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  12 

Abstract 13 

We investigated spatial and interannual variation in the physical environment in the northern 14 

Bering Sea focusing on stratification, which is one factor affecting biological production in 15 

Arctic/subarctic regions. In particular, we analyzed in situ data obtained onboard the training ship 16 

Oshoro Maru in early summer in 2017 and 2018. We found that stratification in the areas just 17 

north of St. Lawrence Island (around 64.5°N and west of 168.5°W) and south/southwest of St. 18 

Lawrence Island was significantly weaker in 2018 than in 2017. These results are consistent with 19 

the extremely low sea-ice extent present in the winter of 2017/2018, which would have resulted 20 

in less freshwater being supplied to the surface layers and a warmer and less saline bottom water. 21 

Conversely, stratification was as strong in 2018 as in 2017 in the area close to the Alaska mainland, 22 

including the Bering Strait area, suggesting that the Alaskan Coastal Water dominates 23 

stratification in this area in early summer. Moreover, we found that the weakly stratified water 24 

column in the Bering Strait area stratified quickly shortly after the occurrence of strong northerly 25 

winds, likely because of the Ekman transport of warm and low-salinity Alaskan Coastal Water 26 

from the east. 27 

Keywords: northern Bering Sea, stratification, interannual variation, in situ data 28 



1. Introduction 29 

The northern Bering Sea, a broad continental shelf region with seasonal sea ice (Fig. 1), is one of 30 

the most productive marine ecosystems worldwide (Grebmeier et al., 2012). It has been suggested 31 

that this ecosystem is influenced by the timing of sea ice retreat, which manifests as changes in 32 

temperature and stratification (Hunt et al., 2011). Historically, the northern Bering Sea has been 33 

largely ice-covered for 5–6 months each year; although there has been considerable variability in 34 

the timing of ice arrival and retreat, no significant trend in these variables was evident from 1979 35 

to 2014 (Stabeno et al., 2019). However, in the winter of 2017/2018, the winter-maximum areal 36 

sea-ice coverage was extremely low (Stabeno and Bell, 2019). Sea ice arrived late owing to warm 37 

southerly winds in November, while warm southerlies in February and March prevented 38 

southward migration of sea ice (Stabeno and Bell, 2019). The resulting reduction in sea-ice 39 

coverage caused very low stratification at mooring site M8 (62.19°N, 174.69°W), located 40 

southwest of St. Lawrence Island (SLI); weaker stratification persisted until the summer/fall of 41 

2018 owing to the decrease of cold bottom water and fresh surface water (Stabeno and Bell, 2019). 42 

In addition, weak stratification delays in the timing of the spring bloom and a paucity of large 43 

copepods were observed in the northern Bering Sea (Duffy‐Anderson et al., 2019). 44 

Water in the northern Bering Sea consists of the Alaska Coastal Water (ACW), Bering Shelf 45 

Water (BSW), and Anadyr Water (AW) (Coachman et al., 1975; Danielson et al., 2017). The 46 

ACW comprises warm, low-salinity, and nutrient-poor water, which is influenced by fresh coastal 47 

discharges from Alaskan rivers (Danielson et al., 2017). More than half of the discharge into the 48 

Bering Shelf is from the Yukon River (Aagaard et al., 2006), which shows the highest flow in 49 

June (Yang et al., 2009). The nutrient distribution in the region surrounding SLI is governed by 50 

the high-salinity AW, which upwells onto the Bering Sea shelf from the Bering Slope Current 51 

(Kinder et al., 1975; Wang et al., 2009; Cooper et al., 2012). The BSW has similar temperature 52 

and salinity to the AW as a result of cycles of freezing, brine rejection, and subsequent summer 53 

warming, but lacks the important slope-derived AW nutrient load (Danielson et al., 2017). 54 

Stratification is one of the primary factors affecting biological production in Arctic/subarctic 55 

regions (Gargett, 1997, Coyle et al., 2008, Ladd and Stabeno, 2012, Martini et al., 2016). Gargett 56 

(1997) proposed an optimum stability window hypothesis, suggesting that there is a range of 57 

stability values for which the associated supplies of both nutrients and light are sufficient to 58 

stimulate primary production. In this context, the static stability of an oceanic water column has 59 



both positive and negative effects on phytoplankton growth and, therefore, on the level of primary 60 

production. Ladd et al. (2018) found a significant nonlinear relationship between coccolithophore 61 

bloom and summer stratification: coccolithophore blooms were larger during years with either 62 

very low or very high stratification in the eastern Bering Sea shelf. In addition, while the blooms 63 

usually occurred over the middle shelf (50- to 100-m depth), more of the bloom was located over 64 

the shallow (30–50 m) inner shelf when stratification was low. Meanwhile, Coyle et al. (2008) 65 

suggested that the optimum stability for production of large zooplankton is relatively weak. In 66 

addition, stratification could be broken in the short (several days) timescale by storms, affecting 67 

the chlorophyll concentration in the southeastern Bering Sea shelf (Stabeno et al., 2010). 68 

Ladd and Stabeno (2012) defined a stratification index (SI) and studied spatial and temporal 69 

variation in the SI for the eastern Bering Sea shelf. They found that both temperature and salinity 70 

influence the stratification of this shelf region, with their relative importance varying both 71 

spatially and temporally. In the northern middle shelf domain (north of 60°N), salinity 72 

stratification is often as important as temperature stratification. Conversely, in the southern 73 

middle shelf domain, the influence of temperature dominates stratification during summer, while 74 

salinity stratification is also influential in interannual variability. They further demonstrated that 75 

September chlorophyll biomass is negatively correlated with August stratification in the 76 

southeastern part of the Bearing Sea shelf.  77 

In this study, we investigated spatial and interannual variation in early summer stratification in 78 

the northern Bering Sea in 2017 and 2018. In particular, we used the SI modified from Ladd and 79 

Stabeno (2012) to clarify the impact of record-breaking low sea-ice extent in the winter of 80 

2017/2018 on stratification in early summer 2018. In the winter of 2016/2017, the period of sea-81 

ice cover in the northern Bering Sea was below the long-term average (Stabeno et al., 2019); 82 

accordingly, we have also included data obtained in the early summer of 2013 as an example of 83 

moderate sea-ice cover. 84 

 85 

 86 

2. Data and Methods 87 

We used temperature and salinity data obtained by the training ship Oshoro Maru (Hokkaido 88 

University) over the northern Bering Sea during the following periods: July 4–9, 2013; July 9–89 



22, 2017; and July 2–12, 2018 (Figs. 1 and 2). Temperature and salinity observations by Oshoro-90 

maru were performed with a conductivity-temperature-depth profiler (CTD, Sea-Bird SBE 91 

911plus CTD system with SBE 9plus CTD Unit and SBE 11plus Deck Unit) and expendable 92 

CTDs (XCTDs: XCTD-1 and XCTD-4, Tsurumi-Seiki Co., Ltd.). The temperature and salinity 93 

at 0–4 dbar were replaced by those at 5 dbar because temperature and salinity data are noisy near 94 

the sea surface. We calculated the density of sea water based on the temperature and salinity data 95 

and evaluated the SI. The SI of Ladd and Stabeno (2012) (hereafter, SI(LS12)) is defined as 96 

potential energy relative to the mixed state (J m-2) and described as follows: 97 
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where ρ is the density and h is the depth of the water column. Because the depth of the region 99 

north of St. Laurence Island is ~50 m, we set h to 50 m, or to the bottom depth where this was 100 

shallower than 50 m. In the present study, we discuss spatial variation in stratification; therefore, 101 

we divided the SI by depth h to reduce the dependence of h on SI:  102 
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where SI is expressed in J m-3. We also calculated the temperature stratification index (SI(T)), 104 

that is potential energy due to temperature stratification relative to the mixed state, assuming that 105 

the salinity is uniform (= depth-averaged salinity) over the water column in (2). The salinity 106 

stratification index (SI(S)) is calculated using depth-averaged temperature. The SI equals 0 when 107 

the water column is vertically mixed and increases as the water column stratifies.  108 

For nutrient concentration, we used NO2
– (nitrite) + NO3

– (nitrate) concentrations measured 109 

according to the colorimetric method using a QuAAtro 2-HR system (BL-tec, Osaka, Japan; Seal 110 

Analytical, Norderstedt, Germany) certified with standard reference materials for nutrient 111 

analysis (KANSO, standard Lot BT, Osaka, Japan). Seawater samples without filtering were 112 

frozen at –65°C in a deep freezer and kept in a freezer at  –25°C until the nutrient analysis in the 113 

laboratory. We used NCEP-CFSv2 (Saha et al., 2010, https://rda.ucar.edu/datasets/ds094.0/, 2.5° 114 

× 2.5°, six-hourly, 1-hour forecast) for mean sea level pressure (hPa) and 10-m wind (m s-1). 115 

 116 

 117 



3. Results and discussion 118 

Stratification varied spatially and interannually in the northern Bering Sea (Figs. 2a–c). In each 119 

year considered, stratification was relatively weak around the Bering Strait and relatively strong 120 

south/southwest of SLI. Along 64.5°N, stratification was strong at stations west of 168.5°W and 121 

near the coast of Alaska in 2017 but weak at stations west of 168.5°W in 2018.  122 

In 2013, when sea-ice conditions in the northern Bering Sea were moderate (e.g., Fig. 3 of Stabeno 123 

et al. (2019)), stratification was weak at stations north of 65°N, moderate near the Alaskan coast, 124 

and strong south/southwest of SLI (Fig. 2a). We attribute the strong stratification at stations 125 

south/southwest of SLI primarily to salinity stratification east of 174°W and a combination of 126 

temperature and salinity stratifications west of 174°W (Figs. 2d and 2g). Our results indicate that 127 

surface waters north of 64.5°N and west of 168.5°W were colder and more saline than those at 128 

other stations, leading to weak stratification near the Bering Strait (Fig. 3a, 3d, 3g and 3j). South 129 

of SLI, we observed near-freezing saline bottom water (Figs. 3d and 3j) known as Winter Water 130 

(e.g. Danielson et al., 2017), leading to strong stratification in the area (Fig. 2a). Conversely, we 131 

observed warm, low-salinity ACW-type water near the Alaskan coast, especially in the surface 132 

layer (Figs. 3a and 3d). 133 

In 2017, when ice arrival and retreat in the northern Bering Sea occurred later and earlier than 134 

usual, respectively (Stabeno et al., 2019), the distribution of the SI was similar to that in 2013 135 

(Fig. 2a–b). However, both surface and bottom temperatures were higher in 2017 than in 2013 136 

(Fig. 3a, 3b, 3d and 3e). Along 64.5°N, where observation was not conducted in 2013, 137 

stratification was strong west of 168.5°W and east of 167°W, and relatively weak between these 138 

longitudes (Fig. 2b). We attribute this distribution primarily to the spatial pattern of surface 139 

salinity, which was higher around 168°W (Fig. 3h). 140 

In the early summer of 2018, following the extreme sea-ice conditions of the 2017/2018 winter, 141 

stratification was much weaker than that in 2013 and 2017, especially around SLI (Figs. 2a–c). 142 

Both temperature and salinity stratification contributed to the weak stratification in 2018, 143 

although salinity had a greater impact (Figs. 2d–i). However, the impact of temperature/salinity 144 

structure on stratification varied spatially. Along 64.5°N, for example, stratification weakened 145 

from 2017 to 2018 west of 168.5°W, whereas no significant differences were observed between 146 

these years east of 168.5°W. To understand these regional differences in interannual variation in 147 



greater detail, we defined four areas (Areas A, B, C, and D; Figs. 1 and 2a–c) based on the spatial 148 

distribution of the SI. 149 

In Area A (south/southwest of SLI), the SI increased from 2013 to 2017 but decreased from 2017 150 

to 2018 (Fig. 4a). We attribute the 2013–2017 increase to large SI(T) caused by high surface 151 

temperatures in 2017 and the 2017–2018 remarkable decrease (significant at the 5% significance 152 

level) to both SI(S) and SI(T) decrease (primarily SI(S) decrease) (Figs. 4a–h). The surface and 153 

bottom salinities were similar in 2018 (Figs. 4b and 4h); accordingly, SI(S) in 2018 was 154 

approximately 1/6 of that in 2017 (Fig. 4a). This result is consistent with that of Stabeno and Bell 155 

(2019) based on M8 data analysis, who indicated that cold bottom water did not form extensively 156 

in this region in the winter of 2017/2018 and that salinity at 30 m and 55 m depths in early summer 157 

of 2018 was almost the same as the climatological salinity at 55 m depth, which is ~0.3 higher 158 

than the climatological salinity at 30 m. Such anomalous salinity structure was not observed from 159 

2005 to 2017 (Stabeno et al., 2019), illustrating the extreme conditions in 2018. 160 

In Area B (west of 168.5°W along 64.5°N), the SI was approximately one order of magnitude 161 

lower in 2018 than in 2017 (Fig. 5a). We attribute this significant change (significant at the 5% 162 

significance level) to the large decrease in surface temperature and increase in surface salinity 163 

over this period (Figs. 5c and 5e–h). There was little difference in temperature and salinity 164 

between the surface and bottom layers in Area B in 2018 (Figs. 5c, 5f and 5h). In Area C (east of 165 

168.5°W along 64.5°N), on the other hand, we observed a weak decrease in average SI between 166 

2017 and 2018 (Fig. 5b); differences between surface and bottom layers in both temperature and 167 

salinity decreased in this area over this period (Figs. 5d–h). In Area D (around the Bering Strait), 168 

SI, SI(T), and SI(S) were similar for the years 2013, 2017, and 2018 (Fig. 6a). Although surface 169 

and bottom temperatures varied interannually, they varied in tandem; therefore, SI(T) did not vary 170 

considerably (Figs. 6a–e). This was also true for salinity (Figs. 6 a–b and 6f–h). 171 

Broadly, stratification was similar in 2017 and 2018 in Areas C and D (Figs. 5b and 6a), which 172 

lie relatively close to the Alaskan coast. Conversely, significant differences were observed 173 

between 2017 and 2018 in Areas A and B (Figs. 4a and 5a), which are farther away from the 174 

Alaska mainland. These results suggest that weak stratification, which was induced by the 175 

extremely small sea-ice extent during the winter of 2017/2018 (Stabeno and Bell, 2019), persisted 176 

until early summer in areas far from Alaska. In contrast, the water column was re-stratified before 177 

early summer in areas near Alaska. These phenomena were evident in the temperature and salinity 178 



cross-sections along 64.5°N (Fig. 5e–j). In the western part of this section, the water column was 179 

broadly uniform in 2018, particularly in salinity and nutrient concentration, while temperature 180 

and salinity stratification was observed in 2017. Conversely, in the eastern part of this section, 181 

warm, low-salinity, and low-nutrient water was observed in both 2017 and 2018, particularly near 182 

the eastern edge of the section. This warm, low-salinity, and low-nutrient surface water with 183 

temperature > 7°C and salinity < 32 is regarded as the ACW, which is influenced by fresh coastal 184 

discharges from Alaskan rivers (Danielson et al., 2017).  185 

Figures 2–6 suggest that the extreme low sea-ice conditions of the 2017/2018 winter had an 186 

impact on stratification in early summer in the northern Bering Sea, especially in the western part, 187 

where the influence of the ACW is limited. However, data obtained around the end of the period 188 

of observation in 2018 suggest that in addition to interannual variations in sea-ice conditions, 189 

synoptic-scale wind conditions affect stratification in the northern Bering Sea and southern 190 

Chukchi Sea. Figure 7a–f shows the temperature/salinity cross-sections and SI along ~169°W 191 

before (left) and after (right) the passage of the low-pressure area shown in Fig. 7g and 7h. These 192 

results indicate that the water column was mostly uniform in terms of salinity but exhibited very 193 

weak temperature stratification before the passage of the low-pressure area (Fig. 7e). Strong 194 

stratification, particularly of salinity, was formed south of 66.5°N several days later, after the 195 

passage of the low-pressure area (Fig. 7f). During the passage of the low-pressure area, a strong 196 

northerly wind was observed for four days (July 08–12) around the Bering Strait (Fig. 7h). 197 

Because this time scale (four days) is longer than inertial period in this region (< 1 day), this wind 198 

would have resulted in westward Ekman transport, transporting low-salinity and warm water 199 

influenced by the ACW from the Alaskan coastal area. The low-salinity and warm layer was thin 200 

(< 5 m) in the area except around 65.5°N; therefore, low-salinity and warm surface waters from 201 

the northeastern area of the Bering Strait (as indicated e.g. Danielson et al. (2017)) might also 202 

contribute to the quick stratification in this area due to south-southwestward (Madsen, 1977) to 203 

southwestward surface Ekman drift. Precipitation due to the passage of a low-pressure area also 204 

would contribute to the decrease of surface salinity, but surface warming cannot be explained by 205 

the strong northerly wind, supporting the hypothesis that stratification after the passage of low-206 

pressure was primarily due to Ekman transport. In the area north of 66.5°N, stratification was 207 

weak even after the passage of the low-pressure area (Fig 7f). It is difficult to constrain the impact 208 

of the passage of low-pressure conditions in this area because observations were not obtained 209 



from the period before this event. However, the lack of warm, low-salinity surface water observed 210 

in the area north of 66.5°N could be attributed to the distance of this area from the Alaskan coast. 211 

 212 

 213 

4. Conclusions 214 

We investigated the impact of extreme sea-ice conditions in the winter of 2017/2018 on 215 

stratification in early summer 2018 in the northern Bering Sea, comparing data obtained in July 216 

2018 with those obtained in July 2013 and July 2017. We found that stratification was 217 

significantly weaker in 2018 than in 2017 in the areas just north of SLI (around 64.5°N and west 218 

of 168.5°W) and south/southwest of SLI. These results are consistent with the extremely low sea-219 

ice extent observed in the winter of 2017/2018, which would have resulted in less freshwater 220 

being supplied to surface layers and warmer and less saline bottom water (Stabeno and Bell, 2019). 221 

Conversely, in the area near the Alaska mainland, including the Bering Strait region, stratification 222 

was as strong in 2018 as in 2017. The warm and low-salinity ACW was observed in this area, 223 

forming stratification near Alaska. Broadly, extreme sea-ice conditions in the winter of 2017/2018 224 

had an impact on stratification in the northern Bering Sea, especially in its western part, where 225 

the influence of the ACW was considered to be limited. 226 

In addition to interannual variations, a rapid change in stratification (over several days) was 227 

observed around the Bering Strait in July 2018. At this time, a low-pressure area passed over the 228 

Bering Strait and a strong northerly wind blew over the area for 4 days. The water column had 229 

been weakly stratified before the passage of this low-pressure area but became stratified after its 230 

passage, particularly in terms of salinity. We suggest that westward Ekman transport due to the 231 

northerly wind brought warm and low-salinity ACW from the Alaskan coastal area to the 232 

observation area. However, we have not yet clarified how long the strong stratification caused by 233 

this northerly wind persisted.  234 

 235 
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 307 

Figure Captions 308 

Fig. 1. Bottom topography (m) of the northern Bering Sea (colors and contours). Black, blue, and 309 

red dots indicate the locations of CTD observations by the training ship Oshoro Maru during the 310 

following periods, respectively: July 4–9, 2013; July 9–22, 2017; and July 2–12, 2018. Red 311 

triangles with black edge are the same as red dots but for XCTD observations in July 2018. The 312 

locations of Areas A–D and mooring site M8 are also shown in the figure. 313 

Fig. 2. (a–c) stratification index (SI), (d–f) temperature stratification index (SI(T)), and (g–i) 314 

salinity stratification index (SI(S)) (colored dots) for the following periods: July 4–9, 2013 (a, d, 315 

g); July 9–22, 2017 (b, e, h); and July 2–8, 2018 (c, f, i) (J m-3). Boxes A, B, C, and D indicate 316 

Areas A, B, C, and D, used to evaluate average values for the area. 317 

Fig. 3. (a–c) Surface temperature (°C), (d–f) bottom temperature (°C), (g–i) surface salinity, and 318 

(j–l) bottom salinity (colored dots) for the following periods: July 4–9, 2013 (a, d, g, j); July 9–319 



22, 2017 (b, e, h, k); and July 2–8, 2018 (c, f, i, l). Surface temperature and salinity are averaged 320 

between 0 and 10 dbar. Bottom temperature and salinity are averaged between the deepest depth 321 

used for the SI calculation and the depth 10 m above it. 322 

Fig. 4. (a) Interannual variation in stratification index (SI: black dots, error bars indicate ±1 323 

standard deviation), evaluated from density stratification, temperature stratification index (SI(T): 324 

blue bars), and salinity stratification index (SI(S): orange bars) (J m-3), (b) surface (red) and 325 

bottom (blue) temperature (solid lines: °C) and salinity (broken lines) averaged from data plotted 326 

in Figs. 2 and 3 within Area A. The definitions of surface and bottom temperature/salinity are as 327 

in Fig. 3. (c–e) temperature (°C) and (f–h) salinity cross-sections in Area A in 2013 (c, f), 2017 328 

(d, g) and 2018 (e, h).  329 

Fig. 5. Interannual variation in (a–b) SI, SI(T) and SI(S) (J m-3), and (c–d) surface/bottom 330 

temperature (°C) and salinity averaged in Area B (a, c) and Area C (b, d). Longitudinal (e–f) 331 

temperature (°C), (g–h) salinity and (i–j) nutrient concentration (NO2
–

 + NO3
–, μmol L-1) cross-332 

sections along 64.5°N in July 2017 and July 2018. Blue diamonds in (i) and (j) indicate that 333 

nutrient concentrations were below lower limit of quantification (0.1 μmol L-1). 334 

Fig. 6. Interannual variation in (a) SI, SI(T) and SI(S) (J m-3), and (b) surface/bottom temperature 335 

(°C) and salinity averaged in Area D. Latitudinal (c–e) temperature (°C) and (f–h) salinity cross-336 

sections along ~169°W. Values in 2018 were obtained during July 5–8, 2018 (before passage of 337 

low-pressure area). 338 

Fig. 7. (a–b)Temperature (°C) and (c–d) salinity cross-sections, and (e–f) SI, SI(S), and SI(T) 339 

along ~169°W during July 5–8, 2018 (before passage of low-pressure area (a, c, e)), and during 340 

July 10–12, 2018 (after passage of low-pressure area (b, d, f)). Negative SI(S) indicates that the 341 

water column is unstable in salinity. (g) Distribution of 10-m wind (vectors, m s-1) and surface 342 

pressure (color, hPa) at 01:00 (UTC) on July 9, 2018 and (h) time series of 10-m wind vectors 343 

over the period July 1–14 2018 at 168.75°W and 66.25°N. 344 
















