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ABSTRACT: The polar regions are facing a wide range of compounding challenges, from climate change to increased human
activity. Infrastructure, rescue services, and disaster response capabilities are limited in these remote environments. Relevant
and usable weather, water, ice, and climate (WWIC) information is vital for safety, activity success, adaptation, and environ-
mental protection. This has been a key focus for the World Meteorological Organization’s (WMO) Polar Prediction Project
(PPP), and in particular its “Societal and Economic Research and Applications” (PPP-SERA) Task Team, which together
over a decade have sought to understand polar WWIC information use in relation to operational needs, constraints, and deci-
sion contexts to inform the development of relevant services. To understand research progress and gaps onWWIC information
use during the PPP (2013–23), we undertook a systematic bibliometric review of aligned scholarly peer-reviewed journal articles
(n5 43), examining collaborations, topics, methods, and regional differences. Themes to emerge included activity and context,
human factors, information needs, situational awareness, experience, local and Indigenous knowledge, and sharing of informa-
tion. We observed an uneven representation of disciplinary backgrounds, geographic locations, research topics, and sectoral
foci. Our review signifies an overall lack of Antarctic WWIC services research and a dominant focus on Arctic sea ice opera-
tions and risks. We noted with concern a mismatch between user needs and services provided. Our findings can help to improve
WWIC services’ dissemination, communication effectiveness, and actionable knowledge provision for users and guide future re-
search as the critical need for salient weather services across the polar regions remains beyond the PPP.

SIGNIFICANCE STATEMENT: Every day, people in the Arctic and Antarctic use weather, water, ice, and climate
information to plan and carry out outdoor activities and operations in a safe way. Despite advances in numerical
weather prediction, technology, and product development, barriers to accessing and effectively communicating high-
quality usable observations, forecasts, and actionable knowledge remain. Poorer services, prediction accuracy, and in-
terpretation are exacerbated by a lack of integrated social science research on relevant topics and a mismatch between
the services provided and user needs. As a result, continued user engagement, research focusing on information use,
risk communication, decision-making processes, and the application of science for services remain highly relevant to
reducing risks and improving safety for people living, visiting, and working in the polar regions.

KEYWORDS: Social science; Antarctica; Arctic; Numerical weather prediction/forecasting; Communications/decision-making;
Societal impacts

1. Introduction

The polar regions, including the subarctic, subantarctic islands
and oceans, are remote, isolated, and harsh environments.
Weather conditions regularly limit travel and outdoor activities
and can compromise safety across all polar communities and

operations. People living, visiting, and working in these regions
rely on weather, water, ice, and climate (WWIC) information
and services for their everyday planning and decision-making,
ranging from search and rescue, evacuations, aviation, tourism,
logistics and resupply, shipping, science, and subsistence har-
vesting to fishing and resource extraction. Compared to more
temperate zones, people in the polar regions face consistently
greater safety risks and consequences through their exposure
to more severe weather, constrained access to poorer env-
ironmental predictions, limited resources, communication and
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transport systems, and lack of easy access to emergency, rescue,
medical, and environmental-disaster-mitigation equipment and
services. Weather, ice conditions, and human error are the
main contributors to incidents that result in the need for res-
cue, costly searches and evacuations, human injury, deaths, and
environmental emergencies (Durkalec et al. 2014; Klein 2010;
Panagiotidis et al. 2021; Transportation Safety Board of Canada
2014). Following Wiggins and O’Hare (1995) and Heinrich and
Norris (2023b), we define successful weather-related decision-
making as the utilization of the skills and knowledge that people
need to identify and avoid weather hazards and safely execute
their activities. This underscores that safety and risk mitigation
are fundamental priorities for polar WWIC information users,
in addition to the need to sustain and protect fragile polar
ecosystems, and in the Arctic to support Indigenous commu-
nities and food security (van Luijk et al. 2022).

Arctic search and rescue incidents are increasing (Clark
et al. 2016a; Kikkert and Lackenbauer 2021). Climate change
in polar regions means that land, sea, and ice access is chang-
ing (Ford et al. 2019; van Luijk et al. 2022), ice is disappearing
(Gudmundsson et al. 2019; Serreze and Meier 2019), precipi-
tation intensity is increasing (Tebaldi et al. 2006), and glob-
ally, wind strengths are intensifying (Young and Ribal 2019).
Additionally, the loss of sea ice has implications for coastal
erosion (Brubaker et al. 2011; Reid and Massom 2022) and
the stability of ice shelves (Reid and Massom 2022), which
may lead to more sea ice hazards in regions that were previ-
ously iceberg free (J. Leiser 2023, personal communication).
Thus, current local knowledge based on past polar experiences
may rapidly become outdated and irrelevant. Greater uncer-
tainty leads to an increased risk to human safety and likeli-
hood of adverse weather incidents. Cumulatively, the risks,
hazards, and negative impacts to humans and their activities
are undoubtedly escalating. In uncertain conditions, aggra-
vated by climate change, the need for high-quality weather
services, training, and nontechnical skills to support proficient
and safe decision-making and risk mitigation becomes more
urgent. Therefore, providing effectively communicated, accu-
rate, and quality weather information and warnings, along
with the education, skills, and knowledge to correctly interpret
and safely use this information and to assess risk and cope
with severe and extreme weather events is critical to increasing
safety and risk mitigation in the polar regions.

In addition to WWIC information}including conventional
observations, automatic weather station data, satellite images,
radar, forecasts, and numerical weather prediction (NWP)
models}local and Indigenous knowledge, mentorship, infor-
mation sharing, and past experience are vital for safe travel,
activity planning, and successful operations (Heinrich and Norris
2023b; Lamers et al. 2018a; Simonee et al. 2021; Slats et al. 2019;
Wilson et al. 2021a). People in the polar regions are highly re-
liant on their previous experience and their individual ability
to find and correctly interpret weather information, which
essentially amounts to self-briefing (Casner et al. 2012). As
polar environments are changing around them, local knowledge
and previous experience are no longer as dependable, and
people in Arctic communities are losing confidence in the reli-
ability of local and traditional Indigenous weather, climate

knowledge, and forecasting skills (e.g., Baker 2021; Clark et al.
2016b; Simonee et al. 2021; Slats et al. 2019). With people less
able to rely on traditional knowledge and forecasting skills,
not surprisingly there is a growing use of weather forecasting
services (Simonee et al. 2021) and a greater need for usable,
context- and user-relevant WWIC services.

Forecasts and other WWIC information are only of value
when they have utility to the users, that is, when they have
the capacity to influence people’s decisions (Murphy 1993).
According to Murphy (1993), a “good forecast” has consis-
tency, quality, and user value. A good forecast also requires
useful and comprehensive data and the skillful translation
of these data into trustworthy environmental forecasting
services; in short, they rely on robust science which, in turn,
must have salience, credibility, and legitimacy to be of rele-
vance (Cash et al. 2002, 2006). The latter can only be achieved
if we understand the context around people’s decision-making
and planning in order to discern which information and prod-
ucts are most useful and valuable and how services may be
improved (Dilling and Lemos 2011; Dilling et al. 2021; McNie
2007). There are many different operating environments, ac-
tivities, communities, and user sectors across the polar regions.
Beyond the more apparent political, governance, geographic,
resourcing, and cultural differences in and between the Arctic
and Antarctic, there are also more nuanced and cross-cutting
factors that diversify the realm of user contexts. Additionally,
how WWIC information is sourced, comprehended, used, and
applied in decision-making and risk mitigation is context de-
pendent and unique to each user. Thus, while there are some
similarities in the weather parameters needed in the polar re-
gions, the context of people’s WWIC information use and
their resulting informational needs are highly variable.

Against this backdrop, since its inception in 2015, the Polar
Prediction Project’s (PPP) Societal and Economic Research
Applications (SERA) Task Team has been examining the con-
nections between service providers and polar WWIC users to
create a deeper understanding of user decision-making contexts
and needs. During the PPP decade, PPP-SERA expanded its
membership and contributed multiple studies and projects on
WWIC information use, user needs, decision-making, and
service provision in the polar regions. In this review and re-
search synthesis, we draw on findings from PPP-SERA work
and a bibliometric metareview of the peer-based literature. In
addition, the authors’ insights and perspectives gained during
their own research in the Arctic and Antarctic over the last two
decades, as well as their collaborative work on WWIC service
provision in the polar regions spanning a decade, informed the
interpretation and discussion of the results and synthesis. We
examine what we now know about WWIC information use and
needs in the polar regions 10 years after the commencement of
PPP and explore remaining research gaps.

2. Methods

The PPP-SERA work utilized an overarching transdisciplin-
ary and multimethod approach and drew on several different
social science disciplines and contributions from WWIC service
delivery experts. PPP-SERA engagement with polar WWIC
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service providers and users began with a series of open sessions
linked to the group’s annual meetings (Ottawa 2015, Christchurch
2016, Fairbanks 2017, The Hague 2018, Punta Arenas 2019,
Montreal 2022, and Hobart 2023). See the Polar Prediction
(2023) website for reports and further information. We under-
took an inductive content analysis of the documents, notes,
and summaries from these open sessions, workshops, and
conversations with key stakeholders and identified themes,
which were further discussed by the authors and refined in an
iterative process until agreement was reached. In addition,
numerous workshops, surveys, and interviews with polar WWIC
users, including community groups, providers, and operators,
were organized in the context of projects endorsed by the Year
of Polar Prediction (YOPP) and led by various members of our
team (e.g., Blair et al. 2020, 2022b; Carter et al. 2023; Carter and
Ljubicic 2022; Heinrich and Norris 2023b; Jeuring et al. 2020;
Jeuring and Lamers 2021; Jeuring and Knol-Kauffman 2019;
Lamers et al. 2018b; Ljubicic and Carter 2023; Ljubicic et al.
2019). This review and research synthesis are informed by con-
clusions reached through the abovementioned content analysis
and endorsed projects and other PPP-SERA research (e.g.,
Haavisto et al. 2020; Hooghiem 2019; Ljubicic and Carter
2023; Simonee et al. 2021; Stewart et al. 2020; Wilson et al.
2021a,b). In addition to this body of PPP-SERA work, we
draw on our field experiences to inform and synthesize findings
from a literature review on polar WWIC users to identify
themes and research gaps and to develop our summary of the
current polar WWIC user needs and services landscape.

Polar WWIC users’ literature review

To identify the gaps and progress in our understanding of
polar WWIC information use and users, we conducted a
systematic search of the peer-reviewed literature produced
during the PPP (2013–23). We purposefully restricted this
literature search to peer-reviewed scientific articles to mini-
mize subjectivity that is undesirable in selecting other publi-
cations (such as conference papers and book chapters). This is
a common strategy adopted in other metareviews. Although
unpublished and gray literature are included in the discussion
and thematic review, only published peer-reviewed articles
were included in the bibliometric analysis. Following premises
from PPP-SERA workshops (2015–23), for this review, we
focused on studies with polar WWIC users (actors/participants)
who were living, working, visiting, or recreating in Arctic or
Antarctic regions. For the purposes of this review, the polar
regions are defined as regions 508–908S latitude and 508–908N
latitude to include the Arctic, subarctic, Antarctic, subantarctic,
and Southern Ocean.

1) DATABASE COMPILATION

A database of scholarly literature on the use of WWIC in-
formation in the Arctic or Antarctic (or both) (hereafter the
“literature review database”) was compiled by systematically
searching the Scopus, Web of Science, and Arctic and Antarctic
regions (AAR via EBSCOhost) databases for publications re-
lated to the use or provision of WWIC information in polar

regions. The title, abstract, and keywords were searched using
the search string shown in Table 1.

The search terms were selected based on iterative practice
searches and the first author’s previous systematic review search
experience. The searches were rerun in July 2023 to identify
recent publications. Google Scholar was used to find additional
papers, with the search being stopped after five pages of irrele-
vant results due to low probability of finding additional relevant
literature. Additional papers were identified through examination
of reference lists, the PPP Google Scholar page (https://scholar.
google.de/citations?user=tbR5tOAAAAAJ&hl=en), and the
literature and citation records individual PPP-SERA task-team
members had on file, resulting in 2359 papers for screening.
Papers were screened by title and abstract in “Covidence” by the
first author. Microsoft Excel was used for the full text review and
data extraction by the first three authors. Papers that did not in-
clude the descriptions of how, when, or why people source, use,
or need WWIC information and services in the polar regions
were excluded. Literature that was not peer-reviewed, English
language, or published inside our 2013–23 timeframe was excluded,
resulting in the inclusion of 43 papers in our literature review data-
base. Differences on inclusion of papers were resolved through
discussion among the first three authors to reach consensus.

2) ANALYSIS

Data extraction and analyses were completed using Microsoft
Excel, NVivo, and VOSviewer (van Eck and Waltman 2010).
Author networks and keywords and geographic and regional
differences were examined in the bibliometric analysis. The
collaboration relationships between authors were examined
through social network analysis (SNA) and visualization of
the coauthor network (Mali et al. 2012; Robins 2015). The
coauthorship network was created, visualized, explored, and
analyzed using VOSviewer, a software tool for visualizing
bibliometric networks (van Eck and Waltman 2010, 2014).
NVivo qualitative analysis software was used to analyze word
frequencies, paper topics, and content analysis autocoding of
themes. Bibliometrics and statistical frequencies were exam-
ined in Microsoft Excel. Key themes for the research synthesis
and topics from the reviewed papers were thematically, deduc-
tively, and inductively analyzed by the first author following
Braun and Clarke’s (2013) reflective thematic analysis and
expanding on themes generated in interviews with Antarctic
weather information users (Heinrich and Norris 2023b).

TABLE 1. Search string used to retrieve relevant articles in Scopus,
Web of Science, and EBSCOhost AAR databases.

weather OR water OR ice OR climate OR forecasting OR
sea*

AND
Antarctic* OR Arctic OR Polar OR cryosphere OR

circumpolar
AND
(information NEAR/3 use*) OR [(information* OR user*

OR communit*) NEAR/5 need*] OR “decision-mak*”
OR engagement OR rescue (Topic)

Abstract, title or keywords (timespan: 1 Jan 2013–12 Jul 2023)
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Research findings from the reviewed papers and literature re-
view database analysis were synthesized, together with the
knowledge and experience derived from the authors’ and the
broader PPP-SERA team’s related projects.

3) LIMITATIONS

Limiting this review to English language and peer-reviewed
literature means that unpublished studies and gray literature
reports of polar WWIC users were not extensively examined.
PPP-SERA did not consistently engage with sectors across
the two polar regions. Comparative targeted engagement with
sectors like tourism, aviation, emergency services, and fishers
may provide additional case studies of user contexts and
opportunities for citizen science collaborations and contribu-
tions to polar WWIC services and research (Meraldi et al.
2022; Robles et al. 2020; Taylor et al. 2020).

3. Results

a. Bibliometric analysis

The literature review database papers were published in a
range of peer-reviewed journals and conference proceedings,
most frequently in Polar Geography (special issue) and
Weather, Climate, and Society (Table 2). In addition, single
articles have been published in 20 other journals ranging
from polar-specific journals (n 5 16) such as Polar Science
and Polar Record to climate-specific journals (n 5 5) such as
Nature Climate Change and Climate Services and sector-specific
journals (n 5 6) such as Marine Policy and the Scandinavian
Journal of Hospitality and Tourism. As Fig. 1 reveals, the
highest number of publications was made available in 2020

and 2021. Analyses show a limited spread in geographic loca-
tions, sectors, and topics. There were few transpolar studies (4),
and only one paper was solely on the Antarctic (Fig. 2). Most
papers were focused on the Arctic (38) and nearly half reported
on Canadian locations (20). An emphasis on sea ice services over
30 papers (70%) dominated the decade’s literature (Fig. 3).

NVivo word frequency count of the title, abstract, and key-
words (Fig. 4), text searches, and content analysis autocoding
of the paper’s significant noun phrases revealed themes domi-
nated by research on sea ice in the Arctic. Studies included
participants from multiple roles and sectors, predominantly
from communities, service providers, and operations (Fig. 5).
Polar WWIC user sectors like aviation, search and rescue,
land-based travel, and tourism were underrepresented. The
most frequently used methods were interviews, focus groups,
and reviews (Fig. 6). Papers that included a theoretical under-
pinning were limited (2). There were few experiments or
studies of human cognition to understand how people process
information, function, or think.

COAUTHORSHIP NETWORKS

The VOSviewer overlay visualization of the coauthor net-
works (Fig. 7) shows the total strength of the coauthorship
links with 216 other authors across the literature review data-
base from 2013 to 2023.

Over eight clusters, the largest set of 99 connected authors
(48%) included PPP collaborators (centered around Dawson,
Ljubicic, and Stewart). The second largest set of connected
authors (e.g., Eicken, Bhatt, and Wiggins) reflects a larger body
of literature focused on Arctic sea ice and satellite observation
services for science. Examination of the author collaboration
network across those who published two or more papers dur-
ing the PPP decade shows 28 authors in three distinct, uncon-
nected clusters, the largest representing 20 authors connected
through PPP research (Fig. 8). Within the collaboration net-
works, Lamers, Ljubicic, Bell, Eicken, and Dawson had the
most coauthorship links. PPP-SERA authors had multiple ties,
forming a network core. The network visualizations show
authors and groups (collaboration clusters) on the periphery
of the network and that some authors were isolated with few
collaboration ties (e.g., Finnis).

TABLE 2. Number of articles on polar WWIC users published
per journal (2013–23).

Polar Geography 9
Conference proceedings peer-reviewed 3
Weather, Climate, and Society 3
Arctic 2
Arctic Science 2
Frontiers in Earth Science 2
Polar Science 2
Bulletin of the American Meteorological Society 1

FIG. 1. Number of publications by year during the PPP decade (n 5 43). Four discussed both
Arctic and Antarctic regions and one was solely Antarctic; the remainder (88%) had an Arctic focus.
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b. Thematic analysis

Building on Heinrich and Norris (2023b), PPP-SERA ses-
sions, and the insights and expertise obtained by the authors
over their careers in polar social science and WWIC services,
our review of the polar WWIC users’ literature has identified
seven key themes around the information needs and factors
that influence weather-related decision-making and planning
in the polar regions (Fig. 9). We now examine these themes
more closely and identify important research gaps.

1) ACTIVITY AND CONTEXT (RISKS, NEEDS, GOALS,
PROCEDURES, PRIORITIES, COMFORT, AND SAFETY)

Of the literature review database papers, 30 discussed is-
sues related to sea ice, of which 22 examined sea ice, travel
safety, and related specific ice user needs of Arctic communi-
ties (e.g., Beaulieu et al. 2023; Bell et al. 2015; Eicken et al.
2014; Kettle et al. 2020; Segal et al. 2020; Wilson et al. 2021a)

and sectors with an emphasis on the maritime industry (17)
(e.g., Blair et al. 2022b; Rainville et al. 2020; Wagner et al.
2020), indicating limited diversity in the literature review da-
tabase. Overall, 20 papers focused on WWIC information
user needs or services’ provision in Arctic communities
(Carter et al. 2023; Fox et al. 2020; Panikkar et al. 2018;
Simonee et al. 2021), fishing (Finnis et al. 2019; Rezaee et al.
2017), tourism operations (Denstadli and Jacobsen 2014;
Lamers et al. 2018a) or in relation to hazard warnings (Abdel-
Fattah et al. 2021; Engeset et al. 2018), decision-support tools
(Abdel-Fattah et al. 2021; Boström 2018; Kettle et al. 2020;
Rainville et al. 2020), terminology (Duerr et al. 2015), and
Antarctic operations (Heinrich and Norris 2023b). The re-
viewed studies and PPP-SERA research highlight how acces-
sibility of WWIC information varied between people (users)
and that the knowledge generated, applied, and actioned de-
pended on the context of people’s activities and their goals
as well as their operational and safety thresholds. Haavisto

FIG. 2. Geographic study regions of the literature review database publications (an article may reference multiple
geographic locations).
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et al. (2020) noted a dominance of WWIC provider focus on
services for commercial users and activities, which may, at
least in part, have necessitated the development of commu-
nity-based monitoring approaches to data collection for na-
tional weather and climate services, the main topic discussed

in other publications (e.g., Bell et al. 2015; Deemer et al.
2018; Eicken et al. 2014).

2) HUMAN FACTORS: SOCIAL, BEHAVIORAL,
AND COGNITIVE

The human factors theme comprised 31 papers that touched
on human behavior, cognition, and individual differences. This
included research that examined information use, formats,
comprehension, experimental studies, and the influence of cogni-
tive, social, and behavioral factors and nontechnical skills impor-
tant to successful communication, information processing, and
decision-making performance. Papers within this theme discussed
avalanche risk factors (Engeset et al. 2018), fisher risk perceptions
(Finnis et al. 2019), and community risk perceptions (Heinrich

FIG. 3. Main topics of the literature review database publications (an article may discuss multiple topics).

FIG. 4. Exact matches of word frequency count examining title,
abstract, and keywords from the literature review database publica-
tions (n 5 43; abstracts n 5 42, keywords n 5 35). The dominant
focus on sea ice research and Arctic WWIC users is visible.

FIG. 5. Participant roles and sectors of the literature review data-
base publications (an article may include participants from multiple
roles or sectors).
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and Norris 2023a; Sawatzky et al. 2021; Simonee et al. 2021). In-
formation content, product format, interpretation, and compre-
hension were examined by Blair et al. (2022b), Engeset et al.
(2018), Segal et al. (2020), and Wilson et al. (2021a,b). Other
studies within this theme considered ice terminology,
language, and standard format challenges (e.g., Beaulieu et al.
2023; Blair et al. 2022a; Duerr et al. 2015; Fox et al. 2020;
Segal et al. 2020; Wilson et al. 2021a); community members’
perceptions of climate science (Baztan et al. 2017), cost-
benefit, performance, and trust (Blair et al. 2022a); tourists’
weather perceptions (Denstadli and Jacobsen 2014; Duerr et al.
2015); and vulnerability (Spinney and Pennesi 2013). Spinney
and Pennesi (2013) provide an enlightening case study of why
understanding different cultural and community perceptions is
important and how misunderstandings may influence percep-
tions of vulnerability to weather events, media and govern-
ment actions, and recovery resourcing.

3) INFORMATION SHARING, ADVICE FROM TRUSTED

OTHERS, AND DECISION-MAKING AUTHORITY

The 27 papers in the information sharing theme show that
in polar communities and operations, the sharing of observa-
tions, knowledge, and experience is key to people’s ability to
adapt to changing conditions and to adjust travel plans and
routes to maintain safety and access (Carter et al. 2023; Heinrich
and Norris 2023b; Lamers et al. 2018a; Panikkar et al. 2018;
Sawatzky et al. 2020; Segal et al. 2020; Simonee et al. 2021;
Wilson et al. 2021a). The reviewed papers also illustrate how,
within Arctic Indigenous communities, the sharing of environ-
mental observations is culturally significant and a part of the

process of passing knowledge from one generation to the
next, with information shared for everyone’s benefit (Carter
et al. 2023; Sawatzky et al. 2021; Wilson et al. 2021a). In the
Antarctic, informal mentorship and a culture of safety were
identified as realms where more experienced expeditioners,
guides, and leaders passed on local knowledge, activity-specific
guidance, and hazard information to novices in these transient
populations (Heinrich and Norris 2023b). More experienced
community members were perceived as more knowledgeable
and sought as trusted sources of information and advice
(Heinrich and Norris 2023b; Sawatzky et al. 2021). Further-
more, trust was important in the uptake of products, information
source choice, advice seeking, knowledge sharing, relationship
building, and cooperation for successful outdoor activities and
coping with weather events (Baker 2021; Blair et al. 2022a;
Finnis and Reid-Musson 2022; Heinrich and Norris 2023b;
Sawatzky et al. 2021; Simonee et al. 2021; Spinney and Pennesi
2013; Wilson et al. 2021a). The loss or potential loss of these in-
formation and experience-sharing practices, related knowledge,
skills, and normative and preventative safety behaviors, along
with inexperience and any lack of training or education to make
up deficits, increases the risks to people in polar regions, with im-
plications for increased search and rescue incidents and negative
community impacts (Boström 2018; Heinrich and Norris 2023b;
Kikkert and Lackenbauer 2021; Simonee et al. 2021).

4) SITUATIONAL AWARENESS AND USE OF PERSONAL

ENVIRONMENTAL OBSERVATIONS

All polar travel is impacted by and subject to the weather.
Therefore, as the 13 papers under this theme showed, situational

FIG. 6. Methods of the literature review database publications (an article may include multiple
methods).
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awareness (Endsley 1995), i.e., being cognizant of and able to
anticipate changing conditions, is important for hazard identifi-
cation, outdoor activity risk mitigation, comfort, and travel
safety in the polar regions (Carter et al. 2023; Heinrich and
Norris 2023b; Kettle et al. 2020; Leppala et al. 2019; Rainville
et al. 2020; Wilson et al. 2021a,b). For example, proficient

situational awareness enables the enactment of protective deci-
sions like being equipped and prepared for adverse (deteriorat-
ing) conditions, proactively changing travel routes, undertaking
alternative “safer” activities, or stopping early and returning
to shelter (Baker 2021; Heinrich and Norris 2023b; Lamers
et al. 2018a; Simonee et al. 2021). To inform their situational

FIG. 7. VOSviewer network visualization of the literature review database coauthorship network; n 5 216 authors, 99 connected au-
thors, and 24 clusters. Network analysis by number of links (fractionalized weighting) and documents. Individual authors (nodes) are rep-
resented by a circle. The curved lines between the circles represent the edges or network ties and show when two authors have coauthored
a publication. A thicker line represents a stronger collaboration link. More lines emerging from an author indicate more coauthorship col-
laborations and greater centrality within the network. Weakly related authors are placed further away from each other, and strongly re-
lated authors are located close to each other. A cluster indicates a set of closely related authors. Colors indicate to which research cluster
an author belongs. For further explanation of VOSviewer and network visualization features, see van Eck and Waltman (2010, 2014).
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awareness, people drew on multipleWWIC information sources,
including current real-time weather data, satellite imagery, ra-
dar, forecasts, NWP models, ice charts, their experience, per-
sonal environmental observations, local knowledge, advice, and
observations from others (Carter et al. 2023; Heinrich and
Norris 2023b; Panikkar et al. 2018; Rainville et al. 2020; Wagner
et al. 2020; Wilson et al. 2021a). For example, in Arctic commu-
nities, people use their Indigenous knowledge, community-based
monitoring services, and regionally specific, locally generated in-
formation [e.g., the mittimatalik siku asijjipallianinga (sea ice cli-
mate atlas and sea ice terminology booklet)] to inform their risk
assessments, situational awareness, and travel safety (Eicken
et al. 2014; Panikkar et al. 2018; Wilson et al. 2021a,b). Studies
by Beaulieu et al. (2023), Bell et al. (2015), Blair et al. (2022b),
Fox et al. (2020), and Wilson et al. (2021a) among others

demonstrate collaborative projects, and training can be success-
fully developed to provide education and products aimed at im-
proving people’s safety.

5) EXPERIENCE, LOCAL KNOWLEDGE, AND TRAINING

The 27 papers under the experience theme highlight the im-
portance of expertise gained through personal experience and
local knowledge for risk assessment, decision-making, activi-
ties, and safety in polar regions (e.g., Abdel-Fattah et al. 2021;
Baker 2021; Beaulieu et al. 2023; Bell et al. 2015; Boström
2018; Engtrø 2022; Finnis and Reid-Musson 2022; Finnis et al.
2019; Heinrich and Norris 2023b; Lamers et al. 2018a;
Panikkar et al. 2018; Sawatzky et al. 2021; Stewart et al. 2020;
Wilson et al. 2021a) and support similar findings from PPP-SERA

FIG. 8. VOSviewer coauthor network visualization of 28 authors who have two or more publications in the litera-
ture review database. The largest set of 20 connected authors reflects the PPP collaboration network. Colors indicate
clusters. Larger circles and labels indicate higher author weight (more publications and coauthorship links). Network
analysis by number of links (fractionalized weighting) and documents.
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sessions. Furthermore, Kikkert and Lackenbauer (2021),
Segal et al. (2020), Simonee et al. (2021), and Villemain and
Godon (2017) among others discuss the vulnerability of
people who lack the experience (knowledge and skills) to
stay safe and successfully problem solve during unexpected
events, such as when technology or machinery fails or dur-
ing adverse conditions. Collectively, the reviewed papers
highlight people’s needs for actionable risk information,
the transfer of local knowledge, skills, and training to de-
velop expertise and support safe activities and to reduce
adverse incidents.

6) ENVIRONMENTAL INFORMATION USE AND NEEDS

Summarizing research from the 33 papers under the envi-
ronmental information use and needs theme, and supporting
findings from PPP-SERA sessions, the most useful weather
parameters in the polar regions included wind, visibility, low
cloud, precipitation, and sea ice information from forecasts,
satellite imagery, and real-time data. Weather-related plan-
ning and decision-making occur before and during outdoor
activities. This decision-making may be multistaged, use
multiple information sources, and be a part of an ongoing,
repetitive, and reactive process that accounts for changing
conditions, risks, and other pertinent factors (Heinrich and
Norris 2023b; Regnier and Feldmeier 2022). Forecasts were
often used for planning and scheduling of activities and for
finding weather windows, i.e., when conditions were suitable
for a long enough time period to conceivably complete spe-
cific tasks (Baker 2021; Bromwich et al. 2020; Finnis et al.
2019; Heinrich and Norris 2023b; Inoue 2021; Panikkar et al.

2018; Rainville et al. 2020). However, real-time automatic
weather station (AWS) data, personal environmental obser-
vations and, when available, satellite imagery and ice charts
were equally important and desired for planning, forming and
maintaining situational awareness, decision-making, and
adapting to changing conditions and safety thresholds (Baker
2021; Carter et al. 2023; Fox et al. 2020; Heinrich and Norris
2023b; Kettle et al. 2020; Knol et al. 2018; Lamers et al.
2018a; Leppala et al. 2019; Panikkar et al. 2018; Segal
et al. 2020; Shoop et al. 2015; Simonee et al. 2021; Stewart
et al. 2020; Wagner et al. 2020). During PPP-SERA sessions
and interviews (Heinrich and Norris 2023b), some polar
WWIC users commented that current forecast models and tai-
lored services were “good enough” for their decision-making
and planning needs. However, the results of our bibliometric
metareview and our joint PPP-SERA experience show that
many services were not fit for purpose, with users citing con-
cerns about accessibility, time scales, timeliness, frequency,
resolution, data gaps, and the spatial extent of NWP models
and real-time observations (see Fig. 10).

From a transpolar perspective, and across different sectors,
user needs and activities, wind information (predictions and
real-time data) were critically important for safety, forecasting
services, risk mitigation, planning, and decision-making
(Bromwich et al. 2020; Carter et al. 2023; Heinrich and Norris
2023b; Simonee et al. 2021; Stewart et al. 2020; Wagner et al.
2020). Furthermore, with climate change impacts and wind,
ice, and extreme event regime changes, accurate and reliable
wind information may become more important to avoiding
hazards that negatively impact human safety across many po-
lar activities (Burrows and Mooney 2021; de Freitas and
Symon 1987; Ford et al. 2019; Fox et al. 2023; Gultepe et al.
2019; Panagiotidis et al. 2021; Reid and Massom 2022; Rezaee
et al. 2017; van Luijk et al. 2022; Waseda et al. 2018; Young
and Ribal 2019). Therefore, improving and tailoring wind in-
formation provision and services, including real-time auto-
matic weather station data, NWP models, and forecasts to
meet actionable knowledge needs, may bring the greatest
benefits to many polar WWIC users and service providers.

7) WWIC INFORMATION INFRASTRUCTURE,
PREDICTIONS, AND SERVICE PROVISION

WWIC information infrastructure, predictions, and service
provision are addressed by 34 papers in our database. The
studies underline that, for most polar WWIC users, creators,
and providers, the internet is critical for creating, disseminat-
ing, sourcing, and sharing WWIC information. However,
barriers include knowing where to find information, low band-
widths that limit/slow internet and network data transmission
speeds and volumes, no or unreliable internet access,
difficulty with interpretability, complexity, formats, languages,
and nonpublic availability/commercial constraints, lack of
real-time data and maintenance, and need for more frequent
updates, weather stations, satellite data, and costs (Boström
2018; Carter et al. 2023; Fox et al. 2023; Heinrich and Norris
2023b; Kettle et al. 2020; Knol et al. 2018; Lamers et al. 2018a;
Leppala et al. 2019; Segal et al. 2020; Simonee et al. 2021).

FIG. 9. Key themes, factors, and influences onWWIC information
use and related decision-making, cognitions, and behavior in polar
regions. Numbers in parentheses indicate the number of publications
from the literature review database classified under each theme. Note
that papers (n5 43) may be classified under multiple themes.
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Nine studies included meteorologists as participants and offer
viewpoints from weather service providers (e.g., Baker 2021;
Blair et al. 2022b; Duerr et al. 2015; Finnis and Reid-Musson
2022; Finnis et al. 2019; Jeuring et al. 2020; Kettle et al. 2020).
Subthemes included papers describing new decision support
tools and systems (e.g., Abdel-Fattah et al. 2021; Inoue 2021;
Kettle et al. 2020; Rainville et al. 2020) and Indigenous com-
munity–led research projects to develop skills, maps, informa-
tion, observations, weather station installations, and training
to meet local decision-making and travel safety needs (e.g.,
Beaulieu et al. 2023; Bell et al. 2015; Carter et al. 2023; Fox
et al. 2020, 2023; Segal et al. 2020; Simonee et al. 2021; Wilson
et al. 2021a,b). Baztan et al. (2017) highlight how sometimes
the science produced in the polar regions serves the needs of
researchers and academics, not the knowledge requirements
of local communities.

4. Discussion

Most of the literature from the last decade focused on sea
ice and related polar WWIC user needs and almost entirely
explored Arctic contexts, with a scarcity of reported Antarctic
research. This aligns with the initial focus of the PPP on eco-
nomic benefits and service needs of commercial shipping,

aviation, and industry users (WMO 2013), and patterns of
greater Arctic investment and research publication output
(Aksnes and Hessen 2009). Most papers we analyzed were
descriptive and discussed specific polar WWIC user activities
and information-use contexts and catalogued important weather
parameters, decisions, or user needs. Experience, local knowl-
edge, situational awareness, and information sharing were
important for decision-making and risk assessments. A few
Arctic studies reported one-off user engagement, coproduc-
tion, or service development. Other Arctic studies provided
in-depth examination of ongoing community research pro-
grams developed to meet WWIC user planning, navigation,
and travel safety needs and to support traditional ways of life
under changing climates.

The coauthorship networks show that the PPP-SERA authors
have served as knowledge brokers and connectors. The centrality
of the PPP-SERA authors reflects the influence of the PPP as an
important initiative facilitating collaboration and that the PPP
was influential in launching several key projects such as Enhanc-
ing the Saliency of Climate Services for Marine Mobility Sectors
in European Arctic Seas (SALIENSEAS) (Blair et al. 2022b),
Heinrich’s Ph.D., and peer-reviewed publications produced
during the PPP decade (e.g., Simonee et al. 2021; Stewart et al.
2020; Wilson et al. 2021a). Some of the authors not connected

FIG. 10. The current polar WWIC user needs and services landscape: challenges for weather information accessibility and usability
(WMO 2022b). Research focused on local engagement and user needs is limited, contributing to a gap and mismatch between the services
provided and the services users need and an arguable perpetuation of loading dock approaches (Cash et al. 2006) to science and services’
provision that results in a lack of operational WWIC services and ongoing challenges to effective communication, accessibility, and
WWIC information use. In the current landscape, weather information and services vary from no products or available services (1) to in-
creasing product availability as we climb the service mountain (2, 3). Near the peak of the mountain (4), despite the many choices and
product options, some user needs are still not met, a result of the traditionally applied top-down loading dock approach to service provi-
sion (5) (Cash et al. 2006).
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to the PPP (e.g., Finnis) represent the knowledge and under-
standings of user needs from stakeholder groups (e.g., fishers
and aviators) whose work was not affiliated with the PPP and
emerged in parallel and, to at least some extent, preceded the
PPP. Further investigation is required, but unconnected col-
laboration clusters and isolated authors may indicate where
there may be communication challenges within a network
and knowledge may not be shared sufficiently (Mali et al.
2012; Robins 2015). These unconnected authors and clusters
may provide opportunities for future engagement.

The literature on polar weather information users is in an
exploratory phase of development. Our understanding of po-
lar WWIC information use, challenges, barriers, and user
needs is growing, but it is geographically incomplete, inconsis-
tent, and lacking depth across locations, sectors, user groups,
activity contexts, and topic scope, which we will explore the-
matically in the following sections.

a. Mismatch of polar WWIC services and user needs

For more than two decades, PPP-SERA research and expe-
riences of PPP-SERA (e.g., Dawson et al. 2017; Stewart et al.
2020), other polar studies (e.g., Council of Managers of
National Antarctic Programs 2015; Eicken et al. 2021; Ford
et al. 2013; Parsons et al. 2017; Tietsche et al. 2020; Wagner
et al. 2020), and the broader weather and climate services lit-
erature (e.g., Cash et al. 2002; Dewulf et al. 2020; Lemos et al.
2012; Pielke and Carbone 2002) have highlighted a gap and
mismatch between the science, products, and services pro-
vided by WWIC researchers and services and the applications
and needs of polar WWIC users. Multiple PPP-SERA studies
and user-engagement sessions have recurrently found similar
themes around the need for incorporating the polar WWIC
user context and needs into service provision for planning,
decision-making, efficiency, and safety in the polar regions.
Synthesizing our findings from PPP-SERA sessions, broader
research insights in the field, and the literature review data-
base, we provide a conceptualization of the current polar
WWIC user needs and services landscape (Fig. 10), noting

that some providers are also users of polar WWIC informa-
tion (Dawson et al. 2017; Stewart et al. 2020).

The current polar WWIC services landscape includes many
users, each with different and individual perceptions, risk tol-
erances, goals, decision thresholds, and information needs.
Service providers are facing challenges to obtain data to pro-
duce WWIC information and services, just as polar WWIC
users are struggling to access appropriate and usable informa-
tion and services. Furthermore, Baztan et al. (2017), Ford et al.
(2013), and Hooghiem (2019) demonstrated that many polar
studies lack local engagement, collecting data primarily for
science and research needs. From our experience and associ-
ated PPP-SERA work, and supported by findings from the lit-
erature review, the experience of many polar WWIC users
aligns with top-down or “loading dock approaches to service
provision” (Cash et al. 2006). However, we have not yet been
able to empirically test this. In the loading dock approach,
products and services are developed and “dumped” indiscrim-
inately on polar WWIC users without consultation. There is
an unspoken, tacit assumption that new products or services will
be salient. In addition, while there may be some consultations
with stakeholders, users may still have the perception that they
are not involved or that things are dumped on them}i.e., user
engagement may be experienced differently by researchers/
providers compared to how it is experienced by users.

Reviewed papers detailing successful polar WWIC service
development show, in line with recommendations from Cash
et al. (2006), Fleming et al. (2023), Gruntfest (2018), Morss
et al. (2011), and others, that coproduction methods, engage-
ment, and consultation with users and stakeholders can be
integrated into developing new and enhanced observations
systems and forecasting services to give the greatest value and
benefit to users (public good), especially when spending pub-
lic funds. Therefore, continuous effort and service improve-
ments are needed, along with a focus on user needs and an
understanding of user contexts and value-chain cycles (Dawson
et al. 2017; Haupt et al. 2018) (see Fig. 11) to help overcome cur-
rent top-down models of science and service delivery in pursuit

FIG. 11. Ensuring polar WWIC user needs drive resourcing, service improvements, research priorities, and knowl-
edge generation. We reverse the traditional linear value-chain perspective with the purpose of highlighting the impor-
tance of starting with an understanding of user needs to inform services and improvements. This is followed by identi-
fying the operational and science/research requirements needed to deliver services that meet these established user
needs, such as improved forecasts and real-time data, the flow-on value for users and societal benefits.
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of the desired future goal of broadly available and easily accessi-
ble WWIC information in the polar regions. For most users,
WWIC information needs to be readily available to be used in
modeling and forecasting or planning and decision-making, and
to be accessible, relevant, location-specific, and provided at
varying resolutions and time scales across different termino-
logies, languages, and platforms, at low bandwidth, from verified,
transparent sources, and in centralized websites/applications/
sources.

b. Need for actionable knowledge

Across the polar regions, individuals, their activities, their
goals, and their decision-making processes differ significantly,
requiring different types of environmental forecasting in-
formation. Products and services that provide actionable
knowledge contain information applicable to the different
users’ contexts (Argyris 1996; Mach et al. 2020). Conse-
quently, actionable knowledge assists users in planning and
preparing for their activities as well as informing their risk
assessments and hazard avoidance. Environmental fore-
casting information should be useful, usable, actionable
(Lemos 2015; Lemos et al. 2012), timely, and of suitable
spatial and temporal scales (Cash et al. 2003; McNie 2007,
2013). Further, it should be perceived as salient, legitimate,
and credible (Cash et al. 2002). Additionally, Dewulf et al.
(2020) suggest that it is important to include the concepts of
consequentiality, appropriateness, and meaningfulness in un-
derstanding decision-making support and user needs. Infor-
mation and services that do not meet user requirements are
not delivering their full benefit and value to society (Cash
et al. 2006; Murphy 1993; Pielke and Carbone 2002) and could
cause more harm than public good (Dilling et al. 2021;
McGovern et al. 2022; Pielke 1999).

c. Education and training needs

Heinrich and Norris (2023b) found that there is limited
weather-specific training and education of people deployed to
Antarctica and training may be focused on topics that are less
relevant to learning how to correctly interpret weather infor-
mation, manage others, and stay safe during outdoor activities
(Heinrich and Norris 2023b; Nielsen and Roldan 2023). A re-
liance on word of mouth, informal mentorship, implicit learn-
ing, and previous experience to educate novices dominates.
These practices of education and information sharing are un-
reliable, ad hoc, and subject to corporate knowledge loss in
transient populations. The lack of policies and procedures on
the gathering, retention, and teaching of organizational and
local knowledge specific to a polar location means that novi-
ces, unaware of safety norms and local indicators, may be at a
greater risk of being ill-equipped and unprepared in danger-
ous conditions.

Similarly, in the Arctic, a lack of local knowledge and edu-
cation is implicated in adverse incidents that required search
and rescue services (Durkalec et al. 2014). Some Arctic com-
munities have successfully expanded environmental monitor-
ing to meet community information needs (Beaulieu et al.
2023; Bell et al. 2015; Fox et al. 2020) and have established

programs for developing relevant decision-support tools,
training, and education for travel safety, traditional practices,
and subsistence hunting (Beaulieu et al. 2023; Carter et al.
2023; Fox et al. 2020; Panikkar et al. 2018; Sawatzky et al. 2021;
Segal et al. 2020; Simonee et al. 2021; Wilson et al. 2021a). Under
growing impacts from climate change and prolonged severe
weather events, preparedness, training, WWIC services, and
capacity building are critical to community resilience and
adaptation (Fox et al. 2023). Simonee et al. (2021) recom-
mended formalized training of community members to de-
velop local, tailored meteorological services that are relevant
and inclusive of local communities, their activities, and contexts.

d. Importance of tailored services

Polar WWIC users can feel overloaded with information and
choices and may become overstretched and time-constrained
in trying to balance information needs, safety, and daily tasks
(Jeuring et al. 2020; Lamers et al. 2018b), underscoring the im-
portance of providing tailored services. An inaccurate source
that is trusted and used, or information that is incorrectly inter-
preted or misunderstood, may lead to accidents and incidents
when conditions, hazards, and associated risks are not as the
user expected (Pielke and Carbone 2002; Pielke 1999). In the cir-
cumstances of too many products and choices, knowledge
brokers such as local, trusted meteorologists or other forecast
service providers can help curate and select the most suitable
and usable information sources (Heinrich and Norris 2023b;
Simonee et al. 2021). Another role of meteorologists when
providing tailored (often in-person) weather briefings includes
conveying and discussing the likelihood of different weather
forecast scenarios for specific activities and the variation or
uncertainty in the forecast and NWP models (V. J. Heinrich
2013, 2015, 2019, personal observation). However, most polar
WWIC users do not have access to tailored products, decision-
support services, or a local meteorologist. When local knowl-
edge brokers are not present, concerns around quantifying
uncertainty, contradictory information sources, inconsistency,
and trust may emerge, and questions of quality, reliability, and
validity and safety, value, and public good are likely to arise.

e. Gaps and future research directions

There is a gap in the diversity of studies needed to broadly
understand the complex WWIC needs of polar communities
and their activities including the related decision-making, cog-
nitions, and behaviors, as well as their regional focus, with a
dearth of Antarctic knowledge. Although some national
Antarctic programs receive tailored WWIC services, little is
known about the sufficiency, efficacy, and usability of these
services, or the needs of other users and sectors (e.g., tourism,
fisheries, search and rescue) operating in these high-risk envi-
ronments (Dawson et al. 2017; Heinrich and Norris 2023b).
Furthermore, not all types of polar communities, sectors, or
activities were subject to examination in the reviewed scholarly
literature or engaged by PPP. Research to inform our under-
standing of WWIC information needs, use, and decision-making
in warning systems, risk communication, disaster risk reduction,
aviation, or land-based transport and activities were limited.
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Future studies investigating the expertise, skills, and knowledge
required for safe and successful activities, people’s education
needs, and related training requirements and suitable programs,
are needed.

Experience, risk perception, social norms, and trust, along with
other psychosocial factors may help explain why people use (or
do not use) a particular weather information source and their
choices, behaviors, and decision errors in response to WWIC
information and warnings (Demuth et al. 2016; Paton 2019;
Weinstein 1989; Wiggins and O’Hare 1995). However, few publi-
cations examined cognitive, social, or behavioral factors that
influenced comprehension, use, decision-making, preparedness,
information sharing, and situational awareness or related pro-
cesses. The role played by new technologies, formats, accessibility,
and psychosocial (human) factors on information use, planning,
and decision-making remains largely unclear in polar contexts,
and more research is needed. These gaps contribute to the chal-
lenges experienced by polar WWIC users and negatively impact
providers’ capabilities to effectively disseminate and communicate
WWIC information, provide actionable knowledge, or support
improved decision-making, operational efficiency, and safety.

Competing provider and stakeholder interests and existing
territorial boundaries and institutional constraints mean that
without strategic governance, there may be a lack of motiva-
tion or incentives to share environmental data that may ser-
vice multiple interests or users (Lovecraft et al. 2013). Thus,
there is a need for further research to understand inter-
national and regional provider–user landscapes, governance,
and barriers to equitable and accessible service provision and
to support United Nations (UN) initiatives like Early Warn-
ing Services for All (WMO 2022a). Additionally, limited
cross- or interdisciplinary collaborations (Taylor 2002; Tejedo
et al. 2014) and funding structures (Overland and Sovacool
2020) may impact research output and require further explo-
ration in the polar WWIC services’ context.

The coauthorship networks examined in this review con-
tribute to knowledge of the collaborative social structure of
science in the polar regions and the PPP, and they help to un-
derstand the processes of knowledge creation and flow (Mali
et al. 2012). However, we still do not fully understand the full
value of targeted research programs, such as the PPP, longitu-
dinal research, community-based research partnerships, and
collaborative research groups.

Future research could build on Cash et al.’s (2006) loading
dock framework of service provision to study processes of
user-oriented WWIC services and to inform successful and
sustainable service infrastructures. More research is needed
to understand the contexts in which providing access in real
time to weather observations adds value, and where a lack of
observations negatively impacts polar WWIC users, operators,
and service providers, beyond considerations of modeling verifi-
cation and reanalysis improvements (e.g., Sandu et al. 2021) or
biological monitoring foci (e.g., Cary and Cummings 2020). In
addition, future research could further investigate polar value
chains and the value of multipurpose data, such as the use of
automatic weather station data in real-time decision-making,
NWPmodel assimilation, and forecasting services, if maintained,
long-term climate and research datasets.

Overall, there is a continued need for greater interdisciplin-
arity, more specific science, and for collaborations to develop
services that meet polar WWIC user needs, are fit for pur-
pose, and overcome ongoing service challenges and gaps. Op-
portunities, resourcing (funding), and mechanisms are needed
for social scientists and local communities to engage in ongo-
ing research with different sectors and providers. Future re-
search could promote the translation of science into user
services, focusing not just on “science to operations” (e.g.,
Calhoun et al. 2021; Serafin et al. 2002) but delivering science
for services that meet user needs. Thus, we support recom-
mendations that research and services development be priori-
tized from the perspective of the user and their WWIC
information and actionable knowledge needs, particularly for
future research programs like the WMO’s World Weather
Research Programme’s (WWRP) new Polar Coupled Analy-
sis and Prediction for Services (PCAPS) project. Bringing this
together in Fig. 11, we depict how a focus on outcomes for
users may help to overcome challenges in the current WWIC
services landscape and more broadly guide significant service
improvements for all polar WWIC users.

5. Conclusions

This synthesis of the last decade’s literature on polar
WWIC users, informed by our PPP-SERA knowledge, helps
to build our understanding of polar weather information use
and the current polar WWIC user needs and services land-
scape and clarifies where gaps remain. Our research shows
that some polar WWIC services are presently not fit for pur-
pose in all contexts, and in many instances, there is a mis-
match between user needs and the services provided.

Our findings show that reliable and usable weather and sea
ice services are highly desired by polar WWIC users and are
increasingly important to climate change–impacted communi-
ties. Extension of forecast lead times, along with subseasonal
and seasonal outlooks, may be useful to polar WWIC users,
but due to the uncertainty and errors in models, with a few ex-
ceptions, these are still in the purview of researchers rather
than routine services provided to users (Blair et al. 2022b;
Inoue 2021; Jung et al. 2016; Wagner et al. 2020). As ice and
seasonal models become more reliable, accurate, and usable
for operational and tactical decision-making, early engage-
ment with users and strategic application of coproduction
methods will be valuable in developing these products and
services in a way that meets WWIC user needs and applica-
tions across polar contexts.

PPP-SERA has built on the polar work initiated with
THORPEX (Parsons et al. 2017) and joins calls over the last
30 years to draw on social and behavioral science approaches
for a greater understanding and application of WWIC services
to user needs (Demuth et al. 2007; Morss et al. 2008, 2011;
Murphy 1993; National Academies of Sciences, Engineering,
and Medicine 2018; Parsons et al. 2017; Pielke 1997). During
the PPP, we have shown the applicability and depth of under-
standing that can be developed through using transdisciplin-
ary studies utilizing multiple methods to better understand
polar WWIC use and needs.
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While this paper is an assessment of achievements during
the PPP decade, it is also a reflection on the challenges, bar-
riers, and constraints that users and providers still face in
providing, accessing, and using fit for purpose polar WWIC
information services. We have a robust understanding about
the information and services needed by polar WWIC users,
but more investment, work, and collaboration are needed.
We are only beginning to shift the focus to the tailoring of po-
lar WWIC services to meet user needs and the production of
context-sensitive information, and there is still a long way to
go to provide improved services. There is a clear need and re-
quirement to facilitate the translation of PPP-SERA findings
and related research to operations and weather service pro-
viders and to build links for codesign and coproduction efforts.

To reiterate Serafin et al. (2002), in moving forward to realize
the legacy of PPP, it is important to ensure that knowledge is
transferred and research is integrated into WWIC services and
forecasting operations in a timely manner. Next steps for national
service providers, the WMO, and stakeholder communities
include developing and maintaining observational monitoring
networks, a deeper understanding of user contexts, and products
and services that meet these diverse polar WWIC user needs.
This may be achieved through investment, cross-disciplinary
research collaboration, cofunding, and continued user engage-
ment partnerships. Polar WWIC user needs will continue to
expand and shift under climate change and as activities and
operations intensify and diversify, whether they are govern-
ment, scientific research, community or commercial, and whether
they relate to Antarctic, Arctic, or transpolar operations. Mean-
ingful polar WWIC user engagement is required to understand,
adapt, and tailor services to evolving user needs. Ongoing im-
provement of polar WWIC services and generating broader
knowledge of weather-related decision-making through research
across many different disciplines, methods, actors, decision con-
texts, locations, and case studies are therefore warranted.

As we consolidate PPP and implement WMO’s WWRP
PCAPS, we once more highlight the priority for interaction
and coproduction between researchers, providers, and users
to ensure usable, actionable knowledge for WWIC services in
our fragile polar regions. We hope that such efforts will con-
tinue to develop and inspire the tailoring of much-needed
WWIC services for people who call the polar regions home
and for people who travel there for work or pleasure.
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