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The Arctic is home to several groups of Indigenous Peoples, each with distinct ways of
interacting with their environment and ways of life. Arctic, Indigenous Peoples’ food
sovereignty is tightly linked with food security. Subsistence harvesting activities
provide nutritious and culturally vital foods for Alaska Native households and
communities. Climate change is causing rapid and more unpredictable shifts in
environmental conditions that impact three of the key aspects of food security,
availability, stability, and accessibility. While communities monitor the abundance
and health of food webs and environments as part of subsistence harvest practices,
anticipating major transformations and changes in these systems is challenging. We
explored the potential of Earth System Model output in helping anticipate or project
physical or ecosystem changes relevant to Alaska Indigenous peoples’ food security
needs. Through examples of model products, that provide measures of accessibility
and availability of marine resources, we show that modern models, such as the Energy
Exascale Earth SystemModel presented here, can provide estimates of a broad suite of
variables relevant to food security. We investigate how Earth System Model output
could contribute to exploring questions related to aspects of Arctic food security such
as accessibility and availability and highlight present model shortcomings that, if
addressed, would move Earth System Models closer to being a useful tool for
understanding environmentally driven changes to the availability and accessibility
of harvestable food resources. Our example model-derived food security indicators
illustrate how Earth SystemModel output could be combined with relevant, non-model,
information sources; These model products are meant only as a starting point and a
tool for engaging community members and to present, in an accessible way, the
model’s potential utility, or current lack thereof, to rights holders and stakeholders
concerned about food security. We are hopeful that with example products in hand,
additional model development efforts will have a higher likelihood of success in
achieving an iterative discussion with stakeholders regarding feasible and desired
products.
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INTRODUCTION

Arctic and sub-Arctic marine ecosystems provide essential
services to Indigenous Peoples and communities in the
region (Inuit Circumpolar Council-Alaska (ICCA, 2015; Nuttall,
2007), and support some of the richest commercial fisheries in
the northern hemisphere (Hoel, 2018). With the Arctic
experiencing some of the greatest rates of environmental
change anywhere (Smith et al., 2015; Moon et al., 2019;
Rantanen et al., 2022), the impact of marine ecosystem
changes on food security, defined as having physical, social,
and economic access to sufficient, safe, and nutritious food
that meets an individual’s and community’s food preferences
and dietary needs for an active and healthy life (CFS, 2009), is
receiving increasing attention. In the Arctic, Indigenous
Peoples’ food sovereignty is tightly linked with food security
(ICCA, 2020). As one example of an international response to
this situation, with reduced sea-ice cover and ocean warming
driving a northward shift in fish species and fisheries (Fauchald
et al., 2021), sustainability concerns have prompted the
ratification of a Central Arctic Ocean Fisheries Agreement
(CAOFA) by the Arctic coastal states, Japan, Republic of
South Korea, China and the European Union. The CAOFA, in
effect for 16 years with the option for renewal, takes a
precautionary approach with a moratorium on commercial
fishing in the Arctic (Vylegzhanin et al., 2020).

The CAOFA, consistent with many national, regional, and
local efforts, also calls for studies to help predict longer-range
changes and inform future management regimes. The
processes relevant to food security associated with
changing marine ecosystems are coupled in nature, and
various ecosystem and climate models attempt to capture
these processes and the Arctic system more generally. This
contribution explores the potential utility of Earth System
Models (ESMs) in informing long-range planning and
broader assessments in support of sustaining or even
enhancing Arctic food security, including assessments such
as those being called for by the CAOFA. Of particular interest is
the ability of models to capture physical and biological
processes and changes that affect the functioning of Arctic
social-environmental systems, and the services they provide to
Indigenous Peoples and communities in the region.

Arctic Indigenous Peoples and Food Security
The Arctic is home to several groups of Indigenous Peoples,
each with distinct ways of interacting with their environment
and ways of life (Huntington et al., 2005). Subsistence
harvesting activities provide nutritious and culturally vital
foods for Alaska Native households and communities. Many
communities have a mixed subsistence and cash-based
economy with residents undertaking both paid and unpaid
employment, such as participating in a community-based
commercial fishery as well as harvesting food through
hunting, fishing, herding, and gathering (Poppel and Kruse,
2009). Traditional foods, including salmon, arctic char, seal,
whales, walrus, shellfish, birds, eggs, polar bear, muskox,
caribou, seaweed, roots, and berries are widely consumed

and are a highly valued component of the diet—not only for
nutrition, but for cultural, economic, and spiritual sustenance
(Goldhar et al., 2010). Food security has long been a concern in
the Arctic (ICCA, 2015). However, the Indigenous communities
that make up the Arctic Indigenous homeland span several
countries (Canada, Russia, United States, Finland, Sweden, and
Norway) and have different economic and policy positions so
not all communities will be affected equally by external
pressures and changes to the food supply chain. For
example, 61% of Inupiat Inuit in Alaska perceive that they
harvest half or more of their meat and fish while only 36%
of communities in Greenland do (Poppel and Kruse, 2009). 13%
of Alaskan households face food insecurity; the most affected
are in rural communities among Alaska’s Native Peoples (Fall,
2018). Regardless of the community differences, the rapidly
increasing fuel prices, extreme weather events, pollution by
contaminants, and a reduction in the global level of cereal
stocks that have increased the risk of food insecurity globally
(United Nations Environment Programme (UNEP, 2007) are
exacerbated in the Arctic, and ramifications will require
responses at the local, regional and pan-Arctic scale.

Alaskan Arctic communities are reliant onmarine resources
from the relatively shallow, productive continental shelves for a
significant portion of their diet. During the summer, the
formation of a near-shore band of brackish water provides
an important feeding area for both anadromous and marine
species of fish (Craig, 1984). In winter, the formation of
landfast sea ice provides important habitat for marine
animals and extends community access from the shore.
Although Indigenous community members may travel up to
~146 km (90 miles) out to sea in small boats to reach
traditional fishing or hunting grounds (Kapsch et al., 2010),
travel out beyond the coastal zone (by small boat in open water
or by foot or snow machine over ice) can be dangerous and
logistically challenging. Thus, community members in the
marine Arctic primarily interact with the Arctic coastal zone,
the interface between the terrestrial and marine environments,
typically averaging 50 km (~30 miles) from their home base,
for marine resource harvests (Druckenmiller et al., 2013;
Galginaitis, 2013).

People’s lives depend on an accurate sense of when and
where it is safe to hunt and fish. Indigenous knowledge relevant
to survival has been refined and passed down through
generations (Huntington et al., 2005) for just this purpose.
However, climate change is causing rapid and more
unpredictable shifts in environmental conditions that impact
key aspects of food security. The Alaska Inuit food security
conceptual framework (ICCA, 2015) provides a platform for
understanding the factors that contribute to Indigenous food
security and direction for the information needed to assess
food security. The framework’s guiding principle is that food
security is dependent on the stability of six dimensions;
Availability, Inuit Culture, Decision-Making Power and
Management, Health and Wellness, Stability and
Accessibility. Of these six dimensions, three are directly tied
to climate change: availability, stability, and accessibility. More
erratic weather, including stronger winds and more frequent
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storms, make travel and hunting more difficult and dangerous
by boat in summer; and the later ice freeze-ups, earlier ice
break-ups, and thinner ice make it harder and more dangerous
to secure traditional ice-associated harvests (Meakin and
Kurvits, 2009; Papatsie et al., 2013; Ford et al., 2023). In
addition to changing ice and ocean conditions, shifts in the
timing, location, or productiveness of harvestable resources
compound the problem (Huntington et al., 2005). The impacts
of climate change are felt in small communities throughout the
circumpolar north (UNEP, 2007). Formerly safe travel routes
have become insecure (Inuit Circumpolar Council-Canada,
ICCC (2008) and Indigenous hunters speak of thinning sea
ice that makes hunting much more difficult and dangerous
(Brown and McDavid, 2022), In 2014, two sequential years of
low sea ice and failed walrus hunts meant emergency food
assistance had to be shipped to the communities of Gambell,
Savoonga, Diomede, and Wales (Struzik, 2016). Community
members have also started catching species considered new
to an area, e.g., salmon instead of Arctic char (Ashford and
Castleden, 2001; Brubaker et al., 2010), and additional changes
to subsistence catch are predicted (Steiner et al., 2019). Of
particular importance are major, ecosystem-wide
transformations that impact communities in a specific
region, and have the potential to substantially disrupt food
security and livelihoods. The recent displacement of pelagic
fish stocks with the loss of winter Bering Sea ice and failures of
subsistence salmon fisheries along the Yukon River highlights
the need for proactive management of resources important
from a food security perspective (Prewitt and McFarland,
2021).

Earth-System Modeling and Long-Range
Projections
In light of rapid environmental change, Arctic communities
need to develop adaptation strategies based on their current
understanding of food and water security and cultural factors
(Rautio and Natcher, 2016; Kettle et al., 2018). Local and
traditional knowledge has been relied on by communities for
centuries to millennia to understand the location, timing, and
seasonal variability of food availability throughout the Arctic
(ICCA, 2015). This wealth of knowledge has evolved and is
actionable in the sense that it is directly tied to harvest
practices and benefits derived from environmental systems.
At the same time, Indigenous knowledge holders have
recognized that upcoming seasons are becoming more
likely to look different than previous years, with Inuit experts
commenting, for example, on changes in the persistence of
weather patterns (Weatherhead et al., 2010). Even in the
context of rapid climate change, Arctic communities have
demonstrated a significant ability to adapt; however,
research integrating projections of future climatic and socio-
economic change is needed to help overcome drivers of
vulnerability and barriers to adaptation (Ford et al., 2015).
For communities to make informed decisions they need
access to information on likely changes and pressures to
their food supply. Lack of decision-support and long-term

planning tools could limit resource managers’ and
Indigenous resource users’ ability to make changes to
regulatory regimes or make infrastructure improvements
responsive to future needs. Quantitative indicators of food
security in the Arctic over time could be a valuable
contribution to the decision-making toolbox of rightsholders
and resource managers, and help inform policy change in
response to rapid climate change. However, it is logistically
challenging to consistently monitor and measure useful
environmental and biological properties and these methods
only provide rough estimates for short-term predictions. For
these reasons, it is worth exploring the potential utility of ESMs,
which explicitly simulate the atmosphere, ocean, sea, ice, and
land surface and the movement of carbon through the Earth
system, in contributing to assessments of food security.

The tight coupling between different components in the
Earth system (i.e., terrestrial, marine, and cryosphere) makes
understanding the key drivers of the marine ecosystem and its
resources a challenge; ESMs can be useful in this regard.
Within the last decade, ESM development has been moving
forward at a rapid pace (i.e., Kawamiya et al., 2020), and such
models have been demonstrated to be useful in understanding
ocean-ecosystem-climate connections (Gibson et al., 2020;
Jeffery et al., 2020; Gibson G. A. et al., 2022) and providing
medium and long-range projections. While models can provide
all sorts of output on a wide range of time and space scales,
they have historically been used to provide simple predictions
of the environment (i.e., temperature, salinity, or ice cover) and
of the ecosystem (i.e., chl-a concentration) within each model
grid cell. Model output from ESMs is also usually provided in
the form of notoriously large, relatively inaccessible files. While
it is useful for researchers to understand the ecosystem
dynamics of a region, and how they change on a daily to
multi-decadal timescale, this type of generic model output is
not usually conveyed to community members and if it were,
while potentially interesting, it likely would not be considered
useful or actionable for making decisions about their food
security. Indigenous and local knowledge, on the other hand,
may comprise an intrinsic understanding of connections
between different components of Arctic environmental
systems. Unlike narrowly focused process studies or
domain-specific models, ESMs have the potential to quantify
the broader connections between the different Arctic
ecosystem components.

Models cannot provide output relating in any way to the
cultural and spiritual aspects of food security. As expressed
clearly in the series of reports compiled by Indigenous experts
by ICC-Alaska (ICCA, 2015; 2020) multiple dimensions of
Indigenous food security and food sovereignty are outside
the purview of scientific research. At the same time, the
availability or accessibility of food resources are dimensions
of food security for which ESMs may be able to provide related
metrics. If they prove useful, information from model
predictions or projections could be considered by
Indigenous community members when planning for their
future food security, or when developing annual Federal
subsistence fishing regulations, i.e., 36 CFR 242 and 50 CFR
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100 (FSMP, 2021) and State statutes and administrative
regulations (ADFG, 2022a) that control the harvest policies
which impact local communities. Current regulatory
frameworks are not designed to address unprecedented
rates of environmental change and their contributions to
Indigenous food insecurity. ESM output may provide policy-
relevant insights into drivers and consequences of
transformational change across different Earth system
domains. As part of the Interdisciplinary Research for Arctic
Coastal Environments (InteRFACE; DOE, 2021) project, here we
examine the ability of ESM model output to contribute
information useful for understanding the broader food
security landscape important to Alaska’s Indigenous people.
Examples of model products that capture measures of
accessibility and availability of marine resources in the
Alaskan Arctic are developed and methods of
communicating model predictions of environmental
variables that could impact food security in ways that could
be meaningful to Alaska Arctic community stakeholders are
presented. The potential utility of such metrics for Indigenous
or northern communities would need to be evaluated by
decision-makers and community members but these
examples illustrate the current model’s utility and could be
used to initiate and bolster the success of discussions with
Alaskan Arctic rights holders and stakeholders.

METHODS

The E3SM Model
To explore an ESM-derived understanding of Arctic system
processes to food security, we use the output from the Energy
Exascale Earth SystemModel (E3SM v1) which was introduced
and described by Golaz et al. (2019). Details of the
biogeochemistry configuration of the model, E3SMv1.1-BGC,
can be found in Jeffery et al. (2020) and Burrows et al. (2020).
Here we use output from the fully-coupled, global, historical
simulation (referred to as HIST-forcing in Jeffery et al. (2020)
and BDRD-hist in Burrows et al. (2020) with active land, sea ice,
ocean, river, and atmosphere components. Atmospheric
greenhouse gases and aerosols follow prescribed historical
pathways detailed in Golaz et al. (2019). The sea ice-ocean
models are run on the MPAS (Model for Prediction Across
Scales) unstructured mesh with grid spacing ranging from
60 km in the midlatitudes to 30 km in the equatorial and
polar regions. In brief, the ocean biogeochemistry is
modified from the Biogeochemical Elemental Cycling (BEC)
model (Moore et al., 2001; Moore et al., 2004) and adapted to
fully integrate with the physical ocean model (MPAS-O, Ringler
et al., 2013) and includes four key phytoplankton functional
groups (diatoms, diazotrophs, Phaeocystis sp., and small
phytoplankton), a single zooplankton group, and two detrital
pools. The zooplankton “grazes” on each of the phytoplankton
groups, as well as the large particulate detritus, and has been
parameterized to encompass the actions of both the
microzooplankton and larger zooplankton. The explicitly
simulated nutrients include carbon, nitrogen, phosphorous,

iron, and silica. The sea ice biogeochemistry module
includes three types of ice algae (diatoms, small algae, and
Phaeocystis sp.), nitrate, ammonium, silicate, dissolved iron,
and dissolved organic matter. The exchange between the
marine and sea ice BGC modules occurs at every timestep.

Variables With Potential Links to Food
Security
In assessing the value of E3SM output for quantifying drivers
and threats to food security, we recognize two fundamental
challenges. First, food security is best defined by the
constituents, i.e., the individuals, communities, and groups
that seek to achieve food security. Linking such community-
defined concepts to externally applied approaches to support
food security requires a collaborative framework and a good fit
between information needs and assessment tools. For
example, the ICCA recognizes six dimensions of food
security, with 58 associated drivers of food insecurity (ICCA,
2015). Community collaboration and guidance will be required
to link specific model parameters to such drivers and tie into
broader Indigenous food security frameworks. Here we seek to
support these broader efforts by providing a perspective on the
type of information that can be obtained from ESMs. Such
information is also relevant as Arctic research and data/
information user communities identify core variables, e.g.,
“essential ocean variables” or “shared Arctic variables”
(Bradley et al., 2021; Starkweather et al., 2021; Biermann
et al., 2022) for observing systems to track.

The second fundamental challenge is that the E3SMmodel,
and probably any other model, does not presently have the
capability of simulating all of the variables that could be of
use in assessing different processes or phenomena relevant
to food security. For example, the model does not produce a
measure of higher trophic level biomass (i.e., mammals, fish),
let alone provide measures of the success of individual
groups (i.e., ringed seals, white fish, etc.). However, the
model does simulate variables that may serve as useful
proxies for key processes or indicators. For example,
primary production and zooplankton biomass could be a
proxy for the likely success of higher trophic levels and the
harvest potential if the harvest were resource-limited.
Environmental variables, i.e., sea surface temperatures or
salinity, could be proxies to delineate fish spawning areas,
and the timing of spawning relative to phytoplankton blooms
(Asch et al., 2019). Likewise, while we cannot yet simulate the
presence of invasive species we can simulate the water
temperature which is increasing the northward range of
invasive species into the Arctic. Further, environmental
stressors such as marine heat waves could be a proxy for
the health of fish and marine mammal populations (Boveng
et al., 2020; Suryan et al., 2021). To arrive at potentially useful
model products, we first developed a short list of
environmental and biological factors that have the
potential to impact food access, availability, and stability in
the Arctic (Table 1), guided in part by the ICCA food security
framework. Not all of the food security assessment criteria
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(ICCA, 2015) can be addressed by examining single model
variables; some of the more complex criteria will require the
development of compound indices/maps that provide a
broader picture of the food security environment. The

specific metrics that will be of most value will likely vary
by community. Thus, discussion with individual communities
would be required in order to develop model products that
reflect community-specific food security interests.

TABLE 1 | Metrics of physical and biological properties that could impact accessibility and availability dimensions of food security in the marine Arctic, the candidate
model variable, and identification of relevant observational data-sets.

Metric Relation to food security Model Variable Data

Time of freeze up Harvest of many ice-associated resources cannot occur
until after freeze-up is complete and drift ice is present
and/or landfast ice is established

Time that ice concentration surpasses regional summer
values (start of freeze-up)

1, 2, 4

Time that ice concentration exceeds a locally defined
threshold (end of freeze-up)

Time of ice break-up Harvest of ice-associated resources depends on
accessibility of ice from shore. The absence of ice allows
for subsistence and commercial fisheries in a region

Timing of start of break-up (decrease in ice
concentration below winter values in a region) and end
of break-up (no ice present in the vicinity)

1, 2, 4

Ice thickness and roughness Ice needs to be thick enough and trafficable as a platform
for travel and resource harvest

Average ice thickness (landfast and drifting ice) in a
region and season

3, 5

Thicker ice presents a hazard to fishing boats Ridged ice area
Rough ice makes travel more challenging

Distance of pack-ice edge from shore Distance of ice from communities constrains the harvest
of ice-associated resources

Distance to nearest grid cell with >85% ice cover as a
measure of scaled distance to ice edge (the latter may
be obtainable from climatological ice concentration
fields or marginal ice zone widths derived for particular
conditions)

5, 4

Biological productivity in the region
within 50miles of a coastal community

Community members typically range ~8–90 miles from
home for marine resource harvests

Climate-driven changes in annual/seasonal water
column primary production, plankton size structure,
and/or biomass

6, 7

Biological productivity in the region
within 200 miles of a coastal
community

Productivity of the broader region is potentially relevant
to local harvests because of the advection and
movement of marine resources into the near-shore
region

Spatially averaged water column integrated primary
production within a defined area

8, 9,
10, 11

Regional productivity could provide a useful indicator for
community-based commercial fishing

Persistence of plankton within an area
over time

Consistent food supply for higher trophic levels No. days with zooplankton biomass over threshold
concentration

12

Presence of invasive species New species could disrupt the ecosystem, and displace
species on which the communities rely

Water temperature 13
A shift in the relative abundance of phytoplanktonmodel
groups

14

Intensity and frequency of storms Strong wind and waves promote erosion and flooding
and make travel in open water and on ice more
dangerous

Daily winds from the atmosphere component of E3SM. 13, 15

River volume discharge and river
nutrient concentration

Freshening could impact salmon fisheries and crab
harvests

Salinity and nutrient concentrations in the coastal zone 16,
17, 18

Changes to river nutrients will increase coastal
productivity

POC and DOC loading Increased organic matter in the water decreases light
attenuation, which in turn reduces ecosystem
productivity

Particulate and dissolved organic matter concentration 19, 20

Ice-associated algal biomass and ice-
algae habitat

Food source for krill and Arctic cod, which in turn is an
important food source for marine mammals and coastal
communities

Ice algal biomass 21, 22,
23, 24

Zooplankton feeding on ice algae

Ocean temperatures Warmer ocean temperatures impact the migration,
health, and survival of some fish species

SST anomalies 25, 26,

Carbonate saturation state Ocean acidification can impact the development of
skeletal structures in young fish and coccolithophores

CaCO3 concentration 27,
28, 29

1) Steele et al. (2019), 2) Walsh et al. (2022), 3) Kaufman (2009), 4) Hall and Riggs (2015), 5) Petty et al. (2021), 5) Cavalieri et al. (1996), 6) Lee et al. (2016), 7) SeaWiFS (2019), 8) Arrigo
and van Dijken (2015), 9) Sandø et al. (2021), 10) Hegseth (1998), 11) Yun et al. (2016), 12) Grebmeier et al. (2019), 13) NOAA, 2020b; 14) Ardyna and Arrigo (2020), 15) Ballinger et al.
(2021), 16) Prange (2003), 17) Holmes et al. (2018), 18) McClelland et al. (2023), 19) Harada (2016), 20) Gundersen et al. (2022), 21) Assmy et al. (2013), 22) Waga et al. (2021), 23) Stige
et al. (2019), 24) Syvertsen (1991), 25) NOAA (2020a), 26) AIRS project (2019), 27) Chierici and Fransson (2009), 28) Bates et al. (2013), 29) AOAN (2023).

Earth Science, Systems and Society | The Geological Society of London January 2024 | Volume 3 | Article 100825

Gibson et al. ESMs and Arctic Food Security



ANALYSIS

Community Level Analysis
Food, energy, and water security are complex and vary among
communities in rural Alaska – reflecting local circumstances
(Schmidt et al., 2022). For our exploration of model utility
in assessing environmental factors relevant in a food
security context we focus on two Alaskan Arctic
communities—Utqiaġvik and Point Hope—which are
approximately 313 miles (~500 km) apart, and not connected
by road. While both of these communities lie on the Northern
Alaskan coast and have a relatively high percentage of marine
harvest in their diets, the diets of community members are known
to differ, as is the local marine environment adjacent to the
villages which is fundamentally controlled by transport in the
Alaska Coastal Current (ACC).

The ACC is identified as low salinity, warmer water in the
upper layer (Woodgate and Aagaard, 2005) that originates in the
Gulf of Alaska. After flowing through the Bering Strait, the ACC
flows northwards through the Chukchi Sea before branching. The
northerly branch flows through Kotzebue Sound continuing along
the coast of Alaska past Point Hope, and Icy Cape to Point Barrow
(Kindle, 1909; Weingartner et al., 2005; Lin et al., 2019) —See
Grebmeier et al., 2006 cf. Figure 1 for the location of the ACC and
key landmarks. The northerly flow varies in strength but has
speeds of ~40 cm/sec past Point Hope (Gong and Pickart,
2015). When the ACC reaches Barrow Canyon it becomes
swift (>80 cm s−1, Gong and Pickart (2015)) and narrow
(~40 km, Itoh et al. (2013), Winsor and Chapman (2004)) and
has a strong easterly component as it flows past Utqiaġvik
(Weingartner et al., 2005). Although the ACC tends to be
relatively nutrient-poor (Mordy et al., 2005), upwelling in Barrow
Canyon, driven by strong northeasterly winds (Pickart et al., 2013),
brings warm nutrient-rich Atlantic water onto the shelf near
Utqiaġvik (Beaird et al., 2020; Li et al., 2022).

Point Hope, located at 68.3°N 166.8°W at the northwestern
end of the Lisburne Peninsula, on the Chukchi Sea coast, has
no road or rail connections to the outside world and must be
accessed by sea or by air. Point Hope is surrounded by the
Chukchi Sea on three sides but the near-shore waters are
relatively shallow, reaching depths of only 60 feet up to five
miles from the shore (Brubaker et al., 2010). Sea ice can be
present from October to early July (Brubaker et al., 2010). The
Point Hope population was estimated to be 893 (USCB, 2022)
as of the 2022 census. Life in Point Hope revolves around the
harvest of marine mammals including walrus (Huntington and
Quakenbush, 2013), seal, and, most importantly, whale
(Brubaker et al., 2010), but char, grayling, chum salmon, and
caribou are also important components of the community’s
diet (ADFG, 2017; Braem et al., 2017).

Located further north at 71.3°N, 156.8°W, between the
Chukchi Sea and the Beaufort Sea, Utqiaġvik is the largest
city in Alaska’s North Slope Borough. At the 2020 census
(USCB, 2022) Utqiaġvik’s population was estimated to be
5212 with village residents primarily identifying as Iñupiat.
Community members rely on bowhead whales, caribou,

broad whitefish, bearded seals, Arctic cisco, and sockeye
salmon for their diet (Brown et al., 2014; ADFG, 2017). Seal
and whale hunting take place in the highly dynamic open lead
region beyond the shorefast ice zone, where ice fragments
move loosely (George et al., 2004). Beyond the lead is the outer
realm of the ice pack, a region of variable, high-velocity currents
and constantly shifting sea ice that is not considered stable
enough as a platform for marine mammal hunting camps. In
the northern Chukchi Sea, hunters regard this zone as
particularly dangerous and rarely venture here to hunt while
off of Little Diomede Island in the Bering Strait hunters are
skilled at hunting and traveling in this zone (George et al.,
2004).

Accessibility and Availability Indices
Potentially Relevant to Food Security
Drawing on the broader framework of key dimensions of food
security for Inuit in Arctic Alaska, developed by ICCA (2015), we
explore indices related to the accessibility and availability of
marine food sources. Because community members are
logistically restricted in the distance they can travel from the
shore out into the marine environment, we initially developed a
set of localized analysis regions. Our indices include model
output from grid cells that are within 50 miles of the village
center of Utqiaġvik and Point Hope (Figure 1). Because the
Arctic is dynamic the environment close to the community
centers will also be impacted by advective processes as well
as fish and mammal movement into the inshore areas. Thus,
we additionally computed indices for slightly broader regions,
100 and 200 miles from the community centers. Finally, our
analysis was extended to the more expansive Beaufort and
Chukchi Sea regions to provide context for our community-
level analysis.

Monthly model output for 1900–2006, a 107 year period,
was used in this analysis. For each community-centered and
regional index, model output (i.e., surface temperature,
integrated primary production, ice area, ice volume, and ice
roughness) was extracted from grid cells corresponding to
each region.

Ice area in each grid cell was determined as:

IceAreai,j�IceFractioni,j * AreaCelli,j

And ice thickness was computed as:

IceThicki,j�IceVolumei,j/IceAreai,j

For each year of the times series, ice variables were
averaged over the region and for the 3 month period March-
May, while SST and primary production were averaged over the
summer months (June-August).

To further qualify the ice environment surrounding the Arctic
communities we developed two additional variables.
IceMeltTime, defined as the first month that regionally
averaged IceFraction falls below 0.5 each year, to provide a
measure of breakup timing. IceEdgeDist, defined as the
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minimum distance to a grid cell with an IceFraction>0.3,
provides a measure of the distance from the village center
to the ice edge. Preliminary analysis found this variable to have
its largest deviation in distance from Point Hope in June, while
the distance to the ice edge from Utqiaġvik had the largest
deviation in August. As such, we use these site-specific time
periods in our analysis.

Once the monthly and spatially averaged time series for each
variable had been developed (i.e., Figure 2), assuming a normal
distribution, we calculated the 25, 50, and 75 percentiles for the
107 year time series and determined if the variable quantity each
year was below the 25 percentile (i.e., a below average year),
above the 75 percentile (i.e., an above average year), or within the
25–75 percentile range (an average year) i.e.,

Varmean <Var25� Belowaverage year

Varmean >Var75� Above average year

Var25 <Varmean <Var75� Average year

MODEL PRODUCTS

The value of ESM approaches derives from their ability to
account for interconnected processes across different Earth
system domains and the potential role of such linkages in
amplifying themagnitude and rate of change. Such insights are
distinct from the prediction of a given variable for a specific
time period. Below we illustrate sample model products

FIGURE 1 | (A) Location of oceanmodel grid cells in E3SM-v1 (colored dots) and location of Point Hope and Utqiaġvik native villages on the
Alaskan Arctic coast. The color of the grid cells indicates their distance from the community centers, i.e., ≤50 miles (blue), 50–100 miles (red),
100–200 miles (yellow), and ≥200 miles (grey). (B) Grid cells utilized in the development of Beaufort Sea indices are shown in red and grid cells
utilized in the development of Chukchi Sea indices are in blue.
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developed from the raw coupled E3SM model output. These
products are meant as a starting point and a tool for engaging
community members in discussions on further product
development and not as real-world predictions. Figure 3
summarizes key environmental indices for the 107 year
analysis period. This type of graphic representation makes it
easy to see, at a glance, if variables of interest are at, above, or
below their averages in any given year. For example, in model
year 1946, both Point Hope and Utqiaġvik are predicted to have
above-average temperatures, below-average ice area, and early
ice melt. Yet, while Point Hope has below-average primary
production and ice thickness, these properties are predicted to
be of average levels at Utqiaġvik. In 1986, Point Hope is
predicted to be colder than average while temperatures at
Utqiaġvik are average. Both communities are predicted to
experience above-average ice area, later ice melt, and
above-average production. The ice around Point Hope is
predicted to be thicker yet smoother, while these qualities
are average at Utqiaġvik. In 1989, both Point Hope and
Utqiaġvik are predicted to have relatively low ice area and
primary production even though Point Hope is colder than
average with thicker ice and later ice melt while Utqiaġvik
has an average temperature, thinner ice, and earlier ice melt.
In addition to gaining an understanding of how changes in each
variable the model predicts relate to each other, this type of
data visualization also allows us to see trends within themodel
predictions. For example, if we consider the last two decades

of the time series (1986–2006) we can see that relative to the
107-year mean, Point Hope was predicted to have 3 years that
were cooler than average and 6 years with lower than average
production. Over the same time period, twelve of the years
could be considered cooler than normal around Utqiaġvik; ten
of the years had lower than average production. While many
more comparisons can bemade, these examples illustrate that
we can discern notable differences in the community-centered
model projections, even though the community centers are
within relatively close proximity. Note also that it would be easy
to adjust the percentile ranges, and the years of interest, used
to classify the variables as above or below average if
community feedback indicates more relevant thresholds.

Comparing indices developed at varying distances from the
community centers (i.e. 50 miles from Utqiaġvik, 200 miles
from Utqiaġvik, and Beaufort Sea and Chukchi Sea wide) we
can see that the different scales of analysis identify similar, but
not identical, environmental patterns (Figure 4). For example,
in 1992modeled simulated ice thickness was above average at
all scales examined while primary production was simulated to
be below average at all but the Chukchi wide scale. For 1998,
the simulated sea ice thickness is considered below average at
the 50 and 100-mile scale but average at the broader, sea-wide
scales. In this year, primary production was above average at
the 50 to 200-mile distance scales from the village center and
the Chukchi Sea scale, but was below average for the Beaufort
Sea. Considering broader trends over the 1985–2006 period,

FIGURE 2 | Examples of regional environmental indices developed from E3SM-v1. (A) Regionally averaged SST at various distances from
the community of Point Hope, (B) Regionally averaged ice thickness at various distances from the community of Point Hope, (C) Regionally
averaged primary production at various distances from the community of Utqiaġvik, and (D) timing of ice breakup around Point Hope and
Utqiaġvik.
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Figure 4 illustrates that Utqiaġvik experienced higher than
average production approximately the same number of
times (5–6) from nearshore (50-mile radius) out to the 200-
mile radius. While this matched with the number of above-
average years in the Beaufort Sea it was quite different to the
adjacent Chukchi Sea which only had 2 years with above-
average production during the same time period.

Using ice coverage threshold criteria identified by the
Indigenous Knowledge Social Network, SIKU (SIKU. 2019), we
can create maps of predicted ice coverage from the model
output. This product illustrates the importance of considering
both the ice thickness and coverage when quantifying the ice
environment surrounding the community centers. For example,
considering only modeled ice thickness (Figure 5A), both Point
Hope and Utqiaġvik look to be surrounded by solid ice in May
2006. However, once the additional variable ‘fraction of ice
coverage in a grid cell’ is considered we get a different picture
which indicates that much of the water offshore from Point Hope
is water with ice rather than continuous or very dense ice cover
(Figure 5Bi). Contrasting this compound variable to another year
(May 1983, Figure 5Bii) we see that there are years in which the
model predicts Point Hopewould be surrounded by continuous or
very dense ice cover.

When examining the shortest distance to the edge of the
pack ice we found that there was insufficient variability in
predicted distance to be able to develop indices analogous to
those presented for the other ice variables. For example, the
minimum distance from Point Hope to the ice edge was either
14.0 miles or 33.8 nautical miles (Figure 6A), while the
minimum distance to the ice edge from Utqiaġvik was
slightly more variable depending on the month and year
(Figure 6B) and ranged from 11.6 to 50.8 nautical miles.
This illustrates one of the shortcomings of the ESM’s fixed
grid cell locations as the distance from land to ice features is
likely a lot more nuanced than the model can capture.

We can argue that primary production provides a good proxy
for the overall productivity of the environment on a seasonal
and annual basis given that it is the base of the food chain that
supports higher trophic, harvestable levels. However, there are
also many kinds of food resources that the communities may
rely on that cannot currently be approximated from ESM
output. The state of the physical environment, i.e., ice
trafficability and the productivity of the waters accessible to
a community are not the only factors that will influence their
food security. Another major factor in access to harvestable
resources is gas prices, required for transport. To illustrate how

FIGURE 3 | Comparison of indices for Point Hope (A) and Utqiaġvik (B), two communities in the Alaskan Arctic. Indices were computed
using model data within 50 miles from the community center – see Figure 1. For ease of comparison between communities, 3 years have been
highlighted in both sets of indices 1) 1946, 2) 1983, and 3)1989. Metrics were computed for the full 107 year time series (1900–2006).
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FIGURE 4 | Comparison of modeled indices and trends for (A) Sea ice area and (B) Primary production at different distances from Utqiaġvik.
50miles, 100miles, and 200miles from the community center, Beaufort Sea wide, and Chukchi Sea wide. For ease of comparison between varying
scales, 2 years (1992 and 1998) have been highlighted in each set of indices. Metrics were computed for the full 107 year time series (1900–2006).

FIGURE 5 | Example of modeled ice thickness and coverage simulated by E3SM-v1. (A)Monthly average sea ice thickness in May 2006 (A)
and Composite metric showing monthly average sea ice thickness and regions where ice coverage was <40% in May 2006 (Bi) and May
1983 (Bii). The locations of the Point Hope and Utqiaġvik communities are shown for reference.
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FIGURE 6 | Shortest distance to the ice edge from Point Hope (A) and Utqiaġvik (B)with edge presence defined as a grid cell with >30% ice
coverage.

FIGURE 7 | Combining simulated ecosystemmetrics with other factors of food security to demonstrate the potential utility of model indices
for developing a fuller picture of the food security environment. Metrics were computed for the 1974–2006 period. Trendlines and absolute
values are also shown.
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model-derived indices could help in assessing community food
security we present our model-derived indices with measures
derived from external sources (Figure 7). It is important to note
that, as this is a fully coupled model, predictions for individual
years do not correspond with real years. However, the model
can provide information about how possible food security
metrics are related, for example, years with high surface
temperature anomalies may be correlated with low sea ice
concentration anomalies and increases or decreases in
productivity. So, the model is used not just for prediction but
for understanding. Examining this kind of information in the
context of observations that link anomalous years of the same
metrics with anomalies in fisheries/whaling data, for example,
would make both information sources more useful. Our
example, developed for Point Hope, shows that over the
1974–2006 simulation period underlying the interannual
variability the model simulates a general warming in SST of
approximately 1.3°C. During the same time period, simulated
primary production within 50 miles of Point Hope decreased
slightly (~0.6 g C m−2) overall while ice thickness showed no
notable trend.

Observational data indicates that during this time period,
whale catch (Suydam and George, 2004.) had a negative trend,
although this is primarily due to the two above-average years
(1974 and 1976) at the beginning of the time series. Chum
counts (ADFG, 2022b) were only available from 1995 onwards
and show large interannual variability with very high counts in
1995, 1997 and 2006. Gas prices appeared to have been
relatively stationary from 1983 (first available data) until
1999 but then increased throughout the end of the time
series (EIA, 2010). Our set of food security indicators makes
it easy to collectively examinemodeled and observed variables
associated with food security and the extent to which broad
modeled trends (e.g., decline in sea ice) match outcomes
community members may be interested in (e.g., chum counts).

DISCUSSION

The definition of food security is not universal but, at least in
the United States, it is often defined through availability
(production, distribution, exchange), accessibility (purchasing
power), and utilization (nutritional value; ICCA, 2014). Defining
food security for Indigenous communities includes additional
complexity because tradition and culture often also play an
important role, and access is impacted by property rights and
allocations (Bennett et al., 2018). 58% of Alaska Natives live in
rural areas (Goto et al., 2004) and 13% of Alaskan households
are facing food insecurity (Walch et al., 2018). While there is
now a broad range of research on climate change in Alaska,
there are very few studies that directly measure the
environmental impact on Alaskan food security (Walch
et al., 2018) or describe how it might change in the future.
As part of the InteRFACE project (DOE, 2021), we addressed the
challenge of connecting ESM output to Indigenous peoples’
food security needs. Through examples of model products,
that provide measures of accessibility and availability of

marine resources, we demonstrate how ESMs output could
contribute towards addressing Arctic food security and
highlight present shortcomings that, if addressed, would
move ESMs closer to being a useful tool for understanding
environmentally driven changes to the availability and
accessibility of harvestable food resources.

The ICCA (2015) conceptual framework on how to assess
food security from an Alaska Inuit perspective includes many
aspects of food security that ESMs cannot provide output on,
i.e., cultural and spiritual. However, ESMs can provide a holistic
understanding of Arctic ecosystem dynamics and useful
metrics on the availability or accessibility of food resources.
Historical observations and traditional environmental
knowledge are valuable for putting contemporary
observations into context but in general, long, uninterrupted
datasets of environmental conditions in the vicinity of
Indigenous communities are exceedingly scarce, if they exist
at all. Here we have illustrated howmulti-decadal time series of
environmental model estimates could be used to quantify the
relationship between environmental and biological variables
and presented a way to visualize trends in the model output. In
the absence of reanalysis or data assimilation to constrain
model projections (Penny et al., 2019), fully coupled
atmosphere-ocean ESMs, such as the E3SM discussed here,
can capture observed trends (Flato et al., 2013) but can only be
expected to capture observed patterns in environmental
variables in a broad statistical sense. While model
estimates for a particular year should not be treated as
actionable, the increase/decrease in the number of years a
variable is projected to be above or below the long-term mean
could be valuable. Understanding if current or future years are
more or less likely to be similar to conditions in years past will
allow rights holders and stakeholders to put current or future
years into the context of historical years. Environmental
conditions will likely continue to only provide one of the
limitations to successful harvests along with a multitude of
other factors such as local weather, availability of reliable
transport, and time available to participate in a hunt. For
example, Huntington et al. (2013) found that while physical
environmental factors play a larger role in determining whether
the communities of Savoonga and Gambell hunted, the
resulting hunting efficiency was more dependent on effort
than physical factors, with effort alone explaining 63% and
59% of the harvest in the respective communities. Regardless,
community access to information on the present and future
environmental conditions, that could be interpreted in the
context of past conditions and harvests, could be powerful.

The communities that make up the Arctic Indigenous
homeland span several countries (Canada, Russia,
United States, Finland, Greenland, Sweden, and Norway)
and have different economic and policy positions so will
not all be affected equally by external pressures and changes
to the food supply chain (Poppel and Kruse, 2009). This
means that to be truly useful model outputs need to be
tailored to communities’ specific needs. In addition to
being long and uninterrupted, model output has the
advantage that it can be queried for specific variables and
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seasons with carefully chosen baseline years. This flexibility
allows the tailoring of model products to address individual
community needs. Even with the coarse horizontal scale of
the global E3SM model, which has a nominal model
resolution over the Arctic of ~25 miles, notable
differences were seen between our community-centered
metrics, illustrating that the model can capture geographic
differences even though the villages examined are only
separated by a few hundred miles.

Huntington et al. (2021) have previously suggested that
while models may seem unusable in the near term they
could be useful in long-term planning. In this vein, we argue
that despite the impracticality of using ESM output to make
short-term (days-week) decisions our model products could be
very useful in understanding and planning for longer-term
changes. By enabling environmental observations to be put
into a broader context, information from model projections
could prove invaluable when developing longer-term policies
and regulations, in particular, if impacted communities find
them of value to supplement and support their efforts in
developing policy and achieving food sovereignty. For
example, understanding how observed changes to sea ice
are part of a much longer, i.e., decadal, trend that is
predicted to continue could support communities in their
efforts to achieve food sovereignty that is aligned with past
Indigenous stewardship of marine resources. At a more
practical level, it remains to be explored whether such
information can also help support planning and decision-
making on large transport equipment purchases, the
location of new permanent structures, the relocation of
hunting grounds, the identification of new promising times
for hunting or fishing seasons, or identification of times
when industrial activity should be avoided to minimize
disturbance to a resource and the hunters. Decision-makers
and planners will require a measure of model uncertainty
(Gibson G. A. et al., 2022). This has been done for the E3SM
without active biogeochemistry in Golaz et al. (2019) where a
standard set of simulations from the Coupled Model
Intercomparison Project was performed and analyzed. The
model was found to reproduce global and regional climate
features well compared to observations, although with a slight
temperature bias. Most ESMs contain biases of varying
degrees for one or more variables for both historical and
projection runs, and models do not always agree with each
other with respect to the direction of projected change
(i.e., Vancoppenolle et al., 2013). Thus, individual model
representations may not be adequate to make actionable
decisions that would impact communities and livelihoods
and the development of indices would have to be based on
output from multi-model ensembles.

Modern models, such as the E3SM, can provide estimates
of a broad suite of variables relevant to food security. In
particular, ESMs are relatively skilled in simulating physical
variables related to the accessibility of marine resources
surrounding a community including ice cover, ice thickness,
and ice roughness. An advantage of computer model
simulations is the three-dimensional, Arctic-wide picture of

the environment they can provide which extends to
locations and times when it is dangerous or impractical to
take measurements. The spatial maps of ice quantity and
quality that we developed here are analogous to those
presently in use by SIKU, the Indigenous Knowledge Social
Network (SIKU, 2019) utilizing their thresholds identified for ice
thickness. If validated, and implemented at an appropriate
scale, these relatively inexpensive model products could
eventually be used in conjunction with the observational
maps provided by SIKU contributors to create a broader
picture of the ice environment trends.

Fully-coupled ESMs are valuable tools for understanding
and projecting the environmental impacts of climate change in
the Arctic, as regional trends and patterns are the result of both
local processes and non-local large-scale modes of variability
(IPCC, 2021). However, it must be emphasized that though
ESMs may well represent the intrinsic spatial patterns,
seasonality, and long-term trends of observed modes, the
phases of these modes in any given simulation will not
necessarily correspond with the historical record. So, while
ESMs could be useful for long-term community planners and
policymakers real-time use of such model-derived products by
Arctic stakeholders, to guide short -term future harvesting
activities, would likely only become possible if they were
derived from regionally refined, high-resolution, models that
assimilated observations. Ideally, ESM simulations of the
environment would be of a fine enough resolution and
sufficient accuracy that community members could use
predictions of ice quality (coverage and thickness), or
biological production to decide where/when the ice was
safe to travel, and where the most productive areas will be.
This is not the current reality as the resolution (~1°), model-
inherent uncertainty, and availability of the model output make
it currently unsuitable for real-time decision making, i.e., by a
hunter deciding where and when to hunt based on ice
conditions. Due to the relatively coarse resolution of the
model grid currently used for E3SM simulations, we found
that the model is presently not well suited to provide useful
measurements of the distance from community centers to the
ice edge. Such important and short-term decisions such as if or
where to hunt today require quite fine-scale knowledge of
conditions that change on an hourly-weekly timescale. ESM
outputs can be generated on a user-defined timescale but, due
to file size and storage limitations, the standard output of ice
conditions is usually at a monthly resolution while predictions
of biological production are often daily. With a finer resolution
model grid, that had more closely spaced grid cells, ice
coverage could become a useful predictive variable.
However, for daily decision-making, Arctic stakeholders
would need now-cast models that could run a short
distance into the future and with a resolution of <1 km.
While increased accuracy will likely occur in the future we
believe that it is unlikely ESMs will get to a resolution fine
enough for location or movement-based decisions.

Representation of BGC variables in E3SM is relatively
complex including four phytoplankton variables (small
phytoplankton, diatoms, diazotrophs, and phaeocystis), a
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zooplankton variable, and multiple nutrient variables (iron,
calcium carbonate, dissolved organic and inorganic
phosphorus, carbon, oxygen, silicate and nitrogen). However,
as is the case for other ESMs, E3SM does not currently provide
direct estimates of harvestable resources, i.e., fish or
mammals that community members would hunt. By
simulating primary production and the primary and
secondary biomass that support higher trophic levels, E3SM
can provide a measure of the overall productivity of the system
as well as its spatial variability, both of which are important to
the success of higher-trophic levels. While the E3SMmodel can
simulate, with reasonable skill, the daily, seasonal, and
annual cycles of phytoplankton production and biomass
on a regional sea-wide scale (Gibson et al., 2020), higher
trophic-level organisms have more complex behaviors and
life cycles that span multiple years so they present a much
greater challenge. The success of harvestable resources is
often dependent on multiple successful years of access to
food (production). Marine resources that are accessible
from Arctic villages may only arrive in those locations
briefly each year or could move into/out of a system to
feed. Thus, while E3SM predictions of productivity can be
useful in understanding the timing of productive regions
with respect to accessibility from the community center, a
more complete understanding of life history dynamics of
things that the communities hunt would require providing
the lower trophic level information from the ESM model to
other types of models, e.g., species distribution and stock
assessment models. Three separate models for vegetation
and soil layers, permafrost, and vegetation succession and
wildfire disturbance were recently combined to make an
Integrated Ecosystem Model (IEM) for Alaska and
northwest Canada with the goal of providing managers
with more accurate projections of future landscape
conditions (Euskirchen et al., 2020.). A similar approach,
combining models that address various marine resources,
i.e., suites of models that link ESMs and regional models
through ecosystem models, fish distribution model to
economic model (i.e., Punt et al., 2015; Steiner et al.,
2019), could also be feasible.

Recently Schmidt et al. (2022) applied the
Food–Energy–Water (FEW) assessment framework (Biggs
et al., 2015) that examines four components of
security – availability, accessibility, quality, and preference
to interview community members to gauge their perception
of security. Through the development of our model indicators
for food security, we have demonstrated that model outputs
can be combined with other information relevant to food
security – the hope being that this will provide an additional
tool for communication. Schmidt et al. (2022) found that the
cost of fuel, required for travel to harvest, was the most
mentioned external issue impacting community perception
of food security thus we included this index in our example
set of food security indicators to illustrate how the model
output could be combined with relevant non-model
information sources. Estimates of a community’s
disposable income could also be an informative factor to

include as an indicator of their ability to purchase gas, and
as a measure of access to external, non-subsistence, food
sources. However, demands on income will vary widely by
community, and within the community, and the availability of
such data is limited. Our indicators were loosely based on
the ecosystem report cards used by federal groundfish
management in Alaska as an ecosystem approach to
fisheries management. In this instance, the report cards
help establish an ecosystem context within which
deliberations on fisheries quotas can occur (Zador et al.,
2017). To be useful, the food security indicators would need
to reflect each community’s needs and concerns. Engaging
the Arctic indigenous community members in any further
development of model-derived food security indicators
would be critical in the identification of the most
important or limiting factors impacting each village.

Euskirchen et al. (2020) reported difficulty in eliciting input
from land and resource managers at the early conceptual
stage – without products from the model simulations to
demonstrate benefits to managers. Our data products are
meant as a starting point and tool for engaging community
members and to present, in an accessible way, the potential
utility, or current lack thereof, to stakeholders who are
working to address their own food security. We have
demonstrated ways in which we believe voluminous
model output can be communicated in a useful, easy-to-
understand manner. By distilling information about multiple
metrics, including model predictions, to a set of food
security indicators, we believe our approach could
eventually provide stakeholders with a tool for informed
mid to long-term decision-making. During product
development, we discussed developing combined metrics
so that we could provide a measure of ‘good/bad’ time
periods concerning a community’s food security.
However, we ultimately determined that it was not
appropriate or helpful for someone external to each
community to make these decisions. Thick ice may be
considered beneficial by one community (i.e., because of
the improved access it provides) but bad by another
community – perhaps because of reduced access to
fishing grounds. To be useful, food security indicators
would have to be personalized for each community and
harvest activity and developed in conjunction with
community members. At this juncture, comparing what
community members remember about the environment in
certain years with respect to computed model indices would
be interesting. It may be that what people remember does
not agree with the model output. This in itself would not
necessarily indicate a failure of the model as these two
measures of the environment are operating on very different
spatiotemporal scales. Such comparisons would still be
very valuable in helping define model products and in
steering future model development. We are hopeful that
with example products in hand future model and
information development efforts would be more
successful in achieving an iterative discussion with
stakeholders concerning feasible and desired products.
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