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Abstract

Historically, the northern Bering Sea has beendyrigce covered for 5-6 months
each year. From 1980 to 2014, there was consildevabiability in the timing of ice
arrival and retreat, but there was no significaend in these variables. During three of
the last four years (2014-2015, 2016-2017, 201 B2k has arrived later and retreated
earlier, resulting in a shorter ice season. Thesages may be related to the delayed
arrival of sea ice in the Chukchi Sea, under thragigm that the Chukchi Sea freezes
before the northern Bering Sea. Under such a seguarevents, the continued delay in
arrival of sea ice in the Chukchi Sea will in tukelay the arrival of ice in the northern
(and hence southern) Bering Sea; thus, past preascthat the northern Bering Sea will
remain cold for the foreseeable future may be estjan. In the northern Bering Sea,
periods of 10-15 years with extensive ice in Decenand January are interrupted by
shorter periods (2-5 years) of less extensivedaeeic The periods of low ice cover in
December and January in the northern Bering Sehtteocoincide with periods of low
ice cover in March and April in the southern Berfbep. Sea ice impacts the marine
ecosystem in multiple ways: early retreat of ®ea$ correlated with warmer sea surface
temperatures in the summer; delayed arrival oiceeesults in warmer bottom
temperatures in fall and winter; multiple, conseaiyears of extensive ice appear to be
related to decreasing salinity and nutrients (tetend phosphate); and the timing of ice
retreat influences the life cycle Glanus spp. as warmer waters increase their

development rate.
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1. Introduction

Region 1 of the Distributed Biological Observat@bBO-1) is an area of enhanced
benthic productivity. It lies to the west of St.viuence Island on the Bering Sea shelf and
is the southernmost of the DBO regions. DBO-1 igraied by a 190 km x 200 km box,
centered at 62.81°N, 174.11°W (Fig. 1). Within tbgion are 10 primary observing
stations for shipboard sampling stretching fromrD&2N, 175.06°W to 63.60 °N,
172.59°W, and one long-term (2005—present) modi) located in the southwestern
guadrant of the box at 62.194°N, 174.688°W.

Historically, the northern Bering Sea shelf hasrbleegely ice covered from
November through May (Stabeno et al., 2012a). Epadure of ice in May is primarily
through ice melt, which introduces low salinity eminto the near surface region. In
water deeper than ~50 m, the relatively weak windgay cannot mix the entire water
column, resulting in a surface lens of low salir{i30) water overlaying the more saline
(~32) bottom water. Thus, the part of DBO-1 with evadepth greater than 50 m has a
two-layer structure from June through Septemberuriase wind-mixed layer (=20 m
deep) and a bottom tidally mixed layer (~30 m desgparated by a pycnocline. Salinity
and temperature contribute equally to the densigtiBcation, which is twice as strong
as observed on the southern portion of the sh&bgho et al., 2012a). Mooring M8 is
deployed in this two-layer structure.

Currents vary spatially in the DBO-1 region (FigKinder et al., 1986; Danielson
et al., 2012). The northern portion is influencgdhe Anadyr Current which flows
northward and eastward along the coast of Sibéftale the Anadyr Current usually

continues northward between St. Lawrence Islandfaa&iberian coast, entering the
3
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Chukchi Sea through Bering Strait, the currenbimeatimes observed south of St.
Lawrence Island. The mean flow in the southern palBO-1 is weaker and less
organized. The northward flow along the 100-m isblsmmetimes impinges on M8, but
more often it flows west of the mooring, joiningetAnadyr Current (Stabeno et al.,
2016). Tidal currents are moderate at M8 (e.g.pmeaxis of tidal ellipse for Mis ~12

cm sb), which allows a shallower bottom mixed layer anithicker pycnocline than is
observed on the southern Bering Sea shelf, wheaédurrents are almost twice as strong
(Stabeno et al., 2010).

While the southern Bering Sea shelf was prediatedarm, the northern shelf was
predicted to remain cold for the foreseeable fytwith extensive sea ice during winter
and early spring (Stabeno et al., 2012a; Wang aratlé@nd, 2009). This is a result of
multiple factors, including: in the northern BeriBga, the sun is above the horizon for
only a few hours during the late fall and early t@mthe northern Bering Sea is
surrounded by land—Siberia to the north and west, Alaska to the east; and the
relatively weak northward flow limits the transpoftheat from the southern shelf.

Observations indicate that there has been a decre&somass (e.g., reduction in
the dominant bivalve community) and reduced cadagply to the sea floor (Grebmeier
et al., 2006; Grebmeier, 2012). Our study focuseBBO-1 and explores some of the
changes to lower trophic levels (physics, chemistng zooplankton) in the northern
Bering Sea that may contribute to the apparentedserin benthic production. We begin
by examining changes in the temporal and spatighbiity in sea-ice extent, since it is a
key physical driver in determining ocean tempemgttiming of primary production and

trophic interactions (Sigler et al., 2014; Stabehal., 2010, 2012b; Hunt et al., 2011).
4
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We use self-organized maps (SOMSs) to explore thetj and pattern of sea-ice arrival
in the northern Bering Sea. This type of analysisich is becoming more common for
meteorological and oceanographic applications,(kig.and Weisberg, 2011), reduces
(clusters) large data sets of maps into a smatifsgditterns. Sea-ice variability is then

related to ocean temperature, salinity, nutrieans, zooplankton.

2. Data sources and methods
2.1 Atmospheric variables

The National Center for Environmental PredictiofC@P) — Department of Energy
(DOE) Reanalysis uses a state-of-the-art analgsedast system to perform data
assimilation on a 2.5° latitude by 2.5° longitudl gvith data ranging from January
1979 to August 2017 (Kalnay et al., 1996; Kanamésal., 2002). Mean-daily sea level
pressure (SLP) distributions were constructed fioedNCEP/DOE Reanalysis Il product
and interpolated to the desired grid points bourimedi80-155 °W, 52—-72.5 °N. NCEP
Reanalysis data were obtained from the NOAA Eaygte3n Research Laboratory,

Physical Sciences Division in Boulder, Colorado AUSttp://www.esrl.noaa.gov/psd/.
2.2 Seaice

Sea-ice concentration data were retrieved fromdooces. The first is the daily
(every other day prior to 1987) Version 3 bootst®ga-Ice Concentrations fraimbus-
7 SMMR (Scanning Multichannel Microwave Radiometanyl DMSP SSM/I-SSMIS
(Defense Meteorological Satellite Program, Spesaisor Microwave/Image Sounder),

which is available from the National Snow and lagd®Center (NSIDC;

5



118 http://nsidc.org/data/nsidc-00ya@nd uses NASA'’s Earth Observing System AMSR-E
119 (Advanced Microwave Scanning Radiometer for EOQ)t$toap algorithm. This data set
120 covers the period of 16 October 1978 — 31 March7201d is periodically updated as
121 new data become available (Comiso, 2017). The sesource is Version 1 Near-Real-
122 Time (NRT) DMSP SSMIS Daily, and is also availafstem NSIDC

123 (http://nsidc.org/data/nsidc-0081). Although desigimo match the bootstrap processing
124  of Version 3 as much as possible, the derivatiathefVersion 1 product is limited to a
125 short window (within 24 hours of data acquisitiamd whatever data and algorithms are
126 available at the time of processing (Maslanik atrde&ve, 1999). Data from the NRT

127 algorithms are available from 2015-present andiaesl in this paper to extend our

128 analysis through the 2017/2018 winter season.

129 2.3 Moorings

130 The biophysical moorings deployed at site M8 atesauface moorings, typically
131 recovered and redeployed in September for year-tiang collection. Moorings have
132 been maintained at the M8 site since 2005. Thehdegdtthe shallowest instruments on
133 the main moorings were ~20 m, to avoid deep iceskéelthree of the years, an

134 additional subsurface mooring was deployed in daky recovered in September,

135 providing measurements in the upper 20 m of themailumn.

136 Typically, data collected by instruments on the mays included temperature
137 (miniature temperature recorders, SeaBird SBE-BE-39 and SBE-16), salinity (SBE-
138 37 and SBE-16), and chlorophyll fluorescence (WEDb4.DLSB ECO fluorometer).

139 Currents were measured using an upward-lookingefmmounted, 300 or 600 kHz

6



140 Teledyne RD Instruments acoustic Doppler curreotiler (ADCP) deployed next to the

141  main mooring. All instruments were calibrated ptiodeployment. Each year, the main

142 mooring is constructed of heavy chain to help poiotiee instruments and buoy from loss
143 due to sea ice. Sampling intervals varied amonglifferent instruments and ranged

144  from every 10 minutes to once per hour.

145 In 2016 an ASL Environmental Sciences IPS5 upwaodihg sonar ice profiler
146  with an operating frequency of 420 kHz and a 1€4rb width was deployed on a

147 separate mooring at site M8he instrument recorded range and amplitude dateyev
148 second, and sensor data (temperature and presserg)minute Data processing,

149 including de-spiking and null-target recovery, vpasformed using ASL Matlab-based
150 software. Raw range data were corrected for modiithpg@nd pressure data were

151 corrected for atmospheric pressure using NCEP Nambkrican Regional Reanalysis
152 (NARR) 3-hourly SLP datawater level was calculated using IPS5 water presand
153 atmospheric pressurtee draft (keel depth) was then calculated usirrgected range,
154 pressure and water-level data. The resulting ieé data were visually inspected, and
155 outliers were removed from the time series. Basitistics were calculated in the Matlab
156 environment.

157 All instruments were calibrated prior to deploymértie data were processed
158 according to manufacturers’ specifications. Allreumt meter time series were low-pass
159 filtered with a 35-hr, cosine-squared, tapered kasdilter to remove tidal and higher-

160 frequency variability, and re-sampled at 6-houeinals.
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2.4 Hydrography and nutrients

Conductivity-temperature-depth (CTD) measuremermiewollected with a
Seabird SBE 911plus system with dual temperatudecanductivity (salinity), oxygen
(SBE-43), photosynthetically active radiation (PARgspherical Instruments QSP-200
L4S or QSP-2300), and chlorophyll fluorescence (Wg&bs WETStar WS3S or WET
Labs EcoFluorometer) sensors. Data were recordedgdilne downcast, with a descent
rate of 15 m mif‘to a depth of ~35 m, and 30 m rmihelow that. Salinity calibration
samples were collected on the up-cast on approglgnaalf the casts and analyzed using
a laboratory salinometer. Oxygen samples were takanost casts and titrated at sea
using the Winkler method.

Samples for dissolved inorganic nutrients (nitrat&jte, ammonium, phosphate,
and silicic acid) were syringe filtered using 048 cellulose acetate membranes, and
collected in 30-ml, acid-washed, high-density ptiyéne bottles after three rinses.
Samples were either analyzed on board, or wereifrand brought back to the
laboratory for analysis. Prior experience demonessréhat nutrient concentrations are
stable upon filtering and freezing (Dore et al989Mordy et al., 2012, Eisner et al.,
2016).

Nutrients were determined on a customized autoaaalysing a combination of
analytical components from Alpkem, Perstorp, anchifiecon. WOCE-JGOFS
standardization and analysis procedures specifigddrdon et al. (1993) were closely
followed including reagent preparation, calibratafiabware, preparation of primary
and secondary standards, and corrections for biamisefractive index. Ammonium

was measured using an indophenol blue method neddfom Mantoura and Woodward
8
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(1983). Silicic acid was measured immediately afttawing, and several days later to

account for polymerization during freezing (Macdionet al., 1986).
2.5 Zooplankton

Zooplankton were collected between August and Getélom 2005 to 2015
(excluding 2011 and 2013) from a 70-kbox around mooring location M8.
Zooplankton were collected using oblique tows ofgzhbongo nets (20-cm frame with
153um mesh and a 60-cm frame with 333 mesh) (Napp et al., 2002) until 2012.
After 2012, the 60-cm net was switched to 5®5-mesh. We believe the change in mesh
size does not impact our interpretation of redodtsed on the size range of copepodites
stages ofCalanus marshallae, reported as 0.9 to 2.9 mm for C2 to C6 stagesdhul
Hopcroft, 2007). The tows sampled the whole wabduran to within 5-10 m of the
bottom depending on sea state. Net depth was detatrin real time using a SBE-19 or
SBE-49 CTD sensor (Sea Bird Electronics). The va@whwater filtered was estimated
using a General Oceanics flowmeter mounted in$idartouth of each net. Samples were
preserved in 5% buffered formalin/seawater. Copspuaetre identified to the lowest
taxonomic level and stage possible at the Zaklatb®ania i Oznaczania Planktonu
(ZSIOP; Szczecin, Poland), and verified at the RdaBSisheries Science Center, Seattle,
Washington, USA. We enumerat€dlanus spp. stage C1 and C2 from the 158-mesh
net and stages C3-C6 from the 333/5®®imesh net. It is important to note that while
we reportCalanus spp. as a mixture . marshallae andC. glacialis, the exact

proportion of each species in the Bering Sea isi\ank as these species are difficult to
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distinguish (Campbell et al., 2016). Throughoutpleer, we refer to this mixture as

Calanus spp.

2.6 Sdf-Organizing Maps

For the supervised SOM analysis, we used the Btstat software, Kohonen
package (v3.0.4; Wehrens, 2015). Using bootstragcgeconcentration (see section 2.2)
beginning in the 1979/80 winter season and endhinige 2016/2017 winter season, we
averaged the data set into eight, 8-day perioferember and January. Mean SLP for
the leading 8-day map was obtained and averagad MGEP/DOE Reanalysis II. A grid
representation is presented in Fig. 2 of the twhlé used.

SLP is used to characterize the atmospheric forfngvo reasons. First and
foremost, the distribution of SLP closely corresg®mith that of the winds. On the
temporal and spatial scales considered here, the syirals outward in a clockwise
sense around high SLP centers and inward in a epultckwise sense around low SLP
centers. The strength of the spatial gradient iR &Lapproximately proportional to the
speed of the wind. Second, patterns of anomalo#sHalve long been used to
characterize the state of the regional atmospleeggalation (e.g., Rodionov et al., 2007).
In general, the SLP can be used to infer impoapects of the atmospheric forcing of
the ocean.

The construction of SOMs entails making choiceshviligoal of describing the
co-variability of ice concentration and large-scatieospheric forcing as characterized

by SLP patterns, we carried out SOM analyses cernisglthese two variables in tandem.
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Because our primary interest is the ice conceomatistributions, we weighted it heavier
(70%) than the SLP (30%) in the multivariate SOMeTraction ice concentration was
scaled to range from 0O to 1, the SLP was demeamd@rmalized to be between -1 and
1. Rescaled, but still demeaned, SLP patterns then58OM “map” analysis are referred
to as SLP anomalies (SLPA). In order to providedsejeographical context, these
“maps” are reverted back to geospatial represematiich that the mean and anomalous
state of each pattern is presented. Other parasnaftéhe SOM analysis were set
following suggestions in Liu and Weisberg (2011yl #ime papers referenced therein.

The preparation of SOMs also involves selectiothefnumber of modes and their
relationships to one another. A greater numberades serve to more fully represent the
range of possible states of a system, but can y@sldlts that are less robust and with
smaller distinctions between individual categoresnplicating physical interpretations
of the results. In addition, the “geometry” of S@Mappings influences the results, since
neighboring modes share information from the irgat. We examined SOM results for
four different mappings: 3x3, 4x2, 4x3, and 6x3e Bpatial patterns in the 3x3 and 4x2
mappings were very similar. The 4x3 mapping resduhece distributions that were
similar to those in a 3x3 mapping, with severalde#ributions that resembled one
another, but associated with different SLP distitms. The 6x3 mapping provided more
detailed spatial patterns, naturally, but with fewelividual cases per mode. We
ultimately chose a 4x3 mapping (12 modes) to caeptue most common ice
concentration patterns (and in some cases theinchisely different SLP patterns) and
to avoid consideration of rare states that areliksly to be truly characteristic of the

system.
11
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2.7 Multi-scale Ultra-high Resolution SST (MUR)

The Multi-scale Ultra-high Resolution SST produdlR) is 0.01° latitude x
0.01° longitude daily sea surface temperature ($®dduct available for June 2002 to
present. This product was created by NASA's Jghl®smn Laboratory (JPL, current
version 4.1 http://dx.doi.org/10.5067/GHGMR-4FJ@4all is one of the highest
resolution SST analyses available. It ingests MGBVFHRR/Microwave and in-situ
data, and it is designed with high-resolution $iggdedlatasets in mind. It uses the Multi-
Resolution Variational Analysis method to integrs¢@sors and data with multiple
timescales and aims to capture the evolution ofrsaboscale features (Chin et al.,

2017).

3. Resultsand Discussion

3.1 Areal patternsof seaice

The timing of arrival and retreat of sea ice over liast 37 years (1981-2017) is
examined within a 50 km x 50 km box centered on(M8§. 3). Sea ice has arrived
(defined as >20% areal coverage) as early as 3@Mber (in 1987) and as late as
February 12 (in 2017), with an average arrival ddt27 December; sea ice retreated
(areal concentration falls and remains below 208®aly as 20 April (in 2016) and as
late as 6 June (in 1999) with an average retrdatafdl6 May. It is noteworthy that sea
ice occurred in the M8 box in winter/spring 2018amy two occasions: 4-8 February
when it never exceeded 6% areal coverage and agdid—20 March when it reached a

maximum of almost 18% for a single day (17 Mardit)ese estimates of areal ice cover

12
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for 2017-2018 were calculated using the prelimirffaegl-time” data set, not the final
bootstrap concentrations. Excluding 2017-2018atrerage duration of sea ice in the M8
box is 141.9 + 4.1 (mean + standard error of tham{SEM]) days.

From 1981 through 2014, there was no trend inithin¢ of sea-ice arrival, retreat
nor duration. If the last three years (2015-201&)iacluded, however, the 37-year time
series (1981-2017) has a significant trend withddwe of arrival delaying by 0.76 days
per year (p=0.05), date of retreat becoming eabled.45 days per year (p=0.03), and
duration decreasing by 0.75 days per year (p=0T0%.timing of ice arrival and retreat
are not correlated. Approximately 80% of the valighin duration of ice at M8 results
from variability in timing of ice arrival, which isot surprising since variability (standard
deviation) in date of ice arrival is almost twicelarge as the variability in date of ice
retreat.

In sharp contrast to M8, the Chukchi Sea has badrrgoing significantly later
ice arrivals and earlier retreats for over two diesa combining to produce a significant
expansion of the open water season (Serreze 8046, Wood et al., 2015). The delay in
the arrival time each year was twice as large aaticelerated time of retreat (Serreze et
al., 2016). We examined sea ice in the southerrk@hbea (Fig. 2; area outlined by the
dotted purple line), and defined the region asmered when the areal ice concentration
exceeded 80% (orange line in Fig. 4). The tren@132018) in the date of ice arrival in
the southern Chukchi Sea was 0.7 days later per(pe8.001), which is less than was
observed by Serreze et al. (2016) for the entinekChi Sea.

From 1980 to 2017, the average date on which ththem Chukchi Sea froze

(>80% areal ice cover) was 28 November, which i 282.8 (SEM) days before the
13



295 average date of ice arrival (20% areal ice covethe region around M8 (27 December).
296 The timing between the freezing of the southernkChuand the area around M8 varied
297 Dbetween 6 days (2007/2008) and 82 days (1983/1984)two series are correlated (r =
298 0.53, p<0.01), but if the years after 2014 arewketl the two series are no longer

299 significantly correlated (Fig. 4).

300 Several lines of evidence support the hypsis that the northern Bering Sea freezes
301 later than the southern Chukchi Sea (excluding®halear-shore areas). First, using
302 data from Met Office Hadley Centre, EN4, ocean terafures in an area around M8
303 (175°W - 173°W, 61.5°N — 62.5°N) and an area arddhdkchi Sea (170°W — 167°W,
304 67°N — 68°N) are compared. During summer, deptheamesl temperatures in the upper
305 40 m near M8 are warmer than those in the sout@bukchi Sea. For instance, the mean
306 (1990-2005) depth-averaged temperature for theidy8°C warmer around M8 (4.0 =
307 0.3) than it is the southern Chukchi Sea (3.2 . 0’Bis heat must be lost to the

308 atmosphere, before freeze-up can occur. Secoadvirage (1980-2011) daily net

309 surface heat fluxHuropean Centre for Medium-Range Weather ForefBSIMIWF]

310 ocean reanalysis ORA-S3) in the southern Chukcdungés sign (ocean begins losing
311 heat to the atmosphere) in mid-August, approxirgdted weeks before the change

312 occurs at M8. In August through October, the aaseat flux around M8 is ~50 watts m
313 Zgreater (i.e., less heat lost from the ocean) ihiarin the southern Chukchi Sea. In
314 addition to the first two items, the heat flux owgren water in the Chukchi Sea tends to
315 result in warmer local air temperatures. Sincevitr@ls that form ice in fall/winter in the

316 northern Bering Sea usually include a componemnftiwe north, a lack of sea ice in the

14
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Chukchi Sea can result in the atmosphere beingtesducive to forming ice in the
northern Bering Sea.

This pattern of the Bering Sea freezing |#tan the Chukchi Sea has persisted for
>40 years (Fig. 4) and there is no expectationtti@physical mechanisms that support it
will change. Freeze-up in the southern ChukchiiS&@nding later by ~0.7 days each
year and the expected date of freeze-up in 200&lsn ~10 days of December 24,
which is the average date of ice arrival at M8 fro®81-2014. (We use 1981-2014 here,
because that is the period in which there was grafgant trend in the timing of ice
arrival.) If these patterns hold it can expectet the arrival of sea ice in the northern
Bering Sea will be forced to trend later in futyears.

It is unclear if the marked decrease in ice duratioring thre€2014/2015,
2016/2017, and 2017/2018) of the last four yeassharbinger of a new ice regime or
just variability in the system. Such variabilityrist unheard-of. From 2002 to 2004 (Fig.
3c), there was decrease in ice duration of ~50 daysjuring each of following 8 years
ice duration was at or above average. Certaingric® extent during this last winter
(2017/2018) was well beyond the range of anythimyipusly observed. Arguably, the
relatively warm ocean conditions in the Chukchi Besummer 2017 and the associated
late freeze up (Wood et al., 2018) delayed ice &iom in the Bering Sea. When ice
began to appear in the vicinity of M8 in Januanyats interrupted by the strong wind
anomalies out of the south in February (https://wean.noaa.gov/psd/cgi-
bin/data/composites/printpage.pl), which prevembe@nsive ice formation in the Bering
Sea before March. In addition, relatively warm aceamperatures in the Bering Sea can

contribute to the delay in the advance of sea%tabeno et al., 2010), and ocean
15
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temperatures in late winter 2018 were above avetagan be argued that the Chukchi
will continue to freeze later and so delay thevaitrof ice in the northern Bering Sea, but
strong frigid winds from the northwest (which ammon in the winter) can drive ice
quickly over the shelf.

Since the period of ice advance typically occurBatember and January, we
wanted to examine the spatial patterns of seaniogare detail. Eight maps of average
areal ice cover for 8-day periods were calculaieé (December, 9-16 December, 17-24
December, etc.). The spatial pattern of sea-icercmvthe northern Bering Sea shows ice
typically arriving in the northeast and expandiagiard the south and southwest (Fig. 5).
Ignoring the southwest corner of each panel, wiadver the basin, the northern Bering

Sea shelf, on average, was ice covered by mid-danua

3.2 Sdf-Organizing Maps analysis: Sea ice and sea level pressure

Our objective herein is to examine the evolutionistributions of sea-ice
concentrations, and how these changes co-varythgthegional atmospheric forcing as
characterized by SLP. Ice concentration data fioerbbotstrap sea-ice product described
in section 2.2 were averaged into eight period® @dys duration each for the months of
December and January beginning with the 1979/198@&wseason and ending with the
2016/2017 winter season. For the same set of §dagds, mean SLP distributions were
constructed from the NCEP/DOE Reanalysis Il prodicbur analysis of the co-
variability between sea-ice concentrations and Std’focus on the SLP for the 8-day

period preceding that for the sea-ice concentrafibrs length of lag between the forcing
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and sea-ice response appeared to yield the mosistamt and sensible results. A gridded
representation of the two fields is presented g Ei

We use SOM to describe the behavior of ice conagatr distributions during the
months of December and January in the northermBe&ea. The SOM framework
represents a type of unsupervised neural netwatksaeing increasingly employed for
meteorological and oceanographic applications dnd Weisberg, 2011). It has been
found to be a useful tool for classifying and visiag geophysical information through
the clustering of large and complex data setsargmall set of modes that resemble the
input patterns. In many applications, it has sotheatages over other analysis methods
such as principal component analysis (PCA). Inipaldr, it can be effective in terms of
representing the full continuum of a data set tglois ability to catalog a combination
of both common patterns and other states that are rare but distinct. In an application
akin to the present analysis, Cassano et al. (20d65) SOMs to characterize atmospheric

circulation patterns associated with temperatuteemes in Alaska during winter.

3.2.1 Individual patterns

To examine the period of freeze-up in more de®DM techniques are utilized to
derive characteristic patterns of ice arrival frbcember 1979 to January 2017. This
analysis was done using the same set of 8-daydseused to examine average sea-ice
cover (Fig. 5), and was coupled with SLPA. The ity analysis provided 12 sea-ice
patterns (Fig. 6) and 12 related SLPA patternsclviiere transformed to SLP (Fig. 7).

To integrate atmospheric forcing with patternscef coverage, the average ice maps were

associated with SLPA from the previous 8 days.iRstance, the first 8-day period for
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sea ice was 1-8 December and the associated th® 18ap would be 23-30 November.
The sea-ice maps were weighted at 70% and the tived&LPA weighted at 30%.

The 12 patterns represent a total of 304 separdtgy 8naps. The number of
individual maps used to obtain each pattern (octhent) is indicated in the upper right-
hand corner of the panels in Fig. 6. Pattern 8¢ldr no ice) was the most common
pattern (representing 48 individual, 8-day maps) pattern 12 was the second most
common (33 individual maps). The lowest numberaafrds (14) was pattern 10, which
represented the most extensive ice.

The sea-ice patterns vary from almost no ice (paten Fig. 6) to complete ice
cover except in the southwest corner over the asittern 10 in Fig. 6). The panels are
color coded in shades of gray, going from whitdtgra 3) to black (pattern 10) and are
mapped onto a timeline (Fig. 8). Typically, ice oxin higher concentrations in the east
or northeast, and progresses southwestward with fline exception to this is pattern 6
(yellow, Fig. 6). Here, the ice occurs mainly ir tmorthern part of the study area.

Associated with each ice pattern (Fig. 6) is a phRern (Fig. 7). Some of the ice
patterns are similar (e.g., patterns: 4 and 5;d7/&rand 11 and 12), but they are
associated with different SLP patterns during trevious 8 days. The groups in the left
column of Fig. 7 (patterns 1, 4, 7, and 10) repreperiods of higher SLP and the groups
in the right column (patterns 3, 6, 9, and 12) espnt periods of lower SLP, i.e., a
relatively strong Aleutian low. The periods witlwler SLP tend to be relatively warm,
and followed by less sea ice, as shown in Fig.h& Aleutian low tends to be
accompanied by a mild air mass of maritime origimd unless it is displaced well to the

east of its typical position, results in relativelgrm conditions for the Bering Sea
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(Rodionov et al., 2007). Conversely, periods ohkigSLP are often accompanied by
colder air masses of continental or Arctic origis,reflected in the composite sea-ice
distributions in Fig. 6. There are generally masbtke differences in the composite SLP
distributions from top to bottom in the grid of thatterns of Fig. 7; this ordering is more
reflective of the sea-ice coverage, which agaimegyhted more heavily in the
construction of the SOM patterns. On the other hdrm&loverall result is that the SLP
distributions with less ice (the bottom row) impWnds more from the southeast through
the east, while the SLP distributions with greater(the top row) imply winds from the
northeast.

As noted above, pattern 6 is somewhat unusuarmmstef its more north-south
gradient in sea-ice concentration in contrast ¢éontiore typical northeast-southwest
gradient. The composite SLP map for this group.(Fjgmplies relatively strong winds
from the east. This results in greater poleward &ktnansports near the ice edge, and
apparently inhibits the southward extent of icéhi@ eastern portion of the domain of
interest. Pattern 6 also includes a SLP distrilbuitnalicative of slightly stronger winds
from the northeast, which would serve to promatenalency for more sea-ice growth in

the western portion of the domain than during ttieoperiods.
3.2.2 Timeline of variability

The patterns of ice cover (and SLP) were mappea @timeline (Fig. 8). Two
temporal patterns immediately arise. First, as etquk the concentrations of ice increase
from December through January (i.e., the colorebmcdarker). Second, there appears

to be multi-year patterns of ice. For instance38/19989-1994/1995 and 2005/2006—
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2013/2014 have extensive ice in January. In cont2@44/2015-2016/2017 and
2000/2001-2004/2005 (except 2001/2002) had lowematnations of ice through
January. Interestingly, the patterns since 200@apio coincide with the warm/cold
(low ice extent/extensive ice extent) years ingbethern Bering Sea (Stabeno et al.,
2012b, 2017). These stanzas of warm (2001-2003-2W116) and cold (2007-2013)
have dominated the ecosystem of the southern B&eagfor almost two decades
(Stabeno et al., 2012a; 2017). Since 2000, icepetin March and April on the southern
Bering Sea shelf appear to be related to ice pettierthe preceding fall and winter on
the northern Bering Sea shelf. Before 2000, iceepag on the southern Bering Sea
showed strong year-to-year variability, which was e case in the northern Bering
Sea.

As mentioned previously, pattern 6 had a stronghasouth gradient and a
relatively weak east-west gradient. This pattennallg dominated for multiple 8-day
periods in December-January (e.g., 1984/1985, 2000/, and 2015/2016). In addition,
during each of these three periods the ice appealatively late. In the southern Bering,
two out of three of these periods (2001 and 20l&evow ice years with warm ocean
conditions, while 1985 (which was before the shiftay from high year-to-year

variability in the south) had moderate ice in Maacid April (Stabeno et al., 2012b).

3.2.3 Ice keel depth

Timing and duration are two indicators of varidlyiin sea ice. Another is the
draft or keel depth of the ice. Such measurementise Bering Sea are uncommon, and

most are isolated reports of large pieces of ideaon a limited number of ice cores (e.g.,
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Sullivan et al., 2014). In fall 2015, a mooring weployed to measure ice-keel depth
throughout the fall and winter at M8. During thepblg'ment, ice draft data were
collected for about four months, beginning in maary (Fig. 9). While the daily mean
keel depths were relatively small (<1 m), the daigximum keel depths were
substantial. On three different days, the keelldepteeded 15 m. The deepest keel was
on 13 March, exceeding 20 m.

The ice in 2015/2016 (Fig. 8) was largely confinedhe northern Bering Sea
through January, with a north-south gradient. kderded farther south as winter
progressed, finally reaching ~57.8°N in early Maahg then quickly retreated to north
of 62°N by early May (Stabeno et al., 2017). EMarugh not an extensive ice year in the
southern Bering Sea, there were still large (thitdgs of ice present on the northern
shelf. Such deep keels present a danger to modfitigs surface float is within 20 m of

the surface, thus making measurements in the nefaes waters difficult during winter.

3.3 Temperature, salinity and nutrients at mooring M8

3.3.1 Water column temperature

Temperature, salinity, currents, and chlorophylbfescence have been measured
at M8 almost continuously since summer 2005. Extmphe summer of three years
(2005, 2008, and 2009) when short-term mooringh sliiallower instrumentation were
deployed, the upper instrument was at ~20 m. Whitedesign was prudent to avoid
possible damage or loss of the mooring due toceatilimits the measurements in the
upper part of the water column. Fortunately, théeweolumn typically mixed to below

20 m by late August and remained mixed into latengp(Fig. 10a). So, for late summer
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through mid-spring the upper water column tempeeatould be extrapolated to the
surface. To examine upper layer temperatures dtinmgest of the year other sources of
data must be found. Two in situ sources of da¢eamailable. First, as already
mentioned, during three summers data were colldobed short-term moorings which
sampled the upper water column. Second, temperptofiles were measured on more
than 30 hydrographic casts that were conducteldemear vicinity of the mooring during
the ice-free months. These casts, also, provideatsts of the mixed layer depth.
Temperature in the upper 20 m was linearly intexfeal in time when water column
sampling (either through moorings or CTDs) occustiin 5 days of each other. The
gaps in data in the upper 20 m are evident in Fad, but reliable daily temperatures
exist from September into May throughout the watdumn and at depths below 20 m
during the entire year.

One way to expand the coverage of temperaturesinipper water column would
be to use SSTs from model output. Daily SST fromardety of models were compared to
the measured near surface temperatures at M8. dHelmutput that was best correlated
to observations was NASA JPL's MUR analysis. Theuahcycle of monthly MUR SST
and monthly near-surface temperature from M8 compaall (Fig. 11a). The monthly
SSTs ranged from a maximum of >9 °C in August toiimum of approximately -1.7
°C in February through April. During May—August thiJR SST is slightly warmer than
that measured at M8. The likely cause of this & the summer measurements at M8
were dominated by three years with more extens®eand thus colder temperatures. The
daily SST MUR anomalies were calculated relativeheomean daily MUR SSTs (2002—

2017) and the daily near-surface temperature anesnakre calculated relative to the
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daily mean SST measured at M8 (2005-2017). Thg 88 anomalies from MUR were
correlated (p<0.01) with the anomalies at M8, hosvedeviations could be as large as
+5°C (Fig. 11b), while variability of the monthly erage SST anomalies (blue dots in
Fig. 11b) was much reduced. So, while monthly mdaliR SST provides a reliable
estimate of temperature, the daily MUR SST woultdbeohelpful in filling the missing
temperatures in the upper 20 m in Fig. 10b.

Summer mean SST anomalies (MUR) are negativelelied (R=0.5; p<0.01)
with date of ice retreat (2002—2017)—that is, earéyretreat was associated with
warmer summer (June—-September) temperatures (o@nh3hWhile temperature
anomalies from February through April were neapz#dre anomalies in June through
September tended to vary by year—some years waerer 2002-2004, 2014, 2016)
and some colder (2009, 2011, 2012) (Fig. 11c).waemer-than-average years were
typically found in bands (or groups) with less isdDecember and January, while cooler

than average years were in bands of years of measve ice in December and January
(Fig. 8).
3.3.2 Mean ocean temperature and anomalies

The 13 years of ice and temperature data showigsl EOa and 10b were averaged
to create an annual signal (Fig. 12). Sea icedsgnt and the water column remains cold
from January until early June; the near surfacenseg warm in June when sea ice
disappears. In September, the water column begimsx and is typically well mixed by
mid to late November. With the arrival of ice, thiater column continues to cool. By late

December the water column reaches its near miniteomperature of —1.7 °C.
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Temperature anomalies at M8 (Fig. 10c) were derreétive to the annual
temperature signal (Fig. 12b). The entire wateuiwwl was warmer than average in 2005,
2014/2015 and especially in late 2016. The greatesmalies in the water-column
temperature structure occurred at the interfacedmt the wind-mixed layer and deeper
water (~20—30 m), and during warm periods in fall2 through early 2017 (Fig. 10c).
Both the cool and warm anomalies at the bottonmefmixed layer are associated with
timing of mixing. For instance, delayed fall storfimsit mixing and result in cooler
temperatures below the mixed layer (e.g., 200832@Meeper mixed layers (e.g., 2015)
and early storm activity (e.g., 2005) result in mar temperatures below the mixed layer.

Fall winds serve to mix the water column and hesaiese warming near the
bottom; the entire column then cools slowly dugh®loss of heat to the atmosphere.
The arrival and melting of sea ice cools and frashibe surface. This cold water is
mixed vertically on time scale of a week (Sullivetral., 2014). The rapid cooling of the
bottom following the arrival of sea ice is evidam2005, 2015, and 2017 (Fig. 13).
When ice is delayed, the warm bottom temperatuaagersist into January (e.g., 2015

and 2017).

3.3.3 Salinity

The temporal variability of salinity is shown atdwlepths: 30 m and 55 m (Fig.
14). The pattern at 30 m has the highest salinitpril decreasing through September as
the surface freshwater lens mixes vertically. Ihye@ctober, the water column continues
to mix, entraining more saline bottom water andstimereasing the salinity at 30 m. In

December, the water column has mixed nearly tdttem, and salinity at 30 and 55 m
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are largely in agreement. As the winter progrefisesvater column becomes more
saline. From April into November the salinity nélae bottom (55 m), in contrast to the
salinity at 30 m, freshens only slightly.

Two sources of water in the vicinity of M8 are flalong the 100-m isobath which
originates on the southern shelf and the onsheM of slope water through Zhemchug
Canyon (Fig. 1; Stabeno et al., 2017). At M8, th#dydmean currents at 55 m are highly
variable, but the annual mean flow is weak towaedrtorth-northwest (u = -0.160.13
cm §' [+SEM], v = 0.2%0.16 cm &). During December—March the mean currents are
slightly stronger and toward the northwest (u=-G:3224 cm &, v=0.3%0.30 cm &).
(The data used in the velocity calculations welkected during September 2005—
September 2009, September 2010-September 201 3egteimber 2013—September
2017.) The slope and outer shelf (that part ofstiedf where water depth ranges from
100 to 180 m) has salinities >32, and are likelg saurce of the more saline water that
replenishes the region around M8 in December thrddgrch. An additional sporadic
source of more saline water is brine rejectionmyice formation, especially in the
polynya south of St. Lawrence Island.

An examination of the monthly mean salinity anoesiat M8 reveals a multi-year
pattern of variability (Fig. 15). From 2005 to 20@&linity at M8 was often >32.4, but
from 2008 to 2014 there was a decrease in salyitgimost 1; this was especially
evident in the near-bottom water. This period largeincides with the group years of
colder SST and more extensive sea ice in the spinglar freshening occurred to the
south at moorings M4 and M5 (see Fig. 1 for logag)o For instance, at M4, the water

column freshened by ~1 from 2006 (reported as aragedce year in the south in
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Stabeno et al., 2012b) to 2007 (an extensive ie€) yad these lower salinities persist
until 2014, when the southern shelf shifted torgeseof years of less ice. Similarly,
salinity decreased at M5 during this period (Stabetal., 2012a). A similar decrease in
salinity was also observed at Bering Strait (Woaeg2018). With the return of low ice
extents in 2014 (Stabeno et al., 2017), salinineseased at M4. This increase occurred
more than a year earlier than was observed at Mi&hws consistent with the southern
Bering Sea being a possible source of the moreesalater. It takes approximately one
year for water to travel from the southern shelht vicinity of St. Lawrence Island

(Stabeno et al., 2016).

3.3.4 Nutrients

To assess the seasonal variability of nutrients tineaM8 mooring, data within a
1° latitude x 2° longitude box (61.8—62.8 °N, 17461W) around the mooring site were
examined. The data set includes 696 measuremenisaik, nitrite, silicic acid,
phosphate, and ammonium at 166 stations colleatedgl22 cruises between 2005 and
2017 (Table S1). The majority of cruises (15) oocediduring years with more extensive
ice (2007—2012; Fig. 8).

In the bottom layer (45—-80 m) near the M8 mooriitg, $here is considerable
variability in the concentrations of nitrate anlic&s acid (Figs. 16a and 16b). Much of
this variability resulted from the vertical nutrtegradients in the bottom layer. For
example, in spring 2007, the gradient between sasngllected in the bottom layer
averaged 2.8 uM nitrate and 5.8 pM silicic acidrtMal gradients were also observed in

salinity suggesting that nutrient variability wae tresult of physical rather than
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biological forcing. Even with this variability, tHeottom waters displayed a small, but
significant (p < 0.001), seasonal signal with tighbst nitrate, dissolved inorganic
nitrogen (DIN) and silicic acid concentrations atveel during ice retreat (April and
May), and lower concentrations in fall (Septembeste®er) and late winter (March)
(Fig. 16, Table 1). This pattern is consistent withrient replenishment beginning in fall
and continuing until ice retreat in spring, althbugter-annual variability between
observations in March and in April-May cannot bscdunted. On the northern middle
shelf, a relatively thick pycnocline overlaps thghkotic zone, and this frequently results
in a subsurface chlorophyll maxima within the pydie (Stabeno et al., 2012a). The
decrease in the deep nutrient pool during summegrimpart be caused by this sub-
pycnocline phytoplankton production.

In the upper water column (0-15 m; Figs. 17a arg),ltfie highest concentrations
of nitrate and silicic acid were observed during pleriod of ice retreat (April-May),
with concentrations of 12.7 + 0.3 uM (82) and 36@.6 uM (82), respectively (mean £
SEM [number of samples]). These nutrient levelsengggnificantly lower (p < 0.0001)
than simultaneous measurements in April-May madkeper water (Table 1; Figs. 16a
and 16b), a result consistent with the onset ahary productivity from ice-associated
algae and/or from phytoplankton. Assuming that @ealspatterns in nitrate were similar
in all years, by early June nitrate is nearly deggen the upper water column (Fig. 17a).
(Data below 15 m are not shown, but mean nitratime was 0.5 and 3.7 uM at 20 m
and 30 m, respectively). Integrating seasonal (Aprdune) changes in nitrate and
ammonium over the upper 30 m, and assuming a raptake ratio of 106C:16N

(Redfield, 1958), net community production was 31 gi%, a value similar to previous
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findings of 33 g C if over the entire northern middle shelf (Mordy et 2012). This
drawdown occurred in ~ 30 days, equivalent to ashtel g C rifd™, a value similar to
measurements of net primary production in the re¢o05—2.53 g C ihd™; Lomas et
al., 2012). The concomitant loss of silicic aciig(FL7b) was indicative of diatom
production. While the Si:N drawdown ratio in JuBe?) exceeded the traditional Si:N
ratio for vegetative diatom production (~1) (Brzeskin 1985), higher ratios have been
observed under nitrogen limiting conditions (Ku@603; Sugie et al., 2010).

Ammonium is formed through the remineralizatiorooganic matter, and is
subsequently oxidized into nitrate through nitation (Lomas and Lipschultz, 2006).
Ammonium concentrations in the bottom layer wetatieely constant from March to
June, averaging 1.1 £ 0.Q8/ (112), but increased significantly to 2.9 + ¥ (237, p
< 0.0001) during the ice-free months (Fig. 16cjs lhypothesized that through the
winter, remineralization and nitrification are rdigin balance, such that ammonium
concentrations remain relatively stable while néreoncentrations are replenished.
Concomitant with ice retreat and increasing primeg secondary production in spring,
organic matter (including ice-associated algaexorted to the bottom layer and
benthos, and through the summer, ammonificatioe&ds nitrification resulting in a
build-up of ammonium. This simplified suppositioaghects other important physical
processes (e.g. advection/diffusion) and biologitatesses (e.g. phytoplankton
assimilation below the pycnocline, Stabeno et2@l1,2a) that influence ammonium
concentrations.

Between June and October, ammonium accumulatedhwiitb bottom (45-80 m)

layer at a rate of 0.8 + 0.1 mmol’nd™ (p < 0.0001). Stable isotope studies have found
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that sedimentary efflux serves as the primary soaf@ammonium in overlying waters
(Granger et al., 2011; Morales et al., 2014), &edabserved ammonium accumulation
rate in Fig. 16c is approximately the same as sdineet measurements of the
sedimentary ammonium efflux (Lomstein et al., 1986nriksen et al., 1993). Other
direct measurements have low or near zero effle® {&ble 5 in Horak et al., 2013).
These differences may be related to spatial angdesth(seasonal and interannual)
variability inherent in instantaneous measuremeaotspared to isotopic measurements
that integrate over space and time.

In the upper water, ammonium concentrations, urlik@te, decline in spring
from 1.3 £ 0.1uM (17) in March to 0.7 = 0.uM (82) in April-May (p < 0.0001) (Figs.
17a and 17c). This finding is consistent with prefitial ammonium uptake in ice-
covered waters in spring (Morales et al., 2014)ilgVdimmonium was measurable in
surface waters through the summer, the balanceceatphysical (e.g.,
advection/diffusion) and biological (e.g., phytaptéon uptake, nitrification,
ammonification) processes remains unknown.

The temporal variability of nutrients near the M8arnng was determined by
subsampling for stations between July and mid-Gat@o eliminate seasonality), and
selecting for the deepest sample per cast witl@r60+-80 m depth range (samples were
generally within 5 m of the bottom). The numbesamples per cruise varied widely, so
the yearly mean was determined from the mean Valueach cruise. No significant
trend was observed for silicic acid, but betweed32and 2016, there was a significant
reduction in the bottom water concentrations of dN= 0.0007) and phosphate (p =

0.02) (Figs. 18a and 18b). Associated with thigekese in nutrient content was
29



654 freshening of ~1 psu (Fig. 15). The freshening iaths that the decadal reduction in
655 nutrient content was likely mediated by physicaiMgction along the 100-m isobath)
656 rather than biological processes. In 2017, phospéiad DIN concentrations increased
657 concomitant with an increase in salinities at 3(Fng. 15; salinity at 55 m was

658 unavailable in 2017).

659 3.3.5 Zooplankton

660 The abundance @&alanus spp. showed multiple patterns over the past decade.
661 During years of early ice retreat (2005, 2014-20&8)ly stages dCalanus spp. were
662 largely absent from the plankton (Fig. 19). The agfe was observed during years of
663 late ice retreat (2008—-2010) where considerablebeusnof early stage copepodites were
664 observed. These observations agree with what reasreported foCalanus spp. (cited
665 asC. marshallaein Napp et al. (2002)) on the southeastern Berem shelf across warm
666 and cold periods (Napp et al., 2002; Campbell .eRfll6; Kimmel et al., 2018). The
667 initiation of reproduction in association with ialgae has been demonstrated in the
668 northern Bering Sea (Durbin and Casas, 2014) am$éiuBay, Canada (Rungeal.,
669 1991). By analogyCalanus spp. initiate reproduction after emergence froapduse by
670 consuming ice-associated algae, as has been obddene@ glacialis in Rijpfjorden,

671 Svalbard as well (Sgreids al., 2010).

672 In Calanus spp., the timing of the ice retreat determinesmwieproduction begins,
673 and subsequent warming determines the developraenbf the offspring. These

674 combined effects result in the variability obserasdong the early (C1-C4) life-history

675 stages in response to ice retreat and temperd&orexample, a high number of adults
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were present in the very cold year 2009 (Fig. $9¢gesting that the late ice retreat in
this year resulted in the presence of some repmduciults much later in the year than
is normally observed. It is also interesting toenthtat the abundance Gélanus spp. C5
copepodites appeared largely unchanged over tioreCdtanus spp., diapause is thought
to occur in the C5 stage, but has been reporteddor in the C4 or C6 stage as well,
depending on location (Baumgartner and Tarrant/ 2@hough direct reports from the
Pacific Ocean basin are limited. Temperature agfdus pattern, i.e., in cold years
Calanus spp. may not enter diapause at the C5 stage, adharavarm years, all
copepodites are likely to have made it to the @§estand enter into diapause early.
Therefore, it was not surprising that C5 abundahdeot change because during a cold
year, more C5 may be in the water column prioriapause, whereas in a warm yeat,
more copepodites have made it to the C5 stagenany C5 may have already exited the
water column and entered diapause. This differs fobservations in the southeastern
Bering Sea (Napp et al., 2002; Kimmel et al., 204Bg¢reCalanus spp. C5 were in low
abundance, or absent, from the plankton in theTails observation suggests that the
lower temperatures near M8 result in m@atanus spp. C5 being present in late-
summer/early-fall as compared to the southeasteih whereCalanus spp. C5 would
have entered diapause. Despite substantial chamgfes timing of ice retreat, the
Calanus spp. population appears to obtain similar pre-@ige abundances from year-to-

year.
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697 4. Summary and conclusions

698 The northern Bering Sea is part of the Pacific srotarine ecosystem, and as such
699 s predicted to be sensitive to climate change QRimate Change, 2007). Prior to

700 2014, however, there had been no trend in the diihnee arrival, retreat nor duration in
701 the vicinity of M8. On average (1980-2017), icenead at M8 in late December and

702 departed in mid-May, thus areal ice cover (>20%s3isted for an average of ~140 days.
703 Since 2014, the arrival date of ice has been &tdrthe retreat date earlier, reaching an
704 extreme in 2017/2018 with ice being present at ~h88al cover for only one day in

705 mid-March. On average, the changes observed dthetast four years fall within

706 changes predicted to occur in the next 30 years-wilteetreat 10-20 days earlier, and
707 arrive 10-20 days later, resulting in a decreas20e80 days in the annual duration of
708 ice (Wang et al., 2018).

709 Formation, advance, and retreat of sea ice aregpifyra result of atmospheric

710 forcing. Less ice is associated with wind anomabieisof the east to southeast, while
711 more extensive ice is associated with stronger svineim the northeast (Figs. 6 and 7).
712  Periods with a strong Aleutian low, with its milot mass, are associated with less sea
713 ice. Conversely, periods of higher SLP with coldadicontinental and/or Arctic origin
714  support more extensive sea ice. Historically thelsern Chukchi freezes before the

715 northern Bering Sea. The southern Chukchi free2@sdays later than it did in in the
716 early 1980s (Fig. 4), which will may begin to impé#ute timing of ice arrival in the

717  vicinity of M8.
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One surprising result from this research was thii+year patterns of variability
in sea-ice cover during December and January d¢f ieacyear. The common pattern of
extensive ice in January was interrupted by shenbds (2-5 years) of low areal ice
concentrations in the vicinity of M8. Since 200@gse low ice years in the north often
appeared related to low ice periods in the soutBermg Sea. The connection was likely
a combination of two factors: first, persistenceimiy the winter of atmospheric patterns
that did not promote sea-ice formation and advaaticexisting sea ice southward; and
second, the delay of sea-ice formation in the nibréh decreased the time (maximum ice
extent usually occurs in March) available for iodbe advected southward. Note, that sea
ice in the southern Bering Sea is largely adve(sedlivan et al., 2014), and the main ice
formation areas in the Bering Sea are the polyay&t. Lawrence and St. Matthew
Islands, and along the Alaskan and Siberian co@#tde there may be a delay in ice
formation, it must be noted that ice can move vapidly over the Bering Sea shelf—in
2007/2008 sea ice was advected ~1000 km, transfgrtheeastern shelf from a region

of little ice to largely ice covered, in less tHahdays (Stabeno et al., 2012a).

The question arises whether delayed arrival oicea the northern Bering Sea
is going to be the “new normal”. Historically, sSea arrived in the northern Bering Sea
in December and had at least three months to graxtent before the onset of greater
insolation and the typically warmer weather in Agfiwarm intervals such as occurred
in February 2018 also become more frequent, thiyel@ date of ice arrival will result
in lesser maximum ice extents for the Bering Seth avhost of consequences for the

regional marine ecosystem.
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Sea ice directly affects the ecosystem. Earlyétesat in spring was correlated
with warmer SST during summer. Late ice arrivalhie fall/winter was related to warmer
bottom temperatures. Increases in water columneestyres were particularly evident in
2015-2017. The timing of ice retreat on the Befbeg shelf influences the timing of
primary production in the spring (Sigler et al.12). The timing of ice retreat and
warmer conditions also impact timing of reproductand development rate Galanus
spp. For instance, during years when ice retrezdelier, there were fewer early life
history stages ofalanus spp. (and vice versa). Warmer bottom temperatwieih
reached >4°C for short periods in 2016, can aloence benthic production (e.g.,
increasing metabolic rate during fall).

The northern Bering Sea is identified as an infehelf (Carmack and Wassmann,
2006) and is the source waters for the Chukchi Gkanges in ocean temperature,
nutrient concentrations and zooplankton populatioriee Bering Sea will likely impact
the Chukchi Sea ecosystem. The reduction in seaiicalso impact transportation,
marine mammal habitat, coastal erosion, and thabitdnts of coastal communities who
depend on ice for access to resources (huntingaksodor protection from storm driven

waves along the coast.
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Table 1. Concentrations of nutrients [mean * standard extéine mean (N)] in deep
water (45—80 m) near the M8 mooring (61.7°-62.7FR4°-176°W). P-values < 0.0001
indicate extremely statistically significant difésrces (t-test) between concentrations in

spring and those in fall and winter.

All Data Early Ice Retreat Fall Winter
Nutrient (Mar - Oct) (Apr - May) (Sep - Oct) P-value (March) P-value
(HM) (HM) (HM) (HM)
Nitrate 12.7 £ 0.2 (349) 15.1 + 0.4 (83) 11.7+@29) <0.0001 10.4+0.6(15) <0.0001
DIN 15.1 £ 0.2 (349) 16.3 £ 0.4 (83) 15.2 £ 0.2 (139) 0.6001 12 +£0.7 (15) <0.0001

Siicic Acid  34.8+0.5(349) 41.1+0.9(83) 33.5&@l39) <0.0001 30.3+1.9(15) <0.0001
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Figure Captions

Figure 1. DBO-1 is indicated approximately by the blue boxie west of St. Lawrence
Island. Mooring locations M2, M4, M5, and M8 arélicted. The flow patterns are
adapted from Stabeno et al. (2017) and do notdectbhe Alaskan Coastal Current nor

the circulation around Pribilof Islands.

Figure 2. The sampling area for sea-ice concentration (bit&) and sea level pressure
(red dots). The region in the Chukchi Sea wheredmer was calculated is outlined in

purple.

Figure 3. (a) Timing of the arrival (areal ice concentratie?0%) of sea ice in the 50 km
x 50 km box centered at M8. (b) The day of icee&t areal ice concentration is <20%).
(c) The number of days between when ice arrivesdaparts the box around M8. The
data points for 2017-2018 are open circles, inthgathat these data are an interim
product not the final bootstrap data product arad tihe estimated areal ice coverage is
only 18%. In each panel, the dashed line indicditesnean of data set, excluding the

2018 data.

Figure4. Time series of ice arrival 50 km x 50 km box esatl at M8 (>20%) and the
timing of 80% ice cover in southern Chukchi. Meatedat M8 of arrival is day 361 (27
December), and mean date for the southern Chugday 332 (27 November). In 2018,

sea-ice concentration only reached 18% at M8, wisiahdicated by the open circle.

Figure5. Patterns of average (1979-2017) ice cover inyBpagiods from December 1

through February 2.
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Figure6. The 12, 8-day patterns of sea ice derived by STUM.accompanying SLP
patterns are shown in Fig. 7. The patterns are colded in the lower part of each panel,
from white (lowest ice concentration, pattern 3plack (highest ice concentration,
pattern 10) in shades of gray. Pattern 6 has tbagst north-south gradient. These color
codes (gray) are used in Fig. 8. The numbersanugper right-hand corners indicate the

number of maps used in calculating that pattern.

Figure7. The 12, 8-day patterns of SLP calculated from/ASHErived by SOM. The
number in the lower right-hand corner indicatespghttern number. The accompanying

sea-ice patterns are shown in Fig. 6.

Figure 8. Timeline of SOM patterns. Patterns are indicatgdhmdes of gray (Fig. 6) and
by the small number in each box. Note that theefatke color the more ice in the
pattern. The yellow indicates pattern 6, with amsgy north-south gradient. The warm
(red) and cold (blue) years at the southern mopty are indicated on the right (data
from Stabeno et al., 2017). The striped line indisgeriod of high year-to-year
variability. The winter/spring of 2006 and 2017 leagkrage ice cover, which is indicated

by white.

Figure 9. Time series of daily maximum (red) and daily méalack) keel depth at M8.
Figure 10. Time series of (a) percent ice cover in the 50&0 km box centered on
M8, (b) color contours of daily averaged tempemtatrM8, and (c) color contours of the

temperature anomalies at M8.

a7



999 Figurell. (a) Time series of monthly average temperatuM8({2005-2017; blue) and
1000 MUR (2002-2017; orange). (b) Scatter plot of dégyay) and monthly (blue) near
1001 surface temperature anomaly measured at M8 andr88ITMUR. The trend line is
1002 through the monthly data. (c) Time series of MURI $%onthly mean anomalies. The
1003 colored lines at the bottom indicate periods oftia ice (red) and more extensive (blue)

1004 in December/January from Fig. 8.

1005 Figurel12. (a) Daily average ice cover (NSIDC) in 50 km xkKs0 box centered on M8
1006 (1980-2017). The gray area indicates the SEM. @ily@&dverage temperature at M8

1007 (2005-2017) calculated using the data shown in Fig.

1008 Figure13. Monthly mean near-bottom temperature at M8 (cplrels) and indication
1009 of ice extent (white bars). The thin white linedicate ice is present at >5% areal
1010 coverage and the thicker lines that ice is preaerB0% areal coverage in the 50 km x
1011 50 km box around M8. The black line at the bottowtigates the long term areal ice

1012 cover (>20%).

1013 Figurel4. The annual signal of salinity at M8 (2005—-201{73@m (blue) and 55 m
1014 (orange). The salinity sensor at 55 m failed frospt®mber 2007 to August 2008, and

1015 the sensor at 30 m failed from September 2016 @uau2017.

1016 Figurel5. Time series of monthly anomaly of salinity at Bi830 m (blue) and 55 m

1017 (orange). The shaded areas indicate December—Fglhonaach year.

1018 Figure16. Concentrations (uM) of individual samples of rf@yate, (b) silicic acid, and
1019 (c) ammonium in deep water (45-80 m) near the M8nng. The data are color coded

1020 by year as indicated in the symbol key for eaclr gbave the top panel.
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Figure 17. Concentrations (LM) of (a) nitrate, (b) silica@ and (c) ammonium in
shallow water (0—15 m) near the M8 mooring. Thedae color coded by year as

indicated in the symbol key above the top panel.

Figure 18. Time series of (a) phosphate, and (b) DIN conegions (LM) in deep (60—

80 m) water near the M8 mooring. Open circles idelall samples collected regardless
of season. Red circles are the yearly summertimrenméerived from the means of each
summer cruise (July to mid-October) using onlydeepest sample per cast. Error bars

are the propagated standard deviations.

Figure 19. (a) The day of ice retreat (areal ice concernais <20%) in 50 km x 50 km
box centered at M8. (b) Abundance @ggumber i) of different stages afalanus spp.

at M8 (70-km box). C1-C4 are early life-historygsta.
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Figures

\ 2005, Zhemchug
C.

\ St Paul I.

Figure 1. DBO-1 is indicated approximately by the blue boxHe west of St. Lawrence
Island. Mooring locations M2, M4, M5, and M8 ardlicted. The flow patterns are
adapted from Stabeno et al. (2017) and do notdectbe Alaskan Coastal Current nor

the circulation around Pribilof Islands.
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1039 Figure 2. The sampling area for sea-ice concentration (biltk) and sea level pressure

1040 (red dots). The region in the Chukchi Sea wherewer was calculated is outlined in

1041 purple.
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Figure3. (a) Timing of the arrival (areal ice concentrate20%) of sea ice in the 50 km
x 50 km box centered at M8. (b) The day of iceet(areal ice concentration is <20%).
(c) The number of days between when ice arrivedaparts the box around M8. The
data points for 2017-2018 are open circles, indigahat these data are an interim
product not the final bootstrap data product ard the estimated areal ice coverage is
only 18%. In each panel, the dashed line indicitesnean of data set, excluding the

2018 data.
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Figure4. Time series of ice arrival 50 km x 50 km box esetl at M8 (>20%) and the

timing of 80% ice cover in southern Chukchi. Meatedat M8 of arrival is day 361 (27

December), and mean date for the southern Chugaay 332 (27 November). In 2018,

sea-ice concentration only reached 18% at M8, wisidghdicated by the open circle.
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1056
1057 Figureb5. Patterns of average (1979-2017) ice cover iny8paaiods from December 1

1058 through February 2.
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Figure6. The 12, 8-day patterns of sea ice derived by STM.accompanying SLP
patterns are shown in Fig. 7. The patterns are colded in the lower part of each panel,
from white (lowest ice concentration, pattern 3y&sk blue (highest ice concentration,
pattern 10). Pattern 6 has the strongest northsgradient. These color codes are used
in Fig. 8. The numbers in the upper right-handheos indicate the number of maps used

in calculating that pattern.
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1068 Figure7. The 12, 8-day patterns of SLP calculated from/ASHderived by SOM. The
1069 number in the lower right-hand corner indicatesghtiern number. The accompanying

1070 sea-ice patterns are shown in Fig. 6.

56



December January
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123 456 7 8 Figure 8. Timeline of SOM

1979-1980 > - e
patterns. Patterns are indicated

2 4
1980-1981 3 | 4 4
1981-1982 2 |5 SN
19821983 2 2 2
1983-1984 = 3 1 1
1984-1985 : 3 3 1
1985-1986
1986-1987
1987-1988
1988-1989
1989-1990
1990-1991
1991-1992

: by shades of gray and by the

: : small number in each box. Note
that the darker the color the

’ more ice in the pattern. The

yellow indicates pattern 6, with a

strong north-south gradient. The

1992-1993

1993-1994 warm (red) and cold (blue) years
1994-1995 at the southern mooring, M2, are
1995-1996

1996-1997 indicated on the right (data from
1997-1998

1998-1999 Stabeno et al., 2017). The striped
1999-2000

2000-2001 line indicates period of high
2001-2002 bl h
5002-2003 year-to-year variability. The
2003-2004 winter/spring of 2006 and 2017
2004-2005

2005-2006

had average ice cover, which is
2006-2007

2007-2008
2008-2009
2009-2010
2010-2011
2011-2012
2012-2013
2013-2014
2014-2015
2015-2016 3 3 3 6 6 6 6 6
2016-2017 33 1 1 3 3 1 2 2

indicated by white.
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1074 Figure9. Time series of daily maximum (red) and daily méalack) keel depth at M8.
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1077 Figure10. Time series of (a) percent ice cover in the 50k&0 km box centered on
1078 M8, (b) color contours of daily averaged tempemtairM8, and (c) color contours of the

1079 temperature anomalies at M8.
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Figure 1l. (a) Time series of monthly average temperatuM8({2005-2017; blue) and
MUR (2002-2017; orange). (b) Scatter plot of dégyay) and monthly (blue) near
surface temperature anomaly measured at M8 andi8&TMUR. The trend line is
through the monthly data. (c) Time series of MURT $%nthly mean anomalies. The
colored lines at the bottom indicate periods oftiah ice (red) and more extensive (blue)

in December/January from Fig. 8.
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Figure 12. (a) Daily average ice cover (NSIDC) in 50 km xKsf box centered on M8

(1980-2017). The gray area indicates the SEM. @lydverage temperature at M8

(2005-2017) calculated using the data shown in Fag.
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Figure 13. Monthly mean near-bottom temperature at M8 (cplrels) and indication
of ice extent (white bars). The thin white linedigate ice is present at >5% areal
coverage and the thicker lines that ice is preaer80% areal coverage in the 50 km x
50 km box around M8. The black line at the bottowficates the long term areal ice

cover (>20%).
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1099 Figurel14. The annual signal of salinity at M8 (2005-201{73@&m (blue) and 55 m
1100 (orange). The salinity sensor at 55 m failed froept®mber 2007 to August 2008, and

1101 the sensor at 30 m failed from September 2016 @uau2017.
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Figure 15. Time series of monthly anomaly of salinity at 830 m (blue) and 55 m

(orange). The shaded areas indicate December—Fglionaach year.
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Figure 18. Time series of (a) phosphate, and (b) DIN conme¢ions (LM) in deep (60—
80 m) water near the M8 mooring. Open circles idelall samples collected regardless
of season. Red circles are the yearly summertimrenmederived from the means of each

summer cruise (July to mid-October) using onlydkepest sample per cast. Error bars
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Figure 19. (a) The day of ice retreat (areal ice concermnas <20%) in 50 km x 50 km
box centered at M8. (b) Abundance @gumber n¥) of different stages dEalanus spp.

at M8 (70-km box). C1-C4 are early life-historygsa.
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Table S1. Hydrographic cruises between 2005 and 2017, wiviede used to collect

nutrient samples in the upper (0—15 m) and lows+8) m) portions of the water

column.
. PMEL Number of Samples Sampling Dates
Year Ship .

Cruise ID 0-15m 45-60m Start End

2005 NOAA Ship Miller Freeman MF0513 4 12 9/28 9/28
2007 USCGC Healy HLY0701 35 36 4/18 5/6
USCGC Healy HLY0802 25 25 4/11 4/30

2008 USCGC Healy HLYO0803 15 14 7/26 7/27
R/V Melville MELO823 28 30 8/30 9/1

USCGC Healy HLY0902 22 22 4/15 5/5

2009 R/V Knorr 6N195) 22 17 7/8 7/8
NOAA Ship Miller Freeman MF0904L2 26 24 10/1 10/4

USCGC Polar Sea PSEA1001 17 15 3/12 3/31

R/V Thompson TN249 14 14 6/4 6/5

2010 R/V Thompson TN250 24 22 7/7 7/9
R/V Wecoma WE1008 26 27 8/29 8/30

NOAA Ship Miller Freeman MF1006 6 9/30 9/30

2011 F/V Mystery Bay MB1101 2 2 8/16 8/16
2012 F/V Aquilla AQ1201 2 2 8/12 8/12
NOAA Ship Oscar Dyson DY1208 15 16 9/18 9/18

2014 NOAA Ship Oscar Dyson DY1408L3 26 26 9/25 9/26
F/V Aquilla AQ1401L3 2 2 10/15 10/15

2015 F/V Aquilla AQ1501 2 2 9/24 9/24
NOAA Ship Oscar Dyson DY1509 16 16 9/29 9/29

2016 F/V Aquilla AQ1601 2 2 9/26 9/26
2017 NOAA Ship Oscar Dyson DY1708 16 17 9/29 9/30
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