PALEOCEANOGRAPHY, VOL. 23, PA3201, doi:10.1029/2006PA001410, 2008

Freshwater impacts recorded in tetraunsaturated alkenones
and alkenone sea surface temperatures from the Okhotsk Sea
across millennial-scale cycles
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[1] We present records of phytoplankton-produced alkenones down a long piston core, which reveal changes
of sea surface temperature (SST) and sea surface salinity (SSS) in the southwestern Okhotsk Sea over the past
120 ka. Between 20 and 60 ka B.P., alkenone-derived temperatures typically increased by 6°C—8°C from
periods corresponding, within a few hundred years, to stadials to those corresponding to interstadials recorded in
Greenland ice cores. The abundance of C;.4 alkenone relative to total C;; alkenones (percent Cs7.4), a possible
proxy for salinity, indicated that during most low SSS was associated with high SST. The warm freshwater
events might be related to (1) a decline in the supply of saline water entering the Okhotsk Sea through the Soya
Strait; (2) strengthening of the freshwater supply from the Amur River and precipitation over the Okhotsk Sea,
associated mainly with increased Asian summer monsoon activity; and (3) the effect of melting sea ice. These
findings increase our understanding of the close linkage between high and low latitudes in relation to climate
change and the synchronicity of climate changes within a few centuries between the Pacific and the Atlantic

sides of the Northern Hemisphere.
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1. Introduction

[2] Modern thermohaline circulation is considered to be
controlled predominantly by the western boundary current
in deep water [Stommel and Arons, 1960]. Recently, how-
ever, sea surface salinity (SSS) in the northern North
Atlantic and the Southern Ocean has also been an important
driving force of global thermohaline circulation [Seidov and
Haupt, 2003]. However, SSS influences not only global
circulation but also regional or basin-scale ventilation. At
certain times during glacial events, SSS in the North Pacific
may have predominantly controlled ocean circulation via
increased North Pacific Intermediate Water (NPIW) forma-
tion [Ohkushi et al., 2003].

[3] The Okhotsk Sea is a marginal sea that lies between
45°N and 60°N and between 135°E and 165°E in the
northwestern Pacific (Figure 1). At present, two thirds of
its surface is covered seasonally by sea ice. This sea ice
plays a primary role in the formation of dense shelf water
(DSW) [Martin et al., 1998], the major source of ventilation
(renewal) of Okhotsk Sea Intermediate Water (OSIW),
which is an important contributor to NPIW [Talley and
Nagata, 1995]. The formation rate of NPIW is controlled by
the relationship between sea surface temperature (SST) and
SSS in the source area.
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[4] Autumn SST and SSS variations in the Okhotsk Sea are
closely related to sea ice formation during the subsequent
winter. High freshwater discharge from the Amur River
during summer (annual mean discharge during 1970—2003:
7000—14000 m> s~ '), in conjunction with a warm air mass
over the Amur River basin (45°N-55°N, 110°E—135°E,
defined by Ogi and Tachibana [2006]) and the Okhotsk
Sea, causes autumn SSTs in the Okhotsk Sea to be warm,
thus suppressing sea ice formation during the following
winter (present winter sea ice coverage: 85-155 X
10* km?) [Ogi and Tachibana, 2006]. The suppression of
sea ice formation causes a decrease in DSW formation,
leading to a decline in the production rate of NPIW [ltoh et
al., 2003]. The extent and duration of sea ice coverage is
also sensitive to global warming and cooling; the production
rate of sea ice in the Okhotsk Sea is predicted to decrease
greatly in the future as a result of global warming [Aota,
1999; Itoh, 2007]. Therefore, environmental change in the
Okhotsk Sea is both a sensitive mirror reflecting global
climate change and a driving force of regional climate
change.

[s] Investigations of past environmental change in the
Okhotsk Sea have shown that SST and sea ice coverage
change abruptly on a millennial timescale [Gorbarenko et
al., 2004]. The abundance of Cs.4 alkenone relative to total
Cs; alkenones (percent Cs7.4) that is related with salinity
[Rosell-Melé et al., 2002] has been measured in a sediment
core from the central Okhotsk Sea [Seki et al., 2005].
Higher values (20—35%) of percent C;.4 were found during
the last glacial period than during the Holocene, suggesting
that SSS decreased during the last glacial period mainly as a
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Figure 1. Map showing the sediment coring site, MDO1-
2412 (MD), in the southwestern Okhotsk Sea (solid circle,
latitude 44°31'N, longitude 145°00'E, water depth, 1225 m).
The four open circles are locations (station 4, latitude
44°31'N, longitude 144°59’E, water depth, 1161 m; station
5, latitude 54°19'N, longitude 149°16'E, water depth, 781
m; station 6, latitude 53°17'N, longitude 150°04'E, water
depth, 1100 m; and station 7, latitude 51°16'N, longitude
149°12'E, water depth, 1201 m) at which suspended
particles were sampled during cruise MR06-04 of the R/V
MIRAI. The solid square is the sediment coring site reported
by Seki et al. [2005]. The main water masses in this area are
the Western Subarctic Water (WSAW), the East Sakhalin
Current (ESC), the Oyashio Current (OC), and the Soya
Warm Current (SWC). The bathymetry contour interval is
500 m. The light blue area shows the minimum extent of sea
ice (2006), and the light blue and purple arcas show its
maximum extent (2001) during winters from 1996 to 2005
(see http://www.eorc.jaxa.jp/).

result of the expansion of seasonal sea ice and its melting.
Ocean sea ice expansion events in the Okhotsk Sea during
the past 100 ka were concurrent with high values of the
Polar Circulation Index, an indicator of atmospheric circu-
lation patterns in the Arctic that is strongly correlated with
high-latitude ice sheet growth [Mayewski et al., 1997],
suggesting that such events are driven by active Arctic air
circulation. The Arctic Oscillation (AO) is a dynamic
atmospheric process by which pressure over the Arctic
changes oppositely to that over midlatitudes in the Northern
Hemisphere. The AO, with multidecadal cycles, influences
air mass circulation over the Eurasian continent and its
adjacent seas. Although we still have no direct records of
past Arctic air circulation, reconstruction of the historical
AO might provide new insight into the past climate system.
In addition, although a substantial high-latitude, intra—
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Northern Hemisphere climate linkage between the Pacific
and Atlantic sides has been recognized [Seki et al., 2002],
little is known about the mechanism of the climate linkage
between high and low latitudes. Therefore, we used phyto-
plankton-produced alkenones to investigate millennial-scale
changes in SST and SSS in the southwestern Okhotsk Sea
over the past 120 ka and further clarify intra—Northern
Hemisphere climate connections.

2. Samples and Methods
2.1. Sediments and Suspended Particles

[6] A 58.1-m-long sediment core (MDO01-2412) was col-
lected from the southwestern Okhotsk Sea by the Marion
Dufresne as part of the International Marine Past Global
Changes Study 2001 project (http://www.images-pages.org)
(Figure 1). The core sediments consist of homogeneous
diatom-bearing silty clay with volcanic ash layers and a
major siliciclastic grain component. Changes in paleopro-
ductivity in the MD01-2412 core on the basis of organic
carbon content [Ono et al., 2005], as well as changes in
diatom and radiolarian assemblages [Okazaki et al., 2005]
and in the abundance of ice-rafted debris [Sakamoto et al.,
2006] have been reported.

[71 We constructed an age model by using multiple
proxies: radiocarbon ages of planktonic foraminiferal tests
(Neogloboquadrina pachyderma); oxygen isotopic stratig-
raphy of benthic foraminifera (Uvigerina akitaensis and
Uvigerina spp.); and tephrochronology (Figure 2, modified
from Sakamoto et al. [2006]). For sediments too old for '*C
chronology, we estimated their marine isotope stages
(MISs) by comparing MDO01-2412 data with typical peaks
indicating glacialfinterglacial intervals on the standard
curve of %0 variation reported by Martinson et al.
[1987]. By using this age model, we estimated sedimenta-
tion rates ranging from a minimum of 41.2 cm/ka during
glacial periods to a maximum of 115.5 cm/ka during the
Holocene. Samples were collected over the entire MIS 2—
4 interval, and every 7.2 cm from other periods, for alkenone
analysis. The time resolution of each sample (sample length,
2.4 cm) was estimated to average approximately 20 years in
the Holocene, and 40 years in the glacial period.

[8] To be able to compare the exact timing of climate
changes between the alkenone-derived temperature profiles
and the 6'%0 profile in Greenland ice cores (including the
degree and direction of offset), absolute ages must be
determined with high resolution. For example, the Belling-
Allered warm event (13—15 ka B.P.) and the Younger Dryas
cold event (11.5—13 ka B.P.) occurred at about the same time
on both the Atlantic and Pacific sides, with an age difference
of only a few hundred years [Nakagawa et al., 2003].
Because the MDO01-2412 age model was constructed by
using relative chronologies and a '*C chronology (11 abso-
lute ages) with an error of a few hundred years at least, its
time resolution is insufficient to estimate the exact age
difference of individual peaks and troughs between the
alkenone-derived temperature profile and the 6'0 profile
in the Greenland ice cores. Therefore, we considered the
warm and cold events of the two profiles to have been
simultaneous within a few hundred years.
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Figure 2. Multiple-proxy data for the age model of core MDO01-2412. (a) The §'®O stratigraphy of
benthic foraminifera (Uvigerina akitaensis and Uvigerina spp.) (line connecting black dots). Radiocarbon
ages of a planktonic foraminifer (Neogloboquadrina pachyderma) are shown as 11 small triangles labeled
with '*C calendar ages (year B.P.); tephra layers are Kc-1(Kuccharo-1, 30—35 ka); Spfa-1 (Shikotsu
caldera, 40 ka); Kc-2 and Kc-3 (Kuttara caldera, 70 ka); Aso-4 (Aso caldera, 86—90 ka); and Kc-4 (100
130 ka). (b) Biogenic opal content and (c) stacked 6'°0 curve [Martinson et al., 1987] labeled with
marine isotope stage (MIS) numbers. BOC is bottom of core. Modified from Sakamoto et al. [2006].

[9] To understand the relationship between alkenone-
derived temperatures and modern in situ temperatures in
the Okhotsk Sea, suspended particles were collected from
the water column at four locations (stations 4, 5, 6, and 7) in
the Okhotsk Sea, including one near the core site, during
cruise MR06-04 of the R/V MIRAI (Figure 1). Seawater
samples with a volume of 9—-10 L were collected in Niskin
bottles. The samples were filtered through GF/F filters
(pretreated by heating to 450°C) on board to obtain the
suspended particles.

2.2. Analytical Methods

[10] Bulk organic compounds were extracted from sedi-
ment core and suspended particle samples with an acceler-
ated solvent extractor (ASE-200, DIONEX Japan Ltd.,
Osaka, Japan) at 100°C and 1500 psi (=10343 kPa) for

15 min. The solvent used was a mixture of distilled
dichloromethane and methanol (99:1 v/v). The extracts were
then saponified in 0.5 mol L™' KOH in methanol at 80°C
for 2 h. The neutral fraction was recovered with a pipette,
dissolved in hexane, and then separated into subfractions by
silica gel column chromatography using an automatic solid-
preparation system (Rapid Trace SPE Workstation ",
Zymark Center, Hopkinton, Massachusetts, United States).
A ketone standard was used for the subfractionation
(2-nonadecanone, Fluka Chemie, St. Gallen, Switzerland);
the solvents used for each subfraction were the same as
described previously [Harada et al., 2003]. More than 90%
of the 2-nonadecanone standard was recovered during this
procedure. An aliquot of each alkenone fraction was gently
concentrated under N, gas in an evaporator (Turbo Vap LV,
Zymark Center), and then samples of each alkenone fraction
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were analyzed by capillary gas chromatography using an
Agilent 6890N gas chromatograph (Agilent Technologies,
Inc., Santa Clara, California, United States) equipped with
an HP-5MS fused-silica column (length, 60 m; inside
diameter, 0.32 mm), a cold on-column injector, and a flame
ionization detector. A hydrocarbon, dotriacontane, with
deuterium (Cambridge Isotope Laboratories, Inc., Cam-
bridge, Massachusetts, United States) and 2-nonadecanone
were used as the internal standard and the yield standard,
respectively. We assumed that the flame ionization detector
was equally sensitive to C;; alkenone and the internal
standard. Some of the alkenone samples were measured in
duplicate, and the temperatures estimated from replicate
analyses differed by less than 1°C.

2.3. Alkenone Temperature Calibration and Errors

[11] The alkenone unsaturation index, UL, which is
the ratio of methyl alkenones with 37 carbon atoms and
two/double bonds to those with two or three double bonds
[UY = [C37.5)/[C375 + C375]], is a proxy for surface water
temperature [Brassell et al., 1986; Prahl and Wakeham,
1987]. Several relationships between UY; and temperature
have been proposed based on the core top and suspended
particle calibrations [e.g., Miiller et al., 1998; Conte et al
2006]. In this study, we used the cahbratlon equation U =
0.034T (°C) + 0.039 [Prahl et al., 1988].

[12] A major source of error in alkenone analyses is
irreversible adsorption onto the chromatographic column
[Rosell-Melé et al., 2001; Harada et al., 2006]. To reduce
such error, it is necessary to inject a relatively large amount
of alkenones into the gas chromatograph. We confirmed the
relatlonshlps between the alkenone injection amount and the
UX value and between the injection amount and the calcu-
lated alkenone-derived temperature [Harada et al., 2006].
When injection amounts were less than 12 ng, the calculated
alkenone-derived temperatures were scattered within a range
of 1.2°C; this scattering was slightly higher than the repli-
cation error of this study (<1°C). However, we judged that
the alkenone data from those samples with low alkenone
concentrations were sufficiently reliable for discussion of
alkenone-derived temperatures. Because no samples in our
data set had a concentration of less than 1 ng of alkenone per
injection, all alkenone data, including those from samples
with very low alkenone content, were used in this study.

[13] Some previous studies have reported that a small
amount of another compound with a similar retention time
to that of C37.4 can influence the percent Cs5.4 value [Bendle
et al., 2005; Sicre et al., 2002], which is the amount of C57.4
alkenone relative to the total amount of C35 alkenones and an
alkenone-based proxy for SSS [e.g., Rosell-Melé et al.,
2002]. The common coeluting compound is probably de-
rived from the plastic bags often used to store samples.
However, we used glass bottles (pretreated by heating to
450°C) instead of plastic bags to store the sediment samples.

3. Results

3.1. Characteristics of Alkenone Particles in the
Okhotsk Sea

[14] At present, the major alkenone producer in the
Okhotsk Sea is Emiliania huxleyi, and alkenones are not
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known to be produced by this organism when the sea is
covered by sea ice. Temperatures derived from alkenones in
the suspended particles collected from the upper 100 m of
the water column during 8—15 August 2006 were compared
with the observed temperatures (Figure 3). A good corre-
spondence between the alkenone-derived and observed
temperatures was found in suspended-particle samples from
10 m water depth at station 4, the site at which the sediment
core used in this study was collected, and at station 7.
Interestingly, the data set shows that the alkenones were
produced mainly in the upper 10 m of the water column,
because alkenone-derived temperatures from suspended
particles from below 10 m depth did not correspond to
the observed in situ temperatures of the cold water mass
known as the Okhotsk dichothermal water (DTW) [Aota,
1970] or the Okhotsk dichothermal layer (DTL) [Yang and
Honjo, 1996]. This water mass is thought to be a remnant of
winter convection and is found at 50—100 m depth from
spring to autumn at this study site.

[15] On the other hand, at stations 5 and 6, alkenone-
derived temperatures from suspended particle samples from
10 m water depth were lower than the observed temper-
atures. The sediment traps were deployed from August 1998
to June 2000 off Sakhalin (M4: 52°58'N, 145°29'E) [Seki et
al., 2007], where is close to our study sites of stations 5 and
6. The trap experiment indicated that alkenone-derived
temperatures for August 1998 (no sample was available
from August 1999) were about 5°C lower than the August
satellite SST (advanced very high resolution radiometer,
NOAA). Intra-annual alkenone-derived temperatures were
almost the same as the observed September SST, but
alkenone-derived temperatures showed a large difference
between years (6°C—8°C in 1998 and 3°C—5°C in 1999)
[Seki et al., 2007]. Furthermore, the alkenone export in
August 1998 was extremely low; alkenone production and
exports occurred mainly during September and October. In
addition, the total alkenone export in 1998 was almost six
times that in 1999. The large interannual differences of
alkenone production rate and alkenone-derived temperature
and almost the same intra-annual alkenone-derived temper-
atures derived from the sediment trap experiment suggests
that alkenone particles produced in September and October
in both years remained in the water column during the
following months. A relatively large contribution from such
“old” suspended particles remaining in surface and subsur-
face waters could account for the large difference between
the alkenone-derived and observed temperatures at stations
5 and 6, where alkenone-derived temperatures and alkenone
concentrations at different depths varied over a broad range.

3.2. Mass Accumulation Rate of Alkenones in Core
MDO01-2412

[16] The mass accumulation rate (MAR) and content of
Cs5 alkenones (percent) in the sediment were extremely low
during 10—-70 ka B.P. and 85—105 ka B.P., but, in contrast,
were relatively high during 105—-110 ka B.P., 70—85 ka
B.P,, and the Holocene (0—10 ka B.P.) (Figures 4a and 4b).
This pattern is similar to that of the accumulation rate (AR)
of total diatom valves in this sediment core (Figure 4d)
[Okazaki et al., 2005], although the increase in alkenone
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Figure 3. Alkenone-derived temperatures from suspended particles in water samples collected in the
upper 100 m of the water column in the Okhotsk Sea, 8—15 August 2006 during cruise MR06-04 of the

R/V MIRAL

content slightly precedes that in diatoms during the Holo-
cene. The ARs of valves of Thalassiosira antarctica, a
diatom that lives in waters near sea ice, and of Thalassiosira
trifulta, another cold-water diatom, were relatively high
(Figures 4f and 4g) [Okazaki et al. [2005] during 25—
60 ka B.P., when the alkenone MAR was very low.
Moreover, the AR of Thalassionema nitzschioides, which
is a warm-water diatom, was intermittently high during
30-60 ka B.P. (Figure 4e) [Okazaki et al., 2005]. The
variations of the ARs of these diatom species during periods
of very low alkenone MARs suggest that during glacial
periods sea ice coverage expanded seasonally and lasted
longer, compared with during the modern period, but that
warm-water episodes also occurred seasonally, during the
short ice-free period in summer and autumn.

3.3. Alkenone-Derived SST at Core MD01-2412

[17] Alkenone-derived temperatures ranged from a mini-
mum of 5°C at 41.9 ka B.P. to a maximum of 16.2°C at

25.9 ka B.P. and fluctuated abruptly between warm and cold
events on a millennial timescale (Figure 5a) [Harada et al.,
2006]. Between 20 and 60 ka B.P., alkenone-derived
temperatures typically increased by 6°C—8°C from the cold
periods to warm periods (Figure 5a). These warm alkenone-
derived temperatures recorded from the Okhotsk Sea are
mostly concurrent with interstadials, with some notable
exceptions such as stages 2 and 12, recorded in 6'*0 values
from the Greenland Ice Sheet Project 2 (GISP2) core
(Figure 5c¢).

3.4. Alkenone-Derived SSS at Core MD01-2412

[18] We also considered SSS changes indicated by the
alkenone-based proxy percent Cs7.4. Although percent Cs7.4
is still difficult to use as a conventional proxy for quanti-
fying salinity globally [Sikes and Sicre, 2002], its levels are
inversely correlated with regional salinity changes at high
latitudes in both the Atlantic (Nordic Sea [Bendle et al.,
2005]; northeastern Atlantic [Rosell-Melé et al., 2002];
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Figure 4. (a) Mass accumulation rate (MAR) of C;; alkenones (Cs;7., + C37.3 + C374) and (b) Cs5
alkenone content [Harada et al., 2006] in MD01-2412, (c) total carbon content (TOC) [Ono et al., 2005]
and accumulation rates of diatom valves: (d) total diatoms; (e¢) Thalassionema nitzschioides;
(f) Thalassiosira Antarctica, and (g) Thalassiosira trifulta [Okazaki et al., 2005].

Baltic Sea [Schulz et al., 2000]) and Pacific (Bering Sea
[Harada et al., 2003]) oceans, and in lakes at high latitude,
such as Greenland Lake [D’Andrea and Huang, 2005], or
high altitude, such as Lake Qinghai in China [Liu et al.,
2006]. Low salinity is thought to impose stress on the
production mechanism of alkenones, thus accelerating
Cs7.4 production [Harada et al., 2003; Blanz et al., 2005].

[19] Another possible explanation for relatively high
percent Cs7.4 values is that they were produced by a
different alkenone producer. The possibility of a species
other than E. huxleyi being the alkenone producer can be
evaluated by examining the production pattern of Csg
alkenones. For example, although E. huxleyi synthesizes
both Csg methyl and Csg ethyl alkenones, Csg alkenones in
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Figure 5. Alkenone-derived temperatures and content of Cs7.4 alkenones relative to total C;; alkenone

content (percent Csz;.4) in the Okhotsk Sea, as

recorded in MDO01-2412, compared with other

paleoclimatic data sets. (a) Alkenone-derived temperature and (b) percent Cs7.4 in MD01-2412, (¢) 6 %0
variation recorded in the Greenland Ice Sheet Project 2 (GISP2) ice core, a proxy for air temperature
(Vienna standard mean ocean water (VSMOW)) [Grootes and Stuiver, 1997], and (d) 6'%0 variation
recorded in stalagmites from Hulu Cave, a proxy for precipitation (Vienna Peedee belemnite standard

(VPDB)) [Wang et al., 2001]. Pink bars indicate inters
GISP2 record. AO is Arctic Oscillation.

particle samples with relatively high percent C;;.4 values
from the Baltic Sea are composed of only Csg ethyl
alkenones [Schulz et al., 2000; Blanz et al., 2005], and
neither Csg., methyl nor Csg., ethyl alkenones were detected
in particles with extremely high percent C;7.4 values (77%)
from the polar East Greenland Current. In surface waters of
the Nordic Sea, although Csg.4 methyl and ethyl alkenones
were detected in particles with Csz;.4 alkenones, they were
not detected in particles without Cs5.4 alkenones [Bendle et
al., 2005]. We compared the chromatograms of Csg alke-
nones between the high alkenone-derived temperature sam-
ple from 111.3 ka B.P., which had a relatively high (41%)
percent Cs7.4 value, and the low alkenone-derived temper-
ature sample from 71.5 ka B.P., with a relatively low (15%)
percent Cs7.4 value (Figure 6). In the chromatogram for
111.3 ka B.P. (Figure 6b), the relative abundances of the Csg
ethyl alkenones (compounds 4, 6, and 8) were slightly

tadials, which are numbered in accordance with the

higher than those of the Csg methyl alkenones (compounds
5,7, and 9), as in previous studies [Schulz et al., 2000; Zink
et al., 2001; Blanz et al., 2005]. The chromatogram of a
series of Csg alkenones from the sample for 71.5 ka B.P.
(Figure 6a) was not drastically different from that for
111.3 ka B.P; that is, a complete lack of Csg methyl
alkenones was not found, although no Csg.4 cthyl alkenone
was detected. On the other hand, for 111.3 ka B.P., the total
abundance of a series of Csg alkenones (2Csg alkenones)
was higher in contrast with that of a series of C;; alkenones
(2XC57 methyl alkenones) and the ratio of >XCj;; methyl
alkenones to >Csg alkenones (3Csz,/3Csg) was 0.56. For
71.5 ka B.P., the X C3g alkenones was close to that of ¥XCs3;
methyl alkenones and the value of >C;,/3%Csg was 1.16.
The ¥C57/3Csg of two samples from 71.5 ka B.P. and
111.3 ka B.P. are similar as that for E. huxleyi (0.91-2.26)
and for Gephyrocapsa oceanica (G. oceanica) (0.59—-0.81),
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Figure 6. Portions of gas chromatograms of the alkenone
fraction from samples showing (a) the stadial at 71.5 ka B.P.
and (b) interstadial 25 at 111.3 ka B.P. Compounds
identified by gas chromatograph—mass spectrometry are
1, Cs7.4 methyl alkenone (Me); 2, C37.3Me; 3, C37.,Me; 4,
Csg.4 ethyl alkenone (Et); 5, CsgqMe; 6, Csg3Et; 7,
C3g:3Me; 8, C38:2Et; and 9, C38:2Me.

another alkenone producer, respectively [Volkman et al.,
1995]. This result, the ¥C3,/>Csg of sample from 111.3 ka
B.P. was within a range of ¥C;,/XCsg for G. oceanica,
suggests that G. oceanica may have also been possible
alkenone contributor for 111.3 ka B.P.. Although G. oce-
anica is not major alkenone producer in present Okhotsk
Sea, this species could possibly have been transported via
the SWC from the Japan Sea to our study site. The G.
oceanica, same strain existing in the Okhotsk Sea was
collected from Tsugaru Strait and was cultured (K. Kimoto,
unpublished data, 2008). We analyzed alkenone of this
cultured strain and found that this strain did not produce
C37.4. Therefore, percent Cs7.4 for E. huxleyi may be useful
as a paleo-SSS indicator in present study, although un-
known different producers would prevent the qualitative use
of the percent Csz7.4 as a proxy for salinity.

[20] In the sediments, percent Cs;.4 varied between 3.31%
and 68.7%, and its fluctuations corresponded to those in the
alkenone-derived temperature record (Figure 5b). High
percent Cs7.4 values (fresher water) occurred concurrently
with high alkenone-derived temperature, except during the
period corresponding to interstadial 21. The glacial MAR of
Cs; alkenones was highest, second only to the Holocene
MAR, during the period from 75 to 85 ka B.P. (Figure 4a).
Both the period corresponding to interstadial 21 and the
Holocene are characterized by warm, saline surface water in
the Okhotsk Sea (Figures 5a and 5b). This high MAR
suggests that suitable conditions for the growth of the
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alkenone producer were present for a longer part of the
year during the period corresponding to interstadial 21,
unlike during the other warm periods, implying that the
alkenone producer can grow well in not only low-salinity
waters but also in more saline waters. On the other hand,
relatively low percent Cs;.4 values (saltier water) were
typically concurrent with low alkenone-derived tempera-
tures during cold periods.

4. Discussion
4.1. Alkenone SSTs in Okhotsk and Its Adjacent Seas

[21] The alkenone-derived temperatures near the core top,
9°C—12°C, correspond to the monthly averaged tempera-
ture in August—September, the main alkenone production
season at present at this study site [Seki et al., 2007]. The
correspondence of the alkenone-derived temperatures to the
temperature during the major alkenone production season
rather than to the annual average temperature is a common
feature in the Okhotsk Sea [Ternois et al., 2000; Seki et al.,
2004] and adjacent seas (Japan Sea [Ishiwatari et al., 2001;
Fujine et al., 2006; Lee, 2007] and the subarctic gyre in the
North Pacific [Harada et al., 2004]).

[22] The lowest alkenone-derived temperature, 6.9°C,
was obtained at 16.3 ka B.P., during the deglaciation; this
temperature is lower than any temperatures associated with
the last glacial maximum (LGM) (19-23 ka B.P.). A lower
alkenone-derived temperature during the deglaciation than
during the LGM has also been reported by previous studies
in the Okhotsk Sea [Ternois et al., 2000; Seki et al., 2004]
and the Japan Sea [Ishiwatari et al., 2001; Fujine et al.,
2006; Lee, 2007], whereas in the North Pacific, the lowest
alkenone-derived temperature occurred during the LGM
[Harada et al., 2004].

[23] Millennial-timescale increases in the alkenone-
derived temperatures during periods corresponding to inter-
stadial intervals at this study site (6°C—8°C) were high
compared with the increase of about 4°C in alkenone-
derived temperatures during interstadials reported from sites
in the eastern North Pacific [Seki et al., 2002]. One reason
for the high alkenone-derived SSTs during interstadials
might be that the alkenone producer species changed to
one for which a different temperature calibration might be
needed. An important component of the haptophyte flora
from the Californian margin is G. oceanica. However, under
natural conditions, alkenones from G. oceanica show a
relationship with SST close to that of Prahl’s temperature
calibration equation [Prahl et al., 1988] for E. huxleyi
[Herbert et al., 1998]. In addition, culture experiments
using various E. huxleyi and G. oceanica strains have
shown that the U, versus SST relationship of G. oceanica
falls within the range of the relationships calculated for
cultured strains of E. huxleyi [Conte et al., 1998]. Thus,
even if the relative contributions of these two alkenone
producers differed over geological time, the alkenone-
derived SST estimated with Prahl’s calibration equation
should not deviate from reasonable values.

[24] Another reason for the high alkenone-derived tem-
peratures might be advection of reworked alkenones from
onshore sediment deposits in association with sea level
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changes during the glacial period. The total organic carbon
content (TOC) (Figure 4c) of MDO01-2412 core frequently
increased during the period corresponding to interstadials
[Ono et al., 2005]. In addition, the TOC to total nitrogen
ratio (C/N molar ratio), which is an indicator of whether the
organic materials originated predominantly from marine (a
ratio of 4—10) or terrestrial (~20) sources, increased during
the period corresponding to interstadials. We attribute these
abrupt increases in the TOC and C/N ratio during the period
corresponding to interstadials to an influx of sediments of
terrigenous origin. However, the TOC and C/N ratio results
also suggest that if there are reworked alkenones in the core
sediments, their abundance is likely to be very small relative
to that of the other terrigenous materials and therefore such
reworked alkenones cannot account for the high alkenone
SSTs during interstadials. Hence, we consider the high
alkenone-derived SSTs corresponding to interstadials to be
a feature of this study site and discuss possible causes
below.

4.2. Salinity Anomalies and Their Cause

[25] The mechanism causing the high SST values in the
Okhotsk Sea during interstadials can be understood in
relation to the simultaneous SSS changes. High percent
Cs7.4 values, which we have inferred to be strongly related
to low salinity, were found during most interstadials
in association with high alkenone-derived temperatures
(Figure 5b). It has been reported that anomalously high
alkenone-derived temperatures detected in Japan Sea sedi-
ments during 15—20 ka B.P. might be related to low-salinity
stress, although exactly what salinity range is meant by
“low salinity” is not specified [Fujine et al., 2006]. In the
case of E. huxleyi in the Bering Sea, the U37 produced by
the 2001 bloom corresponded to the in situ SST (with the
calibration of Prahl et al. [1988]) at salinity values ranging
from 30 to 32 [Harada et al., 2003]. Because the salinity
near MDO01-2412 ranges from 32.5 to 33.2 (see http:/
pacificinfo.ru/en/), it is unlikely that significantly low
sahnlty occurs at present at this study site. However, the
UX; values might reflect physiological stress caused by low
salinity (<30) during glacials, because a SSS of less than 30
was more likely during periods of lower sea level, when the
relatively warm and saline Soya Warm Current (SWC)
would not have flowed into the Okhotsk Sea. Therefore,
we hypothesized the existence of three different types of
freshwater impacts to explain these concurrent relatively
freshwater and high-SST events.

[26] The first impact is a decline in the supply of saline
water entering the Okhotsk Sea through the Soya Strait. At
present, the SWC is the main source of warm (7—20°C) but
saline (33.6—34.3) water to the southwestern Okhotsk Sea
[Takizawa, 1982]. However, during the glacial period, the
contribution of the SWC would have been small or absent
because the shallow Soya Strait (55 m deep) through which
the SWC enters the Okhotsk Sea would have been silled
because of the low eustatic sea level [Bard et al., 1990;
Chappell et al., 1996, Rabineau et al., 2006].

[27] The second impact is the supply of freshwater from
the Amur River and precipitation over the Okhotsk Sea. The
East Sakhalin Current, which receives water from the Amur
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River, contributes a low-salinity water mass to the western
Okhotsk Sea. At 55°N, 142°E, near the source of the East
Sakhalin Current, the salinity is 32.5 in September, about
0.9 lower than during the rest of the year (see http://
pacificinfo.ru/en/). The Amur discharge is highest during
August—October (the season of east Asian summer mon-
soon precipitation and melting snow and frozen soil at high
altitudes), and the summer—autumn discharge is remarkably
warm (about 20°C [Ogi et al., 2001, and references there-
in]). In addition, the presence of cold DTW (50—100 m) just
beneath the warm low-salinity surface water would inhibit
convection between the surface and subsurface water
masses; consequently, shallow stratification at the surface
would be stably maintained, and the surface water mass
would be easily warmed during the summer—autumn.
Therefore, the combination of a high summer—autumn
Amur discharge, associated mainly with Asian summer
monsoon precipitation, and cold DTW in the subsurface
may have had a large effect on surface thermohaline
conditions in the Okhotsk Sea over geological time.

[28] The third impact is the effect of melting sea ice. We
have suggested that the period of sea ice coverage was
longer during glacials than at present, perhaps lasting almost
year-round, except in midsummer, and as a result probably
shifting the season of alkenone production to the ice-free
midsummer period. This hypothesis implies also that, be-
cause the ice melted only in midsummer, meltwater from
the in situ sea ice could have further lowered the SSS.
Moreover, the changed thermal budget of the surface water
mass, a consequence of the increased stratification of the
surface water caused by increased precipitation and melting
sea ice, would also have contributed to high alkenone-
derived temperatures.

[29] Is there any evidence to show that the supply of
freshwater increased during interstadials, thereby account-
ing for the high SST and low SSS in the southwestern
Okhotsk Sea during these warm intervals? The oxygen
isotope record in stalagmites from Hulu Cave, near Nanjing,
China, shows that changes in precipitation are controlled
by Asian summer monsoon activity and that precipitation
was strong during interstadials (Figure 5d) [Wang et al.,
2001]. Because the intensity of the Asian summer monsoon
directly influences the summer—autumn Amur discharge,
we propose that enhanced Asian summer monsoon precip-
itation during interstadials caused the warm river discharge
to the Okhotsk Sea from the Amur to increase, resulting in
abrupt warm-SST and low-SSS episodes during the last
glacial period. An enhanced Asian summer monsoon would
also have intensified the supply of warm, moist air masses
over the Okhotsk Sea, further influencing the thermohaline
conditions in the surface water. An increase in precipitation
at 15 ka B.P,, corresponding to the Bolling-Allered warm
event, in Siberia [Chebykin et al., 2002] also supports the
validity of this “freshwater impact hypothesis.”

4.3. Pacific-Atlantic Climate Connection

[30] According to Ogi and Tachibana [2006], the maxi-
mum sea ice coverage area over the Okhotsk Sea (85—155 x
10* km?) is negatively correlated with the annual mean
Amur discharge (7000—14000 m® s™') on a decadal time-
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scale, and both the summer discharge and the maximum
winter sea ice area are strongly affected by the annual
integrated AO. A positive annual AO pattern (negative
anomalies near the pole and positive anomalies at Okhotsk
Sea latitudes Thompson and Wallace [1998]) causes the
anomalous horizontal convergence of moisture fluxes over
the Amur River basin and the Okhotsk Sea, resulting in
increased Amur discharge. Moreover, a positive annual AO
pattern causes warmer atmospheric temperatures over the
Okhotsk Sea, resulting in warm autumn SSTs [Ogi and
Tachibana, 2006]. Although the AO effect is dominant
during winter, the SST anomaly induced by the AO persists
for several months. The winter AO index correlates well
with east Asian summer precipitation on an interdecadal
timescale, owing to planetary wave propagation from the
North Atlantic to the North Pacific [Sung et al., 2006].

[31] Our data show not only that the high-SST events
associated with freshwater impacts were correlated with
interstadials but also that low-SST events associated with
saline water were correlated with stadials (Figures 5a and
5b). Autumn SSTs in the Okhotsk Sea, estimated as
alkenone-derived temperatures in this study, might be
related to the AO pattern during past periods. Any discus-
sion of the AO during the glacial period must assume that
AO-like conditions existed throughout the glacial period.
Justino and Peltier [2005] simulated the North Atlantic
Oscillation (NAO), another dynamic atmospheric process
on the Atlantic side with a signal corresponding to that of
the AO, during the LGM in a paleoclimate model. Despite
the presence of glacial ice sheets, which would have
strongly influenced glacial wintertime atmospheric circula-
tion over the ocean, the NAO apparently existed during the
glacial period [Justino and Peltier, 2005].

[32] Climatic differences across Dansgaard-Oeschger
cycles are summarized in Figure 7. When the annual
integrated AO pattern is positive, the pressure difference
between the Arctic region and midlatitudes is large and
polar jet circulation is strong, with the result that southward
penetration of cold air masses from the Arctic region to
midlatitudes is inhibited. Consequently, the air temperature
at Okhotsk Sea latitudes is relatively warm. Then, warm,
fresh water covers the surface of the Okhotsk Sea during
summer—autumn, also perhaps as a result of the northward
expansion of the east Asian summer monsoon area. When
the annual integrated AO pattern is negative, the pressure
difference between the Arctic region and midlatitudes is
small and the polar jet is weak. As a result, cold air masses
easily penetrate from the Arctic region to midlatitudes, and
as a consequence the air temperature at Okhotsk Sea
latitudes becomes colder. Thus, assuming that the AO
existed during the glacial period, as simulated by paleocli-
mate modeling, high SSTs in the Okhotsk Sea during
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interstadials may be related to a positive annual integrated
AO pattern, and low SSTs during stadials to a negative
pattern. A teleconnection via the atmospheric dynamics
over the Arctic region and midlatitudes of the Northern
Hemisphere might thus explain the observed climatic con-
nection between Greenland (North Atlantic side) and the
Okhotsk Sea (North Pacific side). However, it is still
questionable whether there was a relationship between the
AO and east Asian summer monsoon activity during glacial
periods. To understand the mechanism, origin, and propa-
gation of quasi-abrupt climate changes, many more inves-
tigations based on insights obtained from both paleoproxies
and modeling of changes in the balance between atmo-
spheric and ocean impacts on multiple timescales are
necessary.

[33] On the other hand, ocean circulation in association
with atmospheric dynamics is another possible explanation
for the teleconnection, within a few centuries, between the
North Atlantic and North Pacific. A freshwater hosing
simulation, carried out off Greenland and designed to
evaluate the impact of freshwater supplied to the ocean
during Pleistocene stadial periods, suggests that immediate
cooling caused by weakened thermal transport due to less
ventilation by the Atlantic meridional overturning circula-
tion (AMOC) would have occurred as a result of an increase
in freshwater, and that the tropical SST variations associated
with a weakened AMOC would also have led to meridional
changes in the Intertropical Convergence Zone (ITCZ)
[Timmermann et al., 2007]. As a result, the ITCZ would
have shifted southward, with corresponding diabatic forcing
changes, eventually generating a Rossby wave train in the
atmosphere that would have resulted in an intensified
Aleutian Low, thereby cooling the northern North Pacific.
Although some of the models explain simultaneous cooling
in the North Atlantic and the North Pacific by an intensified
AO (negative AO) in winter, other results do not show any
good relationship between AO intensification and cooling in
the North Pacific (A. Timmermann, personal communica-
tion, 2007). Thus, more investigations are needed to under-
stand the relationship between atmospheric dynamics,
including the role of the AO signal, and Atlantic-Pacific
climate teleconnections on millennial timescales.

[34] The presence of warm, fresh surface water would
have inhibited active sea ice formation on the northern
continental shelf in the Okhotsk Sea, resulting in a low
production rate of DSW and consequently inhibiting the
production of OSIW and NPIW. During stadials, relatively
cold, saline water covered the surface of the Okhotsk Sea,
owing to easier penetration of cold air masses from the
Arctic region to Okhotsk Sea latitudes, which might have
resulted in active sea ice formation, a high production rate
of DSW, and, consequently, active production of OSIW and

Figure 7. Summary diagram of climate features during (a) interstadials and (b) stadials at this study site (black circle) and
in the surrounding region. Monthly mean precipitation of more than 3 mm/d in the region from 30°S to 50°N and from
30°E to 150°W, averaged over 1979—1998 (from climate.gsfc.nasa.gov/iotw/20060908114104 med.jpg), is shown in pink
(bottom left). Heavy rainfall in southeastern China, starting in May and ending in August, is associated with the Asian
summer monsoon [e.g., Chang, 2004]. This rainfall regime is also associated with the Mei-yu front, a warm, wet air mass
that extends from southeastern China to Japan and its vicinity during spring-summer.
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NPIW. Ahagon et al. [2003] reported that the ventilation at
mid depth (1300 m) in the northwestern North Pacific
declined during the Bolling-Allered warm event (13—
15 ka B.P.) and strengthened during the Younger Dryas
cold event (11.5-13 ka B.P.). These findings support the
validity of our scenario.

5. Conclusion

[35] We obtained modern alkenone-derived temperatures
by analyzing suspended particles and those for the past
120 ka by analyzing sediment core samples from the
southwestern Okhotsk Sea. Our results and suggested
explanations are summarized as follows:

[36] 1. Alkenone-derived temperatures from suspended
particles collected at station 4, where the sediment core
used in this study was collected, and station 7 showed that
alkenones are produced mainly in the upper 10 m of the
water column. At stations 5 and 6, however, alkenone-
derived temperatures of suspended-particle samples from
10 m water depth were lower than the observed temper-
atures. The alkenone production season is very short,
limited mostly to September, but the alkenone particles
might remain in the water column during subsequent
months [Seki et al., 2007]. Such remaining particles might
have caused the relatively large difference between the
alkenone-derived and observed temperatures at stations 5
and 6.

[37] 2. The MAR and content of C;; alkenones (percent)
in the sediments were extremely low during 10—70 ka B.P.
and 85-105 ka B.P., but, in contrast, were relatively high
during 105—-110 ka B.P., 70—85 ka B.P., and the Holocene
(0—10 ka B.P.). This pattern is similar to that of the AR of
total diatom valves, although the increase in alkenone
content slightly precedes that in diatoms during the Holo-
cene. The combination of very low alkenone MARs and
variations in the ARs of diatom species during glacial
periods suggests that sea ice coverage expanded seasonally
and lasted longer, compared with during the modern period,
but that warm-water episodes also occurred occasionally,
perhaps in summer and autumn.

[38] 3. Alkenone-derived temperatures of the sediment
core ranged from 5°C to 16.2°C and abruptly fluctuated
between warm and cold events on a millennial timescale.
Between 20 and 60 ka B.P., alkenone-derived temperatures
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