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Abstract Seven profiling floats equipped with oxygen sensors deployed in the Sea of Okhotsk provide
time series data for 33 cases of spring phytoplankton bloom period, including 9 cases in which sea ice
existed just before the bloom (prior-ice case). As an index of biological productivity, we calculated net
community production (NCP) based on the increasing oxygen rate using the Redfield ratio. The total NCP
in the euphotic layer averaged for prior-ice cases is 31.3 mmolC m ™2 day "), ~3 times higher than that of
non-ice cases. In addition to intensification of surface stratification, other factors of sea-ice melt likely
enhance the bloom. The influence of sea-ice melt is particularly large in the southwestern region, where
the iron availability likely limits phytoplankton growth. A suggested scenario is that when the sea ice
containing sediment/iron is transported from the northern shelves, a prominent bloom is induced via the
iron supply by sea-ice melt.

Plain Language Summary The seasonal ice zone is a high biological productivity area

with a large spring phytoplankton bloom. The enhanced biological production results in significant CO,
uptake, which could play an important role in carbon budget. However, understanding of high biological
productivity in seasonal ice zones is poor due to limited observations. This study examines the spring
bloom in and around the Sea of Okhotsk, a typical seasonal ice zone, using profiling floats equipped with
oxygen sensors. Based on the rate of oxygen increase for 30 cases of the spring bloom period, we estimated
NCP as a quantitative indicator of biological production and CO, uptake. It is statistically shown that a
large spring bloom, corresponding to high NCP, is strongly related to sea-ice melt. The cause is suggested
to be sediments/iron released from melting sea ice as well as enhancement of stratification and light
availability. This study will also provide the first attempt to evaluate the impact of significant sea ice
decline in the Sea of Okhotsk on the carbon budget in the present and future.

1. Introduction

The seasonal ice zone generally provides a rich marine ecosystem, mainly originating from large phyto-
plankton blooms associated with sea-ice melt. The Sea of Okhotsk, a marginal sea of the North Pacific, is a
typical such ocean (Mustapha et al., 2009; Sorokin & Sorokin, 1999). For example, Kasai et al. (2010) report-
ed that the chlorophyll a concentration at a depth of 0-30 m in this sea increases just after sea-ice melt and
peaks in April as 1.8 + 1.3 mg m~>, which is much higher than that in the adjacent North Pacific (Shiozaki
et al., 2014). Seasonal sea ice likely plays an important role in the enhancement of this spring phytoplankton
bloom (hereafter referred to as the spring bloom). Specifically, the increased vertical stability of the fresh-
water supply associated with sea-ice melt enhances light availability. This provides a favorable condition for
the increase in phytoplankton (Niebauer et al., 1990; Sorokin & Sorokin, 1999), in addition to the enhanced
nutrient supply provided by convective mixing in the preceding winter.

Most of the subarctic Pacific is regarded as the high nutrient low chlorophyll region, where the growth of
phytoplankton is limited by iron (Tsuda et al., 2003). However, the Oyashio region of the western subarctic
Pacific has relatively high biological productivity, likely due to the iron supply from the Sea of Okhotsk via
intermediate water (Nishioka et al., 2007, 2013, 2020). The main iron sources in the Sea of Okhotsk are con-
sidered to originate from the Amur River (its mouth is located north of Sakhalin Island) and sediment on the
continental shelf. The iron is incorporated into dense shelf water formed by sea-ice production, transported
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ioka et al., 2014). The iron is also transported with Amur-diluted sur-

YR face water, but its extent is confined to the northern shelf off Sakhalin

Island due to scavenging by biological particulates. Other regions in the
Sea of Okhotsk are considered to be iron-limited areas for phytoplank-
ton growth, as other nutrients are likely in excess (see Figure S1 for the
previous observations of nutrients and iron; Nishioka et al., 2014; Suzuki
et al., 2014; Yoshimura et al., 2010).

On the other hand, sea ice in the southern region of the Sea of Okhotsk
contains a higher concentration of iron than the underlying surface sea-
water, and the iron released by sea-ice melt provides a favorable condition
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Figure 1. Locations of seven profiling float in April or May (spring bloom
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for phytoplankton growth (Kanna et al., 2014, 2018). The enrichment of
iron cannot be explained only by the atmospheric dust iron deposition

period) from 2007 to 2019. Each float is discriminated by color (further onto the sea ice (Kanna et al., 2014). A part of sea ice in this region is
information on the floats is shown in Table S1). The black contours in the transported from the shelf of Sakhalin Island and northwestern shelves
Sea of Okhotsk show the sea-ice edge (defined as 15% ice concentration) of the Sea by the East Sakhalin Current and prevailing north wind (Simi-

averaged over 2007-2018 for March (solid), April (dashed), and May
(dotted). The 2,000 m isobaths are drawn by gray contours. The arrows
represent the East Sakhalin Current.

zu et al., 2014). Over these shelves, sedimentary materials, including iron,
can be brought to the surface by the strong bottom currents and win-
tertime convection, and then incorporated into sea ice (Ito et al., 2017).
Thus, there is a possibility that the iron in sea ice originates from the sed-
imentary materials over these shelves. However, all previous studies have
been based on a snapshot observation or single-point moored measurement. Owing to logistical difficulties
of measuring in sea ice in these areas, no continuous observations during the spring bloom have been made.
Thus, our knowledge of the spring bloom in the Sea of Okhotsk is very limited.

A quantitative indicator of marine biological production associated with the spring bloom is the net com-
munity production (NCP), which is equal to primary production minus respiration over all trophic levels.
Estimations of NCP have been conventionally made by shipboard observations and/or moorings. However,
these methods have a limitation in spatial coverage or monitoring period, and in general, observations that
focus on NCP have not been conducted in ice-covered regions. Riser and Johnson (2008) was the first study
that estimated an NCP from profiling floats equipped with oxygen sensors. They estimated the NCP just
below the mixed layer in the Pacific subtropical ocean, based on the time series data of the oxygen vertical
profile, using the Redfield ratio. This work has been followed by additional studies, which estimated the
seasonal or annual NCP in various regions (e.g., Bushinsky & Emerson, 2015; Sukigara et al., 2011; Yang
et al., 2017). Some of these studies have validated the use of oxygen variation for estimation of NCP by
comparing it with estimates obtained from conventional methods. In recent years, Biogeochemical-Argo
(BGC-Argo) floats, which can observe biogeochemical parameters such as oxygen, nitrate, pH, and chloro-
phyll a, have been deployed globally (Claustre et al., 2020). Many BGC-Argo floats have been deployed in
the Southern Ocean through the Southern Ocean Carbon and Climate Observations and Modeling project
(Johnson et al., 2017; Riser et al., 2018). These floats have observed a large spring bloom associated with
sea-ice melt in the Southern Ocean (Briggs et al., 2018).

In the Sea of Okhotsk, 30 profiling floats have been deployed since 1997 (Ohshima et al., 2014), and those
which were deployed after 2007 were equipped with oxygen sensors and a sea ice detection system. These
floats can observe the time series of vertical profiles of water properties that cannot be captured by snapshot
or satellite observations in this data-void region. Furthermore, owing to the sea ice detection system, the
floats have provided year-round data, including the ice-covered season. Thus, it is expected that the data set
might reveal the detail of bloom development process inferred from the change in water properties and its
relationship with sea-ice melt process.

In this study, we analyze the behavior of dissolved oxygen (DO) in the upper ocean during the spring bloom,
based on time series data of the vertical profiles obtained from the profiling floats with oxygen sensors.
The study focuses on the effect and mechanism of sea-ice melt on the spring bloom by estimating the NCP
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Figure 2. Time series of vertical profiles of (a) temperature, (b) salinity,
(c) buoyancy frequency squared, represented as N> (d) AO, and (e) AO, at
10 m for float 5259 (red in Figure 1), and (f) sea-ice concentration from
AMSR-E/2 and SSMIS and (g) wind speed from ECMWF, from October
2007 to May 2013. The red lines in (e) indicate least-squares fits, showing
the increased rate of AO, during the spring bloom. The gray shades in
(e-g) highlight the periods of sea-ice melt.

and comparing it with environmental conditions. The seven floats used
in this study sampled a total of 33 cases of spring oxygen behavior over
the course of 12 years, including 9 cases in which sea ice was present just
before the spring bloom.

2. Data and Methods
2.1. Profiling Float Measurements

Seven profiling floats equipped with oxygen Optode sensors were de-
ployed in the Sea of Okhotsk. The floats were ballasted to drift at a nomi-
nal depth of 1,650 m and programmed to cycle on a 5- or 10-day schedule.
Although the Optode oxygen sensors have some bias errors, approximate-
ly 0 to —40 umol kg™ for raw data and —3.1 + 4.09 umol kg™ for calibrat-
ed data using the phase-domain method (Drucker & Riser., 2016), the
sensor drift is negligible (Bushinsky et al., 2016) or only about 0.5% per
year after deployment (preliminary analysis by Riser’s laboratory). In this
study, we used the variation of raw oxygen data during a relatively short
period to estimate the NCP of spring bloom. Thus, the use of uncalibrat-
ed oxygen data is unlikely to affect the conclusions of this study, even
though the absolute value could be somewhat biased.

Each float was equipped with a sea ice detection system aimed at pro-
tecting the sensors from colliding with ice at the surface, as discussed
in detail in Riser et al. (2018). When the float measures a temperature
below a threshold value of —1.70°C in the near-surface mixed layer,
close to the sea ice formation temperature, it immediately descends to
the parking depth. The float would continue to cycle without surfacing
until the measurements exceed the threshold temperature. Since the float
does not surface during the under-ice period, its position during these
periods is unknown and is estimated by linear interpolation between its
last and first known locations. The trajectories of the seven floats used in
this study are shown in Figure 1. The observation period ranges from No-
vember 2007 to December 2019 and covers 33 cases for the spring period.

2.2. Sea Ice and Wind Data

The presence of sea ice was determined by the daily ice concentration esti-
mate from the Advanced Microwave Scanning Radiometers (AMSR-E/2)
and the Special Sensor Microwave Imager/Sounder (SSMIS) as well as

by the temperature threshold of the floats. The ice concentration was estimated by using the Bootstrap
algorithm (Comiso, 1995). The presence of sea ice before the onset of spring is ascertained by the following
criteria: first, if the ice concentration averaged within a radius 100 km around a float’s surfacing position
was above 30%; second, the sea ice concentration was above 20%, with the float’s ice detection system being
activated. If either of these two conditions were met, we defined the case as having sea ice present (the gray
shaded regions in Figure 2). Among the 33 cases in spring, 9 cases had sea ice just before the spring bloom.

The surface DO concentration is affected by various biological and physical factors. Air-sea gas exchange is
the main physical factor and is a function of wind speed and temperature. To infer the magnitude of air-sea
gas exchanges, we used daily wind speed at a 10-m height from the European Centre for Medium-Range
Weather Forecasts Re-Analysis (ERA5) dataset, at grid points located closest to the surfacing locations of

the floats.
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2.3. Calculation of NCP

Because oxygen concentration also depends on seawater temperature and salinity, its variation is not nec-
essarily simple. In this study, we used the oxygen anomaly AO, (oxygen concentration minus oxygen sol-
ubility), corresponding to negative AOU (Apparent Oxygen Utilization), to minimize the dependency on
temperature and salinity. We followed the method by Riser and Johnson (2008) and calculated the NCP by
using the rate of oxygen increase in spring. The period of the spring bloom is defined as the end of March
through mid-May (40-50 days), and the rate of oxygen production is determined from the slope of straight
lines fitted by least squares to the AO, data during each spring season. NCP rates are then estimated from
these slopes at depths in the euphotic layer by converting oxygen production to carbon uptake using the
Redfield ratio (150 moles of O, produced per 106 moles of C fixed (Anderson, 1995). We judged that the
Redfield ratio is approximately valid for the spring bloom condition, with large diatoms predominating. The
large diatom species are similar to those that appear in the western subarctic Pacific (Suzuki et al., 2014;
Yan et al., 2020).

3. Results and Discussion
3.1. Time Series of Float Data

Time series of temperature, salinity, buoyancy frequency, and AO, from one of the profiling floats are
shown in Figure 2, together with the sea-ice concentration and wind speed at the float locations. The float
data clearly capture the seasonal cycle of the upper ocean. It is found that AO, at a depth of 10 m (Fig-
ure 2e) increased during spring (from the end of March to mid-May) each year. The change in AO, due to
its dependence on salinity is only ~1%-3% of the total change. The increasing rate of AO,, estimated via
least-squares fitting (the red line in Figure 2e), seems to depend on the observation year or position. The
increasing rate is significantly higher in cases when sea ice cover existed just before the estimate (referred to
as the prior-ice case), specifically in 2008 and 2009, than in cases with no prior sea ice cover (referred to as
nonice case), specifically in 2010, 2011, and 2012. Such characteristics are commonly observed by the other
six floats (see Figures S2-S7). In addition to the spring bloom, AO, showed a delayed peak at the surface
from June to July in 2012, and a subsurface peak (20-30 m) from July to August in 2008, 2011, and 2012.
This subsurface peak is consistent with the enhanced biological production characterized as a subsurface
chlorophyll-a maximum in summer, as reported by Kasai et al. (2010). The analysis in this study focuses
only on the spring bloom, which occurs from the end of March to mid-May, for examining the relationship
between sea-ice melt and the spring bloom. Three of the non-ice cases did not show AO, increase in spring,
and they are regarded as non-blooming (shown as gray crosses in Figure 4d). All other cases are regarded as
blooming cases and used for NCP calculations.

Wind speeds in the observational area were generally higher in winter and lower in spring (Figure 2g). Var-
iations of surface AO, (Figure 2d) do not show those expected from the wind variation, for example, oxygen
supersaturation over 100%-110% occurred in April and May, even though the wind speed weakened in these
months. As this tendency also occurred for the other floats (see Supplementary Figures S2-S7), the data
suggest that these periods of supersaturation are not governed by air-sea gas exchanges that are controlled
by wind speed. Furthermore, although the near-surface stratification in each spring was relatively strong,
the increase in AO, at depth to 50 m occurred simultaneously. These suggest that this increment was caused
mainly by in situ photosynthesis-related processes rather than by the atmospheric O, uptake.

After sea-ice melt, a salinity deficit occurs at the ocean surface. Examples of vertical profiles of salinity and
temperature just after the ice melt and that of oxygen increment during the spring bloom are shown in Fig-
ure 3a and 3b, and one example for a non-ice case is shown in Figure 3c. The salinity and oxygen increment
profiles correspond well with each other for prior-ice cases but not for non-ice cases (see supplementary for
all the prior-ice cases [Figure S8] and non-ice cases [Figure S9] in the Sea of Okhotsk). In some of the non-
ice cases, a low salinity layer is formed on the surface (Figure S9). However, the layer's temperatures were
significantly higher than in the prior-ice cases, with no activation of the ice detection system. Thus, these
low salinity layers were likely caused by the advection of low salinity water affected by the Amur River or
East Sakhalin Current water. The salinity profile in these cases did not show good correspondence with the
oxygen increment.
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Figure 3. Vertical profiles of salinity (blue lines) and temperature (green lines) just after sea-ice melt and of DO
increment during the spring bloom (red lines) for (a) the 2008 bloom (44.8°N, 146.0°E) and (b) the 2018 bloom (46.5°N,
144.1°E). (c) Same as (a) and (b) but for a non-ice case in 2011 (45.3°N, 146.8°E). (d) Plots of meltwater ratio versus
oxygen increment during the spring bloom, estimated from all the prior-ice cases at 5 m intervals. DO, dissolved

oxygen.

From the decrease of salinity, the content ratio of meltwater can be estimated based on the mixing ratio of
salinity in sea ice (4.6 psu in the Sea of Okhotsk) and salinity in the source water (at the depth just below
the base of the low-salinity layer). We have estimated the meltwater ratio from all the prior-ice cases at 5 m
intervals, and examined its relationship with the oxygen increment (Figure 3d). A relatively strong correla-
tion between the two (Correlation coefficient, R is 0.65) supports the idea that the oxygen increment due to
photosynthesis is induced by the meltwater input, and further suggests that the strength of the spring bloom
is governed by the amount of meltwater.

3.2. Estimation of NCP

The averaged vertical profiles of NCP derived from the float observations during the spring bloom are
shown in Figure 4a, for prior-ice cases (9 cases) and non-ice cases (13 cases) in the Sea of Okhotsk, and for
cases in which the floats were located in the North Pacific (8 cases). The NCP is by far highest in prior-ice
cases, and the difference is more prominent near the surface. The total NCP for each individual spring
bloom was calculated by vertical integration of the NCP profile data from 50 m to the surface, assumed to
be the euphotic layer (Figure 4b). Calculations from greater depths show similar results: Calculations from
70 m result in the NCP increase only by less than 10% on average. The total NCP averaged for prior-ice cases
is 31.3 mmolC m™2 day?, which is ~2.7 times higher than the 11.6 mmolC m~2 day" of non-ice cases (99%
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Figure 4. (a) Vertical profiles of NCP averaged for (red) prior-ice cases and (blue) non-ice cases in the Sea of Okhotsk
and (green) cases in the North Pacific, with the standard deviations (indicated by shadings). (b) Total NCP integrated
over the blooming layer for individual spring bloom (black dots) and the average (orange dots) classified into prior-ice
cases and non-ice cases in the Sea of Okhotsk and cases in the North Pacific. (c) Plots of buoyancy frequency squared
at a depth of 30 m versus total NCP. (d) Spatial distributions of total NCP during the spring bloom, with the circle size
being proportional to the NCP value. The color coding in (c) and (d) follows that of (a). The contours in (d) indicate
50 m depth, obtained by the General Bathymetric Chart of the Oceans.

significance by the Student’s ¢-test). This value is comparable to that in the Southern Ocean, known as the
high biological production area (Thomalla et al., 2015). On average, the total biological production during
the spring bloom period is 1,370 mmolC m ™ for prior-ice cases and 500 mmolC m ™ for non-ice cases. Note
that air-sea gas exchanges are not considered in these NCP estimates. Since gas exchange would occur from
sea to air when DO in the sea is supersaturated, the NCP found in this study probably tends to be an under-
estimate. However, as described in Section 3.1, it is likely that the oxygen increment in spring is mainly due
to photosynthesis by biological production, and a qualitative discussion of the relationship between NCP
and sea-ice melt is still adequate.

3.3. Effects of Sea-ice Melt

A spring bloom is a rapid biological increment occurring in mid-to-high latitudes due to the increase in sea
temperature and solar illumination, which improve the environment for biological production. The current
work is the first observation-based study that reveals the onset of a spring bloom induced by sea-ice melt
in the Sea of Okhotsk, by showing significantly higher NCP in the prior-ice cases than in the non-ice cases.
The analysis will now focus on how sea-ice melt affects the occurrence of spring bloom. This issue has not
previously been well-understood, although the intensification of stratification at the surface layer from
warming and the freshwater supply has been regarded as an important factor (Sullivan et al., 1993). Here,
we compare the NCP values with the buoyancy frequency squared (N?) averaged over 25-35 m depths (Fig-
ure 4c). During the spring bloom, the contribution of salinity to the density gradient (N?) in the upper layer
is 5-10 times larger than that of temperature. When sea ice was present just before, the near-surface stratifi-
cation is increased mostly by freshwater input by ice melting. On average, N> is 7.4 x 107> (/s*) for prior-ice
cases, higher than the value of 3.2 x 107 (/s?) for non-ice cases. Correlation between the stratification and
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NCP (R = 0.64) suggests that the stratification is a factor for the spring bloom. While, for similar N* levels,
the NCP tends to be higher in prior-ice cases than in non-ice cases (Figure 4c). These results suggest that the
change in stratification is not the only reason why sea-ice melt leads to a massive spring bloom.

The locations of each spring bloom are plotted as circles in Figure 4d, with their size being proportional to
the NCP values. Among the nine blooms in the western part of the Kuril Basin, defined as west of 147°E,
the NCP value is significantly larger in the prior-ice cases (red) than in the non-ice cases (blue), by a factor
of ~3 on average. In contrast, among 15 blooms in the eastern part of the Kuril Basin, defined as east of
147°E, there is no significant difference in the NCP value in cases between the prior-ice and non-ice cases.
In the Sea of Okhotsk, the sea ice formed in the Sakhalin and northwestern shelves may incorporate bot-
tom sediments containing iron, via strong winter convection reaching the bottom (Ito et al., 2017); after
formation, the ice drifts to the southwestern region of the Sea of Okhotsk. We assume that a part of sea ice
found in the southwestern part of the sea originates from these shelves, whereas sea ice in the eastern sea is
locally formed in the Kuril Basin. We propose that the difference in the origin of sea ice explains the varying
influence of sea-ice melt on the NCP.

It is also noted that, when the comparison is made for all the non-ice cases in the Sea of Okhotsk, the NCP
tends to be larger in the area closer to the Kuril Straits. This may result from the advection of water includ-
ing high nutrients and iron via the strong tidal mixing around the Kuril Straits (Nishioka et al., 2013).

4. Concluding Remarks

Seven profiling floats equipped with oxygen sensors had provided time series data for 33 cases of spring
blooms, including 9 cases in which sea ice existed just before the spring bloom began (the prior-ice case),
in and around the Sea of Okhotsk. Accumulation of these data makes it possible to statistically evaluate the
effects of sea-ice melt on the spring bloom. All cases except three non-ice cases show that the oxygen in the
surface layer increased during the spring, defined as the end of March to mid-May. As an index of biolog-
ical productivity during the spring bloom, we estimated NCP based on the rate of oxygen increase and the
Redfield ratio for these 30 cases. Among the blooming cases, the average total NCP in the euphotic layer of
31.3 mmolC m™2 day " in the prior-ice case is ~3 times higher than that in the non-ice case. These examples
demonstrate that the sea-ice melt is a key factor for the prominent spring bloom.

We have examined how sea-ice melt affects the spring bloom. We used the buoyancy frequency squared
averaged over depths of 25-35 m (typical euphotic zone depths) as an index of the stratification intensity
during the spring bloom, and investigated its relationship with the total NCP. The NCP is always higher in
the prior-ice cases than in the non-ice cases for similar buoyancy frequencies (Figure 4c). This suggests that
other factors by sea-ice melt substantially enhance the spring bloom, in addition to the intensification of
surface stratification.

In the Southern Ocean, a large spring bloom is likely to occur in many sea-ice melt regions (e.g., Briggs
et al., 2018). In the case of the Sea of Okhotsk, the influence of sea-ice melt on the spring bloom seems to
depend on the region. The influence of sea-ice melt is clearly identified in the southwestern region of the
Sea of Okhotsk, while such influence is not so clear in the eastern region of the Kuril Basin. In the south-
western region of the Kuril Basin, where iron availability likely limits phytoplankton growth, only when the
sea ice containing the sediment/iron is transported from the northern shelves, a prominent spring bloom is
likely induced via the ice-supplied iron. If true, this scenario leads to further future studies seeking to make
direct measurements of iron source and supply. By contrast, in the eastern Okhotsk region, water advected
from the Kuril Straits may have supplied some iron from the lower layer via strong tidal mixing (Nishioka
et al., 2013).

In this study, we estimated the NCP during the spring bloom in and around the Sea of Okhotsk, using the
oxygen variability observed by a suite of profiling floats. Although our estimate is useful for evaluating the
effect of sea-ice melt, the NCP estimates have some errors, mainly because the component of air-sea gas (ox-
ygen) exchange cannot be incorporated. More accurate estimation would require time series data of nutri-
ents such as nitrate and/or chlorophyll-a. The deployment of BGC profiling floats, which would make such
observation possible, will be needed in the future. One ultimate goal, initiated from this study, is to examine
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the CO, budget associated with the biological productivity in the Sea of Okhotsk and to determine the net
exchange of CO, between the sea and the atmosphere throughout the annual cycle. For such a purpose,
the annual NCP must be estimated with the evaluation of biological productivity in other seasons, such as
during the subsurface summer phytoplankton bloom in addition to the spring bloom.

Data Availability Statement

The AMSR-E and SSMIS data were obtained from the website of the National Snow and Ice Data Center,
University of Colorado (https://nsidc.org/data/ae_sil2/versions/3; https://nsidc.org/data/nsidc-0079/ver-
sions/3). The AMSR2 data were provided by the Japan Aerospace Exploration Agency website (https://
gportal.jaxa.jp/gpr/?lang = en). The ERAS reanalysis data were obtained from the ECMWF Research Data
Server (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview).
The data set of profiling floats can be seen from the website (http://runt.ocean.washington.edu/hu/).
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