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Figure 1: VeatherReflect is a VR application that visualises personal tracker stress scores using weather metaphors. The user
stands on a platform in space. A semicircle presents a two-hour time frame. Floating videos represent stress levels and can be
selected to immerse oneself in the represented weather scenario (sun, snow, rain, thunderstorm).

ABSTRACT

While personal trackers can collect a vast amount of information
about their users, the representation of such data has remained
unchanged, with bar charts being the most dominant. However,
to build systems that facilitate reflection and support well-being,
it is crucial to explore alternative ways of representation. Thus,
we designed VeatherReflect, a VR application that uses weather
metaphors to illustrate tracker stress scores, aiming to encourage
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users to reflect on their stress data. In a pre-study, we mapped stress
scores to weather states. We then compared VeatherReflect with
a standard visualisation of stress data presented in VR. Veather-
Reflect increased participant engagement with personal data and
stress awareness. Participants reported reflective insights for stress-
reducing behaviour. We contribute findings on how virtual weather
as a metaphor for stress can support reflection. We discuss design
recommendations for VR applications aiming to facilitate a deeper
understanding of complex personal data through engaging qualita-
tive experiences.
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1 INTRODUCTION

In 2020, the American Psychological Association proclaimed a na-
tional mental health crisis due to a significant increase of stress
levels across the USA [2]. They report that stress can negatively
affect sleeping and eating patterns as well as social and intimate
relationships. Further, the report states that stress can lead to being
emotionally unstable and experiencing symptoms of depression and
burnout. Thus, it is increasingly important to care about one’s men-
tal health and well-being. While there are many approaches and
applications for self-care, e.g. promoting stress reduction through
breathing adaptation [57, 61, 66, 75], an important first step is to get
an overview of and start reflecting on one’s stress levels. The pri-
mary way in which current technologies can support that process
is stress tracking with fitness trackers and smartwatches, which be-
came increasingly popular in recent years [40]. Yet, research shows
that motivation to use smartwatches decreases over time due to
various reasons [18]. For example, users feel as if smartwatches
cannot provide effective in-the-moment stress interventions while,
when interpreting stress data in retrospect, they often lack knowl-
edge of the underlying technological mechanisms regarding the
measurement of stress [20]. This can lead to increasing disinterest
to engage with one’s data [20]. Further, research in personal infor-
matics indicates that current standard representations for data, such
as bar charts and graphs, are unlikely to effectively foster engage-
ment and reflection [4, 8, 24, 41]. To build systems that effectively
and lastingly support users in reflecting on their data, we need to
study alternative ways to represent personal tracker measures such
as stress levels. Thus, there is a necessity to explore alternative
forms of data representation in personal informatics to facilitate
reflection.

Concurrently, an increasing amount of research shows that Vir-
tual Reality (VR) may be an effective and immersive approach to
present personal data and foster reflection. For example, Yoo et
al. [74] visualised physical exercises and daily step data in an in-
teractive VR dashboard. However, the system visualised the data
both in VR and on a mobile phone in a similar way (i.e. using bar
charts). This example illustrates the unused potential for VR to of-
fer immersive personal data representations that go beyond classic
fitness tracker visualisations such as bar charts. The potential of
VR for stress reduction and relaxation has been explored exten-
sively [29, 46, 58, 65, 73]. Yet, research in representing personal
tracking data such as stress data in new way to support reflection
by using the unique affordances of VR needs further attention. We
hypothesise VR might foster deeper interest and reflection through
offering a new perspective on personal data.
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The range of experiences that VR provides is larger than what
desktop or mobile systems offers. For instance, VR can offer unique
forms of data representation through using qualitative, immersive
and more abstract forms of data representations. In this paper, we in-
troduce weather as a novel qualitative data representation for stress
tracking data. Weather can influence perceived happiness [17, 32],
stress [6], and certain weather types are associated with mental
health characteristics [39, 63]. Furthermore, albeit not scientifically
proven, people associate similar weather scenarios with emotions
and states of being relaxed (sunshine) vs danger (hail, thunder-
storm). Thus, weather might offer a valuable qualitative alternative
to represent stress data and support reflection.

To that end, we designed VeatherReflect—a VR application that
supports reflection on personal tracker stress scores using weather
as qualitative means of data representation. In a pre-study (N =
100), we asked participants to map weather scenarios to a variety of
different stress levels. The design of VeatherReflect was informed by
those results. We then conducted a user study (N = 20) to inquire
user engagement and level of reflection with their personal stress
data using VeatherReflect and a standard bar chart visualisation
of stress data, also presented in VR. We found that VeatherReflect
increased stress awareness and led to more reflective insights for
stress-reducing behaviour. It significantly increased immersion,
mindfulness and user engagement with personal data.

This paper contributes the following: (1) the design and imple-
mentation of VeatherReflect—a virtual environment with the aim to
support reflection through representing stress levels using weather
as a metaphor; (2) a mixed-method user study to evaluate Veather-
Reflect; and (3) design recommendations for VR applications that
aim to facilitate a deeper understanding of complex personal data
using qualitative means to design engaging experiences.

2 RELATED WORK

In this section, we first discuss previous work on reflection in HCI
to contextualise our work. We then describe the relationship be-
tween emotions, health and weather to illustrate the reasons behind
choosing weather as a metaphor for qualitative data representa-
tions of stress. Finally, we outline how VR can be used to foster
reflection.

2.1 Reflection in HCI

The HCI field invested considerable effort in building an under-
standing of reflection, as it can support life changes [59], offer more
self-insight [5], and benefit health and well-being [13, 36, 55].
Recent advancements in technology have led to widespread
use of commercial tracking devices (e.g. fitness trackers), that are
equipped with more and more sensors and offer an ever-increasing
level of accuracy. Such devices enable users to collect previously
hidden information about themselves and by reflecting on personal
data, a user can notice patterns and trends, which can in turn lead
to more knowledge about oneself [22]. However, such systems have
been critiqued in the past as they often do not actively encourage
reflection [15, 30]. As noted by Baumer [5], personal tracking de-
vices often carry an implicit assumption that by showing a user
visualisations of their past data for the purpose of reflection, that
reflection will automatically occur. Yet, this conflicts with reflection
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theories that emphasise the importance of encouraging reflection,
as it often does not occur automatically [55].

There are various strategies that can be used to encourage re-
flection, as shown by Bentvelzen et al. [8]. Through a structured
literature review and analysis of mobile applications for reflection,
they propose a taxonomy consisting of eleven design resources
and 74 design patterns. However, while there are many strategies
available to support reflection, the majority of commercial fitness
trackers apply just one strategy i.e., depicting personal data as bar
charts in a mobile app. To build systems that help users reflect on
their data and thereby effectively support well-being, there is a
need to study alternative strategies to represent personal tracker
measures.

This need is further emphasised by work by Ding et al. [20]. They
conducted a study with fitness tracker users who tracked their stress.
They found that participants largely did not engage with stress data
and tracking did not result in an increased understanding of daily
stress, but often led to confusion. There was a mismatch between
the physiological stress measured by the device and their personal
conceptualisation of stress. These results indicate that the potential
for stress tracking to improve well-being is underexplored and
alternative ways of reflecting on and engaging with stress tracking
data are required to unlock its possible benefits. Our work addresses
this gap by exploring alternative ways for supporting reflection on
stress data through exploring stress data metaphors presented in
VR.

2.2 Influence of Weather on (Mental) Health

Although the relationship between weather and emotions, mood
and (mental) health is not as strong as generally assumed [19, 23,
25, 34], health and well-being can be influenced by weather. For
example, less sunshine can increase stress [6], and amplify or trigger
seasonal affective disorders [39, 63], while intensity and direction of
wind can influence the level of energy and fear [11]. Along similar
lines, cognitive performance decreases with rising temperature [71].
Further, Yu et al. [76] used machine-learning to predict future self-
reports of users regarding their well-being, including their stress
level partly based on weather data. In their study, weather was
found to be strongly associated with well-being labels. Regarding
physical health, headaches and joint pain can increase with higher
temperature [33], although a connection of arthritis with weather
cannot be finally confirmed [56]. Additionally, numerous weather
metaphors are used to express emotional states [78], e.g. connecting
thunder with negative emotions and sun with optimism or joy. Such
common associations of weather are also used in design to encode
emotional information, e.g. linking anger to thunderstorms and joy
to a clear blue sky [62].

On another note, weather associations presented in VR have also
been explored to support (mental) health. For instance, building
on notions that VR elicits thermal perceptions [14], virtual envi-
ronments have been used to facilitate pain reduction, e.g., immers-
ing patients with severe burns in snowy environments (e.g. [45]).
Weather can be also used as a means of improving the user ex-
perience in VR. For example, realistic weather in VR can lead to
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an increase of presence [3], can enhance or reduce motion sick-
ness depending on the weather type [1], or can be used to convey
meanings as part of VR story telling [48].

These works highlight the common associations between weather
conditions and (mental) health, including emotional responses to
them, and highlight the potential of using weather as qualitative
metaphor for emotional and health-related content. Yet, its associa-
tion to stress is unverified and will be addressed in our pre-study.
This paper focuses on weather metaphors in VR and how they might
foster reflection. Thus, it is situated outside of a clinical context.
Instead, we use weather as qualitative representation of real-life
stress data in VR and explore if and how such representations can
support reflection.

2.3 Supporting Reflection with Virtual Reality

Many VR applications strive to offer stress management inter-
ventions [58], mostly through providing gamified approaches for
stress reduction. For example, a variety of systems have been
designed to adapt to one’s breathing thereby supporting relax-
ation. [57, 61, 66, 75]. While mirroring real-time stress reactions to
users can facilitate reflection-in-action [51], such systems do not
provide feedback on one’s stress level in retrospect. Users have to
get to know themselves to realise beforehand, without the system’s
help, that they may potentially experience stress and need stress
treatment. Reflection-on-action can assist in this process. To sup-
port reflection-on-action, there is a need to research how stress
data can be visualised using the unique affordances of VR which
we will address in this paper.

However, most VR applications utilise reflection as means to
learn another concept, for example linking it with empathy skills
(e.g. [60]), learning (e.g. [31]), or training (e.g. [77]). Some also
found that their interactive system facilitated reflection, although it
was designed with another purpose in mind, such as autonomous
emotional expression [69]. While Jian and Ahmadpour [27] have
built a model to understand how reflection should be supported
in VR based on reviews of twelve VR applications, they neither
focus on personal informatics nor on specific design approaches
that facilitate reflection, such as weather.

There have been a few studies studies that demonstrate the con-
nections between personal informatics, virtual reality (VR), and
reflection. Two notable examples are studies conducted by Egan et
al. [21] and Yoo et al. [74]. Egan et al. [21] introduced health data
such as heart rate data as a reliable way to measure the quality of
a virtual environment (VE), while Yoo et al. [74] developed a VR
dashboard that offers users a reflective overview of their personal
sports data, such as step count. Building on these previous studies,
our work aims to extend and combine these approaches. Specifi-
cally, we focus on designing for reflection and creating engaging
visualisations of complex personal data gathered by smartwatches,
all within a VR environment.

3 DESIGN

Although previous studies found (perceived) connections between
weather and emotions (see. subsection 2.2), little research has linked
weather to stress levels. Hence, there is a need to analyse how
different weather scenarios relate to different stress levels. To that
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(a) No stress was mapped to
sunny weather. snow

(b) Low stress was mapped to (c) Medium stress was mapped to

heavy rain

(d) High stress was mapped to
thunderstorm

Figure 2: In the pre-study, participants mapped pictures of seven weather scenarios to four stress levels. Figure 2 depicts the
findings of the most often selected weather scenarios for each stress level, which were then used as qualitative representation

of stress in the main study.

end, we first conducted a pre-study to study how participants map
weather scenarios to different stress levels. We further examined
reasons behind those choices by asking participants to describe a
situation they imagined when thinking about a specific stress level.

3.1 Pre-Study: The Interplay Between Weather
and Stress

We conducted a within-subjects study utilising a card-sorting task.
We asked participants to assign weather conditions to stress lev-
els. Weather conditions were chosen based on common weather
types [43] and adapted according to the availability and visualisa-
tion possibilities for VR 1. Thus, we ended up with the following
seven weather conditions: Sun with Rainbow, Sun, Fog, Light Snow,
Heavy Snow, Heavy Rain, Thunderstorm. Stress levels were in-
formed by common representations of stress levels used by Garmin
and Apple smartwatches: No stress = 0-25%, low stress = 26-50%,
medium stress = 51-75% and high stress = 76-100%. Thus, partici-
pants mapped seven weather states to four stress levels. For each
of the stress levels (no stress, low stress, medium stress and high
stress), participants further described a situation they had in mind
when imagining feeling this level of stress. We chose this approach
to understand participants’ reasoning behind the mapping, and,
effectively, to gather more in-depth insights that might inform the
design of VeatherReflect.

3.1.1  Participants. One hundred participants (N = 100) took part
in the online study (55 male, 42 female, 2 other, 1 non-binary)
with an average-age of 29.75 years (min = 18 years, max = 74 years).
Country of residence encompassed 24 different countries. The study
took 6,55 minutes on average.

3.1.2  Findings. The results of the pre-study are shown in Figure 3.
No stress was mainly associated with sunny (42 times), low stress
with light snow (31 times), medium stress with heavy rain (30 times),
and high stress with a thunderstorm (46 times).

Further, we investigated why those weather scenarios were cho-
sen through categorising the reported situations depicting each
stress level. A detailed overview of this analysis is included in the
supplementary material. High stress was primarily associated with

ITo represent those weather scenarios in VR, we used the VR package Enviro - Sky
and Weather in the main study. Some weather types, such as wind/storm and frost,
are hard to depict in photos and in VEs, which is why we decided against them.
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feeling time pressure due to upcoming exams or deadlines (53 times).
Medium stress was experienced mostly at work (27 times) and in
public spaces (14 times), e.g. when talking to strangers or waiting
in queues. A low stress level was mainly associated with being at
home (12 times), and among friends, family and pets (10 times). No
stress was associated with being on vacation (21 times), relaxation
(24 times) and good weather (17 times).

3.1.3 Design Implications for VeatherReflect. Based on our pre-
study, we identified a clear trend regarding the association of des-
ignated weather scenarios with designated stress levels. These in-
sights serve as inspiration for the design of VeatherReflect. Based
on the results of the pre-study, we mapped no stress to sunny, low
stress to light snow, medium stress to heavy rain, and high stress to
thunderstorm, as depicted inFigure 2. Consequently, these weather
conditions were chosen to visualise the stress levels in our main
study.

Yet, we found some interesting outliers in our data, which show
that a certain level of individual interpretation needs to be taken
into account. To give an example, no or low stress were sometimes
mapped to thunderstorm or heavy rain. Those participants ex-
plained, that they - as music lovers - imagined listening to loud
music or thought about positive sparks "similar to lightning" within
a relationship. In some other cases, high stress was mapped to sun,
which was a decision informed by this year’s drought.

Moreover, participants often mentioned that the sound of the
weather has a big impact on their perception of weather. For in-
stance, listening to a light rain or snowfall is soothing, while thunder
makes them afraid. Accordingly, we decided to add sound effects
to VeatherReflect as well. While this adds another modality, we are
interested in researching the effects of a cohesive weather scenario
utilising a variety of modalities VR has to offer. We hypothesise
that the experience of an immersive weather metaphor in a virtual
environment can support reflection on stress data. Hence, based on
the insights of our pre-study and the aim of this paper, we opted
to add sound to the overall experience. For a more detailed discus-
sion of this aspect, see subsection 6.2. Sun was accompanied by
birds’ chirping, snow by the sound of light wind, rain by the sound
of drops falling on the ground, and thunderstorm by loud rolling
thunder.
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Figure 3: Results of the pre-study. Seven weather scenar-
ios were mapped to four stress levels (no stress, low stress,
medium stress, high stress).

3.2 Final Prototype

The design considerations derived from the pre-study (see subsec-
tion 3.1) informed the design of VeatherReflect. The aim of the
system is to support users in reflecting on their stress data. To that
end, VeatherReflect strives to immerse users in weather conditions
that match prior measured stress levels. The relative times of the
two hours of measured stress data was placed in a half circle around
the user. This represents the x-axis of a standard visualisation of
graphs in Garmin smartwatches. Each 15 min segment of the graph
(for more information, see subsection 4.1) is mapped to one weather
scenario. If participants did not experience any stress (no stress)
during that time interval, this was represented by sunny weather,
low stress by light snow, medium stress by heavy rain and high stress
by being immersed in a thunderstorm. These weather conditions are
showcased via a floating pre-view video depicting a short clip of
that weather scenario, e.g. where it is snowing. Peaks, i.e. deviations
from the general common stress level in the time interval (for more
information see subsection 4.1), were also depicted via floating pre-
view videos that were placed at the correct time in the semicircle
and placed a bit higher to make them stand out more. Apart from
that, the virtual environment consisted only of a barren-looking
rectangular plane in outer space. We did not offer any terrain or
landscape as this could unconsciously affect the user—a thunder-
storm might feel different when standing on a mountain than next
to a lake. As skybox, we chose a space environment (see Figure 1
as reference). First, this backdrop is often used in prior research
(e.g. [69, 70]) as it is non-distracting, mostly dark, and the backdrop
highlights changes in the surrounding, such as added colour or
weather. Second, stars and the slightly pink coloured milky way
provide enough light to not influence users’ mood in a negative
way [69, 70]. An exemplary setup of VEATHERREFLECT is shown
in Figure 4.

By stepping closer to the floating video previews, participants
could select the depicted weather condition by pressing the con-
troller’s trigger button. Upon selection, participants activate that
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weather scenario, e.g. the cloud cover changes, and they see and
hear the rain. To provide as little distraction to the feeling of being
surrounded by each weather scenario, the timeline of the semi-circle
with the attached other weather scenarios disappeared (see Fig-
ure 4). Everything else, such as the barren-looking rectangular field
in outer space remained unchanged. Schematically, this is depicted
in Figure 1. In order to return, participants selected a small pre-
view picture of the semi-circle starting scene which is placed on a
column in the centre of the stage behind the user.

4 EVALUATION

We conducted a user-study to evaluate VEATHERREFLECT and com-
pare it with the baseline 2D-PLoT. The baseline presents participants
with a standard visualisation of stress levels using bar charts in VR.
Consequently, we conducted a mixed-method within-subject study
with two conditions. The order of the conditions was counterbal-
anced and randomised.

We decided to compare VeatherReflect to a 2D graph in VR as
we endeavoured to investigate if and how an immersive, qualitative
representation of stress data in VR can support reflection on stress
indicators compared to the standard representation of stress data
used in consumer products. An alternative that we considered but
rejected was using graphs provided on a smartwatch or another
mobile or desktop device. We decided to not compare a stress data
representation on a mobile or desktop device to an experience in
VR. Presenting data on a mobile device cannot immerse users as VR
can, thus potentially adding confounding variables. Also, due to the
novelty effect of VR, users might rate any experience as better just
because it is in VR. Thus, we opted to translate the 2D graph to VR,
hence keeping the same mode of presentation while still providing
the same visualisation (i.e. a bar chart) as on a smartwatch.

Consequently, both conditions are experienced in VR and share
a similar-looking environment of a barren-looking rectangular field
in outer space. Regarding the stress data visualisation, currently
commercially available consumer products display stress data differ-
ently. For instance, smartwatches from Apple present stress levels
in circular bar charts, while wearables from Fitbit and Garmin ad-
ditionally provide bar charts over time. Yet, in both representation
forms, it remains unclear in which time intervals stress is measured.
To disambiguate, we chose to visualise more granular level using
a continuous graph. Thus, we present the users with stress mea-
surements taken during an activity related to stress and relaxation,
e.g. Yoga. Stress levels during the exercise are then presented as bar
charts. Time is then as a relative factor, counting from 0 : 00 : 00
upwards from the start of the the activity. Time is presented on
the x-axis, and stress levels on the y-axis of the graph. For added
ecological validity, we use a colouring scheme based on a consumer-
grade product, the Garmin Connect App. Garmin colour codes the
stress levels in the following manner: no stress is colour-coded in
blue, all the other stress levels uniformly in orange.

4.1 Conditions

We conducted a within-subjects study with two conditions. The
baseline CO0 is called 2D-ProT, and condition C1 VEATHERREFLECT.
Based on prior considerations as elaborated above, 2D-PLoT was
also set in VR. Here, participants experienced their tracker stress
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(a) Condition 2D-PLoT. An aggregated graph of a participant’s

stress data is shown in VR.

(b) Condition VEATHERREFLECT. Participant’s stress level is visu-
alised by weather scenarios.

Figure 4: Representation of both conditions experienced in VR with the same data as basis. Within the two hours, the participant
encountered two spikes, which were added to the eight bars or weather scenarios.

scores in form of a graph, based on two hours of recorded stress
data. This graph visually remains close to the actual data from
smartwatches, but its data is prior processed to keep both condi-
tions as comparable as possible. Details about the data preparation
can be found in subsection 4.2. This graph is employed as material
of a virtual plane in VR. The plane, sized 2m in width and 1m in
height, was placed approximately on eye level of the participants
in a distance of 2m. Thus, the bar chart can be seen in whole with-
out moving the head, and participants can also go up to certain
segments and have a closer look. On average, participants spend
00:02:20 minutes (SD = .034) with this condition.

Condition C1, VEATHERREFLECT, is based on the same pre-processed

stress scores measured by a smartwatch as condition 2D-ProT. In
contrast, here participants’ tracker stress scores are represented in
form of four types of weather conditions. The design of VEATHER-
REFLECT is explained in detail in subsection 3.2. On average, partic-
ipants spend 00 : 05 : 56 minutes (SD = .116) in that condition.

4.2 Data Preparation

In our study, we recorded two hours of stress data with a Garmin
smartwatch (also see subsection 4.6). We used a two-hour recording
period to balance regarding gathering conclusive stress data (that
is granular enough to show spikes in stress) while minimising
participant burden. However, to further investigate stress patterns
over time, future studies could adopt a longitudinal design with
stress data collected at regular intervals throughout the day. The
data points of the two-hour recording were then split in eight
segments of fifteen minutes each. Each segment is assigned with
the average of its stress values (e.g. when the majority of bars show
a low stress level - between 26—-50% - then the whole segment will
be depicted as having a low stress level). As this somewhat evens
out the data, up to four peaks per participant were additionally
displayed. Peaks are defined as the strongest deviations from the
computed average, e.g. a peak of high stress in a segment of low
stress. Peaks were extracted together with the specific time interval
they apply to and also averaged. As an example, in a 15min segment
of low stress (26-50%), we identified 7min of high stress, split up
into three bars with a height of 78%, 80% and 91%. These bars will
be depicted as one peak with the calculated average height of 83%.
The time interval of each peak is shown on top. X- and y-axis as
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well as the colour-coding were adopted from the original bar chart
taken from Garmin smartwatches. Based on our data processing,
we obtained graphs similar to Figure 4.

4.3 Data Collection

Quantitative data was collected from four questionnaires (UES-SF,
TSRI, SMS, IPQ-s) which the participants completed after experienc-
ing each condition. Further, we gained qualitative insights through
post-test interviews.

4.3.1 Measures. The following dependent variables were mea-
sured for both conditions:

User Engagement can be used to measure the quality of the
user experience, and the participants’ ability to engage and sustain
engagement in digital environments [44]. As reflection often re-
quires encouragement [5, 55] and, thus, active involvement from
the user, we explore if users engage differently in the two conditions.
It was measured with the User Engagement Scale-SF [44]. This 12-
item scale, answered on a 5-point-Likert scale is divided into four
subscales: Aesthetic Appeal (AE), Focused Attention (FA), Perceived
Usability (PU), Reward Factor (RW). All items can be summed and
divided by twelve to calculate an overall engagement score.

Reflection that an interactive system can evoke was measured
utilising the Technology-Supported Reflection Inventory (TSRI),
as proposed by Bentvelzen et al. [7]. The TSRI supports under-
standing the qualities of an interactive technology which supports
reflection, and evaluates how effectively such a system supports
reflection. Participants answer nine items on a 7-point-Likert scale.
They are categorised in three dimensions, Insight, Exploration and
Comparison.

Mindfulness practice has been shown to positively correlate
with reflection, through opening up headspace which facilitates
reflection [28, 42], and by being focused on the present moment [9].
This can enable awareness. Mindfulness was also found to be a pos-
itive contributing factor when reflecting on biosignals [35]. Conse-
quently, if a system measurably increases mindfulness, the probabil-
ity for reflective practice potentially increases as well. Thus, we also
measure mindfulness, using the state mindfulness scale (SMS) [64].
SMS reflects mindfulness as the objects of mindful awareness (i.e.
what experience a person focuses on, including physical sensations
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and mental events) and the qualities of mindful awareness (i.e. how
a person attends to experience, including perceptual sensitivity to
stimuli, deliberate attention, willingness to feel, curiosity) [49, 64].
The 21 items, rated on a 5-point Likert scale, are divided into two
subscales that measure bodily sensations (SMS-body, max = 24) and
attention to and awareness of mental events such as emotions and
patterns of thought (SMS-mind, max = 60). Higher scores reflect
higher levels of state mindfulness. A sum of the subscales results
in the total score of mindfulness.

Presence, defined as the sense of being there in the VE [54], can
be linked to reflection as well, as present-moment attention can
facilitate reflection processes [9]. Presence was measured using the
Igroup Presence Questionnaire (IPQ) [52]. The IPQ is a 14-item scale
answered on a 7-point-Likert scale. It is divided into four subscales:
general presence (sense of being there), involvement (attention
devoted to the VE), experienced realism (subjective experience of
realism in the VE), and spatial presence (feeling physically present
in the VE).

4.4 Interview Protocol

We conducted semi-structured interviews that lasted 14 minutes
on average. All audio recordings were transcribed verbatim and im-
ported into dovetail software. Two authors coded three interviews
using open coding. Next, a coding tree was established through
iterative discussion. The remaining transcripts were coded indi-
vidually by one author using the coding tree. A final discussion
session between two authors was conducted to identify emerg-
ing themes applying thematic analysis [12]. Within the interview,
we asked about differences between the visualisations, focusing
on exploration, understanding, engagement and insights that par-
ticipants could gain. The interview protocol can be found in the
supplementary material.

4.5 Participants

We used our extended social network and snowball sampling to
recruit participants. In total, N = 20 participants (9 females, 11
males) took part in the study (M = 27.26 years, min : 20 years,
max : 35 years). They received 20€ as remuneration. Twelve of the
participants identified as German, two as Russian, two as Indian,
and one each as Italian, Greek, Bangladeshi, and Chinese. Thirteen
participants did not own a smartwatch, three owned a Fitbit, two
an Apple watch, one a Xiaomi band and one a Mi fit band. If used,
they mainly tracked sleep data and step counts, only two reported
checking stress, albeit on an irregular basis. Four participants had
never tried out VR before, five tried VR once or twice in their lives,
seven experienced VR several times a year, one used VR several
times a month, and two several times a week.

4.6 Study Procedure

Participants were asked to wear either a Garmin Venu sq or a
Garmin Vivoactive 4 for at least two hours during their daily rou-
tine. To enable granular stress tracking (see subsection 4.1), we
started a Yoga activity for these two hours. Our study represents
an initial step towards understanding the potential of qualitative
data representations in VR to foster reflection. Within the next 24
hours, the participants would take part in the second phase of the
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study, experiencing two different approaches to represent personal
stress data in VR.

For this second part of the study, the participants gave consent,
and completed demographics, SRIS and iPAQ-s questionnaires. Af-
terwards, the experimenter explained the procedure, emphasising
that in each condition the participants will experience different
forms of visualisations of their stress data that they can freely ex-
plore, thus without having a specific task. Before experiencing the
VeatherReflect condition, participants were additionally informed
how to use the controller to enter weather scenes. They were in-
formed that weather scenarios will be used to represent their stress
data, but were not instructed about which weather scenarios was
mapped to which stress level beforehand. Screen and audio were
recorded, in case that participants started describing their experi-
ence in line with a thinking-aloud method. After each condition,
participants filled out the UES-SF, TSRI and IPQ questionnaires.
Post-test, the experimenter conducted a semi-structured interview.
All participants were also informed that they could stop the ses-
sions at any time without giving a reason and without any negative
consequences.

5 RESULTS

Based on the evaluation, we gathered quantitative results from the
questionnaires as well as qualitative insights from the interviews.
Our findings will be presented in this section.

5.1 Quantitative Results

Our quantitative results comparing 2D-ProT and VEATHERREFLECT
in regard to user engagement, mindfulness, reflection and presence
are presented in this section. A data set of one participant had to
be excluded from the calculations. Specifics about the calculations
can also be found in the supplementary material.

5.1.1 User Engagement (UES-SF). We used a paired t-test to in-
vestigate the effect of VeatherReflect on the UES-SF and all its
subscales. In regard to Aesthetic Appeal (AE), we found a significant
effect, t(18) = 4.07, p < .01. We further found a significant effect
of VeatherReflect on the UES-SF subscale Focused Attention (FA),
t(18) = 7.1, p < .001. We used a paired t-test to investigate the
effect of VeatherReflect on the UES-SF subscale Reward Factor (RW).
We found a significant effect, (18) = 3.00, p = .04. However, we
did not find a significant effect of VeatherReflect on Perceived Us-
ability (PU), t(18) = 1.2, p = .25. Finally, we used a paired t-test to
investigate the effect of VeatherReflect on the UES-SF Total (TOT).
We found a significant effect, 1(18) = 4.9, p < .001. All p-values
were corrected using Bonferroni correction. The significant results
are illustrated in Figure 5.

5.1.2  Mindfulness (SMS). We used a paired t-test to investigate the
effect of VeatherReflect on the SMS subscale SMS-Mind. We found a
significant effect, t(18) = 2.97, p = .03. We also found a significant
effect of VeatherReflect on the SMS subscale SMS-Body when using
a paired t-test. We found a significant effect, t(18) = 3.12, p = .02.
We used a paired t-test to investigate the effect of VeatherReflect
on the total SMS score SMS-TOT. We found a significant effect,
t(18) = 3.23, p = .02. The results are shown in Figure 6. All p-
values were corrected using Bonferroni correction.
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Figure 5: Significant results of the User Engagement Scale.
Condition 2D-ProTt is shown in blue, condition VEATHER-
REFLECT is represented in red. Significance levels are indi-
cated with * for p < .05, ** for p < .01 and *** forp < .001.

5.1.3  Reflection (TSRI). To measure reflection quantitatively, we
used a non-parametric measure as recommended by Bentvelzen
et al. [7]. Thus, we used the Wilcoxon paired rank sum test to
measure the level of reflection. For the subscale Comparison, we did
not find any significant differences, V(18) = 76.5, p = .41. In regard
to the subscale Exploration, we also did not find any significance,
V(18) = 39, p = .72. Similar results were found for the subscale
Insight, V(18) = 25.5, p = .87. All p-values were corrected using
Bonferroni correction.

5.1.4  Presence (IPQ). We used a paired t-test to investigate the
effect of VeatherReflect on IPQ and all subscales. In regard to IPQ-
General, we did not find a significant effect, (18) = 1.32, p = .78.
Further, we could not find a significant effect in the subscale IPQ-Inv,
t(18) = 2.9, p = n.s. as well as in IPQ-Spatial, t(18) = 2.22, p = .14
and in IPQ-Real, t(18) = 0.31, p = .76. All p-values were corrected
using Bonferroni correction.

5.2 Qualitative Findings

Based on our qualitative inquiry, we identified four themes: Inter-
action and Movement, Task-Load and Understanding, Recollection
and Reflection, and Caring and Sharing. Our findings are described
below and illustrated with excerpts from the interviews.

5.2.1 Interaction and Movement. In the condition 2D-Plot, we found
that participants would have liked to have more interaction with
their data. To illustrate, some participants tried to move items such
as single bars to get more information about their data. In contrast,
participant enjoyed the interaction possibilities provided in Veather-
Reflect. They felt empowered to choose if they want to be immersed
in a certain weather scenario. Participants reported that having the
freedom of choice as well as physically moving towards the weather
previews and actively selecting them led to higher engagement,
interest and joy when interacting with their data in VeatherReflect,
and to increased feelings of immersion. Participants also explained
that they felt the urge to move around and stay longer within the
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Figure 6: Significant results for mindfulness as measured
by the SMS. Condition 2D-PLoT is shown in blue, condition
VEATHERREFLECT is represented in red. Significance levels
are indicated with * for p < .05, ** for p < .01 and *** forp <
.001.

weather scenarios to absorb the atmosphere. As an effect, some
participants physically reacted to the weather phenomena in that
condition. For example, they mentioned shivering and pulling up
their shoulders in the snow scenario.

[VeatherReflect] triggered that I moved around in
the environment. The first [condition] didn’t do this.
And I think that helped me also to get a little bit
more invested into the whole experience in the second
prototype because I felt a bit more immersed in the
environment. (P5)

5.2.2 Task-Load and Sensemaking. Based on our findings, the 2D-
Plot offered an objective and detailed visualisation that especially
supported getting a quick overview of stress data. Participants
appreciated being presented with the maximum value that their
stress level could reach. Still, it remained unclear to them how
their stress level has to be interpreted, especially in relation to oth-
ers. For example, participants reported being unsure about what
they should aim for: having a stress level similar to the average of
50% or should it be as low as possible. In contrast, participants re-
ported that the aim becomes clear in VeatherReflect, namely being
in good weather. Nevertheless, this visualisation approach provides
less granular insights, which made it more challenging for some
participants to interpret. For example, participants struggled to
understand if they were at the lower or upper end within a spe-
cific stress level. Along similar lines, they would have appreciated
knowing the number of different weather scenarios as a reference
point, as they often only experienced two or three weather scenar-
ios altogether. Some participants also questioned why high stress
is always mapped to something with negative connotations. As an
example, they mentioned that doing sports is a high-stress but posi-
tive activity, which would still be represented with a thunderstorm
in VeatherReflect. Moreover, VeatherReflect was considered to offer
a more subjective visualisation, thus already interpreting the stress
scores to some extent. While some enjoyed having a lower task-load
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through that, others were of the opinion that VeatherReflect was
over-interpreting their stress level. Those participants questioned
or rejected the visualisation, as the virtual weather was mapped to
a more intense stress level than their subjectively perceived stress
level. These participants felt that the VR app not only visualised
the different levels but also made an assessment of the stress levels
in the process:

[The 2D-Plot] is a more neutral way of visualising
data in the sense that the visualisation itself does not
attribute the meaning to the stress level. It does not
make a judgement on whether it was good or bad
stress. It just shows you the level. The second visuali-
sation [VeatherReflect] certainly does make this judge-
ment, because high stress level equals bad [weather].
Thunderstorms, rain. (P19)

5.2.3 Recollection and Reflection. Both visualisations stimulated
participants to think about past potentially stressful situations. For
instance, they wondered which situation might be depicted by
which bar or by which weather. However, some participants men-
tioned having different and deeper insights about the origin of their
stress through VeatherReflect. It helped them understand that ex-
ternal factors such as places or people influenced their experienced
stress level. One participant elaborated:

I was literally in a stressful environment [in Veather-
Reflect] that triggered stress in me. So, I think that
helped me with reflecting: It was not just me who
was stressed, but also part of the environment and the
whole surrounding was stressful to me. So I think it
[VeatherReflect] provided another [conceptual] level
of what I could look at and why I experienced stress.
(P5)

Furthermore, participants also shared that they spent more time
looking at the 2D-Plot in the study than they would normally do
due to being in a study. However, they still mentioned spending
more time (and wanting to spend more time) in VeatherReflect. It
sparked their interest in their personal data, and triggered reflection
about behaviour changes regarding dealing with stress. These two
quotes highlight these aspects:

[VeatherReflect] invites you to more exploration. It
triggers more curiosity. [...] And it forces you to spend
a little bit more time with your data, but in a nice way.

(P10)

Irealised [in VeatherReflect] how far I can go. So, now
I think about my boundaries outside of this experi-
ment, how much stress is okay, like [how much] rain
[is okay], and when to stop. (P15)

5.24 Caring and Sharing. Some participants reported that Veather-
Reflect made them care more about their personal data; it became
a personal and emotional experience. While they remained neutral
when analysing the 2D-Plot, through VeatherReflect they could
recall moments of stress and reflect upon them, which made them
relate more to their personal data:
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VeatherReflect makes me more interested in my data.
At least in my case, when I am thinking of a stress-
ful situation, I immediately relate it to my feelings.
And my feelings for me are not numbers! I feel more
connected [using VeatherReflect]. (P17)

Further, VeatherReflect led to emotional experiences. Some par-
ticipants described that they became more agitated or more relaxed
due to the weather they were exposed to. In addition, participants
emphasised that the additional sound made the experience more
intense than only visually experiencing the weather around them.
In general, participants appreciated the experience very much, with
some calling VeatherReflect "a poetic and beautiful experience"
(P17) that they wished to experience over and over again. Addi-
tionally, some participants expressed the desire to invite friends to
VeatherReflect, to show and talk to them about their stress levels
and discuss how to find long term stress relief:

Also showing it to others: ’Look, that is how I felt at
that moment. So, I think this is easier to communicate
and to relive than rather showing 'I had a stress level
of 70, What does this mean anyway? (P8)

On a general note, eleven participants preferred VeatherReflect
over the 2D-Plot while six wanted both. Participants emphasised
that both complement each other and can be useful in their own
right depending on the context and purpose that the user has in
mind. One participant suggested:

You definitely need both, maybe in a sort of layer
thing where the weather gives you a nice overview
of the whole day so you can see, ah, this were the
moments where I might need to dig deeper. And then,
when you go inside this particular time frame, then
you could add more details there, and maybe show
different visualisations or map it to the weather with
more granularity. (P8)

6 DISCUSSION

In this work we endeavoured to understand the effect of presenting
stress data with qualitative visualisations such as weather in VR.
In this section we first discuss four design recommendations that
were derived based on our data. We then reflect on limitations and
opportunities for future work.

6.1 Design Recommendations

We investigated how a VR application could be designed when
using qualitative instead of quantitative representations of complex
personal data. On the one hand, the quantitative plot was considered
to be more objective, detailed and helpful to get an overview of
one’s data. Yet, it falls short in creating interest in understanding
personal data, which negatively affected engagement and depth of
reflection.

On the other hand, VeatherReflect has shown that weather as
metaphor for stress data is intuitively understood and can mitigate
most of the aforementioned challenges. Although users intuitively
understood their data representation, they missed granularity in
the presentations. However, higher granularity does not necessarily
equal quantitative values and presentations. Instead, this could be
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realised via levels regarding the intensity of weather or by including
a higher number of weather scenarios. Participants also voiced an
interest in rankings and a classification system to fully grasp what
they experience and to contextualise and compare their data with
other people.

Recommendation 1: Qualitative representations of stress
data should be accompanied by a reference point that serves
as guide to understanding one’s data.

Our findings also revealed some insights into specific aspects
that created a significantly more engaging experience (UES-Total:
p =.0006). First of all, participants emphasised the importance of
feeling empowered when interacting with the environment. In our
case, autonomously being able to decide if, when and how to enter
one’s data generated engagement. Participants desired even more
flexibility, especially in regard of the mapping of weather to their
stress levels. Future work could investigate the effects on engage-
ment and reflection when users autonomously select or create the
weather themselves. This could mitigate the perception of some
participants that the system is over-interpreting their stress levels.
Empowering users in that way could reduce dissatisfaction and
motivate users long-term, as it addresses one of the universal psy-
chological needs, namely autonomy [50, 68]. Besides significantly
better scores as measured with the UES, users also spent more time
with condition VeatherReflect (2D-Plot: 2:20min vs VeatherReflect:
5:56min), and explored their data more extensively. This led, in turn,
to a perceived increase in depth of reflection, e.g. some participants
started considering their environment as one possible stress factor
due to VeatherReflect.

Recommendation 2: Qualitative personal data represen-
tations in VR should provide interaction possibilities and
support autonomy.

Interestingly, our findings showed a significant increase in spatial
presence (IPQ SP: p = .016) and in mindfulness (SMS-Total: p = .001).
Based on literature, presence - the sense of being in the VE [54]
- can be increased by addressing sensory, vestibular, propriocep-
tive and interoceptive channels [10, 47], including haptics [38, 67],
olfactory elements [37], and thermoception [53]. However, our en-
vironment was quite plain, neither providing high realism [26] nor
natural settings [16]. Still, the weather scenarios were designed
for high realism and included sound. Although participants only
stayed a few minutes in each weather scenario, they reported feel-
ing immersed and allowed the weather to affect them, which is also
shown in significant increases in presence and mindfulness. Some
participants even experienced physical reactions, showcasing an
intuitive understanding of weather as a metaphor for stress. While
being immersed in weather was the decisive factor, prior litera-
ture has also shown that mindfulness and presence can mutually
benefit from each other [72], increasing each others effects. Future
VR researchers have to master the dichotomy of providing enough
feedback to generate presence while designing for simplicity to set
a clear focus on key elements.

Recommendation 3: Qualitative representations of data in
VR should focus on increasing presence and mindfulness.

Additionally to the aspects discussed above, participants en-
joyed the emotional component they experienced in the condition
VeatherReflect. They were emotionally involved by the weather
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scenarios as qualitative representations of their personal data, be-
coming relaxed or more stressed by being immersed in the weather,
and linked these feelings to their personal data. As a result, they in-
creasingly cared about their stress levels, and also reported getting
emotionally attached to the application VeatherReflect itself as it
provided an engaging experience. This indicates motivation that
could be valuable support for long-term usage of our system.

Recommendation 4: To represent personal data in VR,
qualitative metaphors that address users on an emotional
level could be particularly valuable.

6.2 Limitations & Future Work

We acknowledge some limitations regarding our study design. First
of all, we decided to reset the smartwatch for every participant, to
not have relics that might affect the stress level. However, stress
level is partly calculated based on the baseline of resting heart rate,
which the smartwatch cannot learn to adequately adjust in such
a short time frame. Thus, participants’ dissatisfaction with inad-
equate representation of their stress could be partly due to that
aspect. Further, our participant sample is still rather small (N=20)
and it included participants with basic and also with very little
prior experience of engaging with smartwatch data. Having a ho-
mogeneous sample was not a pre-requisite for our study, as we did
not strive for interpersonal comparability. Instead our aim was to
focus on exploring how new ways of representing data in VR can
potentially facilitate reflection and engagement. Here, we focused
on the individual framing and understanding of participants. Addi-
tionally, the participant sample had varying prior knowledge with
VR systems. While all have been familiar with bar charts, this might
have led to being more excited by VeatherReflect. To counter this
potential novelty effect and to increase comparability of conditions,
both conditions were conducted in VR. Yet, we cannot rule out some
influence of a novelty effect in the VeatherReflect condition for the
more inexperienced users. Furthermore, participants only wore the
smartwatch for two to three hours to gather data during their nor-
mal day. Some participants reported having sat in front of the laptop
while others were physically active during that time. Although we
did not strive for interpersonal comparability, some participants
received more diverse stress data visualisations than others, which
could have led to differences in the amount of insights that were
possible. Tracking data for a whole day could have mitigated that
problem. Based on our results, we recommend exploring individual
stress mappings in future work, i.e. that participants create their
own weather representation matching the subjective perception
of their stress levels. Additionally, in this study, we explored the
potential of weather as a cohesive immersive experience. Thus, the
weather scenarios that we explored consisted of different modalities
such as soundscapes, lighting, and colour saturation. The decision
which weather scenario was accompanied by which soundscape,
e.g. that sunny weather was mapped to birds’ chirping and the thun-
derstorm to a loud rolling thunder, was based on realistic scenarios.
Future work could investigate the influence that each specific factor
presents on the dependent variables, with a specific focus on the
role of sound.

Future work, while addressing and validating the design recom-
mendations established in this paper, could further research the
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following ideas. First, as participants reported becoming emotional
during the study, feeling stressed in thunderstorms, one could track
and compare their stress levels gathered during the study. Second,
to provide more granularity when using qualitative representations
one could immerse users in weather as a time lapse, gradually show-
ing each spike. While this would mitigate that problem, it removes
autonomy and interaction possibilities from users. Hence we rec-
ommend careful consideration, although this research approach
appears interesting and valuable to be compared to a more active
approach.

7 CONCLUSION

This paper explored how personal complex data (i.e. stress level)
could be visualised in a qualitative and engaging way in VR, with
the aim to foster reflection. To that end, we presented Veather-
Reflect — a VR application that visualises tracker stress scores using
weather as metaphorical means of representation. Quantitative and
qualitative results of N=20 participants showed that VeatherReflect
significantly increased engagement with personal stress data and
enhanced insights into stress-reducing behaviour. We found that
participants felt a significant increase of being aware of one-self,
higher interest in engaging with data and more motivation to reflect
on their data.

Based on our findings, we derived four design recommendations
for VR apps that aim to visualise personal data in a qualitative way:
Within a framework, they should provide engaging autonomous
interaction that support presence, mindfulness and emotionally
engaging experiences. Our work can provide a first step in showing
that weather can be a meaningful metaphor to represent tracker
stress scores, and that VR can be an effective tool to support en-
gaging with complex personal data. We hope that this paper will
inspire further inquiry into qualitative visualisation approaches
that effectively support well-being.
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