
1.  Introduction
The warming (solar insolation) and freshening (sea ice melting and riverine water inputs) of the Arctic 
Ocean during summer increase stratification and suppress the upward mixing of nutrients into the euphot-
ic zone (Codispoti et al., 2013). However, sea ice is now thinner and less compact (Kwok, 2018; Perovich 
et al., 2020); thus, the Arctic Ocean is more responsive to wind stress (Kwok et al., 2013), which enhances 
the nutrient supply (Bluhm et al., 2015). Shelf-break upwelling is becoming more prominent in the Arctic 
as the sea ice edge retreats poleward with ongoing climate change, exposing the shelf break to more di-
rect wind forcing (Arrigo et al., 2014; Carmack & Chapman, 2003; Tremblay et al., 2011). Recently, Lewis 
et al. (2020) reported that annual net primary production (NPP) increased by 57% over the Arctic Ocean 
between 1998 and 2018. They also found that increased chlorophyll-a (Chl-a) was responsible for the sus-
tained increase in annual NPP between 2009 and 2018, particularly along the interior shelf break. These 
results suggest that additional nutrients were supplied from increased vertical mixing near the shelf break 
into the nutrient-depleted upper euphotic zone (Arrigo & van Dijken, 2015; Lewis et al., 2020) and that the 
changes in ocean circulation in response to recent sea ice loss and increased wind mixing could significantly 
influence biological production (Ardyna & Arrigo, 2020).

The Arctic Ocean is experiencing radical modifications in its hydrographic properties and in its overall cir-
culation (Ardyna & Arrigo, 2020). For example, Polyakov et al. (2017) reported that the recent increase in 
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Plain Language Summary  Nutrient depletion, especially nitrogen, in Arctic surface waters 
during the summer is common due to biological uptake and intense stratification caused by sea ice 
melting and riverine water inputs, which restricts the upward mixing of nutrients into the euphotic zone. 
Although Atlantic-origin cold saline water has previously not been considered an important contributor 
to the nutrient supply in the Pacific Arctic, the results presented here show that the intrusion of Atlantic-
origin cold saline water into the halocline boundary layer between Pacific and Atlantic-origin waters in 
the summer of 2017 was an essential mechanism responsible for transporting Pacific-origin nutrients 
to the surface layer, leading to anomalously high surface phytoplankton blooms in typically highly 
oligotrophic surface waters in the northwestern Chukchi Sea.
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Atlantic water (AW) influence into the Arctic, the so-called “Atlantification” process, resulted in weakening 
of the halocline, shoaling of the AW layer, and increased winter ventilation. The Arctic changes associated 
with the advection of anomalous AW have already impacted biogeochemical components (e.g., Polyakov 
et  al.,  2020) and primary production (e.g., Oziel et  al.,  2017) in the Atlantic Arctic, suggesting that the 
changes in the circulation pathways of specific water masses can control the availability of nutrients in the 
Arctic Ocean (Polyakov et al., 2020).

The water column of the western Arctic (i.e., the Pacific sector) generally consists of a cold and relatively 
fresh surface mixed layer (SML, <50 m depth), Pacific-origin water (PW) layer that composes the upper 
halocline (depth < 150 m), and a warm and saline AW layer typically residing below 150 m (i.e., lower 
halocline layer, salinity [S] > 34 psu, potential temperature [ ] maximum) (Alkire et al., 2019; Codispo-
ti et al., 2005; Korhonen et al., 2013). The PW can be further classified into two types based on seasonal 
modifications of the Chukchi Sea shelf: Pacific summer water (S  =  31–32  psu,   maximum, 50–100  m 
depth) and Pacific winter water (S ≈  33  psu,   minimum, 100–150  m depth) (Nishino et  al.,  2013). In 
contrast, in the eastern Arctic (i.e., Atlantic sector), the PW layer is absent (Woodgate, 2013), and the AW 
is separated from the surface by a cold layer in which the S increases-a “cold halocline” (50–200 m depth, 
34 psu < S < 34.5 psu,   < −0.5°C, Aagaard et al., 1981; Rudels et al., 1996; Steele et al., 1995) which is 
formed by either brine rejection-driven convection topped off with fresher cold waters during winter (con-
vective halocline), or injection of cold salty shelf waters (advective halocline) (Steele & Boyd, 1998). The 
cold halocline layer is important in providing a density barrier trapping AW heat at depth way from the ice 
throughout the Arctic (Woodgate, 2013).

To date, the cold halocline water advected from the Atlantic sector into the Pacific sector has generally not 
been considered an important contributor to the nutrient supply due to effective insulation of the overlying 
PW (less saline and richer in nutrients than the AW) that separate the shallow SML from the warm and 
saline AW (Codispoti et al., 2013). Nevertheless, our newly observed data in the northwestern Chukchi Sea 
(Figure 1) reveal that an intrusion of Atlantic-origin saline cold water can play a significant role in trans-
porting Pacific-origin nutrients to the surface layer, which resulted in anomalous surface blooms near the 
northwestern Chukchi Sea shelf break in the summer of 2017.

2.  Results
2.1.  Supply of Nutrient-Rich Deep Water to the Surface

Generally, the surface Chl-a concentrations in the northern Chukchi Sea during the summer are remarka-
bly low (Figure S1) because nutrient depletion, especially nitrate (NO3), in surface water is common during 
the summer due to biological uptake and intense stratification caused by freshwater input that restricts the 
vertical replenishment of surface nutrients (Carmack et al., 2006; Codispoti et al., 2005, 2013). However, 
hydrographic changes were observed in the northwestern Chukchi Sea from 2015 to 2017. In the summer 
of 2015, as in 2011–2014 (Figure S1), the surface Chl-a showed extremely low concentrations, ranging from 
0.035 to 0.26 mg m–3, due to water column stratification limiting nutrient availability (Figures 2a, 2d, 2g, 
and 2j). In contrast, the surface Chl-a concentrations, especially in the East Siberian Sea region (i.e., western 
stations), increased slightly (0.081–0.77 mg m–3) in the summer of 2016 (Figure 2e) compared to 2015, and 
they increased more strongly on the northwestern Chukchi Sea shelf break in the summer of 2017, resulting 
in the highest observed values (0.28–2.4 mg m–3) (Figure 2f). These anomalously high surface Chl-a con-
centrations in the summer of 2017 were accompanied by increases in sea surface S and surface nutrients 
(shown as phosphate [PO4] concentration) (Figures 2i and 2l), suggesting that nutrient-rich deep water was 
supplied to the surface.

The vertical distributions of S and   observed in 2015 along the Chukchi Sea shelf transect (Figure S2a) 
showed a typical vertical stratification (Figures S2d and S2g), resulting in extremely low-nutrient concentra-
tions (below the detection limit for NO3 and <0.75 µmol kg–1 for PO4) in the upper layer (<20 m depth) (Fig-
ures S2j and S2m). The Chl-a concentration in the upper layer was lowest (<0.1 mg m–3) (Figure S2p) due to 
NO3 depletion (Figure S2j); however, it increased sharply with depth, showing a subsurface Chl-a maximum 
(SCM) at depths of 20–50 m. The S,  , nutrients, and Chl-a observed in 2016 showed similar distribution 
patterns to those in 2015 (Figures S2e, S2h, S2k, S2n, and S2q). However, the vertical distributions observed 
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in 2017 were distinct from those in 2015 and 2016. Interestingly, the lower halocline water (S ≈ 34 psu) 
derived from shelf areas of the Atlantic sector of the Arctic Ocean (Polyakov et al., 2012; Randelhoff & 
Sundfjord, 2018) became shallower in the northwestern shelf break of the Chukchi Sea (Figure S2f), where 
the characteristics of Atlantic-origin waters were prominent (Figures S2i, S2l, and S2o). Shoaling of the At-
lantic-origin water upper boundary was substantial, rising from ∼150–170 m in 2015–2016 to ∼80–120 m in 
2017. As a result, the overlying nutrient-rich PW was lifted up to the surface layer, leading to anomalously 
high Chl-a concentrations (1.2–2.0 mg m–3) in the upper 50 m in the northwestern shelf slope of the Chuk-
chi Sea and the disappearance of SCM (Figure S2r). These results provide evidence that the upper halocline 
water was lifted by an intrusion of Atlantic-origin water, which resulted in the shoaling of the nutricline, 
producing favorable conditions for phytoplankton growth. Indeed, the PO4 data clearly showed that the 
anomalously high Chl-a concentrations in the upper 50 m were caused by the entrainment of nutrients into 
the euphotic zone (Figure S2o).

We provide more detailed evidence that the anomalous 2017 surface summer bloom occurred in response 
to the nutrient supply from deep layers by the unprecedented intrusion of Atlantic-origin water into the 
western shelf beak of the Chukchi Sea using the data observed at station A (St. A, 75°N, 180°W, denoted 
in Figure 1), where the most intense surface phytoplankton bloom occurred in 2017. The vertical profiles 
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Figure 1.  Hydrographic survey locations. Map showing bathymetric features and locations of the hydrographic survey in (a) Kongsfjorden, Svalbard, and 
(b) northern Chukchi Sea, Pacific Arctic. Blue triangles, black diamonds, and red circles represent seawater sampling stations in the summers of 2015, 2016, 
and 2017, respectively. The gray box shows the location of station A (St. A) where the most intense surface phytoplankton bloom occurred in 2017. Data from 
this station are shown in Figure 3.
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of   and S in 2015 and 2016 clearly show typical structures of Pacific- and Atlantic-origin waters in the 
northern Chukchi Sea (Figures 3a and 3b). In 2015 and 2016, the halocline boundaries between Pacific- and 
Atlantic-origin waters, which are defined as the deepest depth of maximum planetary potential vorticity, 
PV = –(f/ρ) (dρ/dz), which is akin to the buoyancy frequency (Nikolopoulos et al., 2009; Pickart et al., 2005), 
were located at depths of 140–150 m, whereas in 2017, it shoaled up to a depth of 95 m (Figures 3a–3c). In 
addition, another halocline boundary appeared at a depth of 70 m in 2017. The shoaling and appearance of 
these boundaries were induced by the intrusions of two different types of cold halocline waters: relatively 
high-salinity cold water (HSCW, S ≈ 34∼34.5 psu, red dashed horizontal line in Figure 3) and relatively 
low-salinity cold water (LSCW, S ≈ 32 psu, red dotted horizontal line in Figure 3). The HSCW originates 
partly from the cold halocline layer lying below the cold, fresh SML and above the warm, salty Atlantic 
layer in the Eurasian Basin (Steele et al., 1995). The HSCW intruded into the layer between the PW and AW 
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Figure 2.  Observational evidence of the supply of nutrient-rich deep water to the surface water. Changes in (a–c) nitrate (NO3) (d–f) chlorophyll-a (Chl-a) 
(mg m–3), and (g–i) phosphate (PO4) (µmol kg–1) concentrations and changes in (j–l) salinity (psu) in sea surface water in the northern Chukchi Sea in the 
summers of 2015–2017.
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and pushed the halocline boundary up to 95 m depth. The HSCW occupied depths of 120–150 m, with a   
of nearly −1°C and S of 34.2∼34.5 psu. On the other hand, the LSCW observed in 2017 had characteristics 
(S ≈ 32 psu,   ≤ −1.5°C) similar to those of the fresh temperature minimum (frTmin) water (S ≈ 32 psu, 
near-freezing temperature) observed over the Chukchi Abyssal Plain by Nishino et  al.  (2008), which is 
formed by winter cooling and convection of the upper part of western Chukchi summer water in the East 
Siberian Sea shelf area (Nishino et al., 2013). Thus, the LSCW is likely to be the modified western Chukchi 
summer water by cooling and convection on the East Siberian Sea shelf during the winter of 2016/2017. 
The LSCW was injected into the layer between the SML and PW and occupied depths of 40–65 m, with a   
of −1.65°C and S of 31.7–32.0 psu. The boundary between the LSCW and PW was characterized by another 
peak in PV at 70 m depth. The intrusions of two bodies of cold halocline water resulted in the changes in 
water column structure, including shoaling of the halocline boundary and uplift of the PW.
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Figure 3.  Vertical profiles of physical, chemical, and biological variables observed at station A (St. A) in the summers of 2015–2017. (a) Potential temperature 
() (°C), (b) salinity (psu), (c) potential vorticity (PV) (m–1 s–1), (d) N* (µmol kg–1), (e) phosphate (PO4) (µmol kg–1), (f) nitrate (NO3) (µmol kg–1), and (g) total 
chlorophyll-a (Chl-a) (mg m–3). The green and light-blue shaded areas indicate the low-salinity cold water (LSCW) and high-salinity cold water (HSCW) layers. 
Blue, black, and red solid lines (or open-circle dotted lines) represent the vertical profile of each variable observed in 2015, 2016 and 2017, respectively. Dotted 
lines in (d–g) are used to fill gaps in between the data. Blue, black, and red dashed horizontal lines in (a–g) indicate the boundary depths between Atlantic-
origin and Pacific-origin waters (PW) observed in 2015, 2016, and 2017, respectively. The red dash-dotted horizontal lines in (a–g) represent the boundary depth 
between Pacific-origin water and LSCW. Intrusions of LSCW and HSCW were solely observed in 2017.
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The vertical profiles of N* clearly showed the substantial shoaling of the Atlantic-origin water upper 
boundary (i.e., positive N* values) due to the intrusion of HSCW, rising from ∼300–320 m in 2015–2016 
to ∼140 m in 2017 (Figure 3d). As a result of this intrusion of HSCW into St. A along the Chukchi Sea 
shelf transect, nutrients were supplied to the surface from the uplifted upper halocline water (Figures 3e 
and 3f), which caused anomalously high Chl-a concentrations in oligotrophic surface waters in the sum-
mer of 2017 (Figure 3g). Furthermore, the NO3-PO4 relationship in 2017 yielded conclusive evidence for 
the intrusion of HSCW derived from the Atlantic sector into the northwestern Chukchi Sea shelf break, 
showing a clear bifurcation from the quasi-relationship when PO4 concentrations were between 0.5 and 
1.0  µmol kg–1 (i.e., moving towards the cluster of Atlantic-origin waters (the left cluster)) (Codispoti 
et al., 2009; Figures S3).

3.  Discussion
The anomalous high surface Chl-a concentrations at St. A in 2017 was not explained by differences in 
sampling time (August 20), which was 9–14 days later than those in 2015 (August 6) and 2016 (August 11) 
because NO3 depletion and further stratification suppressing nutrients input to the surface is expected in 
late August. In addition, during the summers (August) of 2015–2017, there were no significant interannual 
differences in the major controlling factors for primary production, such as sea ice concentration (SIC) and 
photosynthetically available radiation (PAR) in the northwestern Chukchi Sea (Figure S4). However, unlike 
in 2015 and 2016, high satellite-derived Chl-a concentration was observed in the northwestern Chukchi Sea 
in July 2017 (Figure S4), suggesting that additional nutrients could be supplied by shelf-break upwelling 
into the nutrient-depleted surface layer (Lewis et al., 2020), as discussed below, and that the sustained sur-
face bloom was captured during our cruise.

The intrusions of two bodies of cold halocline water (i.e., HSCW and LSCW) observed in 2017 appear to 
have been induced by a drastic change in the atmospheric circulation system in the western Arctic Ocean 
(Figures 4 and S5). In recent years, the HSCW was mostly observed near the Makarov Basin and the Men-
deleyev Ridge (Figures S6a and S6b). However, it was also found in the northwestern Chukchi Sea shelf 
break (i.e., St. A) in 2017 (Figure S6c). As shown in the mean sea surface wind and sea surface air pressure 
averaged from November to June (Figures 4a–4d), the cyclonic atmospheric circulation over the Eurasian 
Basin in 2017 was considerably strengthened and extended farther towards the Beaufort Gyre region than 
those in 2015, 2016, and the long-term mean climatology. Consequently, the cyclonic ocean circulation 
was enhanced in the northwestern Chukchi Sea, as indicated by sea ice motion vectors and their curls. In 
contrast, the anticyclonic circulation over the Beaufort Sea was considerably weakened in 2017 (Figure 4h). 
These results indicate that the enhanced cyclonic winds associated with the deepened low pressure over 
the Eurasian Basin in 2017 strengthened cyclonic sea ice motion, thereby driving the cold halocline waters 
from the eastern Arctic to the western Arctic Ocean. Similarly, a retreat of the cold halocline layer from the 
Amundsen Basin to the Makarov Basin was observed in the early 1990s due to a shift in the atmospheric 
wind forcing to a cyclonic circulation regime and relevant sea ice motion during the late 1980s (Steele & 
Boyd, 1998). Furthermore, in 2017, the enhanced positive curls (i.e., cyclonic winds and ice motion) near the 
Makarov Basin and the Mendeleyev Ridge likely induced Ekman suction, making the cold halocline layer 
shallow. Likewise, the LSCW spread from the East Siberian Sea to the Makarov Basin (Nishino et al., 2013) 
in 2016 (Figure S7b); however, it extended as far as the northwestern Chukchi Sea shelf break along the 
shelf slope in 2017 (Figure  S7c). In addition, at St. A, the LSCW was observed only in 2017 (Figure  3a 
and 3b) when the cyclonic ocean circulation was expanded towards the Beaufort Gyre region (Figure 4h). 
Similar to our results, frTmin water was only found west of the Chukchi Plateau in the early 2000s, whereas 
it appeared west of the Mendeleyev Ridge in the late 2000s (Nishino et al., 2013), suggesting that the water 
mass boundary was shifted by the cyclonic regime of the Arctic Ocean circulation (McLaughlin et al., 2002; 
Proshutinsky & Johnson, 1997) and that the LSCW that formed in the East Siberian Sea shelf area was 
driven to St. A by the changes in the atmospheric circulation over the western Arctic Ocean. In addition 
to the anomalous shoaling of the nutricline caused by the simultaneous intrusions of the HSCW and the 
LSCW, the retreat of the ice edge beyond the shelf break provides upwelling favorable conditions along the 
shelf break (Carmack & Chapman, 2003), by which nutrient-rich deep water can be delivered to the surface 
layer (Bluhm et al., 2020; Spall et al., 2014; Tremblay et al., 2011). Indeed, in the summer of 2017, the area 
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of positive wind stress curl was widened beyond the slopes in the northwestern Chukchi Sea, suggesting 
that shelf-break upwelling possibly occurred around St. A (Figure S8). We thus conclude that the enhanced 
cyclonic circulation in 2017 allowed the HSCW and the LSCW to flow into the East Siberian/Chukchi shelf 
margins. The HSCW and the LSCW intruded directly into the layers between the PW and the existing AW, 
and between the surface and the PW, respectively. The nutrient-rich PW and LSCW uplifted by the HSCW 
led to unprecedented shoaling of the nutricline in the northwestern Chukchi Sea. Furthermore, coincident 
with shoaling of the nutricline, shelf-break upwelling induced by positive wind stress curl around the re-
treated ice edge area appeared to promote the supply of nutrients to the surface layer, thus resulting in the 
anomalous high surface summer bloom in the region.

The recent changes in water mass structure in the northwestern Chukchi Sea shelf region and the conse-
quences of these changes for the shoaling of the nutricline and primary production are shown conceptually 
in Figure 5. In 2015 and 2016, the HSCW and LSCW did not extend as far as the northwestern Chukchi 
Sea shelf region due to the strong anticyclonic circulation, influencing the deepened nutricline and the 
SCM layer via typical stratification (Figure 5a). However, the influence of AW has recently increased due 
to declining sea ice cover and weakening of stratification in the layers over the AW (i.e., Atlantification), 
extending into the eastern Eurasian Basin (Polyakov et al., 2017). Shoaling of the AW and decreased verti-
cal stratification observed in the eastern Eurasian Basin produced favorable conditions for the expansion 
of Atlantic-origin waters. In addition to the increased AW influence, the enhanced cyclonic winds in the 
Arctic Ocean in 2017 triggered a pronounced transport of the HSCW and the LSCW to the northwestern 
Chukchi Sea shelf break along the shelf slope. The simultaneous intrusions of the HSCW and the LSCW 
caused anomalous shoaling of the nutricline, with consequences for marine biological production by possi-
ble shelf-break upwelling (Figure 5b).

Under ongoing climate change, it is expected that water mass structures will be considerably modified 
in the Arctic Ocean (Polyakov et al., 2017, 2020), and their modification will have an impact on primary 
productivity (Randelhoff et  al.,  2018). With the potential for the persistence of Atlantic-origin cold sa-
line water intrusion into the northwestern Chukchi Sea shelf break region, nutrient availability may be 
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Figure 4.  Spatial distributions of atmospheric and sea ice parameters. November-June mean fields of 10-m wind vectors (ms–1, vectors) and sea level pressure 
(hPa, color-shaded) for (a) 1981–2010 climatology (b–d) the years 2015, 2016, and 2017 (e–h) Same as in (a–d) but for sea ice motion vectors (cm s–1) and their 
curl (×10−7 s–1, color-shaded). The white in (a–d) and red shapes in (e–h) delimit the study area. The location of station A (St. A) (white solid circles in a–d and 
red solid circles in e–h) is also shown.
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significantly altered in summer. With the shoaling of the nutricline, nutrient-rich PWs are more likely to 
reach highly oligotrophic surface waters, thus resulting in changes in marine primary productivity and 
marine ecosystems in the northern Chukchi Sea. If the circulation pattern changes back and forth (i.e., 
anticyclonic and cyclonic), the Atlantic-origin cold saline waters may retreat or advance repeatedly across 
the northwestern Chukchi Sea shelf break region. Specifically, we speculate that even if the anticyclonic 
circulation pattern swings back to normal conditions, as long as Atlantic-origin cold saline waters remain in 
the northern Chukchi Sea, the nutricline will be shoaled further by the PWs that overlie the Atlantic-origin 
cold saline waters. Our results highlight the shift in a water mass boundary due to a change in circulation 
pattern and its impact on nutricline shoaling as a feedback to the rapid environmental changes that have 
occurred in the Arctic Ocean over the past decade.
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Figure 5.  Schematic illustrations of the water mass circulation and structure in the northwestern Chukchi Sea. At the top are plain views and at the bottom 
are section views for the summers of (a) 2015, 2016, and (b) 2017. The green dashed and light-blue dashed arrows indicate the anticyclonic and cyclonic ocean 
circulations, respectively. The red and blue arrows show the high-salinity cold water (HSCW) and low-salinity cold water (LSCW) paths. The water column 
enclosed by the black dashed line represents the location of station A (St. (a). The data obtained at St. A were used to illustrate the conceptual vertical profiles 
of phosphate (PO4) and chlorophyll-a (Chl-a) concentrations. The black upright arrows in the bottom panel of (b) indicate shoaling of the nutricline by the 
intrusions of HSCW and LSCW. The gray upright arrow also show shelf-break upwelling induced by upwelling-favorable winds. In the study area, the lower 
and upper halocline layers lie between the Pacific-origin water (PW) and the Atlantic water (AW) and between the surface mixed layer (SML) and the PW, 
respectively, although two halocline layers are not indicated.
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