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Sea-ice diatom taxa (Fragilariopsis cylindrus and Fragilariopsis oceanica) and their relative abundance in the
Okhotsk Sea were used to reconstruct the history of sea-ice distribution and atmospheric pressure patterns
since the Last Glacial Maximum (LGM). The temporal state of sea-ice distribution and atmospheric pressure
patterns since the LGM can be divided into three modes: northern Aleutian Low mode, southern Aleutian
Low mode, and strong Siberian High mode. The Southern Aleutian Low mode was dominant before 15 ka and
after 6.5 ka, respectively, showing expanded sea-ice distribution into the central and southern Okhotsk Sea.
During the deglaciation period (15 ka to 10 ka), sea-ice retreated from the southern Okhotsk Sea because of
the pronounced westerly winds under the strong Siberian High mode. However, sea-ice distribution
expanded in the northern Okhotsk Sea, which favors the development of extensive polynyas on the northern
continental shelf. Occurrences of northern Aleutian Low mode were frequent between 10 and 6.5 ka, while
sea-ice distribution expanded into the eastern Okhotsk Sea. Formation of the Okhotsk Sea Intermediate
Water, inferred from radiolarian species Cycladophora davisiana, intensified under both northern Aleutian
Low mode and strong Siberian High mode.
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1. Introduction

The present-day Okhotsk Sea, located in the southern limits of sea-
ice extent in the Northern Hemisphere, is characterized by seasonal
sea-ice cover. Sea-ice formation affects seawater density, albedo, and
evaporation (Smith et al., 2003) which are crucial factors in forming
dense intermediate waters (e.g., Martin et al., 1998). In particular, the
mechanism of sea-ice extent and decay in the Okhotsk Sea is governed
by atmospheric circulation around the Arctic Ocean (e.g., Rikiishi and
Takatsuji, 2005). Furthermore, the present-day Okhotsk Sea plays an
important role as the direct ventilation source for the North Pacific
Intermediate Water (NPIW) (Yasuda, 1997). Rapid advance and
retreat of sea-ice and the degree of intermediate water formation are
regarded as significant controlling factors for global paleoclimatic
conditions (e.g., Gorbarenko et al., 2007b). Therefore, better knowl-
edge of sea-ice distribution in the Okhotsk Sea can greatly assist the
understanding of paleoclimate change with respect to the atmo-
spheric pressure systems.

Distribution patterns of microfossil diatoms and radiolarians are
strongly influenced by seawater hydrographic conditions such as
nutrient availability, salinity, and dissolved oxygen concentration.
Diatoms are by far the most abundant plankton in the Okhotsk Sea
(Sorokin and Sorokin, 1999). Diatoms, as important primary produ-
cers, have also been used as environmental proxy for the reconstruc-
tion of surface-water conditions (e.g., Shiga and Koizumi, 2000). In
contrast to surface-water dwelling diatoms, siliceous radiolarians live
at various depths throughout the water column. Hence, radiolarian
fossil assemblages are often used to reconstruct vertical water-mass
structures (Nimmergut and Abelmann, 2002; Matul et al., 2003;
Abelmann and Nimmergut, 2005; Okazaki et al., 2006; Itaki et al.,
2008).

In addition to oceanographic investigations (e.g., Martin et al.,
1998; Itoh et al., 2003), paleoenvironmental andmicropaleontological
studies have also been accomplished successfully in the Okhotsk Sea
(e.g., Gorbarenko, 1996; Keigwin, 1998; Shiga and Koizumi, 2000;
Ternois et al, 2001; Narita et al., 2002; Seki et al., 2003, 2004a,b;
Okazaki et al., 2005, 2006; Harada et al., 2006; Sakamoto et al., 2006;
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Gorbarenko et al., 2007a,b; Itaki et al., 2008). According to above cited
reports, paleoenvironmental changes in the Okhotsk Sea are region-
ally specific. In particular, paleoenvironmental changes in the
southern Okhotsk Sea have received increasing attention during the
last 5 years, including Holocene sediment studies (Kawahata et al.,
2003; Shimada et al., 2004; Itaki and Ikehara, 2004; Okazaki et al.,
2005; Harada et al., 2006; Sakamoto et al., 2006, Itaki et al., 2008).
Temporal and spatial distribution of sea-ice in the Okhotsk Sea since
the Last Glacial Maximum (LGM) was demonstrated by Shiga and
Koizumi (2000) and Sakamoto et al. (2005). They showed sea-ice
distribution changes along the east–west transect in the central
Okhotsk Sea. However, information on historical sea-ice status along
the north–south transect remains porous and limited only to data
presented by Shiga and Koizumi (2000). Therefore, in order to compile
information on sea-ice distribution patterns in the entire Okhotsk Sea
since the LGM, comparative data of fossil assemblages from the
literature were integrated with newly presented data in this study.

Herewe document the absolute and relative abundance changes of
fossil siliceous plankton assemblages in piston cores (GH00-1002 and
MD01-2412) from the southwestern Okhotsk Sea (Fig. 1) for the
purpose of elucidating historical sea-ice cover and atmospheric
pressure conditions.
Fig. 1. Amap showing the bathymetry of study area with locations of sediment cores in this st
circles). The map was drawn by Online Map Creation.
2. Oceanographic setting

The Okhotsk Sea is one of the many typical marginal seas in the
northwest Pacific (Fig. 1). Sea-ice formation in the Okhotsk Sea is
caused by an influx of freshwater from the Amur River as well as the
strong westerly to northwesterly cold winds during the winter,
derived from interaction between the Siberian High (SH) and Aleutian
Low (AL) pressure systems (Martin et al., 1998; Wong et al., 1998). In
winter, the robust SH pressure occupies the Asian continent with
strong AL pressure to its east. The AL pressure dominates the northern
North Pacific from late fall to spring of the next year. The intensity and
position of these pressures are associated with air circulation around
the Arctic Ocean (Kutzbach, 1970). The inter-annual variability of the
AL pressure system during the 20th century was on the decadal scale,
lasting at least threewinters in each decade. This variability is not only
associated with the Arctic Oscillation but also with the Pacific-North
America Pattern (Overland et al., 1999). Inter-annual variability of
sea-ice distribution is mainly controlled by atmospheric conditions
including air temperature and geostrophic wind (Kimura and
Wakatsuchi, 2004). Such inter-annual variability is negatively
correlated with the amount of freshwater discharge from the Amur
River (Ogi and Tachibana, 2006). The inflow of warm freshwater tends
udy (GH00-1002 andMD01-2412: solid circles) and previously published reports (open
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to raise sea-surface temperature, which subdues sea-ice formation in
the following winter.

The Okhotsk Sea is a direct ventilation source for the NPIW, named
Okhotsk Sea Intermediate Water (OSIW) (Talley, 1991). The OSIW
properties are characterized by the lowest salinity and the highest
dissolved oxygen content on the 26.8 (σθ) isopycnal surface in the
North Pacific. The OSIW between 200 and 1000 m depth can be
divided into two parts: upper OSIW from 200 to 500–600 m, and
lower OSIW from 500–600 m down to 1000 m (Wong et al., 1998).
The cold, fresh and oxygen-rich water is formed by mixing of Dense
Shelf Water (DSW), Soya Warm Current (SWC) water, and North
PacificWater (NPW) (Talley, 1991;Watanabe andWakatsuchi, 1998).
Brine rejection with sea-ice formation in winter produces the DSW on
the northern continental shelf in the Okhotsk Sea, which is cold and
oxygen-rich, but relatively less saline (Watanabe and Wakatsuchi,
1998). The DSW is a main ventilation source in the Okhotsk Sea
(Alfultis and Martin, 1987). The SWC water, flowing out through the
Soya Strait (Fig. 1) from the East/Japan Sea, is warm, saline, and
oxygen-rich, and also contributes to the formation of the OSIW
(Talley, 1991).

3. Materials and methods

Two piston cores GH00-1002 (45°11′N, 144°27′E; water depth:
922 m; core length: 473 cm) and MD01-2412 (44°32′N, 145°00′E;
water depth: 1225 m; core length 52.69 m) were collected off
Hokkaido in the southwestern Okhotsk Sea during GH00 Cruise of
R/V Hakurei-Maru in 2000 and during the IMAGES WEPAMA 2001
Cruise of R/V Marion Defresne, respectively (Fig. 1). Both sediment
cores were primarily composed of dark gray silty-clay, intercalated
with some volcanic ash layers.

Diatom assemblage was analyzed for 48 samples from core GH00-
1002 and 38 samples from coreMD01-2412. For core GH00-1002, wet
sediments (50 mg) were placed in a beaker with hydrogen peroxide
and hydrochloric acid, and left to stand for 24 h. The samples were
ultrasonicated for about 15 s in order to homogenize the suspension.
Slides were settled on the platform above the bottom of beaker. The
beakers were left in an oven for a day in order to let the grains settle
on the slides, and for the water to evaporate. These slides were then
mounted on glass slides using Canada Balsam. For core MD01-2412, a
wet sample was accurately weighed and treated with 10% hydrogen
peroxide, 1 N hydrochloric acid, and Calgon® (hexametaphosphate,
surfactant). The sample was filtered through a Gelman® membrane
filter of 47 mm in diameter with a nominal pore size of 0.45 µm. The
dried filter samples were permanently mounted on microslides with
Canada Balsam following the method described by Okazaki et al.
(2005).

All diatoms were identified and counted until the number of
individual specimens reached 250 in total. Specimens representing
more than half of a valve were counted as 1; for pinnate diatoms, each
pole was counted as 1/2. Counts were converted to percentages of
total assemblage. Observation with a light microscope was conducted
at 600 to 1000× magnification. Taxonomical names were standard-
ized by Hasle and Syvertsen (1996). Nitzschia cylindrus (Grunow)
Hasle and Nitzschia grunowii Hasle were transformed into Fragilar-
iopsis cylindrus (Grun) Krieger and Fragilariopsis oceanica (Cleve)
Hasle, respectively.

Radiolarian assemblage was analyzed for 47 samples from core
GH00-1002 and 44 samples from core MD01-2412. Sediment samples
were treated with hydrogen peroxide and hydrochloric acid to
remove carbonate and organic matters, and passed through a sieve
with 45-µm mesh opening to remove fine particles and enrich
radiolarians. All grains, extracted using pipette for core GH00-1002
and filtered through Gelman® membrane filters with a nominal pore
size of 0.45 mm for core MD01-2412, were mounted onto glass slides
with Canada Balsam. Radiolarians were observed and identified under
an optical microscope at 100 to 200× magnification. Detailed
analytical procedures are provided by Okazaki et al. (2005), Itaki
(2006), and Itaki et al. (2008).

Age model establishments for core GH00-1002 and core MD01-
2412 are reported by Itaki et al. (2008) and Sakamoto et al. (2006),
respectively. No 14C age measurements using foraminiferal tests were
performed on core GH00-1002 because of poor carbonate preserva-
tion. Age model for core GH00-1002 was constructed mainly on the
basis of tephrostratigraphy (Kawamura et al., 2007) and bulk organic
carbon (BOC)-based 14C ages. Linear sedimentation rate between the
upper 2 points of the BOC-based 14C ages intersects at 3800 yrBP of
the volcanic ash Ta-a (1739 AD). Therefore, we assumed that the BOC-
based 14C ages of core GH00-1002 are about 3600 years older than the
true age. Based on this assumption, the bottom of GH00-1002 core
was estimated to be about 19 ka. The age model for core MD01-2412
was constructed on the basis of δ18O stratigraphy of benthic
foraminifera (Uvigerina spp.), AMS 14C dating of planktonic forami-
nifera (Neogloboquadrina pachyderma, sinistral), and tephrochronol-
ogy, which were reported by Sakamoto et al. (2006).

4. Results

Total diatom valves (number valves g−1) gradually increased since
10.5 ka (zone 2), and showed remarkably high values after 5.3 ka
(zone 1) in core GH00-1002 (Fig. 2a), which follows similar variation
in biogenic opal contents (Fig. 2b). Variation of total diatom valves in
core MD01-2412 is similar to that of core GH00-1002, showing an
increase since 8.5 ka (zone 2), and remarkably high values since 4.5 ka
(zone 1) (Okazaki et al., 2005). Relative abundances of diatom taxa
Fragilariopsis cylindrus and F. oceanica in core GH00-1002 are shown
in Fig. 3a. The ice-related diatom species in both cores were second in
significant constituents, comprising up to 10% in abundance. The % of
F. cylindruswas relatively high (over 1%) at 18.8 ka, between 15.1 and
15.9 ka (zone 4), between 13.4 and 13.8 ka (zone 3), at 8.4 ka (zone
2), and since 6.7 ka (zone 1).

The % of F. oceanica was also high (over 1%) since 6.7 ka (zone 1).
This taxon had increased to over 1% before 18.4 ka (zone 4), between
15.9 and 17.2 ka (zone 4), at 15.0 and 13.8 ka (zone 3), at 9.7 and
7.9 ka (zone 2). In core MD01-2412, the % of F. cylindrus was over 1%
before 9 ka (zone 3), and greater than 5% before 17 ka (zone 4).
Furthermore, the % of F. oceanica was almost similar in pattern to
F. cylindrus with a relatively high value (over 2%) before 17 ka (zone
4) (Fig. 3b). The % of Fragilariopsis reported from previous studies is
shown in Figs. 3c–h, and the list of cited data sources is presented in
Table 1 with radiolarian and IRD data sources.

Variation in relative abundances of radiolarian Cycladophora
davisiana was significantly high through the cores: 20 to 80% in core
GH00-1002 (Fig. 4a) and 1 to 70% in coreMD01-2412 (Fig. 4b). In core
GH00-1002, C. davisiana increased gradually from 28.8 to 80.0% until
8.9 ka, and subsequently decreased gradually to 50.8% until 1 ka.
However, in core MD01-2412, C. davisiana exhibited abrupt abun-
dance change in the each period. Average C. davisiana abundance was
49.1% between 15 and 20 ka, 66.8% between 15 and 6 ka, and 39.8%
between 6 and 2 ka. This species indicated extremely low abundance
since 1 ka in core GH00-1002 and between 1 and 2 ka in core MD01-
2412 (zone 1).

5. Discussion

5.1. History of sea-ice distribution based on diatom abundance

Sea-ice distribution patterns have been reconstructed using the
relative abundances of sea-ice related diatoms F. cylindrus and
F. oceanica (Hasle, 1990) in sediment cores (e.g., Sancetta, 1983).
They belong to the member of ice flora living in waters between −1
and 3 °C in temperature (Horner and Alexander, 1972) and their



Fig. 2. Downcore profiles of the number of (a) total diatom valves, (b) biogenic opal, (c) CaCO3, (d) organic carbon, and (e) C/N in core GH00-1002 (geochemical data were taken
from Itaki et al., 2008). The right numbers indicate temporal stages divided into zone 1: Late Holocene (after 6.5 ka), zone 2: Mid-Holocene (6.5–10 ka), zone 3: Deglaciation (10–
15 ka), and zone 4: LGM (before 15 ka).
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geographic distributions almost overlap with sea-ice distribution in
the subarctic Pacific (Sancetta, 1982). In fact, the other sea-ice related
diatoms, Bacterosira bathyomphala, Thalassiosira antarctica, and Tha-
lassiosira nordenskioeldii, also appear in every layer of Okhotsk Sea
core sediments except for the few layers during the late Quaternary
(Shiga and Koizumi 2000; Koizumi et al., 2003; Shimada et al., 2004;
Okazaki et al., 2005; Gorbarenko et al., 2007a). This indicates that sea-
ice occasionally covered all of the Okhotsk Sea during each stage of the
late Quaternary. However, the frequency has been, of course,
different. Thus, the temporal distributions of these sea-ice related
Fig. 3. Temporal variation in relative abundances of Fragilariopsis cylindrus and F. oceanica
(g) XP98-MC1 and XP98-PC1, and (h) XP98-PC2. Some figures were modified from Shiga an
Temporal stage can be referred to Fig. 2.
diatoms are also different. In particular, T. antarctica and T. nordens-
kioeldii often depicted a reversed pattern compared with the other sea-
ice related diatoms. The high abundances of F. cylindrus and F. oceanica
in surface sediments indicate that ice cover is present in the spring
and early summer. However, the high abundance of T. nordenskioeldii
occurs under the polynya, which is located in the southern limit of sea-
ice cover (Cremer, 1999). Therefore, it is inferred that differences
among the distribution patterns of sea-ice related diatoms is depen-
dent on the frequency and duration of sea-ice cover. To reconstruct
mean sea-ice distribution in each period since the LGM, we focus our
in core sediments. (a) GH00-1002, (b) MD01-2412, (c) K9312, (d) 7, (e) 3, (f) V34-98,
d Koizumi (2000), and Koizumi et al. (2003). Location of core can be referred to Fig. 1.



Table 1
Data sources of diatom, radiolarian, and ice-rafted debris (IRD) of the Okhotsk Sea sediment cores used in this study.

Diatom Radiolaria IRD

Core name Data source Core name Data source Core name Data source

GH00-1002 This paper GH00-1002 Itaki et al. (2008) MD01-2412 Sakamoto et al. (2006)
MD01-2412 Okazaki et al. (2005) GH00-0001 Itaki et al. (2008) XP98-PC1 Sakamoto et al. (2005)
K9312 Shiga and Koizumi (2000) GH00-1006 Itaki et al. (2008) XP98-PC2 Sakamoto et al. (2005)
7 Shiga and Koizumi (2000) GH001-1011 Itaki et al. (2008) XP98-PC4 Sakamoto et al. (2005)
3 Shiga and Koizumi (2000) MD01-2412 Okazaki et al. (2005) LV28-41-5 Gorbarenko et al. (2003)
V34-98 Shiga and Koizumi (2000) LV28-42-4 Matul and Abelmann (2001) 936 Gorbarenko et al. (2004)
XP98-MC1 Koizumi et al. (2003) LV27-5-3 Matul et al. (2003)
XP98-PC1 Koizumi et al. (2003) XP98-PC1 Okazaki et al. (2003, 2006)
XP98-PC2 Koizumi et al. (2003) XP98-PC2 Okazaki et al. (2003, 2006)
89211 Gorbarenko et al. (2007a) XP98-PC4 Okazaki et al. (2003, 2006)
HO76-P1 Shimada et al. (2004)
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discussion on the relative abundance of F. cylindrus and F. oceanica in
this study.

During the glacial period, the distribution of ice-rafted terrigenous
particles indicated no year-round ice cover in the Okhotsk Sea except
for the northwestern area (Gorbarenko et al., 2003; Sakamoto et al.,
2005, 2006). Based on the high relative abundances of F. cylindrus and
F. oceanica (Fig. 3), sea-ice coverage was deemed to have strongly
expanded into the central Okhotsk Sea (core 3; Shiga and Koizumi,
2000) and the coastal area of the southern Okhotsk Sea (cores GH00-
1002 and MD01-2412) during the LGM (zone 4). These results
correspond to the IRD data of core XP98-PC2 (Sakamoto et al., 2005),
core MD01-2412 (Sakamoto et al., 2006), core LV28-41-5 (Gorbar-
enko et al., 2003), and core 936 (Gorbarenko et al., 2004). However,
low abundances of these taxa were reported in core V34-98 during
the same period (Fig. 3f; Shiga and Koizumi, 2000). This suggests that
seasonal sea-ice basically did not cover the eastern Okhotsk Sea
(Fig. 5a). In contrast, several spikes of IRD abundance occurred in core
XP98-PC1 in the eastern Okhotsk Sea during the glacial period
(Sakamoto et al., 2005). Therefore, it is quite likely that sea-ice only
occasionally expanded into the eastern Okhotsk Sea even in the glacial
period (zone 4).

The effect of sea-ice increased in the northern central Okhotsk Sea
(core 7; Fig. 3d; Shiga and Koizumi, 2000) during the deglacial period
between 15 and 10 ka (zone 3). On the northern continental shelf
Fig. 4. Temporal variation in relative abundances of Cycladophora davisiana and Dic-
tyophimus hirundo in core sediments. (a) GH00-1002 and (b) MD01-2412. Temporal
stage can be referred to Fig. 2.
(core 89211 in Fig. 1; Gorbarenko et al., 2007a), the maximal
abundances of F. cylindrus and F. oceanica were identified at about
10 ka. However, the effect of sea-ice in central and southern Okhotsk
Sea between 15 and 10 ka was weaker than during the LGM (cores 3,
GH00-1002, and MD01-2412). Such changes in sea-ice taxa are
supported by alkenone results. Low alkenone concentrations based on
surface-water temperature were measured in central (XP98-PC-2 and
XP98-PC-4 in Fig. 1; Seki et al., 2004b) and southern Okhotsk Sea
(MD01-2412; Harada et al., 2006) during this period because
alkenone production season shifted from mid-summer to autumn as
a result of reduction in sea-ice coverage period. This indicates that
sea-ice coverage expanded over the northern Okhotsk Sea between 15
and 10 ka, but retreated from the southern Okhotsk Sea during the
same period (Fig. 5b). However, it should be emphasized that core
89211 was collected from the relatively shallow depth of about 140 m
(Gorbarenko et al., 2007a). It is quite likely that variations of sea-ice
taxa in core 89211 reflected local geographic changes. Thus, further
investigation is necessary to fully ascertain detailed historical sea-ice
distribution on the northern continental shelf.

Relative abundance of sea-ice taxa in the Okhotsk Sea was reduced
on the northern continental shelf (core 89211), and was still low in
the southern Okhotsk Sea (cores GH00-1002 and MD01-2412)
between 10 and 6.5 ka (zone 2). However, sea-ice taxa abundance
was still high or increased in the western (core K9312; Shiga and
Koizumi, 2000), central (core 7), and eastern (V34-98) Okhotsk Sea
between 10 and 8 ka (Fig. 3). Sea-ice taxa diminished in these regions
after 8 ka. The frequency and durations of sea-ice coverage extended
to the southern central Okhotsk Sea during the first half of this period
(Fig. 5c), and subsequently retreated from the central area since 8 ka.
The IRD data of cores XP98-PC1, -PC2, and PC-4, located along the
east–west transect in the central Okhotsk Sea, also indicate such
regression of sea-ice at around 8 ka (Sakamoto et al., 2005).

Sea-ice conditions have been the same since 6.5 ka (zone 1) to the
present-day level (Fig. 5d). Contrary to sea-ice distribution between
10 and 6.5 ka, the distributions of sea-ice related to diatom taxa were
large in the northern and southern Okhotsk Sea, but small in the
western and central Okhotsk Sea (Fig. 3, HO76-P1: Shimada et al.,
2004). In the eastern Okhotsk Sea, the relative abundance of sea-ice
diatomwas high in core V34-98 (Fig. 3f), while IRD has also been high
in core XP98-PC1 (Sakamoto et al., 2005). According to Sakamoto et al.
(2005), sea-ice in the eastern Okhotsk Sea drifted from the Kamchatka
Peninsula during this period.
5.2. Atmospheric pressure patterns based on radiolaria and sea-ice
distribution

Although sea-ice distribution in the Okhotsk Sea is controlled by
discharge from the Amur River (Ogi and Tachibana, 2006), the
atmospheric pressure pattern is a more dominant factor (e.g.,
Ohshima et al., 2006). Sea-ice formation in polynyas of the northern



Fig. 5. A schematic illustration depicting the distribution of sea-ice distribution and the atmospheric pressure patterns over the Okhotsk Sea since the LGM. (a) Zone 4 (before 15 ka);
southern Aleutian Low mode, (b) zone 3 (15–10 ka); strong Siberian High mode, (c) zone 2 (10–6.5 ka); northern Aleutian Low mode, and (d) zone 1 (after 6.5 ka); southern
Aleutian Low mode.
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continental shelf of the Okhotsk Sea is governed bywind direction and
strength in winter (Martin et al., 1998; Kimura and Wakatsuchi,
2004). Wind direction and strength depend on winter atmospheric
circulations, such as the geostrophic wind associated with the AL
position (Rikiishi and Takatsuji, 2005). The low air temperature over
northern Eurasia is related to the intensification and anomalously
southward shift of AL pressure system, and the negative phase of the
Arctic Oscillation (e.g., Wu and Wang, 2002). When AL shifts
southward, the prominent easterly wind reduces polynya develop-
ment in the northern continental shelf, while area of sea-ice cover is
also diminished in the central Okhotsk Sea. In contrast, northerly
winds are intensified when the position of AL pressure shifts to the
north, resulting in expansion of polynyas in the northern continental
shelf of the Okhotsk Sea (Kimura and Wakatsuchi, 2004). As a result,
the area of sea-ice cover increases over the Okhotsk Sea (Martin et al.,
1998). Therefore, the history of pressure patterns over the Okhotsk
Sea can be traced through sea-ice distribution in the Okhotsk Sea.

Relative abundances of diatom assemblages during the LGM and
strong sea-ice expansion into the central Okhotsk Sea indicate the
frequent occurrence of northern AL mode (Fig. 5a). Northwesterly
geostrophic wind should expand sea-ice distribution into the central
Okhotsk Sea. However, northwesterly winds along the northern AL
prevent the sea-ice expansion to the northern and eastern Okhotsk
Sea. This interpretation is also supported by radiolarian data. Based on
C. davisiana abundance record in cores GH00-1002 and MD01-2412
(Fig. 4), OSIW had been well ventilated before 15 ka compared to the
present-day (Itaki and Ikehara, 2004; Itaki et al., 2008). Radiolarian
C. davisiana lives abundantly in intermediate water depth (200–
500 m) in the Okhotsk Sea (Nimmergut and Abelmann, 2002). This
species has been regarded as a tracer of cold and well-oxygenated
intermediate water such as the OSIW (Ohkushi et al., 2003; Abelmann
and Nimmergut, 2005), and its abundance partially reflects bacterial
biomass in the intermediate water mass (Okazaki et al., 2004). Studies
in the central Okhotsk Sea (e.g., Matul and Abelmann, 2001; Matul et
al., 2003; Gorbarenko et al., 2004) also identified the well ventilated
intermediate water during the LGM. C. davisiana records proposed
that OSIW formation was more active during the LGM than the
present-day under the northern AL mode. Nonetheless, our interpre-
tation contradicts the explanation of Ohkushi et al. (2003), suggesting
less production of the OSIW during the LGM, based on less C. davisiana
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abundance during the glacial period (Morley et al., 1991). Less C.
davisiana abundance is also reported in cores XP98-PC1, PC2 and PC4
(Okazaki et al., 2003, 2006). However, we should not overlook the
methodological discrepancy related to the different sieve sizes used
among these studies. In case of 45 or 50 µm mesh sieve size, relative
abundance of C. davisianawas high during the LGM (Fig. 4; Matul and
Abelmann, 2001; Matul et al., 2003; Okazaki et al., 2005; Itaki et al.,
2008), whereas for sieve size of larger than 63 µm mesh, relative
abundance of C. davisianawas low during the same period (Morley et
al., 1991; Okazaki et al., 2003, 2006). These results are important
because C. davisianawas not absent, but rather reduced in size during
the glacial period. The cause of size change remains amatter of further
discussion, however, in the least it should be noted that the
ventilation indicator C. davisiana, was still present during the LGM
in the Okhotsk Sea. In addition to Ohkushi et al. (2003), Keigwin
(2002) suggested less ventilation during the LGM, showing that the
bottomwater (1–2 km deep) of the Okhotsk Sea was older than today
based on 14C age differences between coexisting planktonic and
benthic foraminifer shells. However, water at 1–2 km depth in the
Okhotsk Sea is regarded as deep water and, not intermediate water.
During the LGM, the radiolarian taxon Dictyophimus hirundo,
exhibited high abundance (Fig. 4). This taxon is a deep-water dweller
(below 500 m deep) in the Okhotsk Sea (Nimmergut and Abelmann,
2002). The high abundance of D. hirundo in sediment cores during the
LGM may be the result of the old Pacific deep water staying in the
deep layer of the Okhotsk Sea at that time. These results suggest that
the old Pacific deep water flowed into the Okhotsk Sea during the
LGM. This is not in contradiction to the well ventilated intermediate
water (200–500 m) based on C. davisiana abundances.

Between 15 and 10 ka (zone 3), the westerly jet around the Arctic
Ocean moved southward due to temperature contrast between the
Siberia and the Okhotsk Sea (Yamamoto et al., 2005). The westerly
wind appeared to be dominant over the Okhotsk Sea due to the
intensified SH mode, while the pressure pattern caused sea-ice
distribution in the northern areas (Fig. 5b). Under the southwesterly
wind, sea-ice diverged in the western Okhotsk Sea, including the
mouth of Amur River (Kimura and Wakatsuchi, 2004). As such,
polynya occurred under the divergence area. High production of the
OSIW, reflected by the increased relative abundance of C. davisiana
during deglaciation, was attributed to westerly winds under strength-
ened SH condition.
Fig. 6. A schematic illustration showing the relationship among water mass structure, d
distribution. Water mass structure and radiolarian depth habitat were sourced from Nimm
As mentioned previously, sea-ice formation increased when the
position of AL pressure shifted to the north. Thus, the northern AL
mode occurred frequently between 10 and 6.5 ka (Fig. 5c), particularly
between 10 and 8 ka. Comparedwith the LGM, the distribution of sea-
ice expanded to the eastern Okhotsk Sea. Therefore, the location of AL
seems to shift eastward orweakened between 10 and 8 ka. During this
period since the LGM, relative abundance of C. davisianawas highest in
our cores (Fig. 4) and previous reports (e.g., Matul et al., 2003). This
indicates that polynyas and OSIW developed actively under northerly
winds. According to Sakamoto et al. (2005), IRD was absent in the
central Okhotsk Sea in core XP98-PC2. However, relative abundance of
sea-ice diatom in core XP98-PC2 was high during the same period.
Thus, the absence of IRD in coreXP98-PC2 indicates that sea-ice did not
melt in the central Okhotsk Sea, and in fact should melt further in the
southern reach of the Okhotsk Sea (Fig. 6).

Since 6.5 ka (zone 1), sea-ice conditions have been the same with
the present-day level. As such, the pressure patterns have also become
similar (Fig. 5d). Strong northeasterly winds prevent sea-ice from
expanding to the central Okhotsk Sea under the southern AL mode.
However, such winds expand the distribution of coastal sea-ice along
the Kamchatka Peninsula into the eastern Okhotsk Sea. Relative
abundance of C. davisiana decreased at around 2 ka in cores MD01-
2412, GH00-0001, GH00-1006, and GH01-1011 (south Okhotsk Sea)
(Okazaki et al., 2005; Itaki et al., 2008) and LV27-5-3, XP98-PC2
(central Okhotsk Sea) (Matul et al., 2003; Okazaki et al., 2006). It was
inferred that polynyas of the northern Okhotsk Sea were reduced as a
result of the southern AL mode (Fig. 5d; Itaki and Ikehara, 2004).
However, most diatom distribution in the Okhotsk Sea did not exhibit
such notable changes during this period (e.g., Shiga and Koizumi,
2000; Shimada et al., 2004; Koizumi et al., 2003; Okazaki et al., 2005).
Only relative abundance of Paralia sulcata (Ehrenberg) Cleve, typical
of coastal water, was changed in core 89211 on the northern
continental shelf (Gorbarenko et al., 2007a). This abundance was
not observed in any other area of the Okhotsk Sea. Furthermore, δ18O
values of benthic foraminifera of core 89211 had rapidly become low
at around 2 ka (Gorbarenko et al., 2007a). The negative δ18O excursion
most likely resulted from the occurrence of low-salinity surface water
in the northern part of Okhotsk Sea. Surface-water salinity in our core
sampling area deceases to 31–32‰ during summer under influence to
runoff from the Amur, Inya, Ul'beya, and other rivers. Considering this
factor, we suggest that freshwater discharge from these rivers might
istribution of sea-ice diatom, depth habitats of C. davisiana and D. hirundo, and IRD
ergut and Abelmann (2002).
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have increased suddenly at around 2 ka following the pressure
pattern change, which weakened the formation of the OSIW.

6. Conclusions

Observation of microfossil assemblages indicate that paleoenvi-
ronmental changes are closely related to sea-ice distribution and
atmospheric circulation pattern in the southwestern Okhotsk Sea
since the LGM.

(1) Before 15 ka (zone 4): duration of sea-ice cover has been long
and sea-ice expanded into the central and southern Okhotsk
Sea, owing to frequent occurrence of northern AL mode.

(2) 15–10 ka (zone 3): sea-ice expanded in the northern Okhotsk
Sea, whereas it retreated from the southern Okhotsk Sea. Such
distribution of sea-ice was governed by the pronounced
westerly winds under strong SH mode, which favors the
development of extensive polynyas on the northern continen-
tal shelf of the Okhotsk Sea, forming the OSIW.

(3) 10–6.5 ka (zone 2): sea-ice distribution expanded into the
eastern Okhotsk Sea. Occurrence of northern AL mode became
more frequent. However, the AL was weak and/or located
eastward, compared with it before 15 ka, and resulting in the
accelerated formation of the OSIW.

(4) 6.5 ka–present (zone 1): sea-ice distribution has not fluctuated
too much, and the atmospheric pressure pattern has settled to
what we can be seen in the present-day, characterized by
increasing frequency of southern AL mode. However, OSIW
formation became weakened at around 2 ka due to strong
runoff from the Amur and other rivers.
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