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Abstract

Environmental indicators are naturally occurring variables, conditions, and events that are used to assess and monitor en-
vironmental conditions and change. Inuit throughout Inuit Nunaat (Inuit circumpolar homelands) observe and experience
environmental indicators as they travel year-round for harvesting and other cultural practices. Inuit draw on their observa-
tions of current conditions and their knowledge of weather, water, ice, and climate (WWIC) indicators, when seeking to predict
and understand conditions that impact safe travel. This scoping review documents the types and diversity of WWIC indicators
articulated in peer-reviewed and grey literature as being used by Inuit in Canada, Alaska, and Greenland to assess travel safety.
Two reviewers independently screened 512 studies using pre-determined eligibility criteria and 123 studies were included for
review. A total of 163 unique WWIC indicators were used across 85 communities in Canada, Alaska, and Greenland. Indicators
reflect a broad range of ways that Inuit experience their environment, through sight, feel, and sound. Indicators can be con-
sidered as causal, conditional, or predictive (or a combination thereof), where knowledge of the interactions among various
indicators is especially important to support safe travel. Identified gaps and future research directions included assessing key
indicators to better target development of locally relevant research and information services.
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1. Introduction

The Arctic is experiencing ongoing climatic changes, in-
cluding warming air temperatures, permafrost loss, declin-
ing sea ice extent and thickness, sea level rise (or fall near
areas of isostatic rebound), increasing ocean temperatures
(near the surface and in deeper water), changing ocean salin-
ity and increased stratification, and shifting hydrological
regimes (AMAP 2017, 2021; Box et al. 2019). Such changes are
due in part to polar amplification causing the region to warm
nearly four times faster than the global average (Bekryaev et
al. 2010; Rantanen et al. 2022). These changes are substan-
tially impacting travel safety throughout Inuit Nunaat—or
Inuit homelands—which are home to over 180 000 Inuit (In-
digenous people who are part of a cultural and linguistic con-
tinuum spanning from Alaska and Chukotka (Russia) in the
west, across the Canadian Arctic, to Greenland in the east).
Inuit from these regions share a common language family
and a high degree of mobility on the land (including water
and ice; hereafter, “the land”) to facilitate hunting and har-
vesting practices (Huntington et al. 2020). Inuit have been
stewards of the Arctic for millennia and their culture and tra-
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ditions reflect a deep knowledge of and respect for the land,
sea, and ice (Inuit Circumpolar Council-Canada 2014).

Key aspects of Inuit Knowledge include understanding
which environmental conditions are safe to travel in, how to
respond when unexpected conditions are encountered, and
approaches for sharing that knowledge intergenerationally
through a deep familiarity with the land and passing on of
land-based skills (Bates 2007; Hirsch et al. 2017; Laidler et
al. 2010). Inuit Knowledge is inherently experiential, flexi-
ble, and adaptable in the face of changing and dynamic Arc-
tic conditions (Gearheard et al. 2010; Oozeva et al. 2004). For
Inuit, the boundaries between the land, sea, and ice are dy-
namic, where the ice and ocean act as an extension of the
land, facilitating mobility outside of communities (Aporta
2011; Inuksuk 2011). Sustained access to the land is a critical
aspect of socio-economic and cultural wellbeing, where trav-
elling enables hunting, harvesting, visiting other communi-
ties, accessing essential resources, and connecting with an-
cestral homelands (Aporta 2009; Cunsolo Willox et al. 2013;
Davis et al. 2022). Being out on the land has a profound impor-
tance for Inuit identity and spirituality (Cunsolo Willox et al.
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2013; Inuit Circumpolar Council-Canada 2008; Inuit Tapiriit
Kanatami 2019; Sawatzky et al. 2021).

Climate change is substantially impacting Inuit livelihoods
and well-being, particularly through influencing travel safety
and how, when, and why Inuit travel on the land. Travel safety
is characterized in relation to factors that influence decision
making while on the land, such as reason for travel, pres-
ence or absence of preferred environmental conditions, con-
venience, and tradition (Druckenmiller et al. 2013). Increased
risks to travel safety are negatively affecting the rate of suc-
cessful harvests, with cascading effects on Inuit food security,
cultural practices, intergenerational knowledge sharing, and
increased risk and loss of life (Dowsley et al. 2011; Durkalec
et al. 2014; Ford et al. 2019; Gearheard et al. 2006; Harper et
al. 2015; Hauser et al. 2021).

While Inuit experience climatic changes first-hand, prac-
tices for understanding, observing, and adapting to weather,
water, and ice, climate (WWIC) conditions and phenomena
have been developed over millennia. Inuit describe WWIC
through a rich and nuanced vocabulary that conveys a shared
understanding of how WWIC influences various dimensions
of the environment and ecosystem, including socio-cultural
values and decision making related to safe travel (Aporta
2016; Fox et al. 2020; Laidler et al. 2008; Laidler and Elee
2008; Laidler and Ikummaq 2008). How Inuit engage with
and travel through the environment is changing. This is due
to in part to rapid environmental change, but also due to
changes in transportation and wayfinding technologies (e.g.,
use of global positioning system (GPS) technologies and faster
mechanized transportation), which have enabled successful
travel without requiring the same type of wayfinding and en-
vironmental knowledge that was used in the past (Aporta and
Higgs 2005). Such changes can be compounded by challenges
to intergenerational land-based knowledge sharing due to
historic and ongoing colonial processes which can have pro-
found effects on Inuit mobilities (Davis et al. 2022). These
factors are collectively impacting travel safety, which is also
threatened by increasingly unpredictable and variable WWIC
conditions, in-turn influencing the timing, abundance, and
quality of species that Inuit hunt and harvest. As a result,
Inuit are increasingly integrating their knowledge with a
suite of environmental monitoring and forecasting services
(e.g., weather and marine forecasts, tide tables, sea ice charts,
satellite imagery) to support and sustain safe travel and ac-
cess to the land (Aporta and Higgs 2005; Laidler et al. 2009;
Simonee et al. 2021; Weatherhead et al. 2010).

Environmental monitoring and forecasting services use en-
vironmental indicators, which are variables or conditions
that can be observed and monitored through direct or indi-
rect measurement. Environmental indicators are used to de-
scribe the status and progress of a specific phenomenon of
interest and allow for comparison to assess change over time
(Kenney et al. 2016). They are widely used in WWIC research,
decision-making, and reporting of information services. For
example, the Arctic Monitoring and Assessment Programme
(AMAP) utilizes numerous Arctic climate observational indi-
cators, including air temperature, precipitation change, per-
mafrost change, terrestrial snow cover, river ice (freeze-up
and break-up dates, thickness), river discharge, tundra green-

ness, wildfire frequency and severity, sea ice (extent, thick-
ness, export, snow on sea ice), and land ice change (AMAP
2017, 2021). These indicators allow for an assessment of sta-
tistically significant trends and anomalous events occurring
throughout the Arctic. While these indictors (among others)
inform environmental monitoring and forecasting programs
that provide information services across Inuit Nunaat, their
selection and use is grounded in Western scientific methods.

Inuit have been keen observers of the environment for mil-
lennia and use a variety of environmental indicators to under-
stand, forecast, and adapt to WWIC conditions (Laidler et al.
2010; Weatherhead et al. 2010). Inuit Knowledge of environ-
mental indicators is often derived through lived experiences
and passed on intergenerationally and is highly situated and
contextualized at spatial and temporal scales of land use and
occupancy. Narratives describing the lived experiences and
observations of Inuit are also a rich source of environmental
information (Itchuaqiyaq 2023). There exist many examples
of Inuit Knowledge strengthening research and the provision
of WWIC information services throughout Inuit Nunaat (Fox
et al. 2020; Mercer et al. 2023; Segal et al. 2021; Simonee et al.
2021; Wilson et al. 2021a), but to the authors knowledge no
comprehensive review of WWIC indicators used across Inuit
Nunaat has been conducted.

The rational for this scoping review is to understand what
kind of environmental conditions (indicators) are considered
by Inuit to be important when assessing travel safety. This is
an essential starting point to develop and/or improve locally-
relevant WWIC research and information services across
Inuit homelands. As such, the objective of this scoping re-
view is to investigate the types and diversity of WWIC in-
dicators articulated in academic and grey literature as be-
ing used by Inuit in Canada, Alaska, and Greenland to as-
sess travel safety. In applying a geographic scope to include
Canada, Alaska, and Greenland, knowledge associated with
the cultural and linguistic continuum encompassing Yup’ik,
Cupik, St. Lawrence Island Yupik, Ifiupiat, Inuvialuit, Inuit,
Inughuit, Tunumiut and Kalallit are included. While these in-
dividual groups use different terms to describe themselves,
the Inuit Circumpolar Council uses the term Inuit to be in-
clusive of all these groups, and this convention is adhered to
throughout this paper. Understanding the types and diversity
of WWIC indicators used by Inuit will help inform future re-
search, monitoring, and forecasting initiatives that aim to de-
velop community focused research and information services.

2. Methodology

2.1. Positionality

The authors have been working with communities in Inuit
Nunaat throughout our careers. We come from a mix of dis-
ciplinary backgrounds, providing our review with a lens that
is unique to this authorship team. Of note, the authors in-
volved in screening and coding for our review (BB and EP) are
non-Inuit, and thus our collective positionality is important
to situate as our review focuses on Inuit Knowledge. To help
with this, an explanation of individual backgrounds and mo-
tivations is provided:
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Breanna Bishop is a non-Indigenous researcher of Euro-
pean settler descent. She has been working with communi-
ties in Nunatsiavut, Canada since 2018 to document Inuit
Knowledge of the changing ice and ocean. She is moti-
vated to explore ways of understanding and adapting to cli-
mate change that can be achieved by bringing together dif-
ferent ways of knowing, ultimately supporting Inuit self-
determination and addressing Inuit priorities.

Emmelie Paquette is a non-Indigenous researcher of mixed
European and First Nation descent. She has been working
with Kitikmiut (people of Kitikmeot) since 2017 on several
projects related to wildlife-food management. She is passion-
ate about supporting Inuit leadership in research and the de-
velopment of robust harvest economies. She is keen to con-
tinue working with Inuit, notably women, to enhance their
representation in territorial and national wildlife-food man-
agement groups.

Natalie Carter is a settler woman of European descent.
She is the Community Engagement Lead for StraightUp-
North. She has been conducting collaborative research
with communities in Inuit Nunangat since 2016, docu-
menting Inuit Knowledge and perspectives on marine ship-
ping, light geese, and Inuit uses and needs for weather,
water, ice, and climate information. She is committed to
supporting Inuit self-determination in research and ded-
icated to the conduct of research that addresses Inuit
priorities.

Gita Ljubicic is a non-Indigenous researcher of Euro-
Canadian settler heritage. Since 2001, she has been work-
ing with Inuit communities across Nunavut, learning from
Inuit Knowledge in relation to implications of climate
change, northern livelihoods and well-being, and contri-
butions to decision-making. Ljubicic leads the StraightUp-
North research team at McMaster University, a dedicated in-
terdisciplinary group of northern and southern researchers
working together to address northern community priorities.
She works from community to international scales, trying
to ensure Inuit priorities are addressed in tailoring envi-
ronmental forecasting services to enhance northern travel
safety.

Eric C.J. Oliver is an Inuk from Nunatsiavut and is an Asso-
ciate Professor in the Department of Oceanography at Dal-
housie University. He is interested bridging scientific and
Inuit Knowledge of the ocean, sea ice and climate and find-
ing ways to elevate the visibility, respect, and power that
Inuit Knowledge has in scientific and decision-making spaces.
He is currently involved in a number of projects docu-
menting Inuit Knowledge and contemporary observations of
the sea ice and coastal ocean in Nunatsiavut as well as ef-
forts to scientifically measure, model, and understand that
system.

Claudio Aporta is originally from Argentina and moved to
Canada in 1997 to pursue graduate studies in cultural anthro-
pology. He did most of his ethnographic research in Igloo-
lik, while completing his PhD at the University of Alberta. He
has worked with Inuit communities and organizations across
Canada for 25 years, mostly on mapping and documenting
local knowledge. His main motivation is to understand and
visualize Inuit mobility and senses of home.
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2.2. Study background and design

This scoping review contributes to an ArcticNet and Crown-
Indigenous Relations and Northern Affairs Canada funded
project endorsed as a part of the Year of Polar Prediction
and led by co-author GL (see Carter et al. 2023). The project,
entitled “Understanding Inuit community uses and needs
for weather, water, ice and climate information and ser-
vices”, aimed to improve the WWIC information that is avail-
able, and how it is communicated in northern communi-
ties throughout Inuit Nunangat (Inuit homelands in Canada
made up of the Inuvialuit Settlement Region, Nunavut,
Nunavik, and Nunatsiavut). The project was comprised of
two main parts: (1) a survey across eight Nunavut commu-
nities to learn about what kinds of WWIC information Inuit
are using to make safe travel decisions (Carter et al. 2023);
and (2) two workshops to receive feedback from community
members, northern/Inuit organizations, researchers, and ser-
vice providers living and working across Inuit Nunangat on
how environmental services can be better tailored to meet
community needs (Ljubicic and Carter 2022, 2023). This scop-
ing review contributes to the broader project by undertaking
a comprehensive compilation and analysis of academic and
grey literature on Inuit environmental knowledge and indi-
cators used in relation to safe travel and decision making.

This scoping review was conducted using an adaptation
of the Joanna Briggs Institute (JBI) methodology for scoping
reviews which focuses on rigour, reproducibility, and trans-
parency (Peters et al. 2020). This methodology was originally
developed for use in synthesising quantitative evidence from
healthcare literature (Peters et al. 2015), however the ap-
proach provides an effective framework that can be mobi-
lized into other research areas (for examples, see Khalil et
al. 2020). The first (BB) and fourth (NC) authors completed
a JBI Comprehensive Systematic Review Training course be-
fore starting this scoping review. The JBI methodological and
reporting guidelines for scoping reviews were followed, in-
cluding the PRISMA-ScR (Preferred Reporting Items for Sys-
tematic reviews and Meta-Analyses extension for Scoping Re-
views) (Peters et al. 2020; Tricco et al. 2018).

2.2.1. Review question

What weather, water, ice, and climate (WWIC) indicators
are used by Inuit in Canada, Alaska, and Greenland to assess
travel safety?

2.2.2. Eligibility criteria

The JBI “Population, Concept, and Context" (PCC) frame-
work was used to guide and construct the review question
and inclusion criteria (Peters et al. 2020). The following out-
lines the inclusion criteria applied to each stage of the review:

Population: Publications were included provided they ex-
plicitly reported original research results derived from Inuit
Knowledge. Studies that included other non-Inuit partici-
pants and presented only aggregated information were ex-
cluded so as to ensure environmental indicators reported
were attributed specifically to sources of Inuit Knowledge.
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Table 1. Population, content, and context inclusion criteria applied when screening titles and abstracts and then for the full

texts.
Titles and Full
Criteria Description abstracts text
Population  The research includes Inuit* v v
The research population is wrong. X
Context The research occurs in Arctic North America, Canada, Inuit Nunangat, Nunatsiavut, Nunavik, v v
Nunavut, Inuvialuit Settlement Region, Alaska, and/or Greenland (Inuit Nunaat, Kalaallit Nunaat).
The research location is wrong. X
Content The research describes or draws on Inuit* knowledge. 4
The methods/results do not describe or present how Inuit* knowledge was drawn on. X
The research is related to environmental/ecological change, climate change, travel, or safety. v v
The research is not related to environmental change, climate change, travel, or safety. X
Any aspect of weather, water, ice, or climate is mentioned. v v
Inuit* knowledge of weather, water, ice, or climate is absent. v X
Source Peer-reviewed, primary research or literature review reporting on Inuit* knowledge. v v
Literature review, based on secondary sources, or not peer-reviewed primary study. X X
Google scholar v

Note: The v or X indicates the stage of the review (title and abstract screening or full text screening) where the criteria could be applied to assess inclusion (v) or
exclusion (X) of the publication. *Inuit is inclusive of Inuit, Inuvialuit, Inupiat, Yup’ik, Cup’ik, St. Lawrence Island Yupik, and Greenland Inuit.

Concept: Publications were included provided they pre-
sented original research conducted with/by Inuit in Canada,
Alaska, or Greenland. Studies that included other regions and
presented only aggregated information were excluded.

Context: Publications related to environmental change, cli-
mate change, travel, or safety were included. Publications
had to draw on or describe Inuit Knowledge of any aspect of
weather, water, ice, or climate. If the methods/results did not
present how Inuit Knowledge was included in the publication,
it was excluded as it could not be determined with certainty
iffhow Inuit Knowledge contributed to the study.

2.2.3. Types of sources

This scoping review considered primary research within
the peer-reviewed and grey literature. Literature reviews and
publications based on secondary sources were excluded.

2.3. Methods

2.3.1. Search strategy

The search strategy was designed to locate published pri-
mary research in the academic and grey literature. Five
databases were identified to search: Scopus, Web of Science,
Environment Complete, America: History and Life (index of
literature covering history and culture of USA and Canada),
and Bibliography of Indigenous Peoples in North America.
The latter three databases were identified in consultation
with a subject librarian at Dalhousie University. The database
search was supplemented with a Google Scholar search that
included results from the first 10 pages. An initial limited
search of Scopus, America: History and Life, and Bibliogra-
phy of Indigenous Peoples in North America was undertaken
to identify articles on the topic. Terms contained in the ti-
tles and abstracts of relevant articles, and the index terms

used to describe the articles informed the development of a
full keyword search strategy for Scopus, Web of Science, Envi-
ronment Complete, America: History and Life, Bibliography
of Native North Americans, and Google Scholar. The search
strategy (see Supplementary Material 1), including all iden-
tified keywords and index terms, was adapted to the search
parameters available for each database. Due to language lim-
itations of the reviewers, only English keywords were used,
and only English publications were included. Literature pub-
lished online through 2021 were included. Thus, while some
book chapters available online arose from the search, books
published in print did not. The search results collated from
all databases with duplicates removed totalled 514 publica-
tions that required screening.

2.3.2. Publication screening and selection

Publications were selected for inclusion by two indepen-
dent reviewers (BB and EP) who conducted title and abstract
screening followed by full-text screening. A random sam-
ple of 40 publications were selected to conduct pilot screen-
ing of the titles and abstracts against the inclusion crite-
ria in Table 1. This helped ensure the reviewers were inter-
preting the screening criteria consistently and allowed for
any issues or discrepancies to be addressed. After the pi-
lot screening, all identified publications were uploaded into
Covidence (a web-based platform for collaborative system-
atic reviews). All 514 publication titles and abstracts were
screened independently by BB and EP, who read the titles
and abstracts and assessed them per the inclusion criteria in
Table 1, resulting in 264 potentially relevant publications re-
quiring a detailed full text review to verify inclusion criteria
was met.

The full texts of all potentially relevant publications were
retrieved and imported into Covidence and were read in full
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Fig. 1. PRISMA flowchart summarizing literature screening, identification, and inclusion.
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and assessed in detail against the inclusion criteria. The pri-
mary reasons for excluding full texts that did not meet the
inclusion criteria are presented in Fig. 1. Any differences
in applying inclusion/exclusion criteria that arose between
the reviewers at each stage of the selection process were
resolved through discussion. This screening procedure re-
sulted in 123 publications being included for the scoping
review. The results of the search and the publication se-
lection are included in the Preferred Reporting Items for
Systematic Reviews and Meta-analyses extension for scop-
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ing review (PRISMA-ScR) flow diagram (Fig. 1; Tricco et al.
2018).

2.3.3. Coding WWIC indicators

Included publications were uploaded into NVivo (Version
1.7.1) to facilitate thematic coding and analysis. Temporal
and geographic information were identified for each publi-
cation, specifically publication year and the community, re-
gion, and country where the research was based. Indicators
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related to weather, water, and ice conditions that impact safe
travel were identified and coded individually through a de-
tailed reading of the publications. Through coding, it became
evident that there is no distinct category of “climate indica-
tors”, rather the long-term trends of weather, water, and ice
indicators are collectively constructed as “climate”. In this
case, weather, water, and ice indicators described in rela-
tion to long-term changes (i.e., over decades) or changing pre-
dictability may be constructed as “climate” indicators. While
insufficient detail was available to develop a distinct category
of climate indicators, key indicators related to changing pre-
dictability are highlighted in the results.

The text was cross-coded to all indicators described (one
section of text might include codes for several distinct indi-
cators). Cross-coding helped identify and quantify where mul-
tiple indicators were described together (e.g., described adja-
cently) or in relation to one another (e.g., where an explicit
relationship of influence was identified). To develop a prelim-
inary codebook, BB piloted coding a 10% sample of papers,
identifying WWIC indicators related to travel safety. EP inde-
pendently coded the same 10% sample of papers, using and
adding additional indicators to the codebook. Both reviewers
again coded the same 10% sample of papers, using the full
codebook. A coding comparison query in NVivo was ran to
assess inter-rater reliability. NVivo uses Cohen’s Kappa coeffi-
cient (a statistical measure between -1 and 1 where values <0
indicate no agreement, and 1 indicates perfect agreement)
to assess inter-rater reliability. This statistical measure calcu-
lates agreement across multiple users and accounts for agree-
ment that could occur through chance. All coding discrepan-
cies were resolved through discussion. This process of coding
and resolving discrepancies was repeated until an inter-rater
reliability value of kappa = 0.85 was met. BB and EP then in-
dependently coded the same 25% sample of the papers. Inter-
rater reliability was calculated again and once kappa = 0.85
was met with the 25% sample, BB continued coding the re-
maining papers.

2.3.4. Analysis and results presentation

The publications were analysed to identify trends over
time and geographic location. WWIC indicators were anal-
ysed using constant comparison, which involved sorting
the text into thematic indicator groups based on the at-
tributes described and comparing the text descriptions to
ensure accurate thematic grouping (Glaser 1965; Glaser and
Strauss 2017). During constant comparison, characteristics
were identified to describe/summarize each indicator and
indicator thematic category (Supplementary Material 2). All
indicators were analysed to identify higher level thematic
groupings that conveyed shared characteristics, resulting in
the three overarching indicator themes: weather, water, and
ice (with sub-categories presented in the results), and three
indicator usefapplication themes: causal (directly causing
conditions that impact travel), conditional (resulting from
the confluence of various conditions which result in impacts
to travel), and predictive (used to predict conditions that will
impact travel). These categorizations are not mutually exclu-

sive, are relatively broad in scope, and would likely be much
more nuanced from the perspective of Inuit Knowledge hold-
ers. While the authorship team collectively determined the
causal, conditional, and predictive categories, future research
should consider collaborating with Inuit Knowledge holders
to develop this categorization further. Many indicators could
fit within multiple subcategories or use/application themes
however, they serve as a way to organize and present the
results thematically while showing the breadth indicators
that arose from the review. Identifying the specific relation-
ship category for each set of cross-coded indicators was de-
termined to be beyond the scope of the current study, but
in principle could be gleaned from the source texts where
sufficient details are available (as was done for the exam-
ples provided in the results). Beyond relying on the source
texts, future research should consider assessing the indica-
tors presented here in collaboration with Inuit from across
Inuit Nunaat to determine their use in causal, conditional, or
predictive capacities.

Data showing publication years, the number of studies per
region and community, and the number of WWIC indicators
identified per region were analysed to identify temporal and
geographic trends. All numbers presented in the results rep-
resent the volume of publications mentioning specific indi-
cators, as opposed to the frequency of indicator mentions
across publications, which could skew the numbers depend-
ing on the focus of the publication and frequency of indi-
vidual mentions within it. Narrative summaries were devel-
oped based on the indicator characteristics and six themes
described previously, providing examples of casual, condi-
tional, and predictive WWIC indicators.

2.4. Limitations

During coding, data saturation was reached once no new
indicators were being identified while new papers were be-
ing coded (instead, existing indicators were being reinforced).
Because of this, the reference lists were not scanned to iden-
tify additional literature, as is sometimes done in scoping re-
views. As such, additional literature may exist that could con-
tribute new indicators to the list identified by our review. We
also conducted the review using English search terms only.
While this was due to language limitations within the review
team, it may have resulted in the exclusion of relevant pub-
lications published in other languages. For example, publica-
tions written in Danish may have provided a larger volume
of research based in Greenland, or publications written in
French may have provided a larger volume of research based
in Nunavik, Québec, Canada.

Publications often used different or inconsistent terminol-
ogy to describe WWIC conditions and processes. For exam-
ple, drift ice, floating ice, pack ice, and moving ice were often
used interchangeably within and across publications without
a specific definition being provided by the author(s). In some
cases, WWIC was not the focus of the study, and therefore the
precision and accuracy of terminology might not have been
addressed by the researchers and project contributors. In
other cases, authors used English translations of the respec-
tive Inuit language. Many Inuit language terms do not have
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Fig. 2. Number of publications per year (1999-2021) reporting primary research that includes Inuit Knowledge of weather,
water, ice, and climate related to travel safety and decision making.

a direct English equivalent, particularly those tied to WWIC
processes and thus translation can often require interpreta-
tion and simplification. This introduced a challenge to the
scoping review in how to appropriately code and categorize
different WWIC features and conditions being described. In-
terpretation and translation challenges can be compounded
when there is a non-Inuit research team involved in the pri-
mary research, which is published and then read and re-
interpreted by non-Inuit (for example, in the case of this scop-
ing review). This limitation was addressed through coding
each indicator to include the surrounding description to pro-
vide as much relevant context as possible to assist with inter-
pretation. These levels of interpretation are inherent to cross-
cultural work given the potential for different languages to
be involved, and the respective connotations associated with
specific terminology.

3. Results

3.1. Temporal and geographic trends

All sources (n = 123) were published between 1999 and
2021, with < 3 publications per year in 1999-2005, and an
increase in annual publications occurring from 2006 on-
wards (Fig. 2). Research was reported from 85 communities
in Canada (n = 91), Alaska (n = 31), and Greenland (n = 9).
The majority of publications (n = 66) presented research from
Nunavut, Canada, followed by Alaska, USA (n = 31), Inuvialuit
Settlement Region, Canada (n = 14), Nunatsiavut, Canada
(n = 12), Nunavik, Canada (n = 9), and Greenland (n = 9).
These are not mutually exclusive counts as research spanned
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multiple jurisdictions (countries, regions, and communities).
While the majority of communities had relatively few pub-
lications representing their knowledge, select communities
have had their knowledge represented in substantially more
research outputs. Of 85 communities recorded through our
review, 43 communities had 1-2 related publications; 20 com-
munities had 3—4 publications; 12 communities had 5-6 pub-
lications; 8 communities had 7-9 publications, and 2 com-
munities had 13-15 publications (Fig. 3). This may lead to
an overrepresentation of WWIC indicators pertinent to select
communities as compared to WWIC indicators utilized in un-
derrepresented or other communities not identified here.
Studies most often focused on the following communities:
Igloolik, Nunavut (n = 15); Utqiagvik (Barrow), Alaska (n = 13);
Clyde River (Kangiqtugaapik), Nunavut (n = 9), Pangnirtung,
Nunavut (n = 9), Kinngait, Nunavut (n = 8), Arctic Bay (Ikpi-
arjuk), Nunavut (n = 7), Iqaluit, Nunavut, (n = 7), Pond In-
let (Mittimatalik), Nunavut (n = 7), Nain, Nunatsiavut (n = 7),
and Savoonga, Alaska (n = 7) with 6 or fewer publications
focused on all other communities. Figure 4 presents the to-
tal number of publications per community identified in our
review. In some cases, higher volumes of publications associ-
ated with certain communities was tied to a breadth of results
from specific research programs and does not necessarily in-
dicate an intensity of different research projects. That being
said, our review made evident that there is a dearth of re-
search stemming from some Inuit communities and regions.
Out of Nunavut’s 25 communities, knowledge from 19 (76%)
communities was identified through our review, and 10 of
those communities had > 5 publications. In contrast, of the
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Fig. 3. Number of publications per community across Canada, Alaska, and Greenland. Counts per community include every
time a community was represented in publications, thus totalling more than the total number of publications included in the

review (n = 123).
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94 communities in the Inuit regions of Alaska, 31 (33%) were
represented in the publications reviewed, and 8 had > 5 pub-
lications. Nunavik has 14 communities, 6 (43%) of which were
represented in the publications reviewed, all of which had
3 or fewer associated publications. Of Greenland’s approxi-
mately 77 occupied settlements (including some that were
abandoned in the last few decades), 6 (8%) were represented
by the publications included in the review, all of which had
2 or fewer associated publications. Both the Inuvialuit Set-
tlement Region and Nunatsiavut had all communities rep-
resented in the publications reviewed (6 and 5 respectively,
both 100%), and each had 6 or fewer associated publications.
Thus, the intensity of research by community represented in
Fig. 4 should be considered alongside the communities that
are not identified in the figure, to get a complete picture of
the geographic research trends being presented.

One hundred and sixty-three unique WWIC indicators
were described, which are organized and presented based
on the overarching themes of (1) weather, (2) water, and (3)
ice indicators. The relative frequency of all WWIC indicators
that were identified in publications covering each region are
presented in Fig. 5. Notably, despite some regions such as
Greenland only being represented in nine publications (7%
of the total), 24% of all ice indicators, 36% of all water indica-
tors, and 35% of all weather indicators were described within
those publications. How each indicator is understood is di-
rectly tied to how Inuit perceive and experience their spe-
cific environments, and thus represents understandings that

Kalaallit %
Nunaat
(Greenland)
)
N R

K}\.I'M'l%matsiavult
4 o)
*<. Nunavik

3 / !
- J
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Esri, TomTom, Garmin, FAO, NOAA, USGS, EPA, NRCan, Parks Canada, Esri, USGS

are place-based, highly contextualized, and nuanced in their
use and application. Certain indicators were described across
a higher volume of publications, demonstrating the relative
importance of such indicators in a variety of different con-
texts reporting Inuit Knowledge related to travel safety.

3.2. WWIC relationality

Cross-coding revealed that WWIC indicators were often de-
scribed in connection to each other: 156 were cross-coded to
atleast 1 other indicator and 70 were cross-coded to 5 or more
other indicators (Fig. 6). Note that cross-coded indicators were
described adjacently with or without an explicit relationship
identified. However, very high rates of cross-coding can be
reasonably interpreted as likely stemming from relationships
between those indicators being a part of the underlying Inuit
Knowledge system. For example, ice strength and stability
(Fig. 6, node 130) was cross-coded to the highest number of
other indicators, implying its central importance for Inuit
assessments of travel safety and decision making. Addition-
ally, ice strength and stability was also most frequently cross-
coded with ice thickness (Fig. 6, node 134), indicating some
degree of influence between those two indicators is likely oc-
curring. These relationships of influence were not assumed
prior to the literature review but emerged during the analy-
sis and resulted in the generation of the causal, conditional,
and predictive indicator themes described below.

The following presents an overview of the WWIC indi-
cators identified through the review, including indicator
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Fig. 4. Distribution of publications reporting primary research that includes Inuit Knowledge of weather, water, ice, and
climate related to travel safety and decision making from research in communities from (a) Nunavut, Canada, (b) Inuvialuit
Settlement Region, Canada, (c) Nunatsiavut, Canada, (d) Nunavik, Canada, (e) Alaska, USA, and (f) Greenland.

Distribution of publications by community
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relationships that are causal, conditional, and predictive.
The examples of causal, conditional, and predictive indi-
cators were drawn from cross-coded text (identifying two
or more indicators) where a relationship was explicitly de-
scribed within the coded text. The examples are not neces-
sarily tied to the highest frequency of cross-coding, rather
they were selected to demonstrate a breadth of relation-
ality and the nature of some of the relationships that
were described amongst various indicators identified by our
review.
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3.3. Weather indicators

Fifty-one weather indicators were identified across the pub-
lications reviewed (Fig. 7). The top 10 weather indicators de-
scribed in the highest volume of publications include air tem-
perature (n = 60), seasonality of wind direction (n = 51), wind
strength (n = 51), weather predictability (n = 35), snowfall amount
(n = 34), storm strength, intensity, and frequency (n = 33), snow
depth/accumulation (n = 29), rain amount, timing and intensity
(n = 26), snow timing (n = 21), and snow melt (n = 21). Fig. 7 in-
cludes the total number of publications that described each
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Fig. 5. Publications reporting primary research that includes Inuit Knowledge of weather, water, ice, and climate related to
travel safety and decision making from Alaska, USA; Nunavut, Canada; Inuvialuit Settlement Region, Canada; Nunatsiavut,
Canada; Nunavik, Canada; and Greenland. (a) Publication volume by region and (b) Percentage of total indicators (by type)
identified for each region.

a) Regional representation in total publications (n=123)
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weather indicator that arose from the scoping review, with
the top 10 bolded for reference.

3.3.1. Causal weather indicators

Interactions amongst causal indicators such as air temper-
ature, rain and snowfall amount, and wind direction, strength and
frequency are considered by Inuit simultaneously and compre-
hensively to assess changing conditions and impacts to safe
travel while out on the land (Di Francesco et al. 2021; Ford et
al. 2019; Hanke et al. 2021; Huntington et al. 2016b). Causal
weather indicators can be thought of as pre-conditions from
which other conditions and phenomena can emerge. They
are commonly described in relation to how they influence
other indicators, or directly create the conditions that are
critical to travel safety. Air temperature was described in rela-
tion to 90 other indicators, and many of the relationships de-
picted a causal influence. For example, travel decisions can re-
quire understanding current and future air temperatures: “[a]
trail that crosses large flat pans of thinner ice is at greater risk

10

B Nunavtisvut

Inuvialuit Settlement Region Alaska

of having the ice wear dangerously thin once air temperatures
warm, snow melts, and the warm current from the south-
west arrives [emphasis added]” (Druckenmiller et al. 2010,
p- 210). The effects of air temperature on sea ice formation,
thickness, and melt or break-up were described frequently
throughout the literature included in our review, particu-
larly as the effects of warming temperatures are making ac-
cess to the land more difficult and shortening the length of
the sea ice season overall (Berkes and Jolly 2001; Bunce et al.
2016; Cunsolo Willox 2012; Fienup-Riordan 2010; Ford et al.
2013).

3.3.2. Conditional weather indicators

In contrast, indicators that impact visibility such as fog,
whiteout conditions (flat light) or blowing snow emerge condition-
ally, resulting from the confluence of other conditions, such
as wind, snowfall, temperature, or humidity. Each unique indica-
tor has relevance for travel safety and decision making, al-
though the context of indicator use and application is the
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Fig. 6. Relationships identified amongst weather, water, ice, and climate indicators with cross-codes to at least 30 other indi-
cators, or any indicator with at least a single instance cross-coding of 25 times. Circles indicate weather (green), water (yellow),
and ice (blue) indicators and lines indicate cross-coding between indicators. The number inside each circle represents the in-
dicator name in the legend. The circle size corresponds with the number of cross-coded indicators and conveys the relative
importance of the indicator in relation to others. The line thickness represents the number of times the indicator pair was
cross-coded. This is interpreted as increasing confidence that a relationship exists, where thicker lines indicate a degree of
influence (e.g., causal, conditional, predictive) between indicators is likely occurring.
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(18) Snow depth, accumulation (20) Snow melt (21) Snowfall amount (27) Storm strength, intensity, frequency, and timing

(4) Rain amount, timing, intensity (6) Cloud formations and appearance (15) Snow consistency/texture
Weather indicators

(36) Air temperature (53) Seasonality of wind direction (56) Wind strength

Water indicators

. Ice indicators

(82) Wave action (general)

(60) Current direction (61) Current strength (63) Currents under ice (76) Ocean temperature (79) Tidal range (low-high)

(87) Multiyear ice (89) Young ice (90) Amount, timing, distribution (general) (91) Ice freeze up (100) Ice melt
(103) Water on ice/melt ponds (107) Ice movement-drift patterns (109) Pack ice (129) Ice predictability
(130) Landfast ice strength and stability (133) Ice ridges (134) Ice thickness (135) Location of anchoring, grounding features

(140) Erosion or break-off/break-out events (144) Floe edge location, extent (148) Leads (150) Open water (151) Polynyas
(166) Colour (167) Texture and consistency (178) Snow on ice

result of the confluence of other conditions/phenomena. For
example, fog (described in relation to 29 other indicators) is
formed through key conditions tied to moisture availability,
air temperatures, sea surface temperatures, and wind. Fog
significantly impacts visibility and is thus considered a risk
to safe travel as it can impede navigational decision making
(Schmidt et al. 2021; Simonee et al. 2021). Similarly, white-
out conditions (flat light) can also create a hazardous travel en-
vironment: “when there is low light, snow cover with no
contrast, and a stratusf/leaden type of sky that blends into
the horizon, often producing very light precipitation. Of-
ten you can see a long way, but there is no way to distin-
guish many terrain features such steep drops over which a
traveler might fall” (Fox et al. 2020, p. 274). Such impacts
on visibility require a shift to rely on other senses, such as
smell and hearing, or looking at the direction of snow drifts
rather than the landscape (Ford et al. 2019; Johansson 2008;
Johansson and Manseau 2012) or the reflection of open wa-
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ter and ice in the fog to help guide you through the ice
(Huntington et al. 2016a). Ultimately, knowing when there
is potential for visibility to be impacted through whiteout con-
ditions (flat light), blowing snow, or fog is of critical impor-
tance, requiring observation of the potential for the con-
fluence of other indicators which cause such conditions
to arise.

3.3.3. Predictive weather indicators

There were also predictive weather indicators identified,
for example cloud formations and the colour and appearance of
the sky. Such indicators have been long used in a predictive
capacity to determine incoming weather. For example, cloud
formation/appearance, including height, form, colour, direction of
movement, and location relative to geographic features are all used
to assess weather conditions (often wind and precipitation)
and determine if it is safe to travel (Ford et al. 2006a; Fox

11
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Fig. 7. Weather indicators identified in publications reporting primary research that includes Inuit Knowledge of weather,
water, ice, and climate related to travel safety and decision making from Alaska, USA; Nunavut, Canada; Inuvialuit Settlement
Region, Canada; Nunatsiavut, Canada; Nunavik, Canada; and Greenland. The total number of publications that described
each indicator are included. Some category headings (e.g., visibility) are also indicators that were identified when limited

descriptions in-text prevented more detailed classification.

Weather

¢ Air temperature (n=60)
¢ Weather predictability (n=35)

¢ Speed and frequency of transition
between conditions (n=16)

* Weather extremes (n=10)
* Precipitation (unspecified) (n=10)

Show

¢ Snowfall amount (n=34)

* Snow depth, accumulation (n=29)
* Snow melt (n=22)

¢ Timing (n=21)

® Snow drifts (n=19)

* Snow consistency/texture (n=18)

Rain

* Rain amount, timing, intensity
(n=26)
* Freezing rain (n=3)

Storms

* Weather patterns (general) (n=8)
* Overcast conditions (n=5)

* Freeze-thaw cycles (n=4)

* Humidity (n=4)

* Sounds (n=2)

¢ Weather in other areas (n=2)

* Frost formation (n=1)

® Sunny conditions (n=1)

snow (n=1)

(n=1)

- Hard or soft packed (n=7)
* Snow cover or extent (n=8)
* Water under snow on ice (n=3)
* Snow colour (n=3)
¢ Sounds from walking or sledding on

* Sediment in snow (n=1)
* Snow absorbing water and freezing

¢ Storm strength, intensity, and
frequency (n=33)

* Blizzard conditions / snow storms
(n=12)

Sky conditions

¢ Cloud formations and appearance
(n=18)

Wind

¢ Strength (n=57)

¢ Seasonality of wind direction
(n=51) (n=12)

¢ Wind predictability (n=14)

* Frequency of wind events (n=10)

¢ Wind temperature (n=6)

¢ Wind chill (n=4)

¢ Duration of wind events (n=4)

¢ Sand and dust storms from extreme

* Fog (n=9)

Visibility
* Whiteout conditions / “flat light”
¢ Blowing snow (n=10)

¢ Visibility (general) (n=9)

* Reflection and glare (n=1)
¢ Clear conditions (n=1)

e Light availability (n=1)

- Big long cloud (n=1)
- Cumulus cloud (n=1)
- Double cirrus clouds (n=1)
¢ Sky conditions (general) n=4)
e Sky colour and appearance (n=2)

winds (n=1)

et al. 2020; Laidler et al. 2011; Panikkar et al. 2018). For ex-
ample, an Iqaluit resident described reading the clouds: “we
have the huge cumulus cloud you know it’s not going to get
that windy or that cold. We get double clouds... say the high
cirrus clouds and the lower ones... we know there’s going
to be a tunnel there... like the wind. There’s one... big long
cloud...we know there’s going to be a down draft so it’s go-
ing to be pretty windy that day or that evening” (quoted in
Penessi et al. 2012, p. 908). In contrast, unfamiliar cloud for-
mations negatively impact people’s ability to predict weather
(Anastario et al. 2021), and traditional prediction practices us-
ing cloud formations are no longer considered to be as ac-
curate or trustworthy (Henshaw 2009; Laidler et al. 2010),
where “clouds in the sky don’t talk to you like they used
to” Allen Niptanatiak, quoted in Prno et al. 2011, p. 9). Cer-
tain sounds were also described as being used to predict and
assess specific weather conditions. For example, the way that
sound travels was described as an indicator of cold tempera-
tures (Rathwell 2020), or the distance that sounds travel indicates
that the weather will become windy (winds allow sound to
travel farther than usual) (Simonee et al. 2021). While these
examples highlight the predictive nature of some weather
indicators, the majority of predictive cross-coding identified
where conditions were no longer predictable, which will be
discussed in more detail in Section 3.6.

12

3.4. Water indicators

Twenty-two water indicators were described as influencing
travel safety (Fig. 8). The top 10 water indicators described
in the highest volume of publications include current strength
(n = 29), wave action (general) (n = 24), ocean temperature (n =
17), freshwater levels (n = 16), current direction (n = 16), currents
under ice (n = 15), tidal range (low-high) (n = 13), tides (general)
(n = 9), tidal strength (n = 8), and bathymetry/depth (n = 7) and
sea levels/coastal water levels (n = 7; the latter two indicators
were tied for 10y, place). Fig. 8 includes an overview of each
water indicator that arose from the scoping review. Water in-
dicators were considered largely in relation to their impacts
on ice conditions/travel over ice, ease of travel/navigability
of routes (both water and ice), and as they are used to sup-
port decision-making while travelling. While water indica-
tors are important on their own to understand, it is their im-
pact on other conditions (particularly ice conditions) that was
described most frequently throughout the included publica-
tions.

3.4.1. Causal water indicators

Some examples of causal water indicators which influence
other indicators or directly create the conditions/phenomena
impacting safe travel include current strength and direction,
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Fig. 8. Water indicators identified in publications reporting primary research that includes Inuit Knowledge of weather, water,
ice, and climate related to travel safety and decision making from Alaska, USA; Nunavut, Canada; Inuvialuit Settlement Region,
Canada; Nunatsiavut, Canada; Nunavik, Canada; and Greenland. The total number of publications that described each indicator
are noted. Some category headings (e.g., tides, wave action) are also indicators that were identified when limited descriptions

in-text prevented more detailed classification.

Ocean

¢ Temperature (n=17)

¢ Bathymetry / depth (n=7)

* Sea level / coastal water levels
(n=7)

¢ Flooding (flood events) (n=6)

¢ Shoals or sandbars (n=5)

¢ Salinity levels (n=4)

* Frequency and severity of storm
surge (n=4)

¢ Water predictability (n=2)

Currents

¢ Strength (n=29)
¢ Direction (n=16)
e Currents under ice (n=15)
¢ Current temperature (n=2)

ocean temperature, and salinity. Current strength and direction
were described largely in relation to open water conditions
within the sea ice, either influencing the size and frequency
of polynyas, leads and cracks in the sea ice (Barber et al. 2012)
sea ice thickness (Kaiser et al. 2019; Laidler and Elee 2008)
as well as the nature and speed of landfast ice formation,
melt and breakup (Druckenmiller et al. 2010, 2013; Ford et
al. 2013). Only two publications described the impacts of cur-
rents on safety and decision making when travelling by boat
(Bishop et al. 2021; Buijs 2010). In contrast, most publications
referenced current strength and direction in terms of impacts to
sea ice conditions, making evident that currents are closely
observed to understand and assess sea ice safety. For exam-
ple, Inuit hunters in Barrow Alaska describe that “in mid-to-
late May, there is a shift in the major current direction to that
from the southwest (qaisagnaq) and also an increase in current
speed. Qaisagnaq is known to bring warm water that acceler-
ates the melt and break-up of shorefast ice” (Huntington et al.
2010, p. 206). Salinity levels were described in terms of impact
to ice conditions, including the rates of freeze up and melt
(Johansson 2008; Tremblay et al. 2006). Ocean temperature was
another indicator described in terms of its impact on other
important conditions, for example through influencing the
timing and rate of sea ice freezing (Rathwell 2020), melting
(Derry 2011; Druckenmiller et al. 2010) or thinning (Mahoney
et al. 2009; Segal et al. 2021). Ocean temperature also influ-
ences the timing and quality of various species (Anastario
et al. 2021; Brewster et al. 2016; Buijs 2010), which in turn
impacts when and where Inuit will travel to hunt and har-
vest, the risks they may be exposed to, and the level of risk
tolerance they may have (Ford et al. 2008). Each of these ex-
amples impacts the ability for Inuit to travel over the sea ice
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Tides

¢ Tidal range (low-high) (n=13)

¢ Tides (general) (n=9)

¢ Strength (n=8)

¢ Timing (n=2)

¢ Direction of seaweed movement
(n=2)

Wave action

* Wave action (general) (n=24)
* Calm surface conditions (n=1)

Freshwater

* Freshwater levels (n=16)
* Waterbody channel and bed
characteristics (n=5)

* River flow rates (n=4)

(e.g., timing, thickness), the features they might encounter
and thus need to adapt to (e.g., polynyas, leads, cracks), as
well as the reason for travelling (e.g., hunting, harvesting of
specific species at a specific time and place).

3.4.2. Conditional water indicators

Examples of water indicators that result from the conflu-
ence of other conditions include currents under the ice and
flooding, both of which lead to conditions that can impact
travel safety and decision making. For example, In Igloolik,
multi-year ice freezing into the landfast ice “contributed to
enhanced travel danger through the winter by strengthen-
ing currents under the ice (due to the underwater topography
of the [multi-year ice| funnelling and strengthening the wa-
ter flow underneath) [emphasis added]” (Laidler et al. 2009,
p- 381). Impacts from currents under the ice emerge from a
specific current strength and direction interacting with the
bathymetry and the underwater ice surface (including ice
that is anchored/grounded). These conditions can cause cur-
rents under the ice to thin sea ice from below (Ford et al.
2013; Johansson 2008; Laidler et al. 2008; Laidler and Elee
2008) or maintain open water areas or areas of thin ice year
round (Laidler et al. 2009; Wilson et al. 2021b). This exam-
ple positions currents under the ice as both conditional (emerg-
ing from current speed/direction, bathymetry, and under ice
surfaces) as well as causal (causing the ice to thin from be-
low). Flooding is another example of a conditional water in-
dicator, and it was described as occurring both on the land
and on the ice. On-ice flooding results from strong winds
over open water offshore forcing water up over the ice. Dan-
gerous travel conditions emerge when on-ice flooding coin-
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cides with thin, weakly anchored ice soon after freeze up and
cold temperatures (Carmack and Macdonald 2008). Flooding
on the land was associated with the timing of spring melt
and fast-moving river waters, as well as storm surge resulting
from high winds and water levels impacting people’s abil-
ity to access traditional on-the-land camps (Fienup-Riordan
1999; Henri et al. 2020; Pearce et al. 2010; Worden et al.
2020).

3.4.3. Predictive water indicators

While fewer studies reported on predictive water indica-
tors, salinity (seal buoyancy) and seaweed movement (current direc-
tion) were described as predictive. How deep a seal floats in
the water column after a hunter has shot it (it’s buoyancy)
was described as a predictive indicator of ocean salinity levels.
For example, it is important for hunters to “know when seals
float (winter and early spring when water salinity is higher
and blubber is thicker)” (Gadamus and Raymond-Yakoubian
2015, p. 92). In Sachs Harbour, Riedlinger and Berkes (2001)
described hunter observations that seals were sinking deeper
in the water during late winter/spring at the floe edge, which
hunters attributed to a lowered fat content and/or lower salin-
ity levels due to melting sea ice. Observations of seals sink-
ing deeper or faster during certain times of the year were
linked to assessments of changing (reduced) salinity levels and
a thicker layer of low-salinity surface water (Johansson 2008;
Riedlinger and Berkes 2001). This example highlights how
Inuit Knowledge of WWIC is contextualized by the reason why
people travel, in this case for hunting and harvesting, where
travel safety is bound up in how easy it is to retrieve a seal.
Seaweed movement was also described as an important indica-
tor of tidal direction, which is relevant to know for navigation,
especially during fog (Aporta and Higgs 2005). Additionally,
seaweed was described as being studied to assess “whether
winter will be bad with less animals or good with lots of an-
imals” (Anastario et al. 2021, p. 58). While how was not ex-
plicitly explained by the authors, this highlights the predic-
tive nature of relationships amongst various indicators that
extend beyond WWIC conditions to encompass hunting and
harvesting contexts that occur within the larger climate sys-
tem.

3.5. Ice indicators

Ninety unique ice indicators were described in relation to
travel safety and decision making and/or assessment of en-
vironmental change (Fig. 9). The top 10 ice indicators de-
scribed in the highest volume of publications include landfast
ice strength and stability (general) (n = 89), ice thickness (n = 80),
ice break-up (n = 69), ice freeze-up (n = 62), ice melt (n = 40), ice
amount, timing, duration, and distribution (general) (n = 38), ice tex-
ture and consistency (n = 35), open water (n = 33), floe edge location
and extent (n = 32), and cracks (n = 31). Fig. 9 presents the total
number of publications that described each ice indicator that
arose from the scoping review. Ice indicators were grouped
according to how various properties of the ice are observed
and experienced. While useful to categorize and present the
results of our review, this grouping does not equate a hard
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distinction between ice indicators allocated to each category.
For example, there is a high degree of cross over between ice
age and landfast ice strength and stability, where the presence
of thick multi-year ice floes can help hold the younger landfast
ice cover in place, indicating increased ice strength and stabil-
ity overall (Druckenmiller et al. 2009; Huntington et al. 2017;
Huntington et al. 2016a).

3.5.1. Causal ice indicators

Ice indicators are more aligned with conditional and pre-
dictive indicators rather than causal, in part due to the sea-
sonal nature of sea ice environments and the nature of con-
ditions that enable sea ice formation and decay. However,
certain indicators can still be considered causal (influencing
other indicators or directly creating conditions that impact
safe travel), such as ice age. Specifically, multi-year ice was cross-
coded to 40 other indicators, with many of the descriptions
depicting the influential relationship that multi-year ice has
on other conditions. For example, travelling over new ice re-
quires a different approach than crossing multi-year ice due
to differences in thickness, strength and stability, ease of travel
related to surface conditions, and overall safety (Aporta 2004;
Druckenmiller et al. 2013; Eicken et al. 2014). Inuit in Sachs
Harbour, Nunavut described that if there is less multi-year ice
during freeze-up in the fall, they must travel over first year
ice all winter, which is less safe (Berkes and Jolly 2001). In
Utqiagvik (Barrow), Alaska, multi-year ice is favoured for its
strength, as well as a source of drinking water, while hunters
also acknowledge that large pans of salt-free multi-year ice
can also be more brittle and vulnerable to shattering due to
stresses (Druckenmiller et al. 2010). The presence of multi-
year ice frozen into landfast ice was described as determin-
ing the position of the floe edge, as well as anchoring and pro-
tecting it from break-off events (Druckenmiller et al. 2009;
Huntington et al. 2016a; Laidler et al. 2009, 2010) and cre-
ating rougher ice conditions (Laidler and Ikummaq 2008). Re-
duced multi-year ice (replaced by thinner annual ice) was noted
as an indicator of ongoing environmental change (Inuit Cir-
cumpolar Council-Canada 2014; Nichols et al. 2004; Rode et
al. 2021). More drifting multi-year ice was noted as hampering
boat travel, while less multi-year ice was also described nega-
tively impacting boat travel through increased wave height
and propagation (Laidler et al. 2010; Laidler and Elee 2008).
Less multi-year ice was also associated with warmer water and
air temperatures (Laidler et al. 2010; Nichols et al. 2004) and
impacting the timing and speed of freeze-up (Huntington et
al. 2017).

3.5.2. Conditional ice indicators

Slush ice and ice texture are examples of conditional indica-
tors, as they result from the confluence of other conditions.
Slush ice was described as forming through shear or thermo-
dynamic processes and can be found at the floe edge or any-
where within the landfast ice. Slush ice was described in rela-
tion to 22 other indicators, often depicting a conditional re-
lationship. It poses particular risk as it can freeze in place as
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Fig. 9. Ice indicators identified in publications reporting primary research that includes Inuit Knowledge of weather, water,
ice, and climate related to travel safety and decision making from Alaska, USA; Nunavut, Canada; Inuvialuit Settlement Region,
Canada; Nunatsiavut, Canada; Nunavik, Canada; and Greenland. The total number of publications that described each indicator
are noted. Some category headings (e.g., amount, timing, distribution; landfast ice strength and stability) are also indicators
that were identified when limited descriptions in-text prevented more detailed classification.

Surface conditions

¢ Texture and consistency (n=35)
- Rough or flat/smooth (n=27)
- Brittle or flexible (n=8)
- Soft or hard (n=7)
- Compact/dense or less
compact/dense (n=2)
- Sticky (n=1)
* Snow on ice (n=24)
¢ Colour (n=15)
 Slush ice (shear formation) (n=5)
* Slush ice (thermodynamic) (n=6)
* Location of recurrent features and
structures (n=4)
* Moisture, condensation insulating
ice (n=2)
* Rafted ice (n=1)

* Floe Edge

events (n=29)

edge (n=2)

* Cracks (n=31)

* Leads (n=29)

(n=1)
* Polynyas (n=10)

Ice internal properties

Openings and edges

* Open Water (n=33)

- Floe edge location, extent (n=32) (n=2)
- Erosion or break-off/break-out

- Floe edge condition (n=8)

- Dynamic conditions (general) (n=5)
- Floes separating from floe

- Shear zone with landfastice (n=1)
- Caverns between cracks (n=1)

- Previously refrozen cracks melting (n=6)

to open water (n=1)

- broken ice throwing-up into leads

* Holes in the ice (n=4)

Amount, timing, distribution

¢ Ice - freeze up (n=62)
- Tear-like streaks on surface of sea

- Frost flowers (n=2)
- Earlyice (n=1)
- Ice freezes foamy (n=1)
¢ Break-up (n=59)
- Earlyice clearing (n=1)
- Lateice (n=1)
¢ Ice melt (n=40)
- Water on ice/melt ponds (n=15)
- Water drainage through ice

- Ice melting from below, under ice
surface erosion (n=10)
* Amount, timing, and distribution
(general) (n=38)
* |ce predictability (n=15)
* Extreme ice years (n=1)

 Salt content (n=6)

* Rotten ice (n=4)
- Candleice (n=1)
¢ Layers (n=3)
* Temperature (n=1)
¢ Sedimentinice (n=1)

* Youngice (n=8)

water (n=8)

Landfast ice strength and stability

¢ Points of attachment or fusion (n=5) Age
* Multiyear ice (n=20)
* Newly formed along solid ice-open

* Firstyearice (n=7)
* Age (general) (n=5)

Under ice conditions and
characteristics

* Ice accumulation under ice from
currents (n=1)

 Air pockets under the ice (n=1)

* Underwater ice topography (n=1)

* Rocks underice (n=1)

* Algae under ice (n=1)

* Landfast ice strength and stability
(general) (n=89)

* Thickness (n=80)

* Ice ridges (n=23)

* Location of anchoring, grounding
features (n=12)

* Pile formation and location (n=6)

* Ice bridge (n=1) * Thickness (n=2)

* Freeze up (n=1)
* Open leads (n=1)

Freshwater ice

¢ Break-up, melt (n=12)
- Slush on freshwater ice (n=2)
- River explosions (n=2)
* Splinter ice, crystals, icicles (n=2)

Sensory indicators of ice
conditions

¢ Sounds (n=6)
- Grinding (n=2)
* |ce quality (n=6)
* Steam, vapour, fog (n=3)
¢ Water sky - dark band along horizon

Floatingice

indicating open water (n=3)

* Movement - drift patterns (n=26)

* Packice (n=16)
- Drift or floating ice (n=15)
- Concentration and location (n=12)
- Floe or pan size (n=6)

* |cebergs (n=10)

* Floe size and concentration (n=3)

¢ [cy shores (n=3)

or cliff edge (n=1)

Shoreline conditions and
characteristics

¢ |ce shoves/push events (n=3)

* Beached ice (n=2)
* |ce pile platform formed along shore

* |ce lifted by wave motion (n=2)

* Seals popping up but not resting on
ice (n=1)

the ice develops, but rapidly loses its integrity during spring
when it warms and currents erode it from underneath, de-
spite still appearing stable at the surface (Druckenmiller et
al. 20102013; Laidler et al. 2009; Laidler and Ikummagq 2008).
It is not a consistent feature of the ice, but one that varies
season to season depending on other factors that lead to its
formation and freezing in place. Ice texture is another condi-
tional indicator described in relation to 82 other indicators.
Ice texture is subject to a variety of different processes to de-
termine the specific texture and the degree of impact that it
has on travel safety and decision making. For example, rough
ice (described in relation to 60 other indicators) is associated
with certain anchoring features such as a build-up of grounded
ridges that can indicate safe travel relative to smooth, darker ice
(Aporta 2002), while rough ice can also pose a challenge to the
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ease of travel by snow machine, requiring detours (Aporta
2004). Warmer temperatures and wind impact how the ice
forms, causing some areas to have more rough ice (caused by
freezing, breaking up, and re-freezing) which can make ar-
eas dangerous or even impassable requiring people to change
their travel routes or abandon travel entirely (Barber et al.
2012; Cunsolo Willox 2012; Dawson et al. 2020; Durkalec et
al. 2015; Henshaw 2009). A thicker layer of snow (snow on ice)
can act as a sort of padding to buffer the impacts of rough ice
and make travel more passable (Huntington et al. 2016a), but
snow freezing under the influence of winds can also form a
rough surface (Bell et al. 2014). These examples offer a win-
dow into the in-depth contextualized understanding of con-
ditional sea ice relationships that Inuit assess while travelling
on the ice.
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3.5.3. Predictive ice indicators

A variety of indicators categorized as landfast ice strength and
stability and ice surface conditions (among others) are used to
predict ice conditions. Predictive indicators can require sen-
sory engagement with the landscape, including assessing cer-
tain sounds and looking for a “water sky” or dark band on the
horizon. Sounds (cross-coded to 12 indicators) are used to pre-
dict a variety of conditions such as break-off events, the lo-
cation of seal dens, the potential for ice pile up events, or
the opening of cracks by the tides and winds (Aporta 2002;
Furgal et al. 2002; Laidler et al. 2009). In Alaska, break-up
was described as having been very loud in the past (Herman-
Mercer et al. 2011), whereas the absence of sound (or a quiet
break-up process, which is becoming more common) is “dis-
concerting to hunters since they often rely on sounds to warn
of potentially threating conditions, such as cracking and ridg-
ing” (Druckenmiller et al. 2010, p. 214). A “water sky” or a dark
band along the horizon reflecting open water in the sky (cross-coded
to eight other indicators) is used to identify where the open
water is. If the water sky is well defined, the open water is
closer, while if it is barely visible, open water is further away
(Aporta 2002). If it begins to disappear, the pack ice is ap-
proaching which can present a threat to those at the floe edge
(Druckenmiller et al. 2010). This reflection is also important
under foggy conditions, as it can guide hunters through the
ice when they cannot see ahead (Huntington et al. 2016a).

3.6. Challenges to predicting WWIC conditions

Predictive indicators were described throughout the liter-
ature, and examples were included in the previous sections
detailing WWIC indicators. However, challenges to predict-
ing WWIC were described across many publications, particu-
larly where expected “normal” patterns and conditions were
changing. The shifting relationship amongst different indica-
tors is creating increased challenges where traditional modes
of prediction are becoming less trustworthy and previously
expected relationships are no longer holding true. For ex-
ample, snow drifts have long been used as a navigational aid,
with their shape and orientation marking the prevailing wind
direction (Aporta 2002; Clark et al. 2016; Laidler et al. 2010;
Nichols et al. 2004). Six publications described knowledge
from Pangnirtung, Igloolik, Clyde River, Cambridge Bay, and
Kugluktuk, (all in Nunavut) where Inuit have noticed a re-
duced prevalence of prevailing winds and increased unpre-
dictability in wind direction shifts (Ford et al. 2006b; Gearheard
et al. 2010; Laidler et al. 2010; Panikkar et al. 2018; Prno
et al. 2011). This can change the shape and orientation of
snow drifts (e.g., no longer formed relative to “typical” pre-
vailing winds). The change in snow drift shape/orientation
(relative to the seasonal prevailing wind direction) must be
recognized in order for snow drifts to continue to be used
for navigation (Laidler et al. 2010). Shifting predictability
in wind direction and wind strength has further implications
for ice conditions at the floe edge, an important hunting
destination.

Difficulties in travelling, safety issues, and accidents are as-
sociated with increasingly unpredictable WWIC conditions
(Buijs 2010; Bunce et al. 2016; Christie et al. 2018). Commu-
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nity members from Nunatsiavut noted that “you really don’t
know what is safe and what isn’t out there [anymore]” and
consequently “the ice is not predictable, it is not stable, peo-
ple don’t trust it” (as cited in Harper et al. 2015). Predict-
ing WWIC conditions is essential for safe travel and support-
ing people’s ability to anticipate and respond to dangers, op-
portunities, and changes while out on the land (Ford et al.
2010). Coding for our review revealed no distinct “climate”
indicator category. Yet, indicators associated with changing
predictability have the potential to convey where impacts of
climate change are being noticed, and weather, water, and
ice indicators cross-coded with changes in predictability have
been included in Fig. 10. Given the challenges to prediction
that are being experienced by Inuit across Canada, Alaska,
and Greenland, there is increased importance in being able
to access reliable and relevant WWIC information services
to support travel safety and decision making (Simonee et al.
2021; Wilson et al. 2021a, 2021b).

4. Discussion

4.1. Distribution of WWIC research intensity
Inuit Knowledge, as recorded and presented in the pub-
lications reviewed, emerges from research that was based
in 85 communities throughout Inuit Nunaat. This involves
knowledge of place- and context-specific indicators that hold
value at certain spatial and temporal scales of mobility on
the land, as conveyed by participants in the related research
projects. Our research reveals an uneven distribution of re-
search intensity and related volume of publications report-
ing Inuit Knowledge of WWIC, with some communities and
regions being disproportionately represented in the breadth
of indicators presented in our review (Figs. 3—4). For exam-
ple, 54% of all publications reviewed were associated with
Nunavut, while Alaska was associated with 25%, and other
Inuit regions were associated with between 7% and 11% of
the reviewed publications. Inuit Knowledge from Igloolik,
Nunavut and Utqgiagvik (Barrow), Alaska was reported in 15
and 13 publications respectively, all other communities were
associated with < 9 publications (and the majority being rep-
resented in < 6). There were limited publications stemming
from Greenland and Nunavik, and less than 40% of WWIC in-
dicators identified were associated with Greenland, Nunavik,
and Nunatsiavut. While some research limitations listed in
Section 2.4 may have impacted these numbers, a clear dis-
crepancy remains. The implication of the uneven geographic
variation in publications is that what we presented does not
represent the full scope and context of WWIC indicators used
in different Inuit regions and communities. The reported in-
dicators likely reflect WWIC conditions experienced in re-
gions/communities with a higher volume of associated publi-
cations. For example, out of all weather, water, and ice indi-
cators identified in the publications we reviewed, 84% of ice,
86% of water, and 96% of weather indicators were described
by Inuit in Nunavut. In contrast, 24% of ice, 36% of water, and
35% of weather indicators were described by Inuit in Green-
land. This could imply that the indicators presented here bias
towards those that are most relevant for Inuit in Nunavut.
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Fig. 10. Weather, water and ice indicators cross-coded with changes in predictability. The indicators were identified in publications
reporting primary research that includes Inuit Knowledge of weather, water, ice, and climate related to travel safety and
decision making from Alaska, USA; Nunavut, Canada; Inuvialuit Settlement Region, Canada; Nunatsiavut, Canada; Nunavik,

Canada; and Greenland.

Weather

¢ Rainfall amount, timing, intensity

* Snowfall amount

* Snow melt

e Storm strength, intensity, frequency,
timing

* Blowing snow

¢ Whiteout conditions —flat light

¢ Air temperature

* Overcast conditions

* Weather patterns (general)

¢ Weather predictability

¢ Frequency of wind events

* Seasonality of wind direction

¢ Wind predictability

* Wind strength

Water

e Water predictability

However, it is important to note that any communities not
identified or regions and communities that were under-
represented in our review may still use the extent of WWIC
indicators in the results. As such, the WWIC indicators pre-
sented here cannot be considered comprehensive, but they
can provide a broad baseline around which future research,
monitoring, and/or forecasting can be developed. Such ini-
tiatives could aim to work with communities not identified
through our review, or communities and regions that are
under-represented (Petzold et al. 2020). Assessing the rele-
vance of the WWIC indicators amongst Inuit communities
and regions would help develop a more inclusive understand-
ing of indicator use across Inuit Nunaat. Ultimately, it is es-
sential to account for community-to-community and region-
to-region differences as well as commonalities to achieve a
more comprehensive understanding of regional dynamics
and indicator relevance.

4.2. Interconnected assessments of WWIC
Weather, water, and ice conditions are time- and place- spe-
cific. The ice and water indicators identified through our re-
view (Figs. 8-9) largely reflect the conditions of a platform
upon which Inuit travel—one that connects people, animals,
land, and sea (Aporta et al. 2018). Weather, in contrast, cre-
ates the conditions through which Inuit can or will travel,
which in-turn influences the perceived quality of ice and wa-
ter as a platform for travel (i.e., the conditions that may be
encountered). Changes in weather, water, and ice are expe-
rienced first-hand and closely observed through day-to-day
activities. In contrast, climate change has been framed as a
more abstracted scientific concept (Ingold and Kurtilla 2000;
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Ice

® Ice amount, timing, duration,
distribution

* Break-up

* Ice melt

* Ice movement, drift patterns
* Freshwater ice melt and break-up
¢ |ce predictability

¢ |ce strength and stability

e Ice ridges

¢ Ice thickness

¢ Cracks

* Leads

* Ice colour

Riedlinger and Berkes 2001). This abstraction could be linked
to why a distinct “climate” indicator category was not identi-
fied. However, descriptions of predictive indicators and those
associated with changing (reduced) predictability can convey
where climate change impacts are being noticed more fre-
quently. Relationships among weather, water, and ice indi-
cators that once held true (trends over time) are no longer as
predictable as they once were (indicative of changes to trends
over time). These have the potential to be constructed as cli-
mate indicators. However, future research is warranted to
explore this conceptualization further in collaboration with
Inuit communities.

The importance of the WWIC indicators presented here
is grounded in how Inuit perceive and understand their re-
lationships with other conditions, which collectively influ-
ence travel safety and decision-making. Inuit Knowledge is
the culmination of many generations of experiences within
the Arctic climate system (Itchuaqgiyaq 2023). While individ-
ual “components” of the climate system have direct impacts
on travel safety, the ability to make decisions and understand
the environment is predicated on understanding and assess-
ing the system as whole. Cross-coding of indicators revealed
an inherent relationality in how Inuit Knowledge of WWIC
involves an integrated assessment of various conditions that
influence specific indicators in causal, conditional, or predic-
tive ways. Notably, these categories are not mutually exclu-
sive, rather the nature of the relationship being described al-
lows for causal, conditional, and/or predictive framing. For
example, the season and the air temperature associated with
rainfall amount, timing, and intensity can determine whether
hazardous conditions will develop (conditional), while in-
creased rainfall in the winter can lead to increased snowmelt,
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slush formation, and unstable ice conditions (causal, predic-
tive).

For Inuit to understand WWIC conditions (and impacts to
travel safety), it is not individual indicators alone but the in-
terconnected relationships between elements of the climate
system that must be interpreted (Nichols et al. 2004). This
highlights the unique approach of collecting and passing on
information as highly meaningful “environmental packages”,
where the more relationships Inuit know, the more precise
their observations and predictions can be (Oozeva et al. 2004).
For example, rather than looking at ice strength and stability
alone, Inuit are also assessing how conditions such as current
speed and wind direction influence ice thickness, which is
then contextualized further by the reason why Inuit are trav-
elling in the first place (e.g., hunting on ice or by boat). These
relationships are nuanced, context-based, and reflective of
Inuit ways of knowing-being-doing-accounting relationally
(McGrath 2018) which are deeply entrenched in processes of
perceptually engaging with the environment (Ingold 2011).
Such a perspective allows for in depth familiarity with WWIC
situated according to—and contextualized by—the temporal
and spatial scales of Inuit mobility on the land.

The relationships amongst WWIC indicators have been
shifting, making traditional modes of prediction more diffi-
cult for Inuit to trust in the same way as in the past. Given
this, Inuit are increasingly relying on information services
to assess environmental conditions that might be encoun-
tered when travelling. This reliance is not replacing Inuit
Knowledge, as information services can have limited value
in certain contexts. Rather, information services are being
evaluated and applied in conjunction with Inuit Knowledge
(Hauser et al. 2023; Simonee et al. 2021; Wilson et al. 2021a).
This dynamic mirrors efforts of other Indigenous groups glob-
ally (Balehegn et al. 2019; Chambers et al. 2019; Green et al.
2010; Masinde and Bagula 2011), where novel approaches to
co-producing weather and climate information services are
also being advanced with and for Indigenous communities
(Barihaihi and Mwanzia 2017; Nyzadi et al. 2022; Plotz et al.
2017.

4.3. Gaps and insights for future research,

monitoring, and forecasting

Monitoring and forecasting programs that provide infor-
mation services use various environmental variables to cre-
ate products and services that provide long- or short-range
forecasts at local and regional scales. These forecasts rely on
various data sources including conventional in-situ stations
and satellite observing systems to produce predictive system
models. Effective monitoring and forecasting in Inuit Nunaat
are challenged by biases in in-situ station coverage, with the
Arctic having notably sparse coverage when compared to
more temperate latitudes (Cowtan and Way 2014; Johnson et
al. 2015; Simonee et al. 2021). As such, the spatial and tem-
poral coverage of many long-term assessment programs and
long- and shortrange forecasting products and services do
not always correspond with WWIC conditions that impact
Inuit living in coastal communities throughout Inuit Nunaat
(Eicken et al. 2021; Fox et al. 2020; Stewart et al. 2020). Be-
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cause of this, they may not capture where Inuit travel, phe-
nomena of importance to Inuit, or Inuit approaches to ob-
serving the environment (Gearheard et al. 2010; Huntington
et al. 2004).

Weather stations, if present, are typically located at com-
munity airports, whereas Inuit travel outside of their com-
munities and can encounter conditions that do not corre-
spond with weather station observations (Gearheard et al.
2010; Ljubibic and Carter 2022). Arctic coverage can also be
entirely absent from critical information services. For exam-
ple, the Canadian weather radar network has stations lo-
cated exclusively in southern Canada, providing radar cover-
age only surrounding the locations of those stations (Voosen
2023). Some weather services provide hours-old or days-old
information, while real-time information is critical for short-
term planning and in the case of an emergency (Simonee
et al. 2021). Similarly, certain information services are not
available during the seasons that are most relevant for Inuit
communities. For example, marine forecasts are only avail-
able during the marine shipping season, but that information
would be very useful for communities year-round (Ljubicic
and Carter 2022). Inadequate temporal and spatial coverage
can be incredibly dangerous for people travelling on the land,
where forecast accuracy can mean the difference between life
and death (Way 2023, as cited in Sanders 2023). The focus
of environmental monitoring and forecasting programs may
not be representative of how Inuit observe and experience
their local environments (Gearheard et al. 2010; Huntington
et al. 2004). For example, while wind speed and direction
may be monitored, the potential for blowing snow, or other
indicators that can conditionally emerge might be more
important for Inuit when making decisions related to safe
travel.

The mandate driving the provision of information services
may also misalign with Inuit uses of the environment. For
example, while sea ice and the ocean act as a platform (or
highway) for Inuit to access subsistence resources, sea ice
information services provided by organizations such as the
Canadian Ice Service (CIS) have been developed to meet their
federal mandate to support safe shipping in Arctic waters by
avoiding hazardous ice (Government of Canada 2022). Inuit
have identified that sea ice charts are often inaccurate to lo-
cal conditions, linked to the coarser spatial scale and an inad-
equate representation of ice thickness (concentration) or sur-
face conditions (Ljubicic and Carter 2022; Segal et al. 2021;
Wilson et al. 2021a). The conceptual tensions arising from
how information services are designed and delivered can am-
plify the inaccessibility and inaccuracy of information ser-
vices used by Inuit throughout Inuit Nunaat. It is essential
to understand Inuit perspectives on the relevant indicators,
appropriate temporal and spatial scales, and uses for WWIC
information to effectively tailor information services to meet
the needs of Inuit communities.

Despite the challenges identified above, WWIC informa-
tion still plays an important role to support northern travel
safety and decision making. Federal, open source, and indus-
try provided online environmental services are just some,
among many, tools that Inuit use to make decisions about
when and where it is safe to travel (Laidler et al. 2011;
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Table 2. Top 10 weather, water, and ice indicators identified in the highest volume of publications as being used by Inuit in
Canada, Alaska, and Greenland to support travel safety and decision making.

Weather indicators Water indicators Ice indicators

air temperature (n = 60) current strength (n = 29) landfast ice strength and stability (general) (n = 89)
seasonality of wind direction (n = 51) wave action (general) (n = 24) ice thickness (n = 80)

wind strength (n = 51) ocean temperature (n = 17) ice break-up (n = 69)

weather predictability (n = 35) freshwater levels (n = 16) ice freeze-up (n = 62)

snowfall amount (n = 34) current direction (n = 16) ice melt (n = 40)

storm strength, intensity, and frequency currents under ice (n=15) ice amount, timing, duration, and distribution

(n = 33) (general) (n = 38)

snow depth/accumulation (n = 29) tidal range (low-high) (n = 13) ice texture and consistency (n = 35)

rain amount, timing, and intensity (n = 26)  tides (general) (n = 9)
snow timing (n = 21) tidal strength (n = 8)

open water (n = 33)
floe edge location and extent (n = 32)

snow melt (n = 21) bathymetry/depth (n = 7) and sea cracks (n = 31)
levels/coastal water levels (n = 7)

Note: The total number of publications that described each indicator are noted. These indicators are common across most regions and are already included (or could
readily be included) in established monitoring programs to improve the relevance of information services accessed and used in Inuit communities throughout Inuit

Nunaat.

Simonee et al. 2021; Wilson et al. 2021b). Currently, Inuit ac-
cess these services through a range of apps and websites to
use for their own purposes, while some Inuit experts skill-
fully translate relevant information into a local context to
share over local radio or social media (Carter et al. 2023;
Panikkar et al. 2018; Schigtt et al. 2022; Simonee et al. 2021).
Inuit Knowledge is essential to interpret this information, fill-
ing critical spatial and temporal gaps related to safety during
sea ice travel (Laidler et al. 2011; Oozeva et al. 2004; Simonee
et al. 2021; Wilson et al. 2021a). While WWIC information
products and services may be increasingly used due to unpre-
dictable weather and more time constraints on land travel,
Inuit Knowledge is the “framework” through which informa-
tion services are interpreted (Oozeva et al. 2004; Pennesi et al.
2012).

Given the holistic Inuit approach to understanding and
assessing the environment, some environmental indicators
used by Inuit may not be suited to systematic uptake and
use in Western applications. This might include certain pre-
dictive indicators that involve sensory engagement with the
landscape, or conditional indicators that emerge from the
confluence of other conditions which could be time and
place specific. However, the results of our review outline the
breadth of WWIC indicators used by Inuit to assess travel
safety in Inuit Nunaat, giving researchers and information
service providers the opportunity to learn from these in-
dicators and the relationality amongst them. Table 2 de-
tails the top 10 weather, water, and ice indicators identi-
fied in the highest volume of publications. These indicators
appear to be common across most regions, are critical to
safe travel, and are already included (or could readily be in-
cluded) in established monitoring programs to improve the
relevance of information services accessed and used in Inuit
communities.

Practitioners can use our review to assess key indicators ac-
cording to ease of prediction and degree of consistency across
regions, which can help target the development of locally
relevant research and information services. It will be critical
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to collaborate with communities to develop these programs.
The results presented here come from various research con-
texts and can provide a starting off point for future collab-
orations aimed at increasing the accessibility of WWIC in-
formation services. This should include assessing the rele-
vance and application of WWIC indicators through engage-
ment with individual communities to better understand the
extent of mobility on the land, indicator use/application, and
what information is needed to support travel safety. The spa-
tialftemporal application of indicators must also be assessed
against currently available coverage, including those that
are multi-scalar (e.g., wind) versus those that are location-
specific (e.g., recurrent ice features such as polynyas or
cracks).

Differing cultural perceptions of indicators must be ad-
dressed to effectively co-produce WWIC services. For exam-
ple, Inuit notions of WWIC are not exclusively external en-
vironmental variables such as those favoured in Western en-
vironmental monitoring and forecasting. This difference in
perception is exemplified by the Inuktitut term sila, which
is commonly translated to “weather” in Western research.
For Inuit, sila also embodies a permeating cultural and spir-
itual lifeforce which contextualizes human relations within
broader ecological processes, including the weather (Leduc
2007). Reaching this level of understanding requires inten-
tional engagement and conscious contextualization of Inuit
Knowledge and experiences (Itchuaqiyaq 2023). Our review
made evident the depth and specificity of Inuit terminol-
ogy used to describe various WWIC conditions and processes.
Accordingly, our results highlight the value of researchers
and information service providers dedicating adequate time
to learning—and translating—Ilocal terminology and associ-
ated conceptual meanings (whether in an Inuit language, En-
glish, or otherwise). This is critical for effective communica-
tion, and importantly, to avoid misunderstandings or misin-
terpretation. Doing so can help communicate the meaning
of WWIC indicators that are used within and across various
communities in Inuit Nunaat, and better asses their suitabil-
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ity for potential up-take into WWIC research, monitoring,
and forecasting initiatives.

Inuit travel to hunt, harvest, visit other communities, ac-
cess resources and connect with ancestral homelands, all
of which is important to situate and contextualize the 163
unique indicators that arose from this scoping review (Aporta
2009; Cunsolo Willox et al. 2013; Davis et al. 2022). WWIC
conditions are experienced in conjunction with ecological,
social, cultural, political, and economic factors which collec-
tively influence safe travel and access to the land (Moerlein
and Carothers 2012). For example, weather, water, and ice
conditions can influence the availability and distribution of
wildlife and the ability for Inuit to safely access hunting and
harvesting areas (Brinkman et al. 2016). However, the deci-
sion to travel may also be influenced by other socio-economic
factors such as food security, the financial cost of a hunt-
ing trip, or the ability to take time off from work. In focus-
ing on WWIC indicators, our review contributes to one as-
pect of this broader assessment. Thus, future research could
consider WWIC indicators and their capacity to influence
decision making in relation to other social, cultural, politi-
cal, and economic considerations which impact access and
safety.

While indicators can serve as a jumping off point in de-
veloping locally relevant research and information services,
there are extensive co-production efforts that researchers and
practitioners working in Inuit Nunaat can learn from to gen-
erate more accessible and usable information services. Mov-
ing beyond isolated WWIC indicators to address relational
and socio-ecological underpinnings of observing the environ-
ment, Fox et al. (2020) discuss the value of human-relevant
environmental variables (HREVs). HREVs are complex synthe-
sis variables that are used in conjunction with social factors
to inform safe travel (Fox et al. 2020). Such an approach may
help better translate the critical relationships that Inuit ob-
serve amongst various indicators, and the broader social, cul-
tural, and economic determinants influencing travel safety. If
co-developed, HREVs could become the focus of monitoring,
forecasting, and prediction programs, or they may be used to
help translate existing products and services to better com-
municate them in locally relevant terms. It is important to
consider how WWIC indicators might be monitored relation-
ally, where causal, conditional, or predictive indicator rela-
tionships are accounted for.

Pennesi et al. (2012) suggest establishing community-based
weather hazard impact advisory groups as a format to bring
together local and scientific weather knowledge and make in-
formation more accessible to communities. Creating such a
group can help Western scientists connect directly with com-
munity members to understand how the information they
produce is used, and how it may be better tailored to ac-
count for local experiences of travel hazards. Ultimately, this
can support developing information services that combine
Indigenous and Western forecasting, for example through
a consensus approach or integrated probability forecasting
(Nyzadi et al. 2022; Plotz et al. 2017). Co-producing informa-
tion services in this way can increase local accessibility, rele-
vance, and usefulness for Indigenous communities involved
(Nyzadi et al. 2022).

20

5. Conclusions

For future research involving Inuit, or for monitoring
and forecasting programs seeking community input or co-
production of information services, it is important to under-
stand the place- and context-specificity of Inuit Knowledge. It
is also crucial to ensure adequate engagement with, and rep-
resentation of communities (i.e., information users) in WWIC
research and information service development/provision. Un-
derstanding Inuit experiences of their environment will be
an important step to ensure future research, monitoring,
and forecasting programs are locally-relevant and applica-
ble to support the needs of communities throughout Inuit
Nunaat. The breadth of indicators identified in this scoping
review demonstrates the diversity of ways in which Inuit as-
sess WWIC conditions to inform safe travel, including causal,
conditional, and predictive uses of environmental indicators.
Not all indicators used by Inuit are appropriate or even pos-
sible to apply in Western scientific research contexts. How-
ever, researchers and information service providers can draw
on the breadth of indicators presented in our review, and
especially those identified most frequently, to (re)evaluate
or develop new approaches to working with communities
to facilitate program development. Furthermore, a spatial-
temporal analysis of indicator use/application could help sit-
uate and identify gaps in coverage that are important to
address.

This scoping review emphasizes the importance of con-
sidering the context and meaning behind WWIC indica-
tor use and application, particularly as Inuit Knowledge is
locally situated, embedded, and experiential, which con-
trasts Western approaches to monitoring and forecasting.
Our review also highlights the relationality amongst differ-
ent WWIC indicators, whereby changes in one indicator can
be related to changes in other indicators. These interconnec-
tions must be recognized to collectively assess WWIC condi-
tions in terms of their impacts on safe travel and decision
making (i.e., human-relevant environmental variables). Co-
developing WWIC monitoring programs and/or information
services with these interrelations in mind can enable refram-
ing spatial and temporal scales of interest based on com-
munity defined place- and context-based indicators. Collec-
tive efforts to improve and tailor WWIC monitoring and ser-
vices must prioritize relationships, whereby scientists need
to recognize that the environmental changes they seek to un-
derstand are not taking place in an unknown frontier, but
within a homeland. Therefore, efforts towards knowledge co-
production require a conscious contextualization of the land-
scapes through which Inuit travel. Such landscapes are not
an objective reality, but one whose nuances can only be un-
derstood through a collaborative and contextually perceptual
engagement with Inuit homelands.
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