disruptions are still being reported in more remote communities,
repair crews are working steadily to restore services. In addition, air quality is still affected in pockets
of the North Island, but health officials say conditions have slightly improved compared to earlier in
the week."
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"As always, we’ll continue to monitor the situation and bring you updates as they come
in. For now, authorities are urging residents to remain vigilant, follow official advice — and check in
on neighbours who may need support."”

Brooke:

"As the fires continue to sweep across New Zealand’s North Island, the landscape is changing before
our eyes. Once-green hills have been reduced to charred ground, and smoke now hangs heavy in the

air — stretching far beyond the fire fronts. In many towns, daylight appears filtered through an eerie

orange glow, and the sun, barely visible, casts an otherworldly red hue over the haze.

“What began as isolated grass fires has quickly escalated into a wide-reaching crisis,
fuelled by parched conditions, high temperatures, and relentless wind. Some residents describe
stepping outside and smelling ash in the breeze — even hundreds of kilometres from the blaze. For
many, the natural rhythm of life has been interrupted. The air smells of smoke, the skies are quiet but
tense, and the wind carries not only embers but uncertainty."

"When the fire passes through, it doesn’t just burn trees and homes — it leaves behind
questions. What will people return to? What will be left standing? For families forced to flee, the fear
of losing everything is no longer hypothetical — it’s immediate and real.

But beyond the immediate chaos lies another battle: recovery. Scientists warn that the aftermath of
wildfires can linger long after the flames are gone. The scorched earth becomes vulnerable to erosion,
native plants and animals may not return, and local ecosystems — from wetlands to farmland — may
take years to recover.

“Still, in the face of destruction, there is resilience. Communities are already speaking
of rebuilding, supporting one another, and preparing for the long road ahead. These fires have exposed
vulnerabilities, yes — but they’ve also revealed a deep sense of solidarity and strength among New
Zealanders."

“Ten years ago, New Zealand faced one of its most devastating wildfire seasons in
recent memory. Entire communities were razed, homes were lost, and thousands of hectares of forest
were consumed by the flames. The long recovery process that followed was not only about rebuilding
houses — it was about healing a community, restoring ecosystems, and facing the harsh reality of a
future where fire risks are increasingly severe.

“One person who was at the forefront of this recovery effort is Susan Kelly, a former
disaster management specialist who worked closely with affected regions. Having been a key figure in
coordinating relief efforts and guiding the recovery process, Susan has a unique perspective on the
challenges faced and the strategies that were implemented to rebuild from the ground up. I spoke with
Susan recently about her work during the aftermath of those fires, the resources required for such a
massive undertaking, and how the lessons learned from that time are still shaping New Zealand's
approach to wildfire preparedness today."

"Susan, thank you for joining us today. You were directly involved in the aftermath of
the wildfires that devastated many regions of New Zealand a decade ago. Could you tell us a bit about
your role during that time, and what the immediate challenges were?"

Susan:

"Of course, Brooke. My role at the time was to coordinate the recovery efforts across the most heavily
affected areas. The immediate challenge we faced was not just the physical destruction but also the
emotional and psychological toll on communities. People had lost everything — their homes, their
livelihoods, some even their loved ones. It was a tremendous shock, and while our primary task was to
get people into temporary accommodation and provide food, water, and medical aid, we also had to
start thinking about long-term recovery — rebuilding homes, restoring local economies, and getting
the environment back to something like normal."

Brooke:

"That sounds incredibly challenging. What were some of the biggest obstacles you faced during the
rebuilding process?"

Susan:

"Well, it wasn’t just about rebuilding houses. A major obstacle was the massive damage to the natural
environment. The fires destroyed vast areas of forest, which are not only crucial for biodiversity but
also for local industries like forestry and tourism. We had to bring in experts to assess the damage,
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restore ecosystems, and even ensure that local wildlife could return. It was an overwhelming task, and
to do this effectively, we had to mobilize large-scale resources — both in terms of funding and human
labour."

Brooke:

"How much did the recovery process cost, and what kinds of resources were needed to get everything
back on track?"

Susan:

"To put it simply, the recovery was a huge financial undertaking. The government allocated over $500
million in aid for the most affected regions, but that was just the start. A lot of local businesses and
individuals had to rely on additional grants and loans to rebuild. On top of that, we needed specialists
for everything from land restoration to fire management. It was a massive coordination effort between
local authorities, environmental agencies, and private contractors. The rebuilding of infrastructure
alone — roads, bridges, water systems — took years to complete."

Brooke:

"That’s a staggering amount. And you mentioned environmental restoration. What kinds of
environmental impacts were most pressing, and how did you approach those?"

Susan:

"One of the most immediate concerns was soil erosion. When forests burn, the ground becomes much
more vulnerable to flooding, and that can lead to massive soil loss. We had to plant cover crops and
trees to help hold the soil in place. It’s a slow process. But we also worked on restoring waterways that
had been contaminated by ash and chemicals from the fires. The impact on local flora and fauna was
also significant. We brought in environmentalists to help restore plant life, ensuring that the unique
biodiversity of the area would slowly return.”

Brooke:

"It sounds like the recovery process was far more complex than many might imagine. Looking back,
what would you say were the most important lessons learned from that experience, especially when it
comes to future wildfire preparedness?"

Susan:

"One of the key lessons was the importance of early intervention and community involvement. The
faster you can act — both in terms of evacuations and relief — the better. But equally important is
preparing for the long haul. Recovery doesn’t happen overnight, and it takes years to heal. We also
learned that fire management needs to be proactive, not just reactive. Firebreaks, controlled burns, and
land management are crucial in preventing fires from becoming uncontrollable. Another critical lesson
was about resilience — communities that worked together, that supported each other through the
rebuilding process, fared much better."

Brooke:

"That’s incredibly insightful, Susan. As we face new fire seasons, your experience and the strategies
you employed are undoubtedly invaluable. Thank you for sharing your knowledge with us today."
Susan:

"Thank you, Brooke. It’s a pleasure to share what we’ve learned, and I hope that, by talking about
these experiences, we can help others better prepare for whatever the future holds."

Brooke:

"As we continue to monitor the situation in New Zealand, it’s clear that the wildfire crisis is far from
over. Emergency crews are working around the clock to bring the fires under control, while
communities are bracing for more challenges. In the next couple of hours, we expect more updates as
the firefighting efforts intensify and the government continues to provide support."

“Authorities have issued urgent evacuation orders for residents in fire-affected zones. If
you are in the evacuation areas near Whangarei, Waitangi, or locations north of Auckland. Follow
instructions given by the authorities.

"For those located further from the fires, such as in Auckland and surrounding regions,
the smoke has caused significant air quality issues. If you're in an area with visible smoke, it’s crucial
to stay indoors. Ensure all windows and doors are closed, and if you have air conditioning, switch it
off to prevent the smoke from entering your home. We strongly advise limiting outdoor activities,
particularly for individuals with pre-existing respiratory conditions."
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"Another key safety note for those in or near affected areas. If you encounter any
animals in distress or injured, please contact local animal control or shelters for assistance. Stay tuned
to local news outlets for the latest information, and always follow the guidance provided by
emergency services. We encourage everyone to be vigilant, adhere to safety instructions, and take all
necessary precautions to protect yourselves and your loved ones."

Brooke:

"As we continue our coverage of the ongoing wildfire crisis here on New Zealand’s North Island, we
now turn to someone who has been at the heart of the emergency response. With us today is George
Dale, captain of the fire department in the Auckland region. He and his team have been working
around the clock in extremely difficult conditions to try and contain the fires and protect both lives and
property. We’re incredibly grateful that he’s taking a few minutes to speak with us during this critical
time. George, welcome — and thank you so much for joining us."

George:

"Thanks for having me, Brooke. It’s a challenging situation right now, but we’re doing everything we
can."

Brooke:

"Let’s start with the current state of the fires. What are the conditions like where you are?"

George:

"Right now, the fire is spreading quickly. The ground is extremely dry, and the wind is working
against us. It’s blowing from the south and pushing the flames northward at a dangerous pace. As soon
as we manage to control one section, another flares up. The conditions are unpredictable."

Brooke:

"How is the wind impacting both the spread of the fire and your ability to respond?"

George:

"The wind is a major challenge. Not only is it spreading the fire, but it’s also carrying smoke over long
distances — so even people far from the fire zones are affected. We’ve had reports of smoke reaching
towns where there’s no fire at all, which creates confusion and health concerns."

Brooke:

"And how are your crews managing under this pressure?"

George:

"Our firefighters are exhausted. They’ve been working nonstop, often in dangerous terrain and under
extreme heat. We’re rotating teams as best we can, but the truth is we’re stretched thin. That’s why
we’re incredibly thankful that teams from Australia are joining us — it’ll give our firefighters a chance
to rest, eat properly, and get back to the line with renewed energy."

Brooke:

"George, we’ve heard a lot about how the fires are impacting both rural and urban areas. What are
some of the biggest challenges your team is facing on the ground right now?"

George:

"One of the biggest challenges we’re dealing with is the unpredictability of the wind. It changes
direction quickly, which makes it extremely difficult to plan ahead or contain specific

areas. We’ll think we’ve got a section under control, and then a gust picks up and suddenly we’re back
where we started — or worse. Another major issue is fatigue. Our firefighters have been working long
shifts with little rest. That’s why the incoming support from Australia is so crucial — we need fresh
hands and time to recover if we’re going to keep this up in the days ahead.”

Brooke:

"What steps are you taking to protect both the public and your own teams?"

George:

"Public safety is our top priority. Fires can shift suddenly with the wind. For our

teams, we’re reinforcing safety protocols and focusing on protecting high-risk areas while minimizing
exposure. No one’s life is worth a patch of land. We’re doing everything with caution."

Brooke:

"Do you think the situation could worsen in the coming days?"

George:

"I’m afraid so. Unless we get a change in the weather — some rainfall or a drop in wind speed — we
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expect to be battling this fire for several more days. The forecast isn’t encouraging, so we’re preparing
for a prolonged operation."

Brooke:

"What’s your message to the public right now?"

George:

"Stay informed. Listen to official advice and take evacuation orders seriously. Keep your windows
closed, especially if you’re downwind from the fires, and check on your neighbours. And to everyone
supporting us — thank you. Whether it’s volunteers bringing food or families offering shelter to
evacuees — every bit of kindness helps."

Brooke:

"Captain George, thank you again for everything you and your team are doing. We truly appreciate
your time, and we’ll speak to you again soon for another update."

George:

"Thank you, Brooke. Stay safe, everyone."

Brooke:

"As we continue to monitor the wildfire emergency across New Zealand’s North Island, there are now
some early signs of progress. Fire officials report that containment efforts have been successful in
several key areas, and while much work remains, crews have managed to slow the spread of the flames
in parts of the central and western regions. According to a statement released by the Auckland Fire and
Emergency Services, the situation is 'under control in multiple zones, but the threat remains active —
and the coming days will be critical.""

"Evacuation orders are still in effect for residents living near the active fire zones,
including regions north of Auckland such as Whangarei and Waitangi. Use designated routes and head
to the nearest emergency shelter. Teams are on-site to assist with transportation and safety”

"For those located farther from the fire fronts — in places like Auckland and
surrounding districts — smoke continues to pose a significant health risk. Air quality alerts remain in
place. If smoke is visible in your area, stay indoors, shut all windows and vents, and avoid outdoor
activity whenever possible. Health services stress the importance of protecting vulnerable groups such
as children, the elderly, and anyone with respiratory issues."

"While we are encouraged by the efforts of our firefighting crews and the slowing of
the fire’s spread in some places, this crisis is far from over. The weather remains unpredictable, and
fire crews are urging the public not to become complacent. Continue to follow all safety instructions
and keep monitoring local news and government updates for the latest developments."

Brooke:

“Noah, can you give us a current update from where you are? What does the situation look like on the
ground right now?”

Noah:

“At the moment, we’re seeing some improvements. In the last hour, we’ve managed to contain a few
critical hotspots near the eastern perimeter, but the wind is still shifting, which keeps us on

edge. We’re working hard to stop the fire from moving further north, and although conditions are
tough, we’re more optimistic than we were two days ago.”

Brooke:

“What are the biggest challenges you and your team are facing at this stage?”

Noah:

“One of the main issues is fatigue. Our teams have been working in shifts around the clock, and
while we’re getting support from other regions — including international crews — it's still an
enormous physical and mental challenge. The dry vegetation and sudden wind changes don’t make
things easier either.”

Brooke:

"Are local communities cooperating with the evacuation and safety efforts?"

Noah:

“Generally, yes. Most people are listening to the advice and evacuating when told to. That makes a
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huge difference. But there are always a few who want to stay behind to protect their homes. We
understand that instinct, but it puts lives at risk — both theirs and ours.”

Brooke:

"Noah, with the rapidly changing conditions, how do you and your team stay prepared for the
unexpected during a wildfire like this?"

Noah:

"Staying prepared is all about quick decision-making and teamwork. The weather can change so fast,
and the fire can shift direction with the wind in just minutes. We have to be ready to adjust our tactics
at any moment. Our team keeps constant communication, and we have spotters and lookout teams
who monitor the fire's movements. We always have backup plans in place. At the same time, our
training is key — it’s what helps us stay calm and act efficiently, even when the situation is at its most
unpredictable."”

Brooke:

"It’s time to take a step back and reflect on the situation we’ve been closely following over the past
few days. The wildfires that have been raging across parts of New Zealand, particularly in the
Auckland and Northland regions, have left a profound mark on the landscape, the environment, and
most importantly, on the communities affected by the flames. We’ve heard from experts, we’ve heard
from firefighters who are on the frontlines, and we’ve heard from residents who are experiencing the
consequences of these devastating fires. But it’s crucial that we not only understand the

immediate consequences, but also look at what the long-term recovery and rebuilding efforts will
require, and what lessons we can learn as a nation moving forward.

“At this moment, the situation is still ongoing, and we cannot afford to be complacent.
As many of you already know, the fires have been incredibly difficult to control due to the dry
conditions, high winds, and the sheer scale of the affected areas. The wind, in particular, has played a
major role in spreading the fires, pushing them into new areas and making them difficult
to contain. It’s a cruel reminder of how nature can be both beautiful and unpredictable, and how
vulnerable we are in the face of such forces.

“Authorities have been working tirelessly to keep the public informed, issuing
evacuation orders for those living in fire-prone areas. These evacuations are necessary to save lives
and to give emergency services the space they need to do their work. For those of us not in immediate
danger, it’s important to keep in mind that the smoke from the fires is a major health risk, and we
should all take precautions to avoid exposure. Whether it’s staying indoors, keeping windows closed,
or using air filtration systems, every effort to protect ourselves and our families counts in moments
like this.

“But even as we see the widespread destruction that has been caused, there are also
moments of hope and resilience emerging. We’ve seen communities come together, offering help to
neighbours, supporting those who’ve lost their homes, and assisting emergency services however they
can. We’ve heard from firefighters, who have been on the frontlines for days now, battling the flames
in exhausting conditions, who refuse to give up even as their resources are stretched thin.

And we’ve seen the remarkable efforts of those from other regions and even from other countries, who
have flown in to help fight the fire, bringing additional support and expertise. The
international cooperation has been heartening to witness.”

“But there’s no denying that the work is far from over. Firefighters are still fighting on
multiple fronts, trying to control the flames, prevent further spread, and extinguish pockets of fire that
continue to burn. In some areas, the situation has improved, but in others, the fires are still
raging. It’s been a difficult battle, and one that has tested the limits of the men and women on the
ground. Noah, one of the brave firefighters we’ve heard from today, spoke about how important it is
for them to stay prepared for the unexpected, especially when conditions change so
quickly. That’s been a hallmark of this firefighting effort: adaptability.

As we speak, firefighters from across New Zealand and beyond are being deployed to the worst-hit
areas. We’ve heard that teams from Australia will be joining the fight, something that will be a
welcome relief as local crews take the necessary rest they need to recharge and rehydrate. After days
of intense work, it’s crucial that they get the support they need so that they can continue doing their
jobs safely and effectively. We can’t forget the human element in all of this — these firefighters are
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putting their lives on the line, working in extreme conditions to protect both property and lives. They
deserve our utmost respect and appreciation.

“And then, of course, we have to look ahead. What happens when the fires are finally
under control? How do we rebuild, not only physically, but emotionally, as a community? As we
heard from Susan, who worked in the aftermath of the devastating wildfires that occurred ten years
ago, recovery is a long and difficult process. It’s not just about rebuilding homes and
infrastructure; it’s about restoring a sense of safety and normalcy for families who have lost
everything. It’s about supporting those who have been traumatized by the experience,
whether they’ve lost their homes, their livelihoods, or loved ones. This type of recovery requires an
immense amount of resources — both financial and emotional.

The government will play a crucial role in this process, providing financial support for those who need
it most, whether it’s for immediate relief or for long-term rebuilding efforts. But it’s not just the
government’s responsibility — it’s up to all of us as a community to pitch in. We’ve seen
extraordinary acts of kindness and generosity already, and we know that many of you are looking for
ways to help. Whether it’s donating to relief funds, volunteering your time, or simply offering a place
to stay for those who’ve been displaced, every little bit helps. We all have a part to play in the
recovery effort, and we must continue to stand together as a nation.

“At the same time, we must not ignore the bigger questions that this crisis raises. How
do we prepare for the next fire season? How do we ensure that we’re better equipped to handle these
kinds of events in the future? These wildfires are a stark reminder of the importance of climate change
action. While we cannot prevent every fire from happening, we can do more to mitigate the risks by
investing in sustainable land management, improving fire prevention strategies, and addressing the
root causes of climate change. The fires in New Zealand are part of a broader global trend,
and it’s clear that we need to take action now to prevent future disasters.

“We’ve also heard from the fire experts about the challenges of managing such large-
scale fires. The resources required to combat fires of this magnitude are enormous — not just in terms
of manpower, but in terms of equipment, funding, and logistical coordination. This is an all-hands-on-
deck situation, and we must recognize the importance of supporting our emergency services and
ensuring they have what they need to do their job effectively.*

“So, as we continue to monitor the situation, let’s keep the people on the frontlines in
our thoughts. Let’s remember the communities that have been affected, and let’s acknowledge the
incredible resilience they’ve shown. And let’s also think about what comes next — because the
recovery and rebuilding process will require all of us to come together and support one another. It will
be a long road, but if there’s one thing we’ve learned from this crisis, it’s that New Zealanders know
how to stand together in the face of adversity.”
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Appendix E. Results

In this Appendix, results from the experiments that were excluded from the result section in the thesis
is presented.

1 Free- flow speed

1.1 Normality tests

In Table E1: the normality test for the free-flow speed for the extinction coefficients that are identical
between New Zealand and Rohaert et al. (2025) is shown. The test indicated that the sample from New
Zealand was from a normal distribution for the extinction coefficient 0.1 m™', but not for the extinction
coefficients 0 m™ and 0.05 m™!. The test indicated that the sample from Rohaert et al. (2025) was from a
normal distribution for the extinction coefficient 0.1 m™ and 0.05 m™, but not for the extinction
coefficient 0 m™.

Table E1: Normality test for free-flow speed for the New Zealand dataset and Rohaert et al. (2025) dataset.

Dataset Extinction P-value* Is sample drawn from a
coefficient [1/m] normal distribution?

NZ 0 <0.001 No
0.05 <0.001 No
0.1 0.788 Yes
Rohaert 0 <0.001 No
etal. 0.05 0.546 Yes
0.1 0.496 Yes

*Shapiro-Wilk
1.2 Independent samples tests
In Table E2: the U-test and T-test between the sample from New Zealand and Rohaert et al. (2025) are
presented. The tests showed that the samples were drawn from the same distribution for the extinction
coefficients 0.05 m™'and 0.1 m™ and that the samples were drawn from different distributions for the
extinction coefficient 0 m™'. This was also the case when the significance level was adjusted according

to the Bonferroni correction. However, the calculated effect size indicated that the effect was small
(Numiqo Team, 2025).

Table E2: U-test and T-test for free flow-speed between the datasets from New Zealand and Rohaert et al. (2025)

Test Extinction P-value* Significance Are samples 4 N Effect
coefficient level (a)** drawn from the size
[1/m] same distribution?
U-test 0 0.005 0.017 No -2.79 88 0.3
U-test 0.05 0.758 0.017 Yes 0308 S8 -
T-test 0.1 0.877 0.017 Yes - 88 -

* Shapiro-Wilk
** The significance level (o = 0.05) was divided by twelve according to the Bonferroni
correction.

The variable SWE was introduced in order to do a statistical test to see if the linear regression model for
the New Zealand dataset was statistically different from the dataset from Rohaert et al. (2025). The
variable SWE is 0 for the New Zealand dataset and 1 for the dataset from Rohaert et al. (2025). The
variable Smoke*SWE is the extinction coefficient multiplied by the SWE variable. Results from the
multivariate linear analysis are shown in Table E
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Table E3: Statistical test for linear regressions.

Variable P-value Significance level
SWE 0.1 0.05
Smoke * SWE 0.252 0.05

1.3 Regression analysis
In Figure E1 a linear regression of the dimensionless speed for the combined dataset between New
Zealand and Rohaert et al. (2025) is presented with a 95% confidence interval.
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Figure E1:  Dimensionless speed as a linear regression of extinction coefficient, with confidence interval.

In Figure E2 an exponential regression of the dimensionless speed for the combined dataset between
New Zealand and Rohaert et al. (2025) is presented.
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Figure E2:  Dimensionless speed as an exponential regression of extinction coefficient.
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In Figure E3 a power regression of the dimensionless speed for the combined dataset between New
Zealand and Rohaert et al. (2025) is presented.
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Figure E3:  Dimensionless speed as a power regression of extinction coefficient.
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2 Headway

2.1 Boxplots

In Figure E4 the distance headway for each measuring phase and extinction coefficient is presented for
the dataset from New Zealand and Rohaert et al. (2025). This figure is the same as Figure 18 in the
thesis; however, that figure only shows headway up to 180 m. Figure E4: Boxplots for distance
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and from Rohaert et al.
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Figure E4:  Boxplots for distance headway, including all datapoints for the dataset from New Zealand
and from Rohaert et al. (2025).

*During each measuring phase (Going 20, Going 40, Going 60, Going 80), the participant’s
distance headway was measured for 30 seconds.

In Figure E5 the distance headway for each measuring phase and the identical extinction coefficients
are presented for the dataset from New Zealand and Rohaert et al. (2025). This figure is the same as
Figure 19 in the thesis; however, that figure only shows headway up to 180 m. Figure E4: Boxplots

for distance headway, including all datapoints for the dataset from New Zealand
and from Rohaert et al.
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Figure E5:  Boxplots for distance headway, including the extinction coefficients that are identical for

the dataset from New Zealand and from Rohaert et al. (2025).

88



*During each measuring phase (Going 20, Going 40, Going 60, Going 80), the participant’s
distance headway was measured for 30 seconds.

2.2 Normality tests
In Table E4, the normality test for the dataset from New Zealand, with identical extinction coefficients,
is presented. The test showed that no sample was drawn from a normal distribution.

Table E4: Normality test for distance headway for all phases with the same extinction coefficients for the New Zealand
dataset

Phase Extinction P- Is sample drawn from a
[1/m] value normal distribution?

Going 0 <0.001 No
20 0.05 <0.001 No
0.1 <0.001 No
Going 0 <0.001 No
40 0.05 <0.001 No
0.1 <0.001 No
Going 0 <0.001 No
60 0.05 <0.001 No
0.1 <0.001 No
Going 0 <0.001 No
80 0.05 <0.001 No
0.1 <0.001 No

2.3 Independent samples test

In Table ES, the U-test for distance headway between the datasets from New Zealand and Rohaert et al.
(2025) is presented. The test showed that there was a statistical difference between the samples for the
extinction coefficient 0 m™! for the phase Going 80. However, since the U-test is repeated twelve times,
the significance level (0.05) was divided by twelve according to the Bonferroni correction. This results
in there being no statistical difference in all phases for each extinction coefficient.

Table ES5: U-test for distance headway for all phases with the same extinction coefficients for the New Zealand dataset and
the dataset from Rohaert et al. (2025).

Phase Extinction P-value* Significance Are samples Z N Effect
[1/m] level (a)* drawn from the size
same distribution?
20 0 0.950 0.004 Yes -0.063 80 -
0.05 0.605 0.004 Yes -0.518 87 -
0.1 0.919 0.004 Yes -0.102 85 -
40 0 0.627 0.004 Yes -0.486 85 -
0.05 0.731 0.004 Yes -0.343 88 -
0.1 0.843 0.004 Yes -0.198 87 -
60 0 0.444 0.004 Yes -0.766 88 -
0.05 0.718 0.004 Yes -0.361 88 -
0.1 0.653 0.004 Yes -0.450 87 -
80 0 0.045 0.004 Yes -2.007 88 0.214
0.05 0.826 0.004 Yes -0.220 88 -
0.1 0.902 0.004 Yes -0.123 88 -

* Shapiro-Wilk
** The significance level (o = 0.05) was divided by twelve according to the Bonferroni
correction.
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2.4 Speed-headway and speed-traffic density relationships
The speed as a function of the distance headway is separately presented for each of the extinction
coefficients that were identical between the New Zealand dataset and the dataset from Rohaert et al.

(2025) in Figures E6-8 to visually show its similarities.
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Figure E6: Relationship between speed and distance headway for extinction coefficient 0 m™.
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Figure E7: Relationship between speed and distance headway for extinction coefficient 0.05 m™.
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Extinction coefficient = 0.1 [1/m]
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Figure ES: Relationship between speed and distance headway for extinction coefficient 0.1 m™.

The speed as a function of the traffic density is separately presented for each of the extinction
coefficients that were identical between the New Zealand dataset and the dataset from Rohaert et al.
(2025) in Figures E9-11, to visually show its similarities.
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Figure E9: Relationship between speed and traffic density for extinction coefficient 0 m™.
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Figure E10: Relationship between speed and traffic density for extinction coefficient 0.05 m™.
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Figure E11: Relationship between speed and traffic density for extinction coefficient 0.1 m™.
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3 Cultural differences — continent distribution

3.1 Boxplots

Figure E12 shows the free-flow speed for the three different continents, Asia, Europe, and Oceania, in
the New Zealand dataset. The participants were divided into the three continents Asia, Europe and
Oceania depending on what nationality/citizenship they answered in the questionnaire. The continent
Asia consisted of 31 participants, Oceania consisted of 15 participants and Europe consisted of eight
participants. The average free-flow speed for the group of Europe stands out since it is lower than the
other two continents for all extinction coefficients except for 0 m™'. Statistical tests (see section E3.2 and
E3.3) showed that there were no statistical differences for all the extinction coefficients and continents
(U-tests and T-tests with a p-value >0.003). However, since the sample size is small for all continents,
this limits the conclusions that can be drawn from this result.
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Figure E12: Boxplot presenting free-flow speed for the three investigated continents for each
extinction coefficient in the New Zealand dataset.

Europe was the continent with the smallest sample size, half of the sample from Oceania and
approximately one fourth of the sample from Asia. It was therefore decided to include all datapoints
from the experiment conducted in Sweden by Rohaert et al. (2025) into the European sample in the
experiments conducted in New Zealand. That all participants in the data collection by Rohaert et al.
(2025) is from Europe is an assumption based on which country they were most familiar to drive in.
This is a limitation, that is further discussed in section 6.1.1.

Figure E13 shows the free-flow speed for the participants from Europe, in both the experiments
conducted in New Zealand and in Sweden by Rohaert et al. (2025). No considerable differences for the
free-flow speed of the European participants in the New Zealand dataset and the dataset from Rohaert
et al. (2025) were observed.

93



150
B Europe (New Zealand)
* M Europe (Roheart et al.)
= *
F N
Z 100
I ;
3
-7}
5| ==
]
B .
)
=
$ 50
=
0
0 0.05 0.1

Extinction coefficient [1/m]

Figure E13: Boxplot presenting free-flow speed for the identical extinction coefficients for the New Zealand
dataset and the dataset from Rohaert et al. (2025).

Statistical tests confirmed to some extent that there were no statistical differences between the European
participants for the two data collections (see section E3.2 and E3.3). For the extinction coefficient 0.05
m! (T-test with a p-value of 0.225) and 0.1 m™! (T-test with a p-value of 0.163), there was no statistical
difference between the samples. For the scenario without smoke, extinction coefficient 0 m™ (U-test
with a p-value of 0.024), the test showed that there was a statistical difference between the samples.
However, the effect size, calculated to 0.37, indicated that the effect was medium (Numiqo Team, 2025).
Although when applying the Bonferroni correction, the p-value (0.024) is bigger than the adjusted
significance level (0.017), meaning that there is no statistical difference, see section E3.3.

Due to that no statistical differences between the European sample for the experiments conducted in
New Zealand and the data collection by Rohaert et al. (2025) was found, statistical tests were performed
between the three continents with the datapoints from Rohaert et al. (2025) included in the continent of
Europe. The statistical tests showed that there were no statistical differences (U-tests and T-tests with a
p-value >0.003) between the samples from the different continents for all extinction coefficients, see
Appendix E (E3.3).

Figure E14 shows the free-flow speed for the participants divided into the three continents, Asia, Europe,
and Oceania. The group for Europe is a combined dataset from the experiments conducted in New
Zealand and the experiments by Rohaert et al. (2025) conducted in Sweden, with almost all participants
reporting coming from Europe. The group “Asia” consisted of 31 participants, the group “Oceania”
consisted of 15 participants, and the group “Europe” consisted of 38 participants for the identical
extinction coefficients (8 from the New Zealand dataset and 30 from the Rohaert et al. (2025) dataset).
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Figure E14: Boxplot presenting free-flow speed for the continents, with the combined Europe sample.

3.2 Normality tests
In Table E6 the normality test for the three continents, Asia, Europe, and Oceania, for all extinction
coefficients for the New Zealand dataset is presented. The normality test showed that the sample from
Asia with an extinction coefficient of 0 m™, the sample from Oceania with the extinction coefficients
0.025 m!, 0.05 m’!, and the dataset from Rohaert et al. (2025) with the extinction coefficient of 0 m™!
were not from a normal distribution. The test indicated that the other datasets were from a normal

distribution.

Table E6: Normality tests for different continents in the New Zealand dataset.

Dataset

New Zealand

Rohaert et al.

Rohaert et al.
and
New Zealand

Continent Extinction P-value

[1/m]

0 <0.001

0.025 0.103

Asia 0.05 0.810

0.075 0.713

0.1 0.800

0 0.138

0.025 0.953

Europe 0.05 0.472

0.075 0.649

0.1 0.595

0 0.395

0.025 0.010

Oceania 0.05 0.032

0.075 0.357

0.1 0.156

Europe 0 <0.001

(Sweden) 0.05 0.546

0.1 0.496

0 <0.001

Europe 0.05 0.359

0.1 0.209
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3.3 Independent samples test

In Table E7, the U-test and the T-test between the three continents are presented for the New Zealand
dataset. The group “Asia” consisted of 31 participants, the group “Oceania” consisted of 15 participants,
and the group “Europe” consisted of 8§ participants. The tests showed that for all extinction coefficients
and all continents there was no statistical difference, when the Bonferroni correction is applied. Without
the Bonferroni correction there is a statistical difference for the extinction coefficient 0.075 m™! for the
continents Asia and Europe as well as extinction coefficient 0.1 m™ for the continents Oceania and
Europe.

Table E7: U-test and T-test for the three continents, Asia, Oceania, and Europe, for the New Zealand dataset.

Groups Test Extinction P-value* Significance Are samples V4 N
tested [1/m] level (a)** drawn from the
same distribution?
Asia vs. | S LR 0 0.972 0.003 Yes -0.035 46
Oceania = test
Asiavs. | T- 0 0.549 0.003 Yes . 39
Europe | test
Oceania T
vs. . 0 0.808 0.003 Yes - 23
test
Europe
Asiavs. | U-
. 0.025 0.935 0.003 Yes -0.082 46
Oceania = test
Asta vs. |- 12 0.025 0.112 0.003 Yes - 39
Europe = test
Oceania U
VS. ) 0.025 0.156 0.003 Yes -1.42 23
test
Europe
Asiavs. U-
. 0.05 0.953 0.003 Yes -0.059 46
Oceania = test
Asiavs. | T- 0.05 0.157 0.003 Yes - 39
Europe = test
Oceania U
VS. ) 0.05 0.156 0.003 Yes -1.42 23
test
Europe
Asiavs. | T-
0.075 0.372 0.003 Yes - 46

Oceania = test
Asia vs. T-

0.075 0.025 0.003 Yes - 39
FEurope = test
Oceania T
Vs. ) 0.075 0.113 0.003 Yes - 23
test
Europe
Asiavs. | T- 0.1 0.715 0.003 Yes ; 46
Oceania @ test
Asiavs. | T- 0.1 0.213 0.003 Yes - 39
Europe | test
Oceania T.
Vs. 0.1 0.070 0.003 Yes - 23
test
Europe

* Shapiro-Wilk
** The significance level (a0 = 0.05) was divided by 15 according to the Bonferroni
correction.
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In Table E8, the results from the U-test and T-test between the samples from Europe from New Zealand,
and Rohaert et al. (2025) are presented. The test showed that there was no statistical difference for the
extinction coefficients 0.05 m™ and 0.1 m™', and there was a statistical difference for the extinction
coefficient 0 m!. However, the calculated effect size indicates that this is a medium effect (Numiqo
Team, 2025). Although when applying the Bonferroni correction, the p-value is bigger than the adjusted
significance level, meaning that there is no statistical difference.

Table E8: U-test/T-test for Europe in the New Zealand dataset compared to the Rohaert et al. (2025) dataset for the identical
extinction coefficients.

Groups Test Extinction P-value* Significance Are samples V4 N  Effect
tested [1/m] level (a)** drawn from the size
same distribution?
Europe U-
VS. 0 0.024 0.017 Yes -2.256 38 0.37
test
Sweden
Europe T-
VS. 0.05 0.225 0.017 Yes - 38 -
test
Sweden
Europe T-
Vs. 0.1 0.163 0.017 Yes - 38 -
test
Sweden

* Shapiro-Wilk
** The significance level (o = 0.05) was divided by twelve according to the Bonferroni
correction.

In Table E9, the U-test and the T-test between the three continents are presented. The dataset from
Rohaert et al. (2025) is included in the group from Europe. The group “Asia” consisted of 31
participants, the group “Oceania” consisted of 15 participants, and the group “Europe” consisted of 38
participants for the identical extinction coefficients (8 from the New Zealand dataset and 30 from the
Rohaert et al. (2025) dataset). The tests showed that for all extinction coefficients and all continents
there was no statistical difference.

Table E9: U-test and T-test for the three continents, Asia, Oceania, and Europe, where the sample from Rohaert et al. (2025)
is added in Europe for extinction coefficients that are identical.

Groups Test  Extinction P-value* Significance  Are samples drawn Z N
tested [1/m] level (o)** from the same
distribution?
Asiavs. g oot 0 0.972 0.003 Yes 0.035 46
Oceania
Asiavs. g oy 0 0.069 0.003 Yes 1.822 69
Europe
Oceania
vs. | U-test 0 0.128 0.003 Yes -1.520 53
Europe
Asia vs. g ot 0.025 0.935 0.003 Yes 0.082 46
Oceania
Asiavs. | g 0.025 0.112 0.003 Yes ; 39
Europe
Oceania
vs. = U-test 0.025 0.156 0.003 Yes -1.42 23
Europe
Asia vs. | gy oot 0.05 0.953 0.003 Yes 0.059 46
Oceania
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Asia vs.
Europe
Oceania
Vs.
Europe
Asia vs.
Oceania
Asia vs.
Europe
Oceania
Vs.
Europe
Asia vs.
Oceania
Asia vs.
Europe
Oceania
Vs.
Europe

T-test

U-test

T-test

T-test

T-test

T-test

T-test

T-test

0.05 0.569
0.05 0.418
0.075 0.372
0.075 0.025
0.075 0.113
0.1 0.715
0.1 0.787
0.1 0.536

* Shapiro-Wilk

0.003

0.003

0.003

0.003

0.003

0.003

0.003

0.003

Yes

Yes

Yes

Yes

Yes

Yes

Yes

-0.810

** The significance level (o = 0.05) was divided by 15 according to the

Bonferroni correction.
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4 Cultural differences - familiarity with driving in New Zealand
4.1 Normality tests

In Table E10, the normality test for participants who were familiar and not familiar with driving in New
Zealand for all extinction coefficients in the New Zealand dataset is presented. The normality test
showed that the sample of participates who were familiar with driving in New Zealand with an extinction
coefficient of 0 m™ and 0.025 m™! were not from a normal distribution. The test indicated that the other

datasets were from a normal distribution.

Table E10: Normality tests for familiarity with driving in New Zealand.

Dataset  Familiar with Extinction P-value Is sample drawn from
driving in New [1/m] a normal distribution?
Zealand?

New Zealand 0 <0.001 No

0.025 0.016 No

Yes 0.05 0.312 Yes

0.075 0.605 Yes

0.1 0.700 Yes

0 0.129 Yes

0.025 0.138 Yes

No 0.05 0.319 Yes

0.075 0.502 Yes

0.1 0.934 Yes

4.2 Independent samples test

In Table E11 the results from the U-test and T-test between the samples from participants who were
familiar or not familiar with driving in New Zealand are presented. The tests showed that there was no
statistical differences for all extinction coefficients both with a significance level of 0.05 and when

applying the Bonferroni correction and dividing the significance level by 5.

Table E10: U-test and T-test for familiarity with driving in New Zealand in the New Zealand dataset.

Groups Test Extinction P-value* Significance Are samples V4
tested [1/m] level (a)** drawn from the
same distribution?
Familiar U-
VS non 0 0.821 0.01 Yes -0.227
e test
familiar
Familiar U-
VS non 0.025 0.659 0.01 Yes -0.442
e test
familiar
Familiar T
VS non ) 0.05 0.369 0.01 Yes -
. test
familiar
Familiar T.
VS non 0.075 0.673 0.01 Yes -
e test
familiar
Familiar T-
VS non 0.1 0.327 0.01 Yes -
. test
familiar

* Shapiro-Wilk

** The significance level (o = 0.05) was divided by twelve according to the Bonferroni

correction.
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5 Driving Experience

In Figure E15 a boxplot showing free-flow speed for each extinction coefficient, divided into groups
depending on how long participants have held their driver’s licence. No clear trend can be seen in the
figure.
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Figure E15:  Boxplot presenting free-flow speed for each extinction coefficients divided into groups
depending on how long participants had held their driver’s licence.

In Figure E16 a scatter plot showing the free flow speed and the years of obtaining a driver’s licence is
presented. No clear trend between the free-flow speed and how many years a participant had had their
driver’s licence can be seen.
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Figure E16:  Scatter plot presenting free-flow speed and years of obtaining a driver’s licence.
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5.1 Normality tests

In Table E11, the normality test for both familiarity with driving in low visibility and the driving habit
for the New Zealand dataset is presented. For the parameter visibility, the normality test showed that the
samples with extinction coefficients 0 m™ were not from a normal distribution, for both the group that
was familiar and not familiar with driving in low visibility. The test indicated that the other datasets
were from a normal distribution.

Table E11: Normality tests for visibility and driving habit.

Parameter Group Extinction P-value Is sample drawn from a
tested [1/m] normal distribution?
Visibility 0 <0.001 No
0.025 0.135 Yes
Familiar 0.05 0.425 Yes
0.075 0.559 Yes
0.1 0.397 Yes
0 0.012 No
0.025 0.372 Yes
Not familiar 0.05 0.900 Yes
0.075 0.945 Yes
0.1 0.582 Yes
Driving habit 0 <0.001 No
0.025 0.032 No
Daily 0.05 0.677 Yes
0.075 0.825 Yes
0.1 0.941 Yes
0 0.037 No
0.025 0.726 Yes
Regularly 0.05 0.370 Yes
0.075 0.103 Yes
0.1 0.646 Yes
0 0.108 Yes
0.025 0.238 Yes
Rarely 0.05 0.999 Yes
0.075 0.997 Yes
0.1 0.975 Yes
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5.2 Independent samples test
In Table E12, the U-test and the T-test for the parameter of the driving habit are presented. The group
“daily” consists of the participants who reported driving daily. The group “regularly” consists of the
participants who reported driving either four to six days a week or two to three days a week. The group
“rarely” consists of the participants who reported driving either a few days a month, a few days a year,
less than a few days a month, or less than a few days a year. The tests showed that for all extinction
coefficients there were no statistical differences, both with a significance level of 0.05 and applying the

Bonferroni correction and dividing the significance level by 15.

Table E12: U-test and T-test for the parameter driving habit for each extinction coefficient.

Groups
tested

Daily vs.
regularly
Daily vs.
rarely
Regularly
vs. rarely
Daily vs.
regularly
Daily vs.
rarely
Regularly
vs. rarely
Daily vs.
regularly
Daily vs.
rarely
Regularly
vs. rarely
Daily vs.
regularly
Daily vs.
rarely
Regularly
vs. rarely
Daily vs.
regularly
Daily vs.
rarely
Regularly
vs. rarely

Test

Extinction P-value®
[1/m]

0 0.847
0 0.113
0 0.147
0.025 0.531
0.025 0.853
0.025 0.465
0.05 0.673
0.05 0.538
0.05 0.353
0.075 0.778
0.075 0.538
0.075 0.672
0.1 0.778
0.1 0.368
0.1 0.558

* Shapiro-Wilk

** The significance level (a0 = 0.05) was divided by 15 according to the Bonferroni

correction.

Significance
level () **
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In Table E13, the U-test and the T-test for the parameter of familiarity with driving in low visibility are
presented. The tests showed that for all extinction coefficients there were no statistical differences, both
with a significance level of 0.05 and when applying the Bonferroni correction and dividing the
significance level by 5.

Table E13: U-test and T-test for the parameter visibility for each extinction coefficient.

Groups
tested

Familiar
vs. not
familiar

Test Extinction P-value* Significance Are samples drawn Z N
[1/m] level (ot)** from the same
distribution?
U- 0 0.588 0.01 e 0542 58
test
T 0025 0.468 0.01 Yes ] 58
test
= 0.05 0.816 0.01 Yes - 58
test
- 0075 0.473 0.01 Yes ; 58
test
U= 0.1 0.491 0.01 Yes - 58
test

* Shapiro-Wilk
** The significance level (o = 0.05) was divided by 5 according to the Bonferroni
correction.
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6 Risk perception

In Figure E17 a scatter plot for the free-flow speed for risk score is presented. No clear trend can be seen
in how the free-flow speed is affected by the risk score.
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Figure E17:  Scatter plot for the free-flow speed and risk score.

In Figure E18 a boxplot showing the free-flow speed grouped by the risk score is presented. The average
free-flow speed is similar between the three different risk scores. Risk score group “1” is the low-risk
group, group “2” is the mid-risk group, and group “3” is the high-risk group. Risk score group 1
consisted of participants with a calculated risk score less than or equal to 2.33. Risk score group 2
consisted of participants with a calculated risk score higher than 2.33 but lower than 4.67. Risk score
group 3 consisted of participants with a calculated risk score higher than or equal to 4.67. For the risk
score group 1, the test indicated that the dataset was from a normal distribution. For the other groups,
the test indicated that the datasets were not from a normal distribution.
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Figure E18:  Boxplot presenting the free-flow speed for the different risk score groups.
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Figure E19 shows a boxplot with the free-flow speed for female and male participants. There were 18
female and 39 male participants. The average free-flow speed for female and male participants is similar.
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Figure E19:  Boxplot presenting the free-flow speed for female and male participants.

6.1 Normality test

In Table E14 the normality test for the free-flow speed and the three different risk score groups is
presented.

Table E14: Normality test for the free-flow speed between the risk scores.

Risk score P-value Is sample drawn from a
group normal distribution?
1 0.325 Yes
2 0.043 No
3 0.011 No

In Table E15 the normality test for the free-flow speed between female and male participants is
presented. The test indicated that neither dataset was from a normal distribution.

Table E15: Normality test for the free-flow speed between male and female.

Group P-value Is sample drawn from a
normal distribution?
Female 0.018 No
Male 0.007 No

In Table E16 the normality test for the risk score between female and male participants is presented.
The test indicated that neither dataset was from a normal distribution.

Table E16: Normality test for the risk score between male and female.

Group P-value Is sample drawn from a
normal distribution?
Female <0.001 No
Male <0.001 No



6.2 Independent samples test

In Table E17 the U-tests for the free-flow speed between female and male participants, the U-test for
the risk score between female and male, and the U-test for the free-flow speed between the different risk
scores are presented. The test showed that there was no statistical difference in the free-flow speed
between female and male participants. However, there was a statistical difference in the risk score
between females and males. This effect was medium (Numiqo Team, 2025). There was no statistical
difference for the free-flow speed between the different risk scores according to the U-tests performed,
both with a significance level of 0.05 and when applying the Bonferroni correction and dividing the
significance level by 5.

Table E17: U-test and T-test for analysing risk perception.

Group

Male vs.
female
Male vs.
female
Risk
score=1
vs Risk
score=2
Risk
score=1
vs Risk
score=3
Risk
score=2
vs Risk
score=3

Parameter

Free-flow
speed

Risk score

Free-flow
speed

Free-flow
speed

Free-flow
speed

Test P-value* Significance Are samples V4 N  Effect
level (o))** drawn from the size
same distribution?
U- 0.842 0.05 Yes -0.199 285 -
test
uU- <0.001 0.05 No -5.811 285 0.34
test
U-
0.813 0.017** Yes -0.237 170 -
test
U-
0.246 0.017%* Yes -1.161 150 -
test
U-
0.082 0.017** Yes -1.740 260 -
test

* Shapiro-Wilk
** The significance level (o = 0.05) was divided by 5 according to the Bonferroni
correction.
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7 QOvertaking

In the experiments performed in New Zealand, eight out of 89 participants overtook. Table E19 shows
the scenarios in which participants overtook. The different letters represent each participant who
overtook and is displayed for each extinction coefficient.

Table E18: Statistics of overtaking for participants who completed all five scenarios.

Extinction

coefficient [1/m] 0 0.025 0.05 0.075 0.1
S s S ] ]
t t t t
u u u
\4 v v
W W W
X X X X X
y
z z z z z

Rohaert et al. (2025) had seven out of 30 participants who overtook. This indicates that overtaking is
not an unexpected behaviour.

Most participants in the New Zealand dataset who overtook did it consistently. In fact, 50% of the
participants who overtook did so in all five scenarios.

In one open-ended question (Question 7), see Appendix C, participants were asked to reflect on whether
they overtook the cars in front of them and if they considered it. Most participants reported not
overtaking. However, there was a large portion who considered it. Some of the common reasons why
participants chose not to overtake were that there was a double solid yellow line, meaning that it is not
allowed to overtake. Furthermore, participants reported not overtaking due to the low visibility and the
oncoming traffic. See statements why or why not participants considered overtaking below.

>

“I considered it but I didn't felt that much in danger to try to overtake.’

“No, but I considered it. I did not because its illegal to overtake on a double yellow line, and I have very
poor visibility on my front right.”

“Yes, but only when the smoke didn't interfere with my visibility and I checked the back and front traffics
were clear.”

“No. Everyone is struggling to evacuate. Being patient is easier for the people who work on
evacuation.”

“No [ did not and also did not consider it. The sight would not have allowed a safe overtake and also I
did not see why the cars in front of me were slowing down.”

“I did not consider overtaking the cars since the visibility was very low and I wasn't sure of the when
cars might arrive from the other side of the road due to low visibility.”
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