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Figure 5.1: (a) Overview map of the subarctic NW-Pacific and its marginal seas with sediment core locations for SO201-2-85KL 

in the western Bering Sea (orange spot), SO178-13-6 in the Okhotsk Sea (purple spot), SO201-2-12KL (red spot) and GGC-37 

[Keigwin, 1998] (yellow spot) from the NW-Pacific as well as location of water profiles of δ13CDIC, see supplementary Figure S5.3) 

indicated as white boxes. (b) NGRIP ice core record and Pa/Th ratio [McManus et al., 2004] (in green) as a proxy for the AMOC 

strength in the North Atlantic and δ13C-record (in orange) of the western Bering Sea as proxy for intermediate water ventilation 

for the last 20 kyr. 

 

Enhanced formation of intermediate water masses in the subarctic North Pacific becomes more 

apparent from the Okhotsk Sea δ 13C record (Figure 5.2a). Higher δ 13C values are associated with 

Heinrich 1 in the Okhotsk Sea and similar in timing to the western Bering Sea, but reveal much higher 

amplitudes of up to +1.0 ‰. This clearly indicates the enhanced formation of fresh, newly formed 
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water masses in the Okhotsk Sea during Heinrich 1 (17 – 15 ka BP), the Allerød (13.2 – 13. 5 ka BP) 

and Younger Dryas (11.8 – 12.2 ka BP). In particular, during Heinrich 1 the OSIW is characterized by 

values of up to +1.0 ‰, which are similar to modern NADW δ13C signatures (+1 - 1.2 ‰) in the 

subarctic North Atlantic [Curry and Oppo, 2005]. In turn, most depleted δ13C values (-0.5 to -0.8 ‰) 

are recorded during the early Bølling (14.7 – 14 ka BP) and the early Holocene, similar to the western 

Bering Sea. From this we infer a strengthened formation of NPIW in the subarctic North Pacific 

during phases of AMOC reductions and vice versa. Both the high magnitude of δ13C values recorded 

in the Okhotsk Sea (-0.8 – 1.0 ‰) and the less pronounced western Bering Sea δ13C values (-0.5 – 0 

‰) point to concurrent, rapid changes in ventilation of intermediate water masses in the two marginal 

seas during the last 20 kyr. Given the difference in δ13C gradients between the two basins we conclude 

that the Okhotsk Sea was the major source region for young, well–ventilated intermediate water 

masses (NPIW) in the subarctic North Pacific during the last deglaciation. 

 

We combined available BF-PF ages (see supplementary Table S5.2) and δ 13C records from the 

intermediate and deep NW-Pacific to assess the extent of ventilation changes during the last glacial 

termination (Figure 5.2, a-c). By direct comparison between intermediate and deep ventilation records 

(δ13C signal and BF-PF ages), it becomes apparent that during Heinrich 1 the intermediate and deep 

water ventilation changes were opposite in sign and indicate most intensified intermediate water 

ventilation compared to most decreased ventilation of the deep NW-Pacific. Highest gradients in δ13C 

and ventilation ages between intermediate and deep water during Heinrich 1 suggest the development 

of a shallow overturning (shallow PMOC) that leaves the North Pacific Deep Water unaffected. The 

ventilation asymmetry between intermediate and deep water contradicts the onset of deep water 

formation in the North Pacific [Okazaki et al., 2010], but are in harmony with the evidence for a 

bathyal front at about 2000 m reported for the glacial North Pacific [Duplessy et al., 1988; Herguera, 

1992; Keigwin, 1998; Matsumoto et al., 2002] and probably also established during Heinrich 1 of the 

last deglacial period. The better ventilated volumes and ages in the upper ocean during glacial 

conditions (< 2000 m) were related to the wind stress curl and surface buoyancy fluxes at mid- to high 

latitudes in the North Pacific, probably driven by enhanced meridional and zonal pressure and 

temperature gradients. In turn, the deeper portion of the North Pacific (> 2000 m) has been proposed 

to be affected by water masses formed in the Southern Ocean [Herguera et al., 2010]. Similar 

processes could also feature the establishment of the observed ventilation asymmetry between 

intermediate and deep water during Heinrich 1 in the NW-Pacific but are not understood so far. 

 

The strengthening of NPIW formation in response to AMOC reductions (ventilation seesaw) is in 

harmony with results of several modelling studies (GCMs), which simulate enhanced meridional 

overturning in the North Pacific during the last glacial termination. However, most studies suggest an 

establishment of a PMOC and active convection of heat and salt in the subpolar regions of the North 

Pacific to promote deep overturning [Saenko et al., 2004; Krebs and Timmermann, 2007; Schmittner 
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Figure 5.2: Sediment proxy records of past ventilation changes from intermediate (< 1366 m) and deep water (> 2130 m) in the 

NW-Pacific between 20 – 10 ka BP with (a) benthic foraminiferal δ13C-records (C. lobatulus) from the Okhotsk Sea (red curve) 

and Bering Sea (orange curve) together with spline-interpolated δ 13C-record from the Bering Sea (thick black line) and in (b) 

δ13C-record from sediment record GGC-37 (in blue) from the deep NW-Pacific and spline interpolation (thick stippled line) 

together with (c) published intermediate (open boxes) and deep water (filled brown circles) BF-PF ages [Duplessy et al., 1989; 

Murayama et al., 1992; Keigwin, 2002; Ahagon et al., 2003; Hoshiba et al., 2006; Ikehara et al., 2006; Sarnthein et al., 2006; 

Minoshima et al., 2007; Sagawa and Ikehara, 2008] and intermediate (filled green boxes) and deep water (filled green circles) 

BF-PF ages from this study. Calculated splines are derived from whole set of BF-PF ages and given for intermediate (thick 

black line) and deep water (thick stippled line), respectively. 

 

et al., 2007]. This scenario would lead to a more rigorous ventilation of the subarctic North Pacific 

accompanied with a rise in SST by up to 1.8 °C [Okazaki et al., 2010] as response to a weakening of 

the AMOC (e.g. during Heinrich 1 or the Younger Dryas) and cooling in the North Atlantic 

(temperature seesaw). On the other hand, some model results proposed a cooling in the subarctic 

North Pacific due to a shutdown of AMOC [Mikolajewicz et al., 1997; Okumura et al., 2009]. There, 

the simulated shutdown of the Meridional Overturning Circulation in the North Atlantic triggers rapid 

atmospheric reorganizations in the subarctic North Pacific via an atmospheric bridge and leads to an 

intensification of low pressure systems (Aleutian Low), which amplifies a cooling in the subarctic 

North Pacific. Conversely, this mechanism would lead to a similar SST development between the 
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North Atlantic and the North Pacific (no temperature seesaw) and also question the mechanism of 

PMOC-related warming and deep overturning in the subarctic North Pacific. We used high-resolution 

SST data from the North Pacific [Barron et al., 2003; Max et al., in review] and the North Atlantic 

[Bard et al., 2000], together with the North Greenland ice-core record (NGRIP) [Rasmussen et al., 

2006] to assess the proposed mechanistic links between the shutdown of the AMOC (cooling of the 

North Atlantic) and an onset of a PMOC (warming of the North Pacific). The comparison of SST data 

between the North Pacific and the North Atlantic temperature record (Figure 5.3) exhibits a similar 

SST development (no temperature seesaw) during the last glacial termination [Max et al., in review]. 

The similar SST development between the North Atlantic and the North Pacific clearly shows that 

changes in the PMOC only have a minor influence on the NW-Pacific SST development. This calls for 

other mechanisms to explain enhanced intermediate or deep water formation in the North Pacific 

during the last glacial termination. 

  

 
Figure 5.3: Northern Hemisphere climate fluctuations of the past 20 kyr given by (a) NGRIP ice core oxygen isotope record 

together with (b) alkenone-based sea surface temperature record SU81-18 from the North Atlantic (in green) [Bard et al., 2000] 

and (c) alkenone-based sea surface temperature records from the NE-Pacific (in blue) [Barron et al., 2003] and NW-Pacific (in 

red) [Max et al., in review] for the last 15 kyr. 
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More recently, a study addressed the issue of variability in North Pacific intermediate and deep water 

ventilation during Heinrich events by using two coupled climate models (MIROC and LOVECLIM) 

with LGM background conditions [Chikamoto et al., 2012]. Both model runs simulated differing 

strengths of the PMOC, which resulted in a cooling of the western North Pacific (no temperature 

seesaw) by 2.2 and 2.6 °C, respectively. The largest cooling trend appears in the western North Pacific 

in association with severe cooling of the overlying atmosphere in the Northern Hemisphere and 

intensification of the Aleutian Low [Okumura et al., 2009]. Interestingly, the model-run with a weak 

PMOC (MIROC) results in a more pronounced cooling of the western North Pacific and also indicates 

a cooling in the eastern North Pacific. As a result, the mixed layer deepens near the Kamchatka region 

and in the western boundary currents, corresponding to strong mixing of surface and subsurface waters 

and shallow overturning (extending to 2000 m water depth) of the North Pacific in line with our 

results. On the other hand, an enhanced PMOC (LOVECLIM) would result in deeper overturning 

(greater than 3000 m water depth) due to a greater transport of warm and saline equatorial waters to 

the North Pacific (temperature seesaw) in contrast to our results.  

 

The match between the simulated SST and ventilation changes (MIROC) and our results make a 

compelling case for the existence of intermediate water formation during H1 and associated onset of 

shallow overturning in the North Pacific. In turn, no deep water formation occurred in the subarctic 

North Pacific during Heinrich 1 as given by the largest intermediate to deep water BF-PF age and δ13C 

gradients, in contrast to the simulated intensification of a PMOC and related deep overturning 

(LOVECLIM) [Okazaki et al., 2010]. Several model studies emphasize the importance of changes in 

overlying atmospheric pressure regimes in the Northern Hemisphere during AMOC reductions. 

Accordingly, the simulated shutdown of the Meridional Overturning Circulation in the North Atlantic 

triggers rapid atmospheric reorganizations in the subarctic North Pacific via an atmospheric bridge and 

leads to an intensification of the Aleutian Low and a cooling in the North Pacific. Some studies 

suggest that in response to a substantial AMOC-weakening tropical Atlantic cooling induces 

anomalous high pressure that extends to the eastern tropical Pacific, thereby intensifying northeasterly 

trade winds across the central isthmus of America [Wu et al., 2008]. The advection of cold and dry air 

from the Atlantic to the Pacific would lead to tropical precipitation anomalies in the eastern tropical 

North Pacific and triggers the propagation of Rossby waves, which influences the strength of the 

Aleutian Low [Okumura et al., 2009]. Other studies emphasize the role of intensified westerly winds 

due to an AMOC-shutdown. This would lead to enhanced thermal advection of cold air masses to the 

North Pacific by prevailing westerly winds, which induce a southward shift of the oceanic frontal 

zones and a deepening of the wintertime Aleutian Low [Manabe and Stouffer, 1988; Mikolajewicz et 

al., 1997; Vellinga and Wood, 2002]. A recent study also claims the sensitivity of the East Asian 

winter monsoon to AMOC variations by enhanced westerly winds, which are supposed to lead to an 

overall reduction of humidity and colder temperatures in the Northern Hemisphere [Sun et al., 2012].  
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Altogether, our results confirm the proposed impact of rapid atmospheric teleconnections between the 

North Atlantic and North Pacific, which led to a cooling and shallow overturning in the western North 

Pacific during AMOC reductions. We conclude that intermediate water formation in the subarctic 

North Pacific can be explained by fast atmospheric interactions between the North Atlantic and North 

Pacific, which led to rapid dynamics in oceanography and circulation during the last glacial 

termination. 
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Supplementary Information 

Rapid changes in North Pacific Intermediate Water formation during the Last 

Glacial Termination 
 

1. Age model (AMS 14C dating and X-ray fluorescence measurements) 

AMS 14C-ages were measured on samples of monospecific planktonic foraminifera Neogloboquadrina 

pachyderma sinistral from the 125 – 250 µm size fraction in core SO201-2-85KL. AMS 14C-ages in 

core SO178-13-6 were measured on a mix of planktonic foraminifera (G. bulloides and 

Neogloboquadrina pachyderma sinistral) picked from 150 – 250 µm size fraction. The radiocarbon 

dating (AMS 14C) has been performed by the National Ocean Science Accelerator Mass Spectrometry 

Facility (NOSAMS) at Woods Hole Oceanographic Institute (WHOI) and Leibniz-Laboratory for 

Radiometric Dating and Isotope Research at Kiel University. Radiocarbon ages have been reported 

according to the convention outlined by Stuiver and Polach [1977] and Stuiver [1980]. All planktonic 

radiocarbon ages were converted into calibrated 1-sigma calendar age ranges using the calibration tool 

Calib Rev 6.0 [Stuiver and Reimer, 1993] with the Intcal09 atmospheric calibration curve [Reimer et 

al., 2009] and are given in Table S5.1. For reservoir age correction, reservoir ages of 900 years were 

applied for core SO178-13-6 and 700 years for core SO201-2-85KL, in line with reported values for 

the Bering and Okhotsk Sea [Kuzmin et al., 2001; Kuzmin et al., 2007]. 

 

Relative sedimentary elemental composition was measured using the Avaatech X-ray fluorescence 

(XRF) core scanner at the Alfred Wegener Institute for Polar and Marine Research except Okhotsk 

Sea cores LV29-114-3 and SO178-13-6, where XRF measurements were conducted at the Center for 

Marine Environmental Science (MARUM), Bremen. Each core segment was scanned for element 

analysis at 1 mA and tube voltages of 10 kV (Al, Si, S, K, Ca, Ti, Fe) and 50 kV (Ag, Cd, Sn, Te, Ba), 

using a sampling resolution of 1 cm and 30 s count time. 

 

The deglacial stratigraphy is based on the set of radiocarbon measurements (Table S5.1) (AMS 14C 

ages) and constrained with the X-ray fluorescence (XRF) core scanner data for inter-core correlation 

(Figure S5.1 and S5.2), described in detail by Max et al., [in review]. In general, the Ca intensity 

records (XRF) have been used to correlate prominent similar structures between sediment records. We 

preferentially dated carbonate maxima (maxima in planktonic foraminifera abundance), which are 

indicated by maxima in Ca intensities (XRF), to avoid age artefacts due to bioturbation effects. Figure 

S5.1 shows the Ca intensity records and a detailed core-to-core correlation of the core sites. The Ca 

intensity pattern shows two intervals with high Ca intensities (carbonate maxima) between 13.390 - 

11.950 14C years and 10.800 – 9.570 14C years. These pronounced carbonate maxima are well dated in 

the NW-Pacific realm and mark the B/A and the interval of the early Holocene [Keigwin et al., 1992; 
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Keigwin, 1998; Gorbarenko et al., 2002; Seki et al., 2004; Gorbarenko et al., 2005; Cook et al., 2005; 

Seki et al., 2009]. Hence, core SO178-13-6 was correlated to the established stratigraphy of Okhotsk 

Sea core LV129-114-3 [Max et al., in review] via the Ca intensity record (XRF) and available AMS 
14C dates (Table S5.1 and Figure S5.2). 

 

2. Paired benthic/planktonic radiocarbon measurements (BF-PF ages) 

To infer paleo-ventilation ages in the subarctic Pacific we measured mono-specific samples of benthic 

foraminifera Uvigerina peregrina and planktonic foraminifera Neogloboquadrina pachyderma 

sinistral to assess BF-PF age differences on six samples (Table S5.2). Benthic/planktonic radiocarbon 

measurements from this study were compiled together with already published BF-PF ages and used to 

infer ventilation changes in intermediate- and deep-water of the NW-Pacific. Ventilation ages (BF-PF 

ages) were calculated by the difference of raw 14C ages between benthic and planktonic foraminifera 

(Table S5.2).  

 

3. Stable isotope measurements 

Sediment samples from Core SO178-13-6 and SO201-2-85KL were freeze-dried, washed over a 63 

µm screen, dried and separated in sub-fractions (63 - 150, 150 - 250, 250 - 500, > 500 µm). For stable 

isotope analysis, we picked the species Cibicidoides lobatulus (C. lobatulus). This species has been 

observed to preferentially live attached to hard substrate on or slightly above the sediment surface 

[Lutze and Thiel, 1989; Schweizer et al., 2009] and studies on live specimen indicated that the species 

faithfully records the δ 13C∑CO2 of overlying bottom waters. Some studies have observed a positive 

offset in the δ 13C of this species with regard to ambient bottom water for δ 13CDIC at the time of 

sampling in other high latitude settings. However, this effect was shown to be likely caused by high 

seasonal variability of the original water δ 13CDIC signal as indicated by time-series measurements of 

water column δ 13CDIC and according calcification of C. lobatulus during time intervals of maximum 

ventilation [Mackensen et al., 2000]. We thus regard C. lobatulus to reliably reflect the water mass 

δ13C signal. We mostly picked between two and five specimen per sample and restricted our selection 

to well-preserved specimen with visible pores, clear sutures and unfilled chambers. During some 

intervals with low foraminifera abundance, we analyzed single specimen with sufficient size and 

preservation. Samples were cracked open to remove dirt particles from the inside, if necessary cleaned 

ultrasonically in ethanol p.a. and roasted at 200 °C for 24 h. Samples of core SO178-13-6 were 

measured with a Thermo Finnigan MAT 252 isotope ratio mass spectrometer coupled to an automated 

KIEL II CARBO preparation device at the Paleoceanography Unit’s Stable Isotope Laboratory of the 

GEOMAR – Helmholtz Centre for Ocean Research, Kiel. Overall analytical reproducibility is ±0.04 

‰ for δ13C and ±0.06 ‰ for δ18O. Sample measurements of core SO201-2-85KL were measured with 

a Thermo Finnigan MAT 253 isotope ratio mass spectrometer coupled to an automated KIEL CARBO 

preparation device at the Stable Isotope Laboratory of the Alfred Wegener Institute for Polar and 
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Marine Research, Bremerhaven. Overall analytical reproducibility is ±0.06 ‰ for δ13C and ±0.08 ‰ 

for δ18O. Calibration was achieved via National Bureau of Standards NBS19 and NBS 20 material as 

well as through an internal laboratory standard of Solnhofen limestone. All values are reported as 

against the Vienna Pee Dee Belemnite Standard (expressed as ‰ vs. V-PDB) and given in Table S5.3.  

 

4. Modern hydrography 

Two stations proximal to the core sites SO201-2-85KL (for western Bering Sea SO201-2-67; 56° 04’ 

N, 169° 14’ E) and SO178-13-6 (for Okhotsk Sea station LV29-84-3, 52° 42’ N, 144° 13’ E) were 

selected to study the modern distribution of δ13C DIC (Figure S5.3).  

 

For the Bering Sea samples, the water column was sampled during the expedition S0201-2 of R/V 

Sonne in 2009 [Dullo et al., 2009] in eight depth intervals via a water sampling rosette device. 

Immediately after sub-sampling of Niskin bottles, water samples were poisoned with a saturated 

solution of mercury, sealed with wax and stored at 4 °C temperature until further treatment. On shore, 

1 ml of water was injected through a septum into a vial with ca. 3 ml concentrated phosphoric acid 

flushed with pure Helium. After storage at room temperature for complete reaction the resultant CO2 

was transferred via a Finnigan Gas Bench II to a Finnigan MAT 252 gas mass spectrometer for 

determination of stable carbon isotope ratio at the Alfred Wegener Institute for Polar and Marine 

Research, Bremerhaven. Results are given in δ -notation versus V-PDB. The precision of δ 13C 

measurements based on an internal laboratory standard has been reported to be better than ±0.1 ‰. 

 

For the Okhotsk Sea, Water samples were collected during the expedition LV29 of R/V Akademik 

M.A. Lavrentyev in 2002 [Biebow et al., 2003]. Samples for carbon isotope analysis of Dissolved 

Inorganic Carbon (DIC) were slowly filled into 100-ml glass bottles directly after retrieval of a 

combined CTD water rosette sampler equipped with 12 Niskin bottles. 0.2 ml HgCl2 was immediately 

added to each sample to stop biological activity. Bottles were closed by airtight crimp seals and stored 

under refrigerated, dark conditions until further treatment. Measurements of the δ 13CDIC were carried 

out in the Leibniz Laboratory for Radiometric Dating and Isotope Research, Kiel using an automated 

Kiel DICI-II device for CO2 extraction and a Finnigan MAT Delta E mass spectrometer for 

measurements (see also Erlenkeuser et al., 1995; Erlenkeuser et al., 1999]. Isotope results are given in 

the δ -notation and calibration is based on the NBS 20 carbonate isotope standard, the measurement 

precision of the δ13CDIC is ± 0.04 ‰. 

 

The modern distribution of δ13C DIC show large differences between the Okhotsk Sea and Bering Sea 

marginal seas as indicated in Figure S5.3. In the Bering Sea, a large gradient in δ 13C DIC is located 

around 100 m depth, which marks today the mixed layer depth (MLD) by mixing of surface water 

with underlying water masses in winter (Figure S5.3a). Beyond the MLD δ 13C DIC values rapidly 
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decline to -0.6 to -0.7 ‰ and indicate the absence of fresh intermediate-water masses in the western 

Bering Sea today. Modern values of δ13C DIC are around -0.6 ‰ at the depth interval of core SO201-2-

85KL.  

 

The δ 13C DIC profile from the Okhotsk Sea show the presence of enriched δ 13C DIC values within the 

water column between 200 – 800 m (Figure S5.3b). Today, newly formed Okhotsk Sea Intermediate 

Water (OSIW) spreads across the Okhotsk Sea, expressed as positive δ13C DIC anomaly in the water 

profile. The modern value of Okhotsk Sea record SO178-13-6 lies at the lower boundary of OSIW 

with δ13C DIC values around -0.2 ‰. 
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Supplementary Figures 
 

 
Figure S5.1: Stratigraphic framework of sediment records from the western Bering Sea (SO201-2-85KL) and Okhotsk Sea 

(LV29-114-3 and SO178-13-6) correlated with high-resolution record SO201-2-12KL record (blue curve) from the subarctic NW-

Pacific. The stratigraphy is based on Ca intensities, derived from core logging data (XRF), together with raw AMS 14C datings 

(red spots with vertical numbers). Grey shaded areas mark prominent carbonate maxima, red lines indicate correlation points 

between the sediment records. 
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Figure S5.2: Detailed core-to-core correlation for SO178-13-6 to the established age model of LV29-114-3 via AMS 14C datings 

and Ca intensity records (in blue), see also Max et al., [in review] together with NGRIP isotope record in upper panel (in black). 

For this study, core SO178-13-6 was correlated via Ca intensity studies (XRF) and AMS 14C datings to LV29-114-3. Black 

arrows with vertical numbers indicate calibrated 14C ages of LV29-114-3, red arrows with vertical numbers indicate calibrated 
14C ages derived from SO178-13-6. 
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Figure S5.3: Water profiles of δ13C DIC for the Bering Sea (station SO201-2-67) and Okhotsk Sea (station LV29-84-3) marginal 

Seas given as (a) δ13C DIC profile of the Bering Sea together with the depth-interval of SO201-2-85KL (red spot) and (b) δ13C DIC 

profile for the Okhotsk Sea together with the depth-interval of SO178-13-6 (red spot). Blue shaded area marks the mixing depth 

of fresh water masses in the Bering Sea (mixed layer depth = MLD) and Okhotsk Sea (OSIW), respectively.  
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Chapter 6: Conclusions and further perspectives 

6.1 Conclusions 

In this thesis, a variety of different geochemical proxies were used to investigate the millennial-scale 

climate history of the subarctic NW-Pacific realm over the past 20,000 years. This includes, among 

others, detailed information on past changes in sea surface temperatures, sea-ice variability and 

intermediate water ventilation characteristics from a high-latitude region of the world ocean, supposed 

to be very sensitive to recurrent and rapid modifications in past global climate. 

  

It has been shown that the deglacial SST(Uk’37) changes in the far northwest Pacific, the Sea of Okhotsk 

and western Bering Sea matched the climate variability in other parts of the North Pacific and beyond 

that were remarkably similar to the timing and nature of the North Atlantic/Greenland temperature 

variability. From this, a close linkage to deglacial variations in Atlantic Meridional Overtuning 

Circulation was inferred, which invoked rapid atmospheric teleconnections to allowed a quasi-

synchronous SST development between the North Atlantic and the North Pacific on centennial time-

scales during the last deglacial period. This is in accordance with numerous model simulations 

emphasized the importance of changes in overlying atmospheric pressure regimes in the Northern 

Hemisphere during reductions of the Meridional Overturning Cell in the North Atlantic. The cooling 

in the far northwest Pacific realm, as seen from the SST(Uk’37) reconstructions, matched the scenario of 

rapid atmospheric reorganizations to occur in the subarctic North Pacific during instabilities of the 

thermohaline circulation, thereby leading to an intensification of the Aleutian Low Pressure system 

and subsequent cooling in the North Pacific. Furthermore, the reconstruction of past sea-ice(IP25) 

variability for cold (Heinrich 1 and Younger Dryas) and warm (Bølling/Allerød and early Holocene) 

stages of the last deglaciation points to strong changes in sea-ice extent and a close coupling to 

SST(Uk’37) fluctuations in the subarctic North Pacific. Accordingly, the sea-ice advanced at least by 

several hundred miles during cold phases of Heinrich 1 and the Younger Dryas and, in turn, was very 

limited in extend during warm stages of the Bølling/Allerød and early Holocene. In particular, these 

results further underpinned the sensitivity of the atmosphere/cryosphere in the subarctic northwest 

Pacific realm to rapid climate fluctuations and further denoted the tight coupling of the North Pacific – 

North Atlantic climate during the last glacial termination. Apart from this, SST(Uk’37) reconstructions 

from the middle to late Holocene interval revealed complex spatial SST differences in the North 

Pacific realm and rather calls for local reorganizations in oceanography, changes in external forcing or 

a combination of both. Hence, the intra-basin SST variability in the North Pacific Ocean seems not to 

be related to changes in the meridional overturning in the North Atlantic during the middle to late 

Holocene. As no similar SST development was found during the past 7,000 years, the hypothesis of a 

long-term Holocene temperature seesaw between the North Atlantic and North Pacific, associated with 

a continuous and basin-scale warming trend to occur in the North Pacific, is rather questionable. 
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The reconstruction of the Mg/Ca ratio from planktonic foraminifers as proxy for sub sea surface 

temperature (subSST(Mg/Ca)) in combination with SST(Uk’37) records for the subarctic northwest Pacific 

realm also showed that the structure of the upper-ocean was subject to tremendous changes during 

millennial-sale climate changes of the last deglaciation. Both SST(Uk’37) and subSST(Mg/Ca) 

reconstructions indicate deglacial oceanographic changes in the mixed layer, which were directly 

related to changes in upper-ocean stratification. These results suggest that seasonality and hence 

thermal summer stratification, although with regional differences, was reduced during cold stages of 

Heinrich 1 and the Younger Dryas, but intensified during the Bølling/Allerød. During cold stages of 

Heinrich 1 and the Younger Dryas, the upper-ocean was characterized by the presence of cold 

subsurface waters in the northwest Pacific realm, which were related to reduced stratification due to 

enhanced sea-ice formation and increased advection of water masses from the Alaskan Stream and 

East Kamchatka Current as major surface ocean currents. On the other hand, warmer SST(Uk’37) and 

subSST(Mg/Ca) during the Bølling/Allerød rather points to enhanced stratification of the upper water 

column related to reduced sea-ice formation and transport of water masses from the Alaskan Stream. 

During the onset of the Holocene, the subarctic NW-Pacific experienced a shoaling of the thermocline 

and the establishment of the dichothermal layer. Moreover, salinity reconstructions from planktonic 

foraminifers suggest a long-term decrease in surface salinity during the Holocene and further argue for 

an only recent establishment of the modern, salinity-driven stratification and are further explained by 

means of large-scale oceanographic reorganizations related to the reopening of the Bering Strait 

during the Preboreal.  

By combination of well-established ventilation proxies, this study has been shown that the nature and 

timing of past intermediate water formation and ventilation switched in response to rapid climate 

oscillations of the last deglaciation. During the cold stage of Heinrich 1, intermediate water formation 

was accelerated in the marginal seas of the northwest Pacific and led to enhanced ventilation of the 

mid-depth North Pacific as response to reduced deep water formation in the North Atlantic. As soon as 

the meridional overturning cell in the North Atlantic was re-established, as during the Bølling/Allerød, 

the ventilation of the North Pacific rapidly ceased. From this, a flip-flop behaviour between the North 

Pacific and North Atlantic in ventilation rates was inferred. However, it has also been shown that only 

intermediate water masses are formed in the North Pacific, which resulted in enhanced shallow 

overturning, whereas the deeper North Pacific (deeper than 2000 m) showed no evidence for amplified 

ventilation and no deep water formed in the northwest Pacific during the last glacial termination. 

To conclude, these results are in accordance with the proposed impact of rapid atmospheric 

teleconnections between the North Atlantic and North Pacific during meltwater-driven reductions of 

the Atlantic Meridional Overtuning Cell, which induced fast (on centennial time-scales) dynamics in 

climate and oceanography in the western North Pacific during the last deglaciation. Overall, the 

sensitivity of the subarctic North Pacific Ocean to millennial-scale climate fluctuations of the past has 

to be taken into account for an accurate understanding of past and future climate dynamics. 
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6.2 Towards MIS 5e: Rapid climate changes in the in the subarctic NW-Pacific    
during Termination II and beyond? 

Millennial-scale climate fluctuations during the last glacial termination (Termination I) significantly 

affected the SST variability, the stratification of the upper-ocean and circulation of the subarctic NW-

Pacific. This raises the question whether the NW-Pacific experienced similar dramatic climate 

fluctuations during the penultimate deglaciation (Termination II) occurred ~135.000 years ago (Figure 

6.1). Information on millennial-scale climate variability during Termination II derived from high-

resolution SST records is not available so far for the NW-Pacific and thus, direct comparison to 

millennial-scale fluctuations of the last glacial termination not feasible (Figure 6.1). On the other hand, 

knowledge on nature and timing of climate fluctuations during Termination II is urgently needed to 

understand whether the NW-Pacific experienced similar dynamics in oceanography and circulation 

analogue to the last glacial termination. Some evidence for rapid environmental changes during the 

penultimate deglaciation stems from reconstructions of past marine productivity in the NW-Pacific 

realm [e.g. Nürnberg and Tiedemann, 2004; Brunelle et al., 2010]. Accordingly, high-productivity 

events occurred during glacial terminations in the NW-Pacific and Sea of Okhotsk, thus hints to rapid 

climate variability in these regions. However, whether these environmental changes were 

accompanied by rapid SST variability and changes in upper-ocean stratification, as suggested for the 

last glacial termination, or substantially different from that needs to be evaluated by future studies. 

  

 
Figure 6.1: Overview of the past 150,000 years of climate history (upper curve): Global stack of benthic δ18O records [Lisiecki 

and Raymo, 2005]. (lower curve) SST record SO201-2-85KL of the western Bering Sea spanning the last 15,000 years (in blue) 

together with color b* record (in red). Blue and yellow shaded areas mark marine isotope stages (MIS 1- 6) and are also 

numbered on top. The position of glacial Termination I (15,000 – 12,000 years BP) as well as Termination II (~135,000 – 

130,000 years BP) is indicated. 
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Another focal point for future paleoceanographic studies is the climate development of the subarctic 

North Pacific during the last interglacial period. In particular, during the Eemian (MIS 5e, between 

130.000 – 120.000 years ago) the global climate was supposed to be warmer by a few degree 

compared to the Holocene [CLIMAP, 1981]. Accordingly, the CLIMAP reconstructions of the Eemian 

surface ocean revealed that the North Pacific SST were up to 1 – 3 °C warmer than during the 

Holocene. Warmer global ocean temperatures would also have an impact on past upper-ocean 

stratification and the efficiency of the biological pump in the subpolar North Pacific [e.g. Sarmiento et 

al., 2004; Sigman et al., 2004]. Some studies suggest a weakening or break up of the subarctic North 

Pacific stratification during interglacial periods [e.g. Jaccard et al., 2005]. Accordingly, this led to 

strong evasion of deep-sequestered carbon dioxide into the atmosphere due to less complete nutrient 

drawdown by biological productivity (CO2 source). Furthermore, the subarctic North Pacific was 

supposed to be marked by strong density driven stratification during cold climates and deep CO2 more 

effectively trapped in the abyssal ocean (CO2 sink) [Jaccard et al., 2009]. However, the mentioned 

scenario neglects the importance of strengthened productivity due to enhanced iron supply to the 

subpolar regions during glacial times. As the subarctic North Pacific region is a high-nutrient low-

chlorophyll (HNLC) area today [Tsuda, 2003], enhanced delivery of micronutrients (e.g. via aeolian 

dust) could have been resulted in amplified marine productivity during glacial times.  

 

According to the most recent climate period investigated here, the subarctic NW-Pacific region 

experienced rapid fluctuations in SST during the last glacial termination. The combined approach to 

estimate the temperature variability from alkenone-paleothermometry (surface water) and Mg/Ca-

derived (subsurface water) temperature records revealed that the surface waters of the NW-Pacific 

region were marked by enhanced temperature gradients indicative for strong upper-ocean stratification 

during the Bølling/Allerød and since the onset of the Holocene. Conversely, stadial periods were 

marked by lower temperature gradients and are interpreted as less rigorous stratification of the upper 

water column in the subarctic NW-Pacific during these time-intervals. These results are apparently 

different to a scenario of generally better stratification during cold climate stages [Jaccard et al., 

2005] and less well stratified surface water masses during interglacials and leave some question marks 

for future paleoceanographic studies. To overcome this controversy, the combination of surface to 

subsurface SST records should be very useful to reconstruct glacial-interglacial changes by means of 

changes in upper-ocean stratification or enhanced vertical mixing of surface with subsurface water 

masses. Several high-resolution records from the NW-Pacific realm are now available to address this 

concerns through future paleoceanographic studies.  
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6.3 Millennial-scale NW-Pacific ventilation changes during Dansgaard- 
Oeschger cycles of the last 60,000 years 

The NW-Pacific region was punctuated by strong millennial-scale changes in intermediate water 

ventilation during the last glacial termination (Figure 6.2). In particular during Heinrich 1, the 

intermediate water circulation was amplified as opposite to the deep water ventilation history of the 

North Atlantic. Whether the ventilation asymmetry between the NW-Pacific and North Atlantic also 

occurred during millennial-scale oscillations of the past 60,000 years is not studied, yet. A persistent 

link between enhanced ventilation of the North Pacific during Greenland stadials was inferred from a 

sediment record off Oregon in the eastern North Pacific (2700 m water depth) [Lund and Mix, 1998]. 

According to their results, millennial-scale events of improved ventilation in the eastern North Pacific 

occurred during cold events in Greenland, in particular, during stadials marked by meltwater events 

(Heinrich events). Sediment records recovered from intermediate-depth (600 - 1000 m) in the western 

Bering Sea also revealed millennial-scale changes in NW-Pacific intermediate water ventilation during 

the past 60,000 years (Figure 6.2). As shown below, times of poor ventilation remarkably correlates 

with several (but not all) Dansgaard-Oeschger interstadials (DOI) in the Greenland ice-core record. In 

turn, most enhanced ventilation seems to be coupled to stadials and are most pronounced during 

meltwater driven Heinrich events H1 to H4 in harmony with the results from the eastern North Pacific. 

 

 
Figure 6.2: Millennial-scale climate fluctuations of the past 60.000 years. (upper curve) NGRIP ice core record with Dansgaard-

Oeschger events (DOI 1 - 16) and Heinrich events (H1 – H6) [Dansgaard et al., 1993; Rasmussen et al., 2006]. (lower curve): 

δ13C record from sediment core SO201-2-85KL (in blue) and SO201-2 101KL (in red) indicative of millennial-scale changes in 

intermediate water ventilation in the NW-Pacific. 
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Enhanced ventilation of the mid-depth North Pacific Ocean during cold stadials of the last 60,000 

years was also inferred from several high-resolution records from the Californian margin, most 

famously from the Santa Barbara basin [Behl and Kennett, 1996]. In particular, the Santa Barbara 

basin is marked by laminated sediment sequences during interstadials and the Holocene, thus implying 

times of anoxic to suboxic conditions alternating with bioturbated, well oxygenated sediment 

sequences during cold stadials in the Greenland ice-core record.  

 

Which mechanisms could drive millennial-scale ventilation changes in the NW-Pacific during 

Dansgaard-Oeschger cycles in the past?  

A plausible mechanism to explain rapid stadial/interstadial changes in intermediate water formation in 

the NW-Pacific invokes mainly atmospherically driven reorganizations of the local oceanographic 

setting and is exemplarily shown for the Sea of Okhotsk (Figure 6.3). According to this scenario, 

stadial phases are marked by colder SST due to enhanced transport of cold air masses from the Arctic 

and leads to active sea-ice formation and high production of OSIW and as a consequence, NPIW. 

Conversely, during interstadial phases blocked cold air masses and an active summer monsoon could 

have favoured warmer SST and lowered sea surface salinities, which inhibits sea-ice formation and 

SOIW formation and consequently lowered the production of NPIW [Harada et al., 2008]. 

 

 
Figure 6.3: Comparison of different forcing mechanisms proposed to have an impact on NPIW formation. (left hand): 

environmental conditions during stadials. (right hand): environmental conditions during interstadials [modified after Harada et al., 

2008].  

 

This study has been shown that increased formation of intermediate water occurred during meltwater 

driven events of the last glacial termination in the NW-Pacific realm and was coupled to rapid 

atmospheric teleconnections between the North Atlantic and North Pacific during AMOC reductions. 

Whether similar processes also led to enhanced NPIW formation during Dansgaard-Oeschger cycles 

of the past 60,000 years episodically and thus promoted better ventilation of the North Pacific needs to 

be evaluated by future studies. 
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Data Handling 

All data presented in this thesis will be stored electronically and will be available online in the 

PANGAEA database (http://www.pangaea.de). 
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Millennial-scale variability of marine productivity and terrigenous 
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Abstract 
 
Piston cores, recovered from intermediate water levels in the western Bering Sea, were used to 
reconstruct millennial-scale changes in marine productivity and terrigenous matter supply over the 
past ca. 180,000 years. Age models rely on a combination of benthic oxygen isotope stratigraphy, 
magnetostratigraphy, radiocarbon dating, and intercore correlations via high-resolution core logging 
data (color b*, XRF scans), which provide a pattern of variability that strongly corresponds to 
Dansgaard-Oeschger climate variability registered in the NGRIP ice core record. Reconstructions are 
based on a geochemical multi-proxy approach indicating closely interacting processes that control 
biological productivity and terrigenous matter supply comparable to the situation in the Okhotsk Sea. 
During the last glaciation, increased amounts of siliciclastics and contents of lithogenous elements (Al, 
Fe, Ti), but reduced contents of TOC, CaCO3, biogenic opal, and biogenic Ba point towards higher 
terrigenous input and prohibited primary production. Minor increases in marine productivity occur 
during warm stages of MIS5, but maxima are observed during interglacials and the last glacial 
termination. Anticorrelated proxy behaviour, fairly constant Al/Ti and Fe/Al ratios, and high [C/N] 
ratios suggest that seasonal sea-ice formation is the dominant transport mechanism for terrigenous 
material. Accordingly, sea-ice dynamics are thought to be strongly related to changes in surface 
productivity, terrigenous fluxes, and upper ocean stratification at our study sites. From our results we 
propose scenarios for environmental change in the Bering Sea during the last glacial-interglacial cycle. 
Abrupt environmental changes recorded during the last glacial period supposedly apply to the 
deglacial situation and are potentially connected to North Atlantic Dansgaard-Oeschger events, 
supporting an atmospheric coupling mechanism of Northern Hemisphere climates. 
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Appendix 2: 

Paleoceanographic conditions in the western Bering Sea during the 

late Quaternary 
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Abstract 
 
Benthic and planktic foraminiferal assemblages and distribution of coarse sediment fractions are 
studied from the upper 4.5 m of the core SO201-2-85KL retrieved from the Shirshov Ridge. This part 
of the core covers 7.5 - 50 kyr. Low sea-surface biological productivity, ice rafting and oxygenated 
bottom-water are suggested for MIS 3-2. A productivity spike caused by reorganization of the Bering 
Sea circulation in the early deglaciation is inferred from a maximum of planktic foraminiferal 
abundance and was not previously known in the region. The late part of Bølling/Allerød interstadial 
and the Early Holocene are characterized by a two-step increase in productivity and strong oxygen-
depleted conditions in bottom and pore waters. Slight decrease in productivity and intensification of 
bottom-water ventilation characterize the Younger Dryas in this region. 
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