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Abstract In general, strong wind events can enhance ocean turbulent mixing, followed by episodic
nutrient supply to the euphotic zone and phytoplankton blooms. However, it is unclear whether such
responses to strong winds occur in the ice‐free Canada Basin, where the seasonal pycnocline is strong and
the nutricline is deep. In the present study, we monitored a fixed‐point observation (FPO) station in the
Canada Basin for about 3 weeks in the fall of 2014 to examine the oceanic and biological responses to strong
winds. At the FPO site, oceanic microstructure measurements, hydrographic surveys, and water sampling
were performed with high temporal resolution, recording internal wave propagation, eddy passage, and
water mass changes. Strong winds and internal wave propagation significantly enhanced the mixing above
and at the seasonal pycnocline, but their effects were diminished at the nutricline, which was much deeper
than the seasonal pycnocline. Therefore, wind‐induced mixing did not increase the upward nutrient
supply from the nutricline and did not impact phytoplankton (chlorophyll a) distribution in the surface layer
of the FPO site. The temporal evolution of the chlorophyll a concentration was most closely related to water
mass changes. We also observed prominent subsurface chlorophyll a maxima with abundant large‐sized
phytoplankton that were likely carried by warm‐core eddies to the FPO site. Phytoplankton biomass may
have been sustained by the high concentration of ammonium within the eddy and ammonium regeneration
at the seasonal pycnocline, where particulate organic matter likely accumulated.

Plain Language Summary The Arctic basins, once covered with multiyear ice, are gaining
ice‐free areas in summer and fall as an effect of global warming. An ice‐free upper ocean is more
susceptible to wind forcing than ice‐covered waters. Here, we studied the oceanic and biological responses to
strong winds in the ice‐free Canada Basin, where a density gap (pycnocline) was seasonally formed at a
depth of about 20 m between the sea surface layer containing sea ice meltwater and the layer below.
Although significant wind‐induced mixing was observed above and at this seasonal pycnocline, mixing was
attenuated at nutricline depths (~60 m), where nutrient concentrations increased strongly with depth.
Thus, nutrients were not supplied from the nutricline to the sea surface layer through wind‐induced mixing,
and phytoplankton biomass did not increase in response to strong winds. However, phytoplankton biomass
sometimes increased around the seasonal pycnocline, where ammonium was available for use in
photosynthesis. This ammonium was likely supplied by warm‐core eddies transporting shelf water into the
Canada Basin. Another conceivable source of ammonium was particulate organic matter suspended at the
seasonal pycnocline that decomposed, producing ammonium.

1. Introduction

Arctic sea ice extent has rapidly decreased in recent decades, which is a defining feature of Arctic climate
change (e.g., Comiso et al., 2017; Serreze et al., 2007; Stroeve et al., 2012). The decrease in sea ice contributes
strongly to the freshening of the Arctic Ocean, especially in the Beaufort Gyre of the Canada Basin, as a
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result of freshwater accumulation (Proshutinsky et al., 2009; Wang et al., 2018). Freshwater accumulation in
the Canada Basin causes deepening of the nutricline (McLaughlin & Carmack, 2010) and can change phy-
toplankton community structure (Li et al., 2009), decrease phytoplankton production (Coupel et al.,
2015), and weaken the biological pump (Nishino, Kikuchi, et al., 2011; Zhuang et al., 2018). However, the
activity of oceanic eddies (number, volume, and lifespan) in this region is expected to increase with sea
ice loss (Kawaguchi et al., 2012; Watanabe et al., 2012, 2014), and the role of eddies in supplying nutrients
laterally and maintaining phytoplankton production appears to be more important than previously thought
(Aguilar‐Islas et al., 2013; Nishino, Itoh, et al., 2011; Nishino et al., 2018; Yun et al., 2015). On the other hand,
the delay in fall freezing of the eastern part of the East Siberian Sea during the late 2000s compared with the
early 2000s might have resulted in the formation of a large water mass through cooling and convection, and
the spread of this water into the southern Makarov Basin may have caused shoaling of the nutricline
(Nishino et al., 2013). Shelf water in the western part of the East Siberian Sea, containing high nutrient con-
centrations, also spreads into the central Arctic Ocean, forming a shallower nutricline than that in the
Canada Basin (Alkire et al., 2019). These shallow nutriclines could convey an advantage for phytoplankton
production under decreasing sea ice conditions.

The recent decrease in Arctic sea ice may also significantly amplify upper ocean responses to atmospheric
forcing, such as wind‐induced ocean mixing (e.g., Kawaguchi et al., 2015; Rainville et al., 2011; Rainville
& Woodgate, 2009). In addition, because a later freeze‐up is expected, the sea surface would be exposed to
fall storms for a longer period of time (e.g., Figure 9.13 in Loeng et al., 2005). The frequency and intensity
of cyclones in the Arctic are generally increasing, and storm tracks may shift northward (e.g., McCabe
et al., 2001; Orlanski, 1998; Sepp & Jaagus, 2011; Serreze et al., 2000; Zhang et al., 2004). These effects could
induce a second phytoplankton bloom in the fall (fall bloom), as the delayed freeze‐up and increased expo-
sure of the sea surface to fall storms lead to significant wind‐induced vertical mixing and upward supply of
nutrients, increasing phytoplankton biomass. Ardyna et al. (2014) used satellite data to show that the fre-
quency and area of fall blooms have recently increased throughout the Arctic. Nishino et al. (2015) reported
an increase in vertical nutrient fluxes and the accompanying fall bloom during strong wind events in the
Chukchi Sea based on observational evidence. Such an increase in biomass during the fall bloom could be
associated with changes in phytoplankton and zooplankton communities, with impacts on higher trophic
levels in the ecosystem (Fujiwara et al., 2018; Matsuno et al., 2015; Yokoi et al., 2016).

Although strong wind events can impact ocean turbulent mixing and the marine ecosystem in the season-
ally ice‐free Chukchi Sea as described above, it remains unclear whether similar responses to strong wind
events occur in the ice‐free Canada Basin. In early to midsummer (from beginning of June to
mid‐August), sea ice meltwater is injected into the surface layer of the Canada Basin, resulting in the for-
mation of a seasonal halocline (pycnocline) with the strongest stratification in the water column (Jackson
et al., 2010; McPhee et al., 1998). In general, turbulent mixing is rapidly attenuated under such a strong
stratification (e.g., Randelhoff et al., 2014, 2017). Lincoln et al. (2016) observed that turbulence was not
energetic below the stratified upper layer despite the unusually ice‐free and stormy summer of 2012 in
the Canada Basin.

The nutricline in the Canada Basin is formed by lateral advection of nutrient‐rich Pacific‐origin water under
a layer in which nutrients are decreased (nitrate is depleted) by phytoplankton production (Carmack et al.,
2004; Codispoti et al., 2005; McLaughlin & Carmack, 2010). The lateral advection of Pacific‐origin water also
maintains the upper part of permanent halocline structures (Aagaard et al., 1981; Killworth & Smith, 1984).
The depth of the nutricline (upper permanent halocline) is deeper than that of the seasonal halocline, and
thus, the nutricline may not be influenced by the wind‐induced mixing that is largely weakened in the sea-
sonal halocline (Lincoln et al., 2016; Randelhoff et al., 2014, 2017). A field study conducted in the southeast
Beaufort Sea suggested that wind‐induced mixing did not increase nutrient concentrations in the surface
layer in the fall due to the presence of a strong stratification, despite the episodic passage of storms over
the study area (Tremblay et al., 2008). On the other hand, Randelhoff et al. (2016) showed that nitrate fluxes
across the nutricline increased when the ocean (around the Svalbard shelf slope) changed from ice‐covered
to ice‐free conditions. The main cause of this increase in the nitrate fluxes was not an enhancement of wind‐
induced mixing but rather a weak stratification at the nutricline during the ice‐free condition. In the Canada
Basin, a year‐round mooring indicated that the kinetic energy of internal waves increased in summer and
fall, particularly during months in which ice diminished or was formed, compared with wave energy
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during the ice‐covered winter season (Kawaguchi et al., 2019), but did not provide data showing a
relationship between this wave energy and nutrient fluxes. Some model results suggest that continued
thinning of the ice cover in the Canada Basin might leave the ice too thin and fragile to provide a barrier
to momentum flux (Steiner et al., 2016). In that case, mixing may break up the strong stratification in the
Canada Basin, causing near‐surface waters to become saltier and potentially enhancing the nutrient supply.
Kawaguchi et al. (2016) found that notable turbulent mixing occurred in the lower halocline layer during the
transit of an anticyclonic cold‐core eddy across a fixed‐point observation (FPO) site in the seasonally ice‐free
Northwind Abyssal Plain (NAP) of the Canada Basin. Such subsurface turbulent mixing below the upper
permanent halocline might influence nutrient fluxes and phytoplankton distribution.

The present study demonstrates the responses of nutrient and phytoplankton distributions in the Canada
Basin to wind forcing and physical oceanographic processes such as turbulent mixing, eddies, and currents.
Using an Eulerian approach, we established an FPO station for approximately 3 weeks during fall 2014 in the
seasonally ice‐free NAP of the Canada Basin (74.75°N, 162°W; see Figure 1), where atmospheric and physi-
cal oceanographic conditions were previously studied by Inoue et al. (2018) and Kawaguchi et al. (2016),
respectively. At the FPO station, high temporal resolution surveys were performed using an ocean micro-
structure profiler, conductivity‐temperature‐depth (CTD) sensors, and Niskin bottles (see section 2) to detect
internal wave propagation, eddy passage, and water mass changes that may influence the ecosystem of the
Canada Basin. As the basis of ecosystem assessment, we focused mainly on water mass and nutrient and
phytoplankton distributions and their temporal changes at the FPO station (see section 3). Based on analysis
of data from the FPO, we discuss the present state and future scenarios of ecological responses to sea ice
reduction in the Canada Basin (section 4) and then summarize the present study (section 5).

2. Data and Methods
2.1. R/V Mirai Arctic Cruise 2014

We conducted meteorological and hydrographic surveys from late summer through fall 2014 (31 August to
10 October) over the Chukchi Sea and the Canada Basin (Figure 2), onboard the R/V Mirai of the Japan

Figure 1. Map of the fixed‐point observation (FPO) station with sea ice concentration and sea surface temperature (SST)
on 6 September 2014, the first day of observation. The FPO site was located at 74.75°N, 162°W in the Canada Basin. Sea ice
and SST data were derived from the Advanced Microwave Scanning Radiometer 2 (AMSR2) and provided by the Japan
Aerospace Exploration Agency (JAXA).
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Agency for Marine‐Earth Science and Technology (JAMSTEC). During the surveys, we established an FPO
station in the seasonally ice‐free NAP of the Canada Basin (74.75°N, 162°W; Figures 1 and 2a), which was
sampled for about 3 weeks (6–24 September). At the FPO station, continuous surface meteorological obser-
vations, ocean microstructure measurements (every 6 hr), CTD (every 6 hr), and water sampling (every
12 hr) were undertaken (some casts were canceled due to rough weather). Expendable CTD (XCTD) surveys
were also conducted to monitor the water mass distribution at 1.5‐ to 18‐km intervals between 74°N and
75°N around 162°W, including at the FPO station. Ocean currents were continuously monitored using a
shipboard acoustic Doppler current profiler (ADCP). Detailed descriptions of data acquisition during the
cruise are presented in the cruise report (Inoue, 2014), and the data were released via the Data and
Sample Research System for Whole Cruise Information (DARWIN) of JAMSTEC (http://www.godac.jam-
stec.go.jp/darwin/cruise/mirai/mr14‐05/e). The following section outlines how each observation
was collected.

2.2. Surface Wind Observations

Surface meteorological parameters were observed throughout the cruise. In this study, we used wind speed
and direction data at the FPO station. These data were obtained with an anemometer (KE‐500, Koshin
Denki Kogyo Co., Ltd., Tokyo, Japan) installed on the foremast of the ship at a height of 24 m above the
sea surface. The data were averaged over 3‐hr periods.

2.3. Ocean Microstructure Measurements

To measure ocean turbulent mixing, microscale (0.001–1 m) vertical shear data were collected using a
Turbulent Ocean Microstructure Acquisition profiler (TurboMAP, JFE Advantech Co., Ltd., Nishinomiya,
Japan; Wolk et al., 2002), which was lowered from the ship (R/V Mirai) to a depth of approximately

Figure 2. (a) Hydrographic stations and the FPO site; vertical sections of (b) temperature (°C), (c) salinity, and (d) chlorophyll a (fluorescence) (mg/m3) at hydro-
graphic stations between 72.5°N and 75.5°N. In (a), conductivity‐temperature‐depth (CTD) measurements were conducted at stations indicated with blue dots,
whereas the FPO site is shown with a red dot. The Northwind Abyssal Plain is abbreviated to NAP. The data obtained from hydrographic stations within the
red rectangle were used to construct the vertical sections shown in (b)–(d). In (b)–(d), all data were obtained from sensors attached to the CTD equipment. Blue
inverted triangles at the top of each panel indicate the hydrographic stations, and the red inverted triangle represents the FPO site. The observation dates for
each station are shown above the inverted triangles. The data at the FPO site are those from 6 September, which was the first day of the FPO, for the drawings of the
vertical sections. Note that the data from the Chukchi Sea (two stations on the shallower side) were obtained after completion of the FPO and thus have a time lag
compared with the basin‐side data.
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400 m. Within the top 7 m, microscale data were not used for analysis, as they may have been affected by the
initial adjustment to a free‐falling state. The dissipation rate of turbulent kinetic energy, ε, was calculated
from small‐scale current shear by integrating the energy spectrum into the wavenumber field. The details
of this calculation were described by Kawaguchi et al. (2016).

2.4. CTD and Water Sampling

A CTD system (SBE9plus, Sea‐Bird Electronics, Inc., now Sea‐Bird Scientific, Bellevue, WA, USA) equipped
with 36 Niskin bottles (12 L) was used to collect samples and make observations. Sensors including a fluo-
rometer (Seapoint Chlorophyll Fluorometer, Seapoint Sensors, Inc., Exeter, NH, USA) and a transmiss-
ometer (C‐Star, WET Labs, Inc., now Sea‐Bird Scientific, Philomath, OR, USA) were attached to the CTD
system. Seawater samples were collected for measurement of salinity, dissolved oxygen, total alkalinity,
nutrients (nitrate, nitrite, phosphate, silicate, and ammonium), total and size‐fractionated chlorophyll a,
and other chemical and biological parameters.

Bottle salinity samples were analyzed following the Global Ocean Ship‐based Hydrographic Investigations
Program (GO‐SHIP) Repeat Hydrography Manual using a salinometer (Guildline AUTOSAL 8400B, OSIL,
Havant, UK) and International Association for the Physical Sciences of the Oceans standard seawater as a
reference material (Kawano, 2010). The precision of salinity measurements was 0.0131 for shallow‐water
samples (≤200 m) and 0.0007 for deep water samples (>200 m). Bottle salinity data were used to calibrate
the CTD conductivity sensor.

Dissolved oxygen in the samples was measured through Winkler titration following the World Ocean
Circulation Experiment Hydrographic Program method (Dickson, 1996). The precision of dissolved oxygen
measurement was 0.23 μmol/kg.

Total alkalinity in the samples was measured with a spectrophotometric system using the protocol reported
by Yao and Byrne (1998). Total alkalinity values were calibrated against a certified reference material pro-
vided by Dr. Dickson of the Scripps Institute of Oceanography. The precision of total alkalinity measurement
was 2.37 μmol/kg.

Nutrient samples were analyzed according to the GO‐SHIP Repeat HydrographyManual (Hydes et al., 2010)
using reference materials for nutrients in seawater (Aoyama & Hydes, 2010; Sato et al., 2010). The precision
was expressed as the coefficient of variation, which was 0.08% for nitrate, 0.14% for nitrite, 0.14% for phos-
phate, 0.11% for silicate, and 0.19% for ammonium.

Chlorophyll a in seawater samples was measured with a fluorometric nonacidification method
(Welschmeyer, 1994) using a fluorometer (10‐AU‐005, Turner Designs, San Jose, CA, USA). For size‐
fractionated chlorophyll a measurements, phytoplankton cells in water samples were fractionated using
three types of 47‐mm‐diameter filters (pore sizes: 20, 10, and 2 μm) and a 25‐mm‐diameter Whatman
GF/F filter (pore size: ~0.7 μm). Although the frequency of observations of total chlorophyll a at the FPO
station was every 12 hr (the same as other bottle samples described above), size‐fractionated chlorophyll a
was measured only once a day. The sampled chlorophyll a data were used to calibrate the fluorometer
attached to the CTD system.

For water mass analysis, we used the fraction of sea ice meltwater (fSIM) and other freshwater (fOF) calcu-
lated from the relationship between total alkalinity and salinity, as reported by Yamamoto‐Kawai et al.
(2005). They assumed that other freshwater included river runoff, precipitation, and freshwater carried in
Pacific‐origin water. The fSIM increases when seawater is influenced by sea ice melt in summer and decreases
when seawater is influenced by sea ice formation in winter. A negative fSIM indicates that sea ice formation,
which removes freshwater and ejects brine into seawater, is dominant over sea ice melting.

2.5. XCTD

XCTD probes (XCTD‐1, Tsurumi‐Seiki Co., Ltd., Yokohama, Japan) were launched from the stern of the
ship into the sea to obtain vertical profiles of temperature and salinity to a depth of 1,000 m or to the sea
bottom in areas where the bottom depth was less than 1,000 m. The data were communicated to a digital
data converter and a computer onboard the ship through a fine wire, which is designed to break when the
probe reaches its maximum depth. The precision of temperature and salinity measurements was 0.02 and
0.04 °C, respectively.
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2.6. ADCP

Throughout the cruise, horizontal current velocities weremeasured using a shipboard ADCP (75‐kHz Ocean
Surveyor, Teledyne RD Instruments, Poway, CA, USA) installed on the bottom of the ship's hull. The current
speed and direction were obtained over a depth range of 20–250 m with 8‐m vertical binning every 5 min.
The measured currents were decomposed into eastward (u) and northward (v) components, from which
the ship's velocity was subtracted. According to the manufacturer, the accuracy of horizontal velocity obser-
vation was ±0.2 cm/s.

3. Results
3.1. Water Mass Distribution at and Around the FPO Site

The FPO site in the NAP portion of the Canada Basin (74.75°N, 162°W) was located in a region where the
surface water was characterized by lower temperature, lower salinity, and lower chlorophyll a concentration
compared with shelf water south of ~74.5°N (Figure 2). At the FPO site, below the surface water, tempera-
ture showed a subsurface minimum and maximum at depths of 40–50 and 60–70 m, respectively (Figures 2b
and 3a). The salinity of the surface water was extremely low, and a sharp halocline was found below the sur-
face mixed layer (Figures 2c and 3a). Another halocline appeared below the temperature minimum
(Figure 3a). The fSIM in the surface mixed layer was extremely high (Figure 3b), and thus, the sharp halocline
below it was likely formed seasonally by the surface cover of sea ice meltwater during the summer to fall.
This sharp halocline is generally called a seasonal or summer halocline (Jackson et al., 2010; McPhee
et al., 1998). We use the term seasonal halocline and refer to the corresponding pycnocline as a seasonal pyc-
nocline. On the other hand, the temperature minimum (40–50 m) corresponded to the fSIM minimum (<0),
suggesting a large influence of brine rejection in winter. Thus, this temperature minimum is likely a rem-
nant of the previous winter's mixed layer. Below the temperature minimum, the temperature maximum
(60–70 m) water had salinities of 31–32 (Figures 2c and 3a), and this temperature maximumwater was iden-
tified as Pacific summer water (Coachman et al., 1975; Coachman & Barnes, 1961; Shimada et al., 2001).
Below this water, colder water was present, which was associated with Pacific winter water (Aagaard
et al., 1981; Coachman & Barnes, 1961; Shimada et al., 2005). The lowest temperature (< −1.6°C) of
Pacific winter water was found near the bottom of the shelf and shelf slope south of ~74.5°N (Figure 2b).
The halocline maintained by the advection of these Pacific‐origin waters is permanent (below~50 m in
Figure 3a) and accompanies a nutricline, as shown in Figure 3b.

Based on the chlorophyll a distribution (Figure 2d), the FPO site was in a transition zone from the Chukchi
Sea to the Canada Basin. South of the FPO site, shelf water with high chlorophyll a concentrations extended
from the Chukchi Sea. Meanwhile, north of the FPO site in the Canada Basin, the chlorophyll a concentra-
tion above ~40 m decreased to <0.2 mg/m3, but the maximum subsurface chlorophyll awas found at a depth
of ~60 m.

Figure 3. Vertical profiles of (a) temperature (°C), salinity, (b) nitrate (μmol/kg), and the fraction of sea ice meltwater
(fSIM) on 6 September at the FPO site. In (a), the data were obtained from sensors attached to the CTD equipment. In
(b), the data were obtained via water sampling and plotted at the levels indicated by the dots.
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3.2. FPO: Wind and Ocean Microstructure Measurements

A time series of wind speed and direction during the FPO study is shown in Figure 4a. At the beginning of
the FPO (6–9 September), southerly to westerly winds blew strongly at speeds of more than 8 m/s.
Subsequently (10–13 September), conditions were calm with almost no wind. Then (14–21 September) we
observed easterly winds stronger than 8 m/s. Finally (22–24 September), the wind decreased to less
than 8 m/s.

Figure 4b shows a time series of vertical profiles of the turbulent kinetic energy dissipation rate, log10
(ε). The magnitude of ε in the surface layer above the seasonal pycnocline (<~20 m) was large, for
example, during the strong easterly wind from 14 to 21 September. Note that high ε values in the
surface layer and below the seasonal pycnocline were observed on 11–12 September, despite the calm
wind conditions. These high ε values were likely caused by mixing associated with internal waves that
accompanied an anticyclonic cold‐core eddy on its passage through the FPO site (Kawaguchi
et al., 2016).

Figure 4. Time series of (a) wind speed (m/s; red) and direction, rotating clockwise from north (degrees; green) and (b)
profiles of the kinetic energy dissipation rate, ε (W/kg; color shading), at the FPO station. In (b), ε values are presented
on a logarithmic scale, and the color bar on the right indicates the order of magnitude of ε. Contours of potential density, σθ
(kg/m3), are superimposed on the temporal evolution of ε.

10.1029/2019JC015428Journal of Geophysical Research: Oceans

NISHINO ET AL. 7 of 19



3.3. FPO: CTD and Water Sampling

A time series of CTD profiles (temperature, salinity, chlorophyll a, and transmission) is depicted in Figure 5.
Based on CTD observations, the FPO period was divided into three terms. During the first term (Term‐I; 6–
11 September), the surface water (<~20 m) was warmer, saltier, higher in chlorophyll a, and had lower
transmission compared to those in the following two terms. The surface water was replaced by water that
was colder, fresher, lower in chlorophyll a, and had higher transmission during the second term (Term‐II;
11–17 September). The surface water of the third term (Term‐III; 17–24 September) showed further cooling
and freshening, while its chlorophyll a concentration increased.

The time series of temperature (Figure 5a) shows a persistent temperature maximum at a depth of ~60 m,
where the salinity was 31–32 (Figure 5b), in water classified as Pacific summer water (Coachman et al.,
1975; Coachman & Barnes, 1961; Shimada et al., 2001). Below this water lies Pacific winter water
(Aagaard et al., 1981; Coachman & Barnes, 1961; Shimada et al., 2005). On 11–13 September, we found extre-
mely low temperatures below a depth of 80 m and salinity of 32 (see Figures 5a and 5b). These samples con-
tained Pacific winter water trapped within an anticyclonic cold‐core eddy that was passing through the FPO
site (Kawaguchi et al., 2016).

The chlorophyll a concentration (Figure 5c) reached its maximum at ~20 m during Term‐I, whereas the
maximum appeared at ~60 m during Term‐II. In Term‐III, the chlorophyll a concentration showed both
shallower and deeper maxima, but their chlorophyll a concentrations were relatively low.

In the time series of transmission (Figure 5d), extremely low values appeared at ~20 m during Term‐I and
Term‐III, coinciding with the shallower chlorophyll amaximum. The transmission also showed a minimum
at ~60 m, where the deeper chlorophyll a maximum was found, but this minimum was not as low as that
observed at the shallower chlorophyll amaximum. In the Pacific winter water layer below ~80 m, transmis-
sion tended to be low when the temperature was low, with no signal corresponding to an elevated chloro-
phyll a level. Thus, this low transmission implies that the water there contained fine sediment particles,

Figure 5. Time series of profiles of (a) temperature (°C), (b) salinity, (c) chlorophyll a (fluorescence) (mg/m3), and (d) transmission (%) at the FPO station. All data
were obtained using sensors attached to the CTD profiler and were plotted at 1‐m intervals, as indicated by the vertical dotted lines in each panel. The labels I, II,
and III with arrows at the top of each panel indicate the three terms of the FPO period with differing surface water characteristics.
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probably derived from the bottom of the Chukchi shelf or the shelf slope, where the Pacific winter water with
the lowest temperature was present (Figure 2b).

The time series of sampled water characteristic profiles (nitrate, ammonium, chlorophyll a from large phy-
toplankton of cell size >20 μm, and the fraction of freshwater other than sea ice melt, fOF) are displayed in
Figure 6. Nitrate in the surface water (<~20 m) was depleted throughout the FPO period (Figure 6a). The
nitracline appeared at a depth of ~60 m and thus coincided with the temperature maximum of Pacific sum-
mer water (Figure 5a), the upper permanent halocline (Figure 5b), the deeper chlorophyll amaximum dur-
ing Term‐II and Term‐III (Figure 5c), and the corresponding transmission minimum (Figure 5d). There was
no apparent episodic event in the nitrate distribution. On the other hand, we found a sample with a high
concentration of ammonium at ~20 m on 10 September (Figure 6b). The ammonium concentration was also
elevated in the Pacific winter water layer during the first half of the FPO period, particularly on 9, 12, and 13
September, when the temperature and transmission were both low (see Figures 5a and 5d, respectively). As
shown in Figure 2b, we found the lowest‐temperature Pacific winter water at the bottom of the shelf and
shelf slope south of ~74.5°N. Thus, such water likely obtained ammonium and sediment particles (low trans-
mission) from the bottom and then spread into the Canada Basin (Nishino et al., 2005).

Chlorophyll a of large‐sized phytoplankton (cell size >20 μm) was high in the high‐ammonium sample col-
lected at ~20 m on 10 September (Figure 6c). Large‐sized phytoplankton were also abundant at ~25 m on 18
September, when the ammonium concentration was nearly zero. In both of the samples with abundant
large‐sized phytoplankton, the temperature and chlorophyll a concentrations were very high (vertical max-
ima) and transmission was extremely low (vertical minimum).

The time series of fOF profiles (Figure 6d) indicates that the fOF in the surface water (<~20 m) increased as
time progressed. On the other hand, the fSIM (not shown) remained nearly unchanged in the surface water
during the FPO period. These freshwater behaviors may be related to the temporal change in surface water
salinity, which is discussed in section 4.

Figure 6. Time series of profiles of (a) nitrate (μmol/kg), (b) ammonium (μmol/kg), (c) large‐sized phytoplankton (cell size >20 μm) chlorophyll a (mg/m3), and (d)
fraction of freshwater other than sea ice melt, fOF, at the FPO station. All data were obtained through water sampling, and plotted at the levels indicated by dots in
each panel. The labels I, II, and III with arrows at the top of each panel are the same as in Figure 5.

10.1029/2019JC015428Journal of Geophysical Research: Oceans

NISHINO ET AL. 9 of 19



3.4. XCTD and ADCP Surveys

Just before initiation of the FPO period (on 5–6 September), we conducted XCTD and ADCP surveys
between 74°N and 75°N in transit to the FPO station to identify the mesoscale structures of water masses
and currents (Figure 7). Vertical sections of temperature and salinity (Figures 7a and 7b) show that the water
mass distribution was similar to that at the FPO site, as described above. The salinity contours (isohalines)
deepened toward the north, suggesting westward flow in general, except in the surface layer (<~50 m) and
around 74.6°N (Figure 7c). Surface water was driven by the southwesterly wind (Figure 4a), and the resul-
tant eastward flow is apparent in the surface layer in Figure 7c. Another area of eastward flow around
74.6°N was associated with an anticyclonic warm‐core eddy found between 74.4°N and 74.6°N, as shown in
Figure 7a. Within this eddy, a subsurface temperature maximum at ~40 m was prominent, and the Pacific
winter water located below the temperature maximum appears to have been strongly modified by the warm
water. The 33 and 34 isohalines formed a bowl‐shaped structure between 74.4°N and 74.6°N (Figure 7b),
which was consistent with the presence of an anticyclonic eddy in this region (Figure 7c).

We also conducted XCTD and ADCP surveys around the FPO site immediately after the appearance of abun-
dant large‐sized phytoplankton on 18 September to characterize the oceanic conditions at that time. The
observation line was the same as that shown in Figure 7, but the latitudinal range was 74.5°N to 75°N
(Figure 8). The vertical section of temperature (Figure 8a) showed subsurface temperature maxima at ~20
and 50 m at 74.7°N near the FPO site, and the Pacific winter water below the temperature maxima was lar-
gely modified to be warmer than its surroundings. This temperature distribution indicates the presence of an
anticyclonic warm‐core eddy at the FPO site. However, the 33 and 34 isohalines deepened toward the north
around the FPO site (Figure 8b), where the currents were westward (Figure 8c). Thus, the circulation of the
anticyclonic warm‐core eddy would have been attenuated and the remnant of the eddy likely drifted with
the background westward flow. Note that westward flow at depths shallower than ~50 mwas strong, includ-
ing at the FPO site. These findings are consistent with the strong easterly wind blowing over the FPO site at
that time (Figure 4a).

4. Discussion
4.1. Interpretation of Temporal Changes in Surface Water Characteristics

The surface water at the FPO site varied during the study period, as shown in Figure 5. The temperature and
salinity of the surface water decreased over time (Figures 5a and 5b). The observed temperature decrease
may have been partially caused by ocean heat loss to the atmosphere in the fall cooling season. However,
the salinity decrease cannot be explained by fall cooling. If such cooling were accompanied by vertical mix-
ing, the salinity of the surface layer would increase due to mixing with high‐salinity water below. Therefore,
lateral advection of freshwater is the most plausible scenario driving the decrease in surface water salinity.
However, fSIM was nearly constant in the surface water during the FPO period, despite the FPO site being
near the ice edge (Figure 1). On the other hand, fOF at the FPO site increased in the surface layer, but was
almost unchanged below it, and finally reached a maximum in the surface layer during Term‐III
(Figure 6d). Therefore, freshwater other than sea ice meltwater was likely supplied laterally to the surface
layer, resulting in the decrease in surface water salinity during the FPO period.

Between Term‐I and Term‐II, significant changes in temperature (Figure 5a), chlorophyll a (Figure 5c), and
transmission (Figure 5d) were observed in the surface layer. Water characterized by higher temperature,
higher chlorophyll a, and lower transmission occupied the surface layer during Term‐I compared to
Term‐II. As shown in Figure 2, such surface water at the FPO site appears to be influenced by warm shelf
water with high chlorophyll a and low transmission (not shown). On the other hand, north of the FPO site,
lower temperature (Figure 2b), lower chlorophyll a (Figure 2d), and higher transmission (not shown) were
observed in the surface layer. This basin‐side water may have been advected to the FPO site, replacing the
surface water from Term‐I with Term‐II water, which was characterized by lower temperature, lower chlor-
ophyll a, and higher transmission. This surface water replacement occurred on 11 September, when weak
northerly winds blew over the FPO site (Figure 4a).

Between Term‐II and Term‐III, surface water salinity decreased (Figure 5b) in response to the increase in fOF
(Figure 6d), and chlorophyll a increased in the surface layer, with two peaks occurring at 20–25 and 60 m
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Figure 7. Vertical sections of (a) temperature (°C), (b) salinity, and (c) eastward velocity (m s−1) across the FPO site on 5–
6 September. The temperature and salinity data were obtained through expendable CTD (XCTD) surveys and the velocity
was measured with a shipboard acoustic Doppler current profiler (ADCP). The survey line is part of the line shown in
Figure 2 within the red rectangle, over a latitudinal range of 74°N to 75°N. In (a) and (b), blue inverted triangles at the top
of each panel indicate the XCTD stations and the red inverted triangle represents the FPO site. In (c), ADCP data were
obtained continuously along the survey line.
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(Figure 5c). These changes in surface water characteristics occurred on 17 September. On 14–21 September,
we observed strong easterly winds (>8 m/s; Figure 4a). The zonal component of wind‐driven currents in the
surface layer around the FPO site was westward on 18 September (Figure 8c), and the subsurface current
direction (~23 m) at the FPO site was northwestward (302°, not shown). Therefore, the northwestward
advection of freshwater with relatively high chlorophyll a likely replaced the Term‐II surface water with
Term‐III surface water. In the Canada Basin east of the FPO site, a large amount of freshwater accumulates

Figure 8. Vertical sections of (a) temperature (°C), (b) salinity, and (c) eastward velocity (m/s) across the FPO site on 18
September. The temperature and salinity data were obtained through XCTD surveys, and the velocity was measured with
a shipboard ADCP. The survey line is part of the line shown in Figure 2 within the red rectangle, over a latitudinal range of
74.5°N to 75°N. In (a) and (b), blue inverted triangles at the top of each panel indicate XCTD stations and the red inverted
triangle represents the FPO site. In (c), ADCP data were obtained continuously along the survey line.
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within the Beaufort Gyre (Proshutinsky et al., 2009; Wang et al., 2018). At the southern rim of the Beaufort
Gyre, the surface layer seems largely influenced by high chlorophyll a water from the Chukchi Sea (e.g.,
Figures 2b and 2d in Nishino, Kikuchi, et al., 2011). In addition, a deep chlorophyll a maximum, which is
likely found in the interior of the Beaufort Gyre, seems to extend to the southern rim of the gyre (Figure
2d in Nishino, Kikuchi, et al., 2011). Thus, two peaks of high chlorophyll a concentrations would have
formed at the southern rim of the Beaufort Gyre, where the freshwater content was likely high. The water
with a high freshwater content and two chlorophyll a peaks may have been transported to the FPO site dur-
ing term‐III by the northwestward flowing southern branch of the Beaufort Gyre.

4.2. Influence of Strong Wind Events on Ocean Characteristics

We observed several strong wind events during the FPO period, including an extended event between 14 and
21 September, when strong easterly winds blew over the FPO site, with wind speeds exceeding 12 m/s on 18–
19 September (Figure 4a). During this event, significant turbulent mixing was observed in the ocean surface
layer in response to the strong winds, but this mixing did not break through the seasonal pycnocline at ~20m
even during the strongest winds on 18–19 September (Figure 4b). This is consistent with previous studies by
Randelhoff et al. (2014, 2017), who reported a rapid attenuation in the turbulent mixing at the seasonal pyc-
nocline. On the other hand, strong mixing was observed down to depths of 20–30 m below the seasonal pyc-
nocline on 11–12 September, despite the wind being calm. Based on the findings of Kawaguchi et al. (2016),
this strong mixing was associated with internal waves that resulted from the passage of an anticyclonic cold‐
core eddy through the FPO site. In addition, Kawaguchi et al. (2016) suggested that temporal changes in
wind direction at the beginning of the FPO could drive inertial motions, giving rise to turbulent internal
waves at the seasonal pycnocline, as indicated by high ε compared with that at the seasonal pycnocline dur-
ing the long period of continuous easterly winds.

Winds and eddies can cause significant turbulent mixing above and/or at the seasonal pycnocline, but the
depth of the seasonal pycnocline (~20 m) was much shallower than that of the nutricline, which was
~60 m in the Canada Basin (Figure 6a). Thus, the mixing described above could not have contributed to
nutrient fluxes across the nutricline or phytoplankton biomass (chlorophyll a) in the euphotic zone
(~60 m; Brown et al., 2015). Randelhoff and Guthrie (2016) estimated that the nitrate flux across the nutri-
cline in the Canada Basin was equivalent to 4.0 × 10−1 g C·m−2·year−1 (carbon flux), which corresponds to
1.4 × 10−2 mmol N·m−2·day−1 using the Redfield ratio (C:N = 106:16; Redfield et al., 1963). This nitrate flux
was much smaller than the flux during a strong wind event in the Chukchi Sea (3.5 mmol N·m−2·day−1;
Nishino et al., 2015) that resulted in increased phytoplankton production and biomass. The phytoplankton
in the Chukchi Sea would be susceptible to wind forcing because of the shallow nutricline (~20 m). By con-
trast, the phytoplankton distribution in the present study was not related to wind forcing, but rather to the
advection of water, as described in section 4.1. On the other hand, Kawaguchi et al. (2016) found that inter-
nal wave propagation caused by an anticyclonic cold‐core eddy enhanced turbulent mixing in the lower
halocline layer (200–250 m). However, this layer was much deeper than the euphotic zone, and thus, its mix-
ing would not have influenced the phytoplankton distribution.

4.3. Characteristics of the Shallower Subsurface Chlorophyll a Maximum

In the Canada Basin, a subsurface chlorophyll a maximum generally develops at a depth of ~60 m, which
corresponds to the deeper subsurface chlorophyll amaximum observed in the present study. This maximum
has been well studied, including in terms of its distribution and seasonal dynamics (Brown et al., 2015;
Carmack et al., 2004; Tremblay et al., 2008), biogeochemical significance (Martin et al., 2010), interannual
changes in depth (McLaughlin & Carmack, 2010), and future projections (Steiner et al., 2016). However,
the shallower subsurface chlorophyll a maximum at ~20 m has not been well studied to date. Therefore,
we focus on this chlorophyll amaximum in this subsection, examining its characteristics and their implica-
tions for the Arctic marine ecosystem.

Figures 9a–9d show scatter plots of temperature, chlorophyll a, ammonium, and apparent oxygen utilization
(AOU), respectively, with respect to depth during the FPO period. The red profile in each scatter plot shows
the data obtained on 10 September, when an anomalously high ammonium concentration and abundant
large‐sized phytoplankton biomass were observed at 20 m (Figures 6b and 6c, respectively). At that time,
the vertical maxima of both temperature and chlorophyll a occurred at 20 m, with the nearly highest
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values observed during the FPO period (Figures 9a and 9b, respectively). The transmission there was
extremely low (indicated by dark blue in Figures 9a and 9b), and its minimum appeared at 18 m (not
shown). The chlorophyll a maximum at 20 m corresponded to the ammonium maximum and AOU
minimum (Figures 9c and 9d, respectively). The AOU had negative values around the chlorophyll a
maximum, suggesting oxygen production there, likely due to photosynthesis. The high rate of
photosynthesis needed to drive the AOU minimum was likely sustained by the high concentration of
ammonium at its maximum depth (20 m), despite nitrate depletion.

The AOU at 20 m on 10 September (−42.5 μmol/kg) was 12.5 μmol/kg lower than what was usually observed
at that depth (−30 μmol/kg on average; Figure 9d). This implies that the water at 20 m on 10 September con-
tained anomalous oxygen (12.5 μmol/kg) that was associated with significant photosynthesis at the chloro-
phyll amaximum. Based on the Redfield ratio (N:O2 = 16:−138; Redfield et al., 1963), the anomalous oxygen
corresponded to 1.45 μmol/kg ammonium (N) used for photosynthesis. The observed (residual) ammonium
concentration at 20 m on 10 September was 0.68 μmol/kg, and thus, the water there should have originally
contained an ammonium concentration of ~2 μmol/kg. Such high ammonium concentrations are generally
not observed in the Canada Basin (Nishino et al., 2005, 2008).

One conceivable ammonium source may be warm‐core eddies carrying nutrients, including ammonium,
from the Chukchi Sea into the Canada Basin (Nishino et al., 2018; Nishino, Itoh, et al., 2011). However,
the eddies will not always contain ammonium because the ammonium is likely consumed by phytoplankton
during its transport from the Chukchi Sea to the FPO site. Shiozaki et al. (2019) estimated that the time scale
of ammonium consumption was on the order of 10 days in the southern Canada Basin. Assuming that the
warm‐core eddies were formed in August near Point Barrow, Alaska (Watanabe & Hasumi, 2009), the
ammonium in the eddies would have been largely consumed before our observations at the FPO site in
mid‐September. In fact, on 18 September, when a warm‐core eddy occupied the FPO site (Figure 8), the
ammonium concentration in the eddy (~25 m) was almost 0 (Figure 6b). Nevertheless, we found a promi-
nent chlorophyll a maximum at 25 m (shallower subsurface chlorophyll a maximum) on 18 September
(Figure 5c) and abundant large‐sized phytoplankton biomass (Figure 6c), similar to those at 20 m on 10
September. As mentioned above, the ammonium concentration at 20 m on 10 September was 0.68 μmol/

Figure 9. Scatter plots of (a) temperature (°C), (b) chlorophyll a (fluorescence) (mg m−3), (c) ammonium (μmol/kg), and (d) apparent oxygen utilization (AOU)
(μmol kg−1) with respect to depth during the FPO period. The red profile in each panel shows data obtained on 10 September. In (a) and (b), colors indicate
transmission (%), and all data were obtained using sensors attached to the CTD profiler. In (c) and (d), the data were obtained through water sampling.
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kg, and the water should have originally contained ~2 μmol/kg ammonium. In other words, if a warm‐core
eddy originally contained ~2 μmol/kg ammonium, it would be possible for it to reach the FPO site with a
detectable concentration (0.68 μmol/kg) of ammonium. However, even in a warm‐core eddy found near
its formation site over the Chukchi shelf slope off the coast of Alaska, the ammonium concentration was
~0.9 μmol/kg at the depth of the temperature maximum (Nishino et al., 2018). This is about half of the
ammonium concentration (~2 μmol/kg) required to sustain the photosynthesis that caused the anomalous
AOUminimum at 20 m on 10 September at the FPO site. Although warm‐core eddies might be an important
ammonium source, such eddies alone cannot fully explain the increased photosynthesis. Thus, other ammo-
nium sources were necessary.

Another plausible source is regenerated ammonium at the seasonal pycnocline. Transmission was extremely
low at the seasonal pycnocline (~20 m) during Term‐I and Term‐III (Figure 5d), suggesting the accumula-
tion of particles on the interface of the density discontinuity. Yamada et al. (2015) also observed particle
accumulation on the pycnocline using laser in situ scattering and transmissometry in the Chukchi Sea
and the Canada Basin. Some of the accumulated particles were particulate organic matter (POM), and in
the Canada Basin (FPO site), POM may have been derived not only from the surface layer but also from
the Chukchi Sea (Bates et al., 2005; Yamada et al., 2015). The accumulated POM at the FPO site seasonal
pycnocline would have decomposed, regenerating ammonium. This regenerated ammonium could be gen-
erally consumed for photosynthesis, leading to an observed ammonium concentration of almost zero at the
seasonal pycnocline, except in water masses that had originally contained a large amount of ammonium,
such as the ammonium maximum water found at 20 m on 10 September.

4.4. Future Phytoplankton Changes

The FPO was conducted during the fall season, when the ocean had started cooling but had not frozen up
yet. During the FPO period (~3 weeks), the surface water characteristics, including the chlorophyll a concen-
tration, were changed temporally, mainly due to the replacement of water masses rather than seasonal for-
cing such as ocean cooling. The temporal change in the shallower subsurface chlorophyll a maximum was
more complicated. The chlorophyll a concentrations there were likely controlled by warm‐core eddies and
POM accumulations at the seasonal pycnocline, both of which are sources of ammonium, and that had
changed rapidly compared with the time scale of the changes in the surface water chlorophyll a concentra-
tion. In this subsection, we discuss phytoplankton changes in a time scale of climate changes such as sea ice
reduction while referring to the results of the previous studies.

In the present study, no phytoplankton responses to strong wind events were detected at the FPO site in the
Canada Basin due to the deep nutricline in comparison with the seasonal pycnocline, where the turbulent
mixing was largely attenuated. This is consistent with the report of Lincoln et al. (2016), who found that
the stratification in the Canada Basin suppressed the turbulent mixing at intermediate depths and isolated
the Pacific‐origin (nutrient‐rich) water from the sea surface. This strong suppression of turbulent mixing
occurred even in the unusually ice‐free and stormy summer of 2012 in the Canada Basin. In addition, based
on numerical models, the nutricline and subsurface chlorophyll a maximum in the Canada Basin will con-
tinue to deepen in future climate scenarios (Steiner et al., 2016). Thus, the nutrient and phytoplankton dis-
tributions in the Canada Basin are likely to be unresponsive to strong wind events in the future, as in the
present study.

In contrast to the Canada Basin, nutriclines in the southern Makarov Basin and in the central Arctic Ocean
are shallow due to the supply of nutrient‐rich waters from the East Siberian Sea, which are less saline than
the nutrient‐rich Pacific‐origin water (Alkire et al., 2019; Nishino et al., 2013), in addition to a thin layer of
freshwater above the nutricline. In particular, the nutricline in the southern Makarov Basin was shallower
in the late 2000s than in the early 2000s (Nishino et al., 2013). In the late 2000s, a delayed fall freeze‐up in the
eastern East Siberian Sea would have enhanced the water cooling and convection that entrained nutrients
from the shelf bottom to the water column, and such nutrient‐rich shelf water was spread just below the sur-
face mixed layer in the southern Makarov Basin, resulting in the coinciding seasonal pycnocline and nutri-
cline (Figures 2j and 3d in Nishino et al., 2013). Although we do not have data on the turbulent mixing in the
southern Makarov Basin, the coinciding seasonal pycnocline and nutricline in this region may induce
increases in nutrient fluxes and phytoplankton biomass during strong wind events, as observed in the
Chukchi Sea (Nishino et al., 2015). If the sea ice disappears over a greater area in the East Siberian Sea
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until the fall freeze‐up season in the future, a greater volume of nutrient‐rich shelf water could spread into
the Makarov Basin, which may cause the marine ecosystem there to become responsive to wind forcing.
However, future accelerated sea ice melt may strengthen stratification and suppress nutrient fluxes in the
central Arctic Ocean (Randelhoff & Guthrie, 2016).

Sea ice loss caused by Arctic warming may also increase the number, volume, and lifespan of eddies in the
Canada Basin (Kawaguchi et al., 2012; Watanabe et al., 2012, 2014). The present study indicates the impor-
tance of warm‐core eddies to the development of a prominent chlorophyll a maximum at the seasonal pyc-
nocline (shallower subsurface chlorophyll amaximum) in the Canada Basin. Therefore, if the eddy number
increases due to future sea ice loss, areas with prominent chlorophyll a maxima and abundant large‐sized
phytoplankton would increase. Furthermore, if the eddy lifespan increases in the future, the rotation velo-
cities of eddies would not be attenuated even in areas far downstream of the eddy‐formation region over
the Chukchi shelf slope (Pickart et al., 2005; Spall et al., 2008) and Barrow Canyon off the coast of Alaska
(Watanabe &Hasumi, 2009). In this case, as described by Nishino et al. (2018), velocity shear within the eddy
could cause vertical mixing, driving upward nutrient fluxes, and the resultant flourishing of phytoplankton
even downstream of the eddy, such as at the FPO site. Future warming of warm‐core eddies may enhance
double‐diffusive mixing in the interleaving structures at the rim of such eddies, resulting in increases in
upward nutrient fluxes and phytoplankton biomass (Nishino et al., 2018). Such enhanced eddy activity could
increase the transport of POM from the Chukchi Sea into the Canada Basin (Watanabe et al., 2014), and this
transported POM might accumulate on the seasonal pycnocline in the Canada Basin. Thus, warm‐core
eddies may play a greater role in chlorophyll a distribution and the marine ecosystem in the future.

5. Summary

We examined oceanic and biological responses to wind forcing during strong wind events in fall 2014 at an
FPO station in the NAP of the Canada Basin (74.75°N, 162°W). At the FPO station, observations were col-
lected at high temporal resolution, including ocean microstructure (every 6 hr), CTD (every 6 hr), and water
sampling (every 12 hr), along with ADCP and XCTD surveys. We detected internal wave propagation, eddy
passage, and water mass changes that were assumed to influence the nutrient and phytoplankton distribu-
tions in the Canada Basin.

The 3‐week observation period included two strong wind events (6–9 and 14–21 September; Figure 4a); dur-
ing both events, the resultant enhanced mixing was sharply attenuated below the seasonal pycnocline at
~20 m (Figure 4b). However, strongmixing (11–12 September) associated with internal waves resulting from
the passage of an anticyclonic cold‐core eddy was found even below the seasonal pycnocline to depths of 20–
30 m.

The depths at which significant wind‐ and eddy‐induced mixing were observed were much shallower than
the nutricline (~60 m; Figure 6a). Such mixing does not drive vertical nutrient fluxes and thus did not influ-
ence the phytoplankton (chlorophyll a) distribution in the surface layer (Figure 5c). The chlorophyll a con-
centration in the surface layer was determined by the advection of water masses, such as the intrusion of
basin‐side water on 11 September (Figures 2b–2d) and the arrival of high‐fOF water on 17 September
(Figure 6d). Prominent subsurface chlorophyll a maxima were found at the seasonal pycnocline on 10
and 18 September (Figure 5c) and large‐sized phytoplankton flourished in the chlorophyll a maxima on
these dates (Figure 6c). The prominent subsurface chlorophyll amaximum and abundant large‐sized phyto-
plankton biomass were likely carried to the FPO site by a warm‐core eddy (Figure 8).

The prominent subsurface chlorophyll a maximum on 10 September was accompanied by an ammonium
maximum (Figures 6b and 9c) and AOU minimum (Figure 9d). Thus, phytoplankton biomass may have
been sustained by the high concentration of ammonium. The AOU was lower than usual in this sample,
implying that the phytoplankton were not carcasses carried by the warm‐core eddy but were organisms liv-
ing within the eddy despite the great distance from nutrient‐rich shelf areas. One nutrient source for the phy-
toplankton was the eddy, which contained a large amount of ammonium. Another possible source was
regenerated ammonium at the seasonal pycnocline, where POM accumulated and decomposed,
producing ammonium.
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In future research, we should extend the FPO approach to other Arctic basins, for example, the southern
Makarov Basin, where the nutricline may be shoaling due to sea ice loss. If the nutrient and phytoplankton
distributions are influenced by strong wind events in other Arctic basins, further studies are needed, includ-
ing observations of higher trophic levels in the marine ecosystem, CO2 exchange between the atmosphere
and ocean, and carbon transport to the sediment. Carrying out FPO studies every few years would allow
monitoring of eddy activity and its impact on the marine ecosystem, which is expected to increase with
future sea ice loss.
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