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Abstract

Material transport by sea ice plays an important role in the biological production of spring blooms. We conducted backward-
tracking simulations to estimate the origins of the sea ice in the southern part of the Sea of Okhotsk and examine the rela-
tionship between the origin of sea ice and biological production, the concentration of iron, and the frazil ice fraction. The
simulation of the sea ice melted in areas, where the net community production (NCP) was estimated shows that the sea ice
that melted in areas with high NCP tended to originate in coastal areas, mostly the Terpenia Bay and Sakhalin polynyas,
where ice production is high and sea ice can incorporate the seafloor sediments. This result supports the hypothesis that
the incorporation of sedimentary particles into sea ice and their release during ice melt are key factors in high biological
production. The simulation of the sea ice floes sampled by the icebreaker Soya off Hokkaido coast suggests that the samples
collected over the shelf with depths of less than 500 m or so were formed over the shelf around the southern tip of Sakhalin
Island, whereas the samples, including that with high iron concentration, collected over the shelf slope at greater depths were
likely transported from the northern area up to Terpenia Bay but not further north. The simulation also suggests that the sea
ice floes with a high fraction of frazil ice could be formed anywhere in the southern part of the Sea of Okhotsk.
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1 Introduction increased primary production caused by the solar radiation
(Niebauer et al. 1995), (2) enhancement of stratification

The Sea of Okhotsk is the southernmost seasonal sea ice  caused by the freshening by sea ice melt, which enables

zone in the Northern Hemisphere. A remarkable phyto-
plankton bloom occurs in this sea just after the sea ice melts
(Mustapha and Saitoh 2008; Kasai et al. 2010). Such a cor-
relation between sea ice melt and large phytoplankton bloom
has also been observed in other seasonal sea ice zones (e.g.,
Wilson et al. 1986; Niebauer et al. 1995). Several factors
have been proposed to account for this enhancement of the
spring phytoplankton bloom by sea ice melt, including (1)
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phytoplankton to remain in the euphotic layer (Sorokin and
Sorokin 1999), (3) the release of micro-nutrients, such as
iron from the melting sea ice (Kanna et al. 2014), and (4) the
seeding effect of ice algae (Yan et al. 2020). The latter two
mechanisms imply that material transport by sea ice plays an
important role in biological productivity. Kishi et al. (2021)
showed that, in the southern part of the Sea of Okhotsk with
sea ice melt, the enhancement of biological production in
the spring phytoplankton bloom is not attributable solely to
an intensification of the surface stratification. This finding
suggests that the materials released from the melting sea ice
could enhance the phytoplankton bloom.

Several studies have investigated the contribution of the
materials released from sea ice to the growth of phytoplank-
ton in the Sea of Okhotsk. One of these materials is iron,
an essential micro-nutrient for phytoplankton. The subarc-
tic North Pacific region adjacent to the Sea of Okhotsk is
known as the high-nutrient low-chlorophyll region, indicat-
ing that the growth of phytoplankton there is limited by iron
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availability (Tsuda et al. 2003). In the Kuril Basin of the Sea
of Okhotsk, by contrast, the nitrate depletion in the surface
layer observed during the summer implies that the iron sup-
ply is sufficient (Nishioka et al. 2014). Direct observations
in the southern part of the Sea of Okhotsk (Kanna et al.
2014) have suggested that the supply of iron from melting
sea ice increases the concentration of iron in the surface
layer. Furthermore, it has been suggested that the iron con-
tained in sea ice originates mainly in sedimentary particles
on the continental shelf. Based on the results of a shipboard
incubation experiment, Kanna et al. (2018) suggested that
the iron release associated with ice melting contributes to
growth of the phytoplankton. Another material released
from the sea ice is ice algae. Yan et al. (2020, 2022) showed
that the dominant species of ice algae in the sea ice sampled
in the southern part of the Sea of Okhotsk can act as seeds
for spring phytoplankton blooms and that the sampled sea
ice contained a large number of pennate diatoms, this being
the dominant species of benthic microalgae. These findings
imply that algal incorporation occurs simultaneously with
the process by which sediment is incorporated into sea ice.

Such material incorporation process can occur through
interactions between sedimentary particles and frazil ice
resulting from the simultaneous occurrence of upward sedi-
ment transport and frazil ice formation (suspension freez-
ing). Ito et al. (2017) suggested that this process actually
occurs in the coastal polynya over the Sakhalin shelf based
on the analysis of the backscatter strength data from bottom-
mounted acoustic Doppler current profilers (ADCPs). Fur-
thermore, analyses of ADCP volume backscatter strength
data showed that frazil ice can form to depths of nearly
100 m around the ice edge regions in the Sea of Okhotsk
(Ito et al. 2021) and that deep-penetrating frazil ice up to
80 m or deeper frequently occurs in response to strong winds
in an Antarctic coastal polynya (Ohshima et al. 2022). These
results, then, indicate that frazil ice can reach the seafloor
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at depths of about 100 m and that the direct incorporation
of the bottom sediments into sea ice can be possible in the
region shallower than 100 m.

A large amount of sea ice melts in the southern part of
the Sea of Okhotsk after March. The prevailing northwest-
erly winds and the East Sakhalin Current transport most of
this ice from the northern part of the sea, where a large
amount of sea ice is produced (Simizu et al. 2014). Kuga
et al. (2023) conducted the particle-tracking experiments for
sea ice originating from all the coastal polynyas in the Sea
of Okhotsk and suggested that most of the coastal-origin sea
ice melting in the southwestern part of the Sea of Okhotsk
comes from the Terpenia Bay and Sakhalin polynyas. Analy-
sis of satellite microwave data indicates that active frazil
occurs at a high rate in Terpenia Bay (Nakata and Ohshima
2022). Kuga et al. (2023) also conducted particle-tracking
experiments on the frazil ice produced in the coastal polyn-
yas and attributed the large contribution of the sea ice origi-
nating from Terpenia Bay to the high biological production
area in the Kuril Basin.

Kishi et al. (2021) quantified the relationship between the
melting of sea ice and biological production by estimating
Net Community Production (NCP) as an index of biological
productivity, based on the oxygen increase from the profiling
floats deployed in the Sea of Okhotsk. They found the NCP
for the case in which the sea ice existed just before the phy-
toplankton bloom (the prior-ice case) (31.2+12.3 mmolC/
m?/day) to be significantly greater than that for the non-
ice case (11.6+5.5 mmolC/m?/day). Even for the prior-
ice cases (see Fig. 1 for locations of the NCP estimated),
the estimated NCP shows a large range of values, with the
maximum value (52 mmolC/m?/day) being more than three
times the minimum (15 mmolC/mz/day) (Table 1). This dif-
ference of NCP is presumably related to the cause of the
spring phytoplankton bloom, but this relationship has not
been well-understood. One possible factor is the difference
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Table 1 Start dates and positions of the simulations with the NCP
values for sea ice in the NCP-estimated areas

Date Latitude Longitude NCP?

[mmolC
m~2 day™!]

a 2018/03/29 46.49 144.19 52

b 2017/04/05 47.09 1444 41

c 2008/04/04 4491 145.94 37

d 2009/03/27 46.55 144.6 31

e 2013/04/03 47.16 149.04 20

f 2019/03/23 45.31 146.96 17

g 2013/03/31 46.73 149.3 15

“Kishi et al. (2021)

in the materials released from the sea ice, which is related to
the origin of sea ice. However, the origins of the sea ice floes
melting in the NCP-estimated areas have not been identified.
On the other hand, intensive sea ice observation has been
conducted in the southwestern part of the Sea of Okhotsk on
board the icebreaker Soya since 1996 (Toyota et al. 2022).
According to their ice sampling studies, sea ice floes have
relatively high concentrations of iron and a relatively high
fraction of frazil ice (Kanna et al. 2014; Nomura et al. 2010;
Toyota et al. 2007, 2022). However, the origins of sampled
sea ice were not identified. For both cases of NCP estima-
tion and ice sampling studies, identifying the origin of sea
ice will provide important information for elucidating the
relationship between biological production and sea ice. In
this study, we estimate the origins of these sea ice floes by
backward-tracking simulations and investigate relationship
among the origin of sea ice and the biological production,
iron concentration, and the frazil ice fraction in the southern
part of the Sea of Okhotsk. The results of the study thus
provide the basic information for clarifying the roles of sea
ice on stimulating biological production.

2 Data and methods
2.1 Basic concept

We conducted the backward-tracking simulations of sea ice
for the two cases in the southern part of the Sea of Okhotsk;
one is the simulation of the sea ice melting in the areas,
where NCP estimated in Kishi et al. (2021) and the other is
the simulation of the sea ice floes sampled by the icebreaker
Soya in the southern part of the Sea of Okhotsk. We used the
method of Kuga et al. (2023) for the particle tracking simu-
lations except that we replaced forward tracking with back-
ward tracking. We calculated the particle tracking at a time
step of 6 h, ending when the sea ice concentration fell below
10% for 5 days in a row. The ETOPO2 bathymetry data were

used to determine the land and ocean areas. When a particle
position calculated from the ice drift velocity intrudes into
the land or comes within 3 km of the land, it was taken back
to the position 3 km from the land along the trajectory. The
ETOPO?2 was also used to correct the ice drift by ocean cur-
rent along the isobaths.

Since we traced back a large number of particles placed at
slightly varying times and locations for each case, the esti-
mated ice origin area is obtained as the spatial distribution of
particles. In this study, we take the following two viewpoints
to interpret such spatial distribution as sea ice origin area;
(A) the spatial probability distribution of formation origin
for a sea ice floe that existed at a specific location, and (B)
the spatial distribution of the origins location for a bunch of
sea ice floes in a certain area. We follow the viewpoint of
(A) for the origin of a sea ice sample collected at a specific
point by the icebreaker Soya. Regarding the formation origin
of the sea ice floes melting around the NCP-estimated area,
we follow the viewpoint of (B), because the sea ice melt in
a relatively wide area likely determines NCP. Even for this
case, the viewpoint of (A) is also applicable.

2.2 Setting for the case of the NCP-estimated area

For the study, we first conducted the backward-tracking sim-
ulations of the sea ice melting in the NCP-estimated areas to
investigate the relationship between magnitude of biological
production and the locations in which the sea ice originated.
We used the NCP values estimated by Kishi et al. (2021)
(Table 1), who converted the rate of oxygen increase during
the oxygen-increase period (40-50 days) into the organic
carbon increase rate using the Redfield ratio and integrated
it from the surface to 50 m in depth. This NCP estimation is
only investigation that quantifies the biological production
in the large area of the Sea of Okhotsk, although NCP is not
pure primary production. Before the tracking simulation,
we have checked the relation of the areas of high NCP esti-
mation with the distribution of Chl-a concentration which
represents the amount of phytoplankton directly but only at
the surface. As shown in the Supplementary Fig. S1, areas
of high NCP correspond well with high Chl-a concentration
areas except for the case of (f).

We conducted a backward-tracking experiment for seven
cases of NCP estimation in which sea ice was present just
before the spring phytoplankton bloom; sea ice concentra-
tion exceeded 30% on two consecutive days within 10 days
before the first day of the NCP-estimated period. The simula-
tion start date and position were set to the final day on which
the sea ice concentration exceeded 30%. The simulation start
date and position (indicated by the diamonds in Fig. 1) are
listed in Table 1. We placed 200 particles at every 6-h time
step for the 7 days preceding the start date within a 25 km
radius from the start position. The 25 km corresponds to the
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Table 2 Sampling dates and

. . . Date Latitude Longitude Thickness (cm) Frazil ice (%) TDFe[nM]

locations, sea ice thickness,
fraction of frazil ice, and iron T1 2003/02/07  45.16 143.49 35 47 -
;‘;‘?Sg:;‘g;stg;":‘;adi‘szowable T2 2003/02/08  45.17 143.67 35 30 -
collected by the icebreaker Soya T3 2003/02/09 45.36 145.17 37 57 -

T4 2003/02/11 44.83 144.33 101 6 -

T5 2003/02/12 4495 144.65 84 75 -

T6 2003/02/12 44.61 144.44 36 5 -

T7 2003/02/12 44.44 144.5 72 36 -

T8 2004/02/07 45.0 143.32 197 65 -

T9 2004/02/08 44.79 143.75 222 43 -

T10 2004/02/09 44.65 144.18 213 75 -

T11 2004/02/09 44.49 144.0 104 74 -

T12 2004/02/11 44.48 144.47 117 48 -

T13 2004/02/12 44.71 143.99 141 30 -

T14 2005/02/14 44.41 143.9 30 4 -

T15 2005/02/15 44.88 144.29 119 12 -

N1 2007/02/12 45.05 144.58 41 44 -

N2 2007/02/12 45.05 144.58 55 78 -

N3 2007/02/13 45.02 143.79 75 52 -

N4 2008/02/11 44.59 144.04 35 29 -

N5 2008/02/12 45.16 144.33 49 55 -

N6 2008/02/13 45.12 143.58 26 47 -

K1 2010/02/08 45.07 143.94 98 - 163 +42

K2 2010/02/08 45.16 143.85 109 - 1218+ 15

K3 2011/02/14 45.13 142.98 33 - 1414+ 1159

K4 2011/02/16 45.16 144.07 80 - 883 +£699

The prefixes “T”, “N”, and “K” of the IDs indicate the samples from Toyota et al. (2007), Nomura et al.
(2010), and Kanna et al. (2014), respectively

resolution of sea ice concentration. The initial deployment of
the particles was made using a uniform random number for
distance and the angle from the start position as the center.
Thus, the density of the deployed particles increases closer
to the center position. In areas of 0% sea ice concentration
within a radius of 25 km, no particles were deployed.

2.3 Setting for the case of the sampled sea ice

Next, we performed backward tracking of sea ice sampled in
the Sea of Okhotsk to investigate the relationship between its
structure and/or iron concentration and its origin location.
The sea ice was sampled by the icebreaker Soya in Febru-
ary from 2003 to 2011 and analyzed for its structure and/
or concentrations of nutrient (Toyota et al. 2007; Nomura
et al. 2010; Kanna et al. 2014). For the area of ice sam-
pling by the Soya, Toyota et al. (2022) reported thickness
to be 0.64 +0.38 m on average for the period from 1996 to
2020. Some of the thin sea ice samples are considered to
have formed near the sampling sites. To focus on the sea
ice that could transport the materials, we chose 30 samples
with a thickness exceeding 30 cm, which we regarded as
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representative of sea ice transported from a distant location.
Sea ice sampled within 25 km from the Hokkaido coast,
which drift is considerably affected by the Soya Warm Cur-
rent, was excluded, because the drift velocity used in this
study cannot correctly represent the drift component by the
current. Table 2 lists the dates and locations of the sampling,
and the thickness, frazil ice fraction, and iron concentration
of the sea ice for which we performed the backward track-
ing. Since this experiment simulates the transport of specific
sampled ice, we deployed the particles only on the sampling
day and interpreted the estimated distribution of the origins
of the sea ice in terms of (A). Considering the drift on a
timescale shorter than 1 day and existing errors in the drift
velocity data, we initially placed a large number of particles
with a spatial distribution centered on the sampling loca-
tion and then obtained the spatial probability distribution
of the origins of the sea ice. Specifically, 400 particles were
randomly placed at every 6-h time step on a given sampling
day (for 1600 particles in total) within a 15-km radius of
the sampling location (represented by the open circles in
Fig. 1), using the uniform random numbers for the distances
and angles from the sampling locations. We deployed the
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particles in more confined areas, compared with the case
of the NCP-estimated area, because the sampling locations
were determined exactly.

2.4 Method of the backward tracking

For each particle, the sea ice drift velocity was given for
every 6-h step and the transport path was backward-tracked.
We estimated the drift velocities from satellite and wind
data, using the method of Kuga et al. (2023) except that for-
ward tracking was replaced by backward tracking using the
reversed drift velocities. The primary satellite drift velocities
are the daily gridded data with a 50 km spatial resolution
derived from the Advanced Microwave Scanning Radiom-
eter for the Earth Observing System (AMSR-E) and AMSR2
brightness temperatures using the maximum cross-correla-
tion method (Kimura et al. 2013). Although these data are
relatively reliable in areas far from the coast, the drift speed
is underestimated in the coastal area when land is included
in a grid cell (Kuga et al. 2023). This less-accurate estima-
tion can be diffused to the offshore grid cells in the range
of 50-100 km from the coast when their missing values are
interpolated from the values of the cells that contained land.

To compensate for the inaccurate satellite-estimated drift
velocity near the coast, we also used drift velocity data Uw
(Uw, Vw) (m/s), derived from the 10-m wind (i, v) (m/s) of
ERA-5 at every 6-h step with the wind factor F and turning
angle 6 as

<UW>=F<cosl9—sin9)<u> "
V., sin@ cos v /)

We used values of F=0.027 and 6=—12°,' which were
estimated based on simultaneous observations of the ocean
currents and ice drift velocities from the moored ADCPs on
the shelf off Sakhalin (Kuga et al. 2023). The negative value
of 6 indicates that the drift velocity directs to the right of
the wind vector. This wind-estimated drift velocity does not
include the drift component by the ocean current. Over the
continental shelf, sea ice drift is enhanced by the dynamical
coupling between sea ice and a coastal ocean resulting from
a coastal-trapped current caused by alongshore wind stress
(Nakayama et al. 2012). The enhancement of the ice drift
by this effect becomes larger with shallower bottom depths.
To represent the ice drift that include the ocean drift com-
ponent, we used the enhancement ratio y, which represents
the enhancement of the alongshore ocean drift component,
proposed by Nakayama et al (2012). Based on the estimation
by Kuga et al. (2023) from the mooring observations on the

! 9=-12° was misprinted as #=12° in Kuga et al. (2023).

shelf off Sakhalin, we used values of the enhancement ratio
vy as a function of bottom depth /# (m), represented by

_ [ 1+ a(h—1000), a = —1.250 x 107> h < 1000
- { 1 h>1000 "
@)
We used the combined drift velocity U (m/s) from the
satellite Us (cm/s) and wind Uw (cm/s) within 200 km of the
coast with a larger weighting of the wind estimation closer
to the coast, using the following equation:

U=fx)xU,+1-f@x)XU,, fx)=exp{-x*/(2x50%)},

3)
where x (km) is the distance from the coast. The daily ice
drift velocities from the satellite (AMSR) were linearly
interpolated into the 6-h data, and the ice drift velocities
from the satellite and/or wind were linearly interpolated into
the space from the four surrounding grid points.

2.5 Determination of ice formation area

It is the most difficult part to determine, where backward-
tracked sea ice was formed, because the sea ice formation
could occur at any location along the tracking path. In this
study, the location with the largest daily sea ice production
on the tracking path of each particle is regarded as the ori-
gin (site of formation) of the sea ice. For the daily sea ice
production, we used the 12.5 km resolution gridded data by
Nakata and Ohshima (2022). The sea ice production was
derived from the thin ice thickness by the AMSR thin ice
algorithm (Nakata et al. 2019) and heat budget calculation
assuming that all heat loss is used for sea ice formation. If
an AMSR pixel is not detected as a thin ice area or the net
heat budget of the pixel is positive (i.e., the ice/ocean gains
heat from the atmosphere), it is regarded as a no-ice produc-
tion pixel. The predominant ice production regions are the
coastal polynyas, and the ice edge areas are often identified
as sea ice production areas.

3 Results

3.1 Sensitivity of transport path to the drift velocity
data

First, we checked the effectiveness of combined use of the
satellite- and wind-derived drift data. Figure 2 shows the
transport paths of the backward-tracking simulations from
the two ways; one is the use of the drift velocity estimated
only from the satellite data (indicated by black), and the
other is the use of the combined drift velocity from the
satellite and wind by Eq. (3) with the enhancement ratio y
by Eq. (2) (indicated by red). In the experiment using the
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Fig.2 Transport paths of backward-tracking particles for the simula-
tion of the sea ice melting in the NCP-estimated areas for seven cases
(a—g) listed in Table 1. The simulation was made by two ways. One
is the use of the drift velocity estimated only from the satellite data

combined drift velocity, the transport path is aligned more
along the continental shelf and the transport distance is
longer. Since the experiment using only the satellite data
significantly underestimates the drift within 100 km of the
coast, the drift from the coast to the offshore direction was
not correctly represented. Thus, the backward drift toward
the coast was significantly underestimated (Fig. 2a—d).
Furthermore, the satellite-only data do not represent the
drift enhancement by the alongshore currents. As a result,

@ Springer

(shown in black). The other is the use of the combined drift veloc-
ity estimated from the satellite and wind data, with the enhancement
ratio representing the ice drift by coastal currents (shown in red). The
unit of NCP in each panel is mmolCm™~2 day.™! (color figure online)

the drift distance in the alongshore direction was also sig-
nificantly underestimated (Fig. 2e, f). These shortcomings
of the satellite-only data are critical in regard to the iden-
tification of the origin of sea ice, particularly for the sea
ice originating near the coast. As such, correction of the
satellite-derived drift data, by combination with the wind-
derived data and inclusion of the alongshore enhancement
factor, is indispensable to identify the sea ice origin from
the backward tracking.
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Fig.3 Simulated backward
time-series of the ice particle
distribution for the case of
Table 1 (e) superimposed on
the sea ice concentration. The
particles newly determined to be
formed are shown in yellow, the
locations previously determined
to be the origin of the sea ice
are shown in green, and the
remaining particles that should
be formed earlier shown in red
(color figure online)

#
J« 2013/01/15

3.2 Origin of sea ice in the NCP-estimated area

Figure 3 shows an example of a simulated backward time-
series of ice particle distribution traced back to the end of
the simulation for Table 1 (e), superimposed on the sea ice
concentration. Of the sea ice particles that had existed in
the center of the Kuril Basin at the beginning of April, 43%
of them are judged to have been formed at the ice edge in
the basin area from the beginning of March to February.
Other sea ice particles are traced back northward along the
continental slope off Sakhalin Island and up to around the
Sakhalin polynya and judged to have been formed at the
beginning of January.

Figure 4 shows the results of the backward-tracking simu-
lations for the seven cases of sea ice in the NCP estimated.
The black circle, blue/red dots, and gray line indicate the
initial positions, the locations, where the sea ice formed,
and the transport path, respectively. The locations of sea ice
formation (origin) distributed in Terpenia Bay, the Sakhalin
polynya, the shelf slope areas off Sakhalin and the Kuril
Basin. The sea ice initially located in the northwestern Kuril
Basin has been traced back via two paths, one along the
coast of Sakhalin Island (Fig. 4a, d) and the other from off-
shore to Terpenia Bay (Fig. 4b). The sea ice initially located
near the Kuril Islands in the southwestern Kuril Basin traced
back along the continental slope to Terpenia Bay after
approaching the coast of Hokkaido (Fig. 4c, f). Most of the

(%) uonenuadsuod 95|

sea ice initially located around the central part of the Kuril
Basin is judged to have originated in the Kuril Basin, while
the rest has been traced back along the continental slope to
the Sakhalin polynya (Fig. 4e, g).

3.3 Relationship between NCP and the origin of sea
ice

In a coastal polynya, the simultaneous occurrence of frazil
ice formation and upward sediment transport over the shal-
low shelf can incorporate sedimentary particles into the sea
ice (Ito et al. 2017). The winter mixed layer off Sakhalin
Island reaches nearly 150 m in depth (Ohshima et al. 2005)
and frazil ice can be generated at depths of up to 100 m
(Ito et al. 2021). These findings suggest that frazil ice can
directly incorporate sediments from the seafloor. In Fig. 4,
the ice particles judged to have originated in the continen-
tal shelf with a depth of <150 m are shown in red and are
regarded as continental shelf origin that can contain sedi-
ments. The percentages of the particles judged to be of con-
tinental shelf origin are (a) 89%, (b) 97%, (c) 97%, (d) 86%,
(e) 40%, (f) 57%, and (g) 4% in descending order of NCP
(Fig. 5). In the cases with high NCP, most of the ice particles
originate in the continental shelf, especially in the Terpenia
Bay polynya [cases (a)—(d)]. In case (b), the sea ice origin
is also distributed in the Sakhalin polynya. By contrast, in
the low-NCP cases [(e)—(g)], many ice particles originate
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Fig.4 Distribution of the simulated origin of the sea ice that existed
in the NCP-estimated areas for seven cases (a—g) listed in Table 1.
The black circles, blue/red dots, and gray lines indicate the initial
position, the location where the sea ice formed, and the transport

in the ice edge. This relationship between NCP and sea ice
origin well demonstrates that sea ice whose melting leads
to high biological production originates in the Terpenia Bay
and Sakhalin polynyas, also as Kuga et al. (2023) suggested.

Next, we examine the condition of polynyas from which
ice particles are judged to be originate. Figure 6 shows the
time series of sea ice production in the polynya areas (black
lines) for the 5 cases of high percentage of polynya origin
(a—e), superimposed by the number of ice particles that are
judged to be formed in each polynya (colored bar). The
map in the right shows locations of the three polynya areas,
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path, respectively. The blue and red dots indicate location depths
of >150 m and of <150 m, respectively. The unit of NCP in each
panel is mmolCm™2 day.™" (color figure online)

Terpeniya Bay polynya (red), Southern Sakhalin polynya
(blue), and Northern Sakhalin polynya (purple). In most
cases, ice particles originate from high ice production peri-
ods when higher and deeper frazil ice formation is expected,
which provides favorable condition that sea ice incorporates
the bottom sediments.

3.4 Origin of the sea ice sampled off Hokkaido

Sea ice sampled in the region off the shore of Hokkaido
over the continental shelf and slope has a relatively high
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Fig.5 Relationship between NCP and sea ice origin. The percentage
of sea ice particles determined to have originated in the continental
shelf (< 150 m) is shown as a function of NCP

percentage of granular ice formed by the aggregation of fra-
zil ice. The percentage of granular ice in the ice samples was
reported as 64% by Toyota et al. (2004), 48% by Toyota et al.
(2007), and 53% by Nomura et al. (2010). We conducted the
backward-tracking simulations for 21 samples with a thick-
ness of >30 cm (T1-15, N1-6 in Table 2). In this sea, thick
ice is formed by the piling up process (rafting) of ice floes
(Toyota et al. 2004). Therefore, multiple granular ice lay-
ers containing sediment exist throughout the sea ice column
(Nomura et al. 2010).

Figure 7a shows the estimated locations of sea ice ori-
gin (formation) colored with the frazil ice fraction of the
sampled ice. The origins of the sea ice are distributed over
the continental shelf off Aniva Bay, the southern Sakhalin
shelf, and Terpenia Bay. There is no clear relationship
between the frazil ice fraction and the location of sea ice

origin. Although the satellite observations suggested a
relatively high occurrence of frazil ice in the Terpenia
Bay polynya (Nakata and Ohshima 2022), our simulations
suggest that the sea ice floes with a high fraction of frazil
(granular) ice could form anywhere in the southern part
of the Sea of Okhotsk. Therefore, the origin of the sea
ice cannot be identified solely by the fraction of frazil
(granular) ice.

Kanna et al. (2014) measured the iron concentration of
the sea ice and surface water sampled by the Soya obser-
vations in the southwestern part of the Sea of Okhotsk
and showed that the iron concentration of the sea ice was
significantly higher than that of the surface water. The iron
concentration was particularly high in thick sea ice with
layered structure and relatively low in thin sea ice, which
is considered to have formed near the sampled location.
Figure 7b shows the simulated distribution of origin loca-
tion of sea ice for which the iron measurement (K1-4 in
Table 2) was made. The origin locations are distributed
off Aniva Bay, around the southern tip of Sakhalin Island,
and in Terpenia Bay. Of the simulated origin location, 74%
located on the continental shelf with depths of <200 m.
In the case of K4 (shown in red in Fig. 7b), there is a
possibility that the sea ice originated from Terpenia Bay,
where active frazil ice formation occurs (Nakata and
Ohshima 2022). Our backward-tracking simulations for
the iron-sampled sea ice suggest that the sea ice with a
relatively high concentration of iron formed in the shelf
area off southern Sakhalin Island and Terpenia Bay and
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Fig.6 Time series of sea ice production and the number of ice par-
ticles that are judged to be formed in the three polynya areas with
depths of < 150 m for five cases of the NCP estimation (a—e). Sea ice
production is indicated by black lines and the particle numbers are

1116

12/06 12/26 01/15

Date(2012/2013)

02/04 02/24 03/16

plotted as colored bars. The map in the right shows locations of the
three polynya areas, Terpeniya Bay polynya (red), Southern Sakhalin
polynya (blue), and Northern Sakhalin polynya (purple) (color figure
online)
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Fig.7 a Distribution of origin

location of the sampled sea ice

for which the frazil ice fraction 49°N-
was analyzed. The sampling
locations at which at least

one of the sea ice particles
originated in Terpenia Bay are
indicated by large circles, and
the other sampling locations
are indicated by triangles. The
color indicates the frazil ice
fraction of the sampled ice.

b Distribution of the origin
location of sampled sea ice for
which the iron concentration
was measured. The four cases
[Table 2, (K1-4)] are distin-
guished by color. The symbols
of the sampling locations are
the same as those of (a) (color
figure online)

48°N-

47°N|

46°N-

45°N-

44°N-|

is transported to the Soya observation area (southwestern
part of the Sea of Okhotsk).

In Fig. 7, the samples that have possibility of originating
from Terpenia Bay are indicated by large circles, and other
samples are indicated by triangles. Regarding the sea ice
samples collected over the shelf with depths shallower than
about 500 m are likely formed over the shelf around the
southern tip of Sakhalin Island, whereas the samples taken
over the shelf slope with depth deeper than about 500 m are
likely transported from the northern area up to Terpenia Bay
but not further north.

4 Discussion

Based on the NCP estimation by the oxygen increase from
the profiling floats, Kishi et al. (2021) showed that the sea-
ice melt enhances the NCP and, thus, can be a key factor for
the prominent spring phytoplankton bloom in the southern
part of the Sea of Okhotsk. From the backward-tracking
simulations for the sea ice in the NCP-estimated areas, we
further surmised that the melting of coastal-origin sea ice,
which can incorporate sedimentary particles, induces higher
NCP. This surmise strongly supports the hypothesis that
material transport by sea ice plays an important role in the

@ Springer

biological production of spring phytoplankton blooms in the
Sea of Okhotsk.

Many sea ice samples have been collected by the ice-
breaker Soya and analyzed for their structure and the con-
tained materials (Toyota et al. 2004, 2007; Nomura et al.
2010; Kanna et al. 2014, 2018). However, origins of the sea
ice have not been clarified, which hampers understanding of
formation and material incorporation of sea ice in the Sea
of Okhotsk. This study is the first attempt to infer the origin
of the sea ice samples collected by the Soya observation.
The backward-tracking simulations suggested that the ice
samples collected over the shelf forms around the southern
tip of Sakhalin Island, whereas samples taken over the shelf
slope are transported from the northern area up to Terpenia
Bay. These findings provide insights useful for clarifying the
origin of the materials contained in previously sampled sea
ice. To examine the sea ice that could incorporate the sedi-
ment/iron in the high ice production area, the ice sampling
in the shelf slope region is recommended in the future Soya
observation.

It is demonstrated that the ice drift velocity derived
from the satellite data cannot be used directly for the back-
ward tracking of the sea ice that originates in coastal areas
(Fig. 2). The approach described in this study makes it
possible to trace the sea ice back and infer its origin in
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coastal areas with some accuracy through the combined
use of the wind-estimated drift velocity and inclusion of
the enhancement ratio representing the ice drift by coastal
currents.

However, some uncertainties remain regarding the esti-
mation of sea ice origin in this study. One uncertainty
arises from the uncertainty of drift velocity data. For the
areas within 200 km of the coast, we used the enhanced
ratio to represent the ocean current component. This
method is not sufficiently accurate especially for regions of
strong current and complex bottom topography. Near the
coast with a shallower depth, the ocean current tends to be
stronger and, thus, influences the ice drift strongly (Simizu
et al. 2014). In addition, the complex bottom topography
of the shelf off the Hokkaido coast and the southern part
of Sakhalin Island complicates the current. Therefore, the
origin of the sea ice sampled in the coastal areas might
not be correctly estimated due to the higher uncertainty
of the ocean current component of the drift velocity. Fur-
thermore, the deformation of sea ice due to internal stress
becomes larger near the coast. For more accurate tracking
of coastal sea ice drift, improvements are needed such as
using high-resolution satellite data (i.e., Moderate Reso-
lution Imaging Spectroradiometer) and incorporation of
the ocean drift component from a high-resolution ocean
model.

The other uncertainty arises from the determination of the
ice origin on the tracked paths, because there is arbitrary to
some extent. In this study, the location with the largest sea
ice production along the tracked path is judged to be the
origin of formation. However, sea ice could form at all of the
locations with a certain value of sea ice production along the
tracked path. To test the sensitivity of the estimated locations
of sea ice origin to the determination, we also estimated the
distribution of the origins of the sea ice to be the location
with a certain ice production (judged as a thin ice pixel with
negative heat budget) closest to the end of the tracking. The
results (not shown) did not substantially change the con-
clusions described above. We, therefore, consider that our
method can, to some extent, simulate the origin of sea ice.
According to our backward-tracking simulations sea ice that
induces high biological production in the southern Sea of
Okhotsk mostly originates from coastal high ice production
areas, where sediment can be incorporated into sea ice.
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