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ABSTRACT 16 

  17 

The northern Bering Sea and Chukchi Sea represent the gateway from the Pacific to the 18 

Arctic. This contiguous marine system encompasses one of the largest continental 19 

shelves in the world and serves as the sole point of connection between the North 20 

Pacific and Arctic Ocean. This region has unique attributes and complex dynamics, 21 

driven by the convergence of distinct water masses, dynamic currents, advection 22 

between Pacific and Arctic systems, and important latitudinal gradients relevant to 23 

stratification and water mass structure, water temperature, and seasonal ice cover. 24 

Many processes and interactions in the region appear to be changing with important 25 

implications for both hydrography and ecology. Our analyses access remote and local 26 

data sources in US and Russian waters to characterize oceanographic conditions and 27 

analyze the implications of dramatic shifts in recent years. Previously, this region 28 

appeared resistant to trends apparent elsewhere in the greater Arctic. Now, the Pacific 29 

Arctic also appears to be in rapid transition. The conditions observed in 2017-2019 are 30 

unprecedented. We note important shifts in the phenology and magnitude of physical 31 
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variables, including sea-ice extent, concentration, and duration, as well as extreme 32 

reduction in the extent and intensity of the related Bering Sea cold pool. We also note 33 

distinct regional dynamics in sea surface temperature in the Bering-Chukchi system, 34 

distinguishing western, eastern and northern areas of the Bering Sea. Specifically, our 35 

analyses distinguish the northern Bering Sea as an important transition zone between 36 

the Pacific and Arctic with higher frequency variability in sea surface temperature 37 

anomalies. Our results suggest that the strength and position of the Aleutian Low may 38 

be linked to warm to cold phases in the Bering Sea and has an important role in large-39 

scale circulation. While cold winds out of the north are necessary to form ice in the 40 

northern Bering Sea, strong winds may be associated with weak sea ice, as wind action 41 

may break ice and enhance vertical mixing, counteracting enhanced sea-ice production 42 

from the advection of cold air. Research in this important region is complicated by 43 

international borders but may be enhanced through international collaboration. This 44 

analysis represents an attempt to integrate data across Russian and US waters to more 45 

fully represent system-wide processes, to contrast regional trends, and to better 46 

understand physical interactions. 47 

 48 
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 56 

1. Introduction 57 

 58 

1.1. Pacific-Arctic system 59 

 60 

The Pacific Arctic region, spanning the Bering-Chukchi complex (Fig. 1), 61 

encompasses the sole ocean conduit between the Pacific and the Arctic, linked by the 62 
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narrow (85 km) and shallow (50 m) Bering Strait. Despite annual mean northerly winds 63 

(Woodgate et al., 2005), mean transport though the Bering Strait is 0.8 Sv northward 64 

(Sv, Sverdrup, is a non-SI unit of flow; 1 Sv = 106 m3 s-1; Ratmanov, 1937; Natarov, 65 

1967; Coachman et al., 1975; Woodgate et al., 2005), though recent analyses indicate 66 

sustained increases (~1.2 Sv) in Bering Strait inflow to the Arctic (Woodgate 2018). 67 

Transport is highly variable and reversible with a range of -2 to 3 Sv (Roach et al., 68 

1995). Northward transport of Pacific waters imports carbon, nutrients, and plankton into 69 

the Arctic (Asahara et al., 2012; Torres-Valdes et al., 2013); it also transports heat and 70 

has important influences on Arctic sea ice (Woodgate et al., 2010) and global hydrologic 71 

(Agaard and Carmack, 1989) and thermal-haline circulation (Hu et al., 2010). 72 

Throughout this region, there are important and distinctive north-south gradients. These 73 

latitudinal gradients, however, appear to be shifting with important implications for each 74 

regional system, as well as for broader Pacific-Arctic interactions. Each system in the 75 

study area is briefly described below. 76 

 77 

1.1.1. Western Bering Sea and Basin 78 

The western Bering Sea (WBS) shelf is narrow (40-130 km), extending from 79 

Cape Navarin in the north to the Commander Islands and southern Kamchatka 80 

Peninsula (Kivva, In Press). Flow is southward along the shelf break (Natarov, 1963), 81 

dominated by the East Kamchatka Current (referred to as the ‘Kamchatka Current’ in 82 

some literature), a western boundary current driven by gyre dynamics associated with 83 

the adjacent Bering Sea Basin (Verkhunov and Tkachenko, 1992; Verkhunov, 1995). 84 

This flow accelerates in winter (Nov-Mar) and slows in summer (May-Aug). In contrast 85 

to temperature gradients, salinity increases through the water column. The narrow WBS 86 

shelf has higher per-unit-area pelagic production, compared with other regions in the 87 

Bering and Chukchi seas (Aydin et al., 2002; Aydin and Mueter, 2007). The vertical 88 

structure in the WBS includes an upper mixed layer (0-25 m), cold intermediate layer 89 

(55-250 m), warm intermediate layer (250-500 m), and deep Pacific water mass (>500 90 

m; Khen et al., 2015). The depth of convection depends on winter heat loss. The bottom 91 

of this active layer is deepest along the Kamchatka Peninsula (Luchin et al., 2007; 92 

2009). North of Cape Navarin, flow drives northward to the Gulf of Anadyr, over the 93 
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northern Bering Sea shelf and subsequently through the Bering Strait (Khen, Pacific 94 

Research Fisheries Center, TINRO, Vladivostok, Russia, personal communication). 95 

There are as many as 11 distinct water masses that converge in the area north of Cape 96 

Navarin (Danielson et al., 2011), including Bering Shelf Water, Anadyr Water, shelf and 97 

shallow basin waters, and coastal waters.  98 

 99 

1.1.2. Eastern Bering Sea  100 

The eastern Bering Sea is defined by a broad (~500 km wide) highly productive 101 

continental shelf that extends from the Alaska Peninsula to the Bering Strait, typically 102 

defined by three oceanographic depth domains (Inner: 0-50 m, middle: 50-100 m, and 103 

outer: 100-200 m). There is also a distinct separation north-south defined by 104 

temperature. A ‘cold pool’ of bottom water < 2°C extends southwards through the 105 

middle domain (Wyllie-Echeverria 1995; Wyllie-Echeverria and Wooster, 1998; Stabeno 106 

et al., 2016). This oceanographic feature represents the footprint of winter sea ice and 107 

usually persists throughout the summer. In warm years, the cold pool is restricted to the 108 

north. In cold years, it may extend to the Alaska Peninsula (Stabeno et al., 2012a). The 109 

cold pool serves as a barrier and thermal refuge to fish and invertebrate populations 110 

and contributes to a strong latitudinal gradient in physical dynamics and ecosystem 111 

structure (Mueter and Litzow, 2008; Baker and Hollowed, 2014; Ortiz et al., 2016). The 112 

southeastern Bering Sea (EBS) is a subarctic system with significant groundfish 113 

populations and significant pelagic and benthic energy pathways (Aydin et al., 2002; 114 

Aydin and Mueter, 2007). This is in stark contrast to the Arctic systems of the northern 115 

Bering Sea (NBS) and Chukchi Sea, which are dominated by benthic invertebrates and 116 

benthic energy pathways (Grebmier et al., 1988; Grebmier et al., 2006; Whitehouse et 117 

al., 2014). Previous studies have demonstrated that not only physical properties, but 118 

also species distribution and community composition are distinct in the EBS and NBS 119 

(Mueter and Litzow, 2008; Stevenson and Lauth, 2012; Baker and Hollowed, 2014) with 120 

the relative extent of each biogeographic area reflective of temperature regimes (Baker 121 

and Hollowed, 2014). While the conditions of the EBS shelf generally reflect a subarctic 122 

system, the cold pool of the middle EBS shelf more closely resembles an Arctic system 123 
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(Wyllie-Echeverria, 1995) and therefore represents a variable extension of Arctic 124 

conditions associated within the NBS into the EBS area. 125 

 126 

1.1.3. Northern Bering Sea 127 

The seasonally ice-covered NBS encompasses the continental shelf north of 128 

60°N (Sigler et al., 2017), and includes areas north of the Anadyr River and Yukon River 129 

drainages (Andriashev, 1939). This system ranges from Russian coast in the west to 130 

the Alaska Coast in the east (Golikov et al., 1980) and north to the Bering Strait. Mean 131 

current flow is northward into the Arctic Ocean most of the year (Coachman, 1993; 132 

Danielson et al., 2014) and transport plays an important role in exchange and advection 133 

of production from the Pacific to Arctic (Panteleev et al., 2012). This ecosystem is 134 

characterized by distinct regional dynamics in wind stress and circulation, the 135 

integration of various water masses, fluctuating sea ice, highly seasonal production, and 136 

benthic-dominated trophic transfer (Grebmier et al., 2006). Historically, important 137 

differences in water column physics have been noted between the otherwise contiguous 138 

northern and southern sectors of the Bering Sea Shelf, with an Arctic-Subarctic 139 

temperature front (Stabeno et al., 2012b) and distinct nutrient loading (Kivva, 2016) at 140 

approximately 60°N. Until recently, the NBS has been more closely connected in 141 

hydrographic and biological characteristics to the Chukchi Sea to the north than to the 142 

southern portions of the Bering Sea (Walsh et al., 1997; Grebmier et al., 2006; Stabeno 143 

et al., 2012b; Sigler et al., 2017). Distinct attributes related to physical oceanography, 144 

biogeography, species distributions and community structure in the NBS, EBS and WBS 145 

are further detailed in Baker (In Press), Siddon (In Press) and Kivva (In Press). 146 

 147 

1.1.4. Bering Strait 148 

Northward flow is the defining hydrographic feature in the Bering Strait. Mean 149 

northward transport is caused by the pressure head between the Pacific and Arctic 150 

Oceans (Coachman and Aagaard, 1966; Woodgate et al., 2012) and wind effects. This 151 

transports a significant volume of freshwater (Aagard and Carmack, 1989; Woodgate et 152 

al., 2012) and heat (Woodgate et.al, 2007; Steele et al., 2008) and has strong influence 153 

on the circulation, physical processes and ecosystem structure of the Arctic (Pickart et 154 
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al., 2005). Peak northward flow occurs in June-July. In the summer, warm fresh waters 155 

are at the surface, while in autumn, temperature inversion occurs with colder waters 156 

overlying warmer saltier waters. Homogenization occurs in winter as a result of wind-157 

driven or flow-related mixing, convection due to heat fluxes, and brine rejection due to 158 

ice formation (Woodgate et al., 2015). 159 

 160 

1.1.5. Chukchi Sea 161 

The Chukchi Sea is an important transition region for Pacific waters entering the 162 

Arctic Basin (Pisareva, 2018). It is also one of the most productive areas of the world’s 163 

oceans (Walsh et al., 2005). North of Bering Strait, seafloor topography directs flow 164 

along Herald Canyon in the west, Barrow Canyon in the east, and the Central Channel 165 

(Woodgate et al., 2005). Residence time and water properties are heavily influenced by 166 

the throughflow from the Bering Sea (Woodgate et al., 2015). These Pacific waters are 167 

detectable in parts of the upper Arctic Ocean (Steele et al., 2008) and influence 168 

recession of sea ice in the Arctic. In summer, Pacific Water adds subsurface heat. In 169 

winter, Pacific Water forms a protective layer between the winter sea ice and warmer 170 

Atlantic waters (Francis et al., 2005; Shimada et al., 2006; Woodgate et al., 2010). 171 

 172 

1.1.6. Integrated Pacific-Arctic System 173 

The systems within the Pacific Arctic region, while distinct, are strongly 174 

interconnected and trends in each should be considered in assessing northern 175 

hemispheric ecosystem change (Brown and Arrigo, 2012). Importantly, attributes that 176 

have historically distinguished these regions (particularly the thermal barrier between 177 

the southern and northern Bering Sea shelf), appear to be eroding at a rate and to an 178 

extent that far exceed predictions made only a few years ago (Stabeno et al. 2012b; 179 

Lomas and Stabeno, 2014). 180 

 181 

1.2. Sea ice, cold pool and thermal regimes 182 

 183 

Historically, the Bering Sea has been ice-free in summer and covered with 184 

extensive sea ice in winter, with mean maximum sea-ice extent in March (range=Jan-185 
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Apr; Wendler et al., 2014). In winter, atmospheric forcing and ocean circulation drive a 186 

sea-ice advance that is unparalleled in the northern hemisphere (Sigler et al., 2010). 187 

The Bering Sea cold pool represents the summer footprint of this seasonal sea-ice 188 

cover. Recently there has been a series of distinct thermal phases recognized in the 189 

EBS (Stabeno et al., 2001; 2007; 2012a,b; 2017, Stevenson and Lauth, 2019). 190 

Following a period of high interannual variability (1982-2000), the system transitioned 191 

into multi-year stanzas of warm (2000-2005, 2014-2016) and cold periods (2007-2013). 192 

These trends (April-August) have also been recognized in the WBS (Glebova et al., 193 

2009), related to negative temperature anomalies in 2006-2013 correlated with cold 194 

winters and extensive sea ice (Khen et al., 2013). Khen and Zavolokin (2015) also 195 

showed differences in circulation between 2002-2006 and 2007-2011 related to 196 

changes in spring sea level pressure (SLP) patterns and Kivva (In Press) notes that 197 

alternating cold (2006-2013) and warm (2000-2005, 2014-2016) phases were prevalent. 198 

A recent warm period initiated in 2014 throughout the Bering Sea, with 2014-2016 199 

bottom temperatures well above the long-term mean (Conner and Lauth, 2017). In 200 

winter 2017-2018 the maximum extent of sea ice in the Bering Sea was the lowest on 201 

record.  202 

 203 

1.3. Evidence of system change 204 

 205 

In the past 50 years, the Arctic Ocean has experienced unprecedented and 206 

accelerating sea-ice loss (Walsh and Chapman, 2001; Stroeve et al., 2007; Cosimo, 207 

2012), with predictions for an ice-free Arctic (summer minimum) by mid-century (Wang 208 

and Overland, 2009). Multiple factors are driving reductions in sea-ice extent, 209 

concentration, and duration, including rising air temperature (Lindsay and Zhang, 2005), 210 

increased flux of warm water into the Arctic (Maslowski et al., 2001), and advection of 211 

ice out of the Arctic (Serreze et al., 2007). This reduction of sea ice has also initiated 212 

positive feedbacks (Perovich et al., 2007). Until recently, these processes appeared 213 

absent in the Pacific Arctic, especially the Bering Sea (Brown et al., 2011; Brown and 214 

Arrigo, 2012).  215 

 216 
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Prior to 2017, no significant trend in sea-ice extent in the Bering Sea was evident and it 217 

was assumed that seasonal sea ice would continue to form in the NBS (Walsh et al., 218 

2017). Oceanographic conditions observed in 2017-2019, however, contradict these 219 

assumptions. Reductions in extent and duration of sea ice were evident in the satellite 220 

record, with virtually no sea ice in the EBS in winter 2017-2018 (< 0.2 x 106 km2) and 221 

winter 2018-2019 (< 0.4 x 106 km2; Stabeno, et al. 2019). These conditions reflect the 222 

lowest sea-ice cover on record (Stabeno and Bell, 2019) and the first recorded absence 223 

of the cold pool. Shifts in salinity and nutrient dynamics (Stabeno et al., 2019), 224 

northward movement of sub-Arctic groundfish stocks (Stevenson and Lauth, 2019; 225 

Baker, 2020), and notable marine bird mortality events (Duffy-Anderson et al., 2019) 226 

were associated with these anomalous conditions. Pressing questions include whether 227 

this represents a phase or regime shift (Huntington et al., 2020) and the extent to which 228 

these processes and properties vary over decadal and interannual timeframes 229 

(Overland et al., 2012; Woodgate et al., 2015). 230 

Documentation and analysis of trends and variability in sea ice are essential to 231 

project future trajectories and understand ecosystem implications (Walsh et al., 2017). 232 

The post-1979 satellite record provides insight into decadal variability. Our analysis 233 

explored this at various timeframes, comparing consecutive warm (2001-2005, 2014-234 

2016) and cold (2007-2012) years, the preceding period of interannual variability (1982-235 

1999), and recent anomalous conditions (2017-2018). 236 

 237 

1.4. Integrated research and international coordination 238 

 239 

Scientific access across the Bering-Chukchi complex is complicated by the 240 

political boundary between the United States and Russia (Kinney et al., 2014). 241 

Nevertheless, this region is also an area of active research for many Arctic states, 242 

including US, Russia, Japan, Korea, China, and Canada. Several international marine 243 

research and management organizations have been active in the region, including the 244 

Arctic Council, International Arctic Science Committee (IASC), North Pacific Marine 245 

Science Organization (PICES), Intergovernmental Consultative Committee (ICC), 246 

Ecosystem Studies of the Subarctic and Arctic Seas (ESSAS), and Pacific Arctic Group 247 
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(PAG) (Van Pelt et al., 2017). Directed collaborative research between the US and 248 

Russia has occurred in the form of coordinated cruise transects in the long-term 249 

ecological investigations of the Bering Sea and other Pacific Ocean ecosystems 250 

(BERPAC, 1998-1995; Grebmier et al., 2006) and the Russian American Long-term 251 

Census of the Arctic (RUSALCA, 2004-2011; Crane and Ostrovskiy, 2015; Pisareva, 252 

2015), joint mooring deployments (Woodgate et al., 2015), US-Russian cooperative 253 

surveys in the NBS and Gulf of Anadyr (1990; Sample and Nichol, 1994), Bering 254 

Aleutian Salmon International Surveys (BASIS), https://npafc.org/working-255 

groups/#basis), and in the North Pacific Research Board (NPRB) Arctic Integrated 256 

Ecosystem Research program (Arctic IERP; Baker et al., 2020). 257 

Our analysis is part of an ongoing attempt to integrate scientific data from 258 

Russian and US surveys and moorings with region-wide satellite coverage to: (1) 259 

highlight recent trends relative to historical baseline conditions; and (2) investigate 260 

potential mechanisms and implications for the dramatic shifts in the physical conditions 261 

of this important Pacific-Arctic gateway. Observations are informed by research 262 

supported by NPRB, US National Oceanic and Atmospheric Administration (NOAA), 263 

Russian Federal Research Institute of Fisheries and Oceanography (VNIRO) and by 264 

discussions and exchange at the 2016 and 2017 PICES workshops on data sharing in 265 

the Northern Bering Sea (Eisner et al., 2017; Baker et al., 2018) and North Pacific 266 

Ecosystem Status Report (https://meetings.pices.int/projects/npesr). 267 

 268 

 269 

2. Data and methods 270 

 271 

Our analyses consider data at various resolutions and spatial scales, consistent 272 

with different sources of remote sensing and in situ data. We examine sea ice, sea 273 

surface and bottom temperature data along north-south gradients within the Bering Sea 274 

and Chukchi Sea complex. We also examine east-west gradients, use patterns in sea 275 

surface temperatures (SST) to identify areas of statistical convergence and 276 

differentiation, and examine the influence of wind and atmospheric processes. We then 277 
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apply these results to identify sub-regional patterns in the shelf-basin system and to 278 

provide insight as to how regional properties influence system-scale processes. 279 

 280 

2.1. Regional delineation of the Pacific Arctic – cluster analysis  281 

 282 

2.1.1. Data 283 

To evaluate the entire Bering-Chukchi Sea complex (50-76°N, 162E-156°W), the 284 

NOAA Optimum Interpolation Sea-Surface Temperature V2 monthly data product was 285 

used. This dataset has spatial resolution of 1°×1°, with temporal coverage from 1981 to 286 

present (https://www.esrl.noaa.gov/; Reynolds et al., 2002). Data for complete years 287 

from 1982-2018 were used in our analysis. Clustering was performed to group grid 288 

nodes with similar variability in sea surface temperature anomalies (SSTA). Correlation 289 

was chosen as a measure of similarity instead of Euclidian distance. This allowed us to 290 

group grid nodes with similar SSTA dynamics (patterns over time), rather than absolute 291 

values, and delineate regions of synchronous SSTA. The dimensionality of the initial 292 

data was 860 × 444 (grid nodes × monthly SST or SSTA values). Annual mean SSTA 293 

values were calculated to reduce dimensionality of the data. Monthly SST values were 294 

averaged over every year (1982-2011) and the 30-yr mean was calculated for every grid 295 

node. This 30-year mean was subsequently subtracted from annual mean SST time-296 

series for every grid node. Data normality was checked with the Shapiro-Wilk test. 297 

Annual mean SSTA values of many grid nodes for 1982-2011 could not be treated as 298 

normally distributed (160 of 860 data points had W-values < 0.927 with p-values < 299 

0.05). Data were positively skewed in areas close to Cape Navarin, Cape Olyutorsky 300 

and Karaginsky Gulf and negatively skewed in Norton Sound. Areas north of 72° N were 301 

covered by sea ice almost permanently until recent years. This resulted in SST values 302 

(SST = −0.4 to +0.1 °C) close to the freezing point for sea water (SST ~ −1.7 °C) in 303 

most of the time series, whereas many grid nodes in this area were seasonally ice-free 304 

in recent years (SSTA = +0.5 to 1.0 °C). To account for this skewed distribution, we 305 

used the non-parametric Spearman correlation coefficient. 306 

 307 

2.1.2. Clustering approach 308 
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The DBSCAN algorithm (Density-Based Clustering for Applications with Noise; 309 

Ester et al., 1996) and the “dbscan” package in R [https://cran.r-310 

project,org/web/packages/dbscan/dbscan.pdf] were used to identify clusters of similar 311 

SSTAs for grid cells in the Bering-Chukchi regions. This approach searched for data 312 

points with more than N nearest neighbors (‘minPts’) within a certain radius (ε, ‘eps’). 313 

Those data points are assigned ‘core points’. All neighbors of core point within ε radius 314 

were considered to belong to the same cluster (‘direct density reachable’ points). The 315 

DBSCAN result depends on the choice of eps and minPts parameters and should 316 

balance the signal to noise ratio (Schubert et al., 2017). For our purpose, we limited 317 

‘noise’ to values between 0.1-0.3. We performed clustering for all combinations of 318 

minPts between 5-70 and eps between 0.04-0.18 with step 0.02 and documented the 319 

number of clusters and noise ratio for every combination (Appendix, Fig. A-1), and 320 

visualized all results (Appendix, Fig. A-2, A-3). Results were similar and we choose 321 

minPts=31 for subsequent analysis and set eps=0.1. Data included 1982-2018 (444 322 

months). Clustering was based on annual SSTA values as it was difficult to perform 323 

clustering on monthly values without dimensionality reduction. 324 

 325 

2.1.3.  Regional monthly SSTA calculation 326 

Regional SSTA values (1982-2018) were calculated as the monthly value minus 327 

mean value for the month of interest from a 30-year baseline reference period, 328 

excluding periods of recent warming (1982-2011). This allowed us to remove variance 329 

related to seasonal cycle and focus on relative cold and warm events. The SSTA time 330 

series were averaged across every region, weighting by the cosine of the latitude of the 331 

grid nodes. The annual SSTA values were calculated as January-December means. All 332 

months were divided into five categories based on the standard deviation (SD). Months 333 

with absolute SSTA values > 2SD were considered extremely cold or extremely warm 334 

(depending on the sign of SSTA value). Absolute SSTA values between 1 SD and 2 SD 335 

were classified as cold or warm, and months with values between -1SD and +1SD were 336 

considered normal. 337 

 338 

2.2. Bering Sea – sea surface temperature 339 
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 340 

To evaluate regional differences at higher resolution within the Bering Sea, SST 341 

data from the NOAA Coral Reef Watch version 3.1 operational global satellite 342 

(pacioos.hawaii.edu/metadata/dhw_5km.html) were applied. Data were accessed via 343 

the Pacific Islands Ocean Observing System ERDDAP site (https://pae-344 

paha.pacioos.hawaii.edu/erddap/index.html) and spanned 01 January 1986 – 31 345 

December 2019. These data include daily satellite information with a 5-km spatial 346 

resolution. Data were spatially apportioned to the EBS, NBS, and WBS using the PICES 347 

NPESR Working Group 35 spatial boundaries for regions 13, 14, and 16, respectively 348 

(https://meetings.pices.int/projects/npesr). Because we were primarily interested in shelf 349 

habitats, data were limited to locations with depths between 10 m and 200 m, as 350 

determined from Amante (2009), accessed via the marmap package (Pante and Simon-351 

Bouhet, 2013) in R. The spatial extent of each system (EBS, WBS, NBS) as defined for 352 

this analysis is shown in the Appendix (Fig. A-4). Seasonal components were removed 353 

from time series using an additive decomposition with a frequency of 365 using the fpp2 354 

package (Hyndeman and Athanasopoulos, 2018) in R Statistical Software (version 355 

3.5.0). In addition to an analysis of trends in the time series of the EBS, NBS, and WBS 356 

during different climatic phases (e.g. warm, cool), we also directly compared the EBS 357 

and NBS, decomposing the time series as a reflection of their difference in temperature. 358 

 359 

2.3. Sea-ice concentration 360 

 361 

Sea-ice concentration (SIC) data were obtained from the Climate Data Record 362 

(CDR) of the National Snow and Ice Data Center (NSIDC) (Meier et al., 2017a). Data 363 

were derived from Special Sensor Microwave Imager (SSM/I) and Special Sensor 364 

Microwave Imager and Sounder (SSMIS) passive microwave radiometers and 365 

processed with a bootstrap algorithm (Peng et al., 2013). CDR is currently limited to the 366 

years 1979-2017. Version 1 of the near-real time Climate Data Record (NRT-CDR) was 367 

used for 2018 (Meier et al., 2017b). This product is based on SSMIS data, produced 368 

using bootstrapping and NASA algorithms. Both data sets are based on the polar 369 

stereographic grid of nominal resolution 25 × 25 km. 370 
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 371 

2.4. Sea-ice retreat 372 

 373 

Similar to many previous studies, we used the SIC threshold approach to define 374 

the date of sea-ice retreat (DOR) (e.g. Stroeve et al., 2016; Lebrun et al., 2019). 375 

Different thresholds (e.g. 0.15, 0.30, and 0.50 fractional areal coverage) revealed similar 376 

results in previous studies; we chose 0.15 as a threshold. Data were smoothed by a 7-377 

day running mean to filter out high-frequency synoptic variability, following Peng (2018). 378 

While most previous studies used the first day when SIC fell below the threshold level 379 

as the DOR, our study focused on how changes in physical environment may alter 380 

biological processes. Thus, we determined the best metric to signal the shift to an ice-381 

free state would be the last date on which SIC reached the 0.15 threshold. 382 

 383 

2.5. Ice extent and open water index 384 

 385 

Areal extent of open water in the Bering Sea and Chukchi Sea was calculated 386 

using the National Snow and Ice Data Center [https://nsidc.org/data] regional monthly 387 

sea ice data index [Sea Ice Index Regional Monthly Data G02135_v3.0], using 15% 388 

SIC. Data were compiled using passive microwave estimates of Arctic sea-ice extent 389 

(1979-present). Regional extent for the Bering Sea and Chukchi Sea were 390 

comprehensive and defined by the NSIDC 391 

(https://nsidc.org/data/masie/browse_regions; Appendix, Fig. A-5). In the Bering Sea, 392 

our index of interest was the extent of sea-ice coverage. We measured sea ice at a 393 

standard reference date of March 15 (approximate mid-point for the timeframe of mean 394 

annual maximal ice extent in February-April; Appendix, Fig. A-6). We calculated an 395 

annual index of open water as a function of the deviation of March 15 ice extent in each 396 

year from maximum March 15 sea-ice extent in the timeseries. In the time series, 397 

maximum sea-ice extent occurred in 2012 (817,752 km2). In the Chukchi Sea, our 398 

interest was spring melt and the location of ice edge at peak primary production. We 399 

used a standard reference date of May 15, which historically coincides with the initiation 400 

of sea-ice retreat, the onset of open water production (Wang et al., 2005; Zhang et al., 401 
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2015), and chlorophyll a (chl-a) maximum associated with under-ice blooms (Brown et 402 

al., 2015). We calculated open water as the difference between the full areal extent of 403 

Chukchi Sea (800,000 km2) minus the areal extent of sea ice within that that region on 404 

May 15. Regression analyses were performed in SigmaPlot (Systat Software). All other 405 

statistical applications were applied using R statistical computing software (R 406 

Development Core Team 2019). 407 

 408 

2.6. Bering Sea cold pool 409 

 410 

The annual extent of the Bering Sea cold pool (bottom temperatures ≤ 2 °C; 411 

Stevenson and Lauth, 2019; Thorson, 2019) was estimated via data collected in the 412 

annual NOAA bottom trawl surveys of the EBS and NBS conducted during the summer 413 

months of 1982-2018 (Stevenson and Lauth, 2019). In all years, the survey covered the 414 

EBS shelf from the Alaska Peninsula to approximately 61°N. Surveys conducted in 415 

2010, 2017 and 2018 also encompassed US waters within the NBS. Bottom water 416 

temperatures were recorded using a Sea-Bird SBE-39 datalogger (Sea-Bird Electronics, 417 

Inc., Bellevue, WA) attached to the trawl headrope. Bottom temperatures were recorded 418 

at each survey station. Maps of the cold pool area were developed in ArcGIS using 419 

Inverse Distance Weighting (IDW) interpolation. Statistical analyses were developed in 420 

R statistical computing software (R Development Core Team 2019). Differences in the 421 

areal extent of the cold pool were assessed using analysis of variance (ANOVA) and 422 

Tukey’s HSD test on pairwise comparisons.  423 

 424 

2.7. Sea surface pressure and wind vectors 425 

 426 

Composite maps of mean sea level pressure (SLP) fields and 10-m winds were 427 

constructed for winter months (November - March) with the use of 1 h ERA5 428 

atmospheric reanalysis with 0.25° spatial resolution. The ERA5 reanalysis data 429 

were downloaded from the European Centre for Medium-Range Weather Forecasts 430 

(ECMWF) website https://www.ecmwf.int/en/forecasts/datasets/archive-431 

datasets/reanalysis-datasets/era5. 432 
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 433 

 434 

3. Results 435 

 436 

3.1. Delineation of regions in the Pacific Arctic 437 

 438 

To identify regional boundaries according to patterns in mean monthly SSTA, we 439 

set the minPts parameter of DBSCAN to 31 and varied the eps parameter to choose the 440 

best spatial organization of clusters and minimize noise. Setting eps=0.12 resulted in 441 

three clusters with noise ratio of 0.18 (Fig. 2a, left plot). A decrease in eps (eps = 0.10) 442 

resulted in an increase of the noise ratio and a simultaneous decrease of cluster areas 443 

(Fig. 2a, center plot). Further reduction in eps values resulted in the separation of the 444 

Chukchi-Siberian cluster into two clusters with an increase in noise to 0.4 (Fig. 2a, right 445 

plot). Values of eps between 0.1334-0.1344 resulted in collapsing three clusters into two 446 

clusters (Appendix A, Fig. A-2), and eps > 0.1345 resulted in only one cluster with very 447 

few points assigned as ‘noise’. Results for eps of 0.08-0.12 reflected meaningful 448 

physical boundaries. Areas north of Bering Strait usually experienced more severe ice 449 

conditions (i.e. higher concentrations, greater ice thickness, and longer duration of ice 450 

cover) than other regions. Due to more extensive ice cover, annual mean SSTs were 451 

low and interannual variability was lower than south of Bering Strait. With certain 452 

variables, the area of the Chukchi and East-Siberian seas (CS-ESS) divided into two 453 

clusters roughly along the boundary between those two seas. This is probably a 454 

reflection of different processes controlling thermal conditions in each sea; the Chukchi 455 

Sea is more strictly controlled by the inflow of the warm Bering Sea waters than the 456 

East-Siberian Sea. Overall, the DBSCAN cluster analysis identified separate regions 457 

within the Bering-Chukchi complex, according to distinct patterns in thermal dynamics 458 

(epsilon radius = 0.10; nearest neighbor minPts = 31). All combinations of eps and 459 

minPts resulted in the separation of the Bering Sea into at least two clusters: western, 460 

and eastern. Larger eps values resulted in closer geographic location of margins of 461 

those clusters, while lower values led many of those grid nodes to be assigned as 462 

‘noise’. The NBS (areas north of 60 °N) included areas assigned as ‘noise’ in the 463 
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DBSCAN analysis. Those ‘noise’ regions were treated as a transition area between 464 

neighboring clusters. It is anticipated that NBS SSTA variability may at times match 465 

patterns of variability in the EBS, but at other times match patterns of variability in the 466 

Chukchi Sea, depending on atmospheric and marine circulation. In the final analysis, 467 

Region 4 is identified as the remaining grid nodes of this region assigned as ‘noise’ (Fig. 468 

2b).  469 

 470 

3.2. Regional patterns in SSTA in the Pacific Arctic  471 

 472 

The final evaluation of SSTA variability 1982-2011 distinguished regionally 473 

coherent patterns in the CS-ESS, WBS, and EBS. We also identified the NBS as the 474 

area of high variability between 60-66 °N and 175°E -165°W (Fig. 2b). The NBS is a 475 

region of higher spatial and temporal SSTA variability and may be treated as transition 476 

region between three other regions. The CS-ESS region had generally low SSTA 477 

values, but anonymously warm spring-autumn conditions since 2016. The WBS and 478 

EBS regions behaved similarly, but with very different duration of cold/warm periods. 479 

For instance, 1998-2002 were substantially colder in the WBS, but only 1999 was cold 480 

in the EBS (2007-2012 were quite cold in the EBS, but only 2012 was cold in the WBS). 481 

Detailed results on each system are provided below. 482 

 483 

3.2.1. Region 1 – CS-ESS 484 

The north (CS-ESS) SSTA cluster (region1; Fig. 3, panel 1) exhibited little 485 

variability in SSTA in winter months because ocean water annually reaches the freezing 486 

point and SSTA values are therefore relatively constant. The highest interannual and 487 

within-region SSTA variability is seen in this region during summer. The SSTA time-488 

series in this region may be roughly divided into three intervals: 1982-1989, 1989-2003, 489 

and 2004-2019. Before 1989, summer SST values were similar to winter values (e.g. 490 

the freezing point). This resulted in low SSTA values compared to later intervals. 491 

Between 1989 and 2003 many areas in the region started to experience ice-free 492 

conditions which resulted in warmer SST and positive SSTA values. At the same time, 493 

most of the northern part of the cluster was still ice-covered even in summer. 494 
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Exceptions occurred in 1990, 1993, and 1997, where SST values in most of the region 495 

were above the freezing point, which resulted in positive summer SSTA values. Since 496 

2003, summer SSTA values have been mostly positive, with exceptions of high 497 

variability in the summers of 2006, 2008, and 2012-2013. Since 2004, the frequency of 498 

monthly SSTA values larger than the monthly standard deviation for the time series has 499 

increased, with several extremely warm months in spring and autumn. 500 

 501 

3.2.2. Region 2 – WBS 502 

Several distinct thermal regimes were observed in the WBS (region 2; Fig. 3, 503 

panel 2). Normal-cold conditions characterized the early time series (1982-1995) 504 

followed by several warm years (1996-1998), cold conditions (1999-2002), and then a 505 

prolonged warm phase (2003-2019) with a slight deviation toward colder conditions in 506 

2012. The most extreme monthly temperatures in both warm (1996-1998) and cold 507 

(1999-2002) periods occurred in winter and spring. This suggests that winter-spring 508 

SST conditions may determine the thermal regime for the year (e.g. if winter/spring 509 

conditions are cold, the rest of the year will likely also be cold). Since 2003, warm 510 

conditions have predominated in the WBS, with few exceptions, though with large inter-511 

annual SSTA variability. Mean annual SSTA values for all years except 2009 and 2012 512 

were positive, and many months exhibited extremely warm conditions, particularly in 513 

summer. Since 2017, winter and spring conditions have been extremely warm. Thus 514 

2003-2016 may be viewed as a period of variable warm conditions with a transition to 515 

extremely warm conditions in 2017-2019. 516 

 517 

3.2.3. Region 3 – EBS 518 

The EBS exhibited patterns in SST variability similar to the WBS, but with substantially 519 

shifted margins for the time intervals (region 3; Fig. 3, panel 3). Moreover, while the 520 

range of variability was similar in the WBS and EBS prior to 2006, the very cold period 521 

in the EBS (2007-2013) had no analog in the WBS. In the EBS, years 1982-1999 were 522 

highly variable without a distinct pattern, characterized by a series of transitions from 523 

relatively cold to relatively warm conditions with most monthly SSTA values falling 524 

between 0 ± 1 SD. This situation changed in 2000, followed by a relatively warm phase 525 
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(2001-2005), a cold phase (2007-2013), and subsequent warm phase (2014-2019). In 526 

contrast to the WBS region, the EBS region exhibited extremely warm conditions in both 527 

winter and spring, starting in 2015. 528 

 529 

3.2.4. Region 4 – NBS 530 

According to our analysis, the NBS is a region of ‘noise’ meaning all grid nodes 531 

there experienced SSTA dynamics that substantially differed both from the dynamics of 532 

any grid node in previously described areas (regions 1-3) as well as from the dynamics 533 

of any neighboring nodes within this ‘noise’ region (region 4). While monthly regional 534 

mean SSTA in the WBS and EBS exhibited a series of cold-to-warm transitions, 535 

dynamics in the NBS exhibited higher frequency variability, on the scale of months 536 

(region 4; Fig. 3, panel 4). This is a region of high inter-annual temporal and within-537 

cluster spatial SSTA variability. Still, patterns reflect those observed in other regions 538 

with relatively warm (2001-2003, 2014-2019) and cold (2008-2012) phases. This region 539 

may be characterized as a transition region with substantially higher spatial-temporal 540 

SST variability.  541 

 542 

3.3. Identification of distinct climatic phases via SST 543 

 544 

High-resolution satellite-based SST data confirm a sequence of distinct phases in 545 

the Bering Sea (Fig. 4, top panel). In the EBS, a period of high interannual variability 546 

(1987-2000), transitioned into multi-year stanzas of warm (2000-2005, 2014-2016, 547 

2017-2019) and cold periods (2006-2013). These trends were roughly mirrored in the 548 

NBS (though see differences between EBS and NBS sea surface temperatures; Fig. 4, 549 

bottom panel). Trends in SST differed substantially in the WBS. Alternating cold and 550 

warm phases were also prevalent, but according to a different pattern, such that the 551 

temporal bounds of these thermal phase shifts were offset. The WBS was characterized 552 

by relatively warmer temperatures in 1996-1998 and 2003-2016, colder temperatures in 553 

1999-2002, and anomalously warmer temperatures in 2017-2019. In general, the WBS 554 

is colder than the EBS, though temperatures converged in 1996-1998 (warm period in 555 

the WBS) and 2006-2013 (overlap of a warm period in the WBS and a cold period in the 556 
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EBS). Since 2014, the water column 0-100m in the WBS has been warmer, relative to 557 

1950-2003. In all sub-regions of the Bering Sea (EBS, WBS, NBS), the conditions of 558 

2017-2019 exceeded values observed in the recent warm stanzas and represent the 559 

warmest conditions in the historical record in each respective system (Fig. 4, upper 560 

panel). It should be noted that the relative increase in temperature in this recent 561 

warming period (2017-2019) was greatest in the NBS. This is reflected in the reduced 562 

temperature differential between the EBS and NBS in this timeframe (Fig. 4, lower 563 

panel). In both 2006-2013 and 2017-2019, the difference in mean SST values between 564 

the EBS and NBS was reduced. In the former period (2006-2013), this was due to cold 565 

phase in the EBS, such that conditions in the EBS more closely resembled those typical 566 

of the NBS. In the later period (2017-2019), this reflects warming in both systems, but 567 

greater relative warming in the NBS, such that the conditions in the NBS more closely 568 

resemble those typical of the EBS. 569 

 570 

3.4. Annual sea-ice extent and concentration 571 

 572 

Analysis of the relationship between maximum annual sea-ice extent and a 573 

standardized annual index of sea-ice extent on March 15 suggested that the seasonal 574 

timing of maximum sea-ice extent varied greatest in years of greatest extensive sea-ice 575 

extent; the relationship was strongest in the timeframe of warm and cold phases 576 

analyzed (2000-2019, R2=0.57, P<0.001; Appendix, Fig. A-6). It should be noted that 577 

mid-March was used to develop a standardized index of annual ice extent and that the 578 

seasonal timing of maximum ice extent will vary between years. Also, while mid-March 579 

sea-ice extent is well correlated with maximum ice extent, it is a significant 580 

underestimation. This standardized index was used to examine patterns of change in 581 

sea-ice extent over the timeseries, 1979-2018 (Appendix, Fig. A-7). Sea-ice extent and 582 

configuration varied greatly over this period with mid-March sea-ice extent ranging 583 

55°N-60°N in the EBS (Alaska Peninsula to north of Nunivak Island) and 60°N-63°N in 584 

the WBS (south of Cape Olyutosky to north of Cape Navarin). There was extensive 585 

retreat in sea-ice extent in the Gulf of Anadyr in recent years (2017-2018). Maximum 586 

mid-March Bering Sea ice extent was observed in 2012 (2937 × 103 km2); minimum 587 
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mid-March Bering Sea ice extent was observed in 2018 (2318 × 103 km2). The marginal 588 

ice zone (areas with sea-ice concentration 15% to 80%; 589 

http://seaiceatlas.snap.uaf.edu/) was highly variable; its greatest mid-March extent was 590 

observed in 1984 (332 × 103 km2) and lowest in 2016 (125 × 103 km2). While there were 591 

no significant trends in total mid-March sea-ice extent 1979-2018, the area of the 592 

marginal ice zone exhibited a steady decrease over the 40 years’ period (-13.6% per 593 

decade). Mean sea-ice extent on March 15 in each of the climatic stanzas identified in 594 

this analysis was visualized (Fig. 5); the greatest sea-ice extent occurred in the EBS 595 

cold period 2006-2013 (2738 × 103 km2), versus reduced areas in the EBS 2000-2005 596 

(2500 × 103 km2) and 2014-2016 (2573 × 103 km2) warm periods.  597 

The western part of the Bering Sea is consistently less ice covered in winter than 598 

the eastern shelf. Sea ice covers only a narrow coastal band along the Koryak and 599 

Kamchatka coasts. Sea ice starts to form in the Gulf of Anadyr in the middle of October. 600 

Outside the Gulf of Anadyr, sea ice forms in the embayments of the Koryak coast (Cape 601 

Olyutorsky to Cape Navarin) and inner part of the Korfa Bay in mid-November. In 602 

December, the rate of ice growth accelerates and peaks in February (Plotnikov and 603 

Vakulskaya, 2012). The area is totally ice free by the middle of June. In cold years (e.g. 604 

winter of 2011-2012) sea-ice growth may continue until the end of April. In contrast, ice 605 

cover in warm years (e.g. winter of 2002-2003) starts to disappear in February. 606 

Interannual variability of mean sea-ice cover of the western portion for the Bering Sea 607 

(WBS extent shown; Appendix, Fig. A-4) generally mimics that for the total Bering Sea 608 

ice cover (correlation coefficient, R=0.6, P<0.001; Gennady Khen, personal 609 

correspondence; Kivva, 2020).  610 

 611 

3.5. Annual sea-ice retreat 612 

 613 

The date of sea-ice retreat (DOR) was highly variable during the 40-year period 614 

(Appendix, Fig. A-8). Ice melt initiated in the end of February and was complete by the 615 

end of August. Mean DOR was May 22 in the Bering Sea and July 20 in the Chukchi 616 

Sea. The trend in mean day of spatial retreat in the Bering-Chukchi complex was 617 

positive (6.5 days later per decade). Mean DOR for sea ice in each of the identified 618 
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climatic stanzas was visualized (Fig. 6). For annual areal extent in ice retreat timing in 619 

the Bering and the Chukchi Sea, see supplementary figure (Appendix, Fig. A-9). 620 

 621 

3.6. Ice extent and open water  622 

 623 

Differences in the annual areal ice extent are apparent and differences are 624 

notable between the warm, cold, and variable periods (Fig. 7, Table 1). As a 625 

consequence, the areal extent of open water in the Bering Sea on March 15 and in the 626 

Chukchi Sea on May 15 varied considerably across the time series (Fig. 8). Differences 627 

in the extent of open water were noted across identified climatic stanzas (Fig. 9; Table 628 

1) in both the Bering Sea (ANOVA, F4,36=2.63, P<0.001) and Chukchi Sea (ANOVA 629 

F4,36=6.67, P<0.001). 630 

 631 

3.7. Annual areal coverage of the Bering Sea cold pool 632 

 633 

Annual areal extent of the cold pool varied across the time series (Fig. 10, Table 634 

2) and differences were noted between climatic stanzas (1982-1999, 2000-2005, 2006-635 

2013, 2014-2016, 2017-2018; ANOVA F3,33=2.89, P=0.001). Post Hoc tests (Tukey 636 

HSD) noted significant differences between warm (2000-2005, 2014-2016) and cold 637 

(2006-2013) years (P<0.022). The cold period was also distinct from the 1982-1999 638 

variable period (P=0.081). No differences were noted between recent warm periods 639 

(2000-2005, 2014-2016, P=0.999), nor between warm years and the variable period 640 

(1982-1999; P>0.555). The most recent anomalous year, 2018, was significantly 641 

different from both the cold period 2006-2012 (P=0.013), as well as the initial part of the 642 

timeseries,1982-1999 (P=0.038). As the cold pool may be defined at different 643 

temperature thresholds, we also examined differences in the mean areal extent of the 644 

cold pool between climatic stanzas, as defined as bottom temperatures colder than 2°C, 645 

1°C, 0°C, and -1°C; all were significant (P<0.046). The most recent year of analysis 646 

(2018) had an extreme reduction in cold pool extent. Cold pool areal coverage as a 647 

percentage of the total survey area declined from a mean of 38.7% (1982-2018) to 1.4% 648 

in 2018. Temperatures within the cold pool were also warmer than previously observed; 649 
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no area in the 2018 survey had bottom temperature < 0°C, compared to a mean 650 

coverage of 11.7% for bottom temperatures < 0°C 1989-2018 (22% in cold years, 2006-651 

2013; 5-6% in warm periods, 2000-2005 and 2014-2018). No temperatures < 1°C were 652 

observed in the NOAA EBS survey area in 2018, a phenomenon not previously 653 

observed.  654 

 655 

3.8. Climate and wind 656 

 657 

Mean composite winter SLP and wind patterns for November-March provide 658 

further insight into mechanisms (Fig. 11). In each of the warm periods (2000-2005, 659 

2014-2016), both the Aleutian Low and the high-pressure system of Beaufort High and 660 

Siberian High were strong, with Aleutian Low located over the Aleutian Islands. These 661 

time intervals also exhibited slightly enhanced winds. In the later warm period (2014-662 

2016), the Aleutian Low shifted to the east, altering the direction of the wind field over 663 

the islands. Alternatively, in the cold phase (2006-2013), while the high-pressure system 664 

still developed, the Aleutian Low was much weaker, with two centers - one in the Gulf of 665 

Alaska, another close to Russia. This resulted in weaker winds over the central Bering 666 

Sea, while the winds in the southeastern part of the EBS shelf were slightly enhanced, 667 

due to the longitudinal shift of the Aleutian Low. In the most recent period of anomalous 668 

warming (2017-2018), there was a significant shift of the Aleutian Low towards Russia, 669 

and prominent weakening of both systems. Composite annual SLP and winter wind 670 

anomalies (Fig. 12) demonstrate the substantial difference between 1979-2018 671 

climatology and 2017-2018, including both the position shift and weakening of the 672 

Aleutian Low. 673 

 674 

4. Discussion 675 

 676 

4.1. New state of the Pacific Arctic 677 

 678 

While sea-ice extent, concentration and duration has exhibited extensive 679 

reduction in the broader Arctic Ocean (Walsh and Chapman, 1990; Chapman and 680 
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Walsh, 1993; Levitus et al., 2000; Rigor and Wallace, 2004; Nghiem 2007; Kinnard et 681 

al., 2011; SWIPA 2011; 2012) and in the Chukchi Sea (Wood et al., 2015), the same 682 

trend had not been evident in the Bering Sea (Wendler et al., 2014; Peng et al., 2018). 683 

Including more recent data (2014-2018), particularly 2017-2019, however, alters that 684 

perspective. Both models and observations note increasing sea-ice loss, decreasing 685 

sea-ice thickness, shorter duration, and reduced extent of ice coverage in this region. 686 

This suggests a new state of the Pacific Arctic. The shift in pressure and weather 687 

patterns and the associated shift in sea-ice dynamics (Stabeno and Bell, 2019) have 688 

altered the timing and magnitude of heat exchange in this region. One result is that the 689 

thermal barriers (e.g. cold pool) previously evident in the Bering and Chukchi shelf have 690 

eroded. This has important implications for connectivity between Pacific and Arctic 691 

systems.  692 

 693 

4.2. Phase shifts 694 

 695 

The North Pacific is known as a region of decadal variations (Mantua et al., 1997; 696 

Overland et al., 1999; Di Lorenzo et al., 2008). Decadal variability is also apparent in the 697 

Bering Sea ice record, including historical analyses that extend to the 1800s (Walsh et 698 

al., 2017). Such variability is expected to continue in the future (Hollowed et al., 2013). 699 

The Bering Sea differs from the high Arctic in that its sea-ice cover is seasonal. Phases 700 

identified in our analysis match those of other studies of the region (Barbeaux and 701 

Hollowed, 2017; Stabeno et al., 2017). In the period 2000-2006, the EBS was 702 

characterized by reduced sea ice and above average ocean temperatures, while in 703 

2007-2013, it was characterized by extensive ice and below average ocean 704 

temperatures. In the period 2014-2016, there was another shift to reduced sea ice and 705 

above average temperatures. Recent conditions (2017-2019) exceed anything 706 

witnessed in the historical record. Still, ice cover in the current winter (2019/2020) has 707 

been more extensive (more like a "cold year"). It is uncertain whether recent conditions 708 

represent an anomaly or the start of a fundamental transition (Stevenson and Lauth, 709 

2019; Huntington et al., 2020).  710 

 711 
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4.3. Sea ice 712 

 713 

Sea ice is the dominant driver of physical conditions in the Bering Sea. 714 

Historically, sea ice begins to form on the northern shelf in December with strong cold 715 

northerly winds, advecting ice southward (Pease, 1980). In years with limited sea ice on 716 

the southern Bering Sea shelf (2001-2005, 2014-2018), depth-averaged temperature 717 

was correlated to the previous summer ocean temperature (Stabeno et al., 2017). 718 

Winter sea ice had been expected to continue to form in the NBS and Chukchi Sea and 719 

a summer cold pool had been expected to form at depth (Stabeno et al., 2012a; 720 

Hollowed et al., 2013). In these systems, timing matters, both for ice arrival and retreat. 721 

A late ice arrival allows less time for ice formation and advection south. This alters both 722 

the influence and the character of the ice. The Chukchi has been freezing ~0.7 days 723 

later per year on average (1920-2019; Stabeno et al., 2019). In the NBS, no trend had 724 

been apparent through 2014. Recently (2014-2019), however, this region has also been 725 

freezing later (Stabeno et al., 2019). As the NBS begins to warm and reflect patterns 726 

evident in the greater Arctic, this will have important implication for other areas within 727 

the Bering Sea. 728 

 729 

4.4. Sea surface temperature and cold pool 730 

 731 

Oceanographic conditions observed in 2017-2019 are unprecedented. On the 732 

northern Bering Sea shelf, there was a near-complete lack of sea ice and no sea ice in 733 

the southeastern shelf in the winter 2017-2018 and in winter 2018-2019. Consequently, 734 

there was almost no cold pool in summer 2018 (Stabeno and Bell, 2019). To monitor 735 

bottom temperatures and to continue comparisons of cold pool areal extent, regular 736 

extension of surveys to northern areas are required. Research should continue to focus 737 

on important and complex dynamics related to the extent and timing of sea-ice cover, 738 

wind and stratification dynamics. While winters 2016-2017 and 2017-2018 were both 739 

warm, there was extensive, if weak, cold pool extent in summer 2017 due to a late 740 

winter freeze.  741 

 742 
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4.5. Salinity and stratification  743 

 744 

Lack of sea ice has implications for stratification. In winter (Dec-Apr) the water 745 

column is uniformly cold. In spring ice melt develops a cold low-salinity layer at the 746 

surface that then gradually warms over the summer, in isolation from the bottom cold 747 

layer. In fall, storms and cooling breaks the stratification. Both salinity and temperature 748 

contribute to this dynamic. Without ice melt, there will be a reduced salinity gradient and 749 

thus weaker stratification; bottom temperatures may warm over the summer due to 750 

reduced stratification. Winter 2018 had the lowest ice year on record in the Bering Sea, 751 

primarily because of warm, southerly winds (Stabeno and Bell, 2019). Reduced sea ice 752 

resulted in warmer bottom temperatures and weaker stratification allowed warming of 753 

the bottom water during summer. The extreme reduction of the cold pool in 2018 may 754 

be partially explained by this increased mixing at depth due to the lack of salinity 755 

(Stabeno and Bell, 2019). 756 

There are several indications that these conditions may be more prevalent in the 757 

future. Regional oceanographic models predict the reduced footprint of the Bering Sea 758 

cold pool observed in 2018 may be typical rather than anomalous by mid-century 759 

(Hermann, unpublished data). Winds out of the south are predicted to increase 760 

(Stabeno, unpublished data), setting conditions similar to those observed in 2017-2018. 761 

Conditions in the Chukchi Sea will also have implications for the Bering Sea. Delays in 762 

freezing in the southern Chukchi may delay freezing in the NBS, which in turn may 763 

reduce the time available for sea ice to be advected southward (Stabeno, personal 764 

communication). 765 

 766 

4.6. Mechanisms for reduced sea ice and elevated temperatures 767 

 768 

While the trends seem clear, the mechanisms and interactions are complicated. 769 

Physical conditions are governed by exchange between the ocean and air masses of 770 

Arctic and Pacific origin, advection from the Pacific to the Arctic, formation and retreat of 771 

sea ice, related stratification and mixing dynamics, and redistribution of water masses. 772 

Heat flux through the Bering Strait and Chukchi shelf appears to influence not only the 773 
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distribution, but also the thickness of sea ice (Coachman et al., 1975; Shimada et al., 774 

2006; Woodgate et al., 2010). The dominant parameters that control winter sea-ice 775 

extent in the Bering Sea are wind and air temperature, with persistent northerly winds in 776 

winter and spring leading to extensive sea ice (Stabeno et al., 2017). The factors 777 

recognized as contributing to the rapid loss of sea ice in the Arctic include warmer air 778 

temperatures (SWIPA 2011), wind forcing (Rigor et al., 2002; Ogi et al., 2010), radiative 779 

forcing (Francis and Hunter, 2007; Perovich et al., 2007) and oceanic heat flux from 780 

below (Shimada et al., 2006; Polyakov et al., 2011). Until recently, the Bering Sea has 781 

appeared exempt from loss of sea ice. Sea ice in the Bering Sea 1979-2012 had, until 782 

recently, demonstrated an increasing trend (Parkinson, 2014). Weather patterns in 783 

November 2017 through early January 2018 were unusual, most notably the duration of 784 

the southerly winds. While ice extent during winter months in 2017-2018 was well below 785 

previous years, early in the 2018-2019 ice season, ice extent was near normal, only 786 

declining to record lows after January. The interplay between air temperatures and wind 787 

direction has important implications and trends in this region will have influence beyond 788 

the Pacific Arctic. Transport of Pacific waters into the Arctic Ocean play an important 789 

role in the exchange of properties between these two systems (Pantleev et al., 2012) 790 

and freshwater inflow from the Bering Sea into the Chukchi Sea is an important 791 

influence on stratification and maintenance of the Arctic Ocean halocline (Aagaard and 792 

Carmack, 1989). 793 

 794 

4.7. Winds and atmospheric forcing 795 

 796 

Ice cover on the eastern Bering Sea shelf is strongly influenced by the direction 797 

of winter winds. Winter winds transport Arctic air southwards. Air temperatures typical of 798 

Arctic-origin are necessary to cool the surface waters and allow the formation of ice 799 

(Stabeno et al., 2007; 2010). Until recently, these winter winds had remained relatively 800 

constant (Brown and Arrigo, 2012), allowing the continued formation of winter sea-ice 801 

cover in the Bering sea at approximately 465,000 km2 over the satellite record, in 802 

contrast to significant reductions in summer sea ice in the Arctic Ocean. The seasonal 803 

Bering Sea ice pack between 1980-2010 showed no sign of reduction (Brown et al., 804 
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2011), with warming trends limited to the summer, when the Bering Sea is ice free. 805 

Wendler et al. (2014) identified an association between extensive ice extent and 806 

decreased atmospheric pressure over mainland Alaska and increased atmospheric 807 

pressure in eastern Siberia. These conditions lead to northerly wind vectors for years 808 

with heavy ice, which push ice south.  809 

We found that the strength and position of the Aleutian Low differs between 810 

warm phases and cold phases in the Bering Sea. The position of the Aleutian Low was 811 

relatively constant in warm years. Cold years were characterized by a more variable 812 

position of the center of the Aleutian Low system. Similar phenomena have been noted 813 

in the Bering-Chukchi circulation field (Rodionov et al., 2007; Overland et al., 1999). 814 

Danielson et al. (2014) also noted that mean winter position of the Aleutian Low shifted 815 

eastward in 2006-2011 relative to a more westward position in 2000-2005 and in recent 816 

warm years. 817 

In the Chukchi Sea, the Aleutian Low position is known to be largely responsible 818 

for wind-driven upwelling (Pickart et al., 2009; Pisareva et al., 2019). Our results 819 

suggest that it also has important effects on circulation and thermal dynamics in the 820 

Bering Sea.  821 

 822 

4.8. The distinct nature of the NBS 823 

 824 

Results of the DBSCAN cluster analysis confirm past analyses that distinguish 825 

the NBS (> 60°N) from other regions of the Bering Sea. Many regional studies that 826 

distinguish marine systems also separate the NBS from other parts of the Bering Sea, 827 

often including it in the Chukchi Sea large marine ecosystem (e.g. the United National 828 

Intergovernmental Oceanographic Commission; Fanning et al., 2015; Chandler and 829 

Yoo, In Press). Many of these important distinctions may be less evident absent sea ice. 830 

The 60°N latitude marks the historical minimum southern extent of maximum 831 

sea-ice cover in the Bering Sea. Until recently, areas north of this latitude were covered 832 

with sea ice every year, while areas south were characterized by variable annual sea-833 

ice extent (Sigler et al., 2010). This had important implications for atmospheric-oceanic 834 

interactions, wind mixing, wave activity, salinity, heat content, stratification, and 835 
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phenology and pathways of primary productivity (planktonic production and ice algal 836 

pathways). These observations are supported by historical data 1958-1980 (Overland 837 

and Pease, 1982), as well as more recent analyses (Sigler et al., 2014). In terms of 838 

physics, there are some distinct dynamics that are likely to permanently distinguish 839 

areas north of 60°N. This is the approximate point where the Bering Slope current turns 840 

off-shelf to flow westward (Ladd, 2014), flow intensifies along the east coast of Siberia 841 

(creating the Anadyr Current, Kinder et al., 1986), and geostrophic velocity vectors and 842 

circulation patterns on the shelf diverge (Cokelet et al., 2016; Hollowed et al., 2012). 843 

This latitude also features major influx of freshwater inputs via the Yukon and 844 

Kuskokwim rivers; distinct patterns in upper-to-lower density differences on the shelf are 845 

also pronounced at approximately 60°N (Cokelet et al., 2016). Intensified northward flow 846 

occurs in the approach to Bering Strait (Woodgate and Aagaard, 2005) and differences 847 

are noted in bottom and surface velocity vectors (Zhang et al., 2012). Other attributes of 848 

physical oceanography, however, appear to be in transition. Evident breaks in vertical 849 

hydrographic, temperature, and salinity profiles (Goes et al. 2014) and distinct patterns 850 

in stratification (Ladd and Stabeno, 2012) are likely to change in the absence of ice. 851 

ROMS model results that formerly suggest significant difference in patterns at 60°N for 852 

sea surface temperature, ice cover, and wind stress (Hermann et al., 2016) are not 853 

apparent in more recent model predictions (Hermann, Pacific Marine Environmental 854 

Laboratory, NOAA, Seattle, USA, personal communication). 855 

It is important to monitor how shifts in the physical system might influence the 856 

ecology of the systems (Post et al., 2013). Notable differences north and south of 60°N 857 

have been noted in phytoplankton community production and trends (Mordy et al. 2012) 858 

and in large crustacean zooplankton abundance and species composition (Eisner et al., 859 

2015; Hermann et al., 2016; Siddon et al., In Press). These patterns are also noted in 860 

larval fish assemblages (Eisner et al., 2015; Parker-Stetter et al., 2016; Siddon et al., In 861 

Press) forage fishes, (Andrews et al., 2016; Baker, 2020), and adult fishes and 862 

invertebrate communities (Stevenson and Lauth 2012; Mueter and Litzow, 2008; Baker 863 

and Hollowed, 2014; Stevenson and Lauth, 2019). Subsistence harvest and community 864 

dynamics are also distinct north and south of 60°N (Renner and Huntington, 2014).  865 

 866 
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4.9. Implications of reduced sea ice and the erosion of thermal barriers in Bering- 867 

Chukchi system 868 

 869 

Ice thickness, age, and extent have changed rapidly in recent decades in the 870 

Arctic (Cosimo, 2012). Reductions in sea-ice duration and declines in multiyear ice 871 

cover are leading to extensive open water in the Central Arctic Ocean, particularly in 872 

summer and fall, increasing availability for commercial activity, especially international 873 

shipping (Van Pelt et al., 2017). Continued sea-ice loss will ensure the Arctic is 874 

increasingly accessible for oil and gas exploration and developments and marine 875 

shipping (United States Navy, 2014). Increased expanse of open water also increases 876 

fetch and wave action (Thomson and Rogers, 2014). This may break up the ice that is 877 

present, changing the character of that ice, with implications for human transport 878 

(subsistence activities) and marine mammal use (ice seals, walrus, polar bears). These 879 

trends, evident in the broader Arctic should be closely monitored in the Pacific-Arctic 880 

gateway. 881 

 882 

4.10. Prospects for increased international collaboration and data sharing 883 

 884 

Despite several coordinated international efforts, the ability to access and 885 

visualize data in a unified data portal is limited. Data sharing is often dependent on 886 

personal correspondence between colleagues (Van Pelt et al., 2017). An integrated 887 

Arctic Ocean Observing System has emerged to complement regional networks, but 888 

none are comprehensive. International science institutions such as PICES and regional 889 

networks such as PAG have been instrumental in promoting information standardization 890 

and information sharing (Eisner et al., 2017; Baker et al., 2018) and research institutions 891 

such as NPRB have been effective in coordinating scientific efforts across diverse 892 

institutions and internationally. Further collaboration between national science agencies 893 

including NOAA (USA), VNIRO (RUS), Fisheries and Oceans Canada (DFO-CAN), 894 

Japan Agency for Marine-Earth Science and Technology (JAMSTEC-JPN), the Korea 895 

Institute of Ocean Science and Technology (KIOST-KOR), and the State Oceanic 896 
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Administration (SOA-CHN) are promising. Continued efforts to integrate data and 897 

perspectives across national boundaries are increasingly necessary. 898 

 899 
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Tables 1296 

 1297 

Table 1. Sea Ice Extent and Sea Ice Area 1298 

Bering Sea (March 15)          1299 

Time Interval    Extent, Mean ± SD (km2) Area, Mean ± SD (km2) 1300 

  1979-1999  753,786 ± 103,689 298,719  ±  89,944 1301 

  2000-2005  648,574 ±  52,652 372,470  ±  41,362 1302 

  2006-2013    850,977 ± 149,819  201.389  ± 134,204 1303 

  2014-2016  641,753 ±  80,119 402,340  ±  54,478 1304 

  2017-2019  402,637 ± 191,671 568,946  ± 153,904 1305 

 1306 

Chukchi Sea (May 15)        1307 

Time Interval    Extent, Mean ± SD (km2) Area, Mean ± SD (km2)  1308 

  1979-1999  823,708 ±  9,095 771,239 ± 23,819 1309 

  2000-2005  813,072 ± 15,336 746,736 ± 38,737 1310 

  2006-2013    816,247 ±  8,123  758,523 ± 16,303 1311 

  2014-2016  798,425 ±  3,908 703,902 ±   4,739 1312 

  2017-2019  734,284 ± 24,341 625,182 ± 55,788 1313 

 1314 

Notes: Values for sea-ice extent describe the edges of the sea ice and is inclusive of all area within that 1315 

expanse. Sea-ice extent therefore encompassed all portions of a region determined to be ice-covered, 1316 

based on a threshold of 15%. If a data cell had greater than 15% ice concentration, the cell was 1317 

considered ice covered; less than that was determined to be ice-free. Values for sea-ice area reflect the 1318 

portion of area within that extent that is truly ice covered, accounting for gaps. Sea-ice area values were 1319 

determined as a function of the percentage of sea ice within each data cells, summed across the full 1320 

extent to report how much of the total area is covered by ice.  1321 

 1322 

Data Source: National Snow and Ice Data Center, Sea Ice Regional Monthly Index, version 3.0. 1323 

 1324 

 1325 

 1326 

 1327 

Table 2. Cold Pool Extent 1328 

Time Interval   1982-1999   2000-2005   2006-2013   2014-2016   2017   2018  1329 

Cold Pool Proportional Area   40% ± 30      25% ± 20       58% ± 2       24% ± 4     35%   1.4% 1330 

 1331 

Notes: Total areal coverage of the cold pool as a proportion of the standard EBS survey area. 1332 
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Figures 1333 

 1334 

Fig. 1. Map of the Pacific Arctic (50-75N, 160E-150W), including the Bering Sea and Chukchi Sea. 1335 

Important regional areas and broadscale circulation patterns are detailed. Solid arrows indicate observed 1336 

currents and dashed arrows indicate modeled or quasi-permanent flow; circulation patterns and current 1337 

vectors in the Chukchi Sea were informed by Pisareva et al. 2015 and Pickart et al. 2016. 1338 

 1339 

Fig. 2a.  Annual mean SSTA clusters for regional delineation according to various input parameters in the 1340 

DBSCAN analysis. The threshold for the number of neighbors (minPts) was set to 31. Radius ε (eps) 1341 

varied between 0.12 (left), 0.10 (middle), and 0.08 (right). 1342 

 1343 

Fig. 2b. Regions delineated via DBSCAN (final analysis): Region 1 – Chukchi and East Siberian Seas 1344 

(CS-EES, dark blue), Region 2 – western Bering Sea (WBS, green), Region 3 – eastern Bering Sea 1345 

(EBS, pink), Region 4 – northern Bering Sea (NBS, orange). Note regions 1-3 are based on clustering of 1346 

annual mean SSTA values with DBSCAN algorithm. Region 4 is the remaining grid nodes of this region 1347 

assigned as ‘noise’ in the DBSCAN analysis. When eps=0.10 is chosen (not eps=0.08 or less) the dark 1348 

blue region clearly includes large part of the East Siberian sea. 1349 

 1350 

Fig. 3. Sea surface temperature anomalies (SSTA). Trends correspond to the 4 regions defined through 1351 

cluster analyses (Fig. 2b), including (top plot to bottom plot) CS-ESS (region 1), WBS (region 2), EBS 1352 

(region 3), and NBS (region 4). The solid black line depicts the monthly regional mean SSTA. Grey semi-1353 

transparent shading illustrates the monthly regional standard deviation (i.e., the measure of monthly 1354 

spatial variability of SSTA in each region). Bars represent annual region mean SSTA. Cold periods 1355 

relative to the time series mean are shown in blue and warm periods in red. Dots denote months with 1356 

absolute SSTA values > 1 standard deviation of the monthly regional mean (12 values different for every 1357 

month); larger dots denote absolute SSTA values > 2 standard deviations. Dots are color-coded 1358 

according to seasons (winter – JFM, spring – AMJ, summer – JAS, autumn – OND) [data=OISST]. 1359 

 1360 

Fig. 4. Top panel: Sea surface temperature (decomposed trend or time series adjusted to remove 1361 

seasonality) in the EBS (black solid line), WBS (gray dashed line), and NBS (black dashed line). Bottom 1362 

panel: difference between EBS and NBS sea surface temperatures (dashed line; positive values indicate 1363 

greater temperatures in the EBS) and time series trend (solid line; seasonality removed). Horizontal lines 1364 

are the mean temperatures during each of the respective stanzas [data: NOAA Coral Reef Watch version 1365 

3.1 operational global satellite daily sea surface temperature 5km resolution]. 1366 

 1367 

Fig. 5. Mean sea-ice extent on March 15, compiled in discrete temperature phases: 1980-1999 (high 1368 

interannual variability), 2000-2005 (warm), 2006-2013 (cold), 2014-2016 (warm), and 2017 and 2018 1369 

(anomalously warm). Annual maps for all individual years are available in supplementary materials 1370 

(Appendix Fig. A-7). 1371 

 1372 

Fig. 6. Mean date of sea-ice retreat, compiled in discrete temperature phases: 1980-1999 (high 1373 

interannual variability), 2000-2005 (warm), 2006-2013 (cold), 2014-2016 (warm), and 2017 and 2018 1374 

(anomalously warm). Annual maps for all individual years are available in supplementary materials 1375 

(Appendix Fig. A-9). 1376 

 1377 

Fig. 7. Seasonal progression of sea-ice extent (millions of km2) in the Bering Sea and Chukchi Sea 1378 

(January-December 1982-2018). Time intervals for warm (2000-2005 and 2014-2016, ) and cold 1379 

periods (2006-2012, )  and 2017 (- - -) and 2018 (- • -) are contrasted against all other years (1980-1380 

1999, ). Inset plot display 2017 (- - -) and 2018 (- • -) contrasted against the 1980-2016 mean ( ) and 1381 

standard deviation (gray area plot).  1382 

 1383 

Fig. 8. Annual extent of open water in the Bering Sea on March 15 (top plot). Annual extent of open water 1384 

in the Chukchi Sea, May 15 (bottom plot). In the Chukchi Sea, values represent the absolute area of open 1385 

water within the LME. In the Bering Sea, values are relative to the area of Bering Sea ice extent in 2012, 1386 

the year of maximal ice extent in the timeseries. 1387 
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 1388 

Fig. 9. Boxplots of annual areal extent of open water in the Bering Sea (March 15) and the Chukchi Sea 1389 

(May 15) for the intervals of analyses, 1982-1999 (high interannual variability), 2000-2005 (warm), 2006-1390 

2012 (cold), 2014-2016 (warm), 2017-2018 (anomalously warm). The box represents the interquartile 1391 

range (middle 50%) of the data, the whiskers contain 90% of the data. Horizontal lines within each box 1392 

display the median value. Points indicate outliers. 1393 

 1394 

Fig. 10. Areal extent of the Bering Sea cold pool in mid-summer, calculated via bottom temperatures 1395 

sampled in the NOAA bottom trawl survey. Images 1982-2016 display the area surveyed in the EBS 1396 

survey grid. Images for 2017 and 2018 show an enlarged sample area that reflects increased survey 1397 

coverage in those years that included the both the full EBS survey area and also the NBS survey area. 1398 

Gray lines within the shelf denote the 50 m and 100 m isobaths. The cold pool typically concentrates in 1399 

the middle shelf, depths 50-100 m.  [data: NOAA Alaska Fisheries Science Center, Resource Assessment 1400 

and Conservation Engineering Division, Groundfish Assessment Program].  1401 

 1402 

Fig. 11. Maps of mean sea level pressure (hPa, color) and 10-m winds (m/s, vectors) for winter months 1403 

(Nov-Mar) in the Pacific Arctic region [data: ERA5 reanalysis - 1979-2018]. 1404 

 1405 

Fig. 12. Maps of mean sea level pressure (hPa, color) and 10-m winds (m/s, vectors) anomalies from 1406 

climatology (1979-2018) for winter months (Nov-Mar) in the Pacific Arctic region [data: ERA5 reanalysis - 1407 

1979-2018]. 1408 
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