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Alkenone sea surface temperature in the Okhotsk Sea
for the last 15 kyr
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A sediment core collected from the Sea of Okhotsk, a marginal sea of the western North Pacific, has
been analyzed for alkenones to reconstruct changes in the sea surface temperatures (SST) over the last 15
kyrs. A comparison of the core-top U37

K ′  value with the modern surface temperatures indicates that alkenones
are produced at present in summer-fall season, a production seasonality probably identical to the one
prevailing in the past, as suggested by evidences of enhanced sea ice cover and subsequent limitation of
the phytoplankton growth period to summer–fall at the glacial/deglacial transition. The alkenone downcore
profile indicated that summer SST at the early deglaciation period (15 kyrs BP) were around 5°C lower
than today (ca. 11°C). A rapid SST increase (more than 3°C) was found to occur from 13.7 to 11.6 kyrs BP,
following the melting water pulse event (MWP-1A). This warming was assumed to be the consequence of
a radical change in the atmospheric/oceanic circulations which induced an enhanced heat transport from
the sub-tropical to the northern North Pacific. A significant surface water cooling was evidenced from 11
to 8 kyrs BP, possibly caused by the supply of cold Siberian permafrost melt-water to the Okhotsk Sea
through the Amur River.

1997; Watanabe and Wakatsuchi, 1998). The ex-
tended sea-ice cover that accounts for more than
80% of its surface in winter is another feature of
the Okhotsk Sea. In spite of its location in the tem-
perate zone, the Okhotsk Sea is now considered
as a partial analog of arctic ocean conditions dur-
ing glacial times (Honjo et al., 2000).

The hydrologic changes in the Okhotsk Sea
during glacial/interglacial cycles are poorly un-
derstood. Recently, based on benthic foraminifera
records, Keigwin (1998) reported evidences for
enhanced ventilation of intermediate water in the
glacial Okhotsk Sea. However, the processes lead-
ing to the intensified intermediate water forma-
tion in the last glacial maximum (LGM) is ques-
tioned, since the lowered sea-level in the glacial

INTRODUCTION

The North Pacific Ocean is now considered as
a major component of the global climate system,
in particular for its capacity for stocking atmos-
pheric carbon dioxide in the ocean by intermedi-
ate water convection and high biological pump-
ing (Honda et al., 1997; Honjo, 1997). The Sea of
Okhotsk located in the northwestern Pacific rim
has recently been suggested to regulate the car-
bon cycles in the North Pacific, because it is the
place where the North Pacific Intermediate Wa-
ters (NPIW) forms, and because its hydrologic
structure causes high levels of primary produc-
tivity and subsequent export flux of organic car-
bon to the sea floor (Honda et al., 1997; Honjo,
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must have precluded the advection in the Okhotsk
Sea of dense waters derived from the Japan Sea
through the Soya Strait, an essential feature for
the formation of intermediate waters at present
time (Watanabe and Wakatsuchi, 1998). During
the LGM a drastic decrease in the sea surface tem-
perature (SST) may in turn have induced more sea-
ice generation and subsequent brine rejection in
winter. Unfortunately, there is no estimate of SST
in the past Okhotsk Sea to check this hypothesis,
although LGM/Holocene temperature anomalies
were reported to be less than 2°C in the North
Pacific area (CLIMAP Project Members, 1984).

The alkenones are present ubiquitously in ma-
rine sediments, extending back in time to pre-
Pleistocene (Marlowe et al., 1990; Brassell, 1993).
They are produced by the coccolithophorid
Haptophyte algae (Volkman et al., 1980; Marlowe
et al., 1984; Conte and Eglinton, 1994; Green and
Leadbeater, 1994) and their unsaturation degree
is mainly controlled by their growth temperature
in the water column. Culture and field experiments
indicate that the unsaturation degree of C37

alkenones, U37
K ′  index ( U37

K ′  = [C37:2]/[C37:3 +
C37:2]; Prahl and Wakeham, 1987) is related to sea
surface temperature (Prahl and Wakeham, 1987;
Prahl et al., 1988; Müller et al., 1998; Herbert et
al., 1998). This ratio is generally unaltered through
the food web in water column and early diagenesis
in sediments (Prahl and Muehlausen, 1989). Long-
chain alkenones have now been explored in sedi-
mentary records to monitor SST variations from
decadal scale El Niño events (McCaffrey et al.,
1990; Kennedy and Brassell, 1992) to millenial
scale climate changes (Brassell et al., 1986; Prahl
and Muehlausen, 1989; Sikes et al., 1991; Eglinton
et al., 1992; Brassell, 1993; Rostek et al., 1993;
Zhao et al . ,  1993; Ohkouchi et al . ,  1994;
Schneider et al., 1995; Ikehara et al., 1997;
Madureira et al., 1997; Villanueva et al., 1998).

In this paper, we investigate the evolution of
SST in the Sea of Okhotsk from 16 kyrs BP to the
present using alkenone unsaturation data obtained
from analysis of a sediment core. Modern SST
estimates derived from alkenone analysis are com-
pared with modern surface water temperatures

reconstructed from the hydrographic data set for
the world ocean compiled by Levitus (1982). Re-
sults from this comparison are interpreted with the
current understanding of coccolithophorid produc-
tion pattern obtained from the time-series sedi-
ment trap experiments in the central east Okhotsk
Sea (Honjo, 1997). Our sediment core analysis
evidences negligible alkenone deposition in gla-
cial sediments, a general warming trend from the
early deglacial to the present interrupted by two
major SST events, a drastic warming from 13.6 to
11.7 kyrs BP and a major cooling from 11 to 8
kyrs BP. These findings are interpreted in terms
of likely environmental factors that have affected
the biogeochemical processes in the Sea of
Okhotsk since the last deglaciation.

SAMPLES AND METHOD

A gravity core (GGC-15) was recovered from
the northern flank of the Kurile basin (Fig. 1) in
the Southern Okhotsk Sea (latitude: 48°10.1′  N,
longitude: 151°20.2′  E, water depth: 1980 m, core
length: 325 cm). The lithology, ages, stable iso-
tope values from benthic and planktonic
foraminifera, as well as calcium carbonate varia-
tions with depth have previously been described
in Keigwin (1998) and Ternois et al. (2000).

Core sections were sampled for alkenone
analyses at 5 cm interval for the top 180 cm. Wet
sediments (10 to 20 g) were extracted with metha-
nol/dichloromethane (3:1) and then
dichloromethane/methanol (10:1) using an ultra-
sonic homogenizer. The extracts were isolated by
a centrifuge and washed with 50 ml of 0.15 M
HCl to remove salts, and then saponified with 0.5
M KOH/methanol under a reflux. Preliminary
work done on four non-saponified extracts of
alkenones proved that saponification was neces-
sary to fully separate C37 alkenones from wax es-
ters. Neutral components were separated by ex-
traction with dichloromethane/n-hexane (10:1),
and further divided into four subfractions on a
Pasteur pipette packed with silica gel (BIO-SIL
A, 200–400 mesh) deactivated with 1% distilled
water (Kawamura, 1995).
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The fraction containing alkenones was ana-
lysed with a Carlo-Erba 6000 gas chromatograph
(GC) equipped with a cool on-column injector, CP
Sil-5 CB fused silica capillary column (60 m ×
0.32 mm i.d., film thickness of 0.52 µm), and
flame ionization detector (FID). Hydrogen was
used as carrier gas. The column oven temperature
was programmed from 60 to 120°C at 30°Cmin–1,
and then to 310°C at 5°Cmin–1. The GC peaks
were processed using a Shimadzu Chromatopac
C-R7A integrator. The identification of each com-
pound was achieved by gas chromatography/mass
spectrometry (Thermoquest Voyager) equipped
with a DB-5 fused silica capillary column
(30 m × 0.32 mm i.d.). Column oven temperature
programming was set identical to the GC analy-
sis.  Quantitation was achieved using 5α -

cholestane which was added to the sample as in-
ternal standard prior to injection. Blank experi-
ments performed in parallel with sample analysis
showed no serious contamination.

Triplicate analyses of alkenones showed that
the analytical error in the U37

K ′  values is ±0.025,
which is slightly higher than in other publications
(e.g., ±0.0070, Ohkouchi et al., 1994). This result
can be explained by the low contents of alkenone
in sediments deeper than 90 cm, and shallower
than 45 cm, where alkenone concentrations are
less than 60 ng/g dry sed. GC injection of <60 ng
of alkenones lowers the accuracy in U37

K ′  calcula-
tion (Villanueva and Grimalt, 1997).

RESULTS

Core top SST calibration
The GGC-15 core-top section was not avail-

able for this biomarker study, although the core

Fig. 1.  Bathymetric map of the Southern Okhotsk Sea
with the locations of GGC-15 sediment core and Shoyo
Station.

Fig. 2.  Annual cycle of surface temperature changes
at a location (48°N; 151°E) close to GGC-15, and in-
organic carbon fluxes at the Shoyo Station (53°N;
150°E). Alkenone SST for the shallowest sediment
(GGC-15, 11–13cm depth) calculated by three calibra-
tions as follows. a) The calibration of Sawada et al.
(1998) based on combined f ield data ( U K

37
′  =

0.0327T + 0.0012), b) the calibration of Prahl and
Wakeham (1987) based on cultures of Emiliania huxleyi
( U K

37
′  = 0.034T + 0.039), c) the core top calibration

from Müller et al. (1998) for the global ocean ( U K
37

′  =
0.033T + 0.044).
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top sample has been investigated for carbonate and
nannofossils (Keigwin, 1998). The shallowest
horizon analyzed for alkenones was 11–13 cm
deep, and its estimated calendar age is 1.3 kyr BP
(Keigwin, 1998). We assume that the thermal con-
ditions in the surface ocean in the southern
Okhotsk Sea did not significantly change during

the last millenium and consequently consider the
U37

K ′  value calculated at 11–13 cm depth (0.402)
to be indicative of modern SST (Table 1).

The alkenone SST derived from the U37
K ′  value

for the 11–13 cm layer using three different cali-
brations are plotted in Fig. 2 with modern photic-
zone temperatures measured in the same region

Table 1.  Depth, calendar age, concentrations of C37 alkenones, U K
37

′

and alkenone SST in the Okhotsk Sea sediments (GGC-15 core)

Calendar age was calculated based on 14C dating (7 points) of planktonic foraminifera (N. pachyderma) (Keigwin, 1998).
nd: not detected, detection limit is ca. 10 ng/g-dry sediments.

Depth Calendar age C37 methyl ketones U37
K ′ Alkenone SST

(cm) (yr BP) (ng/g) (°C)

12 1340 44 0.402 10.9
17 2540 60 0.403 10.9
22 3660 91 0.376 10.1
27 4720 61 0.371 9.9
32 5710 240 0.356 9.5
37 6630 180 0.371 9.9
42 7510 160 0.390 10.5
47 8320 350 0.335 8.9
52 9080 250 0.327 8.6
57 9790 390 0.318 8.3
62 10460 130 0.348 9.2
67 11090 700 0.307 8.0
72 11680 220 0.365 9.7
77 12230 190 0.293 7.6
82 12780 290 0.289 7.4
87 13250 64 0.252 6.3
92 13720 300 0.244 6.1
97 14170 200 0.232 6.0

102 14600 520 0.242 6.0
107 15020 310 0.233 5.8
112 15430 31 — —
122 16230 15 — —
127 16630 nd — —
132 17030 nd — —
137 17450 nd — —
142 17860 nd — —
147 18300 nd — —
152 18750 nd — —
157 19220 nd — —
162 19720 nd — —
167 20250 nd — —
172 20680 nd — —
177 21190 nd — —
182 21710 nd — —
192 22740 nd — —
202 23770 nd — —
212 24800 nd — —
222 26210 nd — —
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of the Okhotsk Sea (Levitus, 1982). The SST
(12.2°C; Fig. 2a) calculated by the field calibra-
tion that was obtained in the northwestern Pacific
off central to northern Japan (Sawada et al., 1998)
is a little higher than the field data (fall, 10.2°C).
In contrast, the alkenone SST (10.8°C; Fig. 2b)
calculated from the calibrations based on labora-
tory culture experiments of Emiliania huxleyi
(Prahl et al., 1988), and that (10.9°C; Fig. 2c) from
the global core-top calibration (Müller et al., 1998)
both show a good consistency with the observed
fall SST. The U37

K ′ -SST calibration derived from
the culture of a single strain of Emiliania huxleyi
(Prahl et al., 1988) gives the coherent modern
Okhotsk SST, providing a further proof that this
calibration is applicable almost everywhere in the
global ocean. Although this finding raises ques-
tions for environments where Emiliania huxleyi
is a minor alkenone producer (Sonzogni et al.,
1997; Pelejero and Grimalt, 1997), it is at least
understandable in the Okhotsk Sea, since the cali-
brated strain of E. huxleyi in the culture experi-
ments is a Pacific sub-arctic strain whereas
Gephycapsa oceanica is virtually absent, only re-
stricted to warmer tropical and subtropical regions
(Okada and Honjo, 1975).

Downcore variation of alkenone SST
U37

K ′  values and calculated SST for the last 15
kyrs are plotted in Fig. 3 together with alkenone
concentrations. For comparison, δ18O data ob-
tained for benthic (Uvigerina) and planktonic
foraminifera (Neogloboquadrina pachyderma)
(Keigwin, 1998) are also shown. U37

K ′  values
ranged from 0.233 at 15.0 kyrs BP in the early
deglacial to 0.403 at 2.5 kyrs in the Holocene.
Before 16 kyrs BP, alkenone contents were below
detection limit. This means a drastic reduction of
coccolithophorid production in the glacial
Okhotsk Sea which could be caused by an en-
hanced seasonal sea ice coverage, a subsequent
light limitation of marine productivity, and the
reduction of the phytoplankton growth period
(Ternois et al., 2000). Alternatively, it may corre-
spond to an increased remineralization of
alkenones in times of higher intermediate water
ventilation (Keigwin, 1998), and the settlement of
oxic conditions at the bottom of the ocean. The
latter could be likely because alkenones are known
to be largely degraded under oxic conditions
(Hoefs et al., 1998).

Most of the U37
K ′  values recorded in the sedi-

ment core prior to 12.8 kyrs BP are below 0.29,

Fig. 3.  Downcore profiles of δ18O of plankonic (N. pachyderma: open circle) and benthic foraminifera (Uvigerina:

large solid circle), U K
37

′ values and SST estimates (solid circle), and C37 alkenone concentrations (solid triangle)
on the GGC-15 sediment core.
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which is outside the U37
K ′  range included in the

culture calibration published by Prahl et al. (1988).
We thus chose to use the global core-top calibra-
tion published by Müller et al. (1998) to estimate
the paleo-SSTs. This calibration is not statistically
different from the Prahl et al. (1988) equation, but
does extend to the water temperatures below 8°C.
The standard error of SST estimations using the
global core-top calibration of Müller et al. (1998)
is ±0.05 U37

K ′  units or ±1.5°C. As shown in Fig. 3,
the alkenone SST shows a gradual warming of
about 5°C from 15 kyrs BP (5.8°C) to the
Holocene values (10.8°C). A large increase in SST
occurs from 13.3 kyrs BP (6.3°C) to 11.7 kyrs BP
(9.7°C). The second peak of SST is recorded at
7.5 kyrs BP, following a period of relative cool-
ing of surface water from 11 to 8 kyrs BP.
Alkenone SSTs show little variation from 7.5 kyrs
BP to the present.

Non detection of alkenones in the sediments
older than 15 kyrs BP precludes to estimate the
summer SST anomalies between the LGM (21 kyrs
BP) and the Holocene, and its comparison with
equivalent data reported for the Northwestern Pa-
cific Ocean based on the analysis of foraminifera
assemblages. However, it is noteworthy that the
5°C SST warming recorded from 15 kyrs BP to
the Holocene in the Okhotsk Sea is slightly greater
than the whole amplitude of the average summer
SST increase (about 4°C) from the LGM recorded
in the North Pacific Ocean, and significantly
higher than the 2°C summer temperature anomaly
proposed for the Okhotsk Sea (CLIMAP Project
Members, 1984). Unless considering a 3°C SST
increase from 15 to 21 kyrs BP, these results would
indicate that the temperature warming from the
LGM is higher than previously expected. The SST
variation profile in the Okhotsk Sea is significantly
different than that reported in the nearby Japan
Sea, where the lower deglacial SST increase (about
2°C) is hampered by a strong cooling event (of
about 6°C) from 15 to 10 kyrs BP, probably asso-
ciated with the sudden inflow of cold Oyashio
surface waters through the Tsugaru Strait (Oba et
al., 1991; Ishiwatari et al., 1999).

DISCUSSION

Seasonality of the alkenone production in the
modern Okhotsk Sea

The seasonality of alkenone production evi-
denced by the comparison of modern surface tem-
peratures and the U37

K ′  signal in the GGC-15 shal-
low sediments is consistent with our knowledge
of the timing of coccolithophorid blooms in the
subpolar oceanic regions which generally occurs
during the warmer late-summer and fall periods
when the water column is highly stratified and
subsequently the mixed layer is reduced (Brown
and Yoder, 1994). In fall, the Okhotsk Sea water
column is characterized by the existence of a shal-
low and thin mixed layer and a steep temperature
gradient of more than 10°C in less than 30 m over-
lying a frigid Okhotsk dicothermal layer (ODTL)
of ca. 100 m thickness. Time-series sediment trap
experiment conducted in the Okhotsk Sea at 1060
m depth (Honjo et al., 2000) showed a peak of
export flux of calcium carbonate in late summer–
early fall  (Fig. 2),  mostly related to
coccolithophorid. Maximum fluxes of organic
carbon also occur in fall, reflecting maximum pro-
duction at the surface when temperature in the
mixed layer reaches an annual maximum (Honda
et al., 1997). As in the Mediterranean Sea, this
productive event follows a diatom bloom which
occurs in spring (Ternois et al., 1996, 1997).
Coccolithophorids are thought to take over the
primary productivity in mid-September after dia-
toms remove all silica in the mixed layer, and to
utilize the left-over nutrients in the surface wa-
ters (Honjo et al., 2000). The termination of the
coccolithophorid bloom in January corresponds
the onset of vigorous winter vertical convection
and mixing processes with ODTL, possibly replen-
ishing the nutrients in the mixed layer for the next
spring bloom.

The alkenone temperature recorded in the
sediments approximates to that of the time when
the maximum production of the algae occurred.
As previously pointed out, the coccolithophorid
bloom is today dominant in fall. We assume that
the timing of past blooms of Haptophytes in the
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last 7 ka is comparable to that observed today,
because variations in the oxygen stable isotopes,
lithology (Keigwin, 1998) and diatom assemblage
(Shiga and Koizumi, 2000) do not indicate any
environmental changes during that period. Based
on diatom assemblage records, Shiga et al. (1997)
suggested that colder environments prevailing
from 19 to 10 kyrs BP induced the seasonal spread-
ing of the sea-ice cover, especially in the south-
ern part of the Okhotsk Sea. Under these condi-
tions, the period of the phytoplankton growth was
probably reduced, and centered on the warmer
period of the year. As a first order estimation, we
thus interpreted the alkenone-temperature signal
in the sediments to be indicative of fall SST con-
ditions.

Possible causes for the rapid warming in the mid-
dle deglaciation (13.6–11.7 kyrs BP)

The timing of the alkenone SST increase is
consistent with the onset of deglacial warming
evidenced from pollen records from Kuromatsunai
Lowlands, southern Hokkaido (Sakaguchi, 1989).
From cold pollen assemblages prevailing during

glacial times, the pollen distribution turns towards
warmer assemblages from 12.8 to 11 kyrs BP, just
after the rapid increase in alkenone SST of 3.4°C
from 13.6 to 11.7 kyrs BP measured in the Okhotsk
Sea. The latter event is synchronous with the
strong warming of the Allerod period observed in
the GRIP ice-core (Johnsen et al., 1992). This re-
sult suggests that the SST increase observed in
the Okhotsk Sea and the climate warming in
Hokkaido globally coincides the Allerod atmos-
pheric temperature increase in Northern Europe
which immediately follows the melting water
pulse event (MWP 1-A) defined from Tahiti and
Barbados dated coral fossils (Fairbanks, 1989;
Bard et al., 1997, see Fig. 4). We consider that the
SST increase in the Okhotsk Sea may be involved
with a change in atmospheric and oceanic heat
transport associated with the drastic reduction of
the volume of continental ice-sheets.

COHMAP members (1988) demonstrated that
the subtropical high pressure zones in the glacial
North Pacific were displaced to the south and
weakened from about 18 to 13 kyrs BP because of
the widespread Laurentide ice-sheet over North

Fig. 4.  Downcore profile of alkenone SST (open circle) together with summer boreal insolation (solid circle) for
the past 20 kyrs. Also indicated are the most marking environmental events that occurred during that period: the
melting water pulse 1-A (MWP-1A, Bard et al., 1997; Fairbanks, 1989), the Siberian permafrost meltwater event
described by Sakaguchi (1992), and the Kuroshio culmination described in Sawada and Handa (1998).
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America. It then intensified during the reduction
of the Laurentide ice-sheet due to the increased
summer insolation. The intensified subtropical
high pressure may have induced the intensifica-
tion of the subtropical North Pacific circulation,
the northward migration of the Kuroshio Current,
and the heat supply to the North Pacific (Chinzei
et al., 1987; Kallel et al., 1988; Sawada and
Handa, 1998). The SST warming in the Okhotsk
Sea cannot be explained by an inflow of the
Kurushio Current through the Kurile Strait, be-
cause the polar front has always been located in
the south of this basin (Thomson, 1981). How-
ever, it is likely that the enhancement of heat
advection from the subtropical Pacific contributed
to warm up the northern North Pacific, and that
warmer surface waters of the Oyashio Current
penetrated to the Sea of Okhotsk.

At the same time, ice-rafting inputs to the
Okhotsk Sea decreased in the Holocene
(Gorbarenko, 1996; Ternois et al., 2000). Shiga
et al. (1997) also suggested an important decrease
of the southward extension of the sea-ice cover
from 15 to 10 kyrs BP. Less sea ice generation in
winter coupled with enhanced sea-ice melting in
summer could have contributed to a better strati-
fication of the water column, promoting a signifi-
cant warming of the mixed layer in the Sea of
Okhotsk.

A possible fluvial influence on the cold spell from
11 to 9 kyrs BP

According to Sawada and Handa (1998), the
subtropical heat transport to northern latitudes of
the Pacific Ocean culminated at 8 kyrs BP. This
apparently coincides to the SST maximum re-
corded in our Okhotsk Sea sediment core (Fig. 4).
One can also invoke the warm water inflow of the
Tsushima Current to the Okhotsk Sea which be-
came significant after the opening of the Soya
Strait (Sakaguchi et al., 1985).

In between 11.1 and 8.3 kyrs BP, the
deglaciation is characterized by a cold episode
where SST decrease by little more than 1°C. This
cold spell does not correspond to the Younger
Dryas event (11.5 kyrs BP) observed at different

locations in the North Pacific Ocean (Chinzei et
al., 1987; Kallel et al., 1988). The fact that this
cooling episode is not detected in the North Pa-
cific strongly argues for its regional origin.
Sakaguchi (1992) recognized the same cooling
episode in a high resolution pollen record in the
low-land peat core obtained from the Oshima Pe-
ninsula, Hokkaido. He claimed that the permafrost
which was formed in almost all part of the last
glacial Amur River drainage basin melted sud-
denly at around 9 kyrs BP because of the enhanced
solar radiation. He stipulated that an enormous
volume of cold meltwater spreaded in the Okhotsk
Sea and the Japan Sea through the emerged nar-
row sill of the Tatar Strait. If this hypothesis is
true and checked by further work, we might pos-
sibly invoke a permafrost melting event to explain
the regional SST decrease in the Okhotsk Sea,
when solar insolation reached its maximum (see
Fig. 4).

SUMMARY AND CONCLUSIONS

The Southern Okhotsk sediment core was in-
vestigated for long-chain alkenones in order to
reconstruct the SST variation at the deglacial tran-
sition period and the Holocene.

A significant difference in alkenone SST (ap-
proximately 5°C) was found between the early
deglaciation and the Holocene, suggesting that the
amplitude of the Okhotsk SST fluctuation may be
greater than the previously reported estimate (ca.
2°C) by CLIMAP members for the LGM and mod-
ern times in the North Pacific. The greater ampli-
tude of SST should be associated with the extended
sea ice formation in the Sea of Okhotsk during
the glacial period.

A major warming occurred from 13.7 to 11.6
kyrs BP, following the melting event of continen-
tal ice sheets and the reduction of the Laurentide
ice cap. We explained that a sudden warming by
an intensification of the heat supply to boreal lati-
tudes is associated with a change in the atmos-
pheric and oceanic circulations. This warming re-
sults in less sea ice generation in winter, higher
melting rate of sea ice in summer and higher sea
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surface temperature in summer.
A significant cooling episode was recorded

from 11 to 8 kyrs BP, which may be explained by
the permafrost melting event and the transport of
cold waters to the Okhotsk Sea through the Amur
River.
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