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Abstract It has been proposed that North Pacific sea surface temperature (SST) evolution was intimately
linked to North Atlantic climate oscillations during the last glacial-interglacial transition. However, during the
early deglaciation and the Last Glacial Maximum, the SST development in the subarctic northwest Pacific
and the Bering Sea is poorly constrained as most existing deglacial SST records are based on alkenone
paleothermometry, which is limited prior to 15 ka B.P. in the subarctic North Pacific realm. By applying the
TEXL86 temperature proxy we obtain glacial-Holocene-SST records for the marginal northwest Pacific and the
Western Bering Sea. Our TEXL86-based records and existing alkenone data suggest that during the past
15.5 ka, SSTs in the northwest Pacific and the Western Bering Sea closely followed millennial-scale climate
fluctuations known from Greenland ice cores, indicating rapid atmospheric teleconnections with abrupt
climate changes in the North Atlantic. Our SST reconstructions indicate that in the Western Bering Sea SSTs
drop significantly during Heinrich Stadial 1 (HS1), similar to the known North Atlantic climate history.
In contrast, progressively rising SST in the northwest Pacific is different to the North Atlantic climate
development during HS1. Similarities between the northwest Pacific SST and climate records from the Gulf of
Alaska point to a stronger influence of Alaskan Stream waters connecting the eastern and western basin of
the North Pacific during this time. During the Holocene, dissimilar climate trends point to reduced influence
of the Alaskan Stream in the northwest Pacific.

1. Introduction

During the last deglaciation, the North Pacific (N-Pacific) and its marginal seas experienced millennial-scale
climate oscillations, which are proposed to be linked to variations in the strength of the Atlantic Meridional
Overturning Circulation (AMOC) [e.g., Seki et al., 2002; Kiefer and Kienast, 2005; Gebhardt et al., 2008; Harada
et al., 2012; Max et al., 2012; Kuehn et al., 2014]. It has been proposed that AMOC weakened twice during the
last deglaciation (Heinrich Stadial 1 and Younger Dryas stadials) due to vast freshwater supply from melting
continental ice sheets into the N-Atlantic, which lead to abrupt cooling in the N-Atlantic realm [e.g.,
McManus et al., 2004]. Proxy-based SST reconstructions as well as general circulation models (GCM) lead to
an inconsistent picture regarding the N-Pacific response and the underlying teleconnection. Some studies
(based on climate models and proxy data) found an out-of-phase behavior with cooling in the N-Atlantic
and a concurrent warming in the N-Pacific during stadials [Sarnthein et al., 2004, 2006; Gebhardt et al., 2008].
It has been proposed that the weakening of the AMOC would result in the establishment of a Pacific
Meridional Overturning Circulation and hence intensified poleward heat transport in the N-Pacific [Schmittner
et al., 2003; Saenko et al., 2004; Okazaki et al., 2010; Menviel et al., 2012]. By contrast, several GCMs suggested
an in-phase behavior of the N-Pacific and N-Atlantic climates, which was attributed to rapid atmospheric tele-
connections connecting both oceans [Mikolajewicz et al., 1997; Vellinga and Wood, 2002; Okumura et al., 2009;
Timmermann et al., 2010; Chikamoto et al., 2012]—an idea supported by the majority of proxy-based studies
from the N-Pacific [Kienast and McKay, 2001; Pisias et al., 2001; Barron et al., 2003; Harada et al., 2012; Max
et al., 2012; Kuehn et al., 2014; Praetorius and Mix, 2014; Praetorius et al., 2015]. Still, for the early deglaciation,
the SST development and its potential linkage to AMOC variations remains underconstrained since most
proxy-based studies do not allow insights into the Heinrich Stadial 1 (HS1) and the Last Glacial Maximum
(LGM). This is because for this time-interval alkenone paleothermometry, the tool most often applied for SST
reconstructions [e.g., Ternois et al., 2000; Barron et al., 2003; Caissie et al., 2010; Seki et al., 2004a; Kiefer and
Kienast, 2005; Max et al., 2012], is afflicted by several limitations [see, e.g., Caissie et al., 2010; Max et al., 2012].
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Specifically, alkenone concentrations are often extremely low or even below detection limit in sediments older
than approximately 15–16 ka [Ternois et al., 2000; Barron et al., 2003; Caissie et al., 2010; Seki et al., 2004a; Max
et al., 2012], which prevents the application of UK’

37 during HS1 and LGM. The growth of coccolithophorids,
the alkenone producers, may have been impeded by unfavorable environmental conditions during glacial
times. Besides, in records where alkenones are present (Sea of Okhotsk), they tend to produce unexpectedly
warm temperatures for the last glacial period and early deglaciation, which points to a seasonal bias [e.g.,
Seki et al., 2004b]. It has been assumed that longer-lasting sea ice seasons likely forced phytoplankton to bloom
in late summer during glacial times, while under modern conditions phytoplankton blooms occur during early
spring/fall [Takahashi et al., 2002;Harada et al., 2003; Seki et al., 2004b, 2007]. Given these limitations of alkenone
paleothermometry and the poor knowledge about the SST development in the subarctic N-Pacific and its
potential linkage to AMOC variations during the early deglaciation, the establishment of SST records spanning
the entire LGM-Holocene transition is necessary.

The TEX86 (Tetra Ether indeX) has been introduced as SST proxy by Schouten et al. [2002] and quantifies the
relative abundance of isoprenoid glycerol dialcyl glycerol tetraethers (isoGDGTs) consisting of 86 C-atoms.
These lipids are synthesized by marine Thaumarchaeota, planktonic ammonia oxidizing chemoautotrophes
[Könneke et al., 2005; Martens-Habbena et al., 2009; Walker et al., 2010]. While coccolothophorids bloom
during early spring and fall [Takahashi et al., 2002; Harada et al., 2003], the highest abundances of
Thaumarchaeota have been observed in winter and summer in the subarctic gyre [e.g., Karner et al., 2001;
Seki et al., 2009, 2014; Yamamoto et al., 2012]. As chemoautotrophs Thaumarchaeota have different ecological
preferences than the phototrophic coccolithophorids and may not be affected by environmental stress
factors, which limit the alkenone producing algae, rendering the TEX86 potentially useful in settings where
alkenone paleothermometry is problematic.

Applying the TEX86 temperature proxy to two sediment cores from the Western Bering Sea and the marginal
NW Pacific, we were able to produce full glacial to Holocene records in SST. Our SST data provide new insights
into teleconnections between the N-Pacific and N-Atlantic during the early deglaciation and reveal
new aspects about the role of oceanic surface circulation in N-Pacific climate change during the LGM-
Holocene transition.

2. Regional Setting

The surface circulation in the North Pacific and the Bering Sea is cyclonic (Figure 1). At 40°N the North Pacific
Current, the extension of the subtropical Kuroshio Current, flows eastward carrying warm and saline surface
waters into the Alaskan Gyre/Northeast Pacific (NE Pacific). The Alaskan Stream (AS) forms a northern
boundary current flowing along the Aleutian Arc into the Western Sub-polar Gyre. Through several passages
of the Aleutian Islands surface waters from the AS enter the Bering Sea where they form the Aleutian North
Slope Current (ANSC), a surface current flowing eastward along the Aleutian Arc. The ANSC acts as the
southern boundary current of the counterclockwise circulation of the Bering Sea. In the north, the Bering
Slope Current transports the water masses along the coastlines of Alaska and Siberia. The Bering Sea waters
leave the Bering Sea via the Bering Strait into the Arctic Ocean. The main outflow, however, is through the
Kamchatka Strait, where surface waters enter the NW Pacific via the East Kamchatka Current (EKC). The
EKC flows along the eastern coast of the Kamchatka Peninsula and forms the western boundary current of
the Western Sub-polar Gyre [e.g., Stabeno and Reed, 1994].

The N-Pacific and its marginal seas are characterized by strong seasonal contrasts in SST (winter: 0–3°C; sum-
mer: 8–12°C [Locarnini et al., 2010]) and upper water column stratification. The seasonal contrasts are linked
to seasonal changes of themajor atmospheric circulation over the N-Pacific [e.g., Niebauer et al., 1999]. During
winter, the Aleutian Low develops over the N-Pacific and brings cold air masses from the Arctic to the
subarctic N-Pacific. The cold air induces cooling of surface waters and sea ice formation in the Bering Sea
[Ohtani et al., 1972; Niebauer et al., 1999]. Brine rejection as well as wind stress cause vertical mixing of surface
and subsurface waters. During summer the Aleutian Lowweakens and the North Pacific High establishes over
the N-Pacific. This brings warm southerly winds to the subarctic N-Pacific and the Bering Sea. Together with
increasing insolation this causes sea ice melt and warming of surface waters. As a consequence a distinct
upper ocean stratification with pronounced seasonal pycnocline and thermocline develops [Ohtani
et al., 1972].
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3. Material and Methods
3.1. Core Material and Age Control

For this study, we used two piston cores from the Western Bering Sea (SO201-2-114KL) and the NW Pacific
(SO201-2-12KL) recovered at the continental margin off Kamchatka Peninsula (Figure 1) during Kurile-
Kamchatka and Aleutian Marginal Sea Island Arc Systems (KALMAR) Leg 2, cruise of R/V SONNE SO201
in 2009 [Dullo et al., 2009]. Prior to sample preparation, cores were stored at 4°C. Integrated age models
were developed by accelerator mass spectrometry (AMS) radiocarbon dating of planktonic foraminifera
(Neogloboquadrina pachyderma sinistral) as well as by core-to-core correlations of high-resolution spectro-
photometric (color b*) and X-ray fluorescence data. For a detailed description and AMS-14C results see Max
et al. [2012]. For this study, cores were sampled in 10 cm (12KL) and 5 cm (114KL) steps providing a temporal
resolution of approximately 250–500 years. The cores have a total recovery of 11.78m (12KL) and 7.89m
(114KL) representing the periods of 1–20 ka B.P. and 8.8–29 ka B.P..

3.2. Lipid Extraction

The sediment samples (5 g) were freeze-dried and homogenized. Ten micrograms of C46-GDGT were
added as internal standard. Samples were extracted with an accelerated solvent extractor (Dionex ASE
200) using 22mL cells and dichlormethane (DCM):methanol (MeOH) 9:1 (vol/vol) as solvent at 100°C
and 6.895E+6 Pa with three cycles of 5min each. The total lipid extracts were dried with a rotary evapora-
tor. Afterward they were hydrolyzed with 0.1 N potassium hydroxide (KOH) in MeOH:H2O 9:1 (vol/vol).
Neutral compounds (including GDGTs) were extracted with n-hexane. Different compound classes were
separated by column chromatography, using deactivated SiO2. An apolar fraction was eluted using
n-hexane. Polar compound classes, including the GDGTs, were eluted with MeOH:DCM 1:1 (vol/vol).
Dissolved in hexane:isopropanol 99:1 (vol/vol) the polar-fraction was filtered with a polytetrafluoroethylene
filter (0.45μm pore size) according to Hopmans et al. [2004]. Samples were brought to a concentration of
2μg/μL prior to GDGT analysis.

Figure 1. Map of the study area. Sites of the sediment cores used in this study are shown together with core sites from
other studies mentioned in the text. Additionally, the general surface circulation pattern of the N-Pacific and the Bering
Sea is sketched. The map was created using “Ocean Data View” [Schlitzer, 2011].
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3.3. GDGT Analysis and
SST Determination

GDGTs were analyzed by high-
performance liquid chromatography
coupled via an atmospheric pressure
chemical ionization interface to a single
quadrupole mass selective detector
according to Chen et al. [2014]. The
MS detector was set for selected-ion mon-
itoring of the following (M+H)+ ions: m/z
1302.3 (GDGT 0), 1300.3 (GDGT 1), 1298.3
(GDGT 2), 1296.3 (GDGT 3), 1292.3 (GDGT
4+ 4′/crenarcheol + regio-isomer), 1050
(GDGT III), 1036 (GDGT II), 1022 (GDGT I),
and 744 (C46 standard), with a dwell time
of 67ms per ion.

Peak areas from the individual GDGTs were
obtained by integration. Compounds were
quantified by using the respective peak
areas and the response factor of the C46
standard. The results were normalized to
the amount of extracted sediment and
total organic carbon content. We applied
the TEXL86-index, which has been sug-
gested as proxy for annual SST in settings

where temperature ranges below 15°C by Kim et al. [2010]. In order to convert TEXL86 into temperatures we
applied the regional calibration for the Sea of Okhotsk and the NW Pacific by Seki et al. [2014]. The reported
standard error for the regional calibration is ±1.7°C. The standard deviation for TEXL86 was calculated from
repeated measurements and was <0.01 corresponding to a maximal uncertainty of ±0.37°C in the recon-
structed temperatures.

According to the regional calibration from Seki et al. [2014] TEXL86 would reflect mean August temperatures
in 20m water depth (Figure 2). As the data set from Seki et al. [2014] does not include data from the Bering
Sea, we tested whether the proposed regional calibration would be applicable there by combining core-top
data [from Ho et al., 2014] from the central Bering Sea (Figure 1, sites SO202-2) and the data set from Seki
et al. [2014]. Since data from the Bering Sea were within the range of values from the Sea of Okhotsk/N-
Pacific we concluded that the regional calibration is valid for the Bering Sea (Figure 2). Seki et al. [2014]
argued that a highly stratified water column in summer restricted the summer warmth to 20m and 40m
in the Sea of Okhotsk and the NW Pacific and that ammonium concentrations peaked in that depth interval
at the same time. As Thaumarchaeota are ammonia oxidizing chemoautotrophs [Könneke et al., 2005;
Martens-Habbena et al., 2009; Walker et al., 2010] they probably accumulate in that depth range during
the summer months [Seki et al., 2014, and references therein]. Conductivity-temperature-depth profiles
from the Western Bering Sea show that the development of the water column is similar to the NW-
Pacific/Sea of Okhotsk with respect to the depth of summer stratification [Dullo et al., 2009; Riethdorf
et al., 2013]. Therefore, it is reasonable to assume that ammonium may accumulate in the mixed-layer of
the Bering Sea during the summer season and would be accompanied by enhanced productivity
of Thaumarchaeota.

As Weijers et al. [2006] pointed out that terrigenous GDGTs can bias the temperature signal of TEX86 when
terrigenous organic matter input is high, we determined the relative contribution of marine and terrigenous
GDGTs in our samples using the branched and isoprenoid tetraether (BIT) index after Hopmans et al. [2004].
The index is based on a ratio of terrigenous GDGTs (GDGT I-III) and the marine Crenachaeol (GDGT 4).
Repeated measurements resulted in a standard deviation of 0.01, which corresponds to an analytical error
of ±0.004 BIT units.

Figure 2. TEXL86 plotted against mean August temperature in 20 m
water depth in the subpolar North Pacific, the Sea of Okhotsk, and the
Bering Sea. The grey dots represent the core-top data set from the
northwest Pacific and the Sea of Okhotsk, on which Seki et al. [2014]
established the regional TEXL86 calibration. Core-top data from the
Bering Sea (black squares, sites from cruise SO202-2 [Ho et al., 2014])
(Figure 1) are implemented. For the Bering Sea sites the respective
August water temperatures were taken from WOA09 [Locarnini et al.,
2010]. For the NW Pacific and the Sea of Okhotsk please see Seki et al.
[2014, and references therein].
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4. Results
4.1. BIT Values and Applicability of TEXL86-Based SST Reconstructions

BIT values and TEXL86-derived SST (SSTTEXL86) are shown in Figure 3, together with alkenone-based SST
(SSTUK’37), which were established on the same cores by Max et al. [2012]. Ranging between 0.04 and 0.22,
BIT values are below the critical value of 0.3, defined by Weijers et al. [2006], where SST reconstructions are
potentially biased by terrigenous isoGDGTs (Figure 3). Hence, at sites 12KL and 114KL marine-derived
GDGTs dominate over terrigenous GDGTs, making us confident that TEXL86 is not biased by terrigenous input.
At site 12KL TEXL86-based SST reconstructions for the core-top (1000 ka B.P., 9.5°C) match modern summer SST
in the Western Subarctic Gyre (approximately 9–11°C; satellite data from WOA09 [Locarnini et al., 2010]) con-
firming that TEXL86 reflects summer SST. Since site 114KL does not cover the entire Holocene a comparison of
late Holocene SST with modern satellite data is not possible. The TEXL86-derived SST from the early Holocene
(10–9.5°C) gives estimates slightly above modern summer SST (approximately 8°C; WOA09 [Locarnini et al.,
2010]). This offset is likely because the reconstructed temperatures fall in the time period of the Holocene
Thermal Maximum that occurred between 11 and 8 ka B.P. in the NW Pacific and Siberia [e.g., Max et al.,
2012; Biskaborn et al., 2012, and references therein] and was warmer than at present, which may explain
the offset.

4.2. SST Development Over the Past 22 ka

Whereas the previously published UK’
37 records span the last 15 ka only [Max et al., 2012], our TEXL86 records

reach back to the LGM (Figure 3). During the LGM Bering Sea SSTTEXL86 ranges between 5°C and 7°C, while
SSTTEXL86 in the NW Pacific ranges between 8°C and 9°C. During the deglaciation SSTTEXL86 increases about
4–5°C in the Western Bering Sea but, less in the NW Pacific (approximately 3°C, site 12KL). SSTTEXL86 in the
NW Pacific reaches maxima at 11.5 ka B.P. and 6 ka B.P.. Between the middle to late Holocene (since 8 ka B.P.)

Figure 3. Sea surface temperature reconstruction and BIT-indices over the past 22 ka for the NW Pacific ((a) site 12KL) and
the Western Bering Sea ((b) site 114KL). (a) BIT indices (this study), (b) TEXL86-based SSTs (this study), (c) SSTUK’37 [Max et al.,
2012], (d) ΔTTEXL86-UK’37, and (e) the NGRIP oxygen isotope record from Greenland ice cores [North Greenland Ice Core
Project members, 2004] are shown to present the climate variability in the N-Atlantic. The grey shaded areas mark the YD
and the HS1 stadials. The black pins mark the age-control points for cores 12KL and 114KL obtained from radiocarbon
dating of Neogloboquadrina pachyderma (sin.) [Max et al., 2012].
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SSTTEXL86 is characterized by progressive long-term cooling. While a temperature offset between the
Western Bering Sea and the NW Pacific of approximately 2°C is present during the early deglaciation both
locations reach similar temperatures during the early Holocene Thermal Maximum (10–11°C, 10–8 ka B.P.;
Figure 3).

Since approximately 15 ka B.P., the SSTTEXL86 evolution at both sites has been in agreement with the pre-
viously published SSTUK’37 fromMax et al. [2012] (Figure 3). It is characterized by a sharp temperature increase
at the onset of the B/A and a subsequent cooling into the Younger Dryas (YD) cold spell followed by an
abrupt warming into the early Holocene (Figure 3). SSTTEXL86 is generally higher than SSTUK’37 at both sites
(Figure 3). The difference (ΔTTEXL86-UK’37) is 6°C during the deglaciation (Figure 3). At site 12KL ΔTTEXL86-UK’37 is
abruptly reduced by about 3–4°C at the Holocene transition, which is mainly driven by a sharp increase in
SSTUK’37.

Whereas the Bering Sea and the NW Pacific have experienced similar SST developments since the B/A, they
are characterized by different patterns prior to 15.5 ka B.P. (Figure 3). In the Bering Sea the SSTTEXL86 records
an early warming phase during the late glacial (18–17 ka B.P.), which is followed by a drop in SST during at
17–16 ka B.P.. Warming rebounds at approximately 15.5 ka B.P., and an abrupt increase in temperature occurs
at the transition to the B/A-interstadial (14.6 ka B.P.). In the NW Pacific the early deglaciation SSTTEXL86
deviates from SSTTEXL86 at site 114KL (Figure 3). At site 12KL SSTTEXL86 continuously rises between 18 and
14.6 ka B.P., without being interrupted by a cold reversal (Figure 3). At 14.6 ka an abrupt temperature increase
marks the onset of the B/A-interstadial.

5. Discussion
5.1. Seasonal Differences Between Summer and Fall SST

Based on the good correspondence of regional core-top data with summer SST [Seki et al., 2014; Ho et al.,
2014] (Figure 2), TEXL86 is regarded to reflect summer SST in the N-Pacific and its marginal seas. In contrast,
UK’
37 is supposed to reflect late summer/fall SST today [Harada et al., 2003; Seki et al., 2007]. At site 12KL the

Holocene ΔTTEXL86-Uk’37 (approximately 3°C) is in agreement with the thermal difference between summer
and fall recorded by the satellite data of WOA09 [Locarnini et al., 2010]. Accordingly, the increased
ΔTTEXL86-UK’37 (prior to 12 ka B.P.) implies that the deglacial thermal contrast between summer and fall was
greater than during the Holocene (Figure 3). The temperature increase at the YD-Holocene boundary is stron-
ger in the SSTUK’37 than in the SSTTEXL86, which makes the alkenones the main driver of the decrease in
ΔTTEXL86-UK’37 (Figure 3), suggesting that the inferred growth season of alkenone producers, i.e., fall warmed
more strongly than summer. This might be due to a deglacial prolongation of the summer season. Several
GCMs suggest that the Aleutian Low was stronger during the LGM than during the Holocene [Dong and
Valdes, 1998; Shin et al., 2003; Yanase and Abe-Ouchi, 2007, 2010; Alder and Hostetler, 2015] and that a distinct
low-pressure anomaly persisted throughout the deglaciation, until approximately 12 ka B.P. [Alder and
Hostetler, 2015]. In association with a stronger Aleutian Low northerly winds would intensify over the NW
Pacific and would have enhanced the advection of cold arctic air during fall/winter. As a result, sea-surface
cooling between summer and fall may have been more pronounced during the LGM/deglaciation than
during the Holocene.

Although climatic explanations seem to be plausible, shifts in the production season of alkenones or isoGDGT
could also account for variations in the thermal difference between the two SST proxies [e.g., Seki et al., 2009].
Since SSTUK’37 seem to be the main driver of the decrease in ΔTTEXL86-UK’37 at the YD-Holocene boundary
(Figure 3) seasonal variations in the blooming season of coccolitophorids are more likely than of the
Thaumarchaeota. Riethdorf et al. [2013] have already speculated that deglacial SSTUK’37 represent early spring
instead of fall at site 12KL. As modern spring SST are lower than fall SST (WOA09 [Locarnini et al., 2010]) a shift
from spring to fall potentially explains the decrease in ΔTTEXL86-UK’37 at the YD-Holocene boundary.

5.2. SST Evolution of the NW Pacific and Western Bering Sea Over the Past 22 ka

Long-term warming through the LGM-Holocene transition is evident in SSTTEXL86 at both sites (Figure 4). This
is generally is in agreement with rising summer insolation and increasing atmospheric CO2-levels (CO2atm;
Figure 4), suggesting that those were important drivers. Cold conditions in the Bering Sea during the LGM
is compatible with the idea of enhanced NPIW-formation in the Bering Sea through pronounced sea ice
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formation [Knudson and Ravelo, 2015]. Since themagnitude of deglacial warming in the NW Pacific is approxi-
mately 2°C smaller than in the Western Bering Sea (Figures 3 and 4) and since glacial SST (site 12KL) is only
1.5°C lower than modern, much smaller than the magnitude of the glacial cooling proposed for the subarctic
N-Pacific by the MARGO-compilation (2–6°C [Waelbroeck et al., 2009]), it is conceivable that local factors
strongly influenced the long-term SST evolution at our core sites. In the following we discuss potential regio-
nal and supraregional influences on our records.
5.2.1. Short-Term Variability and N-Atlantic Coupling
Between 10 and 15 ka B.P. the short-term variability exhibited in SSTTEXL86 from both settings resembles the
previously published alkenone data from Max et al. [2012] and shows a similar pattern as recorded in North
Greenland Ice Core Project (NGRIP)-δ18O (Figure 3). This supports the idea of simultaneous temperature
development in the N-Atlantic and the N-Pacific caused by atmospheric teleconnections between both

Figure 4. (a) SSTTEXL86 from site 114KL, Western Bering Sea (orange, this study) compared to N-Atlantic climate variability
represented by Greenland ice core δ18O (black [North Greenland Ice Core Project, 2004]). (b) SSTTEXL86 from site 12KL, NW
Pacific (blue, this study) plotted together with the GOA-SST based on UK’37 (black [Praetorius et al., 2015], obtained from site
EW0408-85JC; see Figure 1); the GOA-δ18O (grey [Praetorius and Mix, 2014], measured on the planktonic foraminifera
Neogloboquadrina pachyderma (sin.) (Nps), obtained from sites EW0408-26JC, EW0408-85JC, and EW0408-66JC; Figure 1);
the δ18O measured on Nps from the NW Pacific/site 12KL (black [Riethdorf et al., 2013]); mean July insolation at 65°N (black
[Berger and Loutre, 1991]); and CO2atm (black, Epica Dome C [Monnin et al., 2001; Parrenin et al., 2013]). (c) Comparison of
SSTTEXL86 from sites 12KL (blue) and 114KL (orange).
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oceans [Manabe and Stouffer, 1988; Mikolajewicz et al., 1997; Schiller et al., 1997; Vellinga and Wood, 2002;
Okumura et al., 2009; Chikamoto et al., 2012;Max et al., 2012]. Similarity between N-Pacific SST and the climate
evolution in the N-Atlantic realm since approximately the B/A was also described in the Sea of Okhotsk [e.g.,
Max et al., 2012], the NE Pacific [e.g., Kienast and McKay, 2001; Pisias et al., 2001; Barron et al., 2003; Praetorius
and Mix, 2014; Praetorius et al., 2015], and the Bering Sea [Caissie et al., 2010;Max et al., 2012] andmay indicate
that atmospheric teleconnections with the N-Atlantic were a widespread control on SST in the N-Pacific and
its marginal seas. During HS1, SSTTEXL86 from the Western Bering Sea resemble NGRIP-δ18O and reveal a
cooling consistent with Heinrich Event 1 (17–16 ka B.P.; Figure 4), indicating that this atmospheric linkage
has already been present during the early deglaciation. Heinrich-equivalent cooling in the Bering Sea is in
agreement with pronounced sea ice coverage in the region [Smirnova et al., 2015; Méheust et al., 2015]
corroborating the hypothesis that in-phase surface cooling in the N-Pacific and the N-Atlantic fostered
NPIW-formation in the Bering Sea through increased brine rejection during sea ice formation [Rella et al.,
2012; Riethdorf et al., 2013; Max et al., 2014].

In the NW Pacific (site 12KL), a gradual, uninterrupted increase in SSTTEXL86 between 18 and 15.5 ka does not
agree with the N-Atlantic climate evolution and the SST development in the Western Bering Sea (Figure 4). As
the warming in SSTTEXL86 at site 12KL during the late glacial/HS1 follows the trends of mean summer insola-
tion and CO2atm (Figure 4) it seems likely that those were important factor driving the SST evolution during
this time. These regional differences between the NW Pacific and the Bering Sea contrast model simulations,
which investigated the response of the N-Pacific to freshwater perturbations in the N-Atlantic under glacial
boundary conditions to explicitly investigate the SST response during HS1 (Model for Interdisciplinary
Research on Climate simulation [Chikamoto et al., 2012]). The model predicted a clear decrease in SST in
the Bering Sea as well as in the entire subarctic N-Pacific as a result of atmospheric teleconnections
[Chikamoto et al., 2012]. This suggests a widespread sensitivity of NW-Pacific SST to atmospheric teleconnec-
tions with N-Atlantic climate change already during the early deglaciation/HS1, while SSTTEXL86 implies that
the SST development in the NW Pacific was apparently less sensitive to an atmospheric teleconnection with
the N-Atlantic than theWestern Bering Sea. Local climate drivers, which may not accurately be represented in
the model simulations, could have caused those regional differences.
5.2.2. Regional Controls on Late Glacial SST in the NW Pacific
The temperature development from the NW Pacific resembles the climate evolution in the Gulf of Alaska
(GOA; Figure 4). There, δ18O records, established on planktonic foraminifera, indicate that the climate of
the NE-Pacific developed asynchronously with the N-Atlantic realm during the late glacial/HS1 and became
synchronized at approximately 15.5 ka [Praetorius and Mix, 2014]( Figure 4). Moreover, a UK’

37-based SST record
from the GOA provides evidence for progressive warming during the entire HS1 [Praetorius et al., 2015]
(Figure 4). The similarity between the GOA records and our data indicates a similar SST evolution in the
NW Pacific and the GOA (Figure 4). The asynchroneity between the climate development in the GOA and
the N-Atlantic realm prior to 15.5 ka B.P. was explained by a southward displacement of the westerly jet
due to expanded ice caps on the American continent [Praetorius and Mix, 2014]. However, in case of site
12KL in the NW Pacific, it seems unlikely that a southward shift of the westerly jet accounted for the decou-
pling since an atmospheric connection is suggested by SSTTEXL86 from the Western Bering Sea, north of site
12KL (Figures 1 and 4). Instead, the similar trends in the GOA records and SSTTEXL86 suggest the existence of
an oceanographic linkage between the eastern and western basin of the subarctic N-Pacific through the
Alaskan Stream (AS; Figure 1), which could have been more relevant to the NW Pacific SST than any
atmospheric linkage with the N-Atlantic. The proposed east-west linkage corroborates considerations by
Riethdorf et al. [2013], who reconstructed subsurface salinity and temperature at site 12KL using δ18O of
the foraminifera Neogloboquadrina pachyderma (sin) and found relatively cold and fresh conditions in the
NW Pacific during HS1. These authors speculated on advection of low-salinity waters from the AS since the
Alaskan Current/Alaskan Stream current system experienced drops in salinity due to continental runoff and
intensified ice-berg calving, associated with the beginning retreat of continental ice caps during HS1
[Gebhardt et al., 2008; Hendy and Cosma, 2008; Taylor et al., 2014]. By comparing the δ18O records from the
NW Pacific and the GOA this idea is supported as the NW Pacific-δ18O shows a similar development as the
GOA-δ18O with relatively stable values until 16 ka B.P. followed by a decreasing trend through the late HS1
(Figure 4). So the similar developments of temperature and salinity strongly argue for pronounced influence
of the AS on the upper-ocean conditions and the climate in the NW Pacific during the early deglaciation.
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5.2.3. Surface Circulation Changes and Long-Term SST Evolution
Considering that sites 114KL and 12KL are under the influence of the EKC, which flows southward along
Kamchatka (Figure 1), a similar SST development would be expected for these core sites if the EKC were
the dominating influence at both locations throughout the entire glacial to Holocene period. Yet SST devel-
opments at sites 12KL and 114KL were dissimilar before 15.5 ka, although the EKC was active during the gla-
cial, attested by deposition of IRD originating from Kamchatka and coastal Siberia in the open NW Pacific
Ocean (sites Ocean Drilling Program Site 882, MD01-2412 [St. John and Krissek, 1999; Gebhardt et al., 2008]).
Thus, the AS seems to have dominated over the EKC during the glacial and at least the early deglaciation.

The relative influence of the two surface currents seems to have changed over the deglaciation as our
SSTTEXL86 from site 12KL differs from the GOA-δ18O and the GOA-UK’

37 during the Holocene (Figure 4). While
in the NW Pacific, SSTTEXL86 progressively decreases over the Holocene following the trend of mean summer
insolation (Figure 4), the GOA records show relatively constant values throughout the Holocene [Praetorius
and Mix, 2014; Praetorius et al., 2015] and resemble the trend of CO2atm (Figure 4). The different SST patterns
imply that the influence of the AS on the NW Pacific SST weakened over the deglaciation, likely disconnecting
the NW Pacific SST from the NE Pacific. Also, the thermal difference between the Western Bering Sea and the
NW Pacific becomes smaller over the deglaciation and the two SSTTEXL86 records eventually show equal
values during the early Holocene (since approximately 11 ka B.P.; Figure 4). Similar SST along the transect
points to increased advection of Bering Sea waters into the NW Pacific and thus an increased influence of
the EKC. This inference is in agreement with diatom assemblages from site 12KL, which indicate increased
influence of coastal Bering Sea waters since approximately 11 ka B.P. [Smirnova et al., 2015]. However, our
suggested development of the relative intensities of the AS and EKC contrasts conclusions by Katsuki and
Takahashi [2005]. Analyzing diatom assemblages in the southwestern Bowers Ridge and the open NW
Pacific (site ES; Figure 1), these authors found indication for an opposite pattern with a strengthened EKC
and a weakened AS during glacial times and vice versa during interglacials. Yet they pointed out that the
deglacial changes in the diatom assemblage could also attest to variations in nutrient-availability in the
surface layer. This may explain the discrepancies with the conclusions reached in our study.

The change in the relative intensities of the EKC and AS, as elaborated in our study (AS strong during glacials,
EKC more influential during the Holocene) may explain the relatively low thermal difference between the
glacial and the Holocene SSTTEXL86 at site 12KL. The increasing intensity of the relatively cold EKC and the
concurrent reduction of the relatively warm AS may have buffered the impact of insolation and CO2atm in
the NW Pacific.
5.2.4. Causes for Circulation Changes
GCMs suggest that LGM surface temperatures over the subarctic N-Pacific were 0–2°C warmer than at present
as the subarctic gyres intensified during the LGM [Otto-Bliesner et al., 2006]. This scenario might account for
the relatively strong AS during the glacial and hence for the dampened magnitude in SSTTEXL86 of the NW
Pacific (Figures 3 and 4). However, several temperature records from the NE Pacific and Alaska challenge
the idea of increased efficiency of the subarctic gyres and increased oceanic heat transport since they point
to rather cold LGM conditions [e.g., Kiefer and Kienast, 2005; Praetorius and Mix, 2014; Maier et al., 2015;
Praetorius et al., 2015]. Alternatively, glacial accumulation of AS waters in the NW Pacific may result from
the glacial sea level lowstand since the inflow of AS waters into the eastern Bering Sea decreased during
the glacial (relative to the Holocene) when Unimak Pass, the main pathway of the AS into the Bering Sea,
and other shallow passages between the Aleutian Islands were closed due to lowered sea level and glaciers
expanding over the Islands [Katsuki and Takahashi, 2005; Tanaka and Takahashi, 2005]. The reduced net
inflow of AS waters into the Bering Sea would have consequentially increased the influence of AS waters
in the NW Pacific. At the same time the reduced inflow of AS waters into the Eastern and Southern Bering
Sea would have limited the influence of the N-Pacific there. The latter might have caused a climatic isolation
of the Bering Sea, which would explain why the marginal sea was sensitive to atmospheric teleconnections
with the N-Atlantic throughout the entire deglaciation. Unimak Pass opened between 12 and 11 ka B.P. as
inferred from fractional abundances of diatoms which point to increased inflow of AS-waters into the south-
eastern Bering Sea (site 51-JPC, near Unimak Pass; Figure 1) at that time [Katsuki et al., 2004; Caissie et al.,
2010]. This timing is congruent with the beginning deviation of SSTTEXL86 and GOA records and hence with
the interruption of the climatic linkage between the eastern and western subarctic N-Pacific (Figure 4). This
coincidence strongly argues for a causal relation between the AS weakening and sea level rise. Therefore, we
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consider sea level to bemore likely as driver for the surface-circulation changes than increased heat transport
in the subarctic gyres.

6. Summary and Conclusions

In order to investigate the SST evolution throughout the entire LGM-Holocene transition, and particularly
during HS1 and the LGM, we established TEXL86-based SST records for the Western Bering Sea and the
marginal NW Pacific.

SSTTEXL86 is slightly warmer than existing SSTUK’37, likely due to different production seasons of Thaumarchaeota
(summer) and coccolithophores (fall). Seasonal contrasts were greater during the deglaciation than during the
Holocene, which may have resulted from shorter (glacial) summers and/or a stronger Aleutian Low during the
glacial and deglaciation, relative to the Holocene. Long-term warming through the LGM-Holocene transition is
in accordance with rising CO2atm and summer insolation. Themagnitude of deglacial warming in the NW Pacific
SSTTEXL86 was likely dampened by a sea level induced shift in the strengths of the relatively warm AS and the
cold EKC, consisting of a relatively strong AS and a weak EKC during the LGM and deglaciation, and vice versa
during the Holocene (since approximately 12–11 ka B.P.).

Greenland-like millennial-scale oscillations in SSTTEXL86 agree with the existing SSTUK’37, corroborating the
hypothesis of an in-phase climate evolution in the N-Atlantic and the N-Pacific due to atmospheric telecon-
nections. SSTTEXL86 suggests that such atmospheric coupling has already existed during the early deglacia-
tion (that is HS1) but was likely restricted to the Western Bering Sea as in the NW Pacific a coupling with
the N-Atlantic did not establish before approximately 15.5 ka B.P., like in the GOA. Prior to this time SST evo-
lution in the NW Pacific seems to have been driven by CO2atm and summer insolation and was likely linked to
the climate development in the GOA through the relatively strong AS. The climatic east-west linkage was
interrupted when the AS weakened as a result of the opening of Unimak Pass at the YD/Holocene transition,
allowing for different climate developments in the eastern and western N-Pacific throughout the Holocene.
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