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Abstract

Citizen science (also referred to as participatory science or community science), in which
members of the general public contribute to scientific research, is not a new concept, as
early examples of such studies can be found a couple of centuries ago. With the advance-
ment of technology in an increasingly connected world, it has never been easier to engage
citizen scientists in research projects. In this paper, we review citizen science initiatives
and projects in the fields of atmosphere and space physics, including both early observation
campaigns prior to the twenty-first century and recent projects. Ongoing initiatives take
a broad range of forms, from the collection of data by citizen scientists to their involve-
ment in the data analysis process and to the hosting of instruments in non-scientific pub-
lic structures. We also discuss some of the challenges specific to citizen science, such as
training citizen scientists, maintaining their engagement, ensuring reciprocity, managing
citizen science data, interfacing the academic and citizen scientist communities, and fund-
ing citizen science. To these challenges we suggest possible solutions, and we highlight the
unique opportunities offered by recent software and hardware developments. These game-
changing opportunities are foreshadowing the dawn of a new era for citizen science — and
hence for science in general and atmosphere and space physics in particular.
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e Modern technology creates unprecedented opportunities to leverage citizen science in
atmosphere and space physics

e (Citizen science is not limited to data collection but can also take the form of fully col-
laborative approaches
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community communication, and funding
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1 Introduction

The National Aeronautics and Space Administration (NASA) and the European Space
Agency (ESA) both recognise the valuable role of citizen science, defining it in similar
terms. NASA describes citizen science projects as those that “rely on volunteers” and
are held to the same rigorous standards as any NASA science project. ESA, on the other
hand, emphasises that our interconnected world offers a solution in the form of “citi-
zen scientists” — volunteers who donate their time, expertise, or mobile phone power to
advance scientific research.

In the recent years, the term “citizen science” has been debated, on the basis that the
word “citizen” might not be the best choice for promoting the inclusion of participants
from diverse backgrounds. Eitzel et al. (2017) explored the impact of terminology and
highlighted the caveats associated with each choice of term for referring to the concept
of citizen science as well as the participants (from the academic world and from the
general public) in such projects. Alternative phrases have been proposed and adopted
by some institutions and research fields, such as “community science”, “participatory
science”, but a clear consensus at international level is still to be reached. It is unclear
whether a change in terminology would be the best approach to improve diversity and
inclusion (Cooper et al. 2021). In this paper, we will therefore use “citizen science”,
“citizen scientists” and “academics/professional scientists”, keeping in mind the pos-
sible shortcomings of these choices of terms.

Regardless of the chosen terminology, a theoretical framework has been devised for
citizen science over the past couple of decades, starting from data collection projects
relying on the participation of citizen scientists and designed to also include outreach
and educational benefits (Bonney et al. 2009b). This framework has been expanded to a
model distinguishing five main typologies of citizen science (Bonney et al. 2009a; Shirk
et al. 2012; Spasiano et al. 2021):

1. Contributory: citizen scientists are data providers, while the project design and data
analysis are carried out by professional scientists;

2. Collaborative: professional scientists typically design the project, and citizen scientists
are not only data providers but are also actively involved in the analysis and interpreta-
tion of the data and in the dissemination of the results;

3. Co-created: citizen scientists and academics are both involved in all the aspects of the
project, from project design to data analysis and to the dissemination of findings;

4. Contractual: professional scientists are mandated by the members of the public to carry
out a research project designed by the community;

5. Collegial: citizen scientists carry out a research project independently, with little to no
input from professional scientists.

One of the earliest examples of citizen science in atmosphere and space sciences is
the 1715 total solar eclipse observations by volunteers across central England (Halley
1715). Marshall et al. (2015) gave a review of citizen science in astronomy as it stood
about a decade ago. They highlighted not only the diversity of ways for the public to
participate in scientific research, but also the unique strengths of citizen science mak-
ing it complementary with great observatories and machine learning methods. The
recent review paper by Fortson (2021) echoes some of those points but for the field of
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space science, and builds around examples illustrating concrete discoveries and ongoing
efforts which will be addressed in our paper.

The advancement of technology in recent years has allowed the scientific community
to develop and deploy a larger number of ground-based and space-borne instruments
across various disciplines. However, observational gaps still exist, and citizen scientists’
observations can help bridge these gaps, enhancing our understanding of the world we
live in. Figure 1 shows the example of optical imaging instruments dedicated to stud-
ies of auroral and auroral-related phenomena in North America. The fields-of-view of
the Time History of Events and Macroscale Interactions during Substorms (THEMIS)
and Transition Region Explorer (TREx) all-sky imagers are indicated with red circles.
During the extreme geomagnetic storm which started on 10 May 2024, hereinafter
referred to as the Gannon/Mother’s Day Storm, the auroral oval extended equatorward
from the area covered by those optical instruments. The figure shows an image of the
aurora taken by the Visible Infrared Imaging Radiometer Suite (VIIRS) Day Night Band
(DNB) onboard the Suomi National Polar-orbiting Partnership (NPP) satellite taken at
08:13 UT on 11 May 2024, in which it is clear that THEMIS and TREx instruments
largely missed the auroral activity at that time. In contrast, citizen scientist reports of
auroral observations, collected via an online survey (Grandin et al. 2024) and indicated
with green dots highlight the potential of leveraging images taken by citizen scientists
during such extreme geomagnetic events.
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Fig. 1 Image from the VIIRS DNB instrument onboard the Suomi NPP satellite showing a portion of the
auroral over the central USA. This image was captured during the Gannon/Mother’s Day storm on 11 May
2024 at 08:13 UT. Citizen science reports of aurora obtained via an online survey (Grandin et al. 2024) are
shown as green dots. The fields-of-view of THEMIS and TREXx all-sky imagers are overplotted in red.
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In addition to the recent example above, belonging to the contributory citizen science
typology, initiatives such as the amateur radio hobby (ham) community (discussed in
Sect. 2.2), Aurorasaurus (MacDonald et al. 2015, discussed in Sect. 2.4), and the “Auro-
ral Research Coordination: Towards Internationalised Citizen Science” (ARCTICS) project
supported by the International Space Science Institute (ISSI) in Bern, Switzerland (dis-
cussed in Sect. 3.1) show features from the collaborative and even co-created typologies.

The objective of this article is to provide an overview of citizen science endeavours in
the fields of heliophysics (the study of solar—terrestrial interactions, covering solar, solar
wind, magnetospheric, ionospheric, and upper-atmospheric physics) and atmospheric sci-
ences (including meteorology, atmospheric chemistry, atmospheric dynamics). In Sect. 2,
we review the existing literature resulting from citizen science contributions in atmosphere
and space physics. Section 3 presents selected ongoing initiatives involving citizen scien-
tists to further advance those fields. Various hurdles and challenges that currently hinder
citizen science to fully flourish are discussed in Sect. 4. New opportunities that can open a
new era in citizen science are highlighted in Sect. 5, and we conclude with closing words
in Sect. 6.

2 Citizen science contributions to atmosphere and space physics

Citizen science has led to various types of contributions to atmosphere and space phys-
ics. In this section, we first briefly review early campaigns of auroral observations involv-
ing members of the general public during the nineteenth and twenty-first century. Then we
turn on to discussing three main aspects in which citizen science has recently facilitated
scientific advances in atmosphere and space physics: the establishment of well-organised
communities such as that of the amateur astronomers and amateur radio hobby (ham), the
organisation of coordinated observation campaigns for specific purposes, and the collec-
tion of citizen science data which have enabled serendipitous discoveries.

2.1 Early citizen science campaigns in atmosphere and space sciences

During 1846-1855, the Finnish Science Society and the Magnetic Observatory of the Uni-
versity of Helsinki (nowadays Finnish Meteorological Institute, FMI) organised a large
observation programme. It did not only include meteorological observations but also a
broad range of other natural phenomena such as the departure times of ice in water bodies
and departures and arrivals of migratory birds. Within the framework of the programme,
about 3000 observations of the aurora were also gathered throughout the duration of the
programme (1846-1855). The observers were mainly local members of the general public
or priests. A summary of observations was published in 1860 by Adolf Moberg; the yearly
number of nights during which the aurora was observed showed good correspondence
with the local magnetic activity as measured with the average Ak index from the Helsinki
Observatory magnetometer (Nevanlinna 2009).

Another successful citizen science observation campaign targeting the aurora was
planned and executed during 1878-1879 by Sophus Tromholt of the Danish Meteorologi-
cal Institute. Tromholt sent 600 letters to vicarages and sea captains encouraging the receiv-
ers to make auroral observations. With his expanded observation network, he collected
839 observations from 132 stations in Denmark, Sweden and Norway over 154 nights
(Stauning 2011). While Tromholt’s interpretation of the collected data were not always
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correct, he did reach an important conclusion: he noted that almost every night there was a
place within the Nordic countries where the aurora was visible, despite the campaign being
held during solar minimum.

In the early years of atmospheric sciences, theme years like the International Polar Year
(IPY) and the International Geophysical Year (IGY) played an important role in launch-
ing observation campaigns towards the general public and initiating collaboration. During
the second IPY in 1932-1933, the FMI and Sodankyld Geophysical Observatory (SGO)
started observation campaigns involving the general public. In Denmark, much effort
was put into creating northern light observation manuals, instructions, and making them
generally available (Stauning 2011). In the following years, similar campaigns by inde-
pendent groups were carried out in New Zealand, the USA and Canada (1953 by Cornell
University/National Geophysical Society), and the UK (1940 by the British Astronomical
Association). In many cases the co-operation combined scientific associations and research
organisations (Schroder 2007). In Sweden, the Uppsala Ionospheric Observatory started
a public observation gathering campaign in 1953 relying on prepaid postcards, which
involved about 20 participants in the north and central parts of the country. The conclusion
of this campaign was that “this method had some value for a coarse survey of the auroral
activity”, and that “experience was also gained of the difficulties of this method” (Stoffre-
gen 1955).

Many observing communities were already active when the IGY started in 1957. The
IGY organising committee provided observation instructions and manuals to support the
communities participating in observation gathering. Many of these campaigns targeted
amateur and professional astronomers, who had prior experience in observing the night
sky (Schroder 2007). Other participating professionals included plane pilots and sail-
ors (Schroder 2007; Nevanlinna 2009). During the IGY (1957-1958), observations were
collected from the Soviet Union, Germany, France, the UK, the USA, and Canada. The
US National Committee of the IGY reported receiving 16,000 auroral observations from
424 individual observers during the first 11 months of operation (Schroder 2007). In North-
ern Europe, new IGY observation gathering campaigns were launched by both the Uppsala
Ionospheric Observatory in Sweden and the FMI. During these years, observers partic-
ipated in the campaign by sending in letters and observation cards of the aurora events
(Nevanlinna et al. 2024). Among the results of this worldwide effort, valuable observations
of the aurora at middle and low latitudes were made, enabling a better characterisation of
its distribution during exceptionally active geomagnetic conditions (Schroder 2007).

After the IGY period, the interest towards gathering additional information from the
general public remained. In 1976, a special northern lights section was established in the
Ursa Astronomical Association in Finland. The section continued to receive observations
over mail and publish summaries of them in a periodical titled Ursa Minor (Karttunen
2021). The section moved to digital observation gathering in the beginning of the 2000s.
The observation campaign still continues today in the Taivaanvahti/Skywarden observation
system (see Sect. 2.4).

2.2 A well-established community: amateur radio hobby (ham)

Since its establishment in the early 20th century, members of the amateur (ham) radio
hobby have significantly contributed to both atmospheric and space physics (Yeang 2013;
Frissell et al. 2023), as well as the growth of the wireless communications industry (Rap-
paport 2022, 2023). Amateur radio is a radio service with global participation that requires
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its licensees to (a) demonstrate a basic knowledge of radio engineering and science, and
(b) not have a pecuniary interest in the transmissions they make. Amateur radio bands are
spread throughout the radio spectrum, many of which allow for long-distance communica-
tions due to ionospheric refraction and other atmospheric effects. As such, amateur radio
communications are highly susceptible to both space and atmospheric weather. This unique
combination of required technical knowledge, volunteerism, and susceptibility to space and
atmospheric weather makes the amateur radio operators an ideal group for producing citi-
zen scientists. The trans-Atlantic tests were amateur radio experiments in the early 1920 s
coordinated by the American Radio Relay League (ARRL) and Radio Society of Great
Britain (RSGB) that were critical to early understanding of the ionosphere and the develop-
ment of the field of atmospheric science (Yeang 2013). Amateur radio operators were later
involved in the 1957-1958 IGY ionospheric experiments (Duquet 1959; Southworth 1959,
1960; Dora 2023).

Today, advances in signal processing, computers, and internet connectivity have enabled
amateurs to build global-scale networks of automated receivers that have now generated
over a solar cycle of ionospheric observations. These networks include the Weak Signal
Propagation Reporter Network (WSPRNet, https://www.wsprnet.org/, http://wsprdaemon.
org/; Taylor and Walker 2010), PSKReporter (https://pskreporter.info/), and the Reverse
Beacon Network (RBN, https://reversebeacon.net/). Data from these networks have already
been used to study ionospheric effects of solar flares and geomagnetic storms (Frissell
et al. 2014, 2019), ionospheric effects of solar eclipses (Frissell et al. 2018), plasma cutoff
and single-mode fading (Perry et al. 2018), Sporadic E (Deacon et al. 2021, 2022), near-
vertical incidence skywave propagation (Walden 2012, 2016; Witvliet et al. 2015, 2016;
Witvliet and Alsina-Pages 2017), grey-line propagation (Lo et al. 2022), and validation of
ionospheric models (Chartier et al. 2023; Frissell et al. 2018). Figure 2, originally from
Frissell et al. (2019), illustrates the use of amateur radio networks for sensing the iono-
spheric impacts of solar flares. Here, two X-class flares are observed on 6 September 2017
by the United States National Oceanographic and Atmospheric Administration Geostation-
ary Operational Environmental Satellite X-Ray Sensor (NOAA GOES XRS) when Europe
was in daylight. Both flares caused a dramatic radio blackout on the 7, 14, 21, and 28 MHz
amateur radio bands. Such observations are useful for studying the spatial and temporal
evolution of the ionospheric response to solar flares, as well as directly observing how
flares impact certain types of terrestrial communications systems.

In addition to using data from purely amateur-deployed networks, formal collaborations
between academics and the amateur radio community are now under way to establish a
distributed array of Personal Space Weather Stations (PSWS) to address the unique needs
of scientific investigation (Collins et al. 2021, 2023; Gibbons et al. 2022). The PSWS net-
work, as well as many of the amateur radio studies cited here, are led by the Ham Radio
Science Citizen Investigation (HamSCI) project, which is discussed below. Frissell et al.
(2023) provides a more comprehensive review of amateur radio citizen science contribu-
tions, including a table of studies using amateur radio data and techniques published in
both the professional and amateur literature.

Building upon the long tradition of citizen science and engineering of the amateur radio
community, HamSCI (https://hamsci.org) was established in 2015 (Frissell et al. 2015,
2023) following the publication of Frissell et al. (2014) in preparation of the 2017 Great
American Eclipse (Frissell et al. 2018). HamSCI is now an international collaboration that
seeks to bring together amateur radio and professional research communities for mutual
benefit. With over 3 million licenced operators worldwide from diverse backgrounds united
by a common interest in the advancement of wireless communications and science, the
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Fig.2 Example of solar flare ionospheric impacts observed by amateur radio observing networks over
Europe on 6 September 2017. (a) SYM-H (black line) and Kp (coloured stems). (b) GOES-13 (blue) and
GOES-15 (orange) XRS 0.1-0.8 nm X-ray measurements. Flares are observed at 08:57 UTC (X2.2) and
11:53 UTC (X9.3) and indicated with dotted vertical lines. (c—f) Two-dimensional contour histograms of
RBN and WSPRNet spot data for the 28-, 21-, 14-, and 7-MHz amateur radio bands, respectively. Bin size
is 250 km X 10 min. To the left of each histogram is a map showing the log density of TX-RX midpoints of
all spots used in the histogram. The white dashed lines on the histograms show the solar zenith angle com-
puted for (51°N, 8°E), the point indicated by the yellow star on each map. Radio blackouts across the HF
bands can be seen in response to the solar flares in the GOES data. From Frissell et al. (2019), reproduced

with permission.

amateur radio community is ideal for citizen science collaborations. HamSCI engages
amateurs and professionals alike through online email forums, weekly telecons, its website,
annual in-person workshops, collaborations with amateur radio national organisations and
media, and participation in professional and amateur conferences alike. HamSCI actively
works to encourage its members to participate in all stages of the scientific process, includ-
ing experiment design, instrument engineering, data collection, data analysis, and publica-
tion, while also providing education, outreach, enrichment, and networking opportunities
for its participants.

2.3 Citizen science campaigns to characterise other atmospheric processes

From the beginning of the space age, initiated by the IGY activities, citizen scientists con-
tributed to the very first scientific results, by measuring and reporting the time of overflight
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of Sputnik and other early artificial satellites. These observations were collected at least
in the Royal Aircraft Establishment (RAE) in the UK and in the Smithsonian Astrophysi-
cal Observatory in the USA (McCray 2006). Together with dedicated optical and radio-
tracking observations, the reports were analysed in terms of changes in orbital period. This
reflected the changing density of the neutral upper atmosphere through which the satel-
lites were moving, and the strong effects of solar illumination and solar activity on those
variations (King-Hele 2005). Observed changes in the orientation of the orbit could also be
related to the gravitational effects of Earth’s flattening.

Prior to the internet-age, collaboration with amateur observers has provided valuable
data into analysis of noctilucent clouds. Long-lasting observation gathering from several
countries provided input of occurrences statistics of the phenomenon (Gadsden 1998).

Citizen science studies of the atmosphere include observation campaigns which have
led to the discoveries of new halo phenomena. The Finnish Halo Observing Network
(Pekkola 1991), active during the 1980s and 1990s, consisted of a few tens of volunteer
observers who photographed and documented atmospheric halos. Their work, under the
Ursa Astronomical Association, has led to several publications on various types of halos
(Riikonen and Ruoskanen 1994; Sillanpidi et al. 1999), including a proposed halo forma-
tion mechanism involving pollen (Parviainen et al. 1994). The Finnish Halo Network’s tra-
dition continues in Ursa’s atmospheric section and focus has since then moved into analys-
ing observations in Taivaanvahti/Skywarden (see Sect. 2.4). This has led to the discovery
of several new halos by the Finnish and Swedish amateur observer communities (Moilanen
and Gritsevich 2022).

Citizen science has also been utilised to aid the investigation of atmospheric phenomena
during solar eclipses (Konnen and Hinz 2008) and solar eclipse effects on meteorology.
This can be done by providing spatially dense networks of regular meteorological observa-
tions, e.g. as in the NEWEX project to study the partial solar eclipse over the UK in March
2015 (Barnard et al. 2016). This campaign collected over 15,000 meteorological obser-
vations from 309 locations across the UK, allowing eclipse-driven temperature and wind
changes to be studied in great detail. The design and evaluation of the success of NEWEx
as a citizen science project is discussed in Portas et al. (2016), where it was reported that
2600-3500 of the project’s participants were school children, demonstrating the impor-
tance of citizen science projects in inspiring the younger generation to take part in science,
technology, engineering, and mathematics activities.

One of the most successful citizen science programmes led by NASA to date is the
Global Learning and Observations to Benefit the Environment (GLOBE) project, in which
over 55,000 observations of clouds from 99 countries were made by citizen scientists dur-
ing a one-month worldwide campaign (Col6én Robles et al. 2020). While the majority of
the observations, in absolute numbers, came from Europe and North America, a non-negli-
gible fraction of the reports originated from the other continents, in particular regions iden-
tified as “Near East & North Africa”, “Latin America & Caribbean”, and “Asia & Pacific”,
thanks to sustained advertisement of the ongoing initiative in the news media in multiple
languages.

2.4 Serendipitous discoveries and collaborative databases
Enthusiastic citizen scientists have become instrumental in new discoveries. Notable

recent examples from space physics highlight this trend. The earliest example is that
of a phenomenon dubbed STEVE (Strong Thermal Emission Velocity Enhancement;
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MacDonald et al. 2018). STEVE was brought to scientists’ attention by talented and
engaged auroral photographers. The combination of citizen scientists’ images and sci-
entific instrumentation has been fuelling numerous studies of this unique phenomenon
among the scientific community. Citizen scientist data continue to play a crucial role
in identifying physical characteristics such as the emission’s altitude, the relationship
between stable auroral red (SAR) arcs and STEVE (e.g. Martinis et al. 2022), and the
details of the picket fence structure associated with STEVE (Semeter et al. 2020). A
very recent study by Nanjo et al. (2024) revealed the existence of a dawnside coun-
terpart of STEVE, occurring polewards from the auroral oval; this phenomenon was
also brought to the attention of academics by a citizen scientist who was following the
stream of real-time classification of auroral images known as Tromsg-Al (https://troms
oe-ai.cei.uec.ac.jp/, Nanjo et al. 2022). Another auroral phenomenon, known as dunes,
was discovered and studied thanks to collaborations between academics and citizen sci-
entists. The photographs of the wave-like structuring in the diffuse aurora, taken by citi-
zen scientists, have enabled the estimation of the altitude of the dunes via triangulation
(Palmroth et al. 2020). They have also enabled the determination of the dunes’ spatial
characteristics (wavelength, extent) and drift speed with respect to the ground, thus pro-
viding valuable elements to identify their formation mechanism (Grandin et al. 2021).

Citizen scientists have also played a key role in the investigations of fragmented
auroral emissions (FAEs). Appearing as small splinters of green emission, either alone
or in chains, these features had not been discussed in the scientific literature until 2021
(Dreyer et al. 2021). FAEs are small-scale and usually last under a minute, so resolu-
tion limitations likely prevented research until recent years. The Auroral Structure and
Kinetics (ASK, Dahlgren et al. 2016) instrument located on Svalbard, Norway, captures
high-resolution images of a small region of sky (10 km X 10 km at E-region altitudes)
around the magnetic zenith in three different wavelengths (673.0 nm from molecular
nitrogen, 777.4 nm from atomic oxygen, and 732.0 nm from oxygen ion). As the instru-
ment captures a high volume of images, the Aurora Zoo project (Www.aurorazoo.org)
was developed for citizen scientists to view and classify what types of auroral forms
appear in each image. Through this system, one event with FAEs was classified by a
group of citizen scientist and then further studied by Whiter et al. (2021). After the
event was identified, it was possible to study the motion and emission wavelengths of
the features and discuss possible generation mechanisms.

The above examples illustrate how such serendipitous discoveries are facilitated by
having citizen scientists report observations that they deem unusual. Collaborative data-
bases are efficient platforms to enable not only the collection of observations made by
citizen scientists, but also their archival and metadata management. Three prime exam-
ples of such collaborative databases can be mentioned in auroral and atmospheric sci-
ences: European Severe Weather Database, Skywarden, and Aurorasaurus.

The European Severe Weather Database (ESWD; www.eswd.eu) was established in
2006 for gathering extreme-weather-related observations from all over Europe. Oper-
ated by European Severe Storms Laboratory, the database collects observations of
extreme winds, heavy rains, hail and different types of funnel clouds. ESWD currently
receives between 20,000 and 30,000 reports per year. The database’s long history of
open, content-verified data has been used in various publications including forecasting,
hazard estimation and evaluating weather trends (Dotzek et al. 2009).

In Australia, the Fireballs in the Sky project (Day et al. 2019) enables citizen scien-
tists to report fireball observations via a mobile application. These observations have led

@ Springer


https://tromsoe-ai.cei.uec.ac.jp/
https://tromsoe-ai.cei.uec.ac.jp/
http://www.aurorazoo.org
http://www.eswd.eu

Surveys in Geophysics

to the successful recovery of meteorites and to the reconstruction of their trajectories,
which contributes to refining our understanding of the formation of the Solar System.

Created in 2011, Skywarden (whose original name in Finnish is Taivaanvahti; https://
www.taivaanvahti.fi/) is a catalogue of astronomical and atmospheric observations main-
tained by the Ursa Astronomical Association (Finland). In Skywarden, citizen scientists
can report observations of a wide range of phenomena occurring in the sky, from comets
and fireballs to rare cloud formations and halos, including auroral and subauroral emis-
sions. To date, it contains over 122,000 observations, among which about 70,000 are of
atmospheric phenomena (rare cloud formations, airglow, atmospheric halos, thunder-
storms, and transient luminous events) and about 15,000 are currently of auroral and sub-
auroral emissions (aurora, STEVE, SAR arcs...). The observation programme for the Sun
also covers details like sunspots and flares, which many amateurs follow by using narrow-
band filers or radio telescopes.

Aurorasaurus.org is an award-winning citizen science project that maps the aurora in
real time with reports from citizen scientists (MacDonald et al. 2015). An example of map
generated from Aurorasaurus reports is shown in Fig. 3. Scientific goals include improv-
ing the real-time specification of aurora knowledge and models, as well as engaging vol-
unteer observations to increase the study and understanding of auroral phenomena (Case
et al. 2015, 2016b; Kosar et al. 2018). The project also involves the citizen scientists in the
research process, encouraging them to lead themselves the results, observations, and analy-
sis (Hunnekuhl and MacDonald 2020; Semeter et al. 2020). In addition, Aurorasaurus con-
ducts outreach and education across the globe, often through partnerships with scientific,
photography, and aurora chasing groups. It engages the citizen scientists in activities such
as reading journal articles, writing scientific papers, and conducting independent research,
as well as more traditional outreach events and documentary film screenings.

Aurorasaurus is working to expand its community in the polar and subauroral regions,
including via tourism in Norway and rural Alaska, as well as with Indigenous communi-
ties. The project has demonstrated that while scientific efficacy is traditionally gauged via

ﬁ @‘ & e Join Us Login
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Did you see the aurora? ‘ No Verify Tweets Blog Learn FAQ

Satellite

Probability of visible aurora
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Keyboard shortcuts | Map data ©2024 Google, INEGI | Terms

Fig.3 Screenshot of the Aurorasaurus homepage during the May 2024 extreme geomagnetic storm at
6:30 UTC on 11 May 2024. Hundreds of positive aurora reports are seen (green) along with many nega-
tive aurora reports (red). The projected auroral view line (red line) is adjusted to account for ground-truth
reports (Case et al. 2016a).
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publications, the inherently interdisciplinary value of citizen science spans a broader range
of goals and methods (Edson et al. 2024).

3 Emerging citizen science initiatives in heliophysics and atmospheric
physics

3.1 Data collection by individuals

As was introduced in the previous section, citizen scientists can collect a broad range of
data through observations they make, thus bearing potential for both making discoveries of
new phenomena and carrying out statistical analysis of selected physical processes. Here
we briefly review ongoing initiatives relying on data collection by individual observers to
be uploaded to collaborative platforms and data banks.

Several citizen science initiatives relying on measurements made by individuals consist
of providing the participants with either a simple instrument or an application to down-
load on their smartphone. For instance, the Cosmic on Air project (https://cosmic-on-air.
org/) is a citizen science project encouraging the public to collect radiation dose measure-
ments onboard flights and making them available to the scientific community. Volunteers
can get a dosimeter and carry it during their flights to collect data. These contributions,
among other topics, support the identification and quantification of effects of solar flares
on the lower atmosphere (Darley et al. 2019). These measurements can also be leveraged
for characterising the Earth’s radiation environment (Bottollier-Depois et al. 2019). Simi-
lar projects have relied on volunteers to collect atmospheric pollution data. For instance,
in the city of Coyhaique in Southern Chile, the ExCamp project (https://www.cr2.cl/final
iza-campana-cientifico-ciudadana-para-medir-calidad-del-aire-en-coyhaique/) has organ-
ised several campaigns of air quality measurements involving citizen scientists who walked
across their neighbourhoods carrying low-cost sensors during mornings, early afternoons,
and evenings. In astronomy, the worldwide Globe at Night project involved thousands of
citizen scientists from every continent (except Antarctica) who reported on naked-eye vis-
ibility of stars from their region. The collected data enabled quantifying the reduction in
star visibility between 2011 and 2022 (Kyba et al. 2023).

An example of initiative making use of participants’ smartphones is the collection of
global navigation satellite system (GNSS) data. Low-cost GNSS receivers providing raw
GNSS measurements with multi-constellation and multiple frequencies are nowadays
found on a number of smartphones. The accessible data include GNSS time, pseudor-
anges, carrier phase measurements, Doppler shift, satellite ID, constellation ID and it can
be logged by apps (e.g. Geo++ RINEX Logger). The data can be post-processed alike any
other GNSS measurements (e.g. GSA GNSS; Tomastik et al. 2024). While the quality of
the measurements and their usability for different research areas vary, being able to collect
such a vast amount of data by citizen scientists can still be beneficial for many applications.
For ionospheric research, the co-use with a camera can identify whether aurora is present
and whether positioning systems are disrupted by it. Recent articles and conference contri-
butions have already started assessing the use of Android smartphones with dual-frequency
multi-GNSS receiver to measure the total electron content and atmospheric parameters
(Kogogin et al. 2021; Soja 2022; Williams et al. 2023). Collecting a vast amount of data
via citizen scientists (crowd-sourced GNSS data) can provide great potential for statistical
studies on ionospheric dynamics and impacts on positioning systems.
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Smartphones have also been utilised as measurement devices for atmospheric pollu-
tion by aerosols. This was demonstrated via the development and testing of the iSPEX
smartphone add-on, a low-cost element effectively transforming a smartphone camera into
a spectropolarimeter (Snik et al. 2014). Three measurement campaigns were held in the
Netherlands during summer 2013, during which several thousand citizen scientists partici-
pated, which enabled obtaining maps of aerosol optical thickness down to a spatial resolu-
tion of 2 km.

Another example is CrowdMag (https://www.ncei.noaa.gov/products/crowdmag-
magnetic-data), a citizen science project by NOAA that uses smartphone sensors and
the CrowdMag app to collect anonymised geomagnetic data. The primary goals include
mapping Earth’s magnetic field and local noise sources. The project supports scientific
research by filling gaps in magnetic field data, especially in areas with sparse ground-based
measurements.

For some physical phenomena, smartphones are however not advanced enough to col-
lect the necessary data. In such cases, the projects target communities of passionate observ-
ers who have advanced equipment and strong expertise in chasing and capturing these phe-
nomena. A first example is Spritacular (https://spritacular.org/), a NASA citizen science
project that was launched in October 2022. The primary goal of this project is to collect
observations of sprites and other optical phenomena occurring above the thunderstorms,
collectively known as transient luminous events (TLEs). The Spritacular database includes
TLE observations with metadata by extremely skilled storm chasers (mobilised sensors)
from 15 different countries, producing a steady stream of valuable observations for the sci-
entific community to work with. This database will be an invaluable resource for finding
interesting cases, performing studies in conjunction with other scientific data, and conduct-
ing broad statistical studies. This project also aims to connect the public with scientists to
ensure optimal exploitation of these data.

More examples can be found in auroral physics. A Canadian initiative named AurorEye,
developed by Jeremy Kuzub at Jufa Intermedia (https://auroreye.ca/), is leading the devel-
opment and deployment of portable all-sky imagers for aurora chasers to install in the field
and autonomously capture timelapse images (Kuzub 2022). AurorEye provides calibrated
timestamps and geolocation information associated with the images and comes with soft-
ware to automatically generate and upload timelapse videos and keograms to a cloud server
accessible by scientists. Sequences are also shared on the AurorEye YouTube channel for
public viewing. AurorEye prioritises user-friendly design and operation: components are
largely modular and off-the-shelf. A responsive development team means technical bugs or
software glitches can be patched quickly or even by the operator. This is an example of an
“agile” citizen science project (Ledvina et al. 2023).

The North Dakota Dual Aurora Camera (NoDDAC; Young et al. 2022) project, a col-
laboration between the University of North Dakota (UND), Aurorasaurus, and the Nueta
Hidatsa Sahnish Tribal College (NHSC), is another example of an auroral imagery citi-
zen science project. NoODDAC provides constant observation of rare mid-latitude auroral
(or aurora-like) phenomena (e.g. STEVE, SAR arcs, dunes) through the use of a “dual”
camera system consisting of a north-facing video and an all-sky still camera. The sys-
tem is designed to be expandable and agile. The camera components are commercially
available Sony cameras and IPTimelapse software controls the automatic capture, stor-
age, and uploading of image sequences to an aurora dashboard (in development). Images
from the north-facing video camera are livestreamed to the NoDDAC YouTube channel.
NoDDAC has now expanded to two locations, unlocking the potential to triangulate the
heights of STEVE and other rare phenomena. The project will soon be incorporated into
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the Aurorasaurus project by means of providing aurora alerts to users through automatic
aurora-detection algorithms. NoDDAC’s companion Zooniverse project (see Sect. 3.1) will
help categorise and identify the thousands of aurora images that have been captured since
the project’s inception in 2021.

Insightful observations of the aurora can also be provided by citizen scientists who do
not take advanced instrumentation to the field, and even do not necessarily have extensive
experience with aurora chasing. Since 2023, the ARCTICS working group sponsored by
ISSI-Bern, Switzerland, has gathered together citizen scientists and researchers from vari-
ous regions of the world to collaborate on the study of dark-sky optical emissions (aurora,
STEVE, FAE, and others). The aim of the collaboration is not only to produce scientific
research outputs but also to expand the network of citizen scientists in auroral studies, con-
nect the communities together, and provide tips and guidelines for aspiring citizen scien-
tists not necessarily having prior experience with participating in the scientific research
process. To this aim, ARCTICS released the first version of an Aurora Field Guide and
Handbook for Citizen Science (Herlingshaw et al. 2024) addressed to both citizen scien-
tists and academics. The Handbook highlights how collaboration between citizen scien-
tists and professional scientists is beneficial to both groups, who learn from each other.
Very recently, during the Gannon/Mother’s Day Storm which occurred in May 2024, the
ARCTICS collaboration collected reports of aurora sightings by citizen scientists from all
around the world via an online survey. The reports indicated that the auroral oval extended
well beyond the NOAA G5 (extreme) storm description, with aurora spotted from lati-
tudes as low as 30° (Grandin et al. 2024). Citizen science auroral observations also com-
plemented the few available scientific optical observations by providing reports from high
latitudes in the northern hemisphere where instruments were not running due to the lack
of dark conditions in summer. With nearly 700 respondents to the survey — many of whom
saw the aurora for the first time in their life — this study showcased the potential of collect-
ing observations of specific events even when no dedicated observation campaign has been
organised in advance.

Other studies of the Gannon/Mother’s Day Storm have relied on citizen science obser-
vations from, e.g. Mexico (Gonzalez-Esparza et al. 2024) and Japan (Kataoka et al. 2024;
Nanjo and Shiokawa 2024). More generally, over 5000 geolocated and time-tagged reports
were also submitted to the Aurorasaurus platform. In the northern hemisphere, reports as
far south as Oman and India highlighted the extent of aurora that could be detected with
modern technology (e.g. cameras utilising long-exposure photography). As many reports
also indicated naked-eye visibility, colours present, and included photos, Aurorasaurus has
created a multidimensional dataset that can be used to study the rare superstorm in closer
detail. On aurorasaurus.org, the view line extended across the southern USA and adapted
to positive clusters of aurora reports in Texas and Florida (see Fig. 3).

Moreover, during this superstorm, several users reported disruption and malfunction-
ing issues. Among these, they reported negative effects on ground-based broadcasting
and two-way radio communications, especially on the HF band because at the same time
as the storm was ongoing, solar energetic particle events increased the D-region elec-
tron density in the polar ionosphere, causing absorption and thus loss of signal (e.g.
Patterson et al. 2001). Figure 4 shows the HF radio signal absorption map predicted
by NOAA/SWPC at 15:26 UT on 11 May 2024. It reveals unusually large absorption
affecting the high latitudes, especially in the northern hemisphere, with an extension to
regions seldom affected by such disturbances (southern Fennoscandia, Denmark, UK,
southern Canada), which is likely due to the precipitation of solar energetic particles
(Heino and Partamies 2020). In addition, strong X-ray flux associated with the peak flux
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Fig.4 Map of HF radio signal absorption at 15:26 UT on 11 May 2024 produced with the D-Region
Absorption Prediction model. The colour scale gives the highest radio frequency undergoing 1 dB absorp-
tion in the lower ionosphere.

of an M8.8-class solar flare which started at 14:46 UT (e.g. Hayakawa et al. 2025) led to
HF signal absorption at lower latitudes located on the dayside of the Earth. This is con-
sistent with a report by WSPRNet (see Sect. 2.2) on radio propagation conditions in the
US sector during the event, stating that “No receiver reports at all were received, on any
band, between 2100 UTC 10 May and 0000 UTC 12 May" (WsprDaemon group 2024).
In addition, in the European sector, radio amateurs in central Italy reported (via per-
sonal communications) to the scientists from the Istituto Nazionale di Geofisica e Vul-
canologia (INGV) the impossibility to establish HF radio links at 10, 12 and 15 MHz
on 11 May 2024, as INGV had been communicating via social media about the event
(Spogli et al. 2024). The example of the May 2024 superstorm illustrates how excep-
tional events can provide great opportunities to leverage citizen science to complement
observations from scientific instruments.

A month earlier, another rare celestial event offered a great opportunity to engage the
public in citizen science. During the total solar eclipse of 8 April 2024 across the North
American continent, several citizen science projects have been collecting data, to study
both the Sun and the response of the Earth atmosphere during the eclipse. This event was
hence an excellent opportunity to promote several citizen science project and to involve the
general public in observations and science. In particular, one can mention some of those
projects, several of which are reflecting the possibility to also involve volunteers in the
analysis of the data collected:

1. Inthe Citizen CATE 2024 project (Seaton et al. 2024, https://eclipse.boulder.swri.edu/
citizen-cate-2024/), a network of volunteer teams were equipped and trained in advance
to capture videos of the solar corona during the eclipse.

2. The Dynamic Eclipse Broadcast (DEB) Initiative (https://debinitiative.org/) trained vol-
unteers in advance and provided equipment to conduct coordinated observations of the
Sun during the eclipse.
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3. The Eclipse Megamovie project (Hudson et al. 2021, https://eclipsemegamovie.org/)
collected photographs of the eclipse in order to study dynamic features in the solar
corona.

4. The SunSketcher project (Severino et al. 2025, https://sunsketcher.org/) can be seen
as the modern version of one of the earliest citizen science initiative, during the total
solar eclipse observed in England in 1715 (Halley 1715): for this project, anyone who
downloaded the dedicated application on their smartphone could take data during the
eclipse to precisely measure the timing of the observations of the Baily’s beads, i.e. the
last and first glimmers of sunlight before and after totality.

5. Observations of the eclipse were also conducted in the radio domain, by volunteers who
had assembled their own radio receivers, for the Radio JOVE project (https://radiojove.
gsfc.nasa.gov/). Radio emission can also be used to study the impact of the eclipse on the
Earth atmosphere, as it was done by amateur radio operators participating in HamSCI
(see Sect. 2.2), to study the properties of the ionosphere. This project is also running
outside of solar eclipses.

6. Another long-running project, GLOBE Observer (https://observer.globe.gov/), carried
out a specific campaign during the eclipse to record air temperature and cloud cover.

7. Eclipse Soundscapes (Hartstone-Rose et al. 2024; Severino et al. 2025, https://eclip
sesoundscapes.org/) was dedicated to the recording of sounds during the eclipse, with
prior training of the volunteers to acquire the data.

3.2 Hosting instruments in non-scientific public structures

For some projects, relying on networks of individuals may not be the most suitable
approach to collect observations. Rather, having scientific instruments hosted by public
structures can prove an effective way to not only collect observations but also facilitate the
maintenance of the instrument and engage specific parts of society in the project — in par-
ticular schoolchildren.

NASA’s Electrojet Zeeman Imaging Explorer (EZIE) mission will consist of three small
satellites aiming to describe the auroral electrojets in detail (https://ezie.jhuapl.edu). In
addition to the flying platforms the mission includes mass-produced ground-magnetometer
kits called EZIE-Mags (https://ezie.jhuapl.edu/outreach/ezie-mag/) that are being distrib-
uted to schools in the USA to inspire and include young people in the data collection for
part of the mission (Gjerloev et al. 2024). However, anyone in the world can apply for an
EZIE-Mag. The lunchbox-sized kits are simple to deploy and all necessary data process-
ing, such as baselining, is done as post-processing. All EZIE-Mag so-called beta testers
were strongly encouraged to run their magnetometers during the Gannon/Mother’s Day
Storm on 10-13 May 2024 and upload the data for science analysis. Ground magnetic field
data recorded by EZIE-Mags operating during the Gannon Storm are available on the mis-
sion EZIE-Mag website (https://eziemag.jhuapl.edu/gw/).

All-sky-cameras have long been a part of atmospheric research. These cameras have
typically been installed to measurement stations of scientific organisations, but an alterna-
tive approach involving local schools is being tried in Finnish Lapland by Sodankyld Geo-
physical Observatory. Each school participating on Revot-project tries to locate a nearby
dark spot for their camera instrument, run it and, as a reward, gains access to the collected
image material. The project is aiming to raise interest towards natural sciences and under-
line the importance of the rare areas where the night sky is still dark.
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Weather is something we all face every day. However, the available data from the offi-
cial weather stations and the operational numerical weather forecasts do not always reflect
the local variability in a comprehensive way. This is particularly true in remote locations
surrounded by mountainous topography and ocean, where observational data are typically
sparse and weather prediction models often struggle. To improve coverage of weather
observations and to facilitate development of better weather models, a local network of
Netatmo Smart Weather Station kits (https://www.netatmo.com/en-gb/smart-weather-stati
on) is being beta-tested in Svalbard, Arctic Norway. The weather stations are run on local
wireless network connections that automatically take care of the data collection and distri-
bution to large-scale weather map (https://weathermap.netatmo.com). The Svalbard pro-
ject, called LongyearObs (https://www.longyearobs.com), investigates a way to harvest the
individual weather station data into a science database for further analysis. A main aim
in this project is to standardise the outdoor stations’ setup so that the biases due to, for
instance, proximity of buildings can be avoided.

Perhaps the most successful and longest-running severe-weather-related collaboration
project between scientists and citizens is the Blitzortung station network, that has been in
operation since 2005. It consists of more than 1500 currently running VLF radio receiving
stations worldwide and related data processing systems. These lightning detection stations
are mainly run by amateurs, who by participating gain access to the raw data gathered by
the network. Part of the collected data are openly available for various purposes of which
the map visualisation at https//www.blitzortung.org is the most widely used. The receiver
technology is continuously being improved and device purchase costs optimised towards
low-cost solutions.

Another ongoing effort to involve public structures in hosting instruments is the deploy-
ment of low-cost Ku-band ozone radiometers. Traditional radiometers are expensive and
require skilled scientists, limiting widespread use and public involvement. However, the
low-cost radiometer developed by Rogers et al. (2009), called the ‘Mesospheric Ozone
System for Atmospheric Investigations in the Classroom (MOSAIC)’, offers a solution.
Sodankyld Geophysical Observatory is improving this system to enhance data quality and
achieve daily temporal resolution while keeping costs low and instrument stability. By
involving more high schools and universities in deploying these instruments, the project
promotes education and provides valuable, stable ozone data, particularly in polar regions
where data gaps exist. Due to the COVID-19 pandemic, the radiometer has been main-
tained at the observatory instead of being deployed in high schools or universities. How-
ever, it is expected that the long-term MOSAIC ozone data will serve as valuable scientific
data for mesosphere—lower-thermosphere ozone research and help understanding the cou-
pling between the thermosphere, mesosphere, and stratosphere.

The Space Weather Underground (SWUG; Smith et al. 2019) programme was created
by Charles Smith as a collaborative effort between University of New Hampshire (UNH)
and high schools in northern New England. The goal of this programme is to build and
deploy a network of magnetometers to better characterise the ionosphere and investigate
geomagnetically induced currents (GICs) while at the same time educating and inspir-
ing students about space weather. High-school students build and test the magnetometers,
which are then deployed at or near the high school, and UNH collects and processes the
resulting data. The data are then made freely available to the public. In 2020, the SWUG
programme expanded to University of Alaska Fairbanks (UAF, Cohen et al. 2021; Ozturk
et al. 2023) to evaluate the significant threats to infrastructures in high-latitude regions like
Alaska. The UAF SWUG programme developed a free 2-week intensive summer course
for secondary-school science teachers. As a part of this course, educators learn about space
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weather, how to build and deploy magnetometer kits, and how to analyse magnetometer
data. UAF then provides support for these educators to begin SWUG programmes at their
own schools. High-school students can also work directly with the UAF SWUG team at
any time of the year. Students spend at least 3 h per week assembling a magnetometer
and assisting its calibration and deployment. Recently, UAF SWUG added low-cost all-sky
cameras (developed by Frank Prins) to its training programme and deployed instruments,
offering the opportunity to monitor various auroral conditions through imagery. Similar to
UNH, UAF makes all camera and magnetometer data publicly available along with edu-
cational material and manuals. In 2022, the University of Maryland began its own SWUG
programme (MD-SWUG; Connor et al. (2024) with a similar programme to the UNH
SWUG initiative. MD-SWUG specifically targeted investigating the effects of the annular
and total solar eclipses of 2023 and 2024, respectively, using student-built magnetometers.

3.3 Data processing by citizen scientists

While the ongoing projects discussed in the earlier sections focus mainly on data collec-
tion, there are other ways to involve the public in the scientific process in the contributory
framework. A great number of initiatives have been flourishing concerning the inclusion
of citizen scientists in data processing. Among these, a noteworthy platform is Zooniverse
(https://www.zooniverse.org/), which claims over a million volunteers who actively con-
tribute to scientific research by carrying out various kinds of tasks in a wide range of fields.
Among those volunteers, a small number of particularly active members show an engage-
ment which can be considered to belong to the collaborative typology, while the majority
of the participants are rather involved within the contributory framework (Krukowski et al.
2022).

An example of a recent Zooniverse project, AtmosElec (https://www.zooniverse.org/
projects/hripsi-19/atmoselec-atmospheric-electricity-for-climate) aims to utilise citizen sci-
entists to help digitise many decades of atmospheric electricity data from Lerwick Obser-
vatory, UK. Atmospheric potential gradient measurements were made from this site from
1927-1984, originally in handwritten tables, and now digitally scanned. This is one of the
longest continuous time series of potential gradient measurements in the world, and dig-
itising such a valuable dataset is expected to lead to insights into how atmospheric elec-
tricity is linked to climate processes, as well as how space weather controls atmospheric
electricity.

Zooniverse projects can also be well-suited for the analysis of complex data from helio-
physics missions. For instance, Solar Dynamics Observatory (SDO) launched by NASA in
2011 produces images of the Sun at different wavelengths at unprecedented time cadence
and spatial resolution, which triggered the development of algorithms for detection and
classification of features seen in the data. However, not all analysis can be automated,
due to the complexity of the data or of the tasks: this is where citizen science is the best
methodology. The Solar Jet Hunter (https://www.zooniverse.org/projects/sophiemu/solar-
jet-hunter; Musset et al. 2024) and Solar Active Region Spotter (https://www.zooniverse.
org/projects/eimason/solar-active-region-spotter) both ask the volunteers to analyse data
from SDO. Earlier examples based on different heliophysics missions include Solar Storm-
watch (https://www.zooniverse.org/projects/shannon-/solar-stormwatch-ii), where vol-
unteers were marking images from the coronagraphs onboard the Solar Terrestrial Rela-
tions Observatory (STEREQO) probes during coronal mass ejections (CME) to track their
evolution. More than 100 CMEs have been tracked via this project (Barnard et al. 2014).
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Although not hosted by Zooniverse, an exciting project in the same field is Heliophysics
Audified: Resonances in Plasmas (HARP), where the volunteers are presented with audi-
fied versions of plasma waves measured with the THEMIS mission in order to identify
resonances (Archer et al. 2018, 2022).

Coming to auroral physics, the Zooniverse “Aurora Zoo” project focuses on fine-scale
aurora (scale sizes of tens of metres to a few kilometres). Fine-scale aurora is not often
accessible to citizen observers due to the equipment required for clear observations, such
as sensitive detectors and optical filters that exclude the long-lived emissions which can
appear smeared on fine scales. Citizen scientists contribute to Aurora Zoo in two main
ways: by classifying short video clips of the aurora made using the ASK instrument
according to the structure and dynamics present (enabling statistical studies of fine-scale
aurora), and by spotting unusual things present in the data set. This combination of mak-
ing classifications and reporting unusual features is common to many projects on the
Zooniverse platform. As of June 2024 more than 700,000 classifications have been made
of 71,209 clips using a classification scheme devised by the Aurora Zoo project scientists,
comprising 6 shapes and 6 movement classes together with an indication of how diffuse
the aurora appears. In addition, the Aurora Zoo volunteer community has developed a list
of “tags" which can be applied to clips to highlight more unusual features, such as flam-
ing auroral rays (Cresswell 1969) and ruffs (Dahlgren et al. 2010). The tags are attached
to clips in posts on a discussion forum incorporated within the project. This feature can
function in a similar way to citizen scientists making, reporting and analysing their own
observations, and was used to discover a FAE event present in the data and analysed by
Whiter et al. (2021, see Sect. 2.4). Other projects of auroral image classification by citizen
scientists exist, such as AuroralZone (https://auroralzone.org/) led by the University of Cal-
gary (Canada).

4 Challenges to overcome
4.1 Citizen scientist engagement and training

The successful implementation of citizen science initiatives is filled with several chal-
lenges that must be addressed to maximise their effectiveness and reach. It is crucial to cre-
ate comprehensive and detailed instructions for tasks given to citizen scientists. It is impor-
tant to consider that volunteers come from various backgrounds and need clear, precise
instructions (and in some cases even training, for instance via videos) on how to contribute
to projects. Ensuring that these instructions are easy to follow is essential for maintain-
ing continuous engagement, as well as mitigating errors and improving the quality of the
data obtained (see also Sect. 4.2). Revisiting these instructions, requesting feedback from
participants, and acting on that feedback is also beneficial to the success of citizen scientist
projects.

Citizen scientists have innate scientific agility (Ledvina et al. 2023). This means they
can provide both contributory and experiential expertise. Key to the success of citizen sci-
ence initiatives is realising the skills of participants and integrating them across as many
steps of the scientific discovery process as possible. This may include inviting participants
to help with reviewing papers before submission to journals and inviting community lead-
ers to scientific conferences. At the bare minimum, citizen scientists must receive reci-
procity for their efforts through acknowledgement and ideally co-authorship in scientific
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publications and presentations. While gamification elements (e.g. awarding participants
with badges or certificates) are fun and low-effort ways to retain participation from volun-
teers, more concerted efforts to engage citizen science communities will earn their respect
and retention. Citizen science is community science; project leaders should prioritise leav-
ing “deposits” that create tangible benefits in the communities they engage with. For exam-
ple, in exchange for participants reporting auroras on their site, Aurorasaurus also leads an
ambassador network which engages aurora chasing community leaders with scientists and
subject matter experts. Public talks and outreach events, a monthly newsletter, an early-
career group, and a regular blog articles are all other ways in which Aurorasaurus engages
and adds value to the aurora chasing community.

Another significant challenge is the promotion of the citizen science project to engage
a wide audience. Nowadays, the question of language barrier, which can limit the diversity
of participants, has become less critical thanks to the availability of automatic translation
software. Reaching potential citizen scientists across socioeconomic backgrounds can how-
ever be more challenging. In this, effective communication strategies are essential, includ-
ing the use of social media, blogs, and dedicated websites to advertise projects. Writing
compelling articles, issuing press releases, and conducting interviews are vital components
of a successful outreach campaign. Portas et al. (2016) discuss their use of different com-
munication vehicles for their NEWEXx citizen science project which collected data on the
partial solar eclipse over the UK in 2015. For this they utilised pre-existing distribution
lists from societies such as the Institute of Physics and the Royal Meteorological Society,
engaged directly with media outlets such as the BBC to advertise the project to school
children, and organised a series of lectures and open days to encourage local participa-
tion. These efforts help to raise awareness about projects and their goals, ultimately driving
participation. Initial analysis of participant numbers in the AtmosElec Zooniverse project
have shown a clear correlation between media engagement activities and increases in the
number of citizen science volunteers, demonstrating the importance of continued efforts in
this area.

Finally, citizen science projects can be difficult to maintain over a long period of time.
Some projects have shown exceptional longevity: the ham community can boast a century
of contributions to atmospheric and space sciences (see Sect. 2.2), and the Skywarden
observation platform has been continuously developed and maintained for over a decade
and includes digitised versions of past observations from the second half of the 20th cen-
tury. Both examples rely on extremely active — and often highly skilled — communities who
have invested time, money and energy to purchase equipment (e.g. radio transmitters in
the case of ham), build their network of participants, develop online tools for communica-
tion and data management, and moderate the discussions and data submissions. However,
not all citizen science projects can reach such a level of engagement, which can be quali-
fied as professional by many standards, making it challenging to sustain them in the long
run. Projects primarily having an outreach component, like those involving schools, are
therefore often shorter-lived, as the involved participants (staff and students alike) have a
relatively fast turnover. Likewise, data collection projects in which a certain number of
measuring devices are distributed to citizen scientists are likely to have their longevity tied
to the lifetime of the equipment, in the absence of funding to replace the instruments when
they cease to function.
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4.2 Management of citizen science data

Whether it relies on science-grade-instrument or citizen science data, a scientific study
requires that data quality is guaranteed. While scientific instruments are typically cali-
brated in laboratories and the produced data undergo validation through established pro-
cedures, calibration and validation of citizen science data is less straightforward. Downs
et al. (2021) stress the importance of assessing and documenting the data quality in citizen
science projects, encouraging citizen science project leaders to consider quality assessment
and quality control early on in the project, ideally during the stage of conceptualisation of
the study. They describe four stages in the lifecycle approach to citizen science data qual-
ity, as previously introduced by Ramapriyan et al. (2017): (i) scientific quality (from data
definition to validation); (ii) product quality (from data set production to its distribution
and archiving); (iii) stewardship quality (maintenance, preservation and dissemination of
the dataset); and (iv) service quality (facilitation of data reuse, user support).

The scientific quality of citizen science data, in particular, can be boosted by several
means, as suggested by Kosmala et al. (2016). First, as already discussed in Sect. 4.1, the
project leaders can invest time and effort in training the citizen scientists to perform their
tasks (which can be collecting samples, making measurements with a specific device, or
identifying certain features or phenomena); this reduces the risk of human errors. Second,
the measuring devices operated by citizen scientists can be standardised and calibrated; this
reduces instrumental errors. Third, implementing a replication of measurements by several
citizen scientists or a cross-calibration procedure can improve the reliability of image clas-
sification, for instance, by reaching consensus. Fourth, similar statistical methods as used
with science-grade-instrument data can be applied to the citizen science data to reduce the
uncertainty, such as increasing the number of samples, or applying a skill-based statistical
weighting of the classifications or measurements. When the above methods are adopted in
citizen science projects, Kosmala et al. (2016) argue that the scientific quality of the citizen
science datasets can be on par with those coming from science-grade instruments.

More generally, Baldzs et al. (2021) highlight that data quality, i.e. the validity and reli-
ability of the data, is one of the four aspects pertaining to their broader concept of data
accuracy. The other three aspects are: data contextualisation (which includes the metadata
and the description of the protocol and methods employed in the data collection), data
interoperability (how the data and their processing can be used in a different project from
the technical point of view), and data reuse (in terms of ownership and future accessibil-
ity). Hence, the management of citizen science data needs to be carefully considered. Data
management requires education and planning, both on the scientists’ and citizen scientists’
side. Determining how to collect and publish citizen science data depends, among other
things, on the project’s planned time frame and budget, as well as on local legislation. Set-
ting up a data management plan — and updating it as necessary — is paramount to avoid
caveats during the project. Overall, one should adhere as much as possible to the FAIR data
principles (Wilkinson et al. 2016).

Citizen science data nevertheless come with specific challenges, at the same time as
they create new opportunities. One example can be found in atmospheric physics, for
which access to long-term time series of data has a critical role when monitoring develop-
ment and trends. Since many citizen science projects target one particular research question
at the time, the time span of observation campaigns is often limited to a single period or
event. However, it is not uncommon to rediscover older data coming from past citizen sci-
ence campaigns and that could prove insightful if combined with more recent observations.
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Figure 5 shows an example of auroral observations made by Finnish volunteers during the
IGY (see Sect. 2.1), recently rediscovered from the FMI archives. The existence of such
observations from before optical instruments for auroral studies were common suggests
that there may be an unused potential in revisiting old datasets. This argues in favour of
long-term data collection, provided that methods for intercalibration of data from one cam-
paign to another are devised. Getting appropriate commitment and funding for running
long campaigns, or developing such intercalibration methods, is a common issue in build-
ing reusable data sets covering long time periods.

Another issue is the question of ownership of the citizen science data. For instance,
in auroral studies relying on citizen science imagery, clarifying whether a photographer
retains their copyright when uploading their pictures to collaborative databases or whether
the images fall into the public domain is paramount. In the ARCTICS Aurora Handbook
for Citizen Science (Herlingshaw et al. 2024, Sect. 9.3.4), the authors strongly recom-
mend systematically adding a licence to the uploaded images or videos. In case an auroral
photograph is published in a scientific article, the citizen scientist owning the copyright
should be consulted when determining the licence for the publication. Beyond ownership
as defined by copyright, the wider notion of credit attribution is further discussed in the
ARCTICS Handbook.

In addition to data ownership, data management also involves identifying the data con-
trollers. In citizen science projects, the role of data controller may be shared between the
academics and the citizen scientists, especially in collaborative and co-created projects.
This may raise issues such as making citizen scientists jointly responsible for the data man-
agement and protection together with the academics, whereas they are often not knowl-
edgeable on such legal aspects (Purtova and Pierce 2024).

Half-sky auroras - 24.3.1958 at 22.50 lisalmi

Visibility IV / V

1 am sending this drawing of the aurora borealis, which were very strong last night (March 24, 1958) at about 22:50 SA,
b N e which time the drawing mostly represents. A bright narrow belt stretched from the moon through Andromeda to below

A Vega, which was completely red near the moon, continuing pale yellow past Andromeda and clearly greenish near the
constellation Swan.

From Andromeda to Cassiopeia, the sky was pale yellow over a wide area, and only the brightest stars could be
distinguished from that area. Near Andromeda and Betelgeuse, the sky was uniformly orange.

Above the Cygnus constellation and in the regions of Arcturus, the sky was slightly greenish-yellow, but very bright.
There was a small orange area between them. In all the above-mentioned places, the aurora borealis was visible
evenly.

Instead, in the middle sky, they fiuttered, forming a fold in the vicinity of Otava. A litte below that was the southern edge
of the northern lights.

Cartoon: The northern lights were at their strongest at around 22:50. Around 23:45, only the belt marked in the picture
was visible, very dim and iregular.

Original material: Tauno Laajalahti (lisalmi) 25 March 1958, Meteorological Institute (L) archive. Northern lights
photography is related to IL's International Geophysical Year (IGY) 1957-1958 public aurora observations collection
project.

H. Nevanlinna and E. Bruus

YThis description has been automatically translated from Finnish. Click here to see the original text.

Fig.5 Screenshot of the Skywarden observation number 126691 from 24 March 1958 by Tauno Laajalahti,
from Iisalmi, Finland. The observation was part of the IGY campaign involving volunteer observers who
reported on aurora sightings (see Sect. 2.1). The original material (left), recently rediscovered from the
Finnish Meteorological Institute archives, consisted of a letter in Finnish and a drawing of the observed
auroral forms. An English translation of the texts is given on the right.
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4.3 Interfacing of the academic and citizen scientist communities

Another challenge for citizen science to work out smoothly arises from the human aspects.
Academics and citizen scientists come from different communities, each characterised by
its own unwritten rules, aspirations, expectations. An intrinsic opposition between these
communities, when it comes to participating in citizen science projects, is time: while for
academics such endeavours are part of their working time, for citizen scientists the cor-
responding hours are generally part of their leisure time. This create a double challenge.
First, academics cannot expect from citizen scientists more time dedication than they are
willing to provide, given that it is voluntary (and hence unpaid) work from their part.
Second, citizen scientists need to understand that academics also need to maintain their
work-life balance and cannot always be reactive to solicitations and enquiries, especially
outside of their working hours. The solution to this double challenge can be found in trans-
parent communication of boundaries from each party and a mutual understanding of each
other’s constraints and needs. The ARCTICS Aurora Handbook for Citizen Science (Her-
lingshaw et al. 2024) includes suggestions to overcome these issues.

Adjacent to the above issue is that of determining the suitable platforms for communi-
cation between academics and citizen scientists. While emails are the natural solution for
keeping interactions at the professional level, chat-based solutions such as offered by the
social media platforms may be preferred on some occasions, as they foster more interac-
tive and spontaneous discussions. However, they tend to blur the boundary between profes-
sional and personal life and therefore need to be used with caution. More generally, finding
the right balance between professional and personal life, setting boundaries and navigating
the differences is paramount to ensure not only a successful collaboration from the sci-
entific perspective but also a fair and healthy relationship between academics and citizen
scientists.

Overcoming such challenges can be greatly facilitated by involving citizen science
coordinators and science engagement/communication specialists who can be the bridge
between academics and citizen scientists. Thanks to their education and experience work-
ing with both professional and citizen scientists, they can be an essential asset in manag-
ing citizen science projects efficiently and smoothly. Science outreach organisations (such
as museums) and educators in schools can also support these aspects by bringing in the
needed skill set. Naturally, this is contingent on funding, which can be another challenge
for citizen science.

4.4 Funding citizen science

Citizen science projects can be funded as any other scientific project by funding agencies,
covering campaign costs, salaries of academics working on the project, and travel money
for them to attend and present results at conferences. NASA, for instance, has dedicated
funding opportunities that include a citizen science component (see https://science.nasa.
gov/citizen-science/resources/). However, funding citizen scientists themselves to partici-
pate in conferences or workshops can be a challenge. Research institutes have varying rules
regarding the reimbursement of travel costs for conference participants not employed by
them, which means that even when travel money has been set aside for citizen scientists,
it may be cumbersome to get their travel expenditure covered by project money in prac-
tice. When a research institute has a straightforward process to cover the travel expenses
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of guests as long as the purpose of the trip is aligned with the institute’s goals, it can be
an incentive for citizen scientists to collaborate with researchers and a way to reward their
engagement by enabling them to participate in the scientific dissemination.

Additionally, because citizen scientists contribute to the science on a voluntary basis,
they often need to make special arrangements with their employers or take annual or
unpaid leave to attend conferences and workshops. This can involve making sacrifices not
only from a financial perspective, but also in terms of private life. While the latter cannot
be compensated for, it would be highly desirable to find ways to limit the effects of the
former, by devising specific funding schemes for citizen scientists who present the research
they contributed to and get exposure to the adjacent scientific progress during conferences.

Another excellent example of citizen science engagement is the NSF-funded STEVE
workshop. This initiative has created a platform for meaningful collaboration between
researchers and citizen scientists. By utilising NSF funding to support travel for both
groups to the annual event, it has fostered valuable partnerships that have sparked new
and thriving research (e.g. Martinis et al. 2022; Nishimura et al. 2022; Gallardo-Lacourt
et al. 2024). Expanding initiatives like this across the broader scientific community could
greatly enhance scientific discovery, as this model has proved to be an effective avenue for
innovation.

A last point that can be raised regarding the funding of citizen science is the question
of offering a financial compensation for citizen scientists’ work. This is a complex issue
involving ethical, legal, and practical considerations, with no straightforward answer. This
topic is to a great extent beyond the scope of our paper whose aim is to focus on citizen sci-
ence in atmospheric and space physics. Nevertheless, we note that this issue is discussed in
articles on research ethics, for instance with respect to the risk of leading to human exploi-
tation (Riesch and Potter 2014) or a decrease in public funding of research (Vohland et al.
2019) when the citizen scientists perform tasks that would have otherwise been carried out
by paid scientists. Some citizen science projects have involved offering a financial com-
pensation to the participants and argued that this had played a role in the motivation for
citizen scientists to undertake data collection (e.g. Alizadehtazi et al. 2022; Larson et al.
2016). It is then a philosophical question whether participants who are paid for collecting
data are best defined as citizen scientists or whether they de facto better fit the notion of
employees of the project, with the project leaders outsourcing the data collection to them
(Vohland et al. 2019). One may further argue that reducing the motivations of citizen sci-
entists to monetary incentives does not do justice to the intrinsic interest in contributing to
the advancement of scientific knowledge or in learning about nature through participation
in a research project. In fact, there is a wide range of reasons why citizen scientists might
be volunteering their time, also including seeking personal growth and fulfilment, having
fun, contributing to something important, becoming part of a community, exploring a new
career path (Lotfian et al. 2020), pursuing one’s passion in areas such as learning, nature
and photography (Tolbert et al. 2024), or improving one’s physical or mental health (Oh
et al. 2025). And perhaps the beauty of citizen science is that it can bring together indi-
viduals from very diverse backgrounds and with different motivations, who collectively
contribute to the advancement of science and knowledge. The existence of multiple reali-
ties within citizen science therefore makes it difficult to form a definitive opinion on the
relevance of giving a financial compensation to citizen scientists in general.
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5 Game-changing opportunities for citizen science

As technological progress opens new opportunities for science in general, it also creates
new avenues for citizen science, accelerating its growth. Technological progress includes
advances both in software (e.g. artificial intelligence) and hardware (e.g. miniaturisation
of components). In addition to technological progress, other emerging initiatives to engage
the public in citizen science include the collection of data during touristic activities, under
the supervision of eco-tourism companies.

With the recent developments of the use of machine learning applications in science,
the question of the validity of using citizen science for data analysis (such as discussed in
Sect. 3.3) might be raised. However, there are fundamental differences between human and
artificial intelligence which make the two approaches highly complementary. Algorithms
will indeed be more efficient than citizen scientists in performing the task they have been
trained for, but they will not be able to deal with unusual data or low-confidence results in
a sensible way. In contrast, human volunteers are particularly good at spotting unusual fea-
tures and making serendipitous discoveries.

Overall, citizen science can improve machine learning models in several ways. First,
in order to train an algorithm, a training set is needed. Most of the time, labelled train-
ing sets are preferable, so a citizen science project in which the data set is labelled by the
volunteers can provide a training set to be used as input to a machine learning project.
Second, citizen science can be a key component of an active learning loop, the citizen sci-
ence project being used to validate the results of the algorithm and to manually classify
the low-confidence data resulting from the algorithm. This was demonstrated for instance
by Zevin et al. (2024) in the citizen science project Gravity Spy. In the Galaxy Zoo pro-
ject, the model was trained from the volunteers classifications to predict which galaxies
would benefit from being examined by the volunteers, thus significantly reducing the vol-
unteers’ workload (Walmsley et al. 2020). Finally, in instances where the algorithm has
been trained with unlabelled data (unsupervised learning), citizen scientists can examine
the results and label clusters found by the algorithm. The combination of unsupervised
learning and citizen scientists manual labelling has been employed by Wright et al. (2019)
and demonstrated a significant reduction of the effort from the volunteers. In summary, the
development of the use of machine learning in space science can be boosted by the use of
citizen science to create the appropriate training sets, while trained algorithms will perform
the most repetitive tasks faster and leave the more complex and interesting analysis to the
care of the citizen science volunteers.

From the hardware perspective, the miniaturisation of electronic components makes it
possible to produce portable and low-cost measuring devices capable of making measure-
ments with sufficient reliability and accuracy to collect data for scientific use. Examples of
such devices include the NoDDAC and AurorEye cameras (see Sect. 3.1) and the EZIE-
MAG and SWUG magnetometers (see Sect. 3.2).

Besides the opportunities offered thanks to the most recent technological improvements,
another way of engaging the public in citizen science has been the integration of data col-
lection as part of touristic activities. While not yet concerning the fields of space phys-
ics and atmospheric sciences, one can mention the example of companies offering aurora-
watching tours which include contributions to citizen science projects. For instance, in
Northern Norway, aurora-watching and hiking tours offered by several companies such as
Wandering Owl and Wild Lab Projects actively market the participation in citizen science
data collection as one of the highlights of the experience. Adapting such initiatives to the
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collection of data relevant to space physics (e.g. aurora photographs) and atmospheric sci-
ences (e.g. meteorological observations) could be a future avenue for the application of
citizen science in these fields. This would call for tourism operators to collaborate with
data collection platforms such as Skywarden for the data management aspects, and with
researchers for the formulation of needs in terms of data to be collected.

6 Closing words

In this overview paper, we have seen how citizen science has a long history in the studies
of atmospheric and space phenomena, and how in the last decade it has gained renewed
interest, with a great number of initiatives and innovative ways of engaging the general
public in scientific research.

While the focus in this paper has been tuned mostly on recent initiatives, some com-
munities have been active for decades and have kept collecting data even after the first
projects around which they formed ended. For instance, an active community of citizen
satellite observers is still present today, with communication facilitated by an email list
(https://www.satobs.org/seesat/seesatindex.html). However, at the moment there is no
active programme anymore to use their observations for upper atmosphere research. One
possible reason for this might be that new techniques, such as based on GNSS data analy-
sis (van den IJssel et al. 2020), have been developed to reliably infer thermospheric den-
sity nowadays. Nevertheless, it is not impossible that new applications of citizen scientist
observations of satellites and reentry objects could emerge in future. Therefore, a renewed
engagement between satellite observers and scientists studying the upper atmosphere is an
example of avenue which could prove beneficial.

We have also discussed several of the challenges inherent to citizen science, such as
maintaining the engagement of citizen scientists, providing them with training, ensur-
ing the quality of citizen science data and managing them, interfacing the academic and
citizen scientist communities, and funding citizen science. Addressing these challenges is
important to bring citizen science to its full potential, which calls for sharing lessons learnt
among academics and across the various communities (from both topical and geographic
perspectives).

To conclude, we leave the reader with two take-home messages which are, in our view,
crucial to create conditions for fruitful and pleasant collaboration between academics and
citizen scientists:

1. Citizen scientists are collaborators who collect data and contribute valuably to data
analysis. Citizen science project leaders need to know how to effectively recognise and
utilise the many varied talents, skills, and interests volunteers possess.

2. Citizen scientists come to the projects with varying levels of expertise. Some may be
very new, have limited experience, and will benefit from focused mentoring and training.
Others may be retired with years in academia, industry, or other. They may be ready to
hit the ground running and provide leadership or solve complex problems.

From the early auroral observation reports meticulously compiled by volunteers and mailed
to researchers in Northern Europe during the nineteenth century (Sect. 2.1), through the
contributions of highly skilled radio amateurs in the ham community that keep refining
our understanding of the ionosphere (Sect. 2.2), to the recent discoveries of STEVE, the
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dune aurora, and other dark-sky emission phenomena (Sect. 2.4) as well as the emergence
of collaborative classification platforms such as Zooniverse (Sect. 3.3), citizen science
has a long history of making significant contributions to atmospheric and space physics.
Thanks to the rapid progress in machine learning and the development of low-cost and
portable devices (Sect. 5), together with the ever-growing connectivity of society, citizen
science is now entering a new era — one that foreshadows further advances and unexpected
discoveries.
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