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a b s t r a c t

The relationship between the spring bloom along the Primorye coast and the sea ice of the Tatarskiy
Strait in the northern region of the East/Japan Sea, a semi-enclosed marginal sea in the North Pacific,
was investigated using the ten-year SeaWiFS chlorophyll-a concentration data and DMSP/SSMI sea ice
concentration data from 1998 to 2007. Year-to-year variations in the chlorophyll-a concentrations in the
spring were positively correlated with those of the sea ice concentrations in the Tatarskiy Strait in
the previous winter with a correlation coefficient of 0.77. Abrupt increases in nutrients, essential for the
spring bloom in the upper ocean during spring, were supplied from sea ice-melted waters. Time series of
vertical distributions of the nutrients indicated that phosphate concentrations were extremely elevated
in the upper ocean (less than 100 m) without any connection to high concentrations in the deep waters
below. The water mass from sea ice provided preferable conditions for the spring bloom through changes
in the vertical stratification structure of the water columns. Along-coast ratios of stability parameters
between two neighboring months clearly showed the rapid progression of the generation of a shallow
pycnocline due to fresh water originating from sea ice. This study addressed the importance of the
physical environment for biogeochemical processes in semi-enclosed marginal seas affected by local
sea ice.

& 2013 The Authors. Published by Elsevier Ltd.

1. Introduction

Many studies have investigated the significance of the East/Japan
Sea as a miniature global ocean and its important role in providing
clues about future global climate change (Ichiye, 1984; Kim et al.,
2001). One of the outstanding features is the existence of sea ice
in the Tatarskiy Strait in the northern region of the East/Japan Sea
(Fig. 1a), even though the spatial scales are relatively small com-
pared with the large amount of polar ice in the Arctic and Antarctic
Oceans. Sea ice in the Tatar Strait is known to be generated by strong
northwesterly storms in the winter and decays periodically follow-
ing an annual cycle, providing fresh and cold water into the Liman

Cold Current (LCC) along the Russian coast (Martin et al., 1992, 1995;
Martin and Kawase, 1998; Riser et al., 1999; Park et al., 2006).

Variation in sea ice growth, persistence, and decay and the
linkage between sea ice and marine ecosystems has been recognized
in several bodies of water, e.g., the Antarctic Ocean, the Okhotsk Sea,
the Labrador Sea, and the Bering Sea (e.g., Eicken, 1992; Niebauer
et al., 1995; Hirawake et al., 2005; Mustapha and Saitoh, 2008; Wu
et al., 2007). Not a few studies have been performed using satellite
ocean color data in the East/Japan Sea. Using monthly mean
composite images of the Coastal Zone Color Scanner (CZCS), the
temporal and spatial variability of phytoplankton pigment concen-
trations in the East/Japan Sea were described and the relationship
between the critical depth and mixed layer depth was examined to
explain the mechanisms of the spring and fall blooms (Kim et al.,
2000). Seasonal and interannual variabilities of chlorophyll-a con-
centrations in the East/Japan Sea were also studied by Yamada et al.
(2004). They depicted spatial differences in the starting time of the
spring and fall blooms and discussed the effects of wind forcing and
the thermocline on the phytoplankton bloom across the entire basin.
Jo et al. (2007) showed that an early spring bloom in the East/Japan
Sea can be initiated during an Asian dust event in association
with precipitation using SeaWiFS (Sea-viewing Wide Field-of-View
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Sensor) chlorophyll-a concentration data. For coastal regions with
dominant upwelling (e.g., Park and Kim, 2010), Yoo and Park (2009)
suggested that the biological productivity of the southwestern region
was primarily enhanced by wind-driven upwelling along the Korean
coast using SeaWiFS data.

In the East/Japan Sea, ecological responses to variations in sea
ice should be clarified because it is a globally important semi-
enclosed marginal sea with fast-evolving changes in the oceanic
environment. The existence of sea ice in the Tatarskiy Strait has
been discussed in numerous papers (e.g., Martin et al., 1992, 1995;
Martin and Kawase, 1998; Park et al., 2006). Yamada et al. (2004)
presented a brief conjecture on the role of sea ice on the spring
bloom along the Primorye coast by investigating year-to-year
variations of sea ice area in the Tatarskiy Strait and by addressing
the formation of the halocline formed by low salinity water from
melting sea ice. They also showed that the fresh water off the
Primorye coast was not discharged from the Amur River in spring
because the northern part of the Tatarskiy Strait was covered with
thick ice. However, except for Yamada et al. (2004), none of the
previous research has given much attention to the role of sea ice
on the ecosystem in the East/Japan Sea.

Because the spring bloom is a biological response to the physical
environment, it is important to understand the physical processes
involved. The primary hypothesis in this study is that the sea ice
of the Tatarskiy Strait in the previous winter has a large effect on the
phytoplankton bloom by providing preferable conditions with rela-
tively cold and fresh water and a shallow pycnocline at the Primorye
coast due to the southwestward advection of sea ice-melted surface
water. Water columns in the continental shelf region would experi-
ence a rapid stratification because of the supply of ice-melted fresh
water to the sea surface during the spring bloom. Therefore, we may
expect the sea ice to have a significant role in the biogeochemical
processes associated with the variations of satellite-observed chlor-
ophyll-a concentrations away from the sea ice source area.

The goals of this study were to examine the year-to-year and
monthly variations of sea ice concentrations in the East/Japan Sea
(1) to identify the relationship between sea ice concentrations in the
winter and satellite-observed chlorophyll-a concentration of phyto-
plankton during the spring bloom for rapid population growth and
(2) to understand the processes and mechanisms of the spring bloom
by analyzing the variations in nutrients and changes in the vertical
stratification of water masses.

Fig. 1. (a) Bathymetry of the study area in the East/Japan Sea and ten-year averaged monthly SeaWiFS chlorophyll-a concentration (mg m�3) distributions in (b) February,
(c) March, (d) April, (e) May, and (f) June, and (g) time variations of spatially averaged chlorophyll-a concentrations for the period 1998–2007.
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2. Data and processing

2.1. Satellite data

To investigate year-to-year and monthly variations of chloro-
phyll-a concentrations, ten-year SeaWiFS chlorophyll-a concentra-
tion data, level-2 Global Area Coverage (GAC) and level-3 Standard
Mapped Images (SMI), were obtained from the National Aeronau-
tics and Space Administration (NASA) Goddard Space Flight Center
(GSFC) Distributed Active Archive Center (DAAC) for 1998–2007.

SeaWiFS chlorophyll-a concentration data have revealed speckle
errors with anomalously high values, which were clearly contrasted
with data over a normal region with low chlorophyll-a concentra-
tions (Park et al., 2013). It has been reported that these speckle
errors were related to, for example, thin clouds, cloud edges,
atmospheric correction, and stray light effect (Barnes et al., 1995;
Hu et al., 2000, 2001; Patt et al., 2003; IOCCG, 2004). In this study,
we eliminated the speckles based on a developed methodology by
considering the statistical characteristics of the speckles (Park et al.,
2013). The chlorophyll-a concentration values, after being post-
processed for speckle errors, were composited to generate each
monthly map from 1998 to 2007 using weighted averaging, which
is a common procedure in previous studies (Campbell et al., 1995;
IOCCG, 2004). The monthly distributions of chlorophyll-a concen-
trations were utilized for this study.

The spatial differences in spring bloom timing were investi-
gated by determining the maximum values (Chlamax) and their
timing of occurrence (ChlamaxT) in each month, for all spatial grids
(i, j), and for each year from 1998 to 2007 using the following
equation:

ChlamaxTði; jÞ ¼ f tk j Chlaði; j; tkÞ ¼ maxðChlaði; j; TÞÞg;

Chlamaxði; jÞ ¼ Chlaði; j; tkÞ; ð1Þ

where t is time, T is the total spring bloom period, k is an arbitrary
time number out of the chlorophyll-a concentration for each year.
For each grid point, we estimated the maximum chlorophyll-a
concentration for the period from March to June and then rec-
orded the month corresponding to the maximum value (Park et al.,
2007).

Long-term variations in sea ice in the Tatarskiy Strait were
examined using the sea ice concentration data from the Special
Sensor Microwave/Imager (SSM/I) produced by the National Snow
and Ice Data Center (NSIDC) at the University of Colorado. Sea ice
data were extracted for the same period (1998–2007) as the
SeaWiFS data.

2.2. Ocean data and vertical stability

The number of in-situ measurements in the study area is quite
small compared with other regions. Some observations have been
recorded, e.g. Kim and Kim (1996), through the Circulation Research
of East Asian Marginal Seas (CREAMS) project since 1993 by
the Seoul National University‘s research team, Riser et al. (1999)
by the US-Russian expedition in 1995, and Seung and Yoon (1995)
by cooperating with the Far Eastern Hydrometeorological Institute,
Russia. One of the studies conducted a cruise at latitudes of greater
than 49.31N. Despite only a few in-situ measurements, such data
have contributed to our understanding of brief variations in water
mass properties in the study area, which was previously relatively
unknown and poorly studied. The World Ocean Atlas (WOA) of
NOAA provided gridded physical and biochemical data by objec-
tively interpolating all the available in-situ measurements and data
from regular Korea Ocean Data Center (KODC) stations and the
Japanese Maizuru Marine Observatory (MMO).

In this study, climatological monthly temperature and salinity
data of theWOA 2001 with a grid of 0.251�0.251 and theWOA 2009
with 11�11 resolution at each standard depth level were obtained
from the National Oceanographic Data Center (NODC) (Conkright
et al., 2002; Garcia et al., 2010). Nutrient data, including phosphate,
nitrate, and silicate, with a resolution of 11�11 were obtained from
WOA 2009 (Garcia et al., 2010) and utilized to understand the
environmental factors for the growth of phytoplankton and the
vertical structure of seawater. However, in this specific area, in-situ
biogeochemical observations have infrequently been performed
during the past decades. Therefore, the nutrient data climatology
is expected to be less accurate than the physical properties, e.g.,
temperature or salinity. Nonetheless, we used the analyzed WOA
database to understand the brief spatial and temporal variability of
nutrients using EOF analysis and the calculation of the Redfield ratio.
Therefore, careful interpretation should be given to the results of this
study, particularly related to nutrient variations. More cruises should
be conducted to record extensive in-situ measurements in the sea ice
region in the future.

To confirm the existence of the southwestward flowing cold water
along the continental shelf off the Russian Primorye coast, the location
and time information of a surface drifter in the study region were
used. The drifter was deployed at 43.541N and 136.311E, south of the
Tatarskiy Strait, on July 12, 1994, as part of the CREAMS program of
the Seoul National University. It moved to the north and reached its
highest latitude at 48.171N and 140.301E on September 25, 1994. Then,
it drifted along the continental shelf off the Primorye coast from the
middle of March to August 31, 1995, until arriving at the North Korean
coast (42.101N and 130.241E). The drifter was the only one located
within the Liman Cold Current during the past decades in our
database. The speed of the drifter was estimated using the spatial
difference method, i.e., dividing by the elapsed time between two
neighboring locations of the drifter. For more accurate estimation of
the drifter speed, we corrected for the Ekman drift UE (Ralph and
Niiler, 1999; Niiler, 2001) as follows:

UE ¼
Aun

f 1=2
; un ¼

ffiffiffiffiffiffi
jτ j
ρ

s
; ð2Þ

where A is a coefficient (0.08170.013 s�1), f is the Coriolis parameter,
and un is the wind-friction velocity as a function of the wind stress τ
and water density ρ.

For the comparison of the present estimates of current speed,
we used the climatology database of global near-surface currents from
the Atlantic Oceanographic and Meteorological Laboratory (AOML) of
the National Oceanic and Atmospheric Administration (NOAA) drifters.
The climatology of the currents was composed of the annual mean
vectors of the near-surface currents calculated from satellite-tracked
drifters on a 0.51�0.51 grid (Lumpkin and Johnson, 2013).

The Brunt Väisälä frequency, N, for the upper 100 mwas used as a
measure of the vertical stability of the water mass and estimated using

N¼
ffiffiffiffiffiffiffi
gE

p
; E¼ 1

ρ

∂ρ
∂z

� �
� g
c2
; ð3Þ

where g is the gravitational acceleration, ρ is the in-situ density of the
seawater, E is the stability, c is the sound speed (m s�1), and
Z is the depth (Knauss, 1997). To reduce error in N in weakly stratified
water, we included the effect of the compressibility of seawater by
considering the change in the speed of sound as a function of
temperature, salinity, and pressure. The speed of sound was calculated
for the upper layer (0–100 m) using the international standard
algorithm of UNESCO (Wong and Zhu, 1995; Ali et al., 2011).

2.3. EOF analysis

Distributions of nutrients, including phosphate, nitrate, and
silicates, showed high spatial and temporal variability in the study
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domain. To understand the influence of the nutrients on spring
bloom dynamics, the dominant principle components were obtained
by performing Empirical Orthogonal Function (EOF) analysis on the
time series of nutrient variations. The EOF analysis was accomplished
by performing singular value decomposition (SVD), suggested by
Kelly (1985), of a time series of nutrient anomalies by removing the
temporal mean.

The mathematical computation of empirical orthogonal func-
tions is based on the eigenvector decomposition of a given dataset.
The dataset D (¼USVT) was decomposed into matrices of an
eigenvector matrix U and an amplitude matrix A (¼VST) from a
singular value matrix S and V using the SVD method. The first and
second modes of the decomposed images and their fractions of the
temporal variance were selected to investigate the relation of sea
ice and sources of nutrients to melting.

We investigated if the EOF modes can be distinguished from
eigenvalues produced from a spatially and temporally uncorre-
lated random processes by performing a Monte Carlo experiment
(Overland and Preisendorfer, 1982). If dj are the eigenvalues, the
normalized eigenvalue statistic Tj is

Tj ¼ dj ∑
p

j ¼ 1
dj

 !�1

: ð4Þ

If δrj is the set of eigenvalues produced by the rth Monte Carlo
experiment, the normalized eigenvalue statistic is

Ur
j ¼ δrj ∑

p

j ¼ 1
δrj

 !�1

: ð5Þ

For fixed j, the Ur
j were ordered in sequence. Then, according

to rule N (Preisendorfer and Barnett, 1977), significant EOF modes
were determined by the values of Tj=U

95
j .

3. Results

3.1. Spring bloom

Fig. 1 presents ten-year averaged monthly distributions of
chlorophyll-a concentrations in the East/Japan Sea. Considering the
tendency for a lognormal distribution of chlorophyll-a concentra-
tions in biological processes (e.g., Chelton and Schlax, 1991;
Campbell et al., 1995), we used a logarithmic scale rather than a
linear scale to clearly visualize the chlorophyll-a concentration
distribution in Fig. 1. Chlorophyll-a values began increasing in March
and plateaued in April in the following regions: the eastern coast of
Korea, the subpolar frontal region along 401N, west of the Tsugaru
Strait, and along the Primorye coast (Fig. 1c, d). However, the local
maxima (4100.2 (�1.58) mg m�3) in some regions, e.g., the
Tatarskiy Strait and the eastern Japan Basin, did not appear in April
but instead inMay (Fig. 1e). In June, most of the basin had low values
(o10–0.2 (�0.63) mg m�3), except for the northern edge of the
Tatarskiy Strait (Fig. 1f). In contrast, the temporal variations of
chlorophyll-a concentrations revealed that the northern basin has
played a more important role in the spring bloom than the southern
basin in terms of the magnitude of the phytoplankton bloom and
potential effects on the basin-wide ecosystem.

Fig. 2 shows the year-to-year distribution of the maximum value
of chlorophyll-a concentrations at each spatial point during the
spring bloom. A comparison of the continental and non-continental
values indicated that the concentrations were larger by more than
4 mgm�3 over land along the Russian coast than in the eastern
region (o1.5 mg m�3). The maximum values of chlorophyll-a con-
centrations also revealed strong year-to-year variations. For exam-
ple, the values were the highest in 2001 (44 mgm�3) and the
lowest in 2004 (o3 mg m�3) for the studied ten-year period.

Fig. 2. The spatial distributions of the maximum values of chlorophyll-a concentrations (mg m�3) at a given position during each spring bloom from 1998 to 2007.
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To understand the spatial difference of the spring blooms, we
estimated the timing of the chlorophyll-a concentration peaks at
each spatial position for each year over the ten years from 1998
to 2007 (Fig. 3). Fig. 3 demonstrates that most of the peaks were
detected in April and May in the northern East/Japan Sea. A careful
examination of the Primorye coast showed that the peaks
appeared primarily in April (green color in Fig. 3). However, peaks
were detected in March along the Russian coast near the Tartars-
kiy Strait in 2000 and 2002. In contrast, late spring blooms
occurred in May 2004 and 2005. During these years, the latest
bloom in the Tatarskiy Strait occurred in June (Fig. 3). This suggests
potential influences of the sea ice concentration in the northern
region.

The continental shelf region along the Primorye coast had
higher chlorophyll-a concentrations than any other region in the
entire basin. This was of interest due to the relationship between
the cold seawater and the extent of the sea ice in the Tatarskiy
Strait, which was associated with a generation mechanism of the
Liman Cold Current (Martin and Kawase, 1998; Park et al., 2006).
Spatially averaged chlorophyll-a concentrations over the entire
basin revealed dominant year-to-year seasonal variations as
shown in Fig. 1g.

3.2. Sea ice variations

Fig. 4 shows the year-to-year and monthly variations of the sea
ice concentration in the Tatarskiy Strait from 1998 to 2007. Sea ice
began to form in November, reached a maximum in February, and
then melted away in April or May (Fig. 4b). In total, the sea ice was
present in the Tatarskiy Strait for nearly six months. Moreover, ten-
year averaged values contained substantial year-to-year variations in

sea ice concentrations. The sea ice formation period in winter
exhibited dominant year-to-year variations. However, the maximum
ice amount appeared primarily in February. During the past decade,
the largest sea ice concentration of 50% appeared in February 2001;
the second largest sea ice concentration appeared in the samemonth
of 2002. According to Martin et al. (1992), the sea ice in the Tatarskiy

Fig. 3. The spatial distributions of maximum value occurrence times of chlorophyll-a concentrations (mg m�3) at a given position during each spring bloom from 1998
to 2007.
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Strait generally forms a volume of 25 km3. However, drastic varia-
tions are likely to have occurred in the past. The periodic variations
in sea ice might induce changes in the supply of fresh and cold water
to the Primorye coast by contributing to the generation mechanism
of the Liman Cold Current.

3.3. Relationship between sea ice and chlorophyll-a concentrations

As discussed in previous studies (e.g., Martin et al., 1992; Martin
and Kawase, 1998; Park et al., 2006), if sea ice-melted water advected
southwestward along the Primorye coast from the northern Tatars-
kiy Strait, the cold and fresh water might have significant influences
on the ecosystem along the coast. Time series of the moving velocity
of the drifter along the Primorye coast are shown in Fig. 5. The drifter
remained west of Sakhaline Island during the period from January to
the end of March 1995 and arrived at the Russian coast in April.
Then, it began to travel along the Primorye over the continental shelf
region to the southwest. Overall, the sea ice was typically completely
melted in April. Accordingly, the track of the drifter over the
continental shelf, starting from April, provided the most appropriate
data for understanding the direction and magnitude of the move-
ment of sea ice-melted water. The drifter moved to the southwest
at low speeds of less than 10 cm s�1 in April and May, abruptly
increasing from June through August. The maximum speed was
approximately 50 cm s�1. The present estimates showed relatively
good agreement with the annual mean of global near-surface
currents from drifters by AOML of NOAA in terms of the direction
of southwestward flowing movement.

Fig. 6 shows the monthly variations of temperature and salinity
from the WOA database along the 1000-m isobaths off the Primorye
coast. Sea surface temperatures were very low (�1 to 2 1C) in winter
and spring (Fig. 6a). Surface salinity had a dominant freezing–
melting cycle caused by sea ice from December to April at the
coastal region between 46 and 481N (Fig. 6b). Salinity abruptly
decreased to 33.7 psu in April, which extended south to 461N. This
implies that freshening of seawater occurs along the Primorye coast
due to the southwestward-flowing sea ice-melted waters from
the Tatarskiy Strait (Martin and Kawase, 1998). Vertical profiles of
temperature and salinity at 47.51N and 140.51E showed significant
seasonal fluctuations in the upper layer within 100 m of the surface
(Fig. 6c, d). The dominant halocline in spring (Fig. 6d) showed good

agreement with the description of the existence of the halocline
in the northern coastal area approximately 461N and 1381E in the
spring of 2000 (Zakharkov et al., 2000; Yamada et al., 2004).

The impact of the cold and fresh water was investigated by
comparing sea ice concentrations in the previous winter and
chlorophyll-a concentrations in the following spring (Fig. 4). Sea
ice concentration data were averaged for the months of January
and February over a given spatial domain of 47–52.51N and 140–
141.51E. In contrast, chlorophyll-a concentration data were aver-
aged for the spring months of March and April using the temporal
phase lags between the two parameters of ice and chlorophyll-
a data.

Fig. 7 shows the relationship between the year-to-year varia-
tions in sea ice concentration and chlorophyll-a concentration
data. The year-to-year variations of the chlorophyll-a concentra-
tions had a strong relationship with the sea ice concentrations
over the past decade (correlation coefficient¼0.77). The years
with higher sea ice concentrations (2001 and 2002) also had larger
concentrations of chlorophyll-a. In contrast, the weakest spring
bloom accompanied the smallest concentration of sea ice in 2004.
The trend was estimated to be approximately 0.1117 mg m�3 per
unit sea ice concentration (%), marked as a blue dotted line, which
was statistically significant (0.0367–0.1868 mg m�3 per unit sea
ice concentration (%) with a 95% confidence interval). This is a
robust piece of evidence that supports this study's hypothesis.

3.4. Nutrient variability

What environment can produce a positive relationship between
sea ice and spring bloom over a decade? For the spring bloom, some
favorable conditions, including incoming solar insolation, nutrients,
and an appropriate mixed layer depth according to the Sverdrup
theory, are required for the rapid growth of phytoplankton. Nutrients
may be one of the limiting factors of the bloom (e.g., Mills et al.,
2004). This study attempted to determine if there were any changes
in the nutrient distribution during the sea-ice melting period by
carrying out EOF decomposition to measure nutrient spatial and
temporal variabilities in the northern region of the East/Japan Sea.

The first phosphate EOF mode accounted for 63.73% of the
variance, which was dominant in the southern area west of
Vladivostok at the meridional region 42–441N (Fig. 8a). The max-
imum time-varying amplitude appeared in February and March,
a month ahead of the start of the spring bloom. This mode did
not appear to be related to the sea ice in the Tatarskiy Strait. The
location of high eigenvectors in Fig. 8a coincided with the well-
known positive wind stress curl induced by the northwesterly cold-
air outbreak passing through the orographic gap near Vladivostok in
winter (e.g., Dorman et al., 2004). High concentrations of phosphate
in deep water can be transferred to the surface through strong
vertical mixing in a quasi-homogeneous water column and upward
Ekman pumping within a cyclonic part of a wind stress curl dipole
during the cold-air outbreaks in winter (Dorman et al., 2004; Park
et al., 2005). Thus, it is inferred that dynamical processes, i.e., strong
wind forcing and surface cooling during cold-air outbreak, cause
spatially dominated high eigenvectors of phosphate variability in
February and March (Fig. 8b).

In contrast, the second phosphate mode, explaining 32.7% of
the variance, revealed a large contribution, greater than 0.2 in the
northern region of the East/Japan Sea (Fig. 8c). Its amplitude
reached a peak in April. The second silicate mode, occupying
16.24% of the total variability, presented a similar pattern to that
of phosphate. However, the timing of the large amplitude was
delayed by a month to May.

Significant EOF modes were determined by the values of Tj=U
95
j

from (4) and (5). If this ratio exceeds 1, the corresponding EOF
mode is determined to be significant. The first two EOF modes of

Fig. 5. Time series of moving velocity (cm s�1) of a surface drifter in the sea west
of Sakhaline Island and along the Russian Primorye coast from January to August
1995. The red stars denote the location of the first day of each month from January
to August. The blue arrows represent annual mean current vectors (cm s�1) from
the Atlantic Oceanographic and Meteorological Laboratory (AOML), National
Oceanic and Atmospheric Administration (NOAA).
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the phosphate variability were significant because the second mode
in Fig. 8b had a ratio of 3.05. The second EOF modes of silicate and
nitrate variabilities had ratios of 1.51 and 0.25, respectively, implying
that the second mode of silicate was significant. However, the
second nitrate mode was not statistically significant. The second
mode of nitrate variation (Fig. 8g) had its maximum value occur in
April, but the contributing portion was quite small (2.68%), which
was not significant. Therefore, the nutrients contributing to the
spring bloom appear to be phosphates in this particular region as
demonstrated by the large fraction of 32.7% in Fig. 8b.

To prove the role of nutrients, more evidence was needed
showing that nutrients were provided by the advection of sea ice-
melted water from the northern region of the Tatarskiy Strait. Fig. 9
shows the monthly variation of the vertical distribution of each
nutrient between 47.5–50.51N and 140.5–141.51E. Because most of
the nutrient concentrations increased as the depth increased, the
large concentration of phosphates in the 2nd EOF mode, accounting
for 32.7%, might be related to the vertical supply caused by wind
forcing. However, the vertical profile of phosphates, linearly inter-
polated to 10-m interval from standard depths, clearly denies this
possibility by revealing that the April pattern was quite different
from the other monthly profiles (Fig. 9a). Appreciably higher
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concentrations (by 2 μmol l�1) appeared in the upper ocean at a
depth less than 100 m, which did not appear to be connected to the
deep ocean by wind-driven Ekman suction or upwelling. This feature
was completely different from other monthly nutrient profiles
(Fig. 9a–c). Most of the monthly phosphate profiles maintained
similar shapes except for the profile in April (Fig. 9a). At depths
below 200 m, the profile was quite similar to the normal profiles of
the other months. However, in the upper ocean (o150 m), there
were very large concentrations of approximately 1.5–2.2 μmol l�1

(Fig. 9d). This suggests the possible role of sea ice on the nutrient
distribution. When sea ice begins to be formed in early winter, it
may contain nutrient inputs from rivers or other sources.

Analysis of sea ice cores near the Tatarskiy Strait and the Soya
Strait south of the Okhotsk Sea showed that nitrate (þnitrite)
concentrations were approximately 8.6574.68 μmol l�1 in snow

and snow-ice (Nomura et al., 2009). In contrast, very high phosphate
concentrations, amounting to 14.3 μmol l�1, were detected in gran-
ular ice (1.8673.19 μmol l�1 on average) and columnar ice. This
large phosphate concentration can be induced by sediments in
shallow seas incorporated into sea ice when sea ice rests on the
seafloor. Moreover, aerobic remineralization and denitrification
occurred in sea ice (Thomas et al., 1995; Rysgaard and Glud, 2004).
Due to these processes, nitrate concentrations tended to be very low
in granular ice. However, phosphate concentrations became con-
siderably high in granular ice (Nomura et al., 2009).

As sea ice melts, the nutrients appear to be released in the upper
ocean around the melted sea ice. Then, the sea ice-melted water
may contribute to generating the Liman Cold Current along the
Primorye coast. Therefore, we can conclude that the primary source
of high nutrients in spring most likely originated from the sea ice.

Fig. 8. (a) The first phosphate EOF mode and (b) its time-varying amplitude, and the second EOF modes of (c) phosphates, (d) silicates, and (g) nitrates, and their amplitudes.
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3.5. Stratification effect

Although sea ice provides abundant nutrients in the upper
ocean, the spring bloomwould not occur if the surface mixed layer
depth was substantially deep according to Sverdrup theory of
the critical depth for blooms (Sverdrup, 1953). Thermal stratification
of water columns has been an important factor for the seasonal
development of phytoplankton growth. However, in ice-melting
regions, estuaries, and shallow coastal shelf regions, salinity strati-
fication may be a stronger stabilizing factor than thermal stratifica-
tion. Due to the strengthening of the stratification of the water
column, phytoplankton tends to remain near the surface compared
with a nearly homogenous water column in winter. The combina-
tion of light conditions and strengthened stratification due to a
shallow pycnocline would increase the bloom of phytoplankton
generated by strong photosynthetic activity as indicated in Mann
and Lazier (2006).

The Brunt Väisälä frequency (BVF) was selected from many
potential factors as an index of the vertical stratification instead
of the Richardson number due to the absence of current measure-
ments. Fig. 10a shows the monthly BVF variations of the upper
layer (0–100 m) along the Primorye coast, which was estimated
using (3) with temperature and salinity data linearly interpolated
to 0.11 intervals. It exhibited strong seasonal variations (2–18�
10–3 s�1) that plateaued in August and bottomed out in February
or March with a latitudinal dependency. Fig. 10b shows the ratios
of the present to the previous months' BVFs. It should be noted
that the northern region (45–471N) had large ratios (approxi-
mately 2) between March and April. This suggests that the water
columns in the northern region experienced the most pronounced
changes in the vertical stability.

Because sea ice provides fresh water over the sea surface, the
water density is likely to be lower compared to ambient non-sea
ice water. In terms of only salinity, ice-melted freshened water was
also anticipated to contribute to the stratification of the water
column along with thermal stratification (Fig. 6d). The strengthen-
ing of the stability of the water column and the pronounced
changes in stability shown in Fig. 10b demonstrate the role of sea
ice in the stratification associated with the phytoplankton bloom
in the spring.

3.6. Ratio of nitrate to phosphate

Nutrients are generally considered to be one of the most
dominant factors that have influences on phytoplankton growth
in oligotrophic waters (DiTullio et al., 1993). Among the nutrients,
the ratio of nitrate to phosphate, or the N:P (or N/P) ratio, is a good
indicator for understanding which nutrient acts as a limiting factor
in phytoplankton net production (Sakka et al., 1999). Recent
studies suggested that the southern region of the East/Japan Sea
had very low N:P ratio conditions (o13:1) in the euphotic zone
(Kim et al., 2010). In contrast, other in-situ measurements of
nutrients at the surface regions off the east coast of Korea near
381N exhibited high ratios, i.e., 19.04, in February and lower ratios,
i.e., 11.51–18.35, in May, suggesting that nitrate was not a limiting
factor (Choi et al., 2012). These regions are far south from the area
of this study.

To investigate the relationship between nutrients and the
spring bloom associated with sea ice melting in the Tatarskiy
Strait, we estimated the ratio using climatology data of nutrients
as displayed in Fig. 9a and c. Fig. 11 shows the monthly variations
in the vertical distributions of the ratios. The annual average of the
N:P ratios was 7.89 at the surface and 11.30 at depths from 0 to
50 m, which are much less than the Redfield ratio (16:1) (Redfield
et al., 1963). This implies that the upper layer (o50 m) is
potentially N-limited. However, the ratios increased with depth

reaching maximum values of 17.03 and 16.27 in the upper layers of
less than 100 m and 500 m, respectively (Fig. 11a).

The vertical profiles of the N:P ratios from January to March
illustrate that the ratios were small near the surface, but occa-
sionally increased (430:1) near the thermocline (Fig. 11b). The
ratio of the upper layer (o100 m) began to increase in January
and continued to increase until reaching its maximum in March.
In contrast, the high ratios abruptly decreased to less than 10 in
April. This suggests that the water in the upper layer was under
P-limited conditions from January to March because of the gradually
increasing N:P ratios (Fig. 11b).

In P-limited situations, what types of sources could provide
phosphorous nutrients to the water column? Phosphate may be
supplied to the surface layer by southwestward-flowing sea ice-
melted waters in the Tatarskiy Strait. Because the Amur River
flows into the Tatarskiy Strait, riverine input can be considered a
dominant supplier of land-originated nutrients. Kusnetsov (1983)
measured the highest chlorophyll-a concentrations of 19.0 mg m�3

and 23.8 mg m�3 in the lower ice layer and in the subglacial surface
layer, respectively, in the region near the Amur Bay. They also found
high concentrations of ortho-phosphate in ice and subglacial water
and suggested that high nutrient concentrations were associated
with the supply of atmospheric fallout to the ice-water interface
and eutrophication of the Amur Bay (Kusnetsov, 1983). Very high
phosphate concentrations (�14.3 μmol l�1) were detected in gran-
ular ice and columnar ice in the Ohotsk Sea near the Tatarskiy Strait
(Nomura et al., 2009), which might be related to sediments incor-
porated into sea ice on the seafloor and subsequent remineralization
and denitrification (Thomas et al., 1995; Rysgaard and Glud, 2004).
Therefore, it is very possible that sea ice-melted waters triggered the
phytoplankton bloom by providing high concentrations of phos-
phorus nutrients for oligotrophic waters under P-limited conditions.
This supports our hypothesis on the interactions between sea ice,
nutrients, and the spring bloom from satellite-observed chlorophyll-
a concentrations.
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4. Conclusion

In this study, we have presented the relationship between
the year-to-year variations of sea ice in the Tatarskiy Strait in the
winter and chlorophyll-a concentrations along the Primorye coast
in the following spring. Sea ice-melted water provided good
conditions for the phytoplankton bloom in terms of nutrient
supply and changes in the vertical stratification structure resulting
in a shallow pycnocline. Month-to-month and along-coast ratios of
the stability parameter clearly showed the rapid progression of the
shallow pycnocline because of fresh water originating from sea ice.

Significant changes in phosphate were detected in the upper mixed
layer prior to the spring bloom. Previous in-situ measurements
supported the supply of high phosphate concentrations in ice and
subglacial water from the Amur River and atmospheric deposition at
the ice-water interface in the Tatarskiy Strait. High N:P ratios before
the spring bloom were reduced during the spring bloom, which
implies that the waters in the Primorye coast were under P-limited
conditions before the spring bloom rather than N-limited conditions.
However, careful interpretation should be given to understand the
dynamics of nutrient distribution during spring bloom because we
have used the WOA database based on coarse and infrequent in-situ
biogeochemical observations. To support the present results related to
detailed mechanisms of the phytoplankton bloom, more in-situ data
should be collected through extensive measurements in the future.

Nevertheless, this study presents evidence showing the unequi-
vocal linkage between the spring phytoplankton bloom and the
physio-biological environment driven by sea ice variability based on
available climatology data and provides additional evidence show-
ing the important role of the ecosystem in the East/Japan Sea as a
miniature global ocean.
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