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Abstract

This paper describes the progressive development of three approaches of successively increasing analytic functionality for
visually exploring and analysing climate-related volunteered geographic information. The information is collected in the
CitizenSensing project within which urban citizens voluntarily submit reports of site-specific extreme weather conditions,
their impacts, and recommendations for best-practice adaptation measures. The work has pursued an iterative development
process where the limitations of one approach have become the trigger for the subsequent ones. The proposed visual explora-
tion approaches are: an initial map application providing a low-level data overview, a visual analysis prototype comprising
three visual dashboards for more in-depth exploration, and a final custom-made visual analysis interface, the CitizenSensing
Visual Analysis Interface (CS-VAI), which enables the flexible multifaceted exploration of the climate-related geographic
information in focus. The approaches developed in this work are assessed with volunteered data collected in two of the
CitizenSensing project’s campaigns held in the city of Norrkoping, Sweden.

Keywords Geographic visualization - Information visualization - Visual data exploration - Volunteered geographic
information

Introduction

A growing interest in citizen sensing implies a growing
production of volunteered geographic information (VGI)
(Goodchild 2007). Non-professionals use sensors, often
low-cost or even self-built, to voluntarily collect data that
concern environmental aspects they care about. Although
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such voluntarily collected geographic information enables
citizens and stakeholders to get insights into issues for which
geospatial databases do not exist, the inaccuracy of VGI
is often cited as a barrier to its wider use in the decision-
making process (Goodchild 2007). Meanwhile, studies have
shown that participatory mapping projects can produce more
accurate data than official initiatives since participants con-
tribute with unique local knowledge. Efficient approaches
are thus needed that enable the comprehensive analysis of
VGI with respect to its context and characteristics, but that
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also allow for assessments to be made concerning its accu-
racy, reliability, and relevance to the domain research. Visual
data exploration can serve as such an approach providing
insight into the data and leading to increased understanding
of its advantages and shortcomings.

The primary aim of this study is to investigate the poten-
tial of visual exploration, defined as the process of using
visualization to gain insight into data, in the context of VGI
related to climate change impacts and adaptation. As the
term exploration implies, the main focus of such a process
is the identification of unknowns and the generation of new
hypotheses to be investigated further either through con-
tinued visual exploration or by means of automatic tech-
niques (Keim 2001). Visual data exploration is interactive
and intuitive and allows the user’s domain knowledge to be
seamlessly incorporated in the analysis. When the data to be
explored have a geographic reference, these are commonly
represented on interactive map displays enabling users to
reveal unknown geographical patterns and spatial relation-
ships in the data (MacEachren 1994), and thus to gain addi-
tional knowledge about investigated phenomena.

Having this as a starting point and following Shneider-
man’s visual information seeking mantra of “overview, zoom
and filter, and details-on-demand” (Shneiderman 1996), this
study explores the potential of visual exploration of climate-
related VGI generated by the participants of the CitizenSens-
ing! project. To achieve this, visual exploration and analysis
approaches of progressively increasing sophistication and
analytical functionality have been iteratively implemented
and tested with real data in the course of the project. This
iterative process has resulted in an initial map application
providing a low-level data overview, an Apache Superset’
prototype comprising three visual dashboards for more in-
depth exploration, and a final custom-made visual analysis
interface, CitizenSensing Visual Analysis Interface (CS-
VAI), which enables the flexible multifaceted exploration
of the climate-related geographic data in focus. The data
used to exemplify the approaches have been collected in two
of the CitizenSensing project’s campaigns held in the city of
Norrkoping, Sweden.

The main contribution of this work is an extensive elab-
oration of the design and development process through a
set of visual exploration tools that facilitate visual analysis
of VGI related to extreme weather conditions and climate
adaptation. As the final outcome of this process, we propose
CS-VAL, a tool for visual data exploration whose main goal
is to allow the seamless exploration of the temporal, spatial,
and attribute space of VGI.

! http://citizensensing.eu

2 https://superset.apache.org
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The remaining of this article is structured as follows.
First, a short review of related work is presented followed
by a description of the CitizenSensing project and the data
collected within it. Subsequently, a description of the three
visual exploration approaches developed in this work is pro-
vided. The description is divided into three separate subsec-
tions corresponding to the iterative process followed in the
project. Following this, a section with example use cases of
how the proposed tools can be used for exploring different
aspects of the data at hand is presented. The article con-
cludes with a section discussing considerations and biases
when working with VGI in general as well as particular
limitations and considerations specific to our work. Finally,
conclusions and future work are outlined.

Related work

This work is concerned with the visual exploration of spatio-
temporal user-generated climate-related data that include
reports of weather events, their impacts, and/or recommen-
dations of appropriate adaptation measures. Therefore, it
relates to research in: (1) the use of visualization for knowl-
edge discovery, (2) visualization of environmental data, and
(3) visualization of VGI.

The use of visualization for knowledge discovery

The importance of interactive visualization and the human-
in-the-loop in data analysis is underlined by the large body
of research on visual exploration and analytics interfaces
(Wang et al. 2016). Several visualization pipelines have been
proposed focusing on different analysis aspects and allowing
various levels of user involvement (e.g. van Wijk (2005),
Munzner (2009)). Multitudes of visual exploration interfaces
have been developed that facilitate flexible interactive analy-
ses and knowledge discovery. The common cornerstones of
these are commonly:

e the mapping of data values to visual elements,

e the use of coordinated multiple views (CMV) to facilitate
multifaceted data exploration (e.g. Roberts (2007), Dork
et al. (2008)),

e the use of interaction techniques that provide flexibility
of analysis to the user (Yi et al. 2007).

Although visual exploration interfaces differ in terms of
content, offered functionality and visual complexity, they
have proven of essential value for knowledge discovery and
hypothesis formulation in many domains, including environ-
mental studies (Helbig et al. 2017).
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Visualization of environmental data

A number of visual exploration interfaces have emerged
promoting the analysis of environmental data. For instance,
Li et al. (2014) integrated three visualization techniques
to investigate climate data where a novel technique named
“global radial map” served as the main visualization view.
In turn, Jdnicke and Scheuermann (2014) illustrated the use
of the open-source library GeoTemCo for visualizing envi-
ronmental data referring to three themes: biodiversity, global
warming and relationships between weather phenomena,
and natural hazards. A geographic visualization approach
was proposed by Neset et al. (2016) to address challenges
in communication of climate information to lay audiences,
particularly related to climate scenarios, impacts, and action
alternatives. A web-based framework for collaborative vis-
ualization and analysis was presented by Lukasczyk et al.
(2015); they used a dataset of water scarcity in Africa to
exemplify the utilization of visual interfaces for collabora-
tive environmental data exploration on distributed desktop
and mobile devices. Neset et al. (2019) designed an interac-
tive visualization tool to support dialogues with water man-
agement and ecosystem stakeholders. Finally, Janicke (2019)
presented a system to visually explore spatial data on animal
and plant species that are threatened with extinction at the
European level. In this study, a series of highly interactive
visual interfaces has been developed to facilitate dynamic
query construction to investigate geospatial, species-related
features and developments.

All studies mentioned above employ visualization tech-
niques to facilitate data comprehension by the users. The
plethora of implemented solutions and interface configu-
rations makes it challenging to conclude about their com-
monalities. Even within one dataset, a number of different
visual interfaces can be designed to emphasize various data
aspects and thus support different user tasks. Therefore, a
conceptual stage where adequate visualization and interac-
tion techniques are extensively considered seems to be of
essential importance to any development process where a
visual interface is to be implemented.

Visualization of volunteered geographic
information

With the rise of platforms encouraging the collection of
user-generated data, the number of systems concerned with
the visualization of VGI (Goodchild 2007) has been increas-
ing. A visual analytics system for the exploration of environ-
mental data collected via the citizen science platform enviro-
Car was proposed by HauBler et al. (2018). In this work, the
authors experiment with various visualization techniques to
gain insight into the data and, for instance, use a clock meta-
phor to display changes over time of several data attributes.

In another study, Seebacher et al. (2019) propose an adaptive
workspace consisting of five views that facilitate prediction
and visual analysis of urban heat islands based on volun-
teered data from a private weather station network. Tenney
et al. (2019) describe a crowd sensing system that captures
geospatial social media topics and visualizes the results in
multiple views.

Some works that are close to our interests in their scope
and focus on the value of the visual exploration of VGI
include the SensePlace2 system (MacEachren et al. 2011).
SensePlace2 combines visual exploration of social media
data (Twitter) with a place—time—concept framework to
support geographically grounded situational awareness.
This work, similar to ours, puts focus on the specific data
attributes of interest in the development and assessment of
the potential of their proposed interface. For SensePlace2,
the focus is on place, time, and theme (i.e. textual context)
to understand and monitor an emerging situation reported
through Tweets, while we are focusing on the place, time,
image content as well as associated weather parameters to
map and better understand weather conditions and their
impacts to personal comfort. Also, Dykes et al. (2008) have
investigated the potential of visualization for exploring the
complexity of VGI and extracting local knowledge. For
achieving this, they have experimented with visual explora-
tion approaches on a collection of volunteered geography-
related photographs (‘geographs’) for understanding notions
of place.

The three areas outlined in this section indicate that vis-
ual exploration of citizen-generated data by means of visual
interfaces is becoming a common practice for obtaining a
better understanding of local environmental conditions. As
conditions can be perceived differently by various citizens,
it is of primary importance for a sustainable urban develop-
ment to consider the diverse site-specific information related
to urban climate adaptation reported by individuals.

The CitizenSensing project and its
climate-related VGI

The work presented in this paper is part of the CitizenSens-
ing project. The project’s main goal is to develop and evalu-
ate a Participatory Risk Management System (PRMS) that
allows urban citizens to voluntarily report, by means of a
mobile web application, information about site-specific
extreme weather conditions, their impacts, and recommen-
dations for best-practice adaptation measures. The project
aims to assess whether and how the system can increase
citizens’ engagement and contribute to urban resilience. The
particular targeted weather phenomena, e.g. events with high
and low temperature or heavy rainfall, are decided upon with
relevant urban stakeholders and according to the specific

@ Springer
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context of different pilot studies. The CitizenSensing mobile
web application aims to facilitate a high level of interactivity
by engaging citizens, both as providers of place-specific data
on weather events, as well as receivers of recommendations
on how to respond. The resulting system will provide an
integrated platform to support local stakeholders and citi-
zens in increasing their ability to make informed decisions
related to climatic risks and increase urban resilience.

The CitizenSensing PRMS is composed of a mobile
web application, a sensor network, and a database. The
mobile web application enables citizens to submit reports
on observed weather events and their impacts as well as
seasonal observations. The voluntarily submitted reports are
stored in a database comprising: geographical coordinates,
date and time, weather event type, climate impact, personal
level of comfort, picture (optional), comment (optional), as
well as the type of operating system and web browser that
was used for the submission. When a report is submitted,
no personal information is stored except for the users’ geo-
graphical position, provided that they have granted access
to this information. Depending on availability, the system
also integrates real-time weather parameter data, such as
temperature, air pressure, humidity, and precipitation, from
the Netatmo weather station network.?

The data used in this study for testing the potential of vis-
ual exploration, through the proposed approaches, are col-
lected in two of the CitizenSensing project’s campaigns in
the city of Norrkoping, Sweden: (i) a campaign with home-
care staff and (ii) a campaign with students of two classes of
secondary school. Data were collected from assigned teams
instead of single individuals to preserve privacy. To encour-
age participants to be actively involved in the campaigns,
points were given for each uploaded report, image, and com-
ment. Project members held meetings with the homecare
staff at the start and end of the campaign, while the students
were visited four times during the campaign to follow up on
questions and to encourage participation.

Visual exploration approaches
of climate-related VGI

The climate-related VGI considered in this project com-
prises volunteered geo-referenced reports (in the following
referred to only as reports) on observed weather events and
their impacts collected during the CitizenSensing cam-
paigns. We have investigated the use of visual exploration
approaches to successively enhance insight, both with regard
to the reports’ content and their distribution characteris-
tics and reliability. To this end, three visual interfaces of

3 https://dev.netatmo.com/apidocumentation/weather
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progressively increasing analytical functionality have been
developed over three iteration phases of the project:

1. The CitizenSensing Web Portal providing a low-level
overview of the data in a map display context.

2. An Apache Superset prototype, with three visual dash-
boards experimenting with various interface configura-
tions, for more in-depth spatio-temporal data explora-
tion.

3. The CitizenSensing Visual Analysis Interface (CS-VAI)
enabling comprehensive, multifaceted data exploration
in search of spatio-temporal patterns.

In the following, the three visual interfaces are described
in detail in the context of their successive advancement dur-
ing the projects’ development process.

The CitizenSensing Web Portal

The CitizenSensing Web Portal (Fig. 1) enables a flexible
overview of the reports collected in the CitizenSensing
project. The Web Portal displays the reports on a map and
features tailored user interaction to support the filtering and
initial assessment of the data. A user can perform a low-
level data exploration that encompasses basic user tasks
from the analytic task taxonomy proposed by Amar et al.
(2005), for example, value retrieval or filtering. Hence, users
can retrieve values of specific reports and filter reports by
location, time range, or user-id. Furthermore, data can be
filtered by weather event type or by users’ reported personal
level of comfort. Filtered reports are presented on a map dis-
play and differentiated by map symbols showing their cor-
responding weather event types. Apart from the map display,
filtered reports are listed in a panel to the left of the map. If
a report includes a picture or a textual comment related to
the reported weather event, this information is displayed in
the list view. A report can be selected from the list view or
by clicking an item on the map.

The Web Portal has been designed for desktop displays. It
has been developed using open-source JavaScript APIs such
as OpenLayers for web mapping, Bootstrap for responsive
layout, and jQuery for user interaction. Two versions of the
Web Portal are available: (1) a publicly available version
which shows reports without detailed information such as
comments and pictures and (2) a password protected ver-
sion which shows comments and images and is thus used
only within the project for analysis and evaluation of the
reported data.

The Web Portal enables the user to get an overview of
the spatial distribution and gain an initial understanding of
the climate-related VGI considered in this work. This is,
however, done in a manual and somewhat cumbersome
manner without visual cues to guide the exploration. The


https://dev.netatmo.com/apidocumentation/weather

Environmental Earth Sciences (2021) 80:684

Page50f15 684

@ CitizenSensing

GO TO PILOT CITY: Norrképing SWEDEN | Porto PORTUGAL | Rotterdam NETHERLANDS |  Trondheim NORWAY

HOME # | PROJECT WEBSITE i

20 June 2019 - 14:14 (2620)
weather event type: HEAVY RAINFALL
. FLOODING
- NEUTRAL

Mycket regn

Himmel
'

20 June 2019 - 14:13 (2619
weather event type: HEAVY RAINFALL |

pact. FLOODING
fort: NEUTRAL

Regn

A~ AA t..e- ARan  aa.nn

DOWNLOAD REPORTS IN CSV FORMAT &

20 June 2019 - 14:14 (2620)

==

TIME RANGE from 01/Jun/2019 to 31/Aug/2019
WEATHER EVENT TYP -all-
LEVEL OF COMFORT | -all-

USERNAME

UPDATE FILTER &

4 2890 displayed observatigns (743 out of map)

. HEAVY
* RAINFALL
act. FLOODING
t NEUTRAL

Mycket regn

497 high temperatures

157 low temperatures

265 heavy rainfall

172 udrough!
23 snowfall
73 5’| strong wind

30 [##] storm

34 | <3 storm surge

I dl

ol

¥

Rambo
1639 Ig seasonal observations

1145 contriners

Fig. 1 The CitizenSensing Web Portal for low-level data overview. It comprises a map view displaying the reported events, a side panel display-
ing the attributes and the associated image for each of the visible events on the map, and a filtering panel

user explores the content of the data by querying individ-
ual reports for details on demand and by applying filtering
operations to inspect subsets that display specific attributes
or occur in specific intervals. This created the need for a
more advanced exploration that would allow for in-depth
analysis of the data which led to the Apache Superset visual
analysis prototype.

Apache Superset prototype

An initial visual analysis prototype was designed to allow
more elaborate exploration of the CitizenSensing project’s
VGI. The prototype was built using the Apache Superset
software, an open-source data exploration and visualization
platform for business intelligence. Apache Superset pro-
vides an intuitive interface for creating visual dashboards
combined with an SQL Interactive Development Environ-
ment (IDE). The platform offers a number of visualiza-
tion techniques, based on D3.js (Bostock et al. 2011) or
deck.gl (Wang 2017) that can be dynamically linked for cre-
ating interactive visual dashboards.

The Apache Superset visual analysis prototype (in the
following referred to as Superset prototype) comprises three
visual dashboards tailored to support specific user tasks
depending on the use case. To this end, six visualization
techniques were combined in different configuration designs

to display various aspects of the data from two separate user-
generated datasets. The visualization techniques used are
as follows:

1. Map view to display positions of reported weather events
where the colour of map symbols encodes weather event
types.

2. Prism map to display temperature values from the
Netatmo sensor network. The heights and the colours
of the hexagonal prisms correspond to the average tem-
perature calculated for each hexagonal cell.

3. Sankey diagram that displays the linkages between
weather event type, impact type, and personal level of
comfort collected through the weather event reports.
The size of the bands represents the number of linkages
between the reported data.

4. Parallel coordinate plot to display weather parameters
from the Netatmo sensor network: temperature, air pres-
sure, and humidity.

5. Multiline graph representing aggregated minimum,
maximum, and average temperature values. The data
are retrieved from the Netatmo sensor network.

6. Word cloud to display frequent terms submitted in the
comments of the reported weather events. The size of
the word is proportional to the number of reports.

The three dashboards combine the above visualiza-

tion techniques in the configurations shown in Fig. 2
and described further in the “Use cases” section. All

@ Springer
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Fig.2 The three visual dash- DASHBOARD 1 DASHBOARD 2 DASHBOARD 3
boards designed to experiment
w1t'h various interface conﬁgu- MAP VIEW MAP VIEW PRISM MAP MAP VIEW PRISM MAP
rations for in-depth exploration
of the CitizenSensing climate-
related VGI 5 3 PARALLEL

4 = PLOT

visualization components in each dashboard are linked by
time attribute and weather event type and can be navigated
through a filter box. Although the dashboards offer data fil-
tering, no data exploration mechanisms by means of sophis-
ticated interaction techniques are available.

The Superset prototype brought considerable advance-
ments in the available functionality for exploring the climate-
related VGI at hand in comparison with the CitizenSensing
Web Portal, as described in the following use case examples.
However, several substantial limitations were also revealed.
The main finding was that the combinations of visualization
techniques implemented in the different dashboards allowed
a user to get insight into the relations between spatial, tem-
poral, and additional qualitative (i.e. weather event type, cli-
mate impacts) attributes of the collected data. However, this
insight was restricted by the composition of each dashboard
in terms of visualization techniques and data attributes to
be used. Moreover, interaction with the data occurred only
through the filter box. This limits considerably the explora-
tion flexibility and can potentially impede the analytic flow
of thought of the user. Based on these limitations and on
the feedback received from the domain experts during the
demonstrations of the dashboards, a decision was taken to
develop a custom-made visual analysis interface that would
allow flexibility of analysis of all aspects of the data in an
integrated environment.

The CitizenSensing Visual Analysis Interface

The CitizenSensing Visual Analysis Interface (CS-VAI) was
designed to enable more flexible exploration and achieve
higher levels of sophistication in the visual analysis of
the CitizenSensing project’s VGI. CS-VAI is a responsive
web-based visual analysis interface with four linked views
allowing exploration in geographical, temporal, and attribute
data space and details-on-demand functionalities. The inter-
face was developed using the web application framework
Angular* in combination with D3.js (Bostock et al. 2011)
and deck.gl (Wang 2017) APIs. The four linked views com-
posing CS-VAI are: a map view, a scatter plot, a multiline

4 nhttps://angular.io
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graph, and an image clouds view (Fig. 3a—d, respectively),
all custom-designed for the interface.

The map view displays reports as map symbols colour-
coded by level of comfort or climate impact associated to the
reported weather events. Users can pan and zoom the map to
filter the reports by a geographical range. Such geographical
filtering is then reflected on all other views.

In the scatter plot, each point corresponds to a report and
is colour-coded by level of comfort or climate impact. The
x-axis of the plot reflects reporting time, whereas the y-axis
reflects weather event type. The user can filter the data by
level of comfort through clicking on the colour legend of the
plot, or by weather event type through clicking on the event-
type labels of the y-axis. Furthermore, a focus + context vis-
ualization paradigm (Cockburn et al. 2009) is applied on the
time axis. An overview plot of the entire time range of the
data is provided at the bottom of the plot on which the user
can select a specific period to focus on (see Fig. 3b). The
scatter plot is then updated to show only the reports within
the selected period, while the overview plot continues to
show the distribution of reports across the entire time range.
The applied temporal filtering is reflected on all other views.

In the multiline graph, the user can enable/disable line
graphs that show sensor measurements such as air tempera-
ture, humidity, and pressure retrieved from the Netatmo sen-
sor network for the Norrkoping municipality. The default
view (Fig. 3c) displays the: average (red line), maximum,
and minimum values (blue lines) aggregated from the sen-
sor measurements. As a reference, in the air temperature
graph, air temperature readings for the city of Norrkdping
(orange line) retrieved from the Swedish Meteorological and
Hydrological Institute were also included.

Lastly, the image clouds view displays the images sub-
mitted with the reports. The visualization uses a force-
directed layout with multifoci clustering, where each focus
point identifies a unique attribute value of the reports. The
d3-force module is employed for this that implements a force
simulation with a collision force, which uses a buffer radius
in combination with a repulsive force to prevent that the
nodes overlap, and a modified force cluster function that
takes into account the cluster centroids according to the
selected attribute and uses them as gravitational points. In
the image clouds view, images can be arranged by weather
event type, level of comfort, or by their colour content in
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Fig.3 The CitizenSensing Visual Analysis Interface (CS-VAI) com- the explored time period, ¢ a multiline graph displaying collected
posed of four linked views: a a map view displaying the position of weather parameters over the same time period, and d an image clouds
reports, b a temporal scatter plot displaying the weather events across view displaying the reported images using different arrangements
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Fig.4 The three arrangement options of the CS-VAI image clouds view: a by weather event type, b by level of comfort, and ¢ by image colour

content

terms of their hue (Fig. 4a—c, respectively). The latter is An essential advantage of CS-VAI’s interface configura-
achieved by calculating the average colour for each image  tion is that after the selection of a geographic area (in the

and then using their hue values to sort them along the x-axis. ~ map view), and selection of a time range and a considered
attribute (in the scatter plot), the user can juxtapose the

@ Springer
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observations with the actual weather parameters provided
in the multiline graph. Furthermore, filtered reports can be
explored in terms of corresponding images. The latter can be
easily accessed by clicking on particular image thumbnails.
Moreover, grouping images into clouds can enable further
insight into their content.

Use cases

Three use cases are presented to exemplify the exploration
made possible through the proposed approaches and discuss
opportunities and challenges. The data in these use cases
were collected during two campaigns of the CitizenSens-
ing project as described in the section “The CitizenSensing
project and its climate-related VGI.”

The exploration has been based on the Triad framework
for the representation of spatio-temporal dynamics proposed
by Peuquet (1994). The framework allows the user to pose
questions relating to three basic elements of spatio-tem-
poral data: where (space/location), when (time), and what
(objects), and explore aspects of each in terms of the other
two. The objects, in the case of this data, correspond to any
of the reports’ qualitative attributes, i.e. weather event type,
personal level of comfort, climate impact, textual comment,
and submitted image. The questions supported in the Triad
framework (Peuquet 1994), and thus considered in the fol-
lowing use cases, concern how a user can:

(1) Explore objects that are present at a given location at a
given time (when + where — what).

(2) Explore times that a given object occupied a given loca-
tion (where + what — when).

(3) Explore locations occupied by a given object at a given
time (when +what — where).

For each of the questions above, examples of if and
how such an exploration can proceed using the proposed
approaches are discussed.

when + where — what: Exploration of visual
and textual contributions for selected weather
event types

The first use case is concerned with exploring the reports’
qualitative attributes (what) in terms of their geographical
locations (where) and their time range (when), i.e. under
certain spatial and temporal selections. Such an exploration
can be of interest for getting an overview and assessing the
content of the reports. In the CitizenSensing project, the
collected VGI allows the researchers to provide relevant
feedback to participants during an ongoing campaign, to
identify whether campaign instructions (e.g. observations

@ Springer

specifically directed to a certain impact) are followed, or to
provide a synthesis to interested parties, so they could ana-
lyse whether the provided information is relevant to spatial
planning and climate communication efforts and/or indicates
a specific risk in an area. Consequently, it becomes interest-
ing to analyse the visual and textual contributions of the
submitted reports (i.e. the images and their corresponding
comments) for different weather event types.

The CitizenSensing Web Portal (Fig. 1) enables a quick
assessment of the data in relation to this task. The Web Por-
tal offers functionality to filter the reports by time (through
selection options) and space (through navigating the map)
and displays the reports on a map using weather event type
symbols providing an overview of their spatial distribution
and density. By selecting individual weather event types,
an overview of the images and/or comments corresponding
to the reports can be explored in the list panel or by hover-
ing over the map symbols. With this approach, the user can
access all available textual and image data; however, as a
summarizing overview of the content is missing, data explo-
ration is cumbersome.

Dashboard 1 of the Superset prototype (Fig. 5) provides
functionality for filtering reports by time and event types
through the filter box. However, there is no support for
spatial filtering that is propagated to the data in all views.
An overview of the spatial distribution and density of the
reports corresponding to a selected weather event type is
displayed on the map view (Fig. 5a). The Sankey diagram
(Fig. 5d) makes it possible to explore the qualitative attrib-
utes related to the selected weather event type. Additional
functionality for inspecting the corresponding textual contri-
butions is provided by the word cloud (Fig. 5¢), where words
describe weather event types (e.g. rain, thunderstorm) and
associated terms (e.g. cautiously, flooding), and the words’
font size encodes their frequency. Word colours are set ran-
domly. Dashboard 1 provides an aggregated overview of the
textual content of reports and the relations of the weather-
type-related attributes. However, as the views are linked only
through the filter box, there are no visible relations with
their locations.

Performing this exploration task with CS-VAI (Fig. 6)
allows for a considerably larger exploration space and flex-
ibility of investigation compared to the earlier approaches.
Data filtering in CS-VALI is applied interactively, i.e. spa-
tial filtering through navigating the map, temporal filtering
through selection on the temporal overview of the scatter
plot, and filtering by weather event type or climate impact
through clicking on the elements of the scatter plot (Fig. 6b).
Moreover, filtering is applied in an informed manner since
visual cues are provided reflecting the distribution of the
data in terms of space, time, and attributes. Furthermore,
all views are linked directly, so filtering operations applied
in one view are reflected in all others, and thus, a user can
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Fig.5 Superset prototype Dashboard 1 displaying a selection of
heavy rainfall events. The dashboard is composed of four views: a a
map view displaying the position of reports, b a filtering panel, ¢ a

flexibly navigate the search space of the data. Exploration
of the images and textual content of the submitted reports
is possible in all views. Hovering over the points in the
scatter plot and the map reveals corresponding images and
textual comments. Further contextual analysis can be per-
formed with the image clouds view. A user can inspect the
corresponding images in different arrangements (weather
event type, level of comfort, colour content) to get a better
understanding of their content and context. Hovering over
the images displays their corresponding textual comments.

All three interfaces, i.e. Web Portal, Dashboard 1 of the
Superset prototype, and CS-VAI, allow the user to zoom in
on areas of spatial and/or temporal interest, for instance, on
areas with a high number of reports for a certain weather
event type or impact, to obtain a spatial demarcation of areas
that should be further analysed. This is achieved with a vary-
ing level of flexibility and visual cue support in the different
interfaces as previously described. Review of the images
and comments submitted together with the reports for such
a selection can be indicative of whether a high number of
reports are due to a certain climatic event, or solely because
a large number of users reported from the same area. Evi-
dence of this can potentially be seen in the image clouds
view of CS-VAIL
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U crop destruction ==

. flooding of buildings

[7] negative - high "%OW o
i

er suppi
water quality problems ==
[l positive - moderate Himited of no 1oc: |Fv?n|spon =
SUf allures ==
21 do not know (elecommumcgf N SUDOIV ==

‘ negative - moderate

word cloud displaying the most common terms in the explored report
subset, and d a Sankey diagram displaying linkages between report
attributes

where + what — when: Selection of specific data
categories and their comparison to background
weather data (sensors)

The second use case is concerned with exploring the times
(when) when certain objects (what) appear in certain loca-
tions (where). Of particular interest in this use case is how
the submitted reports relate to the weather parameters col-
lected from sensors. This exploration question can give
deeper insights to the temporal characteristics of the col-
lected data and environmental conditions. Even though all
the proposed tools provide some level of support for explor-
ing temporal aspects, as outlined below, this task, in its strict
definition, can only be fully supported by the CS-VAI tool.

The Web Portal allows only a preselection and over-
view of the reports to be performed, as described in the
first case. Dashboard 2 of the Superset prototype (Fig. 7)
and CS-VAI (Fig. 6) allow for simultaneous exploration
of both the reports and the weather parameters obtained
from sensor networks. To achieve this, both tools employ
a multiline graph (Fig. 7d and Fig. 6¢c, respectively) that
provides an overview of the weather parameters during the
campaign periods. The graph can be used to identify specific
time ranges of interest, for which the spatial distribution
of reports can be explored in the map view. In Dashboard
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Fig.6 CS-VAI displaying weather events of heavy rainfall event type.
The positions of the events are displayed on the map (a), the scatter
plot (b) reveals the temporal distribution of the heavy rainfall events
coloured by level of comfort, in the line graph (c), air pressure values

2, this selection of time ranges is performed through the
filter box (Fig. 7c), while in CS-VAI it is done through the
focus + context view (Fig. 3b). Additionally, Dashboard 2
allows the exploration of the average temperatures for sensor
measurements in its prism map (Fig. 7b) and includes also a
parallel coordinates plot (Fig. 7e), so users can examine the
correlation between three weather parameters of the sensor
data, i.e. air temperature, pressure, and humidity. This is of
particular importance to the investigation of heat stress that
is influenced by high air temperature along with e.g. high
humidity.

Dashboard 2 and CS-VAI partly support the task of this
use case by providing a number of opportunities to select,
filter, and view information from the different data sources
based on the identification of interesting patterns (e.g. peaks)
of the weather parameters displayed in the multiline graphs.
So, interesting times (when) can be identified for which the
‘what’ and ‘where’ are explored. In addition, CS-VAI pro-
vides further functionality that allows users to interactively

@ Springer

are displayed over the explored time period, and in the image clouds
view (d), the corresponding images are displayed, arranged by level
of comfort

select report subsets (objects) with respect to their weather
event type, level of comfort, and/or their spatial location and
observe the temporal position and distribution of these in the
scatter plot (Fig. 6b). Hence, reports (what) that appear in
certain locations (where) can be selected and their temporal
characteristics (when) explored. Moreover, the placement
of the scatter plot above the multiline graph allows users to
observe relations between the reports and the temperature
variations over the time period (Fig. 6¢). This makes it pos-
sible to directly juxtapose data from the two sources.

when + what — where: Analysis of spatial patterns
of specificimpacts and assessment of data
relationships

The third use case is concerned with the exploration of spa-
tial areas (where) based on the qualitative (what) and tempo-
ral (when) attributes of the reports located within them. This
exploration is interesting in terms of the patterns that can be
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Fig.7 Superset prototype Dashboard 2 displaying weather parameters
from sensor data. The dashboard is composed of: a a map view dis-
playing the position of the event reports, b a prism map displaying

revealed. The selection of days with, e.g. high temperatures,
allows the examination of the spatial extent of sensor meas-
urements and the identification of possible outliers. In this
case, specific areas in the city of Norrkdping, Sweden, can
be identified for the period of a heat wave and then examined
in terms of climate impact types that were reported for such
a spatio-temporal selection.

The Web Portal’s map view enables the visual analysis
of the spatial distribution of weather event types given a
filtered selection of the reports, but the potential to iden-
tify more complex relationships between data records is
limited. Therefore, Dashboard 3 of the Superset prototype
(Fig. 8) has been configured for this type of analysis. A
Sankey diagram is included in the configuration (Fig. 8c)
to aid the analysis of linkages between the primary quali-
tative attributes of the reports: (1) personal level of com-
fort, ranked from low to high during the selected period;
(2) weather event types (high temperatures, heavy rainfall,
drought, strong wind, and storm); and (3) corresponding
climate impacts. The diagram provides an overview as to
whether specific weather event types were frequently linked
to low or high levels of comfort and to particular climate
impact types that were reported for specific weather event
types. The combination of two maps and a Sankey diagram

aggregated air temperature values, ¢ a filtering panel, d a line graph
displaying temperature values over time, and e a parallel coordinates
plot displaying weather parameter values

in Dashboard 3 provides insight into patterns that could be
further investigated.

In CS-VAI (Fig. 3), the exploration of relationships
between the reports’ attributes and the potential spatial pat-
terns they exhibit can be performed in the different views in
a more integrated manner compared to the other tools. The
scatter plot (Fig. 3b) displays weather event types (y-axis)
over time (x-axis) and relates these to the reported level of
comfort or the climate impact (colour). Users can perform
temporal or attribute selections in the plot and explore the
spatial distribution of the selected subsets in the map. The
image clouds view (Fig. 3d) reveals groupings and similari-
ties of the corresponding submitted images with respect to
different attributes (weather event type, level of comfort, col-
our content of the image), so users can more deeply explore
such relationships. A selection in one view highlights corre-
sponding record representations in the remaining views, and
so the spatial distribution of observed image groups can be
inspected, and spatial patterns potentially revealed. With the
functionality of CS-VAI, users can systematically explore
different aspects of the data and flexibly examine relation-
ships and patterns within and between them.
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Fig.8 Superset prototype Dashboard 3 displaying relationships prism map displaying aggregated air temperature values, ¢ a Sankey
between weather-event report attributes. The dashboard is composed diagram displaying linkages between report attributes
of: a a map view displaying the position of the event reports, b a

Table 1 Visualization and interaction available in the three tools designed in the study

Visualization and interaction Presence in tools
CitizenSensing web portal Superset dashboards CS-VAI
1 2 3

List view Fig. 2a
Map view Fig. 2b Fig. 5a Fig. 7a Fig. 8a Figs. 3a and 6a
Word cloud Fig. 5¢
Sankey diagram Fig. 5d Fig. 8c
Prism map Fig. 7b Fig. 8b
Parallel coordinate plot Fig. 7e
Multiline graph Fig. 7d Figs. 3c and 6¢
Image clouds view Figs. 3d and 6d
Scatter plot Figs. 3b and 6b
Data attribute filtering (what?) Available Available Available - Available
Spatial filtering (where?) Available Available
Temporal filtering (when?) Auvailable (discrete time range) Available Available Available (continuous)

(discrete time (discrete time

range) range)
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Discussion

The exploration of VGI facilitated by interactive visual inter-
faces involves several aspects that need to be considered.

First, our study indicates that the use of visual exploration
shows potential for the multifaceted analysis of VGI since it
enables the analysis of such data with respect to both their
content and spatio-temporal characteristics. In this work,
the spatio-temporal potential was explored through the three
visual exploration and analysis approaches of successively
increasing sophistication designed and developed during the
course of the CitizenSensing project.

Second, although the proposed interfaces differ in terms
of layout and functionality, they were all tested with the
same climate-related VGI data content. The three central ele-
ments of the Triad framework (Peuquet 1994): time, space,
and attributes, have been used as a theoretical basis for this
testing and have been reflected in various layout configura-
tions implemented in the interfaces. Table 1 summarizes the
visualization techniques employed in the three approaches
along with the information on the interactive functions
the visual interfaces offer. The use of the Triad theoretical
framework has been beneficial for two reasons. First, it has
provided structure to the development process by driving
the successive refinement of the approaches with respect to
how effectively they answer questions relating to these ele-
ments. Second, it has ensured that the proposed approaches
are generalizable to a certain level, since even though the
approaches have been developed around a specific set of
climate-related VGI, the exploration has been built around
the generic core characteristics of the data.

Third, there are limiting characteristics and biases that
are inherent to the nature of VGI and the way it is collected
in general, which are independent of the visual interfaces
used to explore them. These aspects include unequal spatial
and temporal distribution of VGI, lack of quality verifica-
tion, degree of participation, and motivations for participa-
tion and have been the focus of numerous articles relating
to citizen science (e.g. Goodchild 2007; Goodchild and Li
2012; Haklay 2010, 2013; Meier et al. 2015). Such issues
are naturally also present in the datasets used in this study.
Spatio-temporal visual exploration as a general approach and
consequently also the visual interfaces proposed here can
prove valuable for exploring this aspect of VGI.

The optimal coverage of climate-related data would be a
high number of reports distributed around the clock across
a city from diverse end-users. The type, number, and spatio-
temporal distribution of the data in this study was, however,
dependent on the set-up and context of the campaigns dur-
ing which the data were collected, similar to the study by
Hung et al. (2016). Students uploaded a high number of
reports near their school, and usually during school hours.

The homecare staff showed a higher degree of spatial and
temporal variability in their reporting as one of the teams
with one of the highest number of reports had work duties
spread across the municipality. Such characteristics of the
reports can be explored to various levels of detail in the pro-
posed approaches by making temporal selections that match
the campaign periods and inspecting their distribution and
attributes in the views.

Motivation for volunteer participation is an issue closely
linked to the amount, type, and quality of collected data
(Baruch et al. 2016). In both campaigns, participants col-
lected data in teams, a conscious choice to protect individ-
ual privacy which, however, may have decreased individual
motivation. Moreover, a few teams uploaded most reports
which illustrates the uneven motivation of the teams. Par-
ticipation often decreases over time, as did happen in the
homecare staff campaign, which can be seen in Fig. 3b as
a reduced density of reports over time in the scatter plot
of CS-VAI. With this in mind, extra visits were made to
the students in attempt to keep an even level of motivation
throughout the entire campaign. To encourage motivation,
gamification was used in both campaigns, whereby points
were awarded for each report. This proved to both discour-
age and encourage participation. Some participants reported
diminished motivation when their teammates were inactive,
while others explained that their team inspired them to par-
ticipate. Of the teams with one of the highest number of
reports, competition was pointed out as the highest motiva-
tional factor. Gamification also influenced the spatial varia-
bility of the data, as participants made multiple reports at the
same location to gain additional points. These patterns could
be revealed by identifying a high number of reports during
a single day in the time range overview with the CS-VAL

Another aspect that influences the content and quality
of the collected data relates to the specification level of the
instructions given to contributing participants as well as
the participants’ preconceptions of the task. For example,
the data distribution for specific weather events might be
influenced by pre-understanding of the included categories,
which might impact the number, distribution, and type of
responses for different user groups. Similarly, the impacts
that users can select, might not correspond to their per-
ceived observations or experiences, which may lead to an
over-representation of broader categories (e.g. personal level
of comfort or seasonal observations). Exploration of these
aspects of the data can be effectively performed by studying
the image content of the reports in relation to corresponding
data attributes (e.g. weather event type) as enabled through
the image clouds view of CS-VAI. Homecare staff were
given a general introduction about reporting and a majority
of uploaded images lacked comments on their perception of
the event or adaptation recommendations. A more detailed
introduction to secondary students in a subsequent campaign

@ Springer



684 Page 140of 15

Environmental Earth Sciences (2021) 80:684

where they were encouraged and reminded to upload such
information resulted in more diverse and comprehensive
reports.

The climate-related VGI was collected as part of a project
to assess whether and how a participatory risk management
system might be useful to urban citizens and relevant organi-
zations. If a municipality or other relevant organization
would operate a similar system or part of it, considerable
effort would be needed to ensure adequate spatial and tem-
poral distribution and quality assurance. End-user fatigue,
a common barrier in participatory studies, and gamification
both challenge data quality. To ensure an even spatial and
temporal distribution of relevant data, organizations could
engage municipal employees or participants of local organi-
zations where collaboration could be sustained over time, a
process that would demand significant amounts of human
resources. To gain information on extreme events, night-
time occurrences, or unrepresented spatial areas, targeted
campaigns could be arranged with specific individuals and
groups.

Conclusions

The aim of the presented work has been to explore the poten-
tial of visual exploration in the context of VGI related to
climate change impacts and adaptation. This has been per-
formed through the progressive design and development of
three approaches of successively increasing analytic func-
tionality for visually exploring and analysing climate-related
VGI collected within the CitizenSensing project.

The work has pursued an iterative development process
where the limitations of one approach have become the trig-
ger for the subsequent ones. The CitizenSensing Web Por-
tal was designed for providing an overview of the collected
VGI to a wider audience. For this reason, only elementary
exploration functionality is supported through simple geo-
graphic visualization and interaction techniques. In turn, the
Superset prototype with its three dashboards was the initial
attempt for achieving more in-depth exploration, where each
of the dashboards developed was tailored towards one of
the Triad framework elements. While the three dashboards
allowed greater insight into the data, the exploration was
inhibited by the fragmented interaction possibilities and the
limited opportunities for cross-comparisons across many
attributes. The importance of being able to freely juxtapose
different attributes of the data and easily follow hypotheses
that emerge during the visual exploration process became
obvious. This brought about the design of the final interface
proposed, CS-VAI, whose main goal was to allow the user to
seamlessly explore the temporal, spatial, and attribute space
of the data at hand in an integrated manner.

@ Springer

The proposed visual interfaces make it possible to explore
the collected climate-related VGI with respect to their spa-
tial, temporal, and qualitative attributes (such as weather
event type and level of comfort) and gain insight concerning
the content and quality of the data as well as the data col-
lection process. However, there are still several interesting
future directions to this work. One is to perform a systematic
user-based evaluation of CS-VAI with stakeholders involved
in the CitizenSensing project where we measure task perfor-
mance and also collect eye-tracking data and subsequently to
further develop both the data collection and visual explora-
tion approaches based on the collected feedback. Another
direction we aim to pursue is to integrate Al-based image
processing and text mining into CS-VAI to enable the iden-
tification of impacts of extreme weather events.
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