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Preparing and delivering warnings to the public involves a chain of processes
spanning different organizations and stakeholders from numerous disciplines.
At each stage of this warning chain, relevant groups apply their expertise,
but sharing information and transmission of data between groups is often
imperfect. In diverse research fields, citizen science has been valuable
in filling gaps through contributing local data. However, there is limited
understanding of citizen science’s role in bridging gaps in the warning value
chain. Citizen science research projects could help improve the various aspects
of the warning value chain by providing observations and evaluation, data
verification and quality control, engagement and education on warnings, and
improvement of accessibility for warnings. This paper explores the research
question: How can citizen science contribute to the warning value chain?
Two workshops were held with 29 experts on citizen science and the
warning value chain to answer this question from a high impact weather
perspective. The results from this study have shown that citizens, at individual
or collective capacity, interact throughout the chain, and there are many
prospects for citizen science projects for observations, weather, hazard, and
impact forecasting, to warning communication and decision making. The
study also revealed that data quality control is a main challenge for citizen
science. Despite having limitations, the findings have shown that citizen
science can be a platform for increasing awareness and creating a sense of
community that adds value and helps bridge gaps in the warning value chain.

KEYWORDS
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Introduction

Disasters are unexpected events that collectively threaten to disrupt the
lives of a populace (Olsson, 2014). Disaster situations come in varying scales
and predictabilities and are set within complex contexts where management
decisions lead to broad societal consequences (Liu, 2014). The Hyogo Framework
for Action (UNISDR., 2005) and the Sendai Framework (UNDRR., 2015)
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have encouraged the development of Early Warning Systems
(EWS) as an integral part of disaster risk reduction. People-
centered EWS look to improve disaster management through
four key elements: (1) disaster risk knowledge, (2) detection,
monitoring, and warning for hazards, (3) dissemination and
communication of warnings, and (4) preparedness capabilities
to respond to warnings (WMO, 2018). This multifaceted
warning process spans many different systems, organizations
and stakeholders.

Communication between numerous interlinked people
and agencies is complex and can become more challenging
during disasters when time is constrained and demand for
information grows (Quarantelli, 1997; Andersen and Spitzberg,
2009). Communication gaps in the warning chain can be
exacerbated during severe events and have costly impacts. Some
case examples of communication failure include the public’s
underestimation of the warnings provided by authorities during
the 2013 super typhoon Haiyan in the Philippines (Otto et al.,
2018) and the communication breakdown between the National
Weather Service and core partners during the tornadoes
in 2011 and 2013 in Oklahoma, USA (Ernst et al., 2018).
Conversely, good relationships and strong communication links
between warning stakeholders, such as between a national
weather service and emergency managers, improve their
capacity to respond to disasters (Ernst et al, 2018). These
interconnections are crucial; it is important to understand
that the warning message from an EWS is only one part
of larger mechanisms of information processing and decision
making (Otto et al., 2018).

Golding et al. (2019) introduced a value chain approach
to understanding the inputs, data, processes, stakeholders,
contexts, outcomes, and various relationships to deliver
The
weather

effective  high-impact weather warnings. warning

value chain includes observations, forecasting,
hazard forecasting, impact prediction, warning generation,
(Zhang et 2019; Golding,

2022). In its simplest form, this can be thought of

and decision making al.,

as a sequential process; in reality, connections occur
of the The

warning value chain also reveals the gaps that need to

between many elements warning chain.
be bridged to deliver more effective warnings. Therefore,
the value chain approach facilitates the assessment of
the service design and delivery process and identifies
options for improvement as part of an ongoing value
cycle (Golding et al., 2019; Golding, 2022).

Many sources of data and information are valuable and
applicable for use in the warning value chain by different
sectors for various purposes. For example, hydrometeorological
observations and measurements can come from instruments
such as rain and river gauges, satellite and radar imagery,
and weather databases and may be collected by official

bodies such as meteorological and hydrological services
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and institutions. However, public surveys, historical records,
eyewitness accounts, photos and videos from citizens, among
others, can provide data, and these can come from alternate
and unofficial data sources such as social media, online
databases, and citizen science projects (Harrison et al,
2021).

Citizen science is valuable in contributing local and on-
the-ground data for research (Shirk et al., 2012; Haklay et al.,
2018; WMO, 2021). It has been beneficial in various research
fields as it can provide information for hard-to-access or remote
locations (Stevens et al., 2014). Individuals and communities can
also gather and share rapidly perishable data (Wartman et al.,
2020). However, there is limited understanding of how citizen
science can contribute to bridging the communication gaps
in the warning value chain. Marchezini et al. (2018) literature
search found that only 15% of articles on citizen science and
disaster management linked participatory early warning systems
with citizen science. Our study explores this gap by asking: How
can citizen science contribute to the warning value chain? The
topic is investigated from a high impact weather perspective. This
paper is an exploratory study of the potential role of citizen
science in the warning value chain, and it is not an extensive
review of existing citizen science projects in the high impact
weather space.

The paper first provides a brief background on the high
impact weather context, warning value chain, and citizen
science. The paper then outlines the method of using a
joint workshop to bring together citizen science and warning
value chain experts to explore the question. The findings
and discussion sections follow, highlighting the role of citizen
science in the warning value chain.

Background

The term high impact weather puts emphasis on the
consequences of severe weather (Taylor et al, 2018). High
impact weather events include flooding, drought, severe
wind, thunderstorms, hailstorms, heat waves, blizzards,
tornadoes, and cyclones (Vinnell et al., 2021). In 2016, the
World Meteorological Organization (WMO) and the World
Weather Research Programme (WWRP) established the 10-year
High Impact Weather (HIWeather) Project “to promote
cooperative international research to achieve a dramatic
increase in resilience to high impact weather, worldwide,
through improving forecasts for timescales of minutes to two
weeks and enhancing their communication and utility in social,
economic and environmental applications” (Murray, 2021).
The HIWeather Project uses the warning value chain concept
to understand and improve the elements involved in successful
warnings (Zhang et al., 2019; Vinnell et al., 2021).
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Warning value chain

The value chain concept finds its origin in economics.
It characterizes the full range of activities involved in
product conceptualization, production, and delivery to its final
customers (Kaplinsky and Morris, 2000). The chain describes
linked processes and connections between them where value
is added at each step to make an initially seemingly unusable
product (e.g., timber) valuable for the customer (e.g., table),
resulting in optimized cost and efficiency.

The generation of weather warnings and climate services
is complex, both technically and organizationally. The value
chain concept has become a popular tool for describing and
assessing the production, use and benefits of such services that
are often established through co-design, co-creation and co-
provision with the common goal of enabling timely action to
reduce risks (WMO, 2015). This basic idea of generating value
along an interconnected chain of processes can be translated into
a hydrometeorological context (Lazo et al., 2008; Lazo and Mills,
2021). In this case, the value is in the information created and
transmitted through the chain, leading to better decisions and,
ultimately, user benefit through (primarily) reduced damage and
losses from hazards through warnings.

For describing the co-production of warnings before and
during an event, the warning value chain can be visualized
as a sequence of peaks and valleys where the peaks represent
expertise, and the valleys represent communication gulfs
between different areas of expertise (Figure 1, adapted from
Golding et al., 2019). Each part of the chain, such as hazard

monitoring, risk assessment,

typically
associated with an expert community that delivers that function.

modeling and forecasting,
communication and preparedness activities, is

However, communication between those communities comes
with many challenges. The challenges may at times seem like
roadblocks, so communication (represented by the bridges in
Figure 1) is vital to link the expert communities and enhance
the flow of information and data to inform models and
decision processes.

Value is added when data and expertise are combined
to generate new information. This information is edited and
disseminated through various channels and used for informed
decision-making, e.g., by the public or civil protection (Perrels
et al,, 2012). The warning value chain has multiple associated
data inputs and outputs for each component where hazard,
vulnerability, and exposure data are needed in the various
stages of the warning chain to ensure it operates effectively
(Harrison et al., 2022). Further value can be added by improving
the tools and communication used by weather services and
their partners, leading to increased lead-time, confidence, local
accuracy, and engagement.

Value can also decrease since each stakeholder in the chain
has its own set of objectives, resources, and constraints and,
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therefore, may not use all available information (Golding et al.,
2019). Challenges include lack of data availability, access, and
limited data processing and management capabilities, which
can become roadblocks in the warning value chain (Potter
et al., 2021; Harrison et al., 2022). As experience is gained,
new knowledge is produced and incorporated, and more people
contribute to the design and operation of the system, these
improvements constitute the value cycle. These reviews and
design/revision activities mainly occur before and after high
impact events and on slower timescales than warning timescales.

The representation of high impact weather warnings as
an end-to-end value chain reflects the traditional top-down
view in place in most countries, which emphasizes providing
services by authorities to stakeholders. Improvements tend
to be technology-focused, usually on the left-hand side of
Figure 1, while communication and response capability (the
right-hand side) are the weaker links (Garcia and Fearnley,
2012; Baudoin et al., 2016). On the other hand, people-centered
early warning systems take a bottom-up approach, starting
with the needs of the users (UNISDR., 2005; UNDRR., 2015).
Multiple stakeholders are involved in all stages of the design
and operation of warning systems that consider the many
social dimensions, vulnerabilities, and capabilities of the people
(UNDRR., 2015; Baudoin et al., 2016). Improvements in people-
centered early warning systems generally focus on the right-
hand side of Figure 1.

All parts of the value chain need to operate well to
get the full benefit of early warnings. Ideally, the value
cycle addresses gaps in warning systems wherever they may
exist, whether in the technology or the people aspects.
This paper shows that citizen involvement can provide
valuable contributions to all parts of the warning value chain
and value cycle, especially through citizen science projects
and activities.

Citizen science

Citizen science is defined as a “type of science in which
the general public contributes to the production of scientific
knowledge, either alone, or more often in collaboration with
professional scientists and scientific institutions (Strasser
and Haklay, 2018, p. 32)”. Citizen science may also be
known under different names, such as community science,
participatory
volunteer monitoring, and others (Shirk et al, 2012).

assessment, community-based monitoring,
The key importance of citizen science is that the public
participates in one or all of the various stages of the scientific
process, including but not limited to collecting, categorizing,
transcribing, and analyzing data (WMO, 2021). Moreover,
citizen science projects have a relational aspect between citizens’
and scientists, and their roles are supplementary to each

frontiersin.org
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other, contributing to the project dynamics. A recent Citizen
Science Guidance Note by the WMO (2021) summarizes
both the influence of citizens (as sensors, interpreters,
engagers and collaborators) and scientists (instructing,
collaborating, or co-creating) on different types of citizen
science projects (Figure 2).

Citizens can act as sensors to observe and gather data for the
projects; citizens can also be interpreters and take a more active
role from data collection to analysis; citizens can be engagers
in the problem development and design; and citizens can be
collaborators, taking a co-production role with scientists to
tackle questions (WMO, 2021). Similarly, scientists also can have
varying influences on citizen science projects. Scientists can take
amore instructive role and primarily lead the project, which may
be designed top-down but integrated with citizens’ participation,
or have a more shared role where projects are co-created with
citizens (WMO, 2021). The project design depends on the
citizens' and scientists’ level of engagement. Citizen science
has contributed to various scientific disciplines and has been
proven to be a valuable tool in ecology, water, air quality and
conservation. Examples can be seen in roadkill studies (Périquet
et al., 2018), ecological monitoring of mammals (Parsons et al.,
2018), ecology and conservation (Kobori et al., 2016; Harebottle,
2020), drinking water research (Brouwer et al, 2018), and
earth observations in general (Fritz et al., 2017; Rubio-Iglesias
et al,, 2020). As seen in examples from these different research
fields, citizen science projects yield many benefits, including
financial, social capital, reciprocity, and increase in trust. Studies
have investigated the financial value of citizen science in
environmental sciences and found significant contributions,
for example, US$2.5 billion in biodiversity-related projects

(Theobald et al., 2015).
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Citizen science for weather hazards and
warnings

Citizen science is also present in natural hazards and
disaster research (Marchezini et al.,, 2018; Hicks et al., 2019;
Vinnell et al, 2021). Several citizen science projects have
contributed explicitly to weather hazards-related research. For
example, a citizen science project in the United Kingdom
aimed to understand how weather affects pain; it utilized a
smartphone app to get 2,658 residents to report their pain
symptoms over various weather conditions (Dixon et al., 2019).
The German National Meteorological Service also uses apps
to engage with the German populace; through its WarnWetter
app’, citizens contributed approximately 660,000 observations
from July to November 2020 (Kempf, 2021). Other citizen
science projects engage students and schools. Another German
project got students from two high schools in the Bavarian
Prealps to build weather stations to collect data and weather
impacts (Kox et al.,, 2021). A citizen science initiative in Hong
Kong engaged with over a hundred schools to set up weather
stations and investigated the urban heat island effect (Lam
et al, 2021). Citizen science can also be used beyond data
collection. OpenlFS@home engaged with volunteers to run
weather and climate modeling experiments®, where volunteers
across the world ran simulations using their computers at home.
These simulations were combined into large forecast ensembles
(Sparrow et al., 2021).

Citizen science also has a potential role in providing

authorities and scientists with additional observations and

1 https://www.warnwetterapp.de/
2 https://confluence.ecmwf.int/pages/viewpage.action?pageld=
212456886
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FIGURE 2
Typology of citizen science projects based on citizens’ and scientists’ level of influence (WMO, 2021).

ground truth to evaluate warnings, especially in hazard-prone
situations like high-impact weather events. Citizen science can
have a role in the rapid generation and sharing of information
(Hicks et al., 2019). OpenStreetMap is a popular online platform
for the public and researchers to record and map observations,
monitor hazards, and share early warnings (Hicks et al., 2019)°.
These examples show that citizen science is effectively used in
natural hazards research and potentially has a role in enhancing
the connections in the various stages of the weather warning
value chain.

Members of the public are not merely passive recipients
of information but can play active roles in communicating
and responding to warnings in times of danger (Schulze et al.,
2015; Tan et al., 2017). People look for warning verification and
environmental cues from people who are known to them. Even
when authorities issue warnings, some people may not fully
appreciate the danger unless reinforced by someone known and
trusted, such as a family member or friend (Wood et al., 2018).
Even when the warning is understood, and people take action,
some may require assistance from friends and neighbors to move
to a safe location or take other protective action (Boulianne
et al., 2018). Furthermore, engaging communities in discussing
hazards, whether in person (Abunyewah et al., 2020) or through

3 https://www.openstreetmap.org/
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online channels and social media (Kankanamge et al., 2020),
helps to enhance community awareness and preparedness.

The public consumes weather observations and forecasts
for decision-making, both for day-to-day activities (Phan et al.,
2018) and when threatening weather is imminent (Kox and
Thieken, 2017). But citizens also use information from other
parts of the value chain, not just the warning. For example,
weather enthusiasts take their weather readings and share
them with national weather services and volunteer networks
(Gharesifard et al., 2017; Krennert et al., 2018). Individuals
sensitive to temperature, humidity, and air pollution may need
to protect themselves from adverse health impacts even before a
warning is issued (Campbell et al., 2020).

Limitations and challenges for citizen science

A researcher or group of researchers, either amateur or
professional, can start a citizen science project as long as they
have enough motivation to investigate a question (Pettibone
et al.,, 2016). However, researchers should also consider the
limitations and challenges of citizen science projects. Lee et al.
(2020) and Walker et al. (2021) discuss the benefits but also
the issues and challenges of citizen science. Limitations can
include costs and negative social impacts, among others. Costs
of conducting projects may vary when factoring in the overall
project, including the level of training and management and

frontiersin.org
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control of data quality (Gardiner et al., 2012). Depending on
the type of data to be collected or analyzed, some level of
expertise may be needed and may require some extent of
training and quality monitoring to ensure citizen science data
is fit for research purposes (Conrad and Hilchey, 2011). Citizen
participation and interests may also change or decline as the
project progresses (Sauermann and Franzoni, 2015). It requires
time and effort commitment from the public for the benefit of
science, which may potentially cause burdening of the citizens,
disempowerment, conflict creation, and new forms of inequality
(Lee et al., 2020; Walker et al., 2021).

These studies illustrate that citizen science has both benefits
and challenges, as with other methodologies and research
engagements. Researchers should be mindful of these challenges.
Many tools and strategies are available to help citizen science
projects acknowledge and navigate the limitations (e.g. Freitag
et al., 2016; Pettibone et al., 2016). This study recognizes the
limitations of citizen science as it explores how existing or
potential citizen science research projects and initiatives can add
value to enhance the warning value chain.

A joint workshop

HIWeather is aimed at improving the effectiveness
of weather-related hazard warnings. Two of the flagship
components of the HIWeather program are the warning value
chain project and the citizen science project. The warning value
chain project aims to review the practices used to describe
weather, warning and climate services to assess and provide
guidance on applying value chains in a weather warning context
involving multiple users and partnerships. The citizen science
project is designed to share information and provide tools to
help groups and agencies develop pathways of engagement with
the public to undertake scientific research. Each of these flagship
projects has expert members on the topics. A joint workshop
was conducted to create a dialogue between the two groups to
converge on the topics and interact and share their expertise.

The workshop was held with 29 subject matter experts on
citizen science and the warning value chain in July 2021 to
explore the intersection of the two topics. Few were experts
in both topics. This joint workshop pioneers the collective
exploration of the warning value chain and citizen science
together in the context of high impact weather. The joint
workshop received peer-reviewed approval under the Massey
University code of ethical conduct for “low risk” research
involving human participants (Application ID 400024723).

Participant recruitment

Purposive recruitment was done by inviting the HIWeather
flagship project members. The 29 subject matter experts

came from different sectors, including meteorological services,
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research institutions, universities, and commercial weather
forecasting services from various counties in both hemispheres,
including Argentina (2), Australia (4), Austria (1), Canada (1),
China (1), France (1), Germany (2), Ghana (1), Mexico (1),
New Zealand (2), Switzerland (1), the United Kingdom (3),
and the United States (9). The limitation to this recruitment
method is that most participants are from established scientific
institutions, and none of the participants is from the public.
Therefore, the views provided herein may reflect a top-down
institutional perspective rather than a ground-up viewpoint
from citizens.

Workshop structure and guide questions

In preparation for the online workshops, the participants
were asked to consider the intersection between the warning
value chain and citizen science. They shared their initial
thoughts through an online collaborative platform called
Jamboard?®. The platform provided a virtual whiteboard that
provided an illustration of the warning value chain (from
Golding et al., 2019) and a workspace where participants could
add notes anonymously at any time before the workshops
(Figure 3).

Two online sessions were held (at 0700 and 1900 UTC),
so members from different parts of the world could attend
the session that best suited their time zones. The sessions
ran for 2h each. Each session opened with brief presentations
on (1) the warning value chain and (2) citizen science. The
presentations ensured that everyone would have a brief overview
and a common grounding. The workshop activity consisted of
facilitated semi-structured discussions with the attendees. The
facilitators (i.e. the authors of this paper) discussed the following
questions under three topics:

1. Citizens in the warning value chain

a. Where are citizens involved in the value chain?
b. How do citizens engage with warnings?

2. Citizen science on the warning value chain
a. Where in the value chain can citizen science contribute
to enhancing warnings?
b. How can citizen science contribute to the enhancement
of warnings?

3. Added value of citizen science

a. What’s the added value of citizen science in the
value chain?

4 https://workspace.google.com/products/jamboard/

frontiersin.org


https://doi.org/10.3389/fcomm.2022.949949
https://workspace.google.com/products/jamboard/
https://www.frontiersin.org/journals/communication
https://www.frontiersin.org

Tan et al.

10.3389/fcomm.2022.949949

The role of citizen science in the warning value chain

Task: Use sticky notes to place the involvement of citizens where you think might/should occur in the warnings value chain?
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FIGURE 3

Pre-workshop online collaborative board with yellow sticky notes showing

the responses provided by participants.

Jamboard was also used to help facilitate the conversation
during the online sessions. One board per topic was used.
The participants were given a few minutes to post notes
anonymously on the board before starting the discussion. As
the format was semi-structured, the flow of the discussion
was dictated by the participants, and follow-up questions were
prompted when necessary.

Data analysis

The discussion method was semi-structured based on
the topics and sub-questions. The primary data source for
analysis was the seven online collaborative boards (one pre-
workshop board and three workshop boards per session), with
the participants’ responses captured via online “sticky notes”.
During the workshop, notes were taken, and each online session
was recorded digitally. The sticky notes from the sessions were
extracted, compiled, and organized to a table using Microsoft
Excel. This allowed for easy reference back to the notes and
recordings to capture the participant’s insights. The short quotes
presented in this paper are gathered from the participants
sticky notes.

A qualitative thematic analysis was conducted from the
insights gained from the workshop, where the main process
for analyzing the qualitative data was through naming and
classifying (Flick, 2007). This study follows the thematic analysis
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approach by Braun and Clarke (2006, 2012) to identify, analyze
and report themes from gathered data. For the initial coding
process, the responses from both sessions were collated and
mapped using the Golding et al. (2019) warning value chain.
Then the codes were reviewed to identify underlying patterns
to form themes. A ‘themé for this study reflects a pattern of
shared meaning — a core concept (Braun and Clarke, 2012).
Where necessary, the responses were aggregated by collapsing
and combining the themes and then the various themes were
defined and named. Using the themes, the research team then
built a visual summary of the insights on the potential role of
citizens and citizen science in the warning value chain.

Findings

The participants of the joint workshop had different
expertise and came from various institutions. Through the
workshop, they shared their experience and knowledge on
citizen science, participatory engagement, science outreach,
warning value chain, warnings, communication, meteorological
research, and others. Given the range of expertise, the workshop
provided a successful platform for shared learning on the topics
where participants were able to ask questions and provide their
perspectives on citizen science and the warning value chain. The
analysis of the workshop shows two broad themes on citizen
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science and the warning value chain: (1) citizen involvement and
(2) citizen science contributions.

Citizen involvement in the value chain

Consistent throughout the workshop is the theme that
citizens are involved throughout the warning value chain.
Figure 4 is a visual summary of the findings from the workshop
on citizens’ involvement in the value chain during high impact
weather events. The involvement of citizens does not necessarily
follow a linear sequence; findings from the workshop show that
citizens’ involvement can happen at any time, either pre, during,
or post high impact weather events. The warning value chain
itself does not follow the temporal chronology of an event but
rather is presented as a succession of expertise that supports the
delivery of the warning, with citizens interacting with various
parts of the warning chain at different times. Figure 4 reimagines
a condensed warning value chain portrayed in a cyclical process
moving between expertise in (1) observations, (2) weather,
hazards, and impacts, including their forecasts, (3) warning
communication, and (4) decision making and response. The
cyclical representation shows that each part of the warning
value chain affects the other parts. For example, the upper
right quadrant indicates that as citizens experience weather and
the associated hazards during an event, such information from
citizens can potentially contribute to the forecasting of weather,
hazards, and impacts.

Snippets gathered from participants’ sticky notes in the
workshop showed opportunities for citizens’ contributions:

“photos of flood, hail, [and others] to tune vulnerability
functions to hazard modeling.”

“descriptions (beyond photos) of impacts to inform
decision making and vulnerability models.”

“Citizen/3rd party observations [can be] used to help
quality control data input to numerical weather prediction or
hazard models.”

“citizens [can answer] questions from operational
meteorologists about what's happening on the ground.”

“gathering/monitoring of perishable behavioral data (e.g.
people’s actions after receiving a warning) — which could be

used for verification of impact-based warnings.”

Through the workshop discussion, participants also
identified several ways citizens could participate and provide
observations on the warning value chain. Weather observations
from home or school-based weather stations can provide
valuable data streams to national weather services to enhance
the situational awareness of forecasters and emergency
managers. Observations can also be shared online with the
broader public through the Weather Observations Website
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(WOW)?, Weather Underground®, or other websites. Aside
from weather stations, other mechanisms may be able to capture
data, such as devices like smartphones and connected vehicles.
People could also manually report weather observations
using dedicated apps. App examples given in the workshop
were MPing in the United States of America’, WeatheX App
in Australia®, and WarnWetter App in Germany®. Other
citizen observations were mentioned, including photos and
videos of weather and hazard phenomena by storm chasers,
for example, who are rich sources of intelligence in severe
weather. Crowdsourced data through social media can also
provide on-the-ground, real-time observations of hazards and
their impacts.

Citizens’ involvement can range from a personal level
(e.g., experiencing an event) to community interaction (e.g.,
sharing warnings to friends); this is also highlighted in Figure 4.
For example, in an individual capacity, citizens can act on
warnings to protect themselves and their loved ones, and they
can contribute data by submitting images and other types of
data and information. Citizens can also interact collectively in
engaging with the warning chain as a community; for example,
by interacting with each other to help disseminate, interpret, and

reinforce warnings.

Citizen science contributions to the
warning chain

The second theme highlighted by the workshop was that
citizen science (research) could contribute to the different parts
of the warning value chain and enhance the value chain for
warnings, as illustrated in Figure 5. The public can participate
in these citizen science projects in varying ways, ranging from
passive contributions (e.g., sending images from an event) to
more active roles (e.g., co-designing warning approaches).

The cyclical representation in Figure 5 shows that each part
of the warning value chain affects the other parts. Consequently,
contributions of a citizen science project on one part of
the chain may influence other parts and the warning value
chain as a whole. For example, a project involving community
engagement activities (e.g., hazard observation with citizens)
may help develop public awareness and build relationships
between citizens, authorities, and the warnings; processes which
can then help citizens with decision-making when warnings
are issued. Citizen science can engage people to become
interested, support science, and make ‘warning ready citizens.’

https://wow.metoffice.gov.uk/
https://www.wunderground.com/
https://www.citizenscience.gov/mping-weather-reports/

https://weathex.app/

O O N O O»

https://www.warnwetterapp.de/
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FIGURE 4
A visual summary of findings on citizens’ involvement in the warning value chain.

Snippets from participants’ sticky notes highlight some example
outcomes of engaging in citizen science in the warning chain:

“School science projects” and “Involving younger people
- raising awareness/understanding of weather [and hazard]
topics (e.g. schools).”

“collaborat[ion] with citizens to ensure warnings are
delivered in a format that is easy to consume and take
action quickly.”

“community groups, e.g. neighborhood flood action
groups taking action to mitigate the risk (both longer- or
shorter-term actions).”

Citizen science projects can offer a way for communication
and knowledge exchange between various parties (e.g., between
weather agencies and the people). Citizen science projects
can facilitate the exchange so that the communication could
become two-way. For example, citizen science projects can be
designed to help identify and correct misinformation in real-
time to communicate warnings better. Citizen science projects
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are not just about citizens passively contributing data (with
no reward for effort), but citizen projects can be a platform
for agencies or authorities to acknowledge the value of the
citizens’ contributions and participation. Citizen science projects
can also be designed to evaluate the effectiveness of warning
communications and people’s responses to warnings. Snippets
from participants’ sticky notes present some ideas on how
projects can enable public participation and input in enhancing
the warning value chain

[citizen projects can help] in “calling out and
correcting misinformation.”

“citizens to see their contributed data being used
for verification and ongoing improvement of forecasts
& warnings.”

“a post-event [study] where citizens [share] about how
they were warned, [...] how they were affected, or how
they responded.”

[agencies can] “find out who is not receiving warnings
and what communication medium would reach [the public].

»
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FIGURE 5
A visual summary of findings on citizen science contribution to the warning value chain.

The findings also pointed out opportunities for projects
that engage with communities where current warning
communication strategies are not as effective, e.g., minorities,
differently-abled those with
or no access to media. Citizen science research can help
warning services become more accessible. Snippets from

communities, and limited

participants’ sticky notes highlight the issue of accessibility
of warnings and the potential for citizen science to enhance
this space:

“warning communication that might differ according to
their technology and information accessibility.”

“Help disseminating the warning to people who have no
access to media.”

“include citizens from marginalized groups in warning
product development and dissemination.”

“Helping with language interpretation.”

As identified in the findings, project opportunities include
co-designing improvements in the warning system, such as
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translations for non-local languages and integrating assistive
mechanisms for the hearing or sight impaired. Such projects
can improve engagement, enhance people’s understanding of
warnings, and lead to specialized services that current warning
systems may not yet capture. Citizen science projects can
potentially improve the gap between warning communication
by building engagement and trust between authorities and
the people.

Discussion

As seen in the literature and the workshop findings, citizens
are involved throughout the warning value chain. Given the
citizens’ presence throughout the chain, there is also potential
to engage in citizen science projects and initiatives that enhance
parts and subsequently the whole warning value chain, thus
helping warnings achieve their goals to reduce impacts and
improve safety.
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Value of citizen science for bridging
communication gaps

Examination of the warning value chain has identified
communication gaps between expertise areas, such as between
warning providers, decision-makers and responders (Golding
et al., 2019). Findings from the workshops have shown that
citizens are involved in various parts of the warning value
chain, which opens a clear opportunity for citizens and citizen
science research to help bridge gaps and design systems to
meet the needs of all concerned. A study on coastal residents’
decision-making during a typhoon identified that “during
impending severe weather, residents may receive information
about the storm from various resources including state and
local government officials, news media, and their community
contacts, including neighbors and civic organization.” (Pan,
2020, p. 6). Different factors and contexts are involved in the
official messaging and people’s decision-making, which could
create communication gaps in translating warnings into an
appropriate response. Trusting the official information source is
an essential criterion for making decisions (Pan, 2020).

A potential opportunity for citizen science is to aid the
handling of misinformation during events. Multiple channels
may improve people’s decision-making when communicating
risks (Pan, 2020). However, the diversity of information can
also cause confusion, especially in the era of social media,
where misinformation can proliferate. Individuals, after all,
are influenced by their social networks, both online and
offline, during decision-making when risks are communicated
during extreme weather events (Sadri et al., 2021). Unlike
traditional hierarchical communication through weather
services and emergency management agencies, decentralized
communication may be prone to misinformation and bad-
mouthing. Weather and emergency services and some avid
citizens might call out and correct misinformation. Still, quality
control for warning information shared via social media and
word-of-mouth remains a challenging task. Citizen science
projects can have some mechanisms or processes to get citizen
scientists to help in quality checking and verification to help
identify and correct misinformation in real-time during events.

Citizens may often be considered the endpoint of warnings,
where they interpret and act on information and warnings
provided by authorities (Kox et al., 2018; Taylor et al., 2019).
However, actively involving citizens in collecting, verifying, and
sharing information before, during, and after an event can lead
to better outcomes for the community (Kaewkitipong et al.,
2016). Citizens ground observations can be used to see whether
forecasts match actual events. For example, during or after
events, people can share (e.g., images, videos, and stories) and
verify with their experiences whether the weather, hazard and
impacts were more or less extreme than predicted and whether
or not they received warnings. Citizen science can facilitate
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two-way communication between citizens and authorities and
improve public awareness of hazards (Ferri et al., 2020).

Research on warnings also has tended to treat the general
public as homogenous, but the push toward people-centered
warning systems has emphasized the need to recognize diverse
groups and how differently they may respond to warnings (Tan
et al, 2020). The findings point to the need to collaborate
with underrepresented communities, e.g., minorities, elderly,
differently-abled communities, and those with limited or no
access to media. Citizen science has an important role in co-
designing more diverse and accessible warning services.

As technology advances, so does the digital divide
(Schulze et al., 2015; Lorini et al., 2019). The digital divide
is a product of many factors, including social and economic
status and accessibility to the internet, and it has introduced
problems in engagement and information dissemination
(Harrison and Johnson, 2019).
including those involved in citizen science, must ensure that

Authorities and researchers,

those underrepresented in the digital world are included and
do not miss opportunities to receive life-saving information
(Anderson et al., 2016; Tan et al., 2020).

Similarly, citizen science in the warning chain can bring a
risk of increasing the digital divide or isolating communities,
but it also provides an opportunity to bridge gaps. The WMO
(2021) guidance note on high impact weather citizen science
encourages project leaders to consider such ethical issues. This
includes asking questions such as: “are there steps in place to
ensure equal and meaningful opportunities for different groups
(e.g., gender and marginalized groups)” WMO, 2021, p. 8)?

Enriching warnings with citizen science
data

The World Meteorological Organization encourages citizen
science to enhance the global weather enterprise (WMO, 2021).
National weather services have started to recognize the role
of citizen science as a source of weather intelligence to better
observe, predict, and understand the environment by harnessing
the power of the crowd (NOAA., 2021). Citizen science can add
value by enabling citizens to collect data that may be difficult
or expensive to collect using traditional science methods (e.g.,
observations from remote locations or perishable impact data).
New citizen science projects could set up observation stations
with communities in remote places and could also enable the
rapid collection of impact information.

Citizen science can employ crowdsourcing, where members
of the public act as sensors, and it can provide information
by using readily accessible instruments (Kankanamge et al.,
2019). Citizens can record information on the impacts of
hazards through sharing locations, messages, images, and videos
of damaged properties, data that is often difficult to obtain
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and access using other means (Kankanamge et al,, 2019). The
benefits of citizen science for collecting data could outweigh
the cost of preparation, post-processing and quality control
(Lee et al., 2020). If conducted successfully, scientists receive
significant contributions of crucial data and knowledge for their
studies (Lee et al., 2020). There is also an opportunity to advance
citizen science in managing data quality by tying in with social
sensing—the science of extracting crowdsourced information
for routine warning and analysis (Arthur et al., 2018; Spruce
et al., 2021; Weaver et al., 2021). Social sensing is an emerging
field that explores new data collection paradigms and reliability
problems from data collected from humans and their devices
(Wang et al., 2015).

More robust engagement in citizen science projects
inevitably creates intangible and social benefits for citizens
2014),
understanding of the citizens in topics such as weather,

(Haywood, such as increased awareness and
hazards, and warnings. The value will be realized for citizen
science projects related to hazards when the benefits (e.g.,
minimizing impacts and protecting life and property) manifest
during hazardous events. Ferri et al. (2020) showed through
a cost-benefit analysis of a citizen observatory in a catchment
that citizen science coupled with citizen observatories with
hydrological modeling can reduce damage by 45% for different
flood scenarios. Liu et al. (2020) also describe the role of
citizen weather spotters in enhancing public safety in Nashville,
Tennessee. Citizen weather spotters supply ground information
from vital locations, providing quick severe weather information
that can be acted upon, thereby saving life and property (Liu
et al.,, 2020). Sharpened perspectives, attitudes, and behaviors
about weather, hazards and warnings would significantly
increase community resilience (Ferri et al., 2020) and, as such,
a merit consideration to continue the discourse on how citizen

science can contribute to the warning value chain.

Limitations of this study

To the best of the authors’ knowledge, the joint workshop
described in this paper is the first to collectively explore citizen
science and warning value chain together in the context of high
impact weather. Through this workshop, we were able to bring
together 29 experts from around the globe to explore the topic.
However, as purposive recruitment was conducted with a focus
on experts, the participants came from research institutions
which would have provided perspectives from a scientist or
researcher perspective. Future research on the intersection of
citizen science in the warning value chain should include
perspectives from citizens.

In this exploratory study, thematic mapping (see Figures 4,
5) was conducted, reflecting the participants knowledge,
highlighting where citizens interact with the warning chain
and identifying areas where citizen science can potentially
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contribute. Although the participants provided many citizen
science examples, this study was not intended to document an
exhaustive list of citizen science projects in the high impact
weather space. It would be worthwhile for future studies to
survey citizen science projects to investigate and create a
representative mapping of citizen science projects in the warning
value chain.

This paper is of exploratory nature and does not detail
how all communication gaps between expertise areas will be
addressed by citizen science. However, the paper has illustrated
instances of how gaps can be filled. For example, the gap between
official warnings and the public’s decision-making can be partly
bridged by engagement through citizen science projects. Future
research can investigate in detail the gaps in the warning value
chain. Furthermore, prospective citizen science projects in the
high impact weather space can use the warning value chain as a
guiding tool to identify where the projects contributions lie in
improving data and communication through the chain.

Conclusion

At the beginning of this paper, we raised the research
question: How can citizen science contribute to the warning
value chain? This study has shown that citizens, at individual
or collective capacity, interact throughout the chain, and there
are many prospects for citizen science projects that can be
conducted throughout the chain. Both the literature and the
findings highlight the potential usefulness of citizen science
for data collection. Best practices from other areas, such
as social sensing, can help with advancing citizen science,
especially in managing data quality for use in warnings research.
Organizations such as WMO and NOAA have recognized
the crowds potential “power” in enhancing the weather
enterprise. The call for more people-centered early warning
systems in the Sendai Framework (UNDRR., 2015) implies an
important role for citizen science in their design, operation and
improvement. Citizen science can be used as an engagement
tool to bridge gaps and enhance communication between
authorities and the public. It can be a platform for awareness
and inclusivity for disadvantaged groups in the warnings space.
The levels of engagement in citizen science projects create
social benefits for citizens, such as increasing awareness and
creating a sense of community that eventually translates to
warning-ready citizens.

The beauty of citizen science is that anyone can do it,
regardless of location, qualification or expertise. As highlighted
in this paper, citizen science projects have potential value for
enhancing the warning value chain. However, as there are
benefits, there are also costs and considerations involved in
conducting citizen science projects. The WMO guidance note
2021 is designed as a starting reference for groups and agencies
considering citizen science; the guide raises key questions
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for project leaders to consider for citizen science projects.
The joint workshop from this study is just the beginning
of exploring the intersection of citizen science in enhancing
warnings. Researchers and institutions are encouraged to
explore further how citizen science projects can be used to bridge

communication gaps in the warning value chain.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

This project has been evaluated by peer review and judged
to be low risk. Consequently, it has not been reviewed by one
of the University’s Human Ethics Committees. The project,
however, received peer-reviewed approval under the Massey
University code of ethical conduct for low risk research
involving human participants (Application ID 400024723).
Written informed consent for participation was not required for
this study in accordance with the national legislation and the
institutional requirements.

Author contributions

Conceptualization, methodology, investigation, and
writing—review and editing: MT, DH, EE, DJ, and AC.
Formal analysis: DH, MT, EE, and AC. Writing—original
draft preparation: MT, DH, and EE. Visualization: DH.
Project administration: MT, AC, DH, and EE. Funding
acquisition: DJ, EE, MT, and DH. All authors have read the

References

Abunyewah, M., Gajendran, T. Maund, K, and Okyere, S. A.
(2020).  Strengthening the information deficit model for disaster
preparedness: mediating and moderating effects of community participation.
Int. J. Disaster Risk Reduct. 46, 101492. doi: 10.1016/j.ijdrr.2020.
101492

Andersen, P. A., and Spitzberg, B. H. (2009). Myths and maxims of risk
and crisis communication. in Handbook of Risk and Crisis Communication,
Heath, R. L. and O’Hair, H. D. (Eds.). Routledge, New York. p. 205-226.
doi: 10.4324/9781003070726-12

Anderson, J., Kogan, M., Bica, M., Palen, L., Anderson, K., Morss, R., et al.
(2016). Far far away in Far Rockaway: responses to risks and impacts during
Hurricane Sandy through first-person social media narratives. in 13th International
Conference on Information Systems for Crisis Response and Management (ISCRAM
2016), Tapia, A., Antunes, P., Bafuls, V.A., Moore, K. and Porto, J. (Eds.). Rio de
Janeiro. p. 1-16.

Arthur, R., Boulton, C. A., Shotton, H., and Williams, H. T. P.
(2018). Social sensing of floods in the UK. PLoS ONE. 13, 1-18.
doi: 10.1371/journal.pone.0189327

Frontiersin Communication

13

10.3389/fcomm.2022.949949

manuscript and agreed to be accountable for the content of
the work.

Funding
This research is funded by the Met Office and the

World Meteorological Organization/World Weather Research
Programme - HIWeather Project.

Acknowledgments

The the HIWeather
Science and Warning Value Chain Working Groups. The

authors acknowledge Citizen
authors especially thank the experts who participated in
the workshops. The authors also thank Dr. Brenda Mackie
and Dr. Carla Mooney for providing feedback during the

manuscript preparation.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Baudoin, M. A, Henly-Shepard, S. Fernando, N., Sitati, A,
and Zommers, Z. (2016). From top-down to ‘community-centric’
approaches to  early warning systems: exploring  pathways to
improve disaster risk reduction through community participation.
Int. ]. Disaster Risk Reduct. 7, 163-174. doi: 10.1007/s13753-016-
0085-6

Boulianne, S., Minaker, J., and Haney, T. J. (2018). Does compassion go viral?
Social media, caring, and the Fort McMurray wildfire. Inf Commun Soc. 21,
697-711. doi: 10.1080/1369118X.2018.1428651

Braun, V., and Clarke, V. (2006). Using thematic analysis in psychology. Qual.
Res. Psychol. 77-101. doi: 10.1191/1478088706qp0630a

Braun, V., and Clarke, V. (2012). Thematic analysis. in APA Handbook of
Research Methods in Psychology. Quantitative, Qualitative, Neuropsychological,
and Biological, American Psychological Association, Cooper, H.M. (Ed.). p. 57-71.
doi: 10.1037/13620-004

Brouwer, S., van der Wielen, P. W. J. J., Schriks, M., Claassen, M., and
Frijns, J. (2018). Public participation in science: The future and value of

frontiersin.org


https://doi.org/10.3389/fcomm.2022.949949
https://doi.org/10.1016/j.ijdrr.2020.101492
https://doi.org/10.4324/9781003070726-12
https://doi.org/10.1371/journal.pone.0189327
https://doi.org/10.1007/s13753-016-0085-6
https://doi.org/10.1080/1369118X.2018.1428651
https://doi.org/10.1191/1478088706qp063oa
https://doi.org/10.1037/13620-004
https://www.frontiersin.org/journals/communication
https://www.frontiersin.org

Tan et al.

citizen science in the drinking water research. Water (Switzerland). 10, 1-15.
doi: 10.3390/w10030284

Campbell, S. L., Jones, P. J., Williamson, G. J., Wheeler, A. J., Lucani, C., Bowman,
D. M. J. S., et al. (2020). Using digital technology to protect health in prolonged
poor air quality episodes: a case study of the AirRater app during the Australian
2019-20 fires. Fire. 3, 1-12. doi: 10.3390/fire3030040

Conrad, C. C,, and Hilchey, K. G. (2011). A review of citizen science and
community-based environmental monitoring: issues and opportunities. Environ.
Monit. Assess. 176, 273-291. doi: 10.1007/s10661-010-1582-5

Dixon, W. G., Beukenhorst, A. L., Yimer, B. B., Cook, L., Gasparrini, A., El-
Hay, T., et al. (2019). How the weather affects the pain of citizen scientists using
a smartphone app. NPJ Digital Medicine. 2, 1-9. doi: 10.1038/s41746-019-0180-3

Ernst, S, LaDue, D., and Gerard, A. (2018). Understanding emergency
manager forecast use in severe weather events. J. Operat. meteorol. 6, 95-105.
doi: 10.15191/nwajom.2018.0609

Ferri, M., Wehn, U,, See, L., Monego, M., and Fritz, S. (2020). The value of
citizen science for flood risk reduction: cost-benefit analysis of a citizen observatory
in the Brenta-Bacchiglione catchment. Hydrol. Earth Syst. Sci. 24, 5781-5798.
doi: 10.5194/hess-24-5781-2020

Flick, U. (2007). Analyzing qualitative data. Designing Qualitative Research.
London: SAGE Publications, Ltd. p. 100-108. doi: 10.4135/9781849208826.n10

Freitag, A., Meyer, R, and Whiteman, L. (2016). Strategies employed by citizen
science programs to increase the credibility of their data. Citizen Sci.: Theory and
Practice. 1, 12. doi: 10.5334/cstp.91

Fritz, S., Fonte, C. C., and See, L. (2017). The role of citizen science in earth
observation. Remote Sensing. 9, 1-13. doi: 10.3390/rs9040357

Garcia, C., and Fearnley, C. J. (2012). Evaluating critical links in
early warning systems for natural hazards. Env. Hazards. 11, 123-137.
doi: 10.1080/17477891.2011.609877

Gardiner, M. M., Allee, L. L., Brown, P. M. ], Losey, J. E., Roy, H. E., and Smyth,
R. R. (2012). Lessons from lady beetles: accuracy of monitoring data from US and
UK citizenscience programs. Front. Ecol. Environ.10,471-476. doi: 10.1890/110185

Gharesifard, M., Wehn, U., and van der Zaag, P. (2017). Towards benchmarking
citizen observatories: Features and functioning of online amateur weather
networks. J. Environ. Manage. 193, 381-393. doi: 10.1016/j.jenvman.2017.02.003

Golding, B. (2022), Towards the “Perfect” Weather Warning: Bridging
Discipilnary Gaps through Partnership and Communication, Towards the “Perfect”
Weather Warning. Cham: Springer.

Golding, B., Mittermaier, M., Ross, C., Ebert, B., Panchuk, S., Scolobig, A., et al.
(2019). A value chain approach to optimising early warning systems. Contributing
Paper to GAR. Geneva: United Nations Office for Disaster Risk Reduction.

Haklay, M., Mazumdar, S., and Wardlaw, J. (2018). Citizen science for
observing and understanding the earth. Int J Appl Earth Obs Geoinf. 69-88.
doi: 10.1007/978-3-319-65633-5_4

Harebottle, D. M. (2020). The value of citizen science projects to African
ornithology. Ostrich. 91, 139-140. doi: 10.2989/00306525.2020.1783851

Harrison, S., and Johnson, P. A. (2019). Challenges in the adoption of crisis
crowdsourcing and social media in Canadian emergency management. Gov. Inf.
Q. 36, 501-509. doi: 10.1016/j.giq.2019.04.002

Harrison, S. E., Potter, S. H., Prasanna, R,, Doyle, E. E. H., and Johnston,
D. (2021). “Where oh where is the data?”: Identifying data sources for
hydrometeorological impact forecasts and warnings in Aotearoa New
Zealand. Int. ]. Disaster Risk Reduct. 66, 102619. doi: 10.1016/j.ijdrr.2021.
102619

Harrison, S. E., Potter, S. H., Prasanna, R,, Doyle, E. E. H., and Johnston,
D. M. (2022). Identifying the impact-related data uses and gaps for
hydrometeorological impact forecasts and warnings. Weather Clim. Soc. 14,
155-176. doi: 10.1175/WCAS-D-21-0093.1

Haywood, B. K. (2014). A “sense of place” in public participation in scientific
research. Sci. Educ. 98, 64-83. doi: 10.1002/sce.21087

Hicks, A., Barclay, J., Chilvers, J., Armijos, M. T., Oven, K., Simmons, P., et al.
(2019). Global mapping of citizen science projects for disaster risk reduction. Front.
Earth Sci. 7, 1-18. doi: 10.3389/feart.2019.00226

Kaewkitipong, L., Chen, C. C., and Ractham, P. (2016). A community-based
approach to sharing knowledge before, during, and after crisis events: a case
study from Thailand. Comp. Human Beh. 54, 653-666. doi: 10.1016/j.chb.2015.
07.063

Kankanamge, N., Yigitcanlar, T., and Goonetilleke, A. (2020). How engaging
are disaster management related social media channels? The case of Australian
state emergency organisations. Int. ]. Disaster Risk Reduct. 48, 101571.
doi: 10.1016/j.ijdrr.2020.101571

Frontiersin Communication

14

10.3389/fcomm.2022.949949

Kankanamge, N., Yigitcanlar, T., Goonetilleke, A., and Kamruzzaman, M. (2019).
Can volunteer crowdsourcing reduce disaster risk? A systematic review of the
literature. Int. J. Disaster Risk Reduct. 35, 101097. doi: 10.1016/j.ijdrr.2019.101097

Kaplinsky, R., and Morris, M. (2000). A Handbook for Value Chain Research.
Birghton: University of Sussex, Institute of Development Studies.

Kempf, H. (2021). Experience from large-scale crowdsourcing via weather apps.
Australas. ]. Disaster Trauma Stud. 25 No. 3, pp. 87-92.

Kobori, H., Dickinson, J. L., Washitani, 1., Sakurai, R., Amano, T.,
Komatsu, N., et al. (2016). Citizen science: a new approach to advance
ecology, education, and conservation. Ecological Research. 31 No. 1, pp. 1-19.
doi: 10.1007/s11284-015-1314-y

Kox, T., Kempf, H., Liider, C., Hagedorn, R., and Gerhold, L. (2018). Towards
user-orientated weather warnings. Int. J. Disaster Risk Reduct. 30, pp. 74-80.
doi: 10.1016/j.ijdrr.2018.02.033

Kox, T., Rust, H. W., Wentzel, B., Béttcher, C., Lehmke, J., Freundl, E., et al.
(2021). Build and measure: Students report weather impacts and collect weather
data using self-built weather stations. Australas. J. Disaster Trauma Stud. 25, 79-86.

Kox, T., and Thieken, A. H. (2017). To act or not to act? Factors influencing
the general public’s decision about whether to take protective action against severe
weather. Weather, Clim. Soc. 9, 299-315. doi: 10.1175/WCAS-D-15-0078.1

Krennert, T., Kaltenberger, R., Pistotnik, G., Holzer, A. M., Zeiler, F., and
Stampfl, M. (2018). Trusted Spotter Network Austria - a new standard to utilize
crowdsourced weather and impact observations. Adv. Appl. Sci. Res. 15, 77-80.
doi: 10.5194/asr-15-77-2018

Lam, Y. F, Ong, C. W, Wong, M. H, Sin, W. F, and Lo, C.
W. (2021). Improvement of community monitoring network data for
urban heat island investigation in Hong Kong. Urban Clim. 37, 100852.
doi: 10.1016/j.uclim.2021.100852

Lazo, J. K., and Mills, B. (2021). Weather-Water-Climate Value Chain(s): Giving
VOICE to the Characterization of the Economic Benefits of Hydro-Met Services
and Products, An AMS Policy Program Study. Washington, DC: The American
Meteorological Society.

Lazo, J. K., Raucher, R. S., and Weiher, R. F. (2008), Primer on Economics
for National Meteorological and Hydrological Services. University Corporation for
Atmospheric Research.

Lee, K. A, Lee, J. R,, and Bell, P. (2020). A review of citizen science within the
earth sciences: potential benefits and obstacles. Proc. Geol. Assoc. 131, 605-617.
doi: 10.1016/j.pgeola.2020.07.010

Liu, B. F,, Seate, A. A,, Iles, 1., and Herovic, E. (2020). Eyes of the storm: How
citizen scientists contribute to government forecasting and risk communication.
Weather Clim Soc. 12, 263-277. doi: 10.1175/WCAS-D-19-0131.1

Liu, S. B. (2014). Crisis crowdsourcing framework: Designing strategic
configurations of crowdsourcing for the emergency management domain. Comput.
Support Coop. Work. 23, 389-443. doi: 10.1007/s10606-014-9204-3

Lorini, V., Castillo, C., Dottori, F., Kalas, M., Nappo, D., and Salamon, P.
(2019). Integrating social media into a pan-European flood awareness system: a
multilingual approach. in 16th International Conference on Information Systems
Crisis Response and Management, Franco, Z., Gonzalez, ].]. and Cands, J.H. (Eds.).
Valéncia. p. 646-659.

Marchezini, V., Horita, F. E. A,, Matsuo, P. M., Trajber, R., Trejo-Rangel, M. A,,
and Olivato, D. (2018). A review of studies on participatory early warning systems
(P-EWS): Pathways to support citizen science initiatives. Front. Earth Sci. 6, 1-18.
doi: 10.3389/feart.2018.00184

Murray, V. (2021). “Science and technology commitment to the implementation
of the Sendai Framework for Disaster Risk Reduction 2015-2030,” in Proceedings of
the 3rd Global Summit of Research Institutes for Disaster Risk Reduction. Singapore.
p. 55-82. doi: 10.1007/978-981-15-8662-0_4

NOAA. (2021). Citizen science and crowdsourcing. Available onine at: https://
www.noaa.gov/office- education/citizen- science- crowdsourcing (accessed March
23,2022).

Olsson, E. K. (2014). Crisis communication in public organisations: dimensions
of crisis communication revisited. J Contingencies Crisis Manag. 22, 113-125.
doi: 10.1111/1468-5973.12047

Otto, P., Mehta, A., and Liu, B. (2018). Mind the gap: Towards and beyond
impact messaging to enhance tropical cyclone risk communication. Trop. Cyclone
Res. Rev. 7, 140-151.

Pan, A. (2020). Study on the decision-making behavior of evacuation for coastal
residents under typhoon storm surge disaster. Int. J. Disaster Risk Reduct. 45,
101522. doi: 10.1016/j.ijdrr.2020.101522

Parsons, A. W., Goforth, C., Costello, R., and Kays, R. (2018). The value
of citizen science for ecological monitoring of mammals. Peer]. 6:¢4536
doi: 10.7717/peerj.4536

frontiersin.org


https://doi.org/10.3389/fcomm.2022.949949
https://doi.org/10.3390/w10030284
https://doi.org/10.3390/fire3030040
https://doi.org/10.1007/s10661-010-1582-5
https://doi.org/10.1038/s41746-019-0180-3
https://doi.org/10.15191/nwajom.2018.0609
https://doi.org/10.5194/hess-24-5781-2020
https://doi.org/10.4135/9781849208826.n10
https://doi.org/10.5334/cstp.91
https://doi.org/10.3390/rs9040357
https://doi.org/10.1080/17477891.2011.609877
https://doi.org/10.1890/110185
https://doi.org/10.1016/j.jenvman.2017.02.003
https://doi.org/10.1007/978-3-319-65633-5_4
https://doi.org/10.2989/00306525.2020.1783851
https://doi.org/10.1016/j.giq.2019.04.002
https://doi.org/10.1016/j.ijdrr.2021.102619
https://doi.org/10.1175/WCAS-D-21-0093.1
https://doi.org/10.1002/sce.21087
https://doi.org/10.3389/feart.2019.00226
https://doi.org/10.1016/j.chb.2015.07.063
https://doi.org/10.1016/j.ijdrr.2020.101571
https://doi.org/10.1016/j.ijdrr.2019.101097
https://doi.org/10.1007/s11284-015-1314-y
https://doi.org/10.1016/j.ijdrr.2018.02.033
https://doi.org/10.1175/WCAS-D-15-0078.1
https://doi.org/10.5194/asr-15-77-2018
https://doi.org/10.1016/j.uclim.2021.100852
https://doi.org/10.1016/j.pgeola.2020.07.010
https://doi.org/10.1175/WCAS-D-19-0131.1
https://doi.org/10.1007/s10606-014-9204-3
https://doi.org/10.3389/feart.2018.00184
https://doi.org/10.1007/978-981-15-8662-0_4
https://www.noaa.gov/office-education/citizen-science-crowdsourcing
https://www.noaa.gov/office-education/citizen-science-crowdsourcing
https://doi.org/10.1111/1468-5973.12047
https://doi.org/10.1016/j.ijdrr.2020.101522
https://doi.org/10.7717/peerj.4536
https://www.frontiersin.org/journals/communication
https://www.frontiersin.org

Tan et al.

Périquet, S., Roxburgh, L., le Roux, A., and Collinson, W. J. (2018). Testing the
value of citizen science for roadkill studies: A case study from South Africa. Front.
Ecol. Evol. 6, 1-9. doi: 10.3389/fev0.2018.00015

Perrels, A., Nurmi, V., and Nurmi, P. (2012). “Weather service chain analysis
(WSCA) - An approach for appraisal of the social-economic benefits of
improvements in weather services,” Proceedings of the 16th International Road
Weather Conference. Helsinki: SIRWEC 2012. p. 23-25.

Pettibone, L., Vohland, K., Bonn, A., Richter, A., Bauhus, W., Behrisch, B., et al.
(2016), Citizen Science for All: A Guide for Citizen Science Practitioners.

Phan, M. D., Montz, B. E., Curtis, S., and Rickenbach, T. M. (2018). Weather on
the go an assessment of smartphone mobile weather application use among college
students. Bull. Am. Meteorol. Soc. 99, 2245-2257. doi: 10.1175/BAMS-D-18-0020.1

Potter, S., Harrison, S., and Kreft, P. (2021). The benefits and challenges
of implementing impact-based severe weather warning systems: perspectives of
weather, flood, and emergency management personnel. Weather Clim Soc. 13,
303-314. doi: 10.1175/WCAS-D-20-0110.1

Quarantelli, E. L. (1997). Problematical aspects of the information/
communication revolution for disaster planning and research: ten non-technical
issues. Disaster Prev. Manag. 6, 94-106. doi: 10.1108/09653569710164053

Rubio-Iglesias, J. M., Edovald, T., Grew, R., Kark, T., Kideys, A. E., Peltola,
T., et al. (2020). Citizen science and environmental protection agencies:
engaging citizens to address key environmental challenges. Front. Clim. 2, 1-7.
doi: 10.3389/£clim.2020.600998

Sadri, A. M., Ukkusuri, S. V., and Ahmed, M. A. (2021). Review of
social influence in crisis communications and evacuation decision-making.
Transp. Res. Interdiscip. Perspect. 9, 100325. doi: 10.1016/j.trip.2021.
100325

Sauermann, H., and Franzoni, C. (2015). Crowd science user contribution
patterns and their implications. Proc. Natl. Acad. Sci. US.A. 112, 679-684.
doi: 10.1073/pnas.1408907112

Schulze, K., Lorenz, D., Wenzel, B., and Voss, M. (2015). Disaster myths and their
relevance for warning systems. in 12th International Conference on Information
Systems for Crisis Response and Management (ISCRAM 2015), Palen, L., Buscher,
M., Comes, T. and Hughes, A. (Eds.). Kristiansand. p. 1-6.

Shirk, J. L., Ballard, H. L., Wilderman, C. C., Phillips, T., Wiggins, A., Jordan, R,,
et al. (2012). Public participation in scientific research: A framework for deliberate
design. Ecol. Soc. 17, 2. doi: 10.5751/ES-04705-170229

Sparrow, S., Bowery, A., Carver, G. D., Kéhler, M. O., Ollinaho, P., Pappenberger,
F., et al. (2021). OpenlFS@home version 1: a citizen science project for
ensemble weather and climate forecasting. Geosci. Model Dev. 14, 3473-3486.
doi: 10.5194/gmd-14-3473-2021

Spruce, M. D., Arthur, R., Robbins, J., and Williams, H. T. P. (2021). Social
sensing of high-impact rainfall events worldwide: a benchmark comparison against
manually curated impact observations. Nat. Hazards Earth Syst. Sci. 21, 2407-2425.
doi: 10.5194/nhess-21-2407-2021

Stevens, M., Vitos, M., Altenbuchner, J., Conquest, G., and Lewis, J. (2014).
Taking participatory citizen science to extremes. IEEE Pervasive Computing. 13,
20-29. doi: 10.1109/MPRV.2014.37

Strasser, B. J., and Haklay, M. (2018), Citizen Science: Expertise, Democracy, and
Public Participation. Bern: Swiss Science Council.

Frontiersin Communication

15

10.3389/fcomm.2022.949949

Tan, M. L., Harrison, S., Becker, J. S., and Doyle, E. E. H. (2020). “Research
themes on warnings in information systems crisis management literature,” in 17th
International Conference on Information Systems Crisis Response and Management.
Blacksburg, VA. p. 1085-1099.

Tan, M. L,, Prasanna, R,, Stock, K., Hudson-Doyle, E., Leonard, G., Johnston,
D., et al. (2017). Mobile applications in crisis informatics literature: a systematic
review. Int. J. Disaster Risk Reduct. 24, 297-311. doi: 10.1016/j.ijdrr.2017.06.009

Taylor, A. L., Kause, A., Summers, B., and Harrowsmith, M. (2019).
Preparing for Doris: Exploring public responses to impact-based weather
warnings in the United Kingdom. Weather Clim Soc. 11, 713-729.
doi: 10.1175/WCAS-D-18-0132.1

Taylor, A. L., Kox, T., and Johnston, D. (2018). Communicating high impact
weather: Improving warnings and decision making processes. Int. ]. Disaster Risk
Reduct. 30, 1-4. doi: 10.1016/j.ijdrr.2018.04.002

Theobald, E. J., Ettinger, A. K., Burgess, H. K., DeBey, L. B, Schmidt, N. R,,
Froehlich, H. E., et al. (2015). Global change and local solutions: Tapping the
unrealized potential of citizen science for biodiversity research. Biol. Cons. 181,
236-244. doi: 10.1016/j.biocon.2014.10.021

UNDRR. (2015). Sendai Framework for Disaster Risk Reduction 2015-2030.
UNISDR. (2005). Hyogo Framework for Action 2005-2015. Kobe, Hyogo, Japan.

Vinnell, L. J., Becker, J. S., Scolobig, A., Johnston, D. M., Tan, M. L., Mclaren,
L., et al. (2021). Citizen science initiatives in high-impact weather and disaster risk
reduction. Australas. ]. Disaster Trauma Stud. 25, 55-60.

Walker, D. W., Smigaj, M., and Tani, M. (2021). The benefits and negative
impacts of citizen science applications to water as experienced by participants and
communities. Water. 8, 1-32. doi: 10.1002/wat2.1488

Wang, D., Abdelzaher, T., and Kaplan, L. (2015). A new information age. Soc.
Sensi. 1-11. doi: 10.1016/B978-0-12-800867-6.00001-7

Wartman, J., Berman, J. W., Bostrom, A., Miles, S., Olsen, M., Gurley,
K., et al. (2020). Research needs, challenges, and strategic approaches for
natural hazards and disaster reconnaissance. Front. Built Env. 6, 1-17.
doi: 10.3389/fbuil.2020.573068

Weaver, L. S., Williams, H. T. P., and Arthur, R. (2021). A social Beaufort scale
to detect high winds using language in social media posts. Sci. Rep. 11, 1-13.
doi: 10.1038/s41598-021-82808-x

WMO (2015). Valuing Weather and Climate: Economic Assessment of
Meteorological and Hydrological Services, World Meteorological Organization.
Geneva: World Meteorological Organization.

WMO (2018). Multi-hazard early warning systems: A checklist. Cancun, Mexico:
Outcome of the First Multi-Hazard Early Warning Conference.

WMO (2021). High Impact Weather (HIWeather) Citizen Science
Guidance Note: For Weather, Climate, and Water Projects. Geneva: World
Meteorological Organization.

Wood, M. M., Mileti, D. S, Bean, H., Liu, B. F., Sutton, J., and
Madden, S. (2018). Milling and public warnings. Env. Beh. 50, 535-566.
doi: 10.1177/0013916517709561

Zhang, Q., Li, L., Ebert, B., Golding, B., Johnston, D., Mills, B., et al. (2019).
Increasing the value of weather-related warnings. Sci. Bulletin. 64, 647-649.
doi: 10.1016/j.5¢ib.2019.04.003

frontiersin.org


https://doi.org/10.3389/fcomm.2022.949949
https://doi.org/10.3389/fevo.2018.00015
https://doi.org/10.1175/BAMS-D-18-0020.1
https://doi.org/10.1175/WCAS-D-20-0110.1
https://doi.org/10.1108/09653569710164053
https://doi.org/10.3389/fclim.2020.600998
https://doi.org/10.1016/j.trip.2021.100325
https://doi.org/10.1073/pnas.1408907112
https://doi.org/10.5751/ES-04705-170229
https://doi.org/10.5194/gmd-14-3473-2021
https://doi.org/10.5194/nhess-21-2407-2021
https://doi.org/10.1109/MPRV.2014.37
https://doi.org/10.1016/j.ijdrr.2017.06.009
https://doi.org/10.1175/WCAS-D-18-0132.1
https://doi.org/10.1016/j.ijdrr.2018.04.002
https://doi.org/10.1016/j.biocon.2014.10.021
https://doi.org/10.1002/wat2.1488
https://doi.org/10.1016/B978-0-12-800867-6.00001-7
https://doi.org/10.3389/fbuil.2020.573068
https://doi.org/10.1038/s41598-021-82808-x
https://doi.org/10.1177/0013916517709561
https://doi.org/10.1016/j.scib.2019.04.003
https://www.frontiersin.org/journals/communication
https://www.frontiersin.org

	Exploring the potential role of citizen science in the warning value chain for high impact weather
	Introduction
	Background
	Warning value chain
	Citizen science
	Citizen science for weather hazards and warnings
	Limitations and challenges for citizen science


	A joint workshop
	Participant recruitment
	Workshop structure and guide questions
	Data analysis

	Findings
	Citizen involvement in the value chain
	Citizen science contributions to the warning chain

	Discussion
	Value of citizen science for bridging communication gaps
	Enriching warnings with citizen science data
	Limitations of this study

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


