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2023 Headlines

More frequent extreme weather and climate events are transforming the Arctic,
yet resiliency and opportunity lie within diverse partnerships

The Arctic is increasingly warmer, less frozen, and wetter, with regional extremes in weather, climate
patterns, and ecosystem responses. Centering locally and internationally-focused partnerships, long-
term observations, and equitable climate solutions provides Arctic communities and nations as well as
society-at-large with information and mechanisms to cope with a rapidly changing Arctic.

Headlines

In the air

e Average surface air temperatures for the Arctic in the past year were the sixth warmest since
1900.

e Summer surface air temperatures were the warmest on record.

e Summer high-pressure systems brought warm temperatures, widespread melting, and
exceptional rainfall volumes across the Greenland Ice Sheet.

In the ocean

e Sea ice extent continues to decline, with the last 17 September extents (2007-23) as the lowest
on record. Sea ice extent was 6th lowest in the satellite record, since 1979.

e August mean sea surface temperatures show continued warming trends for 1982-2023 in
almost all Arctic Ocean regions that are ice-free in August. Mean sea surface temperature over
regions between 65° N and 80° N is increasing at a rate of ~0.9°F (~0.5°C) per decade.

e Arctic regions, except for the Chukchi Sea, Beaufort Sea, and Canadian Archipelago, continue to
show increased ocean phytoplankton blooms, or ocean primary productivity, with the largest
percent change in the Eurasian Arctic and Barents Sea.

e Since the end of the Last Glacial Maximum, rising sea levels have inundated terrestrial
permafrost surrounding the Arctic Ocean, resulting in nearly 1 million square miles (~2.5
million square km) of subsea permafrost that is at risk of thawing. International research
collaboration is needed to address critical questions regarding the extent and current state of
subsea permafrost and to estimate the potential release of greenhouse gasses (carbon dioxide
and methane) as it thaws.

On the land

o North American snow cover extent set a record low in May 2023, while snow accumulation
during the 2022/23 winter was above average across both North America and Eurasia.

e Heavy precipitation events broke existing records at various locations across the Arctic and the
Pan-Arctic precipitation for 2022-23 was the sixth highest on record.

e On 26 June 2023, Summit Station, Greenland reached 32.7°F (0.4°C) and experienced melt for
only the fifth time in its 34-year observational history.
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The Greenland Ice Sheet lost roughly 350 trillion pounds (156 * 22 Gt) of mass from

1 September 2022 to 31 August 2023 because discharge and melting exceeded accumulation.
The 2023 circumpolar average peak tundra greenness, which represents the productivity of
Arctic vegetation including shrubs and trees that are expanding into tundra, was the third
highest in the 24-year satellite record.

In Finland, peatland restoration and rewilding demonstrate a globally relevant climate solution
of carbon sinks and point to a need for replication across impacted sites. Rewilding requires
partnership, recognition of Indigenous and community rights, and the use of Indigenous
knowledge alongside science to succeed and avoid replication of past inequities.

Nunaaqqit Savaqatigivliugich: Working with communities to observe the Arctic

The Alaska Arctic Observatory and Knowledge Hub (AAOKH) works with a network of coastal
Indigenous observers to document long-term and holistic observations of environmental
change and impacts in northern Alaska.

Recently, Indigenous observers have noted sea ice loss, warmer air and ocean temperatures,
changing wind patterns, and increased intensity and frequency of coastal storms that
contribute to flooding and erosion.

Indigenous observers also document local-scale impacts of environmental changes to
community and cultural infrastructure, traditional harvests and activities, and travel safety
across the land and sea.

Applying and centering Indigenous perspectives and observations of Arctic change in decision-
making can lead to more inclusive, equitable, and community-led responses.

Divergent responses of western Alaska salmon to a changing climate

Western Alaska salmon abundance reached historic extremes during 2021-22, with record
lows for Chinook and chum salmon (81% and 92% below the 30-year mean, respectively) and
record highs for sockeye salmon (98% above the 30-year mean).

Salmon are maturing at smaller sizes. Since the 1970s, Yukon River Chinook salmon have
decreased an estimated 6% in mean adult body length and 15% in fecundity, or number of
eggs per female spawner, likely exacerbating population declines.

Salmon population declines have led to fishery closures, worsened user conflicts, and had
profound cultural and food security impacts in Indigenous communities that have been tied to
salmon for millennia.

Changes in salmon abundance and size are associated with climatic changes in freshwater and
marine ecosystems and competition in the ocean. Changes in predators, food supply, and
disease are also likely important drivers.
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Executive Summary

https://doi.org/10.25923/5vfa-k694

R. L. Thoman'?, T. A. Moon3, and M. L. Druckenmiller?

!Alaska Center for Climate Assessment and Policy, University of Alaska Fairbanks, Fairbanks, AK, USA
2International Arctic Research Center, University of Alaska Fairbanks, Fairbanks, AK, USA
3National Snow and Ice Data Center, Cooperative Institute for Research in Environmental Sciences,
University of Colorado Boulder, Boulder, CO, USA

The Arctic continues to rapidly evolve, shaped by past and ongoing
human activities that release greenhouse gases into the atmosphere
and push the broader Earth system into uncharted territory. Now in
its 18th edition, this year’s Arctic Report Card (ARC2023) provides an
updated annual view into the state of the Arctic by checking in on key

Arctic Wildfire 2023

During late summer 2023,
northern Canada

Vital Signs—eight defining elements of the Arctic’s climate and
environmental system. ARC2023 also samples critical and emerging
Arctic topics, bringing into focus diverse collections of observations
that help to assess the trajectory and impacts of Arctic change.
Figure 1 locates some of these events in the pan-Arctic perspective
and Fig. 2 is provided as a convenient place name reference.

2023 Arctic-wide headlines

Extreme heat

st snce 156 ! -
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Fig. 1. A sample of notable events and important topics from across the
Arctic.

experienced unprecedented
and destructive wildfire.
Because topics for the
annual Arctic Report Card
(ARC) are selected and
finalized by early summer,
the report was unable to
include a full essay on this
extraordinary wildfire
season and associated
impacts. This sidebar,
however, provides a brief
report on the Arctic
summer wildfire season.

Based on government
reporting, as of late October
2023, wildfire burned 4.61
million hectares (11.39
million acres) in high-
latitude North America
(Alaska, USA and Yukon
Territory and Northwest
Territories, Canada). More
than 90 percent of the area
burned was in the
Northwest Territories,
where about 300 separate
fires burned 4.16 million
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Fig. 2. The ARC2023 map provides a general geographic reference for many
locations mentioned in this year’s report.

This year’s physical and biological Vital Sign observations are in line
with trends reported in past Arctic Report Cards—warming sea
surface and surface air temperatures, decreasing snow cover,
diminishing sea ice, both in spatial extent and thickness, and
continued mass loss from the Greenland Ice Sheet. Year-to-year
variations, in addition to long-term trends, are significant and can be
especially important at regional scales.

Extreme weather and climate events during the past year in the Arctic
and elsewhere have brought unambiguous, climate change-
supercharged impacts to people and ecosystems. Such events vary in
scale across time and space. In the span of a few hours, individual
storms may create hardships and damage that last for years. Longer-
term extremes, such as drought or prolonged high temperatures, also
have direct, distinct impacts, produce cascading effects in other parts
of the environment, and may exacerbate (or mitigate) shorter time
frame weather extremes.

Some high impact events are a clear signature of sustained climate
change. For example, Canada experienced its worst national wildfire
season on record. Multiple communities in the Northwest Territories
were evacuated during August as a precaution, including more than
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hectares (10.28 million
acres), the largest area
burned in 44 years of record
(Northwest Territories
Department of Environment
and Climate Change 2023,
see Fig. SB1).

Hortirwest Tarrto e
Wikdliew Aros Bormaes, T804 2025

W s

Fig. SB1. Annual area burned
in the Northwest Territories,
Canada. Updated from York et
al. (2020) using data from
Northwest Territories
Department of Environment
and Climate Change (2023).

A dozen communities both
north and south of Great
Slave Lake were evacuated
due to the threat posed by
wildfire. At some time
during the summer, more
than two-thirds of the
Northwest Territories’s
46,000 residents were
displaced, in many cases for
weeks at a time, with
significant economic
impacts from lost income,
disrupted traditional
activities, and infrastructure
lost to the fires (Thompson
2023). The community of
Enterprise, NWT was largely
destroyed by a fast moving
fire during 13-14 August
2023 (CBC News 2023). And
like much of Canada, there
was widespread prolonged
poor air quality from dense
smoke.
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20,000 people from the capital city of Yellowknife (see Arctic Wildfire
Sidebar). In August 2023 near Juneau, Alaska, a glacial lake on a
tributary of the Mendenhall Glacier burst through its ice dam and
caused unprecedented flooding and severe property damage on
Mendenhall River, a direct result of dramatic glacial thinning over the
past 20 years (see Wolkin et al. 2021 for additional examples).

Average surface air temperatures for the Arctic as a whole in the past
year (October 2022-September 2023) ranked as the sixth warmest
since 1900, and summer (July through September 2023) was the
warmest on record. There were, however, important regional
differences, including a colder-than-normal spring across Alaska that
slowed snowpack and sea-ice melt, while parts of north-central
Canada experienced the highest spring average temperatures on
record. Prolonged warmth over Arctic lands can even impact summer
sea ice extent and sea surface temperatures by warming waters in the
major rivers draining the region, as noted this year near the ocean
outlets of the Mackenzie River in North America and the Ob, Yenisei
and Lena Rivers in Asia, draining areas that had significantly above-
normal late spring and summer temperatures.

The presence or absence of sea ice and the timing of Arctic sea ice
cover are major factors in modulating ecosystem and human activity.
In spring 2023, the Arctic-wide sea ice volume was similar to spring
2022. Sea ice loss was slower than average at the start of the 2023
melt season but accelerated in July. By late August both the Northern
Sea Route and Northwest Passage were open for non-ice hardened
ship traffic. The September sea ice minimum extent of 4.23 million
square kilometers (1.6 million square miles) was about 10 percent
lower than the past two years, and overall the sixth lowest in the 45-
year long satellite record. The 17 lowest minimum extents have all
occurred in the 17 years since 2007.

Summer sea surface temperatures, tundra vegetation growth on land,
and phytoplankton blooms or primary productivity in the sea are
closely tied to the timing of sea ice loss and warm-season air
temperatures. Spring and early summer loss of sea ice exposes the
dark ocean surface and allows time for significant solar heating of the
ocean. Linked to early sea ice loss, average sea surface temperatures
for August 2023 were much higher than the 30-year average in the
Barents, Kara, Laptev and Beaufort Seas. Anomalously cool August
2023 sea surface temperatures were observed in Baffin Bay, the
Greenland Sea, and parts of the Chukchi Sea. The 2023 circumpolar
average peak tundra greenness was the third highest in the 24-year
MODIS satellite record, a slight decline from the previous year. Closely
aligned with air temperatures and nearshore sea ice anomalies, peak
vegetation greenness in 2023 was much higher than usual in the
North American tundra, particularly in the Beaufort Sea region. In

Arctic Report Card 2023

In contrast to the
Northwest Territories, the
Yukon Territory’s area
burned was about 328,000
hectares (810,000 acres),
which is slightly above the
previous 30-year median. In
Alaska, wildfires burned
119,500 hectares (295,000
acres), less than half of the
30-year median (Alaska
Interagency Coordination
Center 2023). Although not
complete, preliminary
remote sensing-derived
estimates of Siberian (Sakha
Republic) wildfire in 2023
indicates that the area
burned was slightly higher
than 2022, but much lower
than the summers of 2018
to 2021 (A. Soja and E.
Gargulinski, NASA Langley
Research Center, 14
September 2022, personal
communication).

Wildfire in the Arctic and
sub-Arctic boreal forest is a
natural part of the
ecosystem, but the extent
and intensity of fires has
likely changed over time, in
part due to changing human
activity and recent
variations in wildfire
management practices.
High latitude wildfire poses
threats to human life,
property and activities,
including traditional food
gathering. In recent years,
extreme wildfire activity
relative to the late 20th and
early 21st centuries’
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contrast, tundra greenness was relatively low in the Eurasian Arctic,

particularly in northeastern Siberia. Both tundra greenness and averages has occurred in
primary productivity show multi-decade increasing trends but with the North American or
significant regional and year-to-year variability. Eurasian sub-Arctic in most
summers (York et al. 2020).
The changing Arctic hydroclimate is documented through Separate essays on high-
precipitation and snowfall (water equivalent) analyses. Precipitation latitude wildfires were
in the past year was above normal in all seasons for the Arctic as a published in the 2017 and
whole, but with important seasonal and regional variations. Unusually 2020 ARC, and we expect to
low precipitation and high temperatures produced severe drought report more fully on recent
and contributed to the record-breaking wildfire season in Canada’s wildfires in a future ARC.

Northwest Territory (see Arctic Wildfire Sidebar). Snowpack in early
spring 2023 was above normal for both North America and Eurasia,
but then rapid snow loss in much of the Arctic resulted in record low
average snow water equivalent for the North American Arctic in May
and near-record low snow cover for the Eurasian Arctic in June.

Precipitation patterns also influence the Greenland Ice Sheet. Above-average snowfall over parts of the
Greenland Ice Sheet between autumn 2022 and spring 2023 contributed to a relatively low (for the 21st
century) total mass loss from the Greenland Ice Sheet in spite of extensive late June to September ice
melt. So, while the Greenland Ice Sheet lost mass in the past year, as it has every year since 1998, the
loss for September 2022 to August 2023 was much lower than the 22-year average and similar to 2020-
21. However, the cumulative melt-day area during summer 2023 was the second-highest in the 45-year
satellite observational record.

Since time immemorial the Arctic has been home to diverse peoples, and through hundreds of
generations they have honed the skills needed to thrive in this environment. In recent years, Western
science and societies are more strongly and equitably recognizing the value of the lived experiences and
cultural expertises of Arctic Indigenous peoples, not just as a source of information but as experts.
ARC2023 features a Frostbite on the yearslong work of the Alaska Arctic Observatory and Knowledge
Hub, a collaborative effort wherein community experts in northern Alaska communities, including
Indigenous Knowledge holders, share their expertise and observations, which are fundamentally
important for tracking the scale and implications of Arctic change. The value of Indigenous Knowledge to
address contemporary environmental problems is also highlighted in an essay on the restoration of
peatlands in northern and eastern Finland.

The Arctic Report Card also aims to shed light on some of the least understood features of the Arctic
environment. In ARC2023, we address the divergent trends of salmon in western Alaska, where Chinook
and chum salmon returns are collapsing on the Yukon and Kuskokwim Rivers, while at the same time
sockeye salmon in Bristol Bay are at near record high numbers. Both extremes are having severe
economic and cultural impacts. Changing environmental conditions clearly are playing a role yet
additional work incorporating both Indigenous Knowledge and Western science is needed to understand
what is driving these observed trends. We also examine the state of observations of subsea permafrost.
Subsea permafrost today exists in Arctic regions that were aerially exposed during the late Pleistocene
but were subsequently submerged by rising sea levels. Detailed research exists for only small portions of
the Kara and Beaufort Seas, but by far the largest area of subsea permafrost underlies the modern
Laptev and East Siberian Seas. There is a lack of observations and research in these areas, significantly
inhibiting our understanding of how and when the rapidly warming Arctic will affect the more than 2
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million km? of subsea permafrost. This scientific gap highlights the urgent need for international
cooperation to better understand this facet of the Arctic system.

ARC2023 includes 12 essays providing multiple perspectives on the rapidly transitioning Arctic. Long-
term trends are reinforced by another year of observations, while the importance of year-to-year
variability and regional differences across the Arctic are apparent. Extreme weather and climate events
and their impacts to society and ecosystems are stark reminders that transition is not just about multi-
decadal trends but about day-to-day living in and around the Arctic. The Arctic remains a varied,
expansive, and expensive region to monitor. To understand and adapt to this transition, local to
international partnerships, including with Arctic Peoples and Indigenous communities, are vital for
collecting and using diverse observations and knowledge, as well as for identifying resilient actions to
long-term climate impacts and abrupt disturbances.
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Headlines

e Above-average pan-Arctic (60-90° N) annual surface air temperatures continued in 2023, ranking
6th warmest since 1900.

e The Barents Sea region exhibited above-average surface air temperatures in all seasons,
punctuated by large anomalies in autumn 2022 and winter 2023.

e The warmest summer (July-September mean) on record was observed in 2023.

Introduction

Warming near-surface air and upper-ocean temperatures in the Arctic represent an ongoing signature of
Arctic change (Ballinger et al. 2022). This regional warming rate exceeds that of the global mean
temperature, a phenomenon known as Arctic Amplification (e.g., Serreze and Barry 2011). Air
temperature warming is associated with changes in the Arctic hydrologic cycle, including increased
seasonal precipitation totals and short-term extremes (see essay Precipitation), as well as declines in
terrestrial snow, land ice, and sea ice coverage (Box et al. 2021; see essays Terrestrial Snow Cover,
Greenland Ice Sheet, and Sea Ice). The increase in Arctic air temperatures is congruent with more
frequent extreme air temperature events, which can have detrimental, rapid, and direct biophysical
impacts within the Arctic (e.g., thaw-driven coastal erosion; Walsh et al. 2020) with indirect effects that
permeate globally (e.g., as land ice mass losses contribute to sea-level rise; Moon et al. 2019). Thus,
Arctic warming has far-reaching long-term consequences beyond the region.

Consistent with previous Arctic Report Card Surface Air Temperature essays, we provide the historical
context of this past year’s Arctic (60-90° N) air temperatures followed by a seasonal synopsis of air
temperature patterns.
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Arctic annual air temperatures

Long-term Arctic and Global surface air temperature anomalies from NASA’s GISTEMP (version 4) and
the ERAS5 reanalysis (see Methods and data for details) are shown for their respective full periods of
record in Fig. 1 following the water year (i.e., October-September mean). Considering the GISTEMP and
ERAS records, the 2023 annual anomaly was 0.76°C and 0.77°C, respectively, for the Arctic, ranking as
the 6th warmest since 1900. For the GISTEMP record, this year marks the 14th consecutive year where
Arctic temperatures have exceeded the 1991-2020 mean, while the eight warmest years in the Arctic
have all occurred since 2016. Within this past year, autumn, winter, and spring Arctic air temperatures
saw >90th percentile warmth with summer air temperatures emerging as the record warmest in over
120 years.

Arctic and Global Surface Air Temperature Anomalies
\ \ \ \ \ \ \ I I | \ I \ \ \ \

—— Arctic - GISTEMP v4 ‘
----- Arctic - ERA5 b
—— Global - GISTEMP v4
----- Global - ERAS
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- | | | ‘ | | ‘ | ‘ | | | | | | | ‘ | | |

'1900 1920 1940 1960 1980 2000 2020
Fig. 1. Arctic (60-90° N) and Global (90° S-90° N) surface air temperature anomalies (in °C) averaged across land
and ocean areas. Each year’s air temperature reflects the water year average (e.g., October 2022-September 2023
represents the 2023 SAT value). Source: NASA GISTEMP v4 data are obtained from the NASA Goddard Institute for
Space Studies and ERAS data are retrieved from the Copernicus Climate Change Service.

The Arctic Amplification signal is clear and persistent at the annual scale as shown by warmer Arctic
surface air temperature anomalies relative to those measured for the whole of planet Earth (Fig. 1).
Diverse, complex, and interrelated mechanisms and feedbacks underlie accelerated Arctic warming. For
example, less extensive and thinner sea ice tends (see essay Sea Ice) to melt out earlier in the year.
Longer periods of open water and sparse ice during summer result in more direct and prolonged
transfer of atmospheric energy into the Arctic Ocean. As a result, the upper-ocean cools more slowly,
delaying sea ice formation as upper-ocean heat is released to the atmosphere, warming the surface air
temperatures in autumn and early winter (Serreze and Barry 2011). In today’s Arctic, these interactions
affect the marginal ice zones and adjacent coastal areas, most notably in the Chukchi and Beaufort Seas
(Ballinger et al. 2023) and Barents Sea (Isaksen et al. 2022). These examples are further touched upon in
the following section.

10
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Seasonal air temperature patterns

Arctic surface air temperature anomaly patterns are further discussed at the seasonal scale as follows:
autumn 2022 (October-December [OND]), winter (January-March [JFM]), spring (April-June [AMJ]), and
summer (July-September [JAS]) 2023 (Fig. 2). The seasons are defined to span the water year (October-
September) and coincide with annual cycles of variables consistently referenced in Arctic Report Card
essays. For example, Arctic sea-ice melt begins in spring, while late summer (i.e., September) tends to
mark the annual sea ice cover minimum.

a) Autumn 2022

b) Winter 2023
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Fig. 2. Seasonal surface air temperature anomalies (in °C) for (a) autumn 2022, (b) winter 2023, (c) spring 2023,
and (d) summer 2023. Temperature anomalies are shown relative to their 1991-2020 means. Source: ERA5
reanalysis air temperature data are obtained from the Copernicus Climate Change Service.

During autumn 2022, the largest warm anomalies (~5°C) were found over the Arctic marginal seas and
nearby coastal zones, including eastern Chukchi and western Beaufort Seas and North Slope of Alaska,
the interior of the Greenland Ice Sheet, atop Svalbard, and over the westernmost Barents Sea (Fig. 2a).
Of note, a high temperature extreme at Utqgiagvik on 5 December 2022 (4.4°C) set a daily maximum
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temperature record for any date between 30 October and 22 April (Rick Thoman, personal
communication). Warm anomalies were also apparent over north-central Eurasia, Chukotka, and
northern Quebec. A negative sea-level pressure anomaly over the Laptev and East Siberian Seas
transported warm air poleward into the Pacific Arctic from the Eurasian continent (Fig. 3a). The summer
sea ice loss and delayed ice formation in autumn (see essay Sea Ice), combined with the large-scale
atmospheric pressure pattern, may have contributed to the warm anomalies over Chukotka and the
Chukchi and Beaufort areas.

a) Autumn 2022 b) Winter 2023
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c) Spring 2023
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Fig. 3. Seasonal sea-level pressure (SLP) anomalies (in hPa) for (a) autumn 2022, (b) winter 2023, (c) spring 2023,
and (d) summer 2023. SLP anomalies are shown relative to their 1991-2020 means. Source: ERAS reanalysis SLP
data are obtained from the Copernicus Climate Change Service.

The warmest anomalies in winter 2023 were noted over the northern and southern Barents Sea and
northwestern Eurasia (~5°C) (Fig. 2b). Additional positive temperature anomalies are shown over the
Lincoln Sea and just north of the Canadian Arctic Archipelago. Much of central and eastern Siberia,
Hudson Bay, the southern Canadian Arctic Archipelago, and Greenland Sea were characterized by cold
anomalies. Negative surface pressure anomalies were found across much of the Arctic landscape and
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over the Barents Sea (Fig. 3b), suggestive of an active high-latitude winter storm track linked with the
observed mild temperatures.

Spring 2023 showed notable warming over the Northwest Territories and Nunavut (~5°C anomalies;

Fig. 2c) associated with reduced snow cover and a shorter snow cover duration (see essay Snow Cover).
The north Atlantic Arctic, from central Greenland stretching to the Barents Sea and eastern Eurasia, also
exhibited warmer-than-average conditions. In contrast, below-average air temperatures (~-2-3°C) were
found across Alaska, the northern Bering and southern Chukchi Seas, and Chukotka. Much of the Arctic
Ocean air temperatures were also near or slightly below average, associated with a low-pressure
anomaly across the Central Arctic Ocean (Fig 3c).

Summer 2023, the warmest captured by NASA GISTEMP v4 since at least 1900 and ERAS since 1941, was
punctuated by warm air temperatures over most of the northern Canadian provincial areas and
southern Barents Sea and Kara Sea (Fig. 2d). Regionally, the anomalous warmth atop the Northwest
Territories, Nunavut, and the Canadian Arctic Archipelago coincided with below-normal precipitation
over these areas (see essay Precipitation) and contributed to Northern Canada’s extreme wildfire season
(see Arctic Wildfire Sidebar). Warm anomalies in northern and central Greenland were associated with
near-record cumulative melt-day area across the ice sheet (see essay Greenland Ice Sheet). Warm air
temperatures were also found in conjunction with low pressure anomaly patterns atop much of
northern Europe, over the Laptev Sea, western Bering Sea, Kamchatka, and Sea of Okhotsk (Fig. 3d).

Methods and data

The NASA Goddard Institute for Space Studies surface temperature analysis version 4 (GISTEMP v4) is
used to describe long-term Arctic (60-90° N) and Global (90° S-90° N) surface air temperatures since
1900 (Fig. 1). GISTEMP v4 air temperatures over lands are obtained from the NOAA Global Historical
Climatology Network version 4 (GHCN v4) dataset and ocean surface temperatures are taken from the
NOAA Extended Reconstructed Sea Surface Temperature version 5 (ERSST v5) dataset. The creation of
the GISTEMP product is described in Hansen et al. (2010) and Lenssen et al. (2019).

We supplement the GISTEMP v4 data with an Arctic two-meter (i.e., surface) air temperature time series
from ERAS reanalysis (Hersbach et al. 2020). Comparison of these respective Arctic and Global time
series shows good agreement with minimal differences during the last four decades (Fig. 1). We use
both surface air temperature and sea-level pressure fields from ERAS in Figs. 2 and 3, respectively. All
values and fields are presented as anomalies with respect to the 1991-2020 mean.
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Headlines

e North American May snow cover extent set a record low in 2023 (lowest in the 57-year record)
associated with high spring temperatures across the Northwest Territories and Nunavut.

e Snow accumulation during the 2022/23 winter was above average across both continents,
particularly Eurasia.

e Since 2010, there was a near-complete absence of snow cover in June in Eurasia (except for
residual amounts at higher elevations) for 11 of the 14 years; this lack of June snow cover did
not occur at all between 1967 and 2009.

Introduction

Many Arctic land surface processes are directly influenced by snow cover from fall through spring,
including the surface energy budget, ground thermal regime, permafrost, and terrestrial and freshwater
ecosystems (Brown et al. 2017; Meredith et al. 2019). Even following the snow cover season, the
influence of spring snow melt timing persists through impacts on river discharge timing and magnitude,
surface water, soil moisture, vegetation phenology, and fire risk (Meredith et al. 2019).

Multiple datasets derived from satellite observations and snowpack models driven by atmospheric
reanalyses are used to assess Arctic seasonal snow cover. Collectively, this approach provides a reliable
picture of Arctic snow cover variability over the last five decades. We characterize snow conditions
across the Arctic land surface using three quantities: how much total land area is covered by snow (snow
cover extent — SCE), how much of the year snow covers the land surface (snow cover duration — SCD),
and how much total water is stored in solid form by the snowpack (snow water equivalent — SWE; the
product of snow depth and density). We examine each of these quantities in turn for the 2022/23 Arctic
snow season.

Snow cover extent and duration

SCE anomalies (relative to the 1991-2020 baseline) in spring 2023 are shown separately for the North
American and Eurasian sectors of the Arctic in Fig. 1. North American May SCE set a record low in 2023
(lowest SCE in the 57-year record) associated with spring temperatures up to 5°C above normal across
the region (see essay Surface Air Temperature) but rebounded slightly by June (ranked 4th lowest). In
the Eurasian sector, May anomalies were close to the 1991-2020 average but were well below normal
by June (ranked 9th lowest in the 57-year record).
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Fig. 1. Standardized monthly snow cover extent anomalies relative to the 1991-2020 climatology for Arctic land
areas (>60° N) for (a) May, and (b) June from 1967 to 2023. Solid black and red lines depict 5-year running means
for North America and Eurasia, respectively. Filled circles are used to highlight 2023 anomalies. Source: NOAA
snow chart Climate Data Record (CDR).

SCD anomalies (Fig. 2a) during the 2022/23 snow season had a combination of early and late snow onset
(relative to a 1998/99 to 2017/18 baseline) with an especially variable pattern across the North
American Arctic. Across central and eastern Eurasia Arctic snow onset occurred earlier than normal
while across western Eurasia there was a modest delay. The signal of extensive snow melt across North
America in May SCE is also apparent in the signal of spring SCD anomalies (Fig. 2b) where a broad swath
of mainland Nunavut and Northwest Territories in Canada saw a more than 50% increase in the number
of snow-free days in spring. While spring snow melt across Eurasia was not as extensive as in the
previous two years, far northern coastal regions across the continent still had above-normal numbers of
snow-free days indicative of earlier snow melt.
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Fig. 2. Snow cover duration anomalies (% difference relative to average number of snow-free days) for the
2022/23 snow year: (a) snow onset (Aug-Jan); and (b) snow melt (Feb-Jul). Red (blue) indicates increased
(decreased) snow-free days compared to the 1998/99 through 2017/18 mean, aligning with later (earlier) onset (a)
or earlier (later) melt (b). The dashed circle marks the latitude 60° N; Arctic land areas north of this are considered
in this study. Source: NOAA IMS data record.

—

Snow mass and snow water equivalent

Snow mass across the Arctic tends to peak annually during April, when snowfall has accumulated since
the preceding autumn but before increasing temperatures during May and June lead to snow melt.
Snow mass anomalies for April 2023 (Fig. 3; calculated by aggregating SWE across the Arctic land surface
to measure the total mass of water stored by snow across the region) indicate snow accumulation was
above the 1991-2020 baseline across both continents (consistent with the wet autumn and winter
reported in the Precipitation essay), but especially Eurasia where it was the fifth highest accumulation in
the record. The spatial patterns of monthly mean SWE (Fig. 4) illustrate how this accumulation varied
regionally from just before peak (March) through to the end of the melt period (June). Regions with
positive SWE anomalies in March had even stronger positive anomalies by May (most of Alaska, large
parts of central and eastern Siberia), which suggests that snow in these regions took longer to melt
compared to the historical baseline. Mainland Arctic Canada was an exception. This region experienced
extensive reductions in SWE during May which extended northward into the southern Canadian Arctic
Archipelago during June. By June snow was mostly melted across both continents except for Baffin and
the Queen Elizabeth Islands in the Canadian Arctic Archipelago. Early snow melt across mainland Arctic
Canada (and boreal regions to the south) during spring 2023 and summer precipitation deficits (see
essay Precipitation) may both have contributed to the extensive summer 2023 wildfire season, which
forced the complete evacuation of communities in the western Canadian Arctic (see Arctic Wildfire
Sidebar).

17



NOAA Technical Report OAR ARC ; 23-03 Arctic Report Card 2023

3 | ] ] | 1 | 1 |
® North American Arctic
@ Eurasian Arctic o

2

—

April Snow Mass Anomaly
1
- o

-2 | -
O
_3 | l 1 | 1 | 1 l
1980 1985 1990 1995 2000 2005 2010 2015 2020

Year

Fig. 3. Standardized April snow mass anomalies for Arctic land areas across the North American (black) and
Eurasian (red) sectors. Anomalies (relative to the 1991-2020 average) represent the ensemble mean from a suite
of four independent snow analyses. Filled circles are used to highlight 2023 anomalies. Solid black and red lines
depict 5-yr running means; shading depicts the spread amongst individual dataset running means. Source: snow
analyses as described in Methods and data.
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Fig. 4. Snow water equivalent (SWE) anomalies (% difference from the 1991-2020 average) in 2023 for (a) March,
(b) April, (c) May, and (d) June. Anomalies represent the ensemble mean from a suite of four independent snow
analyses (see Methods and data). The dashed circle marks the latitude 60° N. SWE over Greenland is not
represented consistently among the data products and has been masked out.

Summary and long-term trends

Snow accumulation during the 2022/23 winter was above average across both continents, especially
Eurasia. This allowed above normal SWE in some regions to persist into May (e.g., central Siberia and
Alaska). However, intensive melt during spring across Arctic Canada resulted in a new record low May
snow extent for the North American Arctic. Looking historically across Eurasia, the June snow extent
values for 11 of the past 14 years represent near complete absence of snow cover across the continent
except for residual amounts in higher elevation locations. Compared to historical conditions, this results
in approximately two additional weeks of snow-free conditions before July. The more northernly
location of the Canadian Arctic Archipelago prevents complete loss of snow extent until after June
across the North American sector of the Arctic.
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Methods and data

SCE anomalies are derived from the NOAA snow chart climate data record, which extends from 1967 to
present (Estilow et al. 2015; Robinson et al. 2012). Monthly anomalies of total areal snow cover over
land for a given Arctic sector (North America or Eurasia, > 60° N) are computed and standardized relative
to the 1991-2020 period (each observation differenced from the mean and divided by the standard
deviation and thus unitless).

SCD fields are derived from the NOAA daily Interactive Multisensor Snow and Ice Mapping System (IMS)
snow cover product (U.S. National Ice Center 2008). Anomalies in the total number of days with snow
cover were computed separately for each half of the snow season: August 2022 to January 2023,
referred to as “onset period,” and February 2023 to July 2023, referred to as “melt period.” IMS
availability starts in 1998, so a 1998/99 to 2017/18 climatological period is used (including information
from August-December 1998 for snow onset). Anomalies for each season are presented as percent
differences from the climatological number of snow-free days. In the Arctic, this varies from
approximately three months near 60° N, to approximately two months at 70° N, and decreases to less
than a month over the Canadian Arctic Archipelago. Because the Arctic is generally always snow covered
between November and April, Arctic region snow onset anomalies are indicative of conditions during
September and October, while Arctic region snow melt anomalies are indicative of conditions during
May and June.

Four SWE data sets were used to generate multi-dataset SWE fields from March-June (inclusive) for the
1981-2023 period: (1) the European Space Agency Snow Climate Change Initiative (CCl) SWE version 2
product derived through a combination of satellite passive microwave brightness temperatures and
climate station snow depth observations (Luojus et al. 2022); (2) the Modern-Era Retrospective Analysis
for Research and Applications version 2 (MERRA-2, GMAO 2015; Gelaro et al. 2017) daily SWE fields; (3)
SWE output from the ERA5-Land analysis (Mufioz Sabater 2019); and (4) the physical snowpack model
Crocus (Brun et al. 2013) driven by ERA5 meteorological forcing. Limited availability of climate station
snow data during May and June lowers the accuracy of the Snow CClI SWE product during these months;
therefore, we only use it during March and April. An approach using gridded products is required
because in situ observations alone are too sparse to capture snow conditions across the Arctic. We
consider multiple datasets because averaging multiple SWE products has been shown to be more
accurate than individual datasets when validated with in situ observations (Mortimer et al. 2020). The
ensemble-mean SWE field is used to calculate monthly SWE anomalies relative to the 1991-2020 period,
which are presented as percent differences. For April, the SWE fields for each product are also
aggregated across Arctic land regions (> 60° N) for both North American and Eurasian sectors to produce
multiple estimates of April snow mass. These monthly snow mass values are used to calculate
standardized anomalies relative to the 1991-2020 period for each data product. The standardized
anomalies are then averaged to produce an ensemble-mean time series.
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Headlines

e Pan-Arctic mean precipitation from ERAS for the 2022/23 water year ranked as sixth highest on
record and was modestly above the 1991-2020 average in all seasons.

e Heavy precipitation events broke existing records at various locations across the Arctic.

e Notable regional anomalies during the 2022/23 water year included a wet winter over parts of
Alaska, a dry spring over western Eurasia, a dry summer over northern Canada, and record rains
in Scandinavia during August.

Introduction

Consistent with Arctic warming (see essay Surface Air Temperature), precipitation in the Arctic is
increasing (Box et al. 2021). As shown in the 2022 Arctic Report Card and updated here (Fig. 1), the
increase of pan-Arctic mean precipitation is apparent in all seasons (Walsh et al. 2022). However, trends
in Arctic precipitation vary regionally (Ye et al. 2021; Yu and Zhong 2021) and interannual variability is
large. These variations have important implications for wildfire season severity and for river and lake
levels. Warming is also leading to a transition from solid to liquid precipitation in the warmer parts of
the Arctic (Box et al. 2021), although the coldest areas of the Arctic are expected to see snowfall
increases in the future (McCrystall et al. 2021; Bigalke and Walsh 2022).
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Fig. 1. Time series of Arctic (60-90° N) precipitation for water-years from 1951 through 2023 expressed as a
percentage of the 1991-2020 average (the average, which is 100%, is shown by the horizontal black lines). Results
are from ERAS (green lines) and GPCC 1.0° data (black lines). GPCC values are for land only; ERAS values are for
land plus ocean. Seasonal time series are for (a) OND, (b) JFM, (c) AMJ, and (d) JAS. The GPCC full data product is
used through 2020. The ERA5 monitoring product is used for January 2021-September 2023.
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2022/23 water year precipitation at a glance

The Arctic experienced notable precipitation anomalies in the 2022/23 water year. The prominent
features were (1) a continuation of the trend towards wetter conditions on the pan-Arctic scale, (2) large
seasonal anomalies, including a wet winter in parts of Alaska, a dry spring in much of western Eurasia
and over the northern North Atlantic, and a dry summer over much of northern Canada, (3) shorter-
duration heavy precipitation that broke existing records at various locations within the Arctic (which is
not necessarily surprising in a statistical sense given the large area being considered).

Overall, pan-Arctic (north of 60° N) precipitation for the 2022/23 water year in the ERA5 reanalysis was
the sixth highest in the 74-year period that began in 1950. The Arctic autumn (October-December),
winter (January-March), spring (April-June), and summer (July-September) all ranked among the 12
wettest of their corresponding seasons in the post-1950 period.

Figure 2 shows the ERA5-derived seasonal departures of precipitation during the 2022/23 water year
from the 1991-2020 means. For the October-December (OND) period, a dipole pattern is apparent over
the North Atlantic subarctic, with positive precipitation anomalies from the U.K. to southern Norway
and negative anomalies from Iceland southwest to the Canadian maritime provinces. This pattern
coincides with strong positive sea level pressure anomalies over Greenland and northeastern Canada,
with negative pressure anomalies west of the U.K. (see essay Surface Air Temperature, Fig. 3a). Positive
precipitation anomalies over the Bering Sea are supported by southwesterly gradient wind anomalies
associated with strong low-pressure anomalies over eastern Siberia. According to the NOAA National
Centers for Environmental Centers (NCEI) (NOAA 2023a, 2023b) analysis, Alaska’s North Slope region
experienced its fourth wettest autumn of the past 98 years, consistent with the gradient wind anomaly
and the late-season persistence of open water over the Chukchi Sea. However, this regional
precipitation feature is not captured in the ERAS reanalysis.
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Fig. 2. Seasonal departures of precipitation from the 1991-2020 climatological means for (a) autumn (OND) 2022,
(b) winter (JFM) 2023, (c) spring (AMJ) 2023, and (d) summer 2023 (JAS). Green shades denote above-normal
precipitation, brown shades denote below-normal precipitation. Data source: ERA5 reanalysis.

Winter (JFM) precipitation anomalies were generally weak, except for above-normal precipitation in the
Bering Sea, the Svalbard region, and south of Iceland. As in the OND season, the wetter-than-normal
conditions in the Bering Sea were a consequence of abnormally low pressure north and west of the
Bering Sea (see essay Surface Air Temperature, Fig. 3b). According to the NOAA NCEI analysis, Alaska’s
West Coast climate region had its second wettest winter in its 99-year period of record. Negative
pressure anomalies also extended from Svalbard southeastward to northern Europe during the month
of March. During this time, station data showed much above-average precipitation, including some
record amounts for March, in a broad east-west band from northern Europe across to northeastern
Asia.

A notable feature of the April-June (AMJ) period was a precipitation deficit over northern land areas,
including much of Canada and a broad Eurasian region extending from Scandinavia to eastern Russia.
The dry conditions were especially prevalent during May in both northern Europe and Canada, setting
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the stage for the severe wildfire season in Canada. High pressure anomalies over western Eurasia drove
the precipitation deficit in Europe, while high temperatures driven by warm advection contributed to
the dry conditions in regions of Canada (see essay Surface Air Temperature, Fig. 3c). Meanwhile, Alaska
was generally wetter than normal with below-normal temperatures (see essay Surface Air Temperature,
Fig. 2c). Parts of the Greenland Ice Sheet saw high precipitation in the form of snow in June (see essay
Greenland Ice Sheet).

Finally, July-September (JAS) 2023 was notable for above-average precipitation over northern Europe,
including flood-producing rains in early August. Most of Alaska saw above-average precipitation, as did
western Greenland and southern Baffin Island. By contrast, precipitation was well below average
southeast of Greenland, over southeastern Russia and along the panhandle of Alaska. Below-average
precipitation was widespread over much of Eurasia and Canada. Portions of Northwest Territories,
Canada were analyzed in severe to extreme drought during August and September (NOAA North
American Drought Monitor), and this contributed to wildfires that continued through late summer in the
Northwest Territories (see Arctic Wildfire Sidebar).

Historical perspective

The time series in Fig. 1 introduced earlier compares seasonal precipitation from ERA5 and the station-
based dataset of the Global Precipitation Climatology Center (GPCC) during 1950-2023. The GPCC
dataset is for land only, while ERA5 covers ocean areas as well as land. The seasonal and annual values
are plotted as percentages of the corresponding 1991-2020 averages. In all four seasons of the 2022/23
water year the ERAS values are greater than the 1991-2020 averages. GPCC indicates slightly below-
average precipitation in OND and AMJ, and slightly above normal precipitation in JFM and JAS. While the
JFM value is less than the previous year’s value, it is still 9% higher than the 1991-2020 average,
consistent with the positive trend in cold season Arctic precipitation discussed in the 2022 Arctic Report
Card (Walsh et al. 2022). Of particular note is that the water-year total has exceeded the 1991-2020
mean in 15 of the past 20 years, including 2022/23.

Heavy precipitation events

Heavy precipitation events continued in 2022/23. In addition to the extreme seasonal totals noted
earlier for several Alaska climate regions from NCEI, based on station data Anchorage set a new record
for December precipitation, including the most December snowfall in more than 60 years. Elsewhere,
the above-normal summer precipitation in northern Europe included heavy rains in early August. The
heaviest rains in 25 years occurred in southern Norway, where water levels and pressure caused a dam
to break along Norway’s largest river. Extensive flooding was also reported in Sweden, and the impacts
of the heavy rain event extended southward to Denmark and Lithuania. It appears that a rare weather
pattern involving two cyclones was responsible for the event.

Figure 3 provides a pan-Arctic perspective on the heavy precipitation events of 2022/23 from ERAS by
showing the ranks (relative to the 1950-2022 historical period) of the maximum 5-day precipitation
events (Rx5) in each season of the 2022/23 water year. During autumn (OND), record or near record
(2nd or 3rd highest) events occurred in parts of the North American Arctic and the Beaufort and Chukchi
Seas. That the known record December precipitation and snowfall in Anchorage does not reveal itself in
the OND plot may reflect the local nature of the event. The winter (JFM) distribution shows a broad
swath of heavy events across northern Europe and north-central Russia. However, this later feature
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does not show up in the winter seasonal anomaly plot (Fig. 2); this is also true of the heavy precipitation
feature over the Arctic Ocean in winter. The spring (AMJ) pattern shows only small isolated areas of
heavy precipitation, most notable over Greenland. While heavy precipitation for summer (JAS) as a
whole was also spotty in coverage, the August pattern from ERAS (not shown) features a prominent
area over Northern Europe where heavy precipitation and damaging flooding were observed; this is
readily seen in the summer anomaly map of total precipitation (Fig. 2).
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Fig. 3. Ranks of maximum 5-day precipitation for each season during water year 2022/23: (a) autumn (OND), (b)
winter (JFM), (c) spring (AMJ), and (d) summer (JAS). Data source: ERAS reanalysis, 1950-present.

Methods and data

Because of the challenges of gauge measurements in the Arctic, we make use of gridded precipitation
fields from both the ERA5 atmospheric reanalysis of the European Centre for Medium Range Weather
Forecasts (ECMWF) (Hersbach at al. 2020) and the Global Precipitation Climatology Centre’s GPCC V.
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2022 (Becker et al. 2013). ERAS data are available from January 1940 onwards, but the quality of the
output is more reliable starting in 1979 (Hersbach et al. 2020), after which modern satellite data are
assimilated into the analysis and forecast system. ERAS is the latest atmospheric reanalysis effort, and
performs slightly better than other atmospheric reanalyses at matching observed precipitation totals
from extreme events in the Arctic (Loeb et al. 2022). Given the model-derived nature of ERA5,
comparisons are made with the GPCC’s Full Data Product, a monthly gridded gauge-based product
available from 1891 onwards (Schneider et al. 2022). Our comparisons of the time series of pan-Arctic
precipitation computed from these two sources is limited to the post-1950 period because both
products were impacted by missing data during the World War Il period. We also use records from the
NOAA NCEI analysis (NOAA 2023a, 2023b).
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Headlines

e Winter snow accumulation was above average this year, but the Greenland Ice Sheet still lost
156 + 22 Gt of mass from 1 September 2022 to 31 August 2023 because discharge and melting
exceeded accumulation.

e Summer high-pressure systems brought warm temperatures, widespread melting, and
exceptional rainfall volumes.

e On 26 June 2023, Summit Station reached a temperature of 0.4°C and experienced melt for only
the fifth time in its 34-year observational history.

Introduction

The Greenland Ice Sheet (GrlS) is the second-largest contributor of sea-level rise (SLR), after thermal
expansion (Zemp et al. 2019). Ice mass loss from the GrlS affects environments and societies worldwide
through coastal erosion, saltwater intrusion, habitat loss, increased flooding, and, in some locations,
permanent inundation. In every year since 1998, the GrlS has lost mass overall. In the one-year period
from 1 September 2022 to 31 August 2023, the GRACE-FO (Gravity Recovery and Climate Experiment
Follow-on) satellite mission measured a total GrIS mass balance of -156 + 22 Gt (mean * 1 st. dev.), the
equivalent of ~0.4 mm SLR (Fig. 1). This loss was 60 Gt (28%) less than the 2002-23 GrIS yearly average
of -216 + 8 Gt measured by GRACE/GRACE-FO.
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Fig. 1. GRACE-based mass balance. Total mass change, in gigatons (Gt), of the GrIS from April 2002 through
September 2023 determined from the satellite gravimetry missions GRACE (2002-17) and GRACE-FO (2018-
present) (Tapley et al. 2019). Black circles show monthly estimates, with 2-st. dev. uncertainties shown with (light
green) and without (dark green) errors due to leakage of external signals (i.e., mass changes near Greenland but
not associated with the GrlS). The time series has been scaled by 0.84 to remove the peripheral glaciers and ice
caps from the GRACE-based estimates.

Surface mass balance

Ice sheets gain mass from net snow accumulation and lose mass through meltwater runoff and solid ice
discharge. The sum of accumulation and runoff is termed surface mass balance (SMB) and is primarily
responsive to air temperature, snow cover, albedo, and bare-ice area. We summarize in-situ and
satellite observations that influenced SMB over the 2023 mass balance year, 1 September 2022 through
31 August 2023, and report them relative to the 1991-2020 climatology unless otherwise stated.

We report monthly mean air temperatures measured at up to 32 weather stations in Greenland (see
Methods and data). During autumn (SON 2022), temperatures were predominantly higher than average.
At Summit Station, the autumn average was a record high of -23.2°C, a +7.4°C anomaly. Record-high
temperatures were observed at seven stations along the west coast and Summit Station in September,
and at three stations in southeast Greenland in November. Winter 2022/23 (DJF) and spring 2023
(MAM) had less remarkable temperature patterns. Most stations recorded temperatures close to or
slightly below average during winter, and close to or slightly above average during spring. At Summit
Station, the air temperature was slightly below average in winter (-0.9°C anomaly) and average in spring.
There was generally above-average snow accumulation, but this was regionally variable. Accumulation
near the coasts in southern and northeastern Greenland was slightly below average.

31



NOAA Technical Report OAR ARC ; 23-05 Arctic Report Card 2023

Cooler-than-average conditions characterized the beginning of the melt season at most weather
stations. In the last week of June, however, a high-pressure system associated with the negative phase
of the North Atlantic Oscillation arrived abruptly and persisted for four weeks. Its warm air incited
multiple melt events across the ice sheet: the mean July temperature reached a record high of -7.3°C,
which was a +4.4°C anomaly and was almost 2°C warmer than the previous record from 2012.

The total number of melt days across the GrlS (Fig. 2a) was above average virtually everywhere, and
especially in northwest, northeast, and South Greenland, which experienced >20 more melt days than
average. The cumulative melt-day area (Fig. 2b) was the second largest on record, at ~70% of the value
from the 2012 record melt year and 5.7 times greater than the 1981-2010 average.
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Fig. 2. (a) Number of surface melt days in 2023 from 1 April to 31 August, expressed as an anomaly with respect to
the 1991-2020 period from daily Special Sensor Microwave Imager/Sounder (SSMIS) 37 GHz horizontally polarized
passive microwave radiometer satellite data (Mote 2007). (b) Surface melt extent as a percentage of the ice sheet

area during 2023 (blue) and autumn 2022 (orange) derived from SSMIS.
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The generally mild winter conditions paired with the late-summer warmth yielded low melt-season (JJA)
albedo, or broad-spectrum brightness (Fig. 3a), and high bare-ice area, especially in the lower
accumulation zone and across southern and northeastern Greenland. The 2023 spatially averaged
albedo ranked fifth lowest over the 2000-23 period covered by MODIS (Fig. 3b). The seasonal evolution
of the albedo and bare-ice area proceeded similarly to the surface temperatures and melt. The ice sheet
emerged from winter conditions later than average; early June showed the lowest bare-ice area
measured in the 7-year Sentinel-3 observational record (Fig. 3c). For illustration, the bare-ice area
measured on 15 June 2023 was only one tenth of that observed on 15 June 2019, a high-melt year. With
the onset of high air pressures at the end of June, the bare-ice area increased rapidly, peaked on 23 July,
and decreased through 8 August, when a large-areal melt event occurred (see Notable melt episodes).
This pushed the bare-ice area to its seasonal maximum on 26 August. The summer albedo anomaly

(Fig. 3a) was low (dark) across North and South Greenland, reaching -0.14 on the Qassimiut lobe. Across
much of western Greenland, the albedo was higher (brighter) than normal at low elevations and lower
(darker) than normal at higher elevations, over snow. This pattern coincided with a negative (cool)
anomaly in summer 2-meter air temperature at low elevations and a positive (warm) anomaly at higher
elevations.
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Fig. 3. (a) Albedo anomaly for summer (JJA) 2023 measured from Sentinel-3 data, relative to summers 2017-22
(Wehrlé et al. 2021). (b) Time series for average GrIS summer albedo since 2000, from MODIS, with dashed gray
line showing mean of 0.79. (c) Bare ice area measured from Sentinel-3 observations, with 2023 in bold black
(Wehrlé et al. 2021).
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Overall, the 2023 melt season ablation (ice melt) measured across eight Programme for Monitoring of
the Greenland Ice Sheet (PROMICE) weather transects on the ice sheet (Fig. 4) was within 20% of the
average at most stations. Exceptions occurred in the northwestern sector, where 2.2 meters of net
ablation (87% more than average) was measured at Thule, and at Upernavik, where 1.6 meters (32% less
than average) was measured. These full-summer values point to the combined effects of the cooler June
and warmer July and August yielding overall near-average ablation at coastal locations.
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Fig. 4. Net ice ablation for 2023 (top number) measured by PROMICE weather transects and referenced to the
1991-2020 period (bottom percent). Circle sizes are scaled to net ablation and colored according to the anomaly
value. White circles indicate anomaly values within methodological and measurement uncertainty. Transects:
Thule (THU), Upernavik (UPE), Kangerlussuaq (KAN), Nuuk (NUK), Qassimiut (QAS), Tasiliiq (TAS), Scoresby Sund
(SCO), and Kronprins Christians Land (KPC). Ice sheet regions: North (NO), Northeast (NE), Northwest (NW), Central
East (CE), Central West (CW), Southeast (SE), and Southwest (SW) are referenced in Fig. 5.
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Rainfall over the GrIS during the 2023 mass balance year was exceptional, more than 4 standard
deviations above the mean. This was largely due to very high rainfall volumes in September 2022 and
above-average rainfall in summer (JJA) 2023. As an example, the PROMICE weather station NUK_U, at
1100 m a.s.l., recorded 44 summer days with rainfall, totaling 140 mm.

In summary, ice discharge (see below) and basal mass balance for the 2023 hydrologic year from

1 September 2022 through 31 August 2023 were -504 + 47 Gt and -27 + 6 Gt, respectively (Mankoff et al.
2021). The total mass balance measured by GRACE/GRACE-FO was -156 + 22 Gt, which yields a SMB of
375 + 52 Gt. This derived SMB is slightly above regional climate model estimates of 240-395 Gt for the
2023 hydrologic year and is above the SMB climatology of 325 + 29 Gt (mean 1 st. dev.) derived from
daily regional climate model output summed annually and averaged over 1991-2020 (Fettweis et al.
2020; Mankoff et al. 2021).

Solid ice discharge

Discharge of solid ice decreases the overall mass balance of the ice sheet. This discharge occurs from the
hundreds of marine-terminating glaciers that ring the GrlIS and drain ice into the ocean. These glaciers
are grouped by sector (see Fig. 4), each with several dozen glaciers, for regional pattern identification. In
the 2023 calendar year, the glaciers in southeast (SE) Greenland discharged ice at the highest rate (145 +
15 Gt/yr), although this has been slowing since the 2020 peak of 155 + 17 Gt/yr (Fig. 5). The slowing
trend since 2020 is fairly consistent across the SE region. Though this may seem to conflict with the
above-average sea surface temperatures in the region (see essay Sea Surface Temperature), it is
subsurface water temperatures that primarily affect glacier discharge (e.g., Wood et al. 2018).
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Fig. 5. Solid ice discharge (Gt yr; gray bars show +10% uncertainty range) by region (see Fig. 4). Source: PROMICE
(Mankoff et al. 2020).
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The SE discharge decrease was partially offset by increases in the northwest (NW), Central East (CE), and
northeast (NE). Across the entire GrlS, glaciers discharged ice at 489 + 47 Gt/yr in 2023, which is within
measurement uncertainties of the recent average of 497 + 47 Gt/yr since 2013, but is likely below the
2020 peak of 513 + 48 Gt/yr. The 2023 discharge rate falls below, but is within measurement
uncertainties of, the recent trend of increasing discharge at +2.4 Gt/yr per year (1991-2020).

Notable melt episodes

The 2023 mass balance year began with a high-pressure system over southern Greenland. On

3 September 2022, SSMIS satellite sensors (see Methods and data) observed melt conditions on 36% of
the ice-sheet surface (592,000 km?), an unprecedented extent for September. A second late-season melt
event occurred later in the month when warm air associated with the aftermath of Hurricane Fiona
reached Greenland: on 26 September 2022, the melt area peaked at 15% of the ice-sheet surface
(245,000 km?). Both melt episodes coincided with significant rainfall events.

Another notable melt event occurred during an extended period of high pressure in August 2023. The
high-pressure dome pulled southerly winds up the west coast to the northern ice divide, from where the
air flowed back south and descended along the ice-sheet surface to the east coast. The compression
induced by the descent caused warm, dry conditions along the north and east coasts; PROMICE stations
there recorded temperatures as high as 16°C above the seasonal average.

Record melt rates and high temperatures across the upper elevations

In a single week in July, ablation lowered the ice-sheet surface at South Dome (elevation 2893 m a.s.l.)
by 40 cm, a record pace of melt at that inland location. Summit Station (3216 m a.s.l.) reached a
temperature of 0.4°C on 26 June; this was only the fifth time in the 34-year observational record that
the air temperature at Summit has surpassed 0°C. (The fourth time occurred on 3 September 2022,
described above.) On 22 August 2023, during the high-pressure period described above, the
temperature at Summit Station reached -0.6°C.

Methods and data

The GRACE (Gravity Recovery and Climate Experiment, 2002-17) and GRACE-FO (Follow On, 2018-
present) satellite missions detect gravity anomalies to measure changes in total ice mass (technical
notes: podaac-tools.jpl.nasa.gov/drive/files/allData). The GRACE/GRACE-FO source data include ice-
sheet-peripheral glaciers and ice masses that are not part of the GrIS. We scale these numbers by 0.84
to approximate changes only on the GrIS (Colgan et al. 2015).

Weather data are directly obtained from 20 Danish Meteorological Institute (DMI) land-based weather
stations with records starting from 1784 (Nuuk), 11 stations owned by Mittarfeqgarfiit A/S, which
operates airports and helipads, and data from Summit Station. NOAA GEOSummit has supplied data
from Summit since 2019; we extend this to 1991 using the DMI station at Summit. Eight automatic
weather station transects from the Programme for Monitoring of the Greenland Ice Sheet (PROMICE) at
the Geological Survey of Greenland and Denmark (GEUS) provide temperatures and surface ablation
measurements, following van As et al. (2016).
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Surface melt duration and extent are derived from daily Special Sensor Microwave Imager/Sounder
(SSMIIS) 37 GHz, horizontally polarized passive microwave radiometer satellite data (Mote 2007).

Albedo monitoring since 2000 is from NASA MODIS satellite data (Box et al. 2017). The bare ice area is
monitored using the Sentinel-3 SICE product (Kokhanovsky et al. 2020; Wehrlé et al. 2021).

PROMICE combines ice thickness estimates with ice velocity measurements based on Sentinel-1 satellite
data to create a Greenland-wide, time-evolving solid-ice discharge product integrated over Greenland
(Mankoff et al. 2020).
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Headlines

e Sea ice extent was 6th lowest in the satellite record (1979 to present) and downward trends
continue; the last 17 September extents (2007-23) are the 17 lowest in the record.

e The amount of multiyear ice was largely unchanged from 2022, as multiyear extent remained far
lower than in the 1980s, with minimal old ice (>4 years old).

e Average sea ice thickness for the 2022/23 winter was lower than the previous winter, near the
2011-23 average; volume at the end of the 2022/23 winter was the same as the previous year.

Introduction

Arctic sea ice is the frozen interface between the ocean and the atmosphere. It reduces the absorption
of solar energy because of its high albedo relative to the darker open ocean surface. In addition, as a
physical barrier, it modifies the heat and moisture transfer between the atmosphere and ocean. Sea ice
plays a key role in the ecosystem, providing an essential habitat for marine life and modulating the
biogeochemical balance of the Arctic. The sea ice cover has long played a practical and cultural role in
Indigenous communities of the north. Sea ice historically limited national and corporate activities in the
Arctic, but decreased ice cover is influencing commercial transportation, resource extraction, and
national security.

The winter 2022/23 freeze-up was typical of recent years with sea ice growth rates near average while
the areal coverage remained in the lowest 10% extent (below the lower interdecile range) through the
year. Ice growth was particularly slow in the Barents and Kara Seas as well as in the Chukchi Sea, but
near normal in other regions. Winter near-surface air temperatures were higher than the 1991-2020
average over most of the Arctic Ocean, particularly in the Barents Sea and portions of the Beaufort Sea
(see essay Surface Air Temperature). However, lower temperatures prevailed over much of the Eurasian
side of the Arctic during spring. Summer temperatures were mixed, with higher-than-average
temperatures over the Barents, Kara, Beaufort, and Chukchi Seas and average or slightly below average
temperatures elsewhere.
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Sea ice extent

One of the most commonly used indicators of long-term Arctic sea ice conditions is sea ice extent, which
is defined as the total area covered by ice of at least 15% concentration. The primary source of extent
observations is the 45-year record (starting in 1979) derived from satellite-borne passive microwave
sensors.

This satellite record tracks long-term trends, variability, and seasonal changes from the annual extent
maximum in late February or March and the annual extent minimum in September. Extents in recent
years are ~50% lower than values in the 1980s. In 2023, March and September extents were lower than
other recent years (Fig. 1), and though not a new record low, they continue the long-term downward
trends (Table 1). March 2023 was marked by low sea ice extent around most of the perimeter of the sea
ice edge, with the exception of the East Greenland Sea where extent was near normal (Fig. 2). At the
beginning of the melt season, ice retreat was initially fairly slow through April. In May and June, retreat
increased to a near-average rate, and then accelerated further through July and August. By mid-July, the
ice had retreated from much of the Alaskan and eastern Siberian coast and Hudson Bay had nearly
melted out completely. In August, sea ice retreat was particularly pronounced on the Pacific side,
opening up vast areas of the Beaufort, Chukchi, and East Siberian Seas. Summer extent remained closer
to average on the Atlantic side, in the Laptev, Kara, and Barents Seas (Fig. 2).
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Fig. 1. Monthly sea ice extent anomalies (solid lines) and linear trend lines (dashed lines) for March (black) and
September (red) 1979 to 2023. The anomalies are relative to the 1991-2020 average for each month (see Table 1).
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Table 1. March and September monthly averages and annual daily maximum and minimum extent for 2023 and
related statistics. The rank is from least sea ice to most sea ice of the 45-year record (starting in 1979) (1 = least,
45 = most).

March March September September

Monthly Daily Monthly Daily
Values Average Maximum Average Minimum
Extent (10° km?) 14.44 14.62 437 4.23
Rank (out of 45 years) 6 5 5 6
1991-2020 average (10° km?) 15.03 15.26 5.58 5.37
Anomaly rel. 1991-2020 average
(10°km?) -0.59 -0.64 -1.21 -1.14
Trend, 1979-2022 (km?2/yr) -39,100 -41,200 -78,500 -77,600
% change from 1979 linear trend value -10.2 -10.7 -43.0 -43.1

[ ] seaice extent
1991-2020 median

Fig. 2. Monthly average sea ice extent (light blue) for (a) March 2023, and (b) September 2023. The median extent
for 1991-2020 is shown by the dark blue contour.

The Northern Sea Route, along the northern Russian coast, was relatively slow to open as sea ice
extended to the coast in the eastern Kara Sea and the East Siberian Sea, but by late August, open water
was found along the coast through the entire route. The Northwest Passage through the Canadian
Archipelago became relatively clear of ice, though ice continued to largely block the western end of the
northern route through M’Clure Strait through the melt season. Nonetheless, summer 2023 extent in
the Passage was among the lowest observed in the satellite record, based on Canadian Ice Service ice
charts (ASINA 2023).
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Sea ice age

Tracking the motion of ice in passive microwave imagery using feature tracking algorithms can be used
to infer sea ice age. Age is a proxy for ice thickness because multiyear ice generally grows thicker
through successive winter periods. Multiyear ice extent has shown interannual oscillations but no clear
trend since 2007, reflecting variability in the summer sea ice melt and export out of the Arctic. After a
year when substantial multiyear ice is lost, a much larger area of first-year ice generally takes its place.
Some of this first-year ice can persist through the following summer, contributing to the replenishment
of the multiyear ice extent. However, old ice (here defined as >4 years old) has remained consistently
low since 2012. Thus, unlike in earlier decades, multiyear ice does not remain in the Arctic for many
years. At the end of the summer 2023 melt season, multiyear ice extent was similar to 2022 values (Fig.
3), far below multiyear extents in the 1980s and 1990s.
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Fig. 3. Sea ice age coverage map for the week before minimum total extent (when age values are incremented to
one year older) in (a) 1985, and (b) 2023; (c) extent of multiyear ice (black) and ice >4 years old (red) within the
Arctic Ocean region (inset) for the week of the minimum total extent.
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Sea ice thickness and volume

Estimates of sea ice thickness from satellite altimetry can be used to more directly track this important
metric of sea ice conditions, although the data record is shorter than for extent and ice age. Data from
ICESat-2 and CryoSat-2/SMOS satellite products tracking the seasonal October to April winter ice growth
over the past four years (when all missions have been in operation) show a mean thickness generally
thinner than the 2021/22 winter but with seasonal growth typical of recent winters (Fig. 4a). April 2023
thickness (Fig. 4b) from CryoSat-2/SMOS relative to the 2011-22 April mean (Fig. 4c) shows that the
eastern Beaufort Sea and the East Siberian Sea had relatively thinner sea ice than the 2011-22 mean,
particularly near the Canadian Archipelago. Thickness was higher than average in much of the Laptev
and Kara Seas and along the west and northwest coast of Alaska, extending northward toward the pole.
The East Greenland Sea had a mixture of thicker and thinner than average ice.
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Fig. 4. (a) October through April monthly average sea ice thickness, calculated over an Inner Arctic Ocean Domain
(Central Arctic, Beaufort, Chukchi, Laptev, East Siberian Seas), from ICESat-2 (circles) and CryoSat-2/SMOS
(triangles) for 2018-19 (olive), 2019-20 (blue), 2020-21 (green), 2021-22 (lilac), and 2022-23 (black); (b) average
April 2023 sea ice thickness map from CryoSat-2/SMOS; (c) CryoSat-2/SMOS thickness anomaly map (relative to
the 2010-22 average).

Sea ice thickness estimates from moored instruments monitoring the sea ice continuously from below
the ocean surface complement the satellite-derived products and give unique insights on the long-term
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development of sea ice. Data from Norwegian Polar Institute upward looking sonars, installed in Fram
Strait since the early 1990s, revealed that a regime shift of sea ice drifting out of the Arctic Ocean
occurred in 2007; the region transitioned from thicker deformed ice to thinner, more uniform sea ice;
this shift can be explained by more rapid export of ice from the Arctic Ocean (Sumata et al. 2023).

Sea ice thickness is integrated with ice concentration to provide winter volume estimates for the
CryoSat-2/SMOS measurement time period. Seasonal change, from winter maximum to summer
minimum and back, shows the strong seasonal cycle and interannual variability (Fig. 5). There is little
indication of a trend through the relatively short 12-year time series. Volume gain through the 2022/23
growth season of 12,900 km? was within the range of earlier years in the record and balanced the
volume loss during the summer 2022 melt season.

Winter Sea-lce Wolume Budget observed by CryoSat-2/SMOS
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Fig. 5. Annual sea ice volume loss (orange) and gain (blue) between annual maximum and minimum from CrySat-
2/SMOS. Numbers in orange and blue indicate the total volume change (gain or loss) in smaller font with signed
values.

Methods and data

Sea ice extent values are from the NSIDC Sea Ice Index (Fetterer et al. 2017), based on passive
microwave derived sea ice concentrations from the NASA Team algorithm (Cavalieri et al. 1996;
Maslanik and Stroeve 1999), though other quality products exist (e.g., Lavergne et al. 2019).

Sea ice age data are from the EASE-Grid Sea Ice Age, Version 4 (Tschudi et al. 2019b) and Quicklook
Arctic Weekly EASE-Grid Sea Ice Age, Version 1 (Tschudi et al. 2019a) archived at the NASA Snow and Ice
Distributed Active Archive Center (DAAC) at NSIDC. Age is calculated via Lagrangian tracking of ice
parcels using weekly sea ice motion vectors. Age is generally a proxy for thickness because older ice is
typically thicker, via thermodynamic growth and potential dynamic thickening (i.e., ridging and rafting).
Only the oldest age category is preserved for each grid cell.
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Satellite altimetry has enabled the continuous retrieval of sea ice thickness and volume estimates over
the entire Arctic basin during the freezing season, starting with the ESA CryoSat-2 radar altimeter,
launched in 2010. This was followed in September 2018 by the launch of the NASA Ice, Cloud, and land
Elevation 2 (ICESat-2) laser altimeter. Thus, there are now two independent altimetry-based thickness
and volume estimates.

Weekly CryoSat-2 estimates have been combined with thin ice (<1 m) estimates from the ESA Soil
Moisture Ocean Salinity (SMQS) instrument, launched in 2009, to obtain an optimal estimate across thin
and thick ice regimes (Ricker et al. 2017) on a 25 km resolution EASE2 grid. Optimal interpolation is used
to fill in data gaps in the weekly CryoSat-2 fields and to merge the CryoSat-2 and SMOS estimates. The
results here are from Version 205. When combined with sea ice concentration, the CryoSat-2/SMOS
record of ice thickness is used to compute sea ice volume; data are available at

ftp://ftp.awi.de/sea ice/product/cryosat2 smos/.

The ICESat-2 thickness data (Petty et al. 2022) used here are the gridded 25 km x 25 km monthly data
originally presented in Petty et al. (2020), now using Version 5 ATL10 freeboards from the three strong
beams of ICESat-2 and v1.1 NESOSIM snow loading (depth and density) as described in Petty et al.
(2023).
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Headlines

e August 2023 mean sea surface temperatures (SSTs) were ~5-7°C warmer than 1991-2020 August
mean values in the Barents, Kara, Laptev and Beaufort Seas.

e Anomalously cool August 2023 SSTs (~1-3°C cooler) were observed in Baffin Bay, the Greenland
Sea and parts of the Chukchi Sea.

e August mean SSTs show warming trends for 1982-2023 in almost all Arctic Ocean regions that
are ice-free in August, with mean SST increases over regions between 65° N and 80° N of ~0.5°C
per decade.

Arctic Ocean sea surface temperatures (SSTs) in the summer (June-August) are driven by the amount of
incoming solar radiation absorbed by the sea surface and by the flow of warm waters into the Arctic
from the North Atlantic and North Pacific Oceans. Solar warming of the Arctic Ocean surface is
influenced by sea ice distribution (with greater warming occurring in ice-free regions), cloud cover, and
upper-ocean stratification. Discharge of relatively warm Arctic river waters can provide an additional
heat source to the surface of marginal seas.

Arctic SST is an essential indicator of the role of the ice-albedo feedback cycle in any given summer sea
ice melt season. As the sea ice cover decreases, more incoming solar radiation is absorbed by the darker
ocean surface and, in turn, the warmer ocean melts more sea ice. In addition, higher SSTs are associated
with delayed autumn freeze-up and increased ocean heat storage throughout the year. Marine
ecosystems are also influenced by SSTs, which affect primary production and available habitat.

Here we present August 2023 mean SSTs in context with the climatological record. The SST data
analyzed are monthly mean values for August (1982-2023) (see Reynolds et al. 2002, 2007; Huang et al.
2021), and comparisons are made to the 1991-2020 baseline period (see Methods and data). August
mean SSTs provide the most appropriate representation of Arctic Ocean summer SSTs because sea-ice
extent is near a seasonal low at this time of year, and there is not the influence of surface cooling and
subsequent sea-ice growth that takes place in the latter half of September.

August 2023 mean SSTs were as warm as ~11°C in the Barents, Kara, and Beaufort Seas and reached
values as warm as ~8°C in other Arctic basin marginal regions (eastern Chukchi Sea and Laptev Sea, Fig.
1a,b). August 2023 mean SSTs were anomalously warm compared to the 1991-2020 August mean
(around 5-7°C warmer) in the Barents, Kara, Laptev, and Beaufort Seas, and anomalously cool in Baffin
Bay and parts of the Greenland and Chukchi Seas (around 1-3°C cooler than the 1991-2020 mean; Fig.
1c). These regional variations vary significantly from year-to-year. For example, there were considerably
warmer SSTs in the Beaufort Sea in August 2023 compared to August 2022, with differences of up to 7°C
(Fig. 1d).
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Fig. 1. (a) Arctic Ocean map showing marginal sea locations. (b) Mean sea surface temperature (SST; °C) in August
2023. Black contours indicate the 10°C SST isotherm. (c) SST anomalies (°C) in August 2023 relative to the Aug
1991-2020 mean. (d) Difference between August 2023 SSTs and August 2022 SSTs (negative values indicate where
2023 was cooler). White shading in all panels is the August 2023 mean sea ice extent. Black lines in (c) and (d)
indicate the August 1991-2020 median ice edge. See Methods and data for data-source information.

Warm river inflows may have influenced marginal sea SSTs with anomalously warm August 2023 SSTs in
the Beaufort Sea where the Mackenzie River enters, in the Kara Sea in the vicinity of the Ob and Yenisei
River outflows, and in the Laptev Sea where the Lena River enters (Fig. 1c). This corresponds with
anomalously warm surface air temperatures in June-August 2023 over northern North America and
Siberia (see essay Surface Air Temperature).

The above normal August 2023 SSTs in the Beaufort Sea, which were also observed in July (Fig. 2b),
relate to relatively low August 2023 sea-ice concentrations in the region (second only to the record low
August 2012 conditions for the area extending from the Beaufort to East Siberian Seas; see essay Sea
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Ice). The timing of seasonal sea-ice retreat from the Beaufort Sea, where sea ice was almost entirely
absent by July 2023 (Fig. 2), also links to warm SSTs via the ice-albedo feedback (see essay Sea Ice).

(a) Jun. 2023 relative to 1991-2020 (b) Jul. 2023 relative to 1991-2020 (c) Aug. 2023 relative to 1991-2020

B e— e —
-3 -2-10 1 2 3 156 35 55 75 9%
SST Anomaly (°C) Sea-lce Concentration (%)

Fig. 2. SST anomalies (°C) for (a) June 2023, (b) July 2023, and (c) August 2023 relative to the 1991-2020 mean for
the respective months. The sea-ice concentration for the corresponding month is also shown. The evolution of sea-
ice concentration over the months of June to August illustrates why it is not appropriate to evaluate long-term SST
trends in June and July over most of the Arctic marginal seas, which still have significant sea-ice cover in those
months. The dashed circle indicates the latitudinal bound of Figs. 1 and 3 map images. See Methods and data for
data-source information.

The cooler-than-normal August 2023 SSTs in Baffin Bay are commensurate with below normal surface
air temperatures in the region in June-August 2023 (see essay Surface Air Temperature). Early summer
sea-ice extent in Baffin Bay was close to the climatological average, with almost full ice cover in June
2023 (Fig. 2a), which is further consistent with the anomalously cool SSTs (see essay on Sea Ice).

The Arctic Ocean has experienced mean August SST warming trends from 1982 to 2023, with statistically
significant (at the 95% confidence interval) linear warming trends in almost all regions (Fig. 3a). Mean
August SSTs for the Arctic Ocean and marginal seas between 65° N and 80° N exhibit a linear warming
trend of 0.05 + 0.01°C/year (Fig. 3b; SSTs for 80° N-90° N are omitted since this region is largely
perennially ice covered). Even while anomalously cool SSTs in Baffin Bay were prominent in August 2023
(Fig. 1c), SSTs show a linear warming trend over 1982-2023 of 0.07 + 0.02°C/year (Fig. 3c) for this region,
although with considerable interannual variability in mean August values.
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Fig. 3. (a) Linear SST trend (°C/yr) for August of each year from 1982 to 2023. The trend is only shown for values
that are statistically significant at the 95% confidence interval; the region is shaded light gray otherwise. White
shading is the August 2023 mean sea ice extent, and the black line indicates the August 1991-2020 median ice
edge. (b,c) Area-averaged SST anomalies (°C) for August of each year (1982-2023) relative to the 1991-2020 August
mean for (b) the Arctic Ocean between 65° N and 80° N (indicated by the dashed blue circles in (a)), and (b) Baffin
Bay (see Fig. 1a). The dotted lines show the linear SST anomaly trends over the period shown and trends in °C/yr
(with 95% confidence intervals) are indicated on the plots. See Methods and data for data-source information.

Methods and data

The SST data presented here are from the 0.25° x 0.25° NOAA Optimum Interpolation Sea Surface
Temperature (OISST) Version 2.1 product, a blend of in situ and satellite measurements (Reynolds et al.
2002, 2007; Huang et al. 2021). Details are found here:
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html. The datafile “sst.mon.mean.nc”
(comprising monthly means from the daily data) was retrieved from:
https://downloads.psl.noaa.gov/Datasets/noaa.oisst.v2.highres/, [accessed 4 September 2023]. The
period of analysis is June 1982 to August 2023, with 1991-2020 used as the climatological reference
period for the June, July, and August means.

OISST Version 2.1 (v2.1) replaced the 1° x 1° NOAA OISST Version 2 (v2), which was discontinued in
January 2023. Version 2.1 is the same as v2 (aside from the horizontal resolution difference) for the
period prior to 1 January 2016. After 1 January 2016, v2.1 differs from v2 in multiple ways, including
different correction methods and buoy datasets used (see Huang et al. 2021 for a full description).
Notably for interpretation of Arctic Ocean SSTs, v2.1 employs a different method than v2 for setting a
proxy SST in sea-ice covered regions. Version 2 uses a linear relationship with sea-ice concentration to
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infer SST under sea ice (Reynolds et al. 2007), while v2.1 modifies this (following Banzon et al. 2020) to
set SST equal to the freezing temperature (computed using a climatological sea-surface salinity) where
ice concentrations are greater than 35%. We focus primarily on waters that are ice free in August,
although the uncertainty in inferring SSTs (and SST trends) may be significant in the vicinity of the sea-
ice edge, which varies in location each year.

For comparison with previous-year SST sections of the Arctic Report Card (e.g., Timmermans and Labe
2022), which used monthly-mean v2, we briefly note some important differences by way of example:
comparison of the monthly mean August 2022 SST anomaly (relative to 1991-2020) between v2 (Fig. 4a)
and v2.1 (Fig. 4b). The broad spatial patterns and their magnitudes are similar between the two
products (e.g., generally cooler waters in the Norwegian Sea and the vicinity of Bering Strait, and
warmer waters in the Barents and Laptev Seas). However, there are notable differences in the vicinity of
the ice edge; for example, Beaufort Sea temperatures adjacent to the ice edge are ~2°C cooler in v2.1.
This likely results from differences in the algorithm for proxy SST in the presence of sea-ice cover, and
the differences in resolution between v2 and v2.1. Other notable areas are the marginal seas off the
coast of Siberia where SSTs are warmer in v2.1. The source of these differences is unclear, although
Huang et al. (2021) present a detailed analysis of differences in long-term averages between the two
products. Nevertheless, the trends in August mean SSTs reported here (Fig. 3b,c) are statistically
indistinguishable between v2 and v2.1, lending confidence to the conclusions and consistency with past
Arctic Report Cards.

(a) Aug. 2022 — OISSTv2 (b) Aug. 2022 — 0ISSTv2.1

Relative to 1991-2020
A ]
54.32-1012345 15 35 5 75 95
SST Anomaly (°C) Sea-lce Concentration (%)

Fig. 4. August 2022 (monthly mean) SST (°C) anomaly (relative to the August 1991-2020 average) from OISST (a)
Version 2 and (b) Version 2.1. White and grey shading indicates the mean sea-ice concentration for August 2022.
See Methods and data for data-source information.

Sea ice concentration data are the NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice
Concentration, Version 4 (https://nsidc.org/data/g02202) for the 1982-2022 period of record, and Near-
Real-Time NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice Concentration, Version 2
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(https://nsidc.org/data/g10016) (Peng et al. 2013; Meier et al. 2021a,b) is used for June-August 2023,
where a threshold of 15% concentration is used to calculate sea ice extent.

Acknowledgments

M. -L. Timmermans acknowledges support from the National Science Foundation Office of Polar
Programs and the Office of Naval Research. Z. Labe acknowledges support under award
NA180AR4320123 from the National Oceanic and Atmospheric Administration, U.S. Department of
Commerce.

References

Banzon, V., T. M. Smith, M. Steele, B. Huang, and H. -M. Zhang, 2020: Improved estimation of proxy sea
surface temperature in the Arctic. J. Atmos. Ocean. Tech., 37, 341-349, https://doi.org/10.1175/JTECH-
D-19-0177.1.

Huang, B., C. Liu, V. Banzon, E. Freeman, G. Graham, B. Hankins, T. Smith, and H. Zhang, 2021:
Improvements of the Daily Optimum Interpolation Sea Surface Temperature (DOISST) Version 2.1. J.
Climate, 34(8), 2923-2939, https://doi.org/10.1175/JCLI-D-20-0166.1.

Meier, W. N., F. Fetterer, A. K. Windnagel, and J. S. Stewart, 2021a: NOAA/NSIDC Climate Data Record of
Passive Microwave Sea Ice Concentration, Version 4. [1982-2021]. NSIDC: National Snow and Ice Data
Center, Boulder, CO, USA, accessed 10 September 2022, https://doi.org/10.7265/efmz-2t65.

Meier, W. N., F. Fetterer, A. K. Windnagel, and J. S. Stewart, 2021b: Near-Real-Time NOAA/NSIDC
Climate Data Record of Passive Microwave Sea Ice Concentration, Version 2. [1982-2021], accessed 10
September 2022, https://doi.org/10.7265/tgam-yv28.

Peng, G., W. N. Meier, D. J. Scott, and M. H. Savoie, 2013: A long-term and reproducible passive
microwave sea ice concentration data record for climate studies and monitoring. Earth Syst. Sci. Data, 5,
311-318, https://doi.org/10.5194/essd-5-311-2013.

Reynolds, R. W., N. A. Rayner, T. M. Smith, D. C. Stokes, and W. Wang, 2002: An improved in situ and
satellite SST analysis for climate. J. Climate, 15, 1609-1625, https://doi.org/10.1175/1520-
0442(2002)015<1609:AlISAS>2.0.CO;2.

Reynolds, R. W., T. M. Smith, C. Liu, D. B. Chelton, K. S. Casey, and M. G. Schlax, 2007: Daily high-
resolution-blended analyses for sea surface temperature. J. Climate, 20, 5473-5496,
https://doi.org/10.1175/2007JCLI1824.1, and see
http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html.

Timmermans, M. -L., and Z. M. Labe, 2022: Sea surface temperature. Arctic Report Card 2022, M. L.
Druckenmiller, R. L. Thoman, and T. A. Moon, Eds., https://doi.org/10.25923/p493-2548.

November 13, 2023

54



NOAA Technical Report OAR ARC ; 23-08 Arctic Report Card 2023

Arctic Ocean Primary Productivity:
The Response of Marine Algae to Climate Warming and
Sea Ice Decline

https://doi.org/10.25923/nb05-8w13

K. E. Frey?, J. C. Comiso?, L. W. Cooper?, C. Garcia*,
J. M. Grebmeier3, and L. V. Stock?

'Graduate School of Geography, Clark University, Worcester, MA, USA
2Cryospheric Sciences Laboratory, Goddard Space Flight Center, NASA, Greenbelt, MD, USA
3Chesapeake Biological Laboratory, University of Maryland Center for Environmental Science, University
of Maryland, Solomons, MD, USA
4Arctic Research Program, Global Ocean Monitoring and Observing Program, NOAA, Silver Spring, MD,
USA

Headlines

e Satellite estimates of ocean primary productivity (i.e., the rate at which marine algae transform
dissolved inorganic carbon into organic material) show higher values for 2023 (relative to the
2003-22 mean) for five of nine regions assessed across the Arctic.

e All regions, except for the Amerasian Arctic (namely the Chukchi Sea, Beaufort Sea, and
Canadian Archipelago), continue to exhibit positive trends in ocean primary productivity during
2003-23, with the largest percent change in the Eurasian Arctic (57.4% increase) and Barents Sea
(20.7% increase).

e  While positive decadal trends in annual ocean primary productivity continue to be dominant
across the Arctic, large areas of lower-than-average values were observed during 2023 in the
East Siberian Sea, Chukchi Sea, Greenland Sea, and Baffin Bay/Labrador Sea.

Introduction

A rapidly warming Arctic Ocean and peripheral seas (Rantanen et al. 2022) are undergoing shifts in
marine primary productivity, largely driven by dynamic changes in sea ice extent, nutrient dynamics, and
light regimes (Ardyna and Arrigo 2020; Terhaar et al. 2021; Frey et al. 2023). Understanding changes in
Arctic marine primary productivity, the conversion of dissolved inorganic carbon into organic material, is
vital as it forms the base of the marine ecosystem and plays a key role in carbon sequestration (Manizza
2023). In recent years, factors that include expanding sea-ice-free areas, thinning sea ice, and enhanced
wind mixing from storms have regionally boosted ocean primary production (Fujiwara et al. 2018;
Mgller et al. 2023). In contrast, changes such as a progressively cloudier Arctic atmosphere (Bélanger et
al. 2013) and declining fluxes of nitrate from Arctic rivers (Tank et al. 2023) may contribute to reductions
in primary production. Harmful algal blooms in warming Arctic waters have also become an emerging
threat to human and ecosystem health (e.g., Anderson et al. 2022). The diverse marine sectors of the
Arctic (from the nutrient-rich Barents Sea and shallow, productive northern Bering/Chukchi Seas to the
low-productivity central deep Arctic basin) vary widely in primary productivity patterns, as they are
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influenced by their unique hydrographic, atmospheric, and sea ice conditions. These regional variations
are critical to understand, with each sector contributing differently to Arctic biodiversity,
biogeochemical cycling, and global climate feedback mechanisms. Using satellite-derived Gross Primary
Production data spanning more than two decades, nuanced changes in primary productivity across the
pan-Arctic and within distinct Arctic sectors can be explored. Continued monitoring of Arctic marine
primary productivity is vital, given its profound impacts on marine ecosystems across all trophic levels.

Chlorophyll-a

We present satellite-based estimates of algal chlorophyll-a (occurring in all species of phytoplankton)
based on ocean color, and subsequently provide calculated primary production estimates (below).
Observed patterns in chlorophyll-a concentrations (Fig. 1), which are spatially and temporally
heterogeneous across the Arctic Ocean, are often associated with the timing of the seasonal break-up
and retreat of the sea ice cover (Fig. 2) (see essay Sea Ice): high chlorophyll-a percentages tend to occur
in regions where break-up is relatively early, while low percentages tend to occur in regions where
break-up is delayed. During May 2023 (Fig. 1a), patterns in chlorophyll-a concentrations were
heterogeneous with broad areas of lower-than-average values across most regions, interspersed with
higher-than-average values in the Bering Sea and Barents Sea. During June 2023 (Fig. 1b), the
heterogeneity continued with higher-than-average values interspersed within the Bering Sea, the
Barents Sea, around the southern tip of Greenland, and near the North Water Polynya in northwest
Greenland. During July 2023 (Fig. 1c), most areas showed lower-than-average values with the exception
being a substantial swath (~2400 km long) of higher-than-average values in the Barents Sea, moving
westward south of Svalbard and into the Greenland Sea. During August 2023 (Fig. 1d), most regions
across the Arctic also exhibited lower-than-average values, except for notable higher-than-average
values in the northern Bering Sea and southern Chukchi Sea.
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2023 Chlorophyll-a Concentration, Percent of Average (2003-2022)

|
0 5 15 30 45 60 75 00 110 125 150 200 250 300 350 2400
Fig. 1. Mean monthly chlorophyll-a concentrations during 2023, shown as a percent of the 2003-22 average for (a)
May, (b) June, (c) July, and (d) August. The light gray regions represent areas where no data are available (owing to
either the presence of sea ice or cloud cover). The color scale bar uses unequal intervals ranging from 5 to 50
percentage units, including the largest intervals for values greater than 125%. Data source: MODIS-Aqua
Reprocessing 2022.0, chlor_a algorithm: https://oceancolor.gsfc.nasa.gov/.
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(a) May

2023 Sea Ice Concentration Anomaly (%), (2003-2022 reference period)
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Fig. 2. Sea ice concentration anomalies (%) in 2023 (compared to a 2003-22 mean reference period) for (a) May,
(b) June, (c) July, and (d) August. Data source: SSM/I and SSMIS passive microwave, calculated using the Goddard
Bootstrap (SB2) algorithm (Comiso et al. 2017).

Primary production

While chlorophyll-a concentrations give an estimate of the total standing stock of algal biomass, rates of
primary production (i.e., the production of organic carbon via photosynthesis) provide a different
perspective since not all algae in the water column are necessarily actively producing. The mean annual
(March through September) primary productivity across the Arctic shows important spatial patterns,
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most notably the overall decreases moving northward as sea ice cover is present for a greater fraction of
the year (Fig. 3a). Spatial trends in annual primary productivity (Fig. 3b) are a particularly useful tool for
understanding hotspots of change. Statistically significant positive trends in primary productivity appear
clustered in the southeastern Chukchi Sea, Barents Sea, and the Laptev Sea north of the New Siberian
Islands (Fig. 3b). Positive trends adjacent to the Eurasian coastline may be associated with variability in
river-derived chromophoric (light absorbing) dissolved organic matter (CDOM) as well (e.g., Lewis and
Arrigo 2020). Using this primary productivity product, there is almost no evidence of significant negative
trends in primary productivity across the Arctic (except for isolated locations in the southern Norwegian
Sea; Fig. 3b). Investigations of 2023 annual primary productivity (Fig. 3c), as well as 2023 compared to
the 2003-22 average (Fig. 3d), show greater-than-average annual productivity in the southern Beaufort
Sea, northern Laptev Sea (east of the New Siberian Islands), western Kara Sea, and Barents Sea, but
lower-than-average annual productivity in the Chukchi Sea, East Siberian Sea, Greenland Sea, and Baffin
Bay.
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Fig. 3. For the pan-Arctic region: (a) mean annual (March-September only) primary productivity (2003-23); (b)
trends in annual productivity (over 2003-23) where only those trends that are statistically significant (p<0.05) are
shown; (c) annual primary productivity for 2023 only; and (d) 2023 annual primary productivity anomalies (shown
as a percent of the 2003-22 average). In a, ¢, and d, light gray indicates no data owing to the presence of sea ice.
Additional information regarding these data can be found in Table 1. See Methods and data section for details of
how primary productivity was calculated.

Overall estimates of ocean primary productivity in 2023 for nine regions and across the Northern
Hemisphere (relative to the 2003-22 reference period) were assessed (Fig. 4, Table 1). The Eurasian
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Arctic region includes the Kara, Laptev, and East Siberian Seas. The Amerasian Arctic region includes the
Chukchi Sea, Beaufort Sea, and Canadian Archipelago. The North Atlantic is categorized as south of 60° N
and east of 45° W, which excludes the Labrador and Greenland Seas. Our results show above-average
primary productivity for 2023 in five of the nine regions assessed, while the Amerasian Arctic, Greenland
Sea, Baffin Bay/Labrador Sea, and North Atlantic exhibit lower-than-average values (Fig. 4, Table 1).
While lower-than-average primary productivity percentages are geographically widespread within the
Eurasian Arctic region for 2023 (Fig. 3d), those areas within the region that show higher-than-average
percentages are disproportionately large enough to result in an overall higher-than-average 2023
regional primary productivity (Table 1). Across the whole time series, positive trends in primary
productivity are continuing in all regions during the 2003-23 period, except for the Amerasian Arctic. The
largest statistically significant positive trends occurred in the Eurasian Arctic and Barents Sea with 29.11
g C/m?/yr/decade and 16.48 g C/m?/yr/decade, respectively. Trends in primary production over 2003-23
show a ~57.4% increase in the Eurasian Arctic and a ~20.7% increase in the Barents Sea. Annual net
primary production was also calculated for the Arctic region, defined as 60-90° N (Fig. 5), and shows a
trend over 2003-23 of 15.5 Tg C/yr (Mann-Kendall significance p<0.001). The percent change estimated
from the linear regression over the 21-year time series is 19.3%. In summary, while 2003-23
observations of primary productivity show complex interannual and spatial patterns, we continue to
observe overall positive trends across most Arctic regions.
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Fig. 4. Primary productivity (2003-23, March-September only) in nine different regions of the Northern
Hemisphere (for a definition of the regions see Comiso (2015)). The statistical significance of the trends (based on
the Mann-Kendall test), p-values, and additional information regarding these data can be found in Table 1. See
Methods and data section for primary productivity calculation details.
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Table 1. Linear trends, statistical significance, and percent change in primary productivity (2003-23) and primary
productivity anomalies for 2023 (March-September) in the nine regions as shown in Fig. 4. Values in bold are
statistically significant (p<0.05) using the Mann-Kendall test for trend. The percent change was estimated from the

linear regression of the 21-year time series.
2023

Anomaly 2023

(g C/m?¥/yr) Primary

2003-23 2003-23 from the Productivity

Trend Mann- 2003-22 (% of the

(g C/m?/yr/ Kendall 2003-23 reference 2003-22

Region decade) p-value % Change period average)
Eurasian Arctic 29.11 0.001 57.4 10.15 107.8
Amerasian Arctic -0.23 0.833 -0.6 -8.48 88.8
Sea of Okhotsk 10.49 0.057 10.2 13.66 106.3
Bering Sea 11.59 0.075 15.2 2.94 101.8
Barents Sea 16.48 0.000 20.7 24.90 114.3
Greenland Sea 2.31 0.695 3.2 -3.25 97.8
Hudson Bay 4.89 0.319 10.2 10.94 110.9
Baffin Bay/Labrador Sea 2.33 0.928 3.7 -11.38 91.2
North Atlantic 3.69 0.349 3.6 -15.40 92.7
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Fig. 5. Annual net primary production (2003-23, March-September only) for the Arctic region defined as 60-90° N.
The trend over the 2003-23 time period is 15.5 Tg C/yr (Mann-Kendall significance p<0.001). The percent change
estimated from the linear regression over the 21-year time series is 19.3%. See Methods and data section for

primary productivity calculation details.

63




NOAA Technical Report OAR ARC ; 23-08 Arctic Report Card 2023

Methods and data

Measurements of the algal pigment chlorophyll (specifically, chlorophyll-a) serve as a proxy for algal
biomass present in the ocean as well as overall plant health. The complete, updated Moderate
Resolution Imaging Spectroradiometer (MODIS)-Aqua satellite record of chlorophyll-a concentrations
within northern polar waters for the years 2003-23 serves as a time-series against which individual years
can be compared. Satellite-based chlorophyll-a data across the pan-Arctic region were derived using the
MODIS-Aqua Reprocessing 2022.0, chlor_a algorithm: https://oceancolor.gsfc.nasa.gov/. For this report,
we show mean monthly chlorophyll-a concentrations calculated as a percentage of the 2003-22
average, which was chosen as the reference period to maximize the length of the satellite-based time
series. Satellite-based sea ice concentrations were derived from the Special Sensor Microwave/Imager
(SSM/1) and Special Sensor Microwave Imager/Sounder (SSMIS) passive microwave instruments,
calculated using the Goddard Bootstrap (SB2) algorithm (Comiso et al. 2017). Monthly sea ice
concentration anomalies were additionally calculated for 2023 (compared to the 2003-22 average) to
streamline comparisons with the variability in monthly chlorophyll-a satellite data. Primary productivity
data were derived using chlorophyll-a concentrations from MODIS-Aqua data (Reprocessing 2022.0,
chlor_a algorithm), the NOAA 1/4° daily Optimum Interpolation Sea Surface Temperature dataset (or
daily OISST) that uses satellite sea surface temperatures from AVHRR, incident solar irradiance, mixed
layer depths, and additional parameters. Primary productivity values were calculated based on the
Vertically Generalized Production Model (VGPM) algorithm described by Behrenfeld and Falkowski
(1997) with further information provided by Frey et al. (2023). Chlorophyll-a and primary productivity
data only incorporate pixels where sea ice is less than 10%, which is a compromise between potential
pixel contamination with sea ice and an attempt to incorporate open water near the ice edge that
typically exhibits high rates of primary production. The 2023 annual (March-September) primary
productivity percent of average (compared to 2003-22) was calculated the same way as for chlorophyll-
a, as described above. Lastly, Theil-Sen median trends were calculated spatially (Fig. 3b) and for the
extracted time series for each geographic region (Table 1), where statistical significance of the trends
(p<0.05) was determined using the Mann-Kendall trend test.

Because chlorophyll-a and primary productivity data are shown for ocean areas with less than 10% sea
ice concentration, they do not include production by sea ice algae or under-ice phytoplankton blooms,
which can be significant (e.g., Ardyna et al. 2020). Furthermore, it is well known that satellite
observations can underestimate production under stratified ocean conditions when a deep chlorophyll
maximum is present (Juranek et al. 2023). The variable distribution of sediments and CDOM (owing to
riverine delivery, coastal erosion, and sea ice dynamics) can also affect the accuracy of satellite-based
estimations of chlorophyll-a and primary productivity in Arctic waters (Lewis and Arrigo 2020). As such,
in-situ observations continue to be important to provide overall context for changes to and drivers of
primary productivity across Arctic marine ecosystems.
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Headlines

e The circumpolar average peak tundra greenness value in 2023 was the third highest in the 24-
year MODIS record, a slight increase from the previous year.

e Peak vegetation greenness in 2023 was much higher than usual in North American tundra,
particularly in the Beaufort Sea region, while greenness was relatively low in the Eurasian Arctic,
particularly in north-central Siberia and the Russian Far Northeast.

e The eight highest circumpolar tundra greenness values in the long-term satellite record (1982-
2022) have all been recorded in the last 12 years, providing unequivocal evidence of Arctic
greening.

Introduction

Earth’s northernmost continental landmasses and island archipelagos are home to the Arctic tundra
biome, a 5.1 million km? region that forms a “ring” of cold-adapted, treeless vegetation atop the globe,
bordered by the Arctic Ocean to the north and the boreal forest biome to the south (Raynolds et al.
2019). The biological and physical conditions of Arctic tundra ecosystems are changing profoundly, as
vegetation and underlying permafrost soils are strongly influenced by rising air temperatures and the
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rapid decline of sea ice on the nearby Arctic Ocean (see essays Surface Air Temperature and Sea Ice). In
the late 1990s, a sharp increase in the productivity of tundra vegetation became evident in global
satellite observations, a phenomenon that soon became known as “the greening of the Arctic.” Arctic
greening is dynamically linked with Earth’s changing climate, permafrost, seasonal snow, and sea-ice
cover, and remains a focus of multi-disciplinary scientific research.

Spaceborne monitoring of Arctic tundra greenness

Global vegetation has been monitored from space for over four decades, beginning with the launch of
the Advanced Very High Resolution Radiometer (AVHRR) sensor in late 1981. In 2000, the Moderate
Resolution Imaging Spectroradiometer (MODIS) began providing a complementary record with higher
spatial resolution and improved calibration. AVHRR and MODIS both monitor vegetation greenness
using the Normalized Difference Vegetation Index (NDVI), a spectral metric that exploits the unique way
in which vegetation absorbs and reflects light in the visible and infrared wavelengths, respectively.

Both AVHRR and MODIS have recorded increasing annual maximum tundra greenness (MaxNDVI) across
most of the Arctic tundra biome during 1982-2022 and 2000-23, respectively (Figs. 1a,b). Although there
is substantial regional variability in greenness trends, several areas of strong positive trend stand out in
both records. In North America, greening has been strongest in northern Alaska, mainland Canada, and
southern Baffin Island. In Eurasia, strong greening has occurred in Chukotka and portions of the Taymyr
Peninsula. However, some Arctic tundra regions have experienced flat or negative (sometimes referred
to as “browning”) trends, including portions of southwestern Alaska, the Canadian High Arctic, and
northeastern Siberia. Trends in northwestern Siberia and the European Arctic are mixed between the
two satellite records, which may be partly attributable to their different observational periods. Regional
contrasts in greening highlight the complexity of Arctic change, and the rich web of interactions that
exist between tundra ecosystems and the local characteristics of sea ice, permafrost, seasonal snow (see
essay Terrestrial Snow Cover), soil composition and moisture, disturbance processes, wildlife, and
human activities (Bartsch et al. 2021; Heijmans et al. 2022). Parsing the underlying drivers of complex
Arctic trends is important for improved monitoring and prediction of tundra ecosystem function and the
consequences of Arctic change on the global carbon cycle (Rogers et al. 2022; see essay Peatlands and
Associated Boreal Forests of Finland Under Restoration).
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GIMMS 3G+ MaxNDVI Trend, 1982-2022 (unitlessidecade) MCD13A1 MaxNDVI Trend, 2000-2023 (unitlessidecade)
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Fig. 1. Magnitude of the MaxNDVI trend calculated as the change per decade using ordinary least squares
regression for Arctic tundra (solid colors), and boreal forest north of 60° latitude (muted colors) during (a) 1982-
2022 based on the AVHRR GIMMS 3-g+ dataset, and (b) 2000-23 based on the MODIS MCD13A1 v6.1 dataset. In
each panel, the circumpolar treeline is indicated by a black line, and the 15 August 2023 sea-ice extent is indicated
by light shading.

The boreal forest biome (see Figs. 1a,b), which occupies large swaths of northern Eurasia and North
America, has also emerged as a focal point of global environmental change. In this region, greening has
generally prevailed along the forest-tundra ecotone in the north, whereas browning has been more
frequent in the interior of the boreal forest biome (Berner and Goetz 2022). Patches of positive and
negative greenness trends are widely interspersed, reflecting complex interactions among the biome’'s
active wildfire regime, changing climate, extreme events, pathogens, and other factors (Foster et al.
2022).

In 2022 —the most recent year with observations from both AVHRR and MODIS—circumpolar mean
MaxNDVI for tundra regions was at or near record high values in both records. The AVHRR-observed
MaxNDVI was the highest value on record (1982-2022), increasing 9.8% from 2021 (Fig. 2). Notably, the
eight highest values in the 41-year AVHRR record have all been recorded within the last 12 years (i.e.,
2011-22). The MODIS-observed circumpolar mean MaxNDVI value declined slightly (0.9%) from 2021
and was only 2.0% lower than the record high value observed in 2020. Circumpolar MaxNDVI trends
derived from the two sensors are virtually identical for the period of overlap (2000-22), although the
AVHRR record displays much higher variability, especially over the last 15 years. This is likely due in part
to the lower spatial resolution and less advanced calibration of the AVHRR sensor compared to MODIS.
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Fig. 2. Time-series of mean MaxNDVI for Arctic tundra from the MODIS MCD13A1 v6.1 (2000-23) dataset for the
Eurasian Arctic (red), North American Arctic (blue), and the circumpolar Arctic (black), and from the long-term
AVHRR GIMMS-3g+ dataset (1982-2022) for the circumpolar Arctic (gray).

In 2023, the circumpolar MODIS-observed MaxNDV!I value increased slightly (0.3%) from the previous
year and represents the third highest value in the 24-year MODIS record (Fig. 2). Tundra greenness was
much higher than normal across most of the North American Arctic and especially in the Beaufort Sea
region, but not in Eurasia, particularly in the East Siberian Sea region where sea ice persisted for much of
the summer (Fig. 3). The overall trend in MODIS-observed circumpolar MaxNDVI remains strongly
positive, with four of the five highest values in the 24-year record occurring in the last four years (Fig. 2).
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Fig. 3. Circumpolar MaxNDVI anomalies for Arctic tundra (solid colors), and boreal forest north of 60° latitude
(muted colors) for the 2023 growing season relative to mean values (2000-23) from the MODIS MCD13A1 v6.1
dataset. The circumpolar treeline is indicated by a black line and the 15 August 2023 sea-ice extent is indicated by

light shading.
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Drivers and consequences of Arctic greening

Although the underlying drivers of Arctic greening vary from place to place, a growing body of
observations brings into focus the types of change that an observer might see on the ground. One of the
most widely studied manifestations of Arctic greening is shrubification—an increase in the cover, height,
and biomass of tundra shrubs such as willows, birches, and alders (Fig. 4) (Mekonnen et al. 2021), largely
at the expense of lichens and mosses, which have lower NDVI values (Erlandsson et al. 2023).
Shrubification is also one of the most prevalent forms of change identified by Arctic residents, with
consequences for wildlife abundance and human subsistence.

_i..--——"-’-— e :

_——
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Fig. 4. Arctic landscapes present a complex mosaic of vegetation and waterbodies, which create variability in
greenness trends across spatial scales (upper left; Seward Peninsula, Alaska). The expansion of shrubs, such as
diamondleaf willow (Salix pulchra), is a key long-term driver of Arctic greening (upper right; Mulgrave Hills, Alaska),
while ecological disturbances related to permafrost thaw (lower left; Noatak National Preserve, Alaska) and tundra
wildfire (lower right; Kanuti River drainage, Alaska) can trigger abrupt declines in greenness at local scales. Photos
by G. V. Frost (upper row and lower right) and M. J. Lara (lower left).

Although the satellite record provides unequivocal evidence of widespread tundra greening, there is
substantial regional variability in trends that is likely driven by finer-scale, local patterns of vegetation
cover and change. Some Arctic regions exhibit little or no trend, while a few, such as the East Siberian
Sea sector, exhibit widespread declines, which are thought to reflect ground subsidence and increased
surface water triggered by recent permafrost thaw and spring flood events (Magnusson et al. 2023).
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Arctic animals can also influence vegetation greenness. For example, in northwestern Siberia, decadal
evidence from MODIS and detailed ground-level migration data link herbivory by large semi-
domesticated reindeer herds with lower coverage of deciduous shrubs (Spiegel et al. 2023).

While NDVI is typically observed from space, it can also be measured on the ground in tandem with
detailed vegetation surveys, providing valuable local context for the trends observed by satellites. For
example, Huemmrich et al. (2023) compared ground-based NDVI measurements from circa 2001 and
2022 along a transect near Utgiagvik, Alaska. They found that field-measured NDVI trends largely
mirrored greening trends detected by MODIS, and were accompanied by increases in leaf area,
particularly in wet portions of the landscape.

Arctic greenness trends are influenced by a complex set of interacting climatic and environmental
drivers. In the big picture, circumpolar tundra productivity has generally tracked climatic warming over
multiple decades. However, the dynamics evident in satellite time-series also reflect many sources of
interannual and decadal variability. For example, large-scale atmospheric patterns, such as the Arctic
Oscillation and Arctic Dipole, have cascading effects on oceanic circulation, sea-ice extent, and surface
air temperatures that influence tundra productivity (Polyakov et al. 2023). These cascading effects
create complexity in Arctic greenness trends that operate against the backdrop of long-term climatic
warming and sea-ice decline.

Methods and data

The satellite record of Arctic tundra greenness began in late 1981 using AVHRR, a sensor that collects
daily observations and continues to operate onboard polar-orbiting satellites. As of September 2023,
however, processed AVHRR data were only available through the 2022 growing season. Therefore, we
also report observations from the Moderate Resolution Imaging Spectroradiometer (MODIS), a more
modern sensor that became operational in 2000. The long-term AVHRR dataset analyzed here for 1982-
2022 is the Global Inventory Modeling and Mapping Studies 3g V1.2 dataset (GIMMS-3g+), which is
based on corrected and calibrated AVHRR data with a spatial resolution of about 8 km (Pinzon et al.
2023). For MODIS, we computed tundra greenness trends for 2000-23 at a much higher spatial
resolution of 500 m, combining 16-day Vegetation Index products from Terra (MOD13A1, version 6.1)
and Aqua (MYD13A1, version 6.1) (Didan 2021a,b), referred to here as MCD13A1. Circumpolar maps
depicting greenness trends cover the Arctic tundra biome, as well as boreal forest and non-Arctic tundra
above 60° N latitude. Time-series plots are based solely on tundra environments within the extent of the
Circumpolar Arctic Vegetation Map (Raynolds et al. 2019). MODIS data were further masked to exclude
permanent water based on the 2015 MODIS Terra Land Water Mask (MOD44W, version 6). We
summarize the GIMMS-3g+ and MODIS records for Maximum NDVI (MaxNDVI), the peak yearly value
that is typically observed during the months of July and August.
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Headlines

e Since the end of the Last Glacial Maximum (~21,000 years ago), rising sea levels have inundated
terrestrial permafrost surrounding the Arctic Ocean, resulting in subsea permafrost.

e An estimated 2.5 million km? of subsea permafrost remains today, but it continues to thaw due
to the original ocean inundation event and more recent, rapid Arctic warming.

e Observations from the Beaufort and Kara Seas reveal that the remaining subsea permafrost is
mostly distributed in coastal waters less than 30 m deep. Subsea permafrost distribution on the
vast Siberian margin is comparatively poorly understood.

e International research collaboration is needed to address critical questions regarding the extent
and current state of subsea permafrost and to estimate the potential release of greenhouse
gases (carbon dioxide and methane) as it thaws.

Introduction

Even among scientists, it is not widely known that sediment beneath many continental shelves
surrounding the Arctic Ocean is frozen. In areas that were exposed and not glaciated at the Last Glacial
Maximum (LGM; approximately 21,000 years ago), prolonged subaerial exposure froze the ground down
to hundreds of meters below the surface, creating permafrost. During deglaciation, sea levels rose and
ocean water inundated coastal permafrost at low elevations, resulting in model estimates of 2.5 million
km? of ice-bearing subsea permafrost today (Fig. 1, Overduin et al. 2019). Today, terrestrial permafrost
extends from the boreal forests on the south to the Arctic Ocean coastline on the north. On some Arctic
Ocean margins, subsea permafrost starts at the coastline and continues northward beneath the seabed,
even reaching the edge of the continental shelf in some places.
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Fig. 1. Total ice content (in cubic meters per square meter) in the Arctic shelf sediment column based on modeled
subsurface heat flow, accounting for glacial and sea level histories over the past 400,000 years (Overduin et al.
2019). The value shown is the estimated total amount of ice in the sediment column and represents total ice
content “before industrialization”, i.e., before human effects on the global climate, at ~1850.

Terrestrial permafrost is defined as earth material that remains below 0°C for at least two consecutive
years. A key difference between terrestrial permafrost and permafrost below the seafloor on
continental shelves is the presence of salt. Because salt depresses the freezing point of water, subsea
sediment can remain unfrozen (containing no ice) even at temperatures <0°C. For this reason,
delineation of subsea permafrost typically relies not on the temperature of the sediment, but rather on
an observation or inference of ice being present. This essay reports on recent subsea permafrost studies
and places them in a pan-Arctic context, thereby underscoring the need for far better data on many
Arctic Ocean margins.
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The sea level rise that inundated terrestrial permafrost (producing subsea permafrost) replaced the very
low average annual air temperatures (-10 to -20°C) above the tundra with seawater close to or above
freezing (-2 to 0°C) for most of the year. This significant increase in overlying temperatures has led to
thawing at both the top and bottom of subsea permafrost (e.g., Taylor et al. 2013). The infiltration of
saline waters affects thaw patterns, fluid flow, and gas migration within the subsea permafrost region.
With thawing, organic carbon previously held in frozen sediments becomes more available for microbial
decomposition, producing greenhouse gases such as methane that may migrate toward the seafloor,
ultimately reaching the ocean and possibly the atmosphere. If released into the atmosphere, these
gases could further enhance global warming. Thawing also reduces the effectiveness of subsea
permafrost as a trap for gases rising from deep layers, which might contain oil and gas deposits.

The current state of subsea permafrost has been characterized in only a few locations around the Arctic
Ocean. The next section reviews observations that constrain the distribution of subsea permafrost on
two well-studied Arctic Ocean margins: the Beaufort Sea and the Kara Sea.

Beaufort Sea observations

In the past decade, direct observations from the Beaufort Sea offshore of Canada and Alaska have
provided evidence about the extent of ice-bearing subsea permafrost for this part of the Arctic Ocean
margin. In both settings, researchers have combined legacy borehole data and seismic data to estimate
the seaward extent of subsea permafrost and certain characteristics of its vertical distribution. Beneath
the U.S. Beaufort continental shelf, seismically-defined subsea permafrost extends at least 3 to 17 km
offshore the coast from Smith Bay to Prudhoe Bay and is very close to the coastline from Prudhoe Bay to
the U.S.-Canada border (Fig. 2; Brothers et al. 2016; Ruppel et al. 2016). The water depths coinciding
with the minimum seaward extent of subsea permafrost are less than 20 m along this entire section.
Permafrost thicknesses onshore adjacent to the coast range from approximately 300 to 600 m. On the
Canadian shelf, subsea permafrost underlies a larger portion of the Beaufort Sea in shelf waters up to
100 m deep and extending more than 130 km offshore (Hu et al. 2013; Grob et al. 2023). The subsea
permafrost is almost 700 m thick near the coastline and thins towards the edge of the continental shelf,
where recent changes in seabed morphology may indicate seafloor subsidence and thawing of ice in the
sediment (Paull et al. 2022), possibly in response to groundwater flow beneath the subsea permafrost.
Ice-bearing seafloor mounds called pingo-like features (PLFs), some of which emit methane-rich gas,
may be an indication of sediment warming (Paull et al. 2007) in the Canadian Beaufort Sea. In both U.S.
and Canadian settings, subsea permafrost is inferred to be degrading simultaneously from the top and
the bottom (Ruppel et al. 2016; Grob et al. 2023), consistent with models (Taylor et al. 2013;
Farquharson et al. 2018). The differences between the subsea permafrost distributions on the U.S. and
Canadian Beaufort shelves (Brothers et al. 2016) probably reflect several factors, including massive
freshwater outflows from the Mackenzie River; varying glacial, inundation, and uplift/subsidence
histories (Farquharson et al. 2018); and differences in tectonic regimes (a passive margin on the west
and a more compressive margin with substantial faulting, folding, and deeper fluid migration on the
east).

78



NOAA Technical Report OAR ARC; 23-10 Arctic Report Card 2023

160°W 155°W 150°W 143°W 140°W 135"W 130°W 125°W
= = —
:':?_ Canada Beaufort wells - discontinuous ice-bonded o :‘%
. U5, Beaufort wells - continuous ice-bonded L
minimum extant of subzea permafrost - shallow ice
=
& z
— | . BEAUFORT SEA <]
e O Smith ;
£ Utqlagvik Bay L~ 0
r~ ) i bre =
bt .t ;IPr;r{h.uc— H R .._'__ -1 lmo
O Atgasuk & W oo s
L]
NuigsutO O T Barter
: Deadhorse Siand
[ =
@
| Olnuvik w
ALASKA
CANADA CANADA
ALASKA | Z
N 3
(UNITED STATES) 0 50 100 200 =
155°W 130°W 145°W 140°W 135°W

Fig. 2. Subsea permafrost extent on the Beaufort Sea margin. Purple and orange circles indicate logged boreholes
on the U.S. (Ruppel et al. 2016) and Canadian margins, respectively. On the U.S. side, the red curve is the minimum
offshore extent of subsea permafrost from Brothers et al. (2016) based on seismic velocity analysis. For the
Canadian margin, light and medium blue indicate continuous and discontinuous ice-bonded permafrost,
respectively. The dark blue shading west of the Mackenzie River along the Canadian coastline marks an area where
shallow boreholes encountered ice. The Canadian margin compilation is after Grob et al. (2023). The pink square
shows the location of the Paull et al. (2022) study.

Recent observations from the Kara Sea

The Beaufort shelf, while being the best studied for subsea permafrost, constitutes only 4% of the
circum-Arctic Ocean shelf area, compared to 25% for the Siberian shelf. Most of the observational data
analyzed so far for the Siberian shelf come from the Kara Sea, where high-resolution seismic data,
limited borehole data, and water column observations were used to infer subsea permafrost
distribution and thaw patterns. Unlike the Barents Sea, vast areas of the Kara Sea shelf remained
unglaciated at the LGM (Nazarov et al. 2022) and therefore froze to hundreds of meters depth, as
corroborated by sediment ice content modeled over four glacial cycles (Fig. 3a; Overduin et al. 2019).
Seismic and water column records indicate extensive seafloor gas release, which indicates partial or
complete permafrost thaw at water depths greater than 20 m (Fig. 3b; Portnov et al. 2013). Work in the
Kara Sea has shown that floating ice scours the shallow seafloor (<26 m water depth; Ogorodov et al.
2013), affecting up to 100% of the seabed in some areas and potentially providing an alternative
explanation for gas release. However, a combined modeling and observational approach suggests that
continuous subsea permafrost thins from ~400 m near the coast to discontinuous or absent with
increasing distance from the coastline, out to 20 m water depth (Portnov et al. 2014). Discontinuous
subsea permafrost may extend further seaward in deeper waters, out to ~110 m water depth.
Additional evidence for Kara Sea permafrost thawing comes from a study of PLFs (Serov et al. 2015); a
PLF located at ~35 m water depth has very high methane concentrations and almost no remaining ice-
bearing sediments near the seafloor. This suggests that the permafrost cap has degraded and that gas is
freely migrating towards the seafloor.
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Fig. 3. Map of subsea permafrost indicators for the eastern Kara Sea. (a) The maximum seismically determined
extent of discontinuous subsea permafrost (orange curve) is compared to modeled ice volume in the upper 70 m
of sediment (Overduin et al. 2019; m bsf = meters below the sea floor). The white rectangle marks the extent of
the map in (b). (b) The inferred maximum extent of discontinuous subsea permafrost (orange curve). The yellow
segments of the light blue seismic lines show areas where gas flares were detected. The dashed line marks the 20
m isobath, which is the seaward extent of continuous permafrost based on seafloor gas releases.

Fewer observations for the rest of the Arctic shelf

More than 80% of Arctic subsea permafrost is likely to lie beneath the most areally-extensive shelves—
those of the Laptev and East Siberian Seas. This shallow continental shelf region is the widest on Earth,
extending 800 km poleward from coastline to shelf break, and the entire expanse was subaerial and
almost completely unglaciated when ice caps were at their most extensive and sea levels at their lowest
(around 21,000 years ago). The resulting deep freeze produced permafrost thicknesses that exceed 700
m at the coastline. AlImost no data are available to constrain the distribution and characteristics of
subsea permafrost on this margin. In particular, most boreholes described in the literature are less than
100 m deep and located within 20 km of the coast. Seismic data from the outer Laptev shelf suggest that
permafrost extends from the coast to roughly 60 m water depth and reveal the presence of buried
terrestrial permafrost landforms (Rekant et al. 2015; Bogoyavlensky et al. 2022). The lessons of the
Beaufort margin imply that the even larger Eastern Siberian shelf margin is likely to have significant
spatial variations in the offshore extent of subsea permafrost since the effects of the last glaciation were
probably experienced at different times over such a large geographic area.

The longevity of subsea permafrost is dependent on bottom water temperatures and salinity in the
overlying waters, as well as geothermal heat flow at the base of the permafrost. The longer the period
of inundation, the deeper the top of ice-bearing permafrost thaws, but the slower its thaw rate. Thaw
depths observed in boreholes in the Beaufort and Laptev Seas have reached less than 100 m below the
seafloor after thousands of years of inundation (Angelopoulos et al. 2020). In the Laptev and East
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Siberian Seas, annual sea ice formation is associated with sustained negative mean bottom water
temperatures, which partially stabilize subsea permafrost against top-down thawing.

International collaborative research opportunity

The initial thawing of subsea permafrost was triggered by inundation during sea level rise following the
end of the last glaciation. In the future, the rate of subsea permafrost thaw is expected to increase due
to rapidly warming bottom water temperatures in an increasingly sea-ice-free Arctic Ocean (e.g.,
Wilkenskjeld et al. 2022), and new subsea permafrost will be added as low-lying coastal areas are
covered by rising seas. The paucity of observational data about the extent of contemporary subsea
permafrost on circum-Arctic Ocean shelves, especially on the vast Siberian margin, provides no baseline
for comparing future subsea permafrost distributions nor for quantifying the rate of loss and
implications of thawing. Critical questions are how much gas (particularly the greenhouse gases, carbon
dioxide and methane) is trapped within and beneath subsea permafrost in bubbles or as frozen gas
hydrates, and how rates of microbial methane production, gas hydrate dissociation, and gas migration
may increase as sediments warm and ice thaws (Ruppel and Kessler 2017). Characterizing the extent and
current state of subsea permafrost and estimating the potential gas release associated with its thaw
could be productive areas for greater international and transboundary research cooperation.

Conclusions

Available observational data provide an incomplete picture of the circum-Arctic Ocean distribution of
subsea permafrost, its current state (continuous vs. discontinuous; ice content) and its susceptibility to
future warming. The perspective emerging from studies in the Beaufort and Kara Seas implies that
substantial permafrost thaw has occurred under continental shelves over the last ~21,000 years since
the onset of deglacial sea level rise. Lacking better constraints on the extent of subsea permafrost under
the vast Siberian continental shelf, it is difficult to predict when future warming could lead to the
complete disappearance of present-day subsea permafrost or to assess the likelihood and timing of
enhanced seafloor releases of carbon dioxide and methane as a consequence of permafrost thaw.
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Headlines

e The Alaska Arctic Observatory and Knowledge Hub (AAOKH) works with a network of coastal
Indigenous observers to document long-term and holistic observations of environmental change
and impacts in northern Alaska.

e Recently, Indigenous observers have noted sea ice loss, warmer air and ocean temperatures,
changing wind patterns, and increased intensity and frequency of coastal storms that contribute
to flooding and erosion.

e |ndigenous observers also document local-scale impacts of environmental changes to
community and cultural infrastructure, traditional harvests and activities, and travel safety
across the land and sea.

e Applying and centering Indigenous perspectives and observations of Arctic change in decision-
making can lead to more inclusive, equitable, and community-led responses.

Introduction

“What is a key environmental change in your community that you want people to know
about?” “The sea ice and permafrost are melting too fast.”

—Joe Mello Leavitt [Iiupiat], Utgiagvik (AAOKH 2023).

Numerous lines of evidence indicate how climate change is unfolding in the Arctic (see essay Executive
Summary). Understanding and responding to these changes, many of which impact coastal Indigenous
communities, can be strengthened by the inclusion of community-based observations. Community-
based observations provide a local perspective not available through conventional scientific methods
alone and can fill existing spatial or temporal knowledge gaps (Danielsen et al. 2020; Eicken et al. 2021).

The Alaska Arctic Observatory and Knowledge Hub (AAOKH) is a collaboration between university
scientists and a network of Ifiupiaq observers in northern Alaska coastal communities (Fig. 1). AAOKH
(pronounced “A-OK”) provides long-term documentation of weather, ocean, sea ice, and landscape
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conditions and context to wildlife, harvesting, and cultural and community activities (e.g., Fig. 2) by
creating space for Indigenous Knowledge holders to share their expertise and observations of
environmental change. The primary objectives of AAOKH, determined by the observers, are to sustain
Arctic Indigenous observing, support Indigenous scholarship, and apply observations to inform decision-
making in response to environmental change (Hauser et al. 2023). Here, we describe themes in
environmental changes observed across the AAOKH network. We also describe our overall efforts to
increase knowledge exchange, leveraging our experiences combining scientific measurements with
observations to create relevant data products that can directly support community priorities (Hauser et
al. 2023).

Utqiagvik

Beaufort Sea

Point Hope

Fig-.. 1. Map of AAOKH communities included in this synthesis of recent observing themes.
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A 5 S YT 5 B : e
Fig. 2. Under clear skies with blowing winds, crews in Point Hope, Alaska are at the shorefast sea ice edge for the
spring whaling season. On 7 April 2023, Guy Norman Omnik reported “-11°F, mostly cloudy, north winds 10 mph.
Poyuagpanguu! — first [bowhead] whale sighting.” Photo credit: Guy Norman Omnik

Observations are the foundation of the AAOKH Network

“Global warming is happening. It is affecting different villages in different ways. I collect
observations...this is an important tool for the future”... “We can look back on these
observations in years to come...[and] compare if there are any dramatic changes.”

— Guy Norman Omnik [Ifiupiat], Point Hope, shared December 2020 (quoted in Hauser
et al. 2023)

Arctic coastal communities have long recognized that sea ice conditions are changing. The ocean is
freezing later in fall and melting earlier in spring, shorefast sea ice is less stable, and thick multiyear sea
ice is harder to find (see essay Sea Ice). Overall, conditions are considered less predictable (Hauser et al.
2021). Several themes of physical environmental changes have been reported by AAOKH observers,
including warmer air and ocean temperatures, shifts in prevailing wind direction and intensity, and
increasing frequency of coastal storms, all of which affect community subsistence calendars and
infrastructure (Glenn et al. 2022).
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Fall storms were a key observing theme among AAOKH communities in 2022-23. Lack of sea ice makes
coastal communities more vulnerable to storm impacts, as noted by Bobby Schaeffer in Kotzebue and
Billy Adams in Utqgiagvik:

“We had three strong storms. The July 18 storm had the strongest winds. Southwest
winds to 50 mph brought in a storm surge that set the record... Wind, huge surf and a lot
of rain. The second storm hit us on July 28 and Merbok on September 14 [to 18]... | think
we lost more earth to the ocean than ever before.”

— Bobby Schaeffer [lfiupiat], Kotzebue, September 2022 (AAOKH 2023, see Fig. 3).
-

~ -

Fig. 3. Flooding in the low-lying areas in Kotzebue in October 2022, as described in observations by Bobby
Schaeffer. Photo credit: Isabelle Mendenhall

“The storm like this reminds us the true power of nature! Erosion, west winds, waves and
high water levels were key factors in this storm. The winds were not as high as we
thought they were predicted to be but all the other factors were in line to cause
significant damage. We hope to be much more prepared as we should take notes and
learn from this.”

— Billy Adams [Ifiupiat], Utgiagvik, 10 October 2022 (AAOKH 2023).

Storms, and associated flooding or erosion, impact roads and buildings and also cultural infrastructure,
such as community ice cellars, which are critical to Indigenous food security (Fig. 4).
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Fig. 4. Coastal erosion in Utgiagvik, including the loss of an ice cellar in July 2023, as observed by Billy Adas,
“erosion continues to wash away our coasts and important historical landmarks and where family members [have]
cellars and ancient dwellings.” Photo credit: Billy Adams

Weather and temperature changes in turn affect the animals and their ecosystem, as noted by Carla
SimsKayotuk and Billy Adams. This includes temporal shifts in location and abundance of various
subsistence resources, including fish, waterfowl, caribou, and marine mammals (Glenn et al. 2022).

“Wind, fog, rain and sun today. Still a bit too rough to go whaling. Bears are keeping the
community busy. Feels like 28. Winds are down to 10 NE.” “Very strong winds out of the
east. Gusting to 45, making it feel like 22. Lagoon and ocean are both very rough and
whitecaps. High count of polar bears is 48 around our area.”

— Carla SimsKayotuk [Ifiupiat], Kaktovik, 14-17 September 2022 (Fig. 5).

88



NOAA Technical Report OAR ARC; 23-11 Arctic Report Card 2023

Fig. 5. Carla SimsKayotuk emphasizes that an increased abundance of polar bears near Kaktovik is a recent change.
After a week of rough waters for local whalers and a spike in polar bear numbers, she reports: “What a beautiful
day, hardly any wind, the waves died down, sun was shining, the whalers went out! Feels like 41. No ice mirage but
water mirage and rollers in the ocean.”- Carla SimsKayotuk [Ifiupiat] Kaktovik, September 2022. Photo credit: Carla

SimsKayotuk

“The westerly winds have been consistent since late January, this has brought in the pack
ice up against the shorefast ice. The east side of Pt. Barrow has been the area of open
water making it a productive area for animals.

— Billy Adams [Ifiupiat], Utqgiagvik, 11 March 2023 (Fig. 6)
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Fig. 6. “We had lots of west winds that changed a lot of things that came in January all the way to March. It
opened up the Beaufort side of the ocean and many of the bears were using that side... | responded to about 40
polar bears calls. We had lots of animals. Very hefty animals. Especially the ringed seals, the polar bears, | hunt a
lot on the ice and that’s what | saw. Lots of healthy young animals. Also lots of young bearded seals showed up. The
hunting was very good, despite the conditions we had, the storms and different winds and sustained west winds for
a long time. But animals figure out what they need to do.” — Billy Adams [lfiupiat] Utqgiagvik, shared August 2023.
Photo credit: Billy Adams

Observations can inform decision-making

“I think it is really important that our observations are being used by tribes for planning
purposes. What about documenting storms or supporting food security? We are
documenting these observations for the first time. How can tribes use our observations
for planning?“

— Bobby Schaeffer [Ifiupiat], Kotzebue, shared 30 November 2022

An increasing emphasis of AAOKH is to build connections across regional, national, and international
scales, with entities such as wildlife co-management organizations, tribal governments, and federal
agencies that could use observations to support decision-making. Through long-term community-based
observing, local knowledge and observations can be applied to decision-making regarding Indigenous
peoples, communities, and the land and resources on which they depend and thrive, leading to more
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sustainable and effective approaches to resource management and climate change adaptation (e.g.,
Carothers et al. 2021). For example, regular sea ice and weather observations help improve remotely-
sensed data interpretation, which can lead to better forecasts and climate models (e.g., Fox et al. 2020;
Simonee et al. 2021). Observer reports also inform hunters or travelers going out on the ocean or sea ice
(e.g., Druckenmiller et al. 2013). Similarly, observations of fish or wildlife presence, abundance, location,
body condition, and other information can be used to elevate the use of Indigenous data in wildlife co-
management decision-making about how and when Indigenous people can legally harvest their
traditional foods (e.g., Breton-Honeyman et al. 2021).

Collaboration to achieve a shared vision moving forward

“I think the most important thing is that we’ve fostered a level of trust among our
community members and the scientific community... So if we could keep it going, if we
have the funding to do it, and keep the trust of our communities with them. Otherwise
we’ll start over again and they’ll have to gain their trust again, and that could be
another hurdle, and that could take away from valuable time that we could be doing
towards research.”

— Noah Naylor [Ifiupiat], Kotzebue, AAOKH Steering Group member (quoted in Hauser
et al. 2023)

Complementing Indigenous Knowledge and observations with scientific research enhances our
understanding of Arctic environmental change, promotes holistic approaches to observing, and helps to
identify strategies for adaptation that are rooted in local priorities. AAOKH’s network and organizational
structure intentionally creates space for knowledge exchange and feedback on program activities and
research products. This dialogue between university researchers and Indigenous Knowledge holders
helps to establish shared understandings about Arctic environmental change and particularly impacts to
Indigenous communities. These shared understandings are the foundation on which AAOKH will move
forward, sustaining long-term observations while also addressing priorities and research questions
advanced by community and regional partners.

Despite well-documented literature on Arctic environmental change, efforts to understand and respond
to these changes are often led by outside researchers and do not address the perspectives and priorities
of local Indigenous Peoples (Ellam Yua et al. 2022; Knapp and Trainor 2015). Lack of engagement to
understand and respond to local priorities perpetuates further colonialism and inequity in Arctic
research, disregarding pre-existing knowledge systems and oral histories that can inform and lead
scientific research (Inuit Circumpolar Council 2022). Research done in Indigenous communities, without
inclusion of and credit to the people living there, further disenfranchises Indigenous people, their
knowledge systems, and their histories on the land. We recognize the importance of collaborative
research approaches that honor and uplift Indigenous Knowledge holders and their connections to the
land and sea. By amplifying Indigenous Knowledge and observations, AAOKH aims to challenge the
power imbalances inherent in conventional scientific practices and contribute to the transformation of
Arctic observing protocols to better serve Indigenous Peoples and communities.

Methods and data

AAOKH’s five current observers are residents of four predominantly Ifiupiag communities along
northern coastal Alaska (Kotzebue, Point Hope, Utqgiagvik, and Kaktovik). Observers lead traditional
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Ifupiaq ways of life based on the land and sea and contribute regular observations that are significant to
the observers, as described in Hauser et al. (2023). Over 10,000 observations, dating back to 2006, are
archived and accessible in an online database, upon acceptance of data use agreements (Observers of
Coastal Arctic Alaska 2022).

This essay is authored by Ifiupiaqg (R. G-B., R. S, B. A,, C. S., G. 0., J. M. L.) and non-Indigenous (D. D. W.
H.) scholars to share research and activities from an interdisciplinary and cross-cultural team, each
bringing unique knowledge, identities, experiences, and perspectives to the AAOKH project. We
acknowledge that AAOKH communities have been stewarded as part of Ifiupiag homelands since time
immemorial. Here, we identify cultural identities of our contributors to uplift and amplify the
contributions of Indigenous researchers in the Arctic. We include direct quotations and text provided
directly from community members and observers without edits to retain the intentions and perspectives
shared by each individual. English is not always the first language of the contributor, and any edits or
clarifications by the authors are included as [brackets].
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Headlines

e The scale of peatland degradation in Finland has been severe, with negative influences on
culture, traditional livelihoods, ecosystems, and carbon storage.

e The scale of peatland restoration and rewilding (here discussed at 52,000 hectares)
demonstrates a globally relevant climate solution of carbon sinks and points to a need of
replication across impacted sites.

e Rewilding requires partnership, recognition of Indigenous and community rights, and the use of
Indigenous knowledge alongside science to succeed and avoid replication of past inequities.

Rewilding peatlands and forests — Context for Finland and Northern
Europe

The European North (Norway, Sweden, Finland, and NW Russia)—also called Fennoscandia—contains
the largest wilderness areas of Europe and is the traditional home of many peoples, including the Sami,
Europe’s only recognized Indigenous people. Many other Finno-Ugric groups such as Karelians, Komi,
Nenets, Livonians, and residents of Finnish rural villages have also co-habited this region for centuries,
developing their traditional knowledge of habitats and sustainable use of resources.

The linguistic and cultural links across the region provide for a unique cultural patchwork reaching from
Western Siberia to Norway (Fig. 1). Despite their long establishment in the region, the traditional
communities across Fennoscandia are experiencing various stages of cultural and economic
homogenization due to significant industrialization over the past 100 years.
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Fig. 1. Regions relevant to the rewilding work in Finland, indicating the Lapland and North Karelia Provinces.

Since 2000, the Finnish non-profit organization Snowchange Cooperative has piloted far-reaching
rewilding (Perino et al. 2019) and ecosystem restoration actions in North Karelia and Sami areas that
combine Indigenous and local-traditional knowledge of the Finno-Ugric peoples with the latest science.
Rewilding is seen often as a part of nature-based solutions, where the emphasis is placed on restarting
the natural functions of a site and limiting human interventions. (Note that in this essay the concept of
Indigenous knowledge is associated with the Sami, the only Indigenous peoples of mainland Europe.
Local-traditional knowledge is associated with national minorities and villages that are designated by the
society as cultural heritage areas or otherwise maintain lifeways that provide a cultural context for
knowledge. Indigenous knowledge has been defined in the North American context in some cases
differently than in the European context.)

In 2017, Snowchange initiated the Landscape Rewilding Program (LRP) with the European Investment
Bank (EIB) and other actors to develop landscape rewilding actions built on community rights of
Indigenous and traditional peoples as a novel vehicle to address the challenges of simultaneous climate
and biodiversity crises. Landscape rewilding refers to restorative actions that enable the comeback of
natural processes to alleviate peatland damages and restart carbon storage (Haapalehto et al. 2011;
Mustonen and Kontkanen 2019). In this work, the first year often requires blocking ditches to enable the
water table to recover. Occasionally wetlands need to be formed artificially to restart succession. As a
result, autonomous proliferation of a variety of sphagnum moss species provides the ‘engine’ required
to restart the natural processes that constitute a functioning peatland.
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This essay explores Snowchange’s work in Finland with a specific focus on Indigenous Sami-led and
community-led rewilding projects.

Landscape rewilding of Sami forests to enable resilience and
Indigenous management

Finland is a central location for boreal and Arctic peatlands, with over 10 million hectares of peatlands
within its borders (~¥30% of the land area). Globally, peatlands store more than 30% of the remaining
soil-based carbon in the world today (IPCC 2022). Since the 1940s, the proliferation of industrial forestry
and peat mining has degraded more than 5 million hectares of Finnish peatlands through “ditching”—a
process of draining peatlands through removing vegetation and digging water canals so that the peat
dries prior to industrial processing (Fig. 2). In addition to site-specific loss of habitat and species that
require stable wetland environments, these changes also have downstream water quality impacts.

a) Intensity of forest ditching in Finland b) Ditching in Finland (1930-2010)
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Fig. 2. (a) Intensity of ditching across Finland showing ditched peatlands as percent of total peatlands for each
province (Laiho et al. 2016; Korhonen et al. 2021, creative commons) and (b) the temporal scale of peatland
ditching 1930-2010 (NOAA Climate.gov modified from Juhani P3ivinen/University of Helsinki, used with
permission).

The first wave of commercial exploitation in what are now Finland’s forests started with the
international tar trade in the 1600s, when tar, which is produced from wood, became the territory’s
primary export. A second wave of commercial forestry emerged in the 1800s after the invention of
steam powered sawmill equipment, increasing sawmill productivity. The third and most
environmentally-destructive wave was the large-scale clear-felling of timber forests for the pulp and
paper industries starting in 1945. This wave resulted in the loss of 95% of Finland’s natural boreal forest
ecosystems south of the Arctic Circle over just 80 years. A large driver of this industrial push was the war
repatriations Finland was obligated to pay to the Soviet Union in the years following World War Il. This
resulted in a rapid, single-generation technological, economic, and cultural transition in Finnish society.
Historically, the interlinked Finnish and Sdmi communities maintained lifeways built on fishing, hunting,
small-scale slash and burn farming, and reindeer herding, resulting in multi-age and multi-species
forests. The period from 1945 to the 1990s (and in some ways to the present day) was a time of
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interconnected, top-down, massive shifts that altered these large wilderness ecosystems. Forest
degradation was intrinsically linked to the transformation of traditional Sami wilderness economies and
communities, resulting in the loss of rights and subsequently direct assimilation into the cultural,
linguistic, and economic norms and practices of dominant western European societies.

Large-scale logging, the establishment of major hydropower stations on rivers, and road construction
altered the fabric of life from 1960s onwards, especially in the southern portions of the Sami homeland.
The proliferation of snowmobiles also altered the dynamics of reindeer herding, creating an additional
dependency on the cash economy. Many semi-nomadic herders were living in houses by the 1960s. The
Sami navigated these changes by adjusting and maintaining their reindeer herding, and since the 1990s,
there has been an accelerating linguistic and cultural revitalization and reclamation of cultural histories
and practices. Rewilding efforts can be seen as a part of this process.

It is against this background of ecological and cultural degradation that Snowchange Cooperative
founded the LRP with the specific goal of empowering and realizing Indigenous and community rights
(Huntington et al. 2017). This includes having the community always guide our work through
collaborative management, having Indigenous women lead the decision-making process when projects
are on their territory, and never making decisions without the consent of the affected Indigenous
community or traditional owners. Similar North American approaches have been implemented for
example in Canada under the Indigenous Guardians Secretariat (Drever et al. 2021). LRP stands out as a
mechanism for the European North where similar community-driven efforts have not taken place to the
same extent before.

Landscape rewilding of peatlands as an answer to the climate
challenge

In the first six years of the LRP, Snowchange has rewilded and restored 52,000 hectares over dozens of
catchments and peatland systems. To make this work possible, Snowchange has purchased some sites
while others are managed through land use agreements (Snowchange and private landowners agree on
restoration and management actions that will take place on their property). To date, over 85 sites
Snowchange works in have been identified as Indigenous and Community Conserved Areas (ICCAs), with
the largest site (Kivisuo peatland) being the same size as some Finnish national parks.

Landscape rewilding was piloted at a former peat mining area in North Karelia, Linnunsuo (“Marsh of
Birds”), which was mined between 1982 and 2010. Traditional Finnish fisherman in the area identified
several massive fish die-offs in the Jukajoki River downstream of Linnunsuo, resulting from mud and
acidic peat runoff from peat mining operations. Working with village leaders in the town of Selkie in the
Jukajoki watershed, the fishermen were successful in suspending peat mining. Once mining was
suspended, residents of Selkie and Alavi initiated a community-led restoration of Linnunsuo, and
Snowchange included the site in the LRP in 2017. Since 2017, the villages have expanded their work
throughout the Jukajoki watershed, working with dozens of landowners, companies, cities, and
municipalities.

To date, restoration actions include building nine large wetlands spanning 180 hectares that capture
peat sediment and heavy metals and prevent more carbon dioxide from leaving the peat soils. As a
result of restoration, the area has become an important bird habitat with 215 species recorded
(Mustonen and Kontkanen 2019; Jarma 2022; Tiira 2023), including regionally rare species such as the
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long-billed dowitcher (Limnodromus scolopaceus) and terek sandpiper (Xenus cinereus). Before these
actions, only 4-6 species were observed (Tiira 2023). Additionally, having been considered an
ecologically severely impacted river (according to the national ELY authority) just a decade before, in
2023 Jukajoki is once again a trout river with a spawning population of critically endangered Vuoksi
brown trout (Salmo trutta) (Jarvitaimentyéryhma 2018; Koljonen et al. 2022).

Linnunsuo is an example of a traditional Finnish village using local ecological knowledge and science to
address large-scale extractive damages and lead a path to recovery. Rewilding peatlands serves several
central functions in the European boreal and Sub-Arctic—it keeps carbon in the ground, provides for
important habitat and natural flood controls and may start carbon sinks, enabling the drawdown of
carbon dioxide in large quantities (Fig. 3). Restoration of peatlands is also a mechanism to address
almost a century of top-down natural resources governance by slowly moving towards village-led co-
management and locally shared joint benefits (Mustonen et al. 2022).

Fig. 3. Makkaralatva-aapa, an Arctic peatland in the Landscape Rewilding Programme.

In 2022, a Sdmi reindeer community reached out to Snowchange to strategically restore partially logged
boreal forests, which are slow to regenerate with cycles of 100-200 years for a natural comeback.
Restoration and rewilding were seen by the Sdmi as an answer to the quickly proliferating clear-cuts.
These Sub-Arctic boreal forests are key post-lce Age forest ecosystems that, together with adjacent
peatlands, store large amounts of carbon (Bradshaw and Warkentin 2015).

A 70-hectare Altto-oja forest (Fig. 4), which was partially logged in 1990s but that also contains
remaining old-growth forests, was added to the Landscape Rewilding Programme in 2023 with joint
management. This protects the remaining primary forest segments. Using oral histories, Indigenous
knowledge (cultural indicators of good ecological quality and maintenance of key species such as aspen),
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and science, Snowchange and the Sdmi inventoried the logged areas and developed targets for forest
comeback, guided by the Sdmi use of the landscape for reindeer herding and non-timber forest products
(Fig. 5). By creating baselines from Indigenous memory and knowledge, establishing culturally
appropriate fenced areas for monitoring the comeback of Scots Pine, inventorying the site’s habitats and
stream quality, identifying areas for traditional burns and other sites of high priority to be restored in
the following summers, and controlling the reindeer pasture uses in the area, this Altto-oja forest is
emerging as a valuable example for how affected Sami forests can be restored using science and
Indigenous knowledge.

I

Fig. 4. Altto-oja Sami forest site. Photo: Snowchange.
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Fig. 5. Altto-oja restoration wrk during summer 202.

Rewilding has risen to the challenge of responding to widespread environmental degradation and
acknowledging and realizing community rights. Rewilding, restoration, and Indigenous partnerships are
a powerful vehicle of solutions for the most pressing issues in the North. Importantly, these partnerships
need to be equitable and fully recognize Indigenous rights in conservation to be relevant and valuable to
all parties.
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Headlines

e Western Alaska salmon abundance reached historic extremes during 2021-22, with record lows
for Chinook and chum salmon (81% and 92% below the 30-year mean, respectively) and record
highs for sockeye salmon (98% above the 30-year mean).

e Salmon are maturing at smaller sizes. Since the 1970s, for example, Yukon River Chinook salmon
have decreased an estimated 6% in mean adult body length and 15% in fecundity, likely
exacerbating population declines.

e Salmon population declines have led to fishery closures, worsened user conflicts, and had
profound cultural and food security impacts in Indigenous communities that have been tied to
salmon for millennia.

e Changes in abundance and size are associated with climatic changes in freshwater and marine
ecosystems and competition in the ocean. Changes in predators, food supply, and disease are
also likely important drivers.

Introduction

Pacific salmon populations in western Alaska have responded differently to recent climatic changes,
with Chinook salmon (Oncorhynchus tshawytscha) and chum salmon (O. keta) reaching record low
abundance levels, while sockeye salmon (O. nerka) have attained record high abundance levels since
2020 (Fig. 1). Why these species have responded differently has important implications for the future of
Pacific salmon in a warming Arctic. Here, we refer to “western Alaska” salmon as those spawning in
watersheds that drain into the eastern Bering Sea. Indigenous Peoples in this region, including First
Nations communities residing along Canadian tributaries to the Yukon River, have been tied to salmon
for at least 12,000 years, while commercial fisheries have been economic mainstays since the late 1800s
(Carothers et al. 2021). Salmon populations in this region have global significance, producing over half of
the world’s commercial catch of sockeye salmon from Bristol Bay and have historically supported the
world’s largest subsistence fisheries for Chinook and chum salmon in the Yukon and Kuskokwim
watersheds. These species, and to a lesser extent, pink (O. gorbuscha) and coho (O. kisutch) salmon,
remain a critical source of food, employment and cash income, and cultural practices essential for
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communities’ well-being and traditional ways of life (Brown and Godduhn et al. 2015). We report
evidence of these changes primarily through the lens of western science, focusing on a few well-studied
stocks, and we acknowledge this essay does not convey the breadth of perspectives or the complexity of
ecological changes across the region.
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Fig. 1. Contrasting trends in abundance and demographics of key salmon stocks in western Alaska. Dots repres;ent
communities in the US and Canada. Map and infographic credit: NOAA/Sarah Battle. Salmon illustrations credit:
Katie Kobayashi.

Changes in salmon abundance

Chinook salmon abundance has declined in western Alaska over several decades, culminating with the
lowest adult returns on record in the Yukon River in 2022 at 81% below the recent 30-yr mean
(1991-2020; Fig. 2). Adult returns reflect the numbers of maturing salmon that return to inshore waters
each year, including those that return to freshwater to spawn and those that are harvested in fisheries.
Chinook salmon abundance also reached record lows in other Bering Sea drainages, including the
Unalakleet, Kuskokwim, and Nushagak Rivers during the last five years, mirroring recent declines of this
species throughout its range in the North Pacific Ocean. Chum salmon abundance was above average
during most of the 2010s, then declined abruptly in the last five years across the region, falling to a
record low in 2021 at 92% below the recent 30-yr mean in the Yukon River, for example. Preliminary
data indicate Chinook and chum abundance rebounded slightly in 2023 but remained well below
average.
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Fig. 2. Abundance of key salmon stocks in the Yukon and Kuskokwim Rivers and Bristol Bay. Abundance includes
spawning abundance and fisheries harvest, estimated with run reconstruction models (see Methods and data).
Anomalies are shown relative to their 1991-2020 means. 2023 data are preliminary and only available for some
stocks. Source: Alaska Department of Fish and Game (ADF&G).

In contrast, sockeye salmon abundance has increased in western Alaska during the last decade, including
a record high return to Bristol Bay in 2022 at 98% above the 30-yr mean. These record high runs have
supported record harvests in fisheries while also surpassing management targets for spawner
abundances. Substantial increases in sockeye salmon abundance have also been documented in the
Kuskokwim River to the north of Bristol Bay.

Declines of Chinook salmon in the Yukon River have received particular attention, revealing associations
with climatic and biological changes in freshwater and marine ecosystems. Most of the year-to-year
variation in adult returns is correlated with the abundance of juveniles at the end of their first summer
in the Bering Sea (Murphy et al. 2021). This has led researchers to focus on the early marine stage and
preceding life stages in freshwater (adult spawner, embryo, and juvenile) as most influential for
understanding the population declines, but no single explanation has emerged. Reduced abundance of
Yukon River Chinook salmon is correlated with warmer water temperatures and lower river discharge
during adult spawner migrations (Howard and von Biela 2023) and higher precipitation during juvenile
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rearing (Murdoch et al. 2023). These patterns suggest Chinook salmon may face increasing challenges in
a warmer and rainier climate (see essays Surface Air Temperature and Precipitation). Conversely,
increased abundance is correlated with warmer winter temperatures during embryo incubation and
early marine residence and earlier river ice breakup during the year juveniles migrate to the ocean
(Cunningham et al. 2018, Murdoch et al. 2023), suggesting potential benefits from warming trends in
some cases. Traditional knowledge and western science indicate species interactions including
competition, predation, food supply, and disease also influence salmon abundance (e.g., Feddern et al.
2023; Ruggerone et al. 2023). Bycatch of Chinook and chum salmon in Bering Sea trawl fisheries is also a
known source of mortality, although it explains only a small fraction of historic Chinook salmon declines
(Cunningham et al. 2018). Drivers of abundance of other western Alaska salmon species and populations
remain less understood.

Changes in salmon size and life history

Salmon from western Alaska are returning to spawn at smaller sizes than in the past, reducing their
reproductive capacity and the value of each fish to humans and ecosystems (Ohlberger et al. 2020,
2023; Oke et al. 2020). The average length of adult Chinook salmon in the Yukon River has declined by 5-
7% since the 1970s, contributing to estimated losses of 13-20% in fecundity and 24-35% in total egg
mass and likely reinforcing long-term population declines (Ohlberger et al. 2020; Fig. 3). Western Alaska
chum and sockeye salmon have shown smaller declines in body size.
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Fig. 3. (a) Trends in body length of three species of salmon in western Alaska and (b) estimated fecundity of Yukon
River Chinook salmon. Points represent annual mean estimates, and curves represent non-linear trends fit using
loess regression. Sources: ADF&G, Oke et al. (2020), and Ohlberger et al. (2020). See Methods and data for details.

Changes in the size of spawning salmon are explained by earlier maturation and reduced growth rates.
After hatching, Chinook salmon in western Alaska typically spend one year rearing in streams and rivers
before migrating to the ocean, where they spend 1-5 years maturing before returning to spawn in fresh
water. Chinook salmon are smaller at a given age and are maturing at younger ages than in the past
(Ohlberger et al. 2020). Chum salmon swim to the ocean immediately after emerging from the gravel,
and trends in age at maturity are less clear. Sockeye salmon spend 1-2 years rearing in fresh water
(mostly in lakes, but sometimes in rivers). In Bristol Bay, the warming climate has led to a decline in the
number of sockeye salmon that rear for two years in lakes, with most fish now leaving fresh water after
one year. This shift in freshwater age and declining growth rates in the ocean have led to more fish
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spending three rather than two years in the ocean and returning to spawn at smaller average sizes (Cline
et al. 2019; Ohlberger et al. 2023).

Changes in growth and age of maturity of western Alaska Chinook salmon have been linked to changes
in ocean climate (Siegel et al. 2017), and selective predation of larger individuals may also be
contributing to accelerated maturation (e.g., Manishin et al. 2021). Though these trends are observed
throughout the North American range of Chinook salmon, they are particularly marked in western
Alaska stocks (Ohlberger et al. 2018). Changes in growth and energy allocation in juvenile chum salmon
are associated with a marked loss of sea ice and decline in prey energy density during a recent
(2014-2019) warm period with marine heatwaves in the Bering Sea (Farley et al. 2024). Declining body
sizes of sockeye salmon in Bristol Bay are most strongly associated with their own increasing abundance,
and secondarily with increasing abundance of chum and pink salmon in the North Pacific Ocean and
warming sea surface temperatures (see essay Sea Surface Temperature). These patterns have been
associated with intra- and inter-specific competition for food in the ocean, possibly exacerbated by
climate warming (Ohlberger et al. 2023; Ruggerone et al. 2023).

Implications for fisheries and people

Depressed abundances of salmon create problems for fisheries and the people that depend on them.
Low returns of Chinook and chum salmon to the Yukon and Kuskokwim Rivers have resulted in closed or
heavily restricted subsistence, commercial, and sport fisheries, including unprecedented complete
closures of salmon-directed fisheries on the Yukon River during 2021-22 and very limited openings
during 2023 (JTC 2023; Fig. 4). Tribal and local leaders are raising their voices to communicate how the
synchronous collapse of multiple salmon populations and species has created a region-wide crisis in
communities reliant on salmon for food security, culture, mental health, and a way of life (Brown and
Godduhn 2015; Feddern et al. 2023). Fish camps sit empty, fishing gear is not maintained, and younger
generations are not able to learn the fishing and processing techniques that have been refined over
thousands of years when there are no fish to be caught (Brown and Godduhn 2015; Sakati 2023).
Harvests of alternative wild foods including fish, birds, and moose have increased where possible, but
have also added concerns about the sustainability of those resources. The need to protect Chinook and
chum salmon limits the harvest of other fish species that co-occur in fishing areas. Commercial salmon
fishery restrictions and closures curtail a source of otherwise scarce jobs and economic development in
the region. Federal Fishery Disaster Determinations were granted for the 2020 and 2021 salmon
fisheries in the Yukon and Kuskokwim Rivers and Norton Sound and the 2022 salmon fishery in the
Yukon River, among other Alaska fisheries (NOAA 2023).
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Fig. 4. Annual harvest of major western Alaska salmon stocks by fishery sector. Subsistence harvest in the Yukon
watershed includes First Nations and aboriginal fisheries in Canada. Other fisheries include recreational hook-and-
line and personal-use fisheries in Alaska and domestic net fisheries on the Yukon in Canada. 2023 data are
preliminary and only available for some fisheries. Source: ADF&G (see Methods and data for details).

At the other extreme, historically high sockeye salmon returns in Bristol Bay have boosted economic
opportunities, but also introduced sources of conflict. The Bristol Bay commercial harvest of 60 million
sockeye salmon in 2022 was a record high in a fishery dating back to 1883, exceeding the previous
record set in 1995 by 36% (Fig. 4). However, extremely high sockeye harvests in consecutive years, in
concert with record catches of pink salmon globally, have outpaced global demand for salmon products,
leading to severe reductions in prices paid to commercial fishers. Low prices can drive western Alaska
fishers to sell their commercial permits to those outside the region, with lasting implications for local
economies (Carothers et al. 2021). Mixed-stock fisheries along the coast of the Alaska Peninsula
targeting abundant sockeye salmon also harvest chum salmon bound for western Alaska (Dann et al.
2023). This introduces conflict in how chum salmon are prioritized between subsistence and commercial
fisheries and has the potential to impact their recovery and the human communities that depend on
them.

108



NOAA Technical Report OAR ARC; 23-13 Arctic Report Card 2023

Many organizations are working to restore salmon abundance and habitat in watersheds impacted by
human activity, including 125 years of placer mining (e.g., BLM 2023). Community-based monitoring
programs are incorporating local and traditional knowledge into research and management decisions
(Feddern et al. 2023), as has proven successful in northern Alaska (see essay Nunaaqgqit
Savaqatigivlugich: Working with Communities to Observe the Arctic). Other proposed actions include
limiting chum salmon bycatch in marine fisheries, limiting harvest of western Alaska salmon in coastal
mixed stock fisheries, establishing hatcheries in western Alaska, and limiting hatchery enhancement of
pink and chum salmon stocks in other parts of Alaska and the North Pacific that may compete with
western Alaska salmon in the ocean (AFN 2022; Feddern et al. 2023; Herz 2023; Ruggerone et al. 2023).
All of these proposed actions involve trade-offs and are hotly debated. While the rapidly changing
climate appears to be an important driver of salmon abundance, more work is needed to understand
the causal mechanisms and to develop policy actions that are responsive to changing salmon abundance
and demographics. Actionable research at the science-policy interface is needed to understand how
decisions at local, regional, and global levels can most effectively support salmon recovery, sustainable
fisheries, and the well-being of people in a warming world.

Methods and data

Salmon abundance was estimated using run reconstruction models by the Alaska Department of Fish
and Game (ADF&G) and the Joint Technical Committee of the US/Canada Yukon River Panel (e.g., JTC
2023). These models use information on harvest in mixed-stock and terminal fisheries, stock
composition data, and estimates of spawning abundance to determine the total numbers of maturing
salmon that returned to in-shore waters. Body length measurements were compiled by Oke et al. (2020)
from ADF&G data. We filtered these data to include only salmon captured in western Alaska using
minimally size-selective gear (weirs, seines, and carcass surveys). Fecundity of Chinook salmon was
estimated from body length using an empirical length-fecundity relationship from the Yukon River by
Ohlberger et al. (2020). Fisheries harvest data were provided by ADF&G. All data and code are available
at https://github.com/eschoen/ArcticReportCard-Salmon.
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