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ABSTRACT. In 1995, the first of a nearly continuous sequence of biophysical moor-

ings was deployed at a site (M2) on the southeastern Bering Sea shelf. Over the next

15 years, 10 additional mooring sites were initiated. The resultant long-term biophys-

ical mooring array extends over 1,800 km from the southern Bering Sea to the north-

ern Chukchi Sea, covering most of the US Arctic. It provides a full range of oceano-

graphic data for researchers, stakeholders, and managers. In addition, these data sets

have been critical for the validation of regional ocean models. The ocean temperature

data have quantified regional warming and formed the basis for understanding how

warmer temperatures and loss of sea ice are modifying these high-latitude marine eco-

systems. Changes observed in the context of observations from the mooring program

include delayed spring bloom, low abundances of large crustacean zooplankton and

crab species, seabird die-offs, changes in ocean acidification, northward expansion of

subarctic fish species, and shifts in the ranges of marine mammal species.

INTRODUCTION

The Bering and Chukchi Seas are classi-
fied by NOAA as part of Arctic marine
ecosystems, and sea ice plays a critical
role in structuring them. During August
and September, these seas are largely ice-
free; in autumn, ice advances ~1,000 km
southward, reaching Bering Strait in
December. Once the Chukchi Sea is
frozen, extensive ice begins to form in
the Bering Sea. Historically, sea ice could
advance another 1,000 km, reaching the
Alaska Peninsula in late winter or early
spring. Together, these were the greatest
seasonal ice advance in the world.

Over the last few decades, however,
climate warming has reduced Arctic
ice duration by ~2 days per year (Wood
et al., 2015). Sea-ice timing and extent
influence many components of the
marine ecosystem, including ocean tem-
perature, onset and magnitude of the
spring phytoplankton/algal bloom, the
ranges of subarctic and Arctic species,
and the lives of the residents of more
than 100 Indigenous communities who
depend on the immense resources of
these seas (Huntington et al., 2020).

The Bering Sea is one of the most pro-
ductive marine ecosystems in the United
States, supporting more than one-third
of the US commercial catch of fish and
shellfish ($1B for the blue economy),

FACING PAGE. Ice extenton March19,2012. The
three bottom panels show M2 over the years.
Note what happens when ice over tops the
mooring and destroys the tower (center). Image
credits: NASA Earth Observatory and NOAA

an extensive population of seabirds and
marine mammals (including endan-
gered species), and critical subsistence
resources for Alaska’s Indigenous peo-
ples. The Chukchi Sea hosts a produc-
tive benthic community that provides
important feeding grounds for whales,
seals, and walruses. NOAA plays an
important role in assessing and manag-
ing the living marine resources of these
seas, including various commercial fish-
eries, threatened and endangered marine
species, and large populations of marine
mammals and seabirds. To understand
the impacts of climate change on these
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ecosystems, expansive and integrated
observations are essential.

Currents over both the Bering and
the Chukchi continental shelves trans-
port heat, salt, and nutrients north-
ward (Figure 1). Bering Strait is the only
passageway for Pacific water to enter the
Arctic Ocean, with an average trans-
port of ~1 x 10° m* s! (1 Sv) (Woodgate,
2018). The mass and heat transports
through Bering Strait have increased over
the last decade. Nearly half of this flow
continues northward through Barrow
Canyon into the Arctic Ocean (Stabeno
et al., 2019; Stabeno and McCabe, 2020),
carrying heat that contributes to the sea-
sonal reduction in ice in the Arctic basin
(Timmermans et al., 2018).

The Bering Sea is almost equally
divided between the broad eastern Bering
Sea (EBS) shelf and a deep ocean basin
(Stabeno et al., 2012a). The EBS shelf is
divided into three cross-shelf domains:
inner or coastal (0-50 m deep), middle
(50-100 m), and outer (100-180 m;
Coachman, 1986). In summer, the ver-
tical structure of the coastal domain is
well mixed or weakly stratified, and the
outer domain consists of a wind-mixed

FIGURE 1. Blue arrows in this sche-
matic show primary flow pathways in
the Bering and Chukchi Seas. Labeled
black dots indicate locations and
names of primary mooring sites. After
Stabeno et al. (2016) and Stabeno
and McCabe (2020)
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surface layer and a tidally mixed bot-
tom layer that are separated by a grad-
ual thermocline (Stabeno et al., 2012b).
The middle domain has a sharp two-lay-
ered water-column structure. There is
also a north-south division (near 60°N),
with the north having weaker tidal veloci-
ties, colder temperatures and more exten-
sive ice, and an ecosystem dominated by
benthic production. The Chukchi Sea is
shallower than the Bering Sea with less
distinct domains.

When frigid Arctic winds drive ice
southward, the leading edge melts and
thereby cools and freshens the water col-
umn (Stabeno etal., 2012b). In some years,
ice can cover almost the entire EBS shelf
(e.g., 2012 in Figure 2), although more
recently there have been years with virtu-
ally no ice in the Bering Sea (e.g., 2018).
The maximum areal ice cover in 2012 was
>8.5 x 10° km?, over half a million square
kilometers more than the 2018 maximum.
The presence and melting of sea ice can
cool the water column to below -1.7°C.
As the ice retreats (or melts) and spring
warming begins, the surface wind-mixed
layer insulates the cold bottom water. This
bottom layer, found primarily on the mid-
dle shelf, is referred to as the “cold pool”
It usually remains cold (< 2°C) until fall
storms mix the water column.
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The cold pool plays a critical role in
structuring the Bering Sea ecosystem.
For example, it provides a refuge for
young-of-the-year fishes (Siddon et al,
2020), serves as a corridor for Arctic spe-
cies to move southward, and forms a bar-
rier for subarctic species. In the last five
years, the limited ice extent and the asso-
ciated smaller cold pool have had a strong
impact on the distribution of fish and
shellfish species. Alaska pollock (Gadus
chalcogrammus) and Pacific cod (Gadus
macrocephalus) have historically con-
centrated on the outer shelf and slope of
the EBS, avoiding the colder (<2°C) shelf
waters, but recently have been observed
distributed across the shelf and even into
the Chukchi Sea. In contrast, the loss of
the cold pool prevented Arctic species
from traveling southward and has likely
contributed to the recent reduction in the
snow crab (Chionoecetes opilio) popula-
tion (Orensanz et al., 2004).

Working in these high-latitude seas is
difficult. Even though sea ice is arriving
later and retreating earlier, there remain
months of ice cover (especially in the
northern Bering and Chukchi Seas) when
it is unwise to plan research cruises unless
the vessel is ice reinforced. To better
understand and forecast future changes
and consequences in the Bering and

FIGURE 2. Map of the
eastern Bering Sea
shelf. The blue and
red lines delineate the
maximum ice extent in
2012 and 2018, respec-
tively. The shaded blue
and red areas outline
the cold pool extents in
August 2012 and 2018,
respectively.
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Chukchi Seas, ecosystem observations
are critical. Moorings of various designs,
sizes, and capabilities are essential tools
for collecting ocean observations during
the ice-covered winter months. They
include a variety of instrumentation and
incorporate new and developing technol-
ogy. This manuscript focuses on the evo-
lution of long-term biophysical moorings
in these high-latitude seas.

EcoFOCI BROADENS ITS
OBSERVATIONAL FOOTPRINT
NORTHWARD
Fisheries-Oceanography ~ Coordinated
Investigations (FOCI), a partnership
between NOAA Fisheries and NOAA
Research, began investigations in 1984
with an observational core in the Gulf of
Alaska (Mordy et al., 2023, in this issue);
within a decade, this work extended into
the rich and varied ecosystem of the
Bering Sea. Because these high-latitude
seas were predicted to be much more
sensitive to climate change than mid-
latitude or equatorial seas, long-term
observations became a NOAA priority.
The Tropical Ocean Global Atmosphere-
Tropical Atmosphere Ocean (TOGA-
TAO) array (Hayes et al., 1991) inspired
the idea of maintaining long-term moor-
ings in the Bering Sea. In the early 1990s,
FOCTs research included a rare joint
US/Russian circumnavigation of the
Bering Sea (Reed et al., 1993; Cokelet
et al,, 1996) and several mooring deploy-
ments in the basin (Cokelet and Stabeno,
1997), but it was the highly productive
EBS shelf that became the primary focus.
A long-term mooring array was initi-
ated by EcoFOCI in 1995 at mooring site
M2 (Figure 1). The goal was to occupy a
site with several weeks of ice cover in the
majority (>95%) of years. With its weak
mean currents, the middle shelf provided
an ideal location for long-term measure-
ments in the cold pool.

The first deployment at M2 ended in
near disaster. A month after its March
deployment, sea ice descended upon it,
destroying the surface tower and drag-
ging the mooring with its ~2,000 kg



anchor ~50 km southward, where it was
recovered a month later. This event insti-
gated the deployment strategy still used
at M2 today: spring deployment of the
surface mooring and fall recovery of that
mooring along with deployment of a sub-
surface winter mooring. The remain-
ing long-term moorings in the Bering/
Chukchi array (Figure 1) are all subsur-
face (although this is changing with new
technology) and deployed for a year.
Over the following decade, the long-
term biophysical mooring array was
extended northward from M2 (1995) to
M4 in 1999 and then to M5 and M8 in
2005 (Figure 1). During this expansion of
the Bering Sea mooring array, the North
Pacific Climate Regimes and Ecosystem
Productivity (NPCREP) initiative was
funded, expanding FOCT’s mission to offi-
cially include climate studies. FOCI and
NPCREP combined to become EcoFOCI
(Ecosystem and Fisheries Oceanography
Coordinated which
remains a partnership between NOAA
Fisheries and NOAA Research. In 2019,
with the rapid changes occurring in the

Investigations),

northern Bering Sea, a fifth long-term
mooring site (M14) was established.
These long-term biophysical moor-
ings measure the standard oceanographic
variables (temperature, salinity, chloro-
phyll fluorescence, currents) at multi-
ple depths. M2 also carries a meteorolog-
ical package during the ice-free summer

months. Since 2010, in collaboration with
the University of Alaska Fairbanks, CO,
sensors have been incorporated on the
summer M2 mooring. More recently, new
instruments have been added to mea-
sure dissolved oxygen, nitrate, passive
acoustics, photosynthetically active radia-
tion, carbon parameters, and eDNA (see
Galaska et al., 2023, in this issue). The
mooring design also has been modern-
ized; since 2016, the Prawler (Stalin et al.,
2023, in this issue) has provided near-
continuous profiles of temperature, con-
ductivity, chlorophyll fluorescence, and
oxygen. The newest mooring design, RISE
(Refloating Ice Sensing), is a Prawler-type
mooring that sinks with the arrival of sea
ice and refloats the following spring with
ice retreat, providing important water col-
umn measurements.

Long-term biophysical moorings in
the Chukchi Sea were first deployed
in 2010 with partial support from the
Bureau of Ocean Energy Management
(BOEM) and NOAAs Arctic Research
Program (ARP). The focus was to exam-
ine relationships among water properties,
currents, and primary production, and
to detect marine mammal calls. The ini-
tial deployment consisted of an array of
three moorings (C1, C2, C3) off Icy Cape,
Alaska (Figure 1). Over the next few
years, the Chukchi array was expanded
north to C4 and C5, and, more recently,
south to C12. These moorings contribute

to the Distributed Biological Observatory
(DBO), an international ocean observa-
tory whose goal is to detect and measure
change in several biologically productive
regions of the Pacific Arctic.

Bering Sea: Ocean Temperatures
On the middle shelf of the southeastern
Bering Sea, M2 monitors the evolution
of the water column (Figure 3). During
winter the water column is well mixed.
In spring/summer the surface warms by
>10°C, but the bottom layer warms by
only a few degrees (Figure 3c), resulting
in a sharp two-layer structure. Usually
in September, the water column begins
to mix, becoming well mixed by late
fall. Beyond the annual cycle, multi-year
periods of relatively warm (e.g., 2000-
2005, 2014-2017) or cold conditions
(e.g.,2007-2013) are evident (Figure 3a).
Cold bottom temperatures are a result of
extensive sea ice (Figure 3b). When ice
persists for more than a couple of weeks,
the winter water column temperatures
fall to below -1°C. This relationship is
particularly evident in the depth-aver-
aged temperature anomaly (Figure 3a,b).
One long-standing expectation was
that as the Bering Sea warmed, subarctic
species such as pollock and Pacific cod
would expand their ranges over much
of the EBS, thus increasing abundance.
In 2001, this proved not to be the case.
Rather, the absence of ice algae and a later
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FIGURE 3. Temperature data from the M2 mooring positioned on the southern middle shelf in ~72 m of water. Near-surface (red) and bottom (blue) tem-
peratures are plotted in the bottom panel (c), while the depth averaged temperature anomaly from the long-term mean is shown in the top panel (a).
The middle panel (b) shows the average ice cover in a 50 km x 50 km box centered on M2. Percent ice cover is from the National Snow and Ice Data
Center (NSIDC), Bootstrap from 1995 to 2021 (Comiso, 2017), and Near-Real-Time in 2022 (Meier, 2021).
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phytoplankton bloom caused a reduction
in zooplankton abundance and thus pol-
lock survival, which resulted in a halving
of the commercial fishery pollock quota
from 2003 to 2008. The return of more
extensive ice cover and colder condi-
tions in 2006 brought improved recruit-
ment of pollock. An interesting turn of
events occurred with the return of warm
conditions in 2014—pollock and Pacific
cod did indeed spread across the EBS and
even into the Chukchi Sea. This sharply
different response was a result of condi-
tions in the northern Bering Sea.

The northern Bering Sea tempera-
ture observations at M8 exhibit a sim-
ilar pattern to that at M2 (Figure 4).
There are indications that in M8’s first
year of deployment (2005), ocean tem-
peratures were warmer with less ice. As at
M2, there was a transition to reduced ice
and warmer ocean temperatures (espe-
cially bottom temperatures) in 2014. This
warming had, and continues to have, a
large impact on the ecosystem. Adult pol-
lock and Pacific cod are found in tem-
peratures above ~0°C (Eisner et al.,
2020). Prior to 2014, there were usu-
ally <10 days at M8 when bottom tem-
peratures rose above -0.5°C (2005 had
~50 days); after 2014 (excluding 2015),
there were 100 to 200 days when bottom
temperatures remained above -0.5°C.
Migration corridors for subarctic fishes
(e.g., cod) require stable thermal routes
(Stensholt, 2001), which these warmer
temperatures provide.

Chukchi Sea: Ocean Temperatures
Ofthe three moorings at Icy Cape (C1, C2,
and C3), C2 was identified as the primary
site, and a mooring has been deployed
there each year since 2010. The water
at C2 is shallow (~43 m depth), and ice
keels as deep as 30 m have been measured
at the nearby mooring C1 (Stabeno and
McCabe, 2020). Thus, to keep moorings
safe in the ice-covered winter months,
instruments and flotation are within 10 m
of the seafloor. More recently, new tech-
nology has allowed measurements in the
upper 30 m of the water column. In 2019,
a RISE mooring was deployed at C2, sink-
ing with the arrival of ice and resurfacing
the following summer after ice retreated
to provide critical late spring and sum-
mer water column data.

The limited time series of near-surface
observations compare well with satel-
lite-derived SST (Figure 5). The pattern
of warmer Bering Sea temperatures is also
evident at C2, although warming starts a
year later (2015 instead of 2014) for these
waters, which flow northward into the
Arctic basin. Interestingly, these shelf
waters are more saline and thus denser
than near-surface water in the Arctic
basin (Stabeno and McCabe, 2020), so
they sink as they exit the shelf, introduc-
ing warmer water below the surface. This
warmer water affects sea ice, delaying
freeze-up and reducing ice thickness.

The warmest year occurred in 2019.
One observation from C2 is that bottom
temperatures were greater than —0.5°C for

approximately 60 days each year in 2010-
2014, and, except for 2021, that pattern
has continued in recent years (Figure 5).
These warmer bottom temperatures pro-
vide a survivable habitat during summer
for subarctic fishes that have migrated
north from the Bering Sea. The ques-
tion remains, does the bottom water in
the Chukchi Sea cool slowly enough for
these fishes to retreat back to the Bering
Sea to overwinter?

The Impact of Climate Change on
the Bering-Chukchi Ecosystems
Continuous moored observations of the
rapidly changing Bering-Chukchi ecosys-
tems have never been more important.
The EcoFOCI long-term mooring array
enables direct quantification of the rapid
biophysical changes currently underway
at the base of the ecosystem, thereby pro-
viding an essential context for additional
ship-based observational snapshots and
modeling studies.

The Bering Sea is undergoing a reduc-
tion in sea-ice extent and duration, with
the lowest extent on record occurring
in 2018 (Overland, 2022), resulting in
warmer ocean temperatures. Such phys-
ical extremes were due to positive feed-
backs from warm air and sea tempera-
tures, sea-ice loss, southerly winds, and a
wavy jet stream (Stabeno and Bell, 2019),
ultimately leading to loss of snow crab
habitat, reduction of northern salmon
runs, increased mortality for seals and
seabirds, and occurrence of harmful algal
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blooms (Siddon et al., 2020).

Sea ice duration is also decreasing in
the Chukchi Sea, although not its extent
because it remains ice covered in win-
ter. The flow in the Bering and Chukchi
Seas brings warmer water northward,
resulting in earlier ice retreat and later
ice arrival in the Chukchi Sea (Stabeno
et al., 2019). The mooring array off Icy
Cape provides data to quantify total
mass (~0.5 Sv) and heat transport into
the Arctic basin (Stabeno and McCabe,
2020). The flow of Pacific water through
Bering Strait is increasing as is the heat
flux. The northward flowing Pacific water
is also an important source of nutrients
in the Chukchi Sea (Mordy et al., 2020).
Advection, the reduction in sea ice, and a
warming ocean have impacts throughout
the ecosystem.

Sea ice plays a role in determining
the timing of the spring bloom. Ice algae
within and under the ice begin to bloom
in early spring. Zooplankton graze on the
algae underneath the ice and near the
seafloor (Stabeno et al., 2020). As the ice
melts, much of this ice algae falls to the
seafloor, where it supports the benthic
community in the northern Bering and

Chukchi Seas through a process called
pelagic-benthic
2012).
phytoplankton blooms dominate, sup-

coupling (Grebmeier,
Without sea ice, open-water
porting a more pelagic ecosystem (Hunt
and Stabeno, 2002; Frey et al., 2022).

The timing of sea-ice formation and
retreat greatly impacts phytoplankton
growth and therefore CO, fluxes. Rapid
warming concomitant with reduced sea-
ice coverage is causing the regional sum-
mer CO, sink to decrease (DeGrandpre
et al.,, 2020). Recent results suggest that
spreading of corrosive conditions into
the Pacific layer of the Arctic halocline is
likely driven by anthropogenic CO, (Qi
et al., 2022), with the cold Pacific Winter
Water serving as one important source.
The increased corrosiveness of this water
results from cold temperatures and from
the considerable amount of biological
respiration that takes place in the north-
ern Chukchi Sea. However, many ques-
tions remain, such as how ongoing warm-
ing and changes in sea ice may alter the
region’s algal bloom timing, magnitude,
and composition and how those changes
will ultimately impact the downstream
biogeochemistry, including CO, fluxes

and ocean acidification.

In the Bering and Chukchi Seas, zoo-
plankton populations vary with differ-
ing ice conditions. For instance, from
2002 to 2018, Calanus spp. were largely
absent during years without spring ice,
with the opposite occurring in years
when ice persisted into spring. Just as the
distribution of fish varied between the
two warm periods, so did zooplankton
populations (Kimmel et al., 2023), with
increased abundances of small copepods
and decreased abundance of the larger
Calanus spp. in the later warm period.

In addition to warmer waters allow-
ing subarctic fish species to expand their
ranges northward, these conditions are
also impacting the ranges of marine mam-
mals. For instance, most bowhead whales
(Balaena mysticetus) in the US Arctic
feed in the eastern Beaufort Sea in sum-
mer and overwinter in the northern
Bering Sea (Clark et al., 2015). In years
when sea ice extends into the southern
EBS, bowhead calls are detected (via pas-
sive acoustics at the mooring sites) as far
south as M2. Recently, with rising ocean
temperatures and reduced sea-ice extent,
bowheads have been overwintering north
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of Bering Strait (Szesciorka and Stafford,
2023), and in 2018-2019, some were
observed overwintering in the eastern
Beaufort Sea (Insley et al., 2021).

The eastern population of North Pacific
right whales (Eubalaena japonica) are
critically endangered (N ~ 30). They range
more broadly over the EBS during warm

is advancing NOAA’s observing capac-
ity with improved technologies for ice-
influenced environments. Long-term
observations will continue at the bio-
physical mooring sites (five in the EBS,
six in the Chukchi Sea, three in the Gulf
of Alaska). PMEL and Alaska Fisheries

Science Center components of EcoFOCI

understanding of Alaskan marine ecosys-
tems and the impacts of a changing cli-
mate. The mechanistic understanding
provided will enable NOAA and its stake-
holders to better understand, predict, and
mitigate the impacts of climate change
and other anthropogenic influences on
these valuable ecosystems.

The EcoFOCI long-term mooring array enables direct quantification of the

rapid biophysical changes currently underway at the base of the [Bering-Chukchi]

ecosystem, thereby providing an essential context for additional ship-based

observational snapshots and modeling studies.

years than they do in cold years (Zerbini
et al., 2015), with recent detections in the
northern Bering Sea (Wright et al., 2019).
If this expansion continues into the Bering
Strait region, the risk of ship strikes within
this choke point will increase (Huntington
et al., 2020); the loss of even one individ-
ual of this population would be detrimen-
tal to its recovery.

CONTRIBUTIONS TO NOAA’S
MISSION AND THE FUTURE
EcoFOCI mooring observations, among
the longest near-continuous data sets
in US waters, are supplemented with
ship-based discrete measurements that
include parameters not easily monitored
on moorings. Together these observa-
tions have expanded our understanding
of these ecosystems, are used by research-
ers and stakeholders, and inform import-
ant living marine resource management
decisions (e.g., Stock Assessment and
Fishery Evaluation Reports for Bering
Sea; Mordy et al., 2023, in this issue).

The future of the NOAA Pacific Marine
Environmental Laboratory (PMEL) com-
ponent of EcoFOCI will focus on enhanc-
ing and expanding long-term moorings.
Through innovation and partnerships
within NOAA and beyond, the program
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will continue hydrographic and zoo-
and ichthyoplankton sampling efforts
on research cruises in the Gulf of Alaska
and the US Arctic to augment this obser-
vational network (see Figure 1 in Mordy
et al., 2023, in this issue).

These observations also contribute to
the NOAA-wide effort to inform, improve,
and increase use of models to enable eco-
system forecasts. For example, detect-
ing the pulse nature of seasonal inflow of
water on the Northeast Chukchi shelf was
influential in development of the concep-
tual Arctic Marine Pulses model (Moore
et al., 2018). New instrumentation in
the form of pop-up floats (Stalin et al.,
2023, in this issue) has already provided
a unique solution to mapping the time
evolution of the cold pool in the Bering
Sea and has expanded our understanding
of the role ice algae plays in Chukchi Sea
benthic ecosystems (Stabeno et al., 2020).
Observations that have increased our
understanding of these rich and valuable
ecosystems are used to guide and validate
EcoFOCI models (Hermann et al., 2023,
in this issue).

EcoFOCI will continue to incorporate
new and emerging technologies into field,
laboratory, and modeling research, and
expand data management to improve our

REFERENCES

Clark, CW., C.L. Berchok, S.B. Blackwell, D.E. Hannay,
J. Jones, D. Ponirakis, and K.M. Stafford. 2015.

A year in the acoustic world of bowhead whales in
the Bering, Chukchi and Beaufort Seas. Progress
in Oceanography 136:223-240, https://doi.org/
10.1016/j.pocean.2015.05.007.

Coachman, L.K. 1986. Circulation, water masses,
and fluxes on the southeastern Bering Sea
shelf. Continental Shelf Research 5(1-2):23-108,
https://doi.org/10.1016/0278-4343(86)90011-7.

Cokelet, E.D., M.L. Schall, and D.M. Dougherty.
1996. ADCP-referenced geostrophic circula-
tion in the Bering Sea basin. Journal of Physical
Oceanography 26(7):1113-1128, https://doi.org/
10.1175/1520-0485(1996)026<1113:ARGCIT>
2.0.CO;2.

Cokelet, E.D., and P.J. Stabeno. 1997. Mooring
observations of the thermal structure, salin-
ity, and currents in the SE Bering Sea
basin. Journal of Geophysical Research:

Oceans 102(C10):22,947-22,964, https://doi.org/
10.1029/97JC00881.

Comiso, J.C. 2017. Bootstrap Sea Ice Concentrations
from Nimbus-7 SMMR and DMSP SSM/I-SSMIS,
Version 3 [Data Set]. NASA National Snow and Ice
Data Center Distributed Active Archive Center,
Boulder, Colorado, accessed February 2, 2023,
https://doi.org/10.5067/7Q8HCCWS4I0R.

DeGrandpre, M., W. Evans, M.-L. Timmermans,

R. Krishfield, B. Williams, and M. Steele. 2020.
Changes in the Arctic Ocean carbon cycle with
diminishing ice cover. Geophysical Research
Letters 47:e2020GL088051, https://doi.org/
10.1029/2020GL0O88051.

Eisner, L., Y. Zuenko, E. Basyuk, L. Britt, J. Duffy-
Anderson, S. Kotwicki, C. Ladd, and W. Cheng.
2020. Environmental impacts on Walleye pol-
lock (Gadus chalcogrammus) distribution across
the Bering Sea shelf. Deep Sea Research
Part 11181-182:104881, https://doi.org/10.1016/
j.dsr2.2020.104881.

Frey, K., J. Comis, L. Cooper, C. Garcia-Eidell,

J. Grebmeier, and L. Stock. 2022. Arctic Ocean
Primary Productivity: The Response of Marine
Algae to Climate Warming and Sea Ice Decline.
NOAA Technical Report OAR ARC 22-08, 11 pp.,
https://doi.org/10.25923/0je1-te61.



https://doi.org/10.1016/j.pocean.2015.05.007
https://doi.org/10.1016/j.pocean.2015.05.007
https://doi.org/10.1016/0278-4343(86)90011-7
https://doi.org/10.1175/1520-0485(1996)026<1113:ARGCIT>2.0.CO;2
https://doi.org/10.1175/1520-0485(1996)026<1113:ARGCIT>2.0.CO;2
https://doi.org/10.1175/1520-0485(1996)026<1113:ARGCIT>2.0.CO;2
https://doi.org/10.1029/97JC00881
https://doi.org/10.1029/97JC00881
https://doi.org/10.5067/7Q8HCCWS4I0R
https://doi.org/10.1029/2020GL088051
https://doi.org/10.1029/2020GL088051
https://doi.org/10.1016/j.dsr2.2020.104881
https://doi.org/10.1016/j.dsr2.2020.104881
https://doi.org/10.25923/0je1-te61

Galaska, M.P., S.D. Brown, and S.M. McAllister.

2023. Monitoring biodiversity impacts of a
changing Arctic through environmental DNA.
Oceanography 36(2-3):109-113, https://doi.org/
10.5670/oceanog.2023.221.

Grebmeier, J.M. 2012. Shifting patterns of life in the
Pacific Arctic and sub-Arctic seas. Annual Review
of Marine Science 4:63-78, https://doi.org/10.1146/
annurev-marine-120710-100926.

Hayes, S.P., L.J. Mangum, J. Picaut, A. Sumi, and
K. Takeuchi. 1991. TOGA-TAO: A moored array
for real-time measurements in the tropical Pacific
Ocean. Bulletin of the American Meteorological
Society 72(3):339-347, https://doi.org/10.1175/1520-
0477(1991)072<0339:TTAMAF>2.0.CO;2.

Hermann, A.J., W. Cheng, P.J. Stabeno, D.J. Pilcher,
K.A. Kearney, and K.K. Holsman. 2023. Applications
of biophysical modeling to Pacific high-latitude
ecosystems. Oceanography 36(2-3):101-108,
https://doi.org/10.5670/oceanog.2023.226.

Hunt, G.L. Jr., and P.J. Stabeno. 2002. Climate
change and the control of energy flow in
the southeastern Bering Sea. Progress in
Oceanography 55(1-2):5-22, https://doi.org/
10.1016/S0079-6611(02)00067-8.

Huntington, H.P,, S.L. Danielson, F.K. Wiese,

M.R. Baker, P. Boveng, J.J. Citta, A. De Robertis,
D.M.S. Dickson, EV. Farley, J.C. George, and others.
2020. Evidence suggests potential transformation
of the Pacific Arctic ecosystem is underway. Nature
Climate Change 10:342-348, https://doi.org/
10.1038/s41558-020-0695-2.

Insley, S.J., W.D. Halliday, X. Mouy, and N. Diogou.
2021. Bowhead whales overwinter in the
Amundsen Gulf and Eastern Beaufort Sea. Royal
Society Open Science 8:202268, https://doi.org/
10.1098/rs0s.202268.

Kimmel, D.G., L.B. Eisner, and A.l. Pinchuk. 2023.

The northern Bering Sea zooplankton community
response to variability in sea ice: Evidence from a
series of warm and cold periods. Marine Ecology
Progress Series 705:21-42, https://doi.org/10.3354/
meps14237.

Meier, W.N., J.S. Stewart, H. Wilcox, M.A. Hardman,
and D.J. Scott. 2021. Near-Real-Time DMSP SSMIS
Daily Polar Gridded Sea Ice Concentrations,
Version 2 [Data Set]. Boulder, CO, USA. NASA
National Snow and Ice Data Center Distributed
Active Archive Center, accessed February 2, 2023,
https://doi.org/10.5067/YTTHO2FJQ97K.

Moore, S.E., P.J. Stabeno, J.M. Grebmeier, and
S.R. Okkonen. 2018. The Arctic Marine Pulses
Model: Linking annual oceanographic processes to
contiguous ecological domains in the Pacific Arctic.
Deep Sea Research Part 11152:8-21, https://doi.org/
10.1016/j.dsr2.2016.10.011.

Mordy, C., S. Bell, E.D. Cokelet, C. Ladd, G. Lebon,

P. Proctor, P. Stabeno, D. Strausz, E. Wisegarver,
and K. Wood. 2020. Seasonal and interannual
variability of nitrate in the eastern Chukchi Sea:
Transport and winter replenishment. Deep Sea
Research Part I 177:104807, https://doi.org/10.1016/
j.dsr2.2020.104807.

Mordy, CW., N.A. Bond, E.D. Cokelet, A. Deary,

E. Lemagie, P. Proctor, P.J. Stabeno, H.M. Tabisola,
T. Van Pelt, and E. Wisegarver. 2023. Progress of
fisheries-oceanography coordinated investiga-
tions in the Gulf of Alaska and Aleutian Passes.
Oceanography 36(2—-3):94-100, https://doi.org/
10.5670/0ceanog.2023.218.

Orensanz, J., B. Ernst, D. Armstrong, P. Stabeno, and
P. Livingston. 2004. Contraction of the geographic
range of distribution of snow crab (Chionoecetes
opilio) in the eastern Bering Sea: An environmental
ratchet? CalCOFI Report 45:65-79.

Overland, J. 2022. Arctic climate extremes.
Atmosphere 13:1670, https://doi.org/10.3390/
atmos13101670.

Qi, D., Z. Ouyang, L. Cheng, Y. Wu, R. Lei, B. Chen,
R.A. Feely, L.G. Anderson, W. Zhong, H. Lin, and
others. 2022. Climate change drives rapid decadal

acidification in the Arctic Ocean from 1994 to 2020.
Science 377(6614):1,544-1,550, https://doi.org/
10.1126/science.abo0383.

Reed, R, G. Khen, P. Stabeno, and A. Verkhunov.
1993. Water properties and flow over the
deep Bering Sea basin, summer 1991. Deep
Sea Research Part | 40(11-12):2,325-2,334,
https://doi.org/10.1016/0967-0637(93)90107-E.

Siddon, E.C., S.G. Zador, and G.L. Hunt Jr. 2020.
Ecological responses to climate perturba-
tions and minimal sea ice in the northern Bering
Sea. Deep Sea Research Part 11 181-182:104914,
https://doi.org/10.1016/j.dsr2.2020.104914.

Stabeno, P, E. Farley, N. Kachel, S. Moore, C. Mordy,
J. Napp, J. Overland, A. Pinchuk, and M. Sigler.
2012a. A comparison of the physics of the north-
ern and southern shelves of the eastern Bering Sea
and some implications for the ecosystem. Deep
Sea Research Part Il 65-70:14-30, https://doi.org/
10.1016/j.dsr2.2012.02.019.

Stabeno, P.J., N.B. Kachel, S.E. Moore, J.M. Napp,

M. Sigler, A. Yamaguchi, and A.N. Zerbini. 2012b.
Comparison of warm and cold years on the
southeastern Bering Sea shelf and some impli-
cations for the ecosystem. Deep Sea Research
Part Il 65-70:31-45, https://doi.org/10.1016/j.dsr2.
2012.02.020.

Stabeno, P.J.,, S. Danielson, D. Kachel, N.B. Kachel,
and C.W. Mordy. 2016. Currents and trans-
port on the eastern Bering Sea shelf: An inte-
gration of over 20 years of data. Deep Sea
Research Part 11 134:13-29, https://doi.org/10.1016/
j.dsr2.2016.05.010.

Stabeno, P.J., and SW. Bell. 2019. Extreme con-
ditions in the Bering Sea (2017-2018): Record-
breaking low sea-ice extent. Geophysical Research
Letters 46:8,952-8,959, https://doi.org/10.1029/
2019GL083816.

Stabeno, P.J., SW. Bell, N.A. Bond, D.G. Kimmel,
C.W. Mordy, and M.E. Sullivan. 2019. Distributed
Biological Observatory Region 1: Physics, chemis-
try, and plankton in the northern Bering Sea. Deep
Sea Research Part 11162:8-21, https://doi.org/
10.1016/j.dsr2.2018.11.006.

Stabeno, P.J., and R.M. McCabe. 2020. Vertical struc-
ture and temporal variability of currents over the
Chukchi Sea continental slope. Deep Sea Research
Part 11 177:104805, https://doi.org/10.1016/j.dsr2.
2020.104805.

Stabeno, P.J., CW. Mordy, and M.F. Sigler. 2020.
Seasonal patterns of near-bottom chlorophyll
fluorescence in the eastern Chukchi Sea: 2010—
2019. Deep Sea Research Part 11 177:104842,
https://doi.org/10.1016/j.dsr2.2020.104842.

Stalin, S., S. Bell, N. Delich, CW. Mordy, P.J. Stabeno,
H.M. Tabisola, and D. Tagawa. 2023. Advancing
observational infrastructure in the Arctic.
Oceanography 36(2-3):86-87, https://doi.org/
10.5670/oceanog.2023.227.

Stensholt, B. 2001. Cod migration patterns in rela-
tion to temperature: Analysis of storage tag data.
Ices Journal of Marine Science 58:770-793,
https://doi.org/10.1006/jmsc.2001.1067.

Szesciorka, A.R., and K.M. Stafford. 2023. Sea ice
directs changes in bowhead whale phenology
through the Bering Strait. Movement Ecology 11:8,
https://doi.org/10.1186/s40462-023-00374-5.

Timmermans, M.-L., J. Toole, and R. Krishfield. 2018.
Warming of the interior Arctic Ocean linked to
sea-ice losses at the basin margins. Science
Advances 4:eaat6773, https://doi.org/10.1126/
sciadv.aat6773.

Wood, K.R., N.A. Bond, J.E. Overland, S.A. Salo,

P. Stabeno, and J. Whitefield. 2015. A decade
of environmental change in the Pacific Arctic
region. Progress in Oceanography 136:12-31,
https://doi.org/10.1016/j.pocean.2015.05.005.

Woodgate, R.A. 2018. Increases in the Pacific inflow
to the Arctic from 1990 to 2015, and insights into
seasonal trends and driving mechanisms from

year-round Bering Strait mooring data. Progress
in Oceanography 160:124-154, https://doi.org/
10.1016/j.pocean.2017.12.007.

Wright, D.L., C.L. Berchok, J.L. Crance, and
P.J. Clapham. 2019. Acoustic detection of the
critically endangered North Pacific right whale
in the northern Bering Sea. Marine Mammal
Science 35(1):311-326, https://doi.org/10.1111/
mms.12521.

Zerbini, A.N., M.F. Baumgartner, A.S. Kennedy,
B.K. Rone, P.R. Wade, and P.J. Clapham.
2015. Space use patterns of the endangered
North Pacific right whale Eubalaena japon-
ica in the Bering Sea. Marine Ecology Progress
Series 532:269-281, https://doi.org/10.3354/

meps11366.

ACKNOWLEDGMENTS

The success of EcoFOCI is a direct result of the dedi-
cation, hard work, and insights provided by an exten-
sive list of personnel who did the many jobs neces-
sary to conduct oceanographic research. We owe
our current understanding of the oceanography

and ecosystem structure in Alaskan marine waters
to their efforts. We thank and acknowledge NOAA,
including Global Ocean Monitoring and Observing
Arctic Research Program (FundRef https://doi.org/
10.13039/100018302), and the other agencies

(e.g., US National Science Foundation, US Bureau

of Ocean Energy Management, the North Pacific
Research Board, and the State of Alaska) who have
supported our extensive monitoring network over
the past 30 years. This publication is partially funded
by the Cooperative Institute for Climate, Ocean,

and Ecosystem Studies (CICOES) under NOAA
Cooperative Agreement NA20OAR4320271. This is
PMEL contribution 5480, EcoFOCI contribution 1037,
and CICOES contribution 2023-1297.

AUTHORS

Phyllis J. Stabeno (phyllis.stabeno@noaa.gov)

is Physical Oceanographer, and Shaun Bell is
Research Scientist/Engineer, both at NOAA Pacific
Marine Environmental Laboratory (PMEL), Seattle,
WA, USA. Catherine Berchok is Acoustician,

NOAA Alaska Fisheries Science Center, Seattle,

WA, USA. Edward D. Cokelet is Oceanographer,
Jessica Cross is Research Oceanographer, and
Ryan M. McCabe is Research Physical Scientist, all
at NOAA PMEL, Seattle, WA, USA. Calvin W. Mordy
is Oceanographer, Cooperative Institute for Climate,
Ocean, and Ecosystem Studies (CICOES), University
of Washington, and NOAA PMEL, Seattle, WA, USA.
James Overland is Research Oceanographer, NOAA
PMEL, Seattle, WA, USA. David Strausz is Research
Scientist/Engineer, Margaret Sullivan is Research
Scientist, and Heather M. Tabisola is Research
Coordinator, all at CICOES, University of Washington,
and NOAA PMEL, Seattle, WA, USA.

ARTICLE CITATION

Stabeno, P.J., S. Bell, C. Berchok, E.D. Cokelet,
J. Cross, R.M. McCabe, CW. Mordy, J. Overland,
D. Strausz, M. Sullivan, and H.M. Tabisola. 2023.
Long-term biophysical observations and cli-
mate impacts in US Arctic marine ecosystems.
Oceanography 36(2-3):78-85, https://doi.org/
10.5670/0cean0g.2023.225.

COPYRIGHT & USAGE

This is an open access article made available under
the terms of the Creative Commons Attribution 4.0
International License (https://creativecommons.org/
licenses/by/4.0/), which permits use, sharing, adapta-
tion, distribution, and reproduction in any medium or
format as long as users cite the materials appropri-
ately, provide a link to the Creative Commons license,
and indicate the changes that were made to the
original content.

October 2023 | Ocmnojmpli)/ 85


https://doi.org/10.5670/oceanog.2023.221
https://doi.org/10.5670/oceanog.2023.221
https://doi.org/10.1146/annurev-marine-120710-100926
https://doi.org/10.1146/annurev-marine-120710-100926
https://doi.org/10.1175/1520-0477(1991)072<0339:TTAMAF>2.0.CO;2
https://doi.org/10.1175/1520-0477(1991)072<0339:TTAMAF>2.0.CO;2
https://doi.org/10.5670/oceanog.2023.226
https://doi.org/10.1016/S0079-6611(02)00067-8
https://doi.org/10.1016/S0079-6611(02)00067-8
https://doi.org/10.1038/s41558-020-0695-2
https://doi.org/10.1038/s41558-020-0695-2
https://doi.org/10.1098/rsos.202268
https://doi.org/10.1098/rsos.202268
https://doi.org/10.3354/meps14237
https://doi.org/10.3354/meps14237
https://doi.org/10.5067/YTTHO2FJQ97K
https://doi.org/10.1016/j.dsr2.2016.10.011
https://doi.org/10.1016/j.dsr2.2016.10.011
https://doi.org/10.1016/j.dsr2.2020.104807
https://doi.org/10.1016/j.dsr2.2020.104807
https://doi.org/10.5670/oceanog.2023.218
https://doi.org/10.5670/oceanog.2023.218
https://doi.org/10.3390/atmos13101670
https://doi.org/10.3390/atmos13101670
https://doi.org/10.1126/science.abo0383
https://doi.org/10.1126/science.abo0383
https://doi.org/10.1016/0967-0637(93)90107-E
https://doi.org/10.1016/j.dsr2.2020.104914
https://doi.org/10.1016/j.dsr2.2012.02.019
https://doi.org/10.1016/j.dsr2.2012.02.019
https://doi.org/10.1016/j.dsr2.2012.02.020
https://doi.org/10.1016/j.dsr2.2012.02.020
https://doi.org/10.1016/j.dsr2.2016.05.010
https://doi.org/10.1016/j.dsr2.2016.05.010
https://doi.org/10.1029/2019GL083816
https://doi.org/10.1029/2019GL083816
https://doi.org/10.1016/j.dsr2.2018.11.006
https://doi.org/10.1016/j.dsr2.2018.11.006
https://doi.org/10.1016/j.dsr2.2020.104805
https://doi.org/10.1016/j.dsr2.2020.104805
https://doi.org/10.1016/j.dsr2.2020.104842
https://doi.org/10.5670/oceanog.2023.227
https://doi.org/10.5670/oceanog.2023.227
https://doi.org/10.1006/jmsc.2001.1067
https://doi.org/10.1186/s40462-023-00374-5
https://doi.org/10.1126/sciadv.aat6773
https://doi.org/10.1126/sciadv.aat6773
https://doi.org/10.1016/j.pocean.2015.05.005
https://doi.org/10.1016/j.pocean.2017.12.007
https://doi.org/10.1016/j.pocean.2017.12.007
https://doi.org/10.1111/mms.12521
https://doi.org/10.1111/mms.12521
https://doi.org/10.3354/meps11366
https://doi.org/10.3354/meps11366
https://doi.org/10.13039/100018302
https://doi.org/10.13039/100018302
mailto:phyllis.stabeno%40noaa.gov?subject=
https://doi.org/10.5670/oceanog.2023.225
https://doi.org/10.5670/oceanog.2023.225
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

