Author response to Reviewer #1

We thank Reviewer #1 for the thoughtful and helpful comments. The responses by the authors are
written in blue.

The authors thoroughly responded to the first round of reviewer comments. The paper is now much
more focused and better utilizes the data presented to draw conclusions. I have attached a pdf with
many comments embedded. Most comments are minor. Below, I list the areas that I believe require a
bit more attention before the paper is published.

1. The title references "community knowledge" and the first sentence of the abstract states that this
study is "Using thresholds of physical climate variables developed directly from indigenous
knowledge". I find these claims of using community and indigenous knowledge too generous in
describing the approach of this study. There are references to wind thresholds that are dangerous,
references to how hunting is impacted by barge noise and ice conditions, etc., but I think it is
problematic to claim that this paper used "indigenous knowledge" in the study. This is not a critique of
the study itself, but rather in how it is described. This is certainly a paper that is applicable to these
communities and uses community "observations" in their methodoloy and discussion, but use of
knowledge is a much different thing, especially as we are seeing the raising of the bar for what is
classified as indigenous knowledge research and knowledge co-production.

Yes, we agree that our wording was misleading here, especially with the recent increase in the use of
indigenous knowledge in Arctic studies. We have changed the title and the quoted sentence of the
abstract (as well as some other related sentences in the manuscript) to reflect that the physical climate
thresholds used in the study are made from local observations, rather than using the term ‘indigenous
knowledge’. In instances where the thresholds were obtained from community engagement reported in
other published studies, we cite those studies.

2. Figure 1 shows the grid cells used to extract the sea ice concentration and weather data, which
provides much of the basis for this paper's analysis. The large flaw lead system that develops off of
Alaska's North Slope in winter and spring typically occurs south of the grid cells chosen to represent
conditions off Utqiagvik. Therefore, I am concerned that the location for the ice analysis doesn't
represent conditions near the village, especially in spring. This should be discussed in the paper, and
the selection for grid cells better justified.

We see the need to justify the selection of the grid cells, especially in consideration of flaw leads and
coastal polynyas that are common near Utqiagvik, and we thank the reviewer for his/her comment. We
have made the subsection in the manuscript describing grid cell selection clearer about why we chose
the grid cells. We have added the reviewer’s valid point about the flaw lead system to the manuscript as
well. Unfortunately, the interpolated ERA-Interim data used for lower boundary forcing is most
accurate away from coastlines. This is due to the contamination of the sea ice signal by the land-ocean
boundary. Because of this, moving the grid cells southward and closer to the coastline would likely
degrade the analysis. We have also added a reference in Section 4.1, p. 9, L16, which states: “Although
the grid cells selected for our study do not capture landfast ice at Shishmaref and Utqiagvik, Mahoney
et. al (2014) found trends toward earlier break-up of landfast ice along the Alaska coast in agreement
with those identified here.”

3. The paper analyzes severe winds events capable of geomorphological change. In this regard, wind
direction is of high importance, yet the authors only look at scalar values. For example, onshore and
downwelling winds will have more potential for coastal sediment erosion and storm surge. At
Utqiagvik, it is stormy winds from the West and NW that are most likely to cause coastal change or



damage. Why have the authors not looked at specific wind components to characterize sever wind
events?

We thank the reviewer in particular for this comment, because it contributes to the practical aspects of
the manuscript. We have computed the wind directions and the number of hours the winds are between
two ‘direction thresholds’ defining the onshore/alongshore quadrant for each community. We then
presented the number of these severe wind events (which the reviewer mentions above) that are
composed of winds between these threshold directions. We have added the results as a second y-axis in
Figure 8, and explained the method in the caption of that figure, and also in a newly added portion of
the methods (subsection 2.5, p. 5 L30). The wind directions in the alongshore direction generally
promote water setup along the coast, and promote water downwelling. Winds from this direction, as the
reviewer mentions in his/her comment, have more potential for storm surge and coastal erosion. The
inclusion of the resulting occurrences adds to the analysis of the data we have available by directly
linking it to impacts on coastal communities. If we take Utgiagvik as an example, we have presented
the number of the severe wind events which have winds coming from the directions of Northwest
(representing onshore towards Utgiagvik) and Southwest (representing alongshore winds promoting
downwelling). Kotzebue and Shishmaref, the other two communities examined in the manuscript, have
different direction thresholds to calculate the number of the wind events that are between alongshore
and alongshore/downwelling, due to their different orientations along the Alaska coastline. The
directions for Kotzebue are between West and South, and for Shishmaref, between NW and SW. Please
see the methods subsection 2.5 for further detail. We have added the results of this analysis in the
Results subsection 3.3 (p. 7 L25) , and added discussion of these results in Section 4.3 (starting at p. 11
L8).

4. Lastly, I believe this paper will eventually make a nice contribution to the literature. Of greatest
potential value (in my opinion) is the opportunity to illuminate the different ice regimes and conditions
across these three communities. The differences are mentioned, but could be discussed a bit more in the
conclusions, especially in the sense of what may be expected with further change. The paper makes a
lot of general, broad comments on community impacts. It could be improved with a few more
comments specific to these three communities.

Thank you for this comment. The addition of several statements in the conclusion section, comparing
the differences in the indices across the communities has, we believe, improved the presentation. We
have lengthened the conclusion section in the new version of the manuscript by comparing the indices
across the communities and linking them to particular impacts associated with the three different
communities. We have also added a statement that the increase in the wind events coming from the
NW and SW in Utqiagvik (new results added to the manuscript, based on the Reviewer #1’s comment #
3 above) is likely to be a problem in the future if this trend were to continue in terms of erosion and the
relatively greater amount of infrastructure present in Utqiagvik.

The responses below pertain to the detailed comments marked within the manuscript by the
reviewer. The author responses are in blue and the comments by the reviewer are in black.

p- 2, L. 23: Why not identify the location of these three communities in Figure 1?
In response to this suggestion, we have amended the map to include the community names and

locations.

p- 2, L. 29: should be "sheefish and bearded and ringed seals"
Thanks, corrected

p- 2 L 34: Be more specific. They have voted to “permanently relocate the village”



Yes, this has been corrected

p-3 L 4: The village is actually along the Chukchi Sea.
Thanks, this has been corrected.

p- 3 L 8: I suggest sticking with one term - either "landfast" or "shorefast"..
Agreed. We have gone with “landfast”.

p- 3 L 20: Insert "(HSIA)" immediately after first use.
Thanks, this has been inserted at what is now p. 3 L25.

p-4 L 4 You are getting sea ice concentration from this product correct? This though is not explicitly
stated in this paragraph.

Yes, and we also obtained the wind data from this product. Although we did mention the use in the
subsequent section, we did not explicitly state it in this section. We have added such a statement to this
subsection (p. 4 L.17) and provided further detail about the dataset.

p. 4 L 16 The large flaw lead system that develops off of Alaska's North Slope typically occurs south
of the grid cells chosen to represent conditions off Utqgiagvik. Therefore, I am concerned that the
location for the ice analysis doesn't represent conditions near the village, especially in Spring.

This is an important point and we have added the description of the flaw lead in this subsection,
because the reader should definitely be made aware of this flaw lead during Spring. The HSIA sea ice
concentration data and WRF-downscaled ERA interim (used in this study) rely heavily on satellite-
derived sea ice concentration products, which are problematic very close to the shoreline. Please see
our above response #2 in the section “main comments”. Due to limitations in the satellites’ ability to
distinguish land from frozen ocean near coastlines, moving the grid cells southward and closer to the
coastline would reduce the accuracy of the concentrations. We have also added a reference (p. 9, L16)
which mentions that the trends in landfast ice agree with our results presented in the manuscript. We
have added a statement about the flaw lead in section 2.3, p. 4, L 27.

p.4 L 18 "Security" is a vague term to use here. Why not just say "relevant to each community"?
Yes, agreed. We have changed the statement so that it now reads “To assess variability of ice
conditions, we selected data near the coastline of each community but not too close due to the fact a
large part of the sea ice dataset is satellite-derived.” (Section 2.3, L.23)

p-5 L 5 Shouldn't these sentences which describe why the HSIA uses a higher threshold be
immediately after the first sentence in this paragraph, which mentions the two different thresholds.
Still, however, I am not clear how a higher threshold of 30% provides a "quantitative value for
comparison between communities". Can't 15% also be the basis for comparison?

Yes, 15% can also be a basis for comparison. The point we were trying to make was that as long as a
threshold is selected, the same threshold can be used across communities, thereby providing a basis for
comparison. The statements here now read: “We experimented with different concentration values and
found that the resulting dates of freeze-up and break-up are relatively insensitive to thresholds between
15% and 30%. To illustrate this, we used a threshold of 30% for the HSIA data, as used by Serreze et
al. (2016), and a threshold of 15% as used by NSIDC, for the ERA-Interim data (Figure 2).”

Figure 2 is a new figure added to the manuscript in response to this Reviewer comment (see
response to next reviewer comment for p.5 L10). We have tried to make it clearer in the text that
having a threshold provides a useful basis for comparison between communities, but the results of this
comparison are relatively insensitive to the choice of threshold, since different thresholds produce



similar results in number of open water days. We have also added in the conclusion section a statement
that if enough community observations were available for freeze-up and break-up timing, then such a
threshold may not be necessary.

p-5 L 10 Instead of comparing HSIA at 30% and ERA-Interim at 15% to show that there is not a large
difference in the number of open water days, why not compare ERA-Interim at 30% and ERA-Interim
at 15%? That would make more sense scientifically. That comparison would provide a nice plot for the
paper as well. The same could be included for comparing HSIA at 30% to HSIA at 15% concentration.
This comment indicates to the authors that we should have been more clear in the wording here, and we
thank the reviewer for this comment. We have rearranged the text and added some clarifying statements
in this section. Since the HSIA dataset does not contain any wind data, we have to use the WRF-
downscaled ERA Interim wind and sea ice data to help evaluate the days which are ‘too windy’ for
hunting and to identify the number of ‘geomorphologically significant’ wind erosion events. These
events occur over open water, so the sea ice concentration had to also be utilized from the ERA dataset,
in order to identify the high-wind occurrences over open water. Also in response to this comment, we
have added a new figure (Figure 2) to support the statement that the 15% and 30% thresholds result in
very similar numbers of open water days. We feel that a more extensive comparison of how open water
changes across the two datasets with the different thresholds is a good idea, but also that a thorough
evaluation of the sensitivity of the number of open water days to sea ice concentration thresholds across
the two datasets is beyond the scope of the study.

p-5 L 13 This is a good point, but these last two sentences should be included in the discussion,
alongside some discussion of the challenges. Its important to recognize the challenges of getting
communities to report freeze-up since there are many different ways that locals may define freeze-up.
Thanks, we agree that this statement is better moved somewhere else. We have moved it to the
conclusions section, because we think that further exploration into how freeze-up is defined is also an
important topic for future research. The statements regarding this topic in the conclusion section (p. 12
L 25) now read: “Indices such as those we have derived here show that the use of community
observations and local knowledge in conjunction with large-scale climate datasets can be a powerful
tool in evaluating the impacts of climate change at local scales. All of our results relied on the use of a
sea ice concentration threshold to identify transitions between periods of open water or ice cover. For
further research, it would be useful for individual communities to report when freeze-up and break-up
occur. If every community provided this information, choosing a threshold for sea ice concentration
may not be required in comparative analyses of large-scale datasets across communities.”

p- 5 L 22 Correct to "refers to the number of days that sea ice concentration is below..."
Thanks, this has been corrected.

p. 6 L 4 Correct to: "..prior to the starting date of..."
Yes, thanks, corrected.

p. 6 L6 Figures 3 and 4 are referenced before Figure 2. Should the order be corrected?
Figures have been re-ordered, thanks.

p. 6 .20 This is interesting analysis. It would be valuable to know the weeks of year where these false-
events took place, either in a plot or table.

We thank the reviewer in particular for this comment because it allowed us to better separate the time
period of open water and to better distinguish between the false freeze-ups and false break-ups. We
have also added a supplementary table to the manuscript which gives the month and day of each false



break up and false freeze-up, for each community. We have updated some of those results in Subsection
3.1 (p. 6, L 21) and Figure 5, based on the dates of the false freezeup/breakups. The supplementary
table is mentioned in Subsection 3.1 (p.6 L28).

p. 6 .29 This is a long section title, and includes a conclusion. This is inconsistent with the other
section titles in the paper. And having a conclusion in a results section title is a bit odd.

The title of the section has been renamed to “Changes in the number of days 'too windy' for safely
hunting via boat”

p. 6 .29 See comment at Figure 5 below. . Comment at Figure 5: ‘Please clarify why the two parallel
bars for each five year period are not equal in height. Is it because the blue is the HSIA data at 30% and
the red/green is based on the ERA-interim at the15% threshold? It could be more informative to just
show the red/green bars for each year (1979-2014), and leave off the blue. *

We had previously not included the HSIA-derived results (blue bars) but in the end decided to include
them in order to show the longer timeseries alongside the ERA-Interim. However, due to the
differences in the sea ice data incorporated into the HSIA and ERA-Interim, and sea ice concentration
threshold, as well as the different grid cell area, we now see that the reviewer’s comment makes sense,
so we have omitted the blue bars. This allows the reader to focus on the main point being conveyed in
this figure: the comparison between the total number of open water days and the number of boatable
days for each community. The blue bars (HSIA) are omitted in the edited Figure 7 in the most recent
manuscript version (previously Figure 5).

p- 7 L9 The results reported appear correct, but it is a bit confusing/misleading. Increases in open water
days in part drive the number of days that are too windy because there is a greater potential for days
that are too windy with more open water days. Isn't the number of total boatable days (not expressed in
relative terms) what is ultimately important?

The changes were presented in relative terms to show that just because there is a rate of increase in the
number of open water days, there is not necessarily the same rate of increase in number of boatable
days (due to high wind over open water). However, we do agree that the number of boatable days is
ultimately what is important, so, based on this reviewer comment, we have removed the statements
explaining the relative percentage changes. We have also added a few statements in this subsection
about the rates of changes in the total number of boatable days between the communities. These
changes are in section 3.2, p. 7, L4 and section 4.2, p. 10, L23.

p- 7 L.10 Note that you are using a mix of both 6-year and 5-year bins in the figure. Clarifying why or
finding a more consistent approach is needed.

Thanks for pointing out the potential confusion. We have changed Figure 7 so that each bin now
includes 4 years of data. This results in a total of 9 bins for our 36-year timeseries. As suggested by the
reviewer in a previous comment, we have also omitted the blue bars (HSIA) from this figure.

p- 7 L.15 Wind direction is ultimately of high importance to the potential for geomorphological change.
For example, onshore and downwelling winds will have more potential for coastal sediment erosion
and storm surge. (At Barrow, it is stormy winds from the West and NW that are most likely to cause
coastal change or damage.) Why not look at specific wind components instead of the scalar value?
This is a very good point. In response, we have augmented this section to include the relevant
information on wind direction. We have added a second y-axis to Figure 8 in order to capture the
number of those high wind events which are onshore and alongshore (downwelling). We have added a
description of the procedure for identifying onshore/downwelling high-wind events in the Methods



subsection 2.5 (p. 5 L 30). Please also see our response to the Reviewer comment above, which is
related to this one (Reviewer #1 main comment #3).

p. 7 1.32 Again, it is not clear why the relative number of high wind events to the total number of open
water days is important. Isn't the TOTAL number of high wind events (during periods of open water)
what is ultimately important, especially considering that this paper is looking at local community
impacts?

The authors somewhat address the value of the relative value in the discussion (windy days of open
water versus being able to travel by snowmachine on the ice) but it is not clear here.
We now state the results in terms of the absolute wind events.

p. 8 L.13 It seems that the underlying premise here is linked to uncertainty. With an expanding
transition season, characterized by variability, the communities may have a harder time deciding on
when and how to change their modes of transportation and hunting. If the authors agree, I think
seasonal uncertainty is an important point to elaborate on.

Yes, this is exactly the point we were trying to get across in this subsection. In response to the
reviewer’s comment, we have added the following statements to this section:

p. 8 L7: “Additionally, the twice-annual transitions between open-water and ice-covered seasons are
becoming increasingly ill-defined and characterized by multiple "false" freeze-up and break-up events
before the final, lasting transition occurs (Figure 5).”

p. 8 L 11: “Once the ocean surrounding the community starts freeze-up, transportation via small boats
becomes increasingly difficult and risky. Hence, until a stable landfast sea ice cover forms (allowing
the use of snow machines, dog-sleds, or regular street vehicles in some cases) early winter travel to the
mainland from villages on islands and peninsulas such as Shishmaref and Kotzebue can be extremely
limited. The growing number of false freeze-up events each year extends this period of reduced
accessibility and increases the level of uncertainty about land at this time of year.”

p. 8 L.18 It is not clear why the number of false freeze-ups has implications for coastal erosion rates.
There may be a realationship but it is not well expressed here. Isn't it just the presence of open water
(ice concentration) that is ultimately important? For example, a year with many false freeze-ups could
have more ice in a region over the fall period compared to a year with very few false freeze-ups but
with a very late date of freeze-up.

We have added a more detailed explanation in this section. We think this addition contributes to the
discussion of why the recent increase in number of false freeze-ups is important for erosion. We have
also added a reference here (Eicken et al., 2005) to explain that the increase in the number of false
freeze-ups could increase sediment load transport (Section 4.1, p. 8, L 33).

p. 8 1.26 Correct to: "...false break-ups at Utgiagvik..."
This statement now refers to all three communities.

p. 8 1.27 "turbulent"” is an very imprecise word choice. I suggest "more variable".
This section has been revised and the statement containing “turbulence” no longer exists.

p- 8 L 29 It is not clear what "uneven" refers to. Is there a more precise word?
“Uneven ice deterioration” here was referring to the spatial variability in sea ice melt. We have
changed the statements here to refer to the reduced accessibility of sea ice travel (section 4.1, p. 8 L.30)



p. 11 1.26. replace ‘in’ with ‘near’
Replaced, but this statement is now found at p. 11 L7.

p.121.04. Remove ‘to’
Thanks, removed.

p. 12 1.06. Remove ‘previously Barrow’
Removed.

Author response to Reviewer #2
Author response is written in green, and Reviewer #2 comment is written in black.

While somewhat improved over the previous version this manuscript still suffers from a lack of clarity
and concision in its description of the objectives, explanations of analyses and results, and poorly-
proofed writing. The manuscript is still so far from being in at least in ‘near-final’ condition that I
cannot recommend publication.

We thank the reviewer for his/her perspective, and we have made extensive editorial revisions to the
manuscript with this in mind. We have enlisted a former editor for assistance in revising the
presentation for clarity and technical correctness. The description of the objectives mentioned above
by the reviewer is provided at the start of the manuscript: “Using thresholds of physical climate
variables developed directly from community observations, together with two large-scale datasets, we
have produced local indices directly relevant to the impacts of a reduced sea ice cover on Alaska
coastal communities.” To address the reviewer’s comment about the “explanation of the analyses and
results”, we note that in response to the comments of the other reviewer, the results of the indices are
now given in separate subsections, which are ordered (numbered) consistently throughout the methods,
results, and discussion sections. We believe that the organization of the manuscript has been improved
from the initial submission by switching to this section/subsection structure. Concerning the “poorly-
proofed” writing, we have proof-read the text, double checked all Figure references, and revised the
wording based on the specific comments and line numbers given by Reviewer #1 (see responses to
Reviewer 1).
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Abstract. Using thresholds of physical climate variables developed from Community observations; together with two larges
(scale datasets, we have produced 16€al indices (directly televant tothelimpacts'of a reduced sea ice cover om Alaska coastal
(Commiuinities? The indices (Aclide the number @f ' falSeffeezesups definedbytransientiexceedances) of ice concentration PFior
(tora corresponding exceedance that persists; "false break=ups") timing of freeze-up and break-up, length of the open water
duration, number of days where the winds [pféclude’hunting via boat (wind speed hreésholdexceedances); the) number of wind
events (€onducive’to geomorphological work or damage to infrastructure from oceanswavesy and the AUMbBEF of these wind
events with on= and along:shore components pronoting water set-up along the coastling] We demonstrate how Community ob-
(Servations can inform use of large-scale datasets to @defiverthese locally-relevant indicesi The'two primary large=scale datasets
are the Historical Sea Ice Atlas for Alaska and fhe atmospheric output from a regional climate model used to downseale the
ERA-Interim atmospheric reanalysis. We illustrate the variability and trends of these indices by application to the rural Alaska
‘communities of Kotzebue, Shishmaref, and Utgiagvik (previously Barrow), although the same procedure and metrics can be
(applieditorothen coastal communities. (OVer then 19792014 tifne period; there has been a marked increase in the number of
combined false freeze-ups and false br€ak=uipsiasiwellias'the) number of days too windy for hunting via boatforall'thrée com-
(munities; especially UtqiagVilkMaUigiagvik; there has been an approximate tripling of the number of wind events EoRducive
tto coastline erosion from 197976720142 We have also found a delay in freeze-up and earlier break-up leading to a lengthened

open water period for all of the communities examined.
1 Introduction

1.1 Identification of metrics useful for describing climate change-related impacts on Arctic coastal communities

Community @hgagement and feedback are useful to identify the social relevance of climate system variables commonly used
by scientists, as covered extensively by (KiilipRiland@Sl§HE00Z): For example, sea ice concentration (fraction of @nrarea’of

(6ceansurfacel covered by sea ice), thickness, and extent (Gceantatealwithinlthelseariceledge) can be considered “primary”
geophysical variables for an Arctic ocean (Study:) HEWeEVer) for indigenous Arctic coastal communities, €18 timing of I6&al
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freeze-up and break-up are among the most important €haracteristics of sea ice (BefkesiandJolly2002;(Berman and Kofifas)
(2004 aidleretaly 2009). While the definition of freeze-up and break-up timing can vary based on data source (Johnson'and
Eicken, 2016), it is useful to evaluate these metrics in a way that can be applied across communities, as done in this study. | |

Residents of Arctic coastal communities report that the sea ice is changing in many other ways, including increased presence of
rotten (partially melted and weak) ice and the way the ice breaks up (Betcher, personal communication). While these changes
e unlikely to be directly captured in €limate scale observations, local community members connect these changes with trends

an be indicated from the length of the transition season, or number of false freeze-ups and false break-ups. Iiithis'study;

ice driven by winds or currents. While'it is difficult to determine the best thresholds in terms of ease of wated
the grid cell area covered is larger than the smaller boats or snow machines, concentrations well

to be similar if the sea

large-scale climate observations, complex inter-connections between communities and

can often be overlooked (HERGREIORENAIHR009). 16is therefore [MPOMANGIONNCINS local EXperiencenvien
and UARGEY) the impacts of EnVironMEntalVaTations and changes (HuntAgon et al., 2009). &9
interviews with Ifiupiat whalers in Utqiagyik (formerly Barrow) |

S /s or higher @SIMPEAINEAIS o whaling because hunters EoNSIdEHINE TESUIENVAVECORUIONS 00 unsafe (o

Iternatively, Atkinson (2005) used a 10 m/s wind speed threshold for a duration of 6 hours of longer to produce

storm events. (PhelIOTm/S threshold yvas basedon Solomon et @lr§ (1994) finding that winds of this magnitude
1ce waves with enough power €7d0 geomorphological work Gnfthieicoastlifie or damage to infrastructure and

d trends in fheTnumberand timing of these'events may give an indication of how climate change &ill
communities. IfifthiS’Study we present a timeseries of these indices from 1979-2014 (1953-2013 for freeze-up
timing) for thrfeeicoastal communities in"Alaska)

examined IS Stdy)

munities examined in this study are Kotzebue, Shishmaref, and (UtqiagvikWhile thell6¢ations of the communities
all are located along the Alaskan coastline (Figurefll) and have community members who participate in @6astaliéi offshore
ubsistence @EHiVifies (reliance or partial reliance on marine mammals as a food source and a way of life) (Ashjian et al.2010;
(Callawayetalnfii999). The village of Kotzebue is located on a gravel spit on the Baldwin Peninsula, and the population is over

3,500 (NANATREgicRalCorporation2016). Kotzebue Sound has the Noatak, Kobuk, and Selawik rivers providing freshwatet

seasonally into the Sound. Uses of sea ice in Kotzebue include travel by snowmachine and foot, as well as subsistence hunting

from the ice for marine mammals including sheefish and bearded and ringed seals (Georgetteland ILoon(1993). Historically)
{the ice Gffsherethias typically broken up i late June and feférmediin October. | |
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Shishmaref is located on a Chukchi Sea barrier island, about 0.25 miles wide and 3 miles long, slightly north of the Bering
Strait and about 100 miles southwest of Kotzebue. It is at the center of animal migration routes and also a center of a complex
food-distribution system based in subsistence hunting practices (Marino, 2012). It is highly vulnerable to €rosion, which'has)

(been exacerbated by declining sea ice cover protecting the coastline (Baffilartetaly@0l#B): The members of Shishmaref have
6 voted twice, to ([peffmanently) relocate EHEWIlIAZE) due to this problem, however the funds are not available for doing so, even

though EENGOMALY) will eventuaily have to move (DEPANMEREONCOMMERENCoNuIAAIECOTOMICIDEVEopEnt
2017). The sea ice typically breaks up earlier than @ Kotzebue, around (May, and freezes up later, around November.

Utqiagvik ((férmerly) Barrow) officially reverted back to its original name in December 2016. It is the largest village om the

North Slope Borough in Alaska and is located along the (Chuikehi Sea. Utqiagvik is in a highly exposed position for drifting

@0 pack ice and also land-fast ice. Freeze-up iasthistorically been'inOctober or early INovVember; and break-up can last from April

through August (Johnson and Eicken, 2016). Sea ice in Utgiagvik can be a hazard for commericial Shippifig;and/it’serves as a

platform for #i® hunting @ subsistence animals. Seal hunting can take place on the ice in winter, and bowhead whale hunting

is done from the edge of land=fast ice in §pfifig and from open water in fall (Gearheard et al., 2006).
1.3 Organization of this paper

@5 This paper is organized into the following sections. First, we describe the Data and Methods, which are separated into subsec-
tions ([@€scribing) the Historical Sea Ice Atlas and dowmnscaled ERA-Interim datasets, sources of (Community observations; the
rationale’for the selection of the study @reasy and descriptions of the I6€alljifelévait metrics ©f the changing sea ice conditions
in these communities. (We'then'present the gesults Showing how these metrics have been changing for each community. All'the
ifdi€es have BEEM evaluated f6F the time period from 1979220143 F6t the freeze-up and break-up [datesyWe evaluated arlonger

20 (timeperiod of 1953=20132 Next, the Discussion section links these indices to(@ctualiand potential impacts on the Selected com-
([munities) including impacts on travel for subsistence hunting, prey availability, and erosion. Finally, the Conclusion section

briefly summarizes our main findings.

2 Data and Methods

2.1 The Historical Sea Ice Atlas

185, The Historical Sea Ice Atlas (HSIA)forAlaskarcontains monthly gridded fields of searice concentration extending back
to (1850 A described by (IWaISHISHEN @O it is a synthesis of various datasets §@fgiiig from whaling ship logs fo his-
torical ice chart archive Produetsito the (passiveimicrowave datarfor the [ore recentidecades (19792007 A full list of all
sources of data into the HSIA can be found on the Scenarios Network for Arctic and Alaska Planning (SNAP) webpage
(http//seaiceatlas snap.uaf edu/about). Temporal interpolation and analog reconstructions of months with missing data fill any

B0 (gaps in the'dataset’ From 1953 through 2013, [uatter=monthly) sea ice concentration values are available and were used here
to (ConStruct the sea ice ([indicesTand toranalyze theit trends along the coastlines of i@ selected communities in Alaska. @he
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‘quarter-monthly grids were assigned calendar dates by the best approximation of the midpoint day of cach quarter-monthly
file. Use of HSIA data roughly doubles the timespan of the data available with sub-monthly temporal resolution compared
with a reliance solely on the sea ice data derived from the satellite passive microwave record, which begins in 1979, While the
satellite-derived (post-1979) portion of the dataset is Tess susceptible to heterogeneities arising from the use of multiple data
sourcesy we do not find evidence for Spuifiousidiscontifitities around 19793

WRF-downscaled ERA Interim reanalysis products

opean Centre for Medium-Range Weather Forecasts interim reanalysis (ERA-Interim) dataset (Dee et al., 2011) has
ically downscaled using the Advanced Research version of the Weather Research and Forecasting (WRF) regional
et al., 2016). The dataset has an hourly temporal resolution {@ail§ for sea ice) and a 20 km spatial resolution,
014. It has been downscaled from a 0.75 degree (about 83 km) spatial and 6 hourly temporal fesolution'cf the

was (performed

pve representation of temperature and precipitation around Alaska’s varying terrain, and to inform various
higher-resolution climate and weather information. The WRF regional model uses a thermodynamic sea ice
nd Zhang (2001), fogether with the Noah land surface @6del} to simulate the SGffaceflaxes over sea icerand

grid cells representative of each study area

s of Kotzebue, Shishmaref, and Utgiagvik were selected to represent a range of sea ice Statesiand vilnerability)
varying levels of #elianice on subsistence @ctivites and interaction with the
1 gas industry. Figure 1 shows the grid cells selected for each Community;forcomparisonof sealiceimetricsyTo
community dae to the'fact
ice dataset s satellite-derived. Satellite-derived sea ice concentration data have difficulty resolving sea
the coastline. This can cause problems in obtaining accurate sea ice concentrations in the
to the coastline, as these grid cell values are interpolated from the satellite-derived concentrations
of thegridcells selected for Utqiagviks)

the above reason, selecting "coastally contaminated”

of the sea ice conditions. The reliance on offshore ice

The maximum concentration (greatest fraction of sea ice per unit area) was extracted from @Six=gridcelliarea otfshore ot
(€ach community) The maximum (FathefthanthelSix=eelNaverage) concentration was extracted beeause the grid cell With the
HighesEConGeREAtORIEAR serve s a (GHOKEIPOINE) or KaZArd) while the other grid cells may not. HOWEVERNANARAISISIOVEE
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(fherentirelseasonalicyele) we found that neighboring grid cells GffShorerffomithercoast do not typically vary significantly in
concentration. The Jocation G€l€€ted for the analysis of downscaled wind speed data were selected slightly further offshore in
order to get a better representation of open ocean travel, but the results in terms of open water days are similar to those obtained
from the HSIA analysis.

2.4 TIndices related to freeze-up, break-up, and duration of open water period

e analysis that follows, we define freeze-up and break-up as the seasonally "final" crossings of a given ice concentration
The open water period is defined as the duration between {ffééze=tiprand bréak=up; Whef ice concentration (Stays)
below this threshold. We experimented with different concentration values and found that the resulting dates of
nd break-yp are Felativelyinsensitive to thresholds between 1 5 % and30%: Tovillustrate thisywe used a threshold of
SIA (data; as used by Serreze et al: (2016),and) a thresholdof 15% as used by INSIDIC]) for the ERA-Interim data

is defined toroceur when the ice concentration dips below the threshold before the final break-up prior to
eason of that calendar year. Sifilarly;iar falSefreeze=up" is defined toroceur when the sea ice concentration
bove the threshold concentration between the fifidl break-up and the final freeze-up of that calendar year.
The downscaled ERA-Interim
r thesercalculations because temporal resolution of ERA=Inferim is fifief than that of HSIA (daily instead of

ting to open-water wind events

oatable’ open water days refers to the number of days hat sea ice concentration is below 15% while the winds
6 m/s threshold. This threshold isbasedon hunting success of whalers in (Utqiagvik (ASijiamSHanEon)-
eeds are usually considered by the hunters f6'be dangerous to hunt via boat. Ashjian et alj identified this wind
from interviews with 41 Ifiupiat whale hiifité¥s"afid found that 86% of fall whales in Utqiagyjik were landed on
e wind speed was less than 6 m/s, Whilé no whales were landed on days where winds exceeded 10 m/s.

nts exceeding 10 m/s for a duration of 6 hours of longer have been found to have potential torcause geomorphologi-
, or Liamage to coastal infrastructure or habitats (Atkinson, 2005; Jones et al., 2009). The number of these events were

ed for Kotzebue, Shishmaref, and Utgiagvik from 1979 through 20147sing the'WRF=dowinscaled output) Timesteps of

uring ’shoulder events’ were counted as part of the geomorphologically-significant wind event as long as the wind speeds

not dip below 7 m/s, which follows the same method as used infAfKifison)(2005 ). (Weliaveralsocounted the numberofhigh
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erosion rates (BAFAMERAINEONAR and possible infrastructure damage due to flooding. Winds from between 225° and 315°
satisfy both the alongshore and onshore requirements at Utqia@vik. Winds blowing from directions between 1807 and 270°
satisfy the criteria for Kotzebue, while Shishmaref’s quadrant ranges from 225° and 315°.

3 Results
3.1 Changes in timing of freeze-up and break-up, and number of false freeze-ups and break-ups

The HSIA dataset was used jin order to extend the timeseries @F freeze-up and break-up timing fofithelcommunitiestof Kotze-
(bue @nd Shishmaref 27 years prior to the starting date @f purely satellite-derived datasets? Eep years which showed multiple
freeze/break @ventsj the fifidl freeze-up @nd break=tp date’wasiused) The linear trend of the date of freeze-up is a delay of

2.2 days per decade for Kotzebue and 6.0 days per decade for Shishmaref (Figuref8). The freeze=up day for Kotzebue Sound
shows a muichiweaker trend than the freeze=up days for Shishmaref. As showsn in Figure@@ break-up has occurred carlicr by 3.4
days per décaderat’Shishmaref; and By 1.1 days per decade @ Kotzebue However, thelinterannual Variability) of the freeze-up
and break-up dates is sufficiently high that none of these trends are statistically significant at the 5% level. Utqia@vik’s trends
in freeze-up and break-up timing since 1953 (HSIA data) are not shown because there are a high number of years with no
freeze-up and break-up date as defined by a 30% threshold, since the sea ice concentration remained higher year-round.

Not only are there differences in the trends of freeze-up and break-up between the selected communities, but the variance is
different as well (Table 1). The variance of the freeze-up date is 32% larger at Kotzebue than at Shishmaref, and the variance
(e therbreak=upldateisi8 %largeratiKotzebue thaniatiShisShiiaret) Fractions of the variance that are explained by the trend are
6% and 2% for the freeze-up and break-up day of Kotzebue, and much higher for Shishmaref:? 44% and 20% for freeze-up and
break-up date respectively. The smaller percentages at Kotzebue imply that the trend will be a poorer guide to future break-up
‘and freeze-up dates than at Shishmaref.

There has been an increase in recent years of the number of false freeze-ups and false break-ups @tfallithreeicommunities
(Figure (@) There have been more false (bféak=ups) than false feeze=ups for both Kotzebue and Utqiagvik: In contrast, Shish-
maref shows many more false freeze-ups than false breéak=upsiil7 false freeze-ups from 2002520143 with only 6 false (bféak=ups?

(In'prictdecades (1979=2001); Shishmaref hiad) only 2 false ff€€Ze=ups) and no false br€ak=upsi Kotzebue also shows @nfincrease
in"thernumberof false freeze-ups and preak-ups in recent years, with nene prior to 2004. However; from 2004-2014, Kotzebue

had & false freeze-ups and © false break-ups. (Utqiagvik shows & false freeze-ups in recent years (2002-2013), with @5 false

break-ups. There were only 3 false Bfeak=ups prior to 2002, with 3 false fi€eze=upsDates of the falSefreezesupsand break=ups
are given for each community in Supplementary Table S1.

3.2 (Changes in thi@ number of days ’too windy’ for safely hunting via boat

is 87.0 days, while in Shishmaref the average number is 79.2 days. Utqiagvik shows an average of 32.0 boatable days for the
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(samertimerperiod: The) number of fboatable? days i the ppen water period is not increasing as F@pidly as the total'number

of open water days because somg of the open water days have winds exceeding the 6 m/s criterion for safe boating. This is
(especially truerat Utqiagviky where the number of unboatable open water days is increasing at a rate of @43 days/year with an
12 value of 0.49 (Figure.. The rate of total increase in open water days is 2.5 days/year with a similar r? value of 0.47, The
(increases in bothitotal number of ppen water @aySiandiunboatable) days are Statistically significant: Shishmarefand Kotzebue
only (Veaksand statisticallyinsignificantifcreasessin the number of windy days Overopemwaten Figurefuiotzebue
of the total number of [@aySWithoutiice'cover(4:2 days per'decade); while) the
‘Shishmaref is statistically significant (5.6 days per decade). Shishmaref, on average, shows more unboatable days than
but Shishamief also'shows ahigher fiumber) of ppen water days in (@eferaliAlhougH Kotzebue hasiafioveralllowen
is @ higher pumber of [daysfor community members to huntvialboat

ing number of wind events with potential for geomorpholgical change

events exceeding 10 m/s for at least 6 hours have [fi€’potential to cause geomorphological
on, 2005; Solomon et al., 1994; Jones et al., 2009). The number of such events over open water have been
ularly at (Utqiagvik (Figuref§)) The rate of increase in the number of geomorphologically significant wind
water fiear Utqig@ivik) is about 1 every 2 years, with an r? value of 0.2, approximately tripling the number
to 30 @Veiits)) over the 36 year time period from 1979-2014. There has @l86 been a Change'ifithe 'characten
1993-2014, some years (EZNI983 19851988 MI091IandN992) did not have any of these wind

water, because the ice pack did not recede far enough offshore in earlier j€arS:At Kotzebue, there has also

in (@eomorphologically significant' winid events, but at a slower rate than (Utqiagvik; about 1 @dditional event

ading to an increase of about 7.2 events over the 36 year time period (Figure{§)) Shishmaref shows the weakest
events (neludingrallidirections)) about | every 10 yearssDESpiteIhisIweakentrend)
s a higher number of such events than Kotzebue? Over the 36 year time period examined, Kotzebue has had an

crease from 39 to 46.2 fotalii¥ifd events, while Shishmaref has seen an increase from an average of 49 to 52.6

of these events is 14, and the minimum is O for Utgiagvik. If we count only the
of wind events exceeding 10 m/s for at least 6 hours, and corming from between B15°/and225% the annual average of
‘Shishmaref is 7.22, with a minimum of 1 and a maximum of 14, with no significant trend. At Kotzebue, the average number
of onshore wind events is 6.61, with a maximum of 12.0 and a minimum of 2.0. At Utgiagvik. the annual percentages of the
total hours during these on- and along-shore high wind events (between 225° and 315°, see Section(@1§) averages 21%. At
Kotzebue, an average of about 12% of the winds above 10 m/s were onshore and between 180° and 270° during 1979-2014.
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(ATEVERIgEONEboUE9%IN the fotal duration of e highnwind events inShishiareRwerefiom between 8159 and 225% which
are the directions conducive to increased levels of erosion and flooding.
.4 Discussion: Impacts and Implications

4.1 Consequences of changes in the transition period between open water and ice: Timing and number of freeze-up

and break-up events

the annual number of open water days has increased in recent decades (Figuref2)
delayed freeze-up (Figuref@) and earlier break-up (Figure{) of thetice'cover:Additionallyy the twice=annual
ice-covered seasons are becoming increasingly ill-defined and characterized by multiple
and break-up events before the final, lasting transition oceurs (Figure(§)./According to our definitions of these
t0 2004, after which they have

there has been @marked increase in the number of false (féak=ups)

member from Kotzebue WhoTepoits “we have a longer fall and a longer spring so it’s warming on both ends
getting shorter ... used to be everything would melt in one week” (Betcher, personal Eommmuiications 2013))

communities {the Arctic (SEafisara
consequences for Fesidentsrand theifsubsistenceractivities) (However) the

of these consequences depends upon the local icc regime and cultural practices, and each community must

the (ComMMmunNity StartS fre€Ze=up; transportation via small (boatsTbecones increasingly difficult
landfast sea ice [€oVer forms (allowing theTuse of) snow [Machines; dog=sleds) or regular street
travel fo the mainland from villages on islands and peninsulas such as Shishmaref and
The (growing number of false fieeze-up events each: year extends this period of reduced

the Canadian Arctic community of Igloolik (IidIen

ice travel more dangerous, travel routes must be altered, and people are

in @6Wh™ during EhiS’periods In UtqiagVikytravel to inland huntifiig f€gions'or other communities iSotditectly)
during the Extended open water scason fias been impacted by winds and waves: This

Entrainment of sediments by sea ice commonly happens during the formation of sea ice in shallow water. Sediment entrain-
ment could therefore potentially increase with an increasing number of coastal freeze-up events in a given year. The reduced
albedo of sediment-laden ice (EgHEEEAIMIYY8) promotes subsequent melt and early break-up the following year. Additionally,
sediment by transport has been observed to be a significant mechanism for across- and along-shelf particulate flow (Bieke
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W18 2005). Lce shove events, during which sea ice piles or rafts onto the shore, arc another coastal process that may be
AEPACIEIBY) the number of false (FEEZE=upS) ESOCCURMOSHEOMAORIY) in the fall-andSpring (KOVASSNNMISOARREIDEN) and
represent a significant hazard in Some Aretic coastal communities. With an increasingly delayed freeze-up extending into the
(fallstorm season (see sectionf@id);) and a igher number of false freeze-ups hiappening a the Same time; it Seems possible) that
coastal communities may also experience more ice shoves.

The subsistence harvests of all Arctic coastal communities include ice-associated marine mammals such as ringed and

ded seals, walrus, belugas, and bowhead whales (Moore and Huntington, 2008). The availability @hdiaceessibility) of each

e species, in terms of both the population size and proximity to hunting grounds, &ill be impacted by changes in the
nd persistence (number) of freeze-up and break-up events. Work done by Kapsch et al. (2010) identified optimal
for maximum walrus hunting success in St. Lawrence Island, Alaska, of 0 to 30% ice concentration, and specific
ind speeds, temperature, and visibility. This suggests that a delayed freeze-up will shift the optimal walrus hunting
later in the year, though Kapsch et al. (2010) found that hunting success was more sensitive to ice conditions in
1. Interviews collected by Krupnik and Jolly (2002) indicate that open water can be a driver of early break-up,

alrus hunting difficult.
the seaward edge of the landfast ice
ice itself (e.g. Gearheard et al.. 2013). Although the grid cells selected for our
il earlier (br€ak=up of
in agreement with those identified here. These changes reduce the time for which landfast
the (béach;

the carcassess|

are ice-associated year-round, and breeding occurs on stable ice with good snow cover. If a delayed freeze-up

an increased number of freeze-up/break-up events (Figure(@)) means there is less time for the snow cover to

s are more exposed to predators due to inability to construct an adequate lair (KGVacsiefial(2011). Rifiged seals

Bearded seals are
to be negatively impacted by an earlier break-up (Figure), because they require stable seasonal ice late in the spring
ng pups and moulting (Kovacs et al.,(2011). (deal NuntRgIConditions consistoRlooseoes accessiblerbyismalliboats)
the ice i in the process of breaking up and hence the occurrence of multiple break-up

the overall earlier occurrence of break-up

‘means an earlier start to the hunting season, which may conflict with other subsistence activities or become out of sync with
the life events of the seals.

142 Increases in(@pénwater duration'and the number of windy days over open water |

(Asratesult’of a delayed freeze-up and early break-up, the Gpeniwater'season'has) lengthened @allithfeeicommunities;though
‘most rapidly at Utqiegvik (Figuref). Using the HSIA dataset, we see that this change began abruptly in the late 1990s (Figure
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©), when the summertime sea ice edge first began retreating significantly to north of Point Barrow. As the northernmost tip
of Alaska, once the sea ice has retreated beyond Point Barrow, navigation to points further east along the northern Alaska
and Canadian coasts becomes possible. Consequently, the recent changes in the length of the open water season at Utgiagvik
(Figures (633 and (@) have led to a significant increase for maritime traffic destined for Utgiagvik or locations further east
(Smith and Stephenson, 2013). Longer navigation seasons along other Arctic coasts are leading o an increased use of coastal
However, it should also be noted that

a ice retreats, the resulting larger fetch of open water is likely to lead to increased wave height (THGmSoRand RGSETS)

Associated political, economic, and social consequences for residents of Arctic coastal areas could be
and possibly outweigh direct physical impacts from global warming.

allows for more time for winds to {ffipatt

the upper ocean and ereate waves. (WilldiWavesirepresentasignificantiazard for hunters smalliboats)
| to travel further from shore to obtain their catch in recent years. (Aetial'Surveys i the'western Beaufort 'Sea

in Utqiagvik reported during interviews that they had to travel farther from land due to

activity pushing whales out further from shore. (DiSHS AN EXAMplEOREEOMplEXIAETpIAyONSOSalSySEmS

Hunters stress that whales should be harvested closer to the community so the meat does

aul back to shore (AShjian'etalsy2010).

of traveling further from shore is amplified by,an increase in the @fifiial number of high wind events pveropen | |
e, and @) Whichwillllead tomore dayswithhigh Waves? The trends of number of boatable open water days

ith the increase in total number of open water days should be taken into account when examining the impacts

ge on subsistence activities taking place from boats. The ppen water season has [ficfeased 427516 and 25/days

and Utqjagyjk FESPECHVEIyAbuG the pumber of Boatable days (iasicreasedbyli2agiy , |
for€ach community, also feSpectively: The increase in the number of open water days @tall'communities

the Fesults of (RENKHSSH)@ONE;) Greater wave heights caused by increased fetch can hinder hunting success

ore than prey abundance due to lack of access to the prey, (HaRSEHIet Al @OIB) eXaiiined threshold wind speeds

d by Wainwright hunters which were deemed unsafe hunting conditions. (1% fewet boatable/days was determified) for |

whales SPHAEUISTAPHISISTURE) and 129 in SURAEHEN Iy ESIATEIYIOVED the HERoaI97I=0T0) In terms

handling larger waves due to increased fetch and the increasing amount of time open water is exposed to storm activity,
perhaps hunters can obtain access to more stable, suitable, and bigger boats. The impacts of climate change and changes in the

timing of freeze-up and break-up might be less severe if communities are able to adapt their hunting practices effectively.
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14.3 Increasing winds over open water: Number of geomorphologically significant wind events and consequences for

erosion

It is well documented that a lengthened period of open water leaves Arctic shorelines more vulnerable to erosion from autumn

storms (Barnhart et aly) @0IEByOvereem etaly2011). Moreover, along the Alaskan coast during the open water period, we

have found the number of wind events capable of doing geomorphological work or (€féatinghazards)to habitat or infrastructure

along

orthern coust near Utgiagyik, although the number of events annually is significantly less than we find at Kotzebue and

(2013) presented a quantifiable variation of coastline exposure due to inconsistencies in trends of

c-up and earlier break-up of sea ice, but this study analyzed years starting with the satellite era in 1979. By
we were able to quantify changes in the duration of the open water period @ffShorelUtqiagvik since 1953
e the satellite data became available. Although there are other factors that influence coastal erosion rates (e.g.
t, surface (g€0l6gy)ya’change in the number of wind events able to geomorphological Work; and"how often
may also be an indicator of how vulnerable a
line is to erosion. An increase in these wind events which can create significant storm surge can also be a threat
ty. For example, in Shishmaref, an October 1997 storm caused 30 ft waves and swept away multiple families’ |
of food which was stored on top of permafrost, but under sand. In addition to food storage locations, multiple

e had to be relocated and school housing, a warehouse, and a tannery were also threatened (Callaway et al., 1999).

pnclusions

applying simple thresholds identified using local @bS€fvations; we have demonstrated that Jarge-scale €limate datasets can
be used to assess the impacts of a changing climate to the three Alaska coastal communities of Kotzebue, Shishmaref, and

UtqiagVik) The methods used in this study can be applied to any Arctic coastal community, though the specific thresholds

and impacts of changes are likely to differ. (QUFFESUISISHOWIdifferences inIchangesontieNseaNice egimeNerossIeIiied
communities. Particularly Utgiagvik is showing the most pronounced changes in terms of a lengthening open water season.
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(Howeverjehanges) in the open water period are not able to capture the full story of the impacts of changes in sea ice cover, as
we have demonstrated in this study. Uherindicesspesifictonndividualicommunitiesandsinformedibylocal Knowledgemus
be used.

The number of ’boatable’ open water days is not increasing as much as one might @xpeet from the lengthened open water

period, particularly in (UGiENIKESONE of (iEHIGIORAIIAYSIRIE open water PEFOdOCCUAUTNEERIISOSEasoNWHER
to0 windy for hunting or travel by oAt erEforeNIOSTdayS NRECEEoveredSeasomhatmmighy
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to inereased rates of coastal erosion (OVERCEMISHAISEUM. Out
number of wind events capable of performing significant erosion (AfKinSony2005;Solomon etaln1994)

showed the strongest {ifictéase’over the'study period; with roughly
number of events 12014 as occurred in 1979.The trend at Utqiagvik is still apparent when we consider only)

and (€oastal'setup (irerfrom) the NW) and
are likely 1o increase in the future at Utgiagvik, placing the community’s substantial

e increasestin open water (S€ason’length;ourTesults also Show that'the number of false freeze-ups and false

it more @ifficulttoichange
coastal fesidents'can be trapped
le method of transportation (EaidISEetials2009). Although Utqiagvik is showing a greater inicrease in the)
increase in the number of false freeze-ups [ififécentyearsaccording
the fewest false freeze-up and break-up events, but they did not occur before 2004.
the more recent years continue, the occurrence of false freeze-ups and break-ups could begin to define a new
the transition periods between open water and sea ice cover.
0SE we haye derivedthere’show: that the use of €ommunity obsefvationsiandlocal knowledge in conjunction

ye-scale climate datasets can be a powerful tool in evaluating the impacts of climate change at local scales. @AllNGH

w — — S S (S — N S— " — —

very community provided this information, choosing a threshold for sea ice concentration may not be required in terms of

comparing analysis of large-scale datasets across communities.

Data availability. The Historical Sea Ice Atlas, available for download at
hitp : //data.snap.uaf.edu/data/Base/Other /| Historicalsearce atlas/. The WRF-downscaled ERA-Interim dataset was made @vail-
@ble by Peter Bieniek at University of Alaska Fairbanks.
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Figure 3. Trends in freeze-up day of year for Kotzebue and Shishmaref. Blue line is yearly freeze-up day, and green line indicates the 5-year

running mean. Data from HSIA.
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Figure 5: The number of false freeze-ups and break-ups per year, identified by
ERA-I daily sea ice concentration data. False freeze(break)-ups are defined as
the number of times the ice concentration oscillated above and below the sea
ice concentration threshold value of 15% before the last freeze(break)-up was
finally achieved.
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Figure 6. Annual timeseries from 1979-2014 of the number of days deemed too windy for boat travel for subsistence hunting (> 6 m/s,
(Ashjian et al, 2010)) and number of open water days (number of days less than 15% sea ice concentration). Data from WRF-downscaled

ERA-Interim.
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Figure 72 The number of days deemed too windy for boat travel for subsistence hunting (> 6 m/s, (Ashjian et al, 2010)) are increasing along
with the increasing number of open water days (number of days less than 15% sea ice concentration). Data'taken'from'the"WRF-downscaled
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Figure 9. Number of open water days at Utgiagvik, AK has increased substantially since the dataset began in 1953. There has been a marked
shift such that after 1992, Utqiagvik has seen at least some days of open water. Bold green line shows the 5 year running mean of the number

of open water days as defined by a30% sea ice concentration threshold? Dataffrom HSTAD
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Impacts of a lengthening open water season on Alaskan coastal
communities: deriving locally-relevant indices from large-scale
datasets and community knowledge
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Abstract. Using thresholds of physical climate variables developed direetly from (ifidigeénious knowledge;iand two (large=scale
datasets, we have produced (ocally=relevant indices [demonstrating how a reduced sea ice cover impacts) Alaska coastal com-
munities” way of life. We-utilize-large-scale-datasets-to-identify locally-relevant- impacts-because-the-methods-used -here-can
be-applied-to-any-Alaskan-coastal- community—We-have-chosen-three-Arctic rural communities-of Kotzebue,-Shishmaref,-and
Utqiagvik(previously Barrow)-as-examples-to-show-changes-in-these-indicesfrom—1953-2014- The indices €hosentin this
studyrare: the number pf *false-freeze-ups’—(times-sea ice concentration Gs€illateéd'aboverand'below therthreshold value'before
freeze-up was finally achieved), *false break-ups’; timing of freeze-up and break-up, length of the open water duration, number
of days where the winds @€ 60 Stfong to"hufit via boat (wind speed (hresholds from SHjiamena @00)); and number of
wind events(€apable’of performing geomorphological work or damage to infrastructure from Ereation'ofwaves and storm-surge
(using the @efinition of these wind events from{KHSSRIEO0S)): We demonstrate how [ndigenous knowledge can inform use
of large-scale datasets to f6fm) locally-relevant indices'describing change in'sea ice conditions, which'also'leads to'changes'in
the duration-and-strength-of winds-over-open-water. The Historical Sea Ice Atlas (HSIA)) and WRF=downscaled ERA-Interim
datasetsrarerused jointly to assess the (potential'direct impacts ffom sea’ice change for'selected Alaska coastal communities.
We'have'found'that there has been a marked increase in reecent-years-for-all-communities;-espeeially Utgiagvik;-in the number
of combined false freeze-ups and false (bréak=ups; and number of days too windy for hunting via B6at? In Utqiagvik; there
has been an approximate tripling of the number of wind events ([€apable’of Sigiificafnt coastline erosion from 197920143 We
have also found a delay in freeze-up and earlier break-up leading to a lengthened open water period for all of the communities

examined.
1 Introduction

1.1 Identification of metrics useful for describing climate change-related impacts on Arctic coastal communities

Community ifitéraction and feedback 8 useful to identify the social relevance of climate system variables commonly used by

scientists, as covered extensively by (KilipHiland@SIFE00): For example, sea ice concentration (fraction of @penywater
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covered by sea ice), thickness, and extent can be considered “primary” geophysical variables for an Arctic ocean Stady;/but for
indigenous Arctic coastal communities, {iming of freeze-up and break-up are among the most important Criteriathat'define’the
state of the sea ice locally (BetkesiandJollyR2002;Berman and Kofinas) 20043 Laidler et al.,(2009), While the definition of
freeze-up and break-up timing can vary based on data source (Johnson and Eicken, 2016), it is useful to evaluate these metrics
in a way that can be applied across communities, as done in this study. Residents of Arctic coastal communities report that
the sea ice is changing in many other ways, including increased presence of rotten (partially melted and weak) ice and the
way the ice breaks up (Betcher, personal communication). While these changes are unlikely to be directly captured in €limate=
scale observations, local community members connect these changes with trends that can be indicated from the length of the
transition season, or number of false freeze-ups and false break-ups.

(When'trying) to downscale large-scale climate observations, complex inter-connections between communities and the en-
vironment can often be overlooked, (Huntington et al., 2009). We therefore F€€ognize the impottance of inicorporating) local
knowledge in understanding and quantifying the impacts of such direct changes (HNGHEEO et al., 2009). For example, from
interviews with Ifiupiat whalers in (Utqiagvik (formerly Barrow )@AShjiaiteals@010) identified winds 6 m/s or higher fo be
linked to less successful whaling because it-is-deemed by hunters oo unsafe to travel via boat. Alternatively, Atkinson (2005)
used a 10 m/s wind speed threshold for a duration of 6 hours of longer to produce a climatology of storm events. (SEKIRSSH)
(@008) used this threshold wind speed-because-it was found byjSelomonetl {@1994) to produce waves with enough power ea-
(pable 6f doing geomorphological work pr damage to infrastructure and habitats. For-these-indices;identifyinglong-term trends
in (Conjunction with'changes seen’ifi fecent years may give an indication of how climate change €anibelexpected o) impact

coastal communities. HEfe we present a timeseries of these indices from 1979-2014 (1953-2013 for freeze-up and break-up

timing) for @8 communities GRUIGIAEVikyKoZebuesand Shishimarer)

1.2 (Characterization'of communities examined |

The communities examined in this study are Kotzebue, Shishmaref, and (Utqiagviki(previously Bairow). The 'geographic 1oca-
fion of the communities @xamined arevaried, bup all are located along the Alaskan coastline (Figure(l) and have community

members who participate in pffshore subsistence (reliance or partial reliance on marine mammals as a food source and a way of

life) hunting activities “ Kotzebue Sound has the Noatak, Kobuk, and Selawik rivers

providing freshwater seasonally into the Sound. [Ti€ ice typically bréaks up @found late June and ffeezestaround October. The

L.village of Kotzebue is located on a gravel spit on the Baldwin Peninsula, and the population is over 3,500 (NANAJREgiGHal

Corportion; 2016). Sea ice use in Kotzebue includes travel by snowmachine and foot, as well as subsistence hunting from thé
Shishmaref is located on a barrier island in the Chukchi Sea, about 0.25 miles wide and 3 miles long, slightly north of the
(Bering Strait'and about 100 miles'southwestof Kotzebuel It is at the center of animal migration routes and also a center of a

complex food-distribution system based in subsistence hunting practices (Marino, 2012). It is highly vulnerable to €rosiontin
(partito) declining sea ice cover protecting the coastline (Barfihartietial’(@0): The members of Shishmaref have voted twice
previeusly to relocate due to this problem, however the funds are not available for doing so, even though hey) will eventually
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have to move (DEPAEAOTCOINEHEE CommUIEIBEOROMEIDEVEIPIES 2017), The sea ice typically breaks up

earlier than Kotzebue, around (M@y) and freezes up later, around November.

Utqiagvik (previously Barrow) officially reverted back to its original name in December 2016. It is the largest village i the
North Slope Borough in @Alaska; and is located along the Beaufort Sea. Utgiagvik is in a highly exposed position for drifting
pack ice and also land-fast ice. Freeze-up (iSitypicallyaround November) and break-up can last from April through August
(Johnson and Eicken, 2016). Sea ice in Utqiagvik can be a hazard for commericial Shippingbutalso as platform for hunting |
subsistence animals. Seal hunting can take place on the ice in winter, and bowhead whale hunting is done from the edge of
(Shore=fast ice in §pfifigy) and from open water in fall (Gearheard et al., 2006).

1.3 Organization of this paper

This paper is organized into the following sections. First, we describe the Data and Methods, which are separated into subsec-
tions (ificluiding descriptions of) the Historical Sea Ice Atlas and WRIEF=downscaled ER A-Interim datasets, sources of iidigenous)
(Knowledgeyasiwellias) the selection of the study areas and detailed descriptions of the metrics iS€édito"évaliiate the changing
sea ice conditions in these communities. (Seécond; the Results'section describeswhatwehave foundinterms'of how these met-
rics have been changing for each community. (For'€achiindex;we have evaluated the time period from 1979520147 and €arlier
((1953=2013)fo1 the freeze-up and break-up @dates of Kotzebueand 'Shishmaref) Next, the Discussion section links these indices

to(What'they could mean in termsof impacts for the Communities selected; including impacts on travel for subsistence hunting,

prey availability, and erosion. Finally, the Conclusion section briefly summarizes our main findings.

2 Data and Methods

2.1 The Historical Sea Ice Atlas

The Historical Sea Ice Atlas @Xtends back to (1850 With'ionthly resolution; incorporatifig) various datasets from whaling ship
logs taken at that time to historical ice chart archive (products:"Analog representations of ‘@ given month fill'any teémporal on
spatial gaps, which assume no large jumps in the sea ice concentration between the first and the last timestep of the HSIA
dataset. (BISHIGHALS 20IT: SCERAROSINEOVOHTORATISKaAPATCEIPIANE @015). rom 1953 through 2013, quarters
(monthly sea ice concentration values are available and were used here to_sea ice concentration

along the coastlines of selected communities in Alaska. Use

of all sources of data into the HSIA can be found on the Scenarios Network for Arctic and Alaska Planning (SNAP) webpage
(http://seaiceatlas.snap.uaf. edu/about). While the quarter monthly data starts in 1953, monthly data in the HSIA goes back to
1850. One caveat to including multiple data sources is that there are a different the number of observations that have gone into
each fime'segment of datarForexample; the frequency of Ship=based of observations-was-not-consistent-throughout the fécord
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and the mumber of available ObSeIVAtORS increased dramatically) with he Gavent of the Satellite eranHOWeVeR Wl Fegard to
the Jatteiy we do not find evidence for @nOMAlOUSAiSCORtNUIYIRERdS around 1978579y whe the passivemicrowave satellite
data are incorporated into the dataset.

2.2 WRF-downscaled ERA Interim reanalysis products

The European Centre for Medium-Range Weather Forecasts interim reanalysis (ERA-Interim) dataset (Dee et al., 2011) has
been dynamically downscaled using the Advanced Research version of the Weather Research and Forecasting (WRF) regional
(model(Bieniek et al., 2016). The dataset has an hourly temporal resolution (ipdated daily) for sea ice) and a 20 km spatial
resolution, from 1979-2014. It has been downscaled from a 0.75 degree (about 83 km) spatial and 6 hourly temporal Fesolution?
It was (déVeloped) to improve representation of temperature and precipitation around Alaska’s varying terrain, and to inform
various stakeholders with higher-resolution climate and weather information. The WRF regional model uses a thermodynamic
sea ice model of Zhang and Zhang (2001),€9upléd with the Noah land surface fodelusedwithinthe'WRFmodel to accurately
simulate the thefmal'conditions over sea iced

2.3 Selection of grid cells representative of each study area

The communities of Kotzebue, Shishmaref, and Utqgiagvik were selected to represent a range of sea ice §tates; With) varying

levels of _ on subs1stence_and interaction with the offshore oil and gas
industry. In-ac in-the Bering

nity and offshore areas used to analyze ice __the (oastline can
be readily identified. To assess variability in ice conditions most immediately relevant to the security of coastal communities
(ECHHSISHANEE). We sclected datanear the Coastline of @ach communify? The maximum concentration (greatest fraction
of sea ice per unit area) was extracted from Within'thisTareéa The maximum concentration was extracted @ndmot the averaged
because if one grid cell iifthistareawas higher thaf) the ©thersyit could serve somewhat as a({€hokepoint’ or hiazard while the
other grid cells do not. In order to capture this, we decided to take the maximum value of these several grid cells, although
{the neighboring grid cells do not typically vary significantly in concentration. (Thé'€fifiré’séaticeicycle’was examined: For the
offshore area analyzed (Bering Strait), the maximum ice concentration from a 0,75 degrees longitude and 0.5 degrees latitude
‘box was examined. Quarter-monthly data provided by the HSIA were assigned a calendar date by the best approximation of

(the midpoint day of each quarter-monthly file) The selection of the location for the analysis of downscaled ERA-Interim sea
ice concentration-and wind speed data were selected slightly further offshore in order to get a better representation of open

ait: Figure 1 shows the grid cells selected for each commu-

ocean travel, but the results in terms of open water days are similar to those obtained from the HSIA analysis.

2.4 Indices related to freeze-up, break-up, and duration of open water period

The open water period is defined as the duration between (hiérassigned calendar days'ifithe summer Season ' wherethe) ice
concentration §tayéd below 80% forthe'HSTATdata and 15%f6r the ERA=Interim datal The freeze-up and break-up day-trends
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The timing at which freeze-up and break-up concentration thresholds are passed does not necessarily imply a phase change,
but also can include advection of ice in terms of shifts in winds or currents. Theslightlyhigher threshold of 30% has been-used
for the HSIA (dafa'becatseritprovides a quantitativevalue for comparison’ between communitiesy It is difficult to determine
what the best thresholds are in terms of ease of water or ice transportation are because the grid cell area covered is larger than
the smaller boats or snow machines. (Seifezerctaly(@Bli) also uses a 30% sea ice concentration threshold, because:it-allows
more years to be included in the dataset which do not dip below the usual 15% threshold used by studies of sea ice extent.
We chose the 15% threshold for the ERA-Interim o'highlight that the number of open water days between the two datasets
(foughly compate, even'if the threshold differSTby 15%: For further research, it would be useful for individual communities

to report when freeze-up and break-up occur. If every community provided this information, choosing a threshold for sea ice

concentration may not be required in terms of comparing analysis of large-scale datasets across communities.

downscaled ERA-Interim dataWasiselected to'evaluate the number of false freeze=tpsand false break=ups for
examified because the temporal resolution of that'dataset is fiigher than that of HSIA (daily instead of (Uarter monthly)) A
(false’break=up)is defined @Shetime when the ice concentration dips below the threshold before the final break-up prior to the
open water season of that calendar year. (AffalSefféeZe=up) is defined as when the sea ice concentration threshold rises above

the threshold concentration between the last break-up and the 1ast freeze-up of that calendar year.
2.5 Indices relating to open-water wind events

The number of *boatable’ open water days refers to the number of days ©f sea ice concentration is below 15% while the
winds do not exceed a 6 m/s threshold. This threshold Wastfétnd forberrelatéd’®® hunting success of whalers in (Utqiagviky
(because highes winds speeds are usually considered by the hunters @sitoo dangerous to hunt via boat. (ASHjiafleHial} (2010)
identified this wind speed ghteshold; and from interviews with 41 Ifiupiat whale hunters) found that 86% of fall whales in
Utqgiagvik were landed on days where the wind speed was less than 6 m/s, @nd*that no whales were landed on days where
winds exceeded 10 m/s. Wind events exceeding 10 m/s for a duration of 6 hours of longer have been ideéntified to have potential
for geomorphological change, or to-cause damage to coastal infrastructure or habitats (Atkinson, 2005; Jones et al., 2009). The
number of these events were calculated for Kotzebue, Shishmaref, and Utgiagvik from 1979 through 20143 Timesteps of lulls
during ’shoulder events’ were counted as part of the geomorphologically-significant wind event as long as the wind speeds did

not dip below 7 m/s, which follows the same method as used m Atkinson (200i)“
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43 Results

3.1 Changes in timing of freeze-up and break-up, and number of false freeze-ups and break-ups

The-timing-of freeze-up and (bféak=uphasichanged for the Communities'examined? The HSIA dataset was used here in order to
extend the timeseries freeze-up and break-up timing 27 years prior to the starting date purely satellite-derived datasets (1979
(Versusi1953)) The final freeze-up and break=up date was taken for those years which showed multiple freeze/break €ventsiThe
freeze-up day for Kotzebue Sound shows a much weaker trend than the frecze-up days for Shishmaref (Figuref@). The lincar
trend of the date of freeze-up is a delay of 2.2 days per decade for Kotzebue and 6.0 days per decade for Shishmaref:

Considering-break-up-timing; Shishmaref @gdifi shows about a (fhi€e times stronger trend than Kotzebue, With'Shishimaref
(seeingian) carlier break-up by 3.4 days per [@décade) and Kotzebuewat 1.1 days per decade (Figurgf@): The significance of the
freeze-up and break-up trends Weretevaluated and (Wwe'found torhave p-values above 0:05;7and so are considered to not be
statistically significant. This reveals that the interannual variability is high for frecze-up and break-up timing.

There has been an increase in recent years of the number of false freeze-ups and false break-ups (Figure{@)for the commu-

been more false ff€€Ze=ups than false bre€ak=ups for @communities examined; butifipatticular Shishmaref shows many more
false freeze-ups than false (break=ups (Figuref@2B): Shishmaref shows a total 6f 22 false freeze-ups from 2000:2014; with only

1 false (breakeupy Fromu979 hroughyl 9995 thiererare only 2 false fiezesupsy and no false breakeupsorShishimaref) Kotzebue
also shows more false freeze-ups and false break-ups in recent years, with fio'false freeze=ups ot break=ups prior to 2004.

(Eromm 2004-2014, Kotzebue had @0 false freeze-ups and @ false break-ups. (Utqiagvik) shows O false freeze-ups in recent years
(2002-2013), with @D false break-ups. There are only & false ff€€Ze=UpS prior to 2002, with @ false (break=up)

Not only are there differences in the trends of freeze-up and break-up between the selected communities, but the variance
is different as well (Table(). % of the

NSRS ————
explained by the trend are 6% and 2% for the freeze-up and break-up day of Kotzebue, and much hlgher for Shishmaref at

44% and 20% for freeze-up and break-up @ay) respectively.
in the trend because this can give indication of the strength of the trend. If the variability is not large relative to the observed
trend in break-up and freeze-up day, then we have a better chance for determining how much change we can expect to see at
any particular time..

3.2 (Increase in number of days ’too windy’ for safely hunting via boat: thé/’boatable” open water period is not
increasing as fast as one might think

‘We have found this "boatable” open water period is not increasing as fast relative tq the increase in total number of open water

days (Figuref§) In other words, the boatable open water penod is not increasing as fuch as eﬂe—might—t-lﬂﬂlegweﬂ the recent
(increasestin open water duration?
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in-number-of windy-days-ever open water @Utqiagviky although they show anincreasing trend of the overall number of days

The number of unboatable open water days in a ra da ar with a alu :
(Figure.. The rate of total increase in open water days is approximately-1-.8-times-this-at 2.5 days/year with a similar r? value
of 0.47.

The @nnual'percent’change in (Utqiagvikiof) number of boatable to total open water days (days-over-open-water-where-the
winds are_pnly_
{that the number of boatable-d i asi i i i i
via-beat—The-average-number-of boatable days_of the total number of ©@penIwater days
(this can be visualized by noticing the red and blue stacked bars are roughly equal in length for each 6 year bin in FigureSC ).

Kotzebue and Shishmaref show a negligible trend in the fraction of boatable to total open water days from 1979-2014, but
the'mean'fraction of boatable to total open water days in Kotzebue jis 60%; about'20% higher than-that-seen-in-Utqgiagvik:
Shishmaref; like Utgiagvik; has roughly-half of the number of boatable to total open water days (Figuresf§B and C))

3.3 Increasing number of wind events with potential for geomorpholgical change

Wind events exceeding 10 m/s for at least 6 hours have beenidentified to have potential for geomorphological change (AfKiH%
son, 2005; Solomon et al., 1994; Jones et al., 2009). The number of such events over open water have been increasing, par-
ticularly at (Utqiagvik (Figuref@)- The rate of increase in the number of geomorphologically significant wind events over open
water (IUEGIagViK) is about 1 every 2 years, with an r? value of 0.2, approximately tripling the number of wind events 6
10 to 30 events over the 36 year time period from 1979-2014. There has been a Shiff'Stuch'thatlbefore the time [period between
1993-2014, some years Eid not have any of these wind events over open water, because the ice pack did not recede far enough
past-our-selected-loeation offshore in earlier {EarsSi(1983771985;7198811991and 1992)i Kotzebue, there has also been an
increase in §lEh events, but at a slower rate than (Utgiagvikiat about 1 mere event every 5 years, leading to an increase of about
7.2 events over our 36 year time period (Figure{li)? Shishmaref shows the weakest increase in §tiéh events @b about 1 every 10
(y€ars; but has a higher number of such events than (Kotzebue (FigurefiiB): Over the 36 year time period examined, Kotzebue
has had an approximate increase from 39 to 46.2 gvents, while Shishmaref has seen an increase from an average of 49 to 52.6

events. |

For Kotzebue, the first ten years of the dataset (1979-1989) show about 3% less geomorphological wind cvents over open
water'than the (ast'10 years: In Shishmaref, the fraction of erosion-capable wind events (o/total open water period compared
between the fifSt and lastil0=year periods of the [datasetareroughlyequal’ Utqiagvik, in-contrast;-shows-an-approximate-6-5%
decrease in the filimber of wind events (OVer open Water to total'open Water period between) the fifst 10 and lastil0year periods?
(This'could'bedueltq the large-contrast-in-the total iMbER of Open Waterdays between theHfirstl0 and 1asti10'years; which 8
‘not as large as observed in the other communities.
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4 Discussion

4.1 Consequences of changes in the transition period between open water and ice: Timing and number of freeze-up

and break-up events

(For Kotzebue and Shishmaref) the delayed freeze-up (Figure(@)y and earlier break-up (Figure@#) can-impact-coastal-erosion
rates (OVFEBIEEAIH20HD and change when different modes of transportation are used: During the Spring transition period
(e WiRAOWIARERI ice-covered {éfiod and transition [fito e OpEnWALEF Season) A earlier breakeup) (Figure @ means
(an‘earliertransition'from'snow'machife to boattravel) [ HoWever) there has also been am increase in the number of false fréezes
ups and false breaksups for thiee separate communities @Xamined (Figure@); whichhas) consequences for the Operations) of
communities during these transition periods between sea ice cover and open water. For subsistence communities, the start of
the freeze-up transition period means a closing window for safe transportation via small boats. After the freeze-up transition
and once landfast sca ice has formed, travelling becomes safer to hunting areas or other communities by snow machine, dog-
sled,or regular st vehicles. The changing shoulder seasons (time period between open water and ice cover) ntefere with
the subsistence way of life by altefing travel routes. leading o less predi
the hilifitéfs? The number of false ff€€ze=tips hasiinicreased in fecent years more than the Aumber of_
‘This suggests impacts relating to ice cover changes can be more profound in fall rather than spring, especially when the false
freeze-ups are occurring during the fall storm season. Shishmaref in particular shows the highest number and greatest increase
of false freeze-ups in recent years when compared to the other communities examined. A high number of false freeze-ups
during the fall storm season could have implications for coastal erosion rates (OVERESHNENAIN@OM. or the number of ice
shove (iva) events onto the shore, which is also a hazard. The number of false break-ups in Shishmaref is very low for all years
examined, with 1 false break-up in 2012 (Figure(). The high number of false freeze-ups and low number of false break-ups
in Shishmaref suggest that impacts of the transtion period between ice cover and open water (for example changing the mode
of transportation) during the break-up season in Shishmaref might he more predictable. Kotzebue shows an increase in recent
‘years with the number of false freeze-ups with no false freeze-ups prior to the year 2004. False break-ups are less in number
for Kotzebue and start in 2005. The variability of the river outflow in conjunction with changing air temperatures could be
(factors"which'contributeto the number of false ffeezesupsiand break=ups in the Sound Therecent increase)in the AUmMberof
false break-ups Utqiagvik is a further indicator of how ice conditions are changing and how this community must adapt their
modes-of-transpertation-during a [ore turbulent bréak=up season: Thetwo years with the'highest number of false freeze-ups
oceur i the last 13 years of the 36 year dataset.

Reports of a longer transitional period, or time of uneven ice deterioration which can alter travel routes, can cause people
o be “stuck” in town longer with hampered access to hunting grounds (Eaidleretali2009). There has been much anecdotal
evidence from community members across the Arctic that suggest the transition periods are becoming more prolonged. A

community member from Kotzebue ©bserves “we have a longer fall and a longer spring so it’s warming on both ends and the

winter is getting shorter ... used to be everything would melt in one week” (Betcher, personal €ommunication)?
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The subsistence harvests of all Arctic coastal communities include ice-associated marine mammals such as ringed and
bearded seals, walrus, belugas, and bowhead whales (Moore and Huntington, 2008). The availability Qf each of these species,
in terms of both the population size and proximity to hunting grounds, i§HiKely o) be impacted by changes in ice conditions
related to the timing and persistence (number) of freeze-up and break-up events. Work done by Kapsch et al. (2010) identified
optimal conditions for maximum walrus hunting success in St. Lawrence Island, Alaska, of 0 to 30% ice concentration, and
specific windows of wind speeds, temperature, and visibility. This suggests that a delayed freeze-up will shift the optimal
walrus hunting conditions to later in the year, though Kapsch et al. (2010) found that hunting success was more sensitive to ice

conditions in spring than fall. Interviews collected by Krupnik and Jolly (2002) indicate that open water can be a driver of early

break-up. and can make walrus hunting difficult. SWAVES Eenerated o open wateroShore hiave e showi o accelerate the
break-up of sea ice (SAERGetal./19985).

“The fast-shore ice was broken up in arly May or mid-May—about a week or even two weeks carlicr than usual. T guess
it was because of so much open water around. This open water in spring is the main thing that affects the ice. Spring walrus
hunting here lasted much shorter, because the ice moved up north very quickly. Hunters had to go much further to get the
‘walruses in late May, and then they just stopped going, because the ice was so far away” (Condrad Oozeva, October 2001 in
‘Krupnik and Jolly (2002)).

Ringed seals are ice-associated year-round, and breeding occurs on stable ice with good snow cover. If a delayed freeze-up
(Figure 3) or an increased number of freeze-up/break-up events (Figure (@) means there is less time for the snow cover to
develop, pups are more exposed to predators due to inability to construct an adequate lair (Kovaesietaly 2011), Bearded seals

arg likely to be negatively impacted by an earlier break-up (Figure(#), because they require stable seasonal ice late in the spring

for raising pups and moulting (KGVacSieHialn201).

If the migration changes of animals that have been hunted for generations contribute to problems in number of catch, adap-
tation solutions must be found. It has been noted by communities in Nunavut, Canada that the delayed freeze-up results in
thinner ice, delayed seal hunting, altered travel routes, and more difficulty locating the seals (EQISTENAIR@OID). Travel be-
tween communities impacted by the timing of freeze-up could limit availability of subsistence animals which are not harvested
from hunters of one particular community, but which must be traded between another community.

4.2 Increases in the number of windy days over open water and-epen-water-duration

(Following) a delayed freeze-up and early break-up, the #esulting lengthened open water seaspn allows foy more time for winds
to AVl VeI e Opeil WAISF MIXIng the upper ocean and GREANg waves. [fiCreases if the number of windy days means less
time for hunters ghatmight need to travel further from shore to obtain their catch in recent years. Humters in Utqiagyjikireported
during interviews that they had o travel farther from Utgiagvik to harvest bowhead whales when barge activity pushed whales
(outfurtherfrom'shore? Hunters Stressed that whales should be harvested closer to the community so the meat does not spoil on

the haul back to shore (ASHjiaiiefiall(2010), The problem of traveling further from shore is amplified by higher waves-caused
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by an increase in the number of high wind events (Figures-and) over open water. The trends of number of boatable open
water days in conjunction with the increase in total number of open water days should be taken into account when examining
the impacts of climate change on subsistence activities taking place from boats. Greater wave heights caused by increased fetch
can hinder hunting success much more than prey abundance due to lack of access to the prey.(HaRSeREHalN(20¥3) examined
wmd—speeds—feeefded—&t—k_threshold wind speeds reported by Wamwrlght hunters which were

deemed unsafe hunting conditions. An

summer since 1971 In terms of handling larger waves due to increased fetch and the increasing amount of time open water is
exposed to storm activity, perhaps hunters can obtain access to more stable, suitable, and bigger boats. The impacts of climate
change and changes in the timing of freeze-up and break-up might be less severe if communities are able to adapt their hunting

practices effectively.

location (Figures{@and(§))
196310 2003-2013). The next greatest increase in open water duration is Shishmaref, followed by Kotzebue. Due to the smaller
trends in freeze-up and break-up timing, it follows that Kotzebue shows the least change in the number of open water days.
‘Some variability in freeze-up and break-up dates has to do with changes in oceanic heat input. Since Kotzebue Sound is
‘somewhat more isolated from the larger Bering Strait throughflow and changes there, this could be a reason Kotzebue Sound

_the abmp%ehmagm number of @pemwaten days there:
and @) have led to a significant change

Utgiagvik, but longer navigation seasons along other Arctic coasts are very likely, which is leading to an increased use of
coastal shipping routes and development of offshore continental shelves (IfiStaRESIEHAISR2005). However, it should also be
noted that a larger fetch can lead to increased wave height (THOmSGRandROZERY2014), and can be a hazard to barges trying to

offload goods. Associated political, economic, and social consequences for residents of Arctic coastal areas could be significant

and possibly outweigh direct physical impacts from global warming.
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25

30

70-day increase in the number of open water days —the—5Phe—}eﬂgﬂaened—epeﬂ—w-&ter—seaseﬂ
has-implicationsfor vessel traffic because when the time window of (open water is narrow, quick decision-making and accurate

4.3 Increasing winds over open water: Number of geomorphologically significant wind events and consequences for

erosion

It is well documented that a lengthened period of open water leaves Arctic shorelines more vulnerable to erosion from autumn

storms, (BafflAFESHal) @0 (OVereeiietials 20). Moreover, along the Alaskan coast during the open water period, we

have found the number of wind events capable of doing geomorphological work or @reéfhazardous to habitat or infrastructure
(are increasing, but particularly along the northern coast @ Utqgiagyik-(Figuref#). Parkinson and Comiso (ZOIB) presented a
quantifiable variation of coastline exposure due to inconsistencies in trends of the delayed freeze-up and earlier break-up of sea
ice, but this study analyzed years starting with the satellite era in 1979. By using HSIA data, we were able to quantify changes in
the duration of the open water period @long various areas of the coastline since 1953 (Figuref§), before the satellite data became
available. Although there are other factors that influence coastal erosion rates (e.g. permafrost extent, surface (E€0l6gy, Witid
(ditection); changes) in the number of wind events able to geomorphological W6tk may also be an indicator of how vulnerable a
particular coastline is to erosion. An increase in these wind events which can create significant storm surge can also be a threat

to food security. For example, in Shishmaref, an October 1997 storm caused 30 ft waves and swept away multiple families’
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winter supply of food which was stored on top of permafrost, but under sand. In addition to food storage locations, multiple

homes have had to be relocated and school housing, a warehouse, and a tannery were also threatened (Callaway et al., 1999).

5 Conclusions

By applying simple thresholds identified using local @ndiifidigenous’knowledge; we have demonstrated that to large-scale €li-
65 mate datasets can be used to assess the impacts of a changing climate to the three Alaska coastal communities of Kotzebue,
Shishmaref, and Utqiagyik (previouslyBaifow)] The methods used in this study can be applied to any Arctic coastal commu-
nity, though the specific thresholds and impacts of changes are likely to differ. Changes in the open water period are not able to
capture the full story of the impacts of changes in jce cover, as we have demonstrated in this study. [Forexampleyif atimeperiod |

of open water @ too windy for hunting or travel by (boatismow feplacing atime period which'wotild have in-previeus-years been
10 a stable ice cover suitable for snow fiAehinENHiEnURNINESUCCESS e to iCe Cliange could dealinenAIoNE Wit e iing of
the “true’ freeze;up and break-up, the number of false freeze-ups and false break-ups are important to consider because a more
turbulent change in the transition period between open water and ice cover also will impact how easy it s to change modes
(of transportation over open water andice: Athigh) number of false freeze-ups and break-ups (diififig the'shoulder’seasons can
make it more (problématic’and cause members) of coastal Communities’to be trapped without a reliable method of transportation
15 (BaidIeretal’2009). The more prominentecent increase in the number of false freeze-ups €ompared)to the umberof false
break-ups (particularly in Shishmaref) might suggest the impacts during the freeze-up period are more profound and harder to
(predict than the iMmpacts dufing the bieak=up fransifion, The number of "boatable’ open water days is not increasing as much
as one might guess from the lengthened open water period, particularly in (Utqiagvik? THe number of wind events capable of
performing significant erosion or destruction of habitat or infrastructure (AfKiRSOR20053(Solomon etall1994) for Utqiagvik
(20magain) showed the strongest (fictéase; with roughly three times the number of events Sific€979 as occurred later in theiecord
{6"2014) Through-these-indices we have demonstrated that the use of fraditional knowledge in conjunction with large-scale

climate datasets can be a powerful tool in evaluating the impacts of climate change at local scales. | |

Data availability. The Historical Sea Ice Atlas, available for download at

hitp : //data.snap.uaf.edu/data/Base/Other/Historical searce atlas/. The WRF-downscaled ERA-Interim dataset was made @vail-
25 (@ble by Peter Bieniek at University of Alaska Fairbanks.
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Figure 3. Trends in freeze-up day of year for Kotzebue and Shishmaref. Blue line is yearly freeze-up day, and green line indicates the 5-year

running mean. Data from HSIA.
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Figure 4. Trends in break-up day of year for Kotzebue and Shishmaref. Blueline-is-yearly-freeze-up-day;-and-greenline-indicates-the 5-year

running-mean: Data from HSIA.
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Figure 6. Annual timeseries from 1979-2014 of the number of days deemed too windy for boat travel for subsistence hunting (> 6 m/s,
(Ashjian et al, 2010)) and number of open water days (number of days less than 15% sea ice concentration). Data from WRF-downscaled

ERA-Interim.
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Figure 9. Number of open water days at Utgiagvik, AK has increased substantially since the dataset began in 1953. There has been a marked
shift such that after 1992, Utqiagvik has seen at least some days of open water. Bold green line shows the 5 year running mean of the number

of open water days as defined by a30'percent sea ice concentration threshold
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Table 1. Variance of freeze-up and break-up trends

Trend [days/year]
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