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a b s t r a c t

Deglacial sea surface conditions in the subarctic North Pacific and marginal seas are the subject of
increasing interest in paleoceanography. However, a cohesive picture of near-surface oceanography from
which to compare inter and intra-regional variability through the last deglaciation is lacking. We present
a synthesis of sea surface temperature covering the open North Pacific and its marginal seas, spanning
the past 20 ka using proxy records from foraminiferal calcite (d18O and Mg/Ca) and coccolithophore
alkenones (Uk’

37). Sea surface temperature proxies tend to be in agreement through the Holocene,
though Uk’

37 records are often interpreted as warmer than adjacent d18O or Mg/Ca records during the Last
Glacial Maximum and early deglaciation. In the Sea of Okhotsk, Holocene discrepancies between d18O
and Uk’

37 may be the result of changes in near-surface stratification. We find that sea-surface warming
occurred prior to the onset of the Bølling-Allerød (14.7 ka) and coincident with the onset of the Holocene
(11.7 ka) in much of the North Pacific and Bering Sea. Proxy records also show a cold reversal roughly
synchronous with the Younger Dryas (12.9e11.7 ka). After the onset of the Holocene, the influence of an
intensified warm Kuroshio Current is evident at higher latitudes in the Western Pacific, and an east-west
seesaw in sea surface temperature, likely driven by changes in the strength of the North Pacific Gyre,
characterizes the open interglacial North Pacific.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The last deglaciation is characterized in the North Atlantic by
discrete intervals of temperature change, in particular abrupt
warming at the onset of the Bølling-Allerød (14.7 ka), a cold
reversal in the Younger Dryas (12.9e11.7 ka), and another abrupt
warming at the onset of the Holocene (11.7 ka) (Clark et al., 2012;
Rasmussen et al., 2015). Records of deglacial near-surface changes
in the North Pacific, including sea surface temperature (SST), are
, USA

06511
less well constrained. Along the Eastern Pacific margin, tempera-
ture changes associated with the Bølling-Allerød, Younger Dryas,
and Holocene are roughly analogous to and synchronous with
those recorded in the North Atlantic (e.g., Hendy and Kennett,1999;
Kiefer et al., 2001; Praetorius et al., 2015), while also demonstrating
features of the deglaciation similar to a Southern Hemisphere
pattern of warming (e.g., Kiefer and Kienast, 2005; Hill et al., 2006).
However, less consistency has been seen in the interpretation of
SST records from the Western North Pacific. The timing of North
Pacific termination events remains unresolved in the Bering Sea
(Seki et al., 2002; Kiefer and Kienast, 2005; Sarnthein et al., 2006;
Schlung et al., 2013), though synchronicity with Greenland is
evident in some records (e.g., Kuehn et al., 2014). By contrast, Sea of
Okhotsk records display a markedly different deglacial history from
the rest of the North Pacific (Harada et al., 2012).
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A comprehensive understanding of deglacial trends in the North
Pacific and marginal seas is essential for understanding orbital and
millennial climate variability. Here we utilize the database of
available North Pacific records from Borreggine et al. (2017) to
generate a synthesis of SST evolution from the Eastern andWestern
North Pacific, Bering Sea, and Sea of Okhotsk. We draw upon pre-
vious works and attempt to reconcile existing biotic proxy records
from the Uk’

37 index, Mg/Ca, and d18O, across the mid- and high-
latitude North Pacific (above 35� N) and marginal seas. Inte-
grating these disparate datasets allows for the identification of
basin- and ocean-scale trends in SST over the last 20 ka, and
highlights intra- and inter-regional variability and differences be-
tween proxy approaches.

This synthesis will address (1) which major features (including
expressions of Heinrich Stadial 1, the Bølling-Allerød, and the
Younger Dryas) characterize deglacial warming in records from the
mid- and high-latitude North Pacific and marginal basins; (2)
where regional (sub-basin scale) or biological (proxy) processes
obscure broader patterns in deglacial SST; and (3) the identification
of both basin- and ocean-scale trends in SST over the last 20 ka.

1.1. Modern North Pacific and marginal seas

1.1.1. Eastern North Pacific
In the Eastern North Pacific, the Alaskan Gyre is bounded to the

north, east, andwest by the cyclonic Alaska Current (Fig.1). Modern
SSTs in the Alaskan Gyre range from 15 to 18 �C in the summer to
3e8 �C in the winter (NOAA/PMEL, last accessed 01/20/2019).
Seasonal changes also affect the Alaskan Gyre mixed layer depth
which ranges from 10s of meters (m) in the summer to ~100 m in
the winter, driven in part by winter storm mixing (Childers et al.,
2005; Pelland et al., 2016). South of the Alaskan Gyre the West
Wind Drift divides into the northward flowing Alaska Current and
southward flowing California Current, the Eastern boundary cur-
rent of the Pacific Subtropical Gyre.

1.1.2. Western North Pacific
The cyclonic Western Subarctic Gyre is bounded by the Oyashio

Current to the west and the Aleutian Islands to the north (Fig. 1).
Modern hydrographic measurements show surface temperatures
that range between 15 and 17 �C in the summer and 2e5 �C in the
winter (Harrison et al., 2004; Mochizuki et al., 2002). A strong
halocline contributes to stratification in the region with a mixed
layer 80e100 m deep in the winter and as shallow as 5e10 m in the
summer (Tsurushima et al., 2002). Below the surface halocline is a
temperature minimum, or dicothermal layer, with year-round sta-
ble temperatures below 3.5 �C (Miura et al., 2002). To the south the
Kuroshio Current, the Western boundary current of the North Pa-
cific Subtropical Gyre, flows adjacent to the Japan Margin.

1.1.3. Bering Sea
The Bering Sea is partially enclosed by Alaska and Russia to the

east and west and consists of a large shallow shelf region and the
deep Aleutian Basin in the southwest (Fig. 1). Water exchange with
the open North Pacific occurs across the Aleutian Island arc, pri-
marily through the western passes (Stabeno et al., 2009). Summer
surface circulation is cyclonic, and near surfacewaters are generally
5e9 �C and relatively fresh to a depth of around 30m (Roden,1995).
Underlying this surface layer is a dicothermal layer, which is
potentially a remnant of dense winter waters (Roden, 1995). At
present, sea ice extends across much of the continental shelf in
winter (Li and Wang, 2014), and the seasonal formation of sea ice
produces cold, saline waters, which pass through the Bering Strait
to the north, thereby interacting with the Atlantic as well as the
Pacific Ocean (Stabeno et al., 2009).
1.1.4. Sea of Okhotsk
The Sea of Okhotsk is located between mainland Russia and the

Kuril Islands, and is connected to theWestern North Pacific through
the Kuril Straits and the Sea of Japan (Fig. 1). The Sea of Okhotsk is
the southernmost site of seasonal sea ice formation in the modern
ocean, driven primarily by cold winter winds. In the absence of sea
ice, a thin layer of warm (up to 15e20 �C) surface water overlies a
dicothermal layer (Locarnini et al., 2013; Talley, 1991). The forma-
tion of winter sea ice along the northwestern shelf produces Dense
Shelf Water, which in turn contributes to Okhotsk Sea Intermediate
Water (Martin et al., 1998; Talley, 1991, 1993). At present this water
mass is the principal contributor to North Pacific Intermediate
Water upon leaving the Sea of Okhotsk through the Kuril Straits
(Talley, 1991, 1993; Warner et al., 1996).
2. Methods and materials

2.1. Site and sediment descriptions

While our focus is on the subarctic Pacific, sediment core re-
cords have been included from as far south as 35� N to encompass
the interface between the subarctic Pacific and the North Pacific
gyre. Only cores with published age models developed by radio-
carbon (14C) dating were included in this synthesis, with some age
models including tie points from foraminiferal d18O (Table 1).
Where multiple age models or revisions have been published, we
relied on the most recent available literature. In most cases where
14C dating was used but not calibrated to Intcal13 (Reimer et al.,
2013), we updated these age models using rBacon (Blaauw and
Christen, 2011) assuming a static surface reservoir age of 700
years. Where both d18O and 14C were used to develop an original
agemodel, only 14C tie points were retained in an effort to prevent a
biasing of timing to known events. In some cases, published data
were insufficient to update agemodels, inwhich cases temperature
proxies are presented as originally dated (Table 1), and we do not
attempt to directly compare the timing of events from these cores.
2.2. Temperature proxies

Temperature estimates were based on records of Uk’
37, Mg/Ca,

and d18O, the first of which is derived from coccolithophore alke-
nones, and the latter two from the calcium carbonate tests of
planktic foraminifera. Most temperatures based on the Uk’

37 alke-
none index are represented here as originally interpreted and
published, except for where multiple records were available based
on differing Uk’

37-temperature relationships. In these cases, we
derived SSTs using the relationship of Sikes and others (1997). This
relationship was chosen based on previous work in the Bering Sea
showing that this calibration is preferable at cold temperatures
(M�eheust et al., 2013), although we note that most published re-
cords rely on the calibrations published by Prahl et al. (1998) or
Müller et al. (1998) (Table 1) and that in general the callibration of
Sikes et al. (1997) results in higher SST. Alkenone-based tempera-
tures represent fall or late summer SST in the high-latitude North
Pacific (Bae et al., 2014; Caissie et al., 2010; Haug et al., 2005;
Pagani, 2002), while the planktic foraminifers Globigerina bulloides
and Neogloboquadrina pachyderma record temperatures in the
mixed layer and sub-thermocline (~30e200 m) respectively with
comparable seasonality (see Supplemental Text). Temperatures
from the Mg/Ca of the planktic foraminifera N. pachyderma have
been adjusted to more closely approximate SST by a uniform offset
of 5 �C to account for the subsurface habitat of this species. The
correction applied is based upon the offset of 5 �C from SST found in
d18O derived temperatures from Sea of Okhotsk N. pachyderma



Fig. 1. Schematic of the North Pacific demonstrating a) the general location and direction of the major surface currents of the North Pacific and marginal seas with the location of
named currents after the Drifter-Derived Climatology of Global Near-Surface Currents (Laurindo et al., 2017) and b) core locations for all records included in this synthesis.

C.V. Davis et al. / Quaternary Science Reviews 246 (2020) 106519 3
(Alderman, 1996), and allows Mg/Ca temperatures to be integrated
with Uk’

37 records. In both cases where a correction is applied
(MD02-2489, MD01-2416) the result is comparable temperatures
to nearby Uk’

37 records during warm intervals. No offset was
applied to Mg/Ca from G. bulloides shells in MD01-2420, based on
the findings of the authors that G. bulloides Mg/Ca at this site rep-
resents near-surface temperatures (Sagawa et al., 2006).

To derive temperature from the d18O of foraminifera tests, it is
necessary to account for d18Oseawater, which is influenced by salinity
and ice volume. Therefore, cores with both d18O and another SST
proxy (Uk’

37 or Mg/Ca) were used to develop regional records of
d18Oseawater (Supplementary Fig. 1) from the generalized calcite
temperature relationship of Shackleton (1974):
T ¼ 16.9e4.38(d18Ocalcite - d18Oseawater) þ 0.1(d18Ocalcite - d18Osea-

water). This equation was chosen to maintain consistency between
sites reliant on d18O temperatures from G. bulloides (for which
species-specific d18O equations are available), N. pachyderma (for
which they are not), and mixed-species samples. Paired Uk’

37 and
d18Ocalcite were used from Bering Sea core U1340 and from Sea of
Okhotsk core GGC-15. Paired d18Ocalcite and Mg/Ca were used from
Western North Pacific core MD01-2420 (Supplementary Fig. 2). By
using Uk’

37 or Mg/Ca to solve for the temperature variable, these
multi-proxy records generate a regionally-specific d18Oseawater

curve, accounting simultaneously for changes in global ice volume,
as well as spatial and temporal patterns in salinity (Supplementary
Fig. 1). Regional d18Oseawater corrections were assumed to addi-
tionally encompass corrections for offsets in temperature due to
calcification depth (Supplemental Table 1). This regional d18Osea-

water curve can then be used to solve for the temperature compo-
nent of d18O in neighboring d18O records (Supplemental Fig. 1),
although it should be noted that limitations in the number of paired
records available means that regional d18Oseawater curves cover a
large area, and are therefore an incomplete correction for the
amount of variability due to salinity impacting any given site. The
resulting records of temperature from site-specific d18Ocalcite re-
cords and regional d18Oseawater curves are hereafter referred to as
d18Otemp.

Temperatures were plotted for each region relative to latitude
and age. To account for records of varying resolution and the
presence of uncertainties within and between age models, in-
terpolations were plotted at a 100-year resolution, and linear
interpolation was applied between data points. In presentation of
all regional data, locally regressed (‘loess’) trend lines have been
overlaid along with bootstrapped confidence intervals. This data
treatment is intended to allow for comparison between records
with differing sample resolutions and age models while high-
lighting areas of inconsistency between regional records.



Table 1
Sediment cores selected for temperature reconstructions, along with citations for the original source of data for SST proxies and age models. A column is also included indicating whether the age model presented here has been
revised based on original AMS 14C (R), presented as originally published due to insufficient data (OID), or presented as originally published with no update needed (OUD). Basic data about the length, sampling resolution and
sedimentation rate (range or average) is also presented where available (Borreggine et al., 2017).

Cruise-
Core

Coring
Depth
(mbsl)

Temperature Proxies Reported Latitude Longitude Age model development Update Age Model Core
Length
(m)

Sampling
Resolution
(cm)

Sedimentation
rate (cm/kyr)

EASTERN PACIFIC
EW0408-

85JC
682 Uk’37 (Praetorius et al., 2015) using Prahl et al. (1998) 59�33’N 144�9’ W (Davies et al., 2011; Praetorius et al.,

2015)
OUD 11.24 1-20 100-200

EW0408-
66JC

426 Uk’37 (Praetorius et al., 2016) using Prahl et al. (1998) 58�52’N 137�6’W (Praetorius et al., 2016) OUD 13.86 2-20 200-2000

EW0408-
26TC/JC

1620 Uk’37 (Praetorius et al., 2016) using Prahl et al. (1998) 56�57’N 136�26’W (Praetorius et al., 2016) OUD 2-20 100-2000

MD02-
2489

3640 Mg/Ca N. pachyderma (Gebhardt et al., 2008) 54�39’N 148�29’W (Rae et al., 2014) R 29.8 2 15-50

SO202-27-
6

2919 Uk’37 (M�eheust et al., 2018) using Sikes et al. (1997) 54�118’N 149�36’W (Maier et al., 2018) OUD 2.92

JT96-09 920 Uk’37 (Kienast and McKay, 2001) using Müller et al.
(1998)

48�54’N 126�53’W (Kienast and McKay, 2001) R 4.14 5 5-169

W8709A-
53GC

2408 Uk’37 (Doose et al., 1997) using Prahl et al. (1998) 42�45’N 126�15’W (Ortiz et al., 1997) R 2.58

W8709A-
13PC

2717 Uk’37 (Doose et al., 1997) using Prahl et al. (1998) 42�1’N 125�45’W (Ortiz et al., 1997) R 8.72 10 21-24

ODP
1019C

988 Uk’37, d18O (Mix et al., 1999; Pisias et al., 2001; Barron,
2003) using Prahl et al. (1998)

41�40’N 124�55’W (Lopes and Mix, 2009) OID 214 61 61

W8809A-
57GC

3330 Uk’37 (Doose et al., 1997) using Prahl et al. (1998) 41�34’N 130�37’W (Ortiz et al., 1997) R 2.52

F2-92-P3 799 Uk’37 (Doose et al., 1997) using Prahl et al. (1998) 35�37’N 121�36’W (Zheng et al., 2000) R 5.78 10 12
F2-92-P34 610 Uk’37 (Doose et al., 1997) using Prahl et al. (1998) 35�25’N 121�24’W (Gardner et al., 1997) R 5.7 10 13
WESTERN PACIFIC
SO201-2-

12KL
2145 Uk’37 (Max et al., 2012) using Sikes et al. (1997) 53�59’N 162�22’E (Max et al., 2012) R 9.05

MD01-
2416

2317 Mg/Ca N. pachyderma, d18O (Gebhardt et al., 2008;
Sarnthein et al., 2004)

51�16’N 167�44’E (Gray et al., 2018) R 44.75 1-2 10-36

SO202-07-
6

2340 Uk’37 (M�eheust et al., 2018) using Sikes et al. (1997) 51�16’N 167�42’W (Serno et al., 2015) R 4.77

4-GC37 3300 d18O (Keigwin, 1998) 50�25’N 167�44’E (Cook and Keigwin, 2015; Keigwin,
1998)

R 1.5 2.9-7.7

KT90-9-
ST-21

1083 d18O (Oba and Murayama, 2004) 42�27’N 144�19’E (Ohkushi et al., 2000) R 4.47 20 21.6

GH02-
1030

1212 Uk’37 (Ikehara et al, 2009; Harada et al., 2012) using
Prahl et al. (1998)

42�14’N 144�13’E (Ikehara et al., 2006) R 7 31-40

KR02-15-
PC6

2215 Uk’37 (Harada et al., 2012; Minoshima et al., 2007a)
using Prahl et al. (1998)

40�24’N 143�30’E (Minoshima et al., 2007b) R 7.443

CMC18 5389 Uk’37 (Yamamoto et al., 2007) using Prahl et al. (1998) 39�14’N 144�13’E (Yamamoto et al., 2007) R 0.3
MD01-

2420
2101 Mg/Ca G. bulloides, d18O (Sagawa et al., 2006) 36�04’N 141�49’E (Okazaki et al., 2012) R 8.99 30

MD01-
2421

2224 Uk’37 (Yamamoto et al., 2004; Isono et al., 2009) using
Prahl et al. (1998)

36�1’N 141�46’E (Oba et al., 2006; Isono et al., 2009) R (Yamamoto et al., 2004); OID
(Isono et al., 2009)

45.82 15

BERING SEA
HLY02-

02-3JPC
1132 d18O (Cook et al., 2005) 60�8’N 179�27’E (Cook et al., 2005) R 12

SO202-18-
6

1105 Uk’37 (M�eheust et al., 2018) using Sikes et al. (1997) 60�8’N 179�26’W (Kuehn et al., 2014) OUD 7.21

SO201-2-
114KL

1376 Uk’37 (Max et al., 2012) using Sikes et al. (1997) 59�14’N 166�59’E (Max et al., 2012) R 2

SO201-2-
85KL

968 Uk’37 (Max et al., 2012) using Sikes et al. (1997) 57�30’N 170�25’E (Max et al., 2012) R 18.13 5
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SO201-2-
77KL

2135 Uk’37 (Max et al., 2012) using Sikes et al. (1997) 56�20’N 170�42’E (Max et al., 2012) R 11.78 5 11-16

HLY02-
02-
51JPC

1467 d18Op (Caissie et al., 2010; Cook et al., 2005) using Prahl
et al. (1998)

54�33’N 168�40’E (Cook et al., 2005; Caissie et al., 2010) R 19.56 12 15-20

HLY02-
02-
17JPC

2209 d18O (Brunelle et al., 2007; Cook et al., 2005) 53�56’N 178�42’E (Cook et al., 2005; Brunelle et al., 2007) R 3.17 12 12-15

91-AV-19/
4-GC11

3060 d18Op (Gorbarenko et al., 2005; Gorbarenko et al., 2010;
Gorbarenko, 1996)

53�31’N 178�51’E (Gorbarenko et al., 2005; Gorbarenko
et al., 2010; Keigwin, 1998)

R 6.5 5 1.9-12.25

U1340 1294 Uk’37, d18O (Schlung et al., 2013) using Müller et al.
(1998)

53�24’N 179�31’W (Schlung et al., 2013) R 604 3-32

SEA OF OKHOTSK
XP07-C9 1431 Uk’37 (Harada et al 2012) using Prahl et al. (1998) 52�15’N 146�0’E (Harada et al 2012) OID 6.8
LV28-42-4 1041 d18O (Nürnberg et al., 2011) 51�43’N 150�59’E (Nürnberg et al., 2004) R 10.84 5.1 2-22
LV28-41-4 1082 d18O (Nürnberg et al., 2011) 51�41’ 149�04’E (Nürnberg et al., 2011) OID 9.81 1-6
LV28-40-4 1370 d18O (Nürnberg et al., 2011) 51�20’N 147�12’E (Nürnberg et al., 2011) OID ~4-23
MR06-04-

PC07R
1256 Uk’37 (Harada et al., 2012) using Prahl et al. (1998) 51�17’N 149�13’E (Gorbarenko et al., 2012) OUD 17.22 1-2

936 1305 d18O (Gorbarenko et al., 2004) 51�01’N 148�19’E (Gorbarenko et al., 2014) R 7 3-5 16
XP98 PC-2 1258 Uk’37 (Harada et al., 2012; Okazaki et al., 2006; Seki

et al., 2004) using Prahl et al. (1998)
50�24’N 148�19’E (Seki et al., 2004) OID 10.23 2.4 11

V34-98 1175 d18O (Gorbarenko et al., 2002) 50�07’N 153�12’E (Gorbarenko et al., 2002) R 33 17
XP98 PC-4 664 Uk’37 (Harada et al., 2012; Seki et al., 2004) using Prahl

et al. (1998)
49�29’N 146�08’E (Seki et al., 2004) OID 11.28 2.4 13

MR00K3-
PC4

1821 Uk’37 (Harada et al 2012) using Prahl et al. (1998) 49�22’N 153�01’E (Harada et al., 2004) R 20.6 1-2 0.7-24

V34-90 1590 d18O (Gorbarenko et al., 2002) 48�50’N 150�28’E (Gorbarenko et al., 2002) R 3.4 3.5 15
GGC-15 1980 Uk’37, d18O (Ternois et al., 2000) using Prahl et al. (1998) 48�10’N 151�20’E (Keigwin, 1998) R 3.21 5-10 4-23
MR06-04-

PC04
1217 Uk’37 (Harada et al 2012) using Prahl et al. (1998) 44�32’N 145�0’E (Okazaki et al., 2014) R 18.292

MD01-
2412

1225 Uk’37 (Harada et al., 2006; Harada et al., 2008; Harada
et al., 2012) using Prahl et al. (1998)

44�31’N 145�00’E (Okazaki et al., 2005) R 52.69 2.4 41.2-115.5
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Fig. 2. Comparison of Uk’
37 (yellow) and Mg/Ca (red) SST records from MD01-2421 and

MD01-2420 respectively in the Western North Pacific. Purple shading denotes the
Heinrich Stadial 1 Interval, pink the Bølling-Allerød, and blue the Younger Dryas from
Greenland records. Both available Uk’

37 records for MD01-2420 have been included,
although only the record reported by Yamamoto et al. (2004), with updated age model,
has been connected with lines. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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3. Results and discussion

3.1. Reconciling sea surface temperature proxies

We attempt to reconcile temperature proxies to produce a
comprehensive record of North Pacific summer/fall SSTs from
d18Otemp, Mg/Ca, and Uk’

37 for the last 20ka. This approach allows
Fig. 3. The a) location of each core colored by proxy (Uk’
37:yellow, and d18Otemp:blue) along w

Heinrich Stadial 1 Interval (HS1), the Bølling-Allerød (BA), and the Younger Dryas (YD) fro
points, and latitudinally between cores. (For interpretation of the references to color in thi
for the utilization of multiple record types, and the identification of
sites and circumstances under which some records are preferable
for SST reconstruction.

In the Western Pacific and Sea of Okhotsk, we find that Uk’
37

temperatures are less reliable under cooler (<10 �C) conditions
(Figs. 2, 4 and 7). Additionally, d18Otemp records may be influenced
by local salinity during periods of unconstrained and rapid changes
in d18Oseawater. In the Sea of Okhotsk and along the Japan margin,
Uk’

37 records producewarmer temperatures than d18Otemp orMg/Ca
records regardless of the calibration used, during the Last Glacial
Maximum (>18 ka) and Heinrich Stadial 1 (~17.9e14.7 ka) (Fig. 2).
Warm Last Glacial Maximum temperatures, interpreted from Uk’

37,
have previously been attributed to basin isolation in the Sea of
Japan and the Sea of Okhotsk (Ishiwatari et al., 2001; Seki et al.,
2004). However, comparisons between neighboring sites suggest
that inmany instances, warm deglacial Uk’

37 temperatures aremore
likely to be proxy-specific artifacts. For example, adjacent Mg/Ca
(MD01-2420) and Uk’

37 (MD01-2421) records give comparable
temperatures through the Holocene (15e23 �C), though Mg/Ca
from the shells of G. bulloides remains somewhat cooler than Uk’

37
temperatures (Fig. 2). However, during deglaciation the Mg/Ca re-
cord indicates temperatures of ~5e10 �C while the Uk’

37 index in-
dicates SSTs of ~15 �C (Fig. 2). This could be due to a breakdown of
the Uk’

37 temperature relationship at low temperatures (i.e. Sikes
et al., 1997; Rosell-Mele, 1998), a more limited coccolithophore
growth season during cold intervals (Seki et al., 2009; Harada et al.,
2012), changes in nutrient availability (Minoshima et al., 2007a), or
analytical uncertainties due to small sample sizes and low alkenone
abundance. Interpretations of Last Glacial Maximum Uk’

37 records
as artificially warm in the Western Pacific and the Sea of Okhotsk
cannot be directly applied to the Bering Sea due to a lack of overlap
between proxy types in the region (Fig. 3).

Foraminiferal d18O records bear the dual signal of temperature
and d18Oseawater, therefore incorrect assumptions made about
d18Oseawater will skew temperature reconstructions. We have
attempted to deconvolve competing signals of temperature and
d18Oseawater by accounting for long-term regional changes in
d18Oseawater (see Supplemental text). Nevertheless, temporal and
spatial differences between sites make this an imperfect approach.
The use of regional d18Oseawater records to account for local changes
may be especially important in the Sea of Okhotsk and Bering Sea,
due to the likelihood of fresh intervals during the deglaciation
caused by increased riverine runoff (Gorbarenko et al., 2004; Seki
et al., 2009; Riethdorf et al., 2013; Lembke-Jene et al., 2017).
Additional variability in the extent of sea ice or the amount or
ith b) temperature records from the Bering Sea. Vertical lines denote the timing of the
m Greenland records. Change in temperature over time is interpolated between data
s figure legend, the reader is referred to the Web version of this article.)



Fig. 4. The a) location of each core colored by proxy (Uk’
37:yellow, and d18Otemp:blue) along with b) temperature records from the Sea of Okhotsk. Vertical lines denote the timing of

the Heinrich Stadial 1 Interval (HS1), the Bølling-Allerød (BA), and the Younger Dryas (YD) from Greenland records. Change in temperature over time is interpolated between data
points, and latitudinally between cores. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Comparison between SST trends in the a) Eastern North Pacific, b) Western North Pacific, c) the Bering Sea, and d) the Sea of Okhotsk. Broken lines in a-c show the trend in
temperature, based on local regress ‘loess’ of all proxy types, with an envelope denoting the 95% bootstrap confidence interval. Individual data points are colored by proxy type.
Purple shading denotes the Heinrich Stadial 1 Interval, pink the Bølling-Allerød, and blue the Younger Dryas from Greenland records. Records from the Sea of Okhotsk have been
separate into temperature based upon Uk’

37 (yellow) or d18Otemp (blue) proxies. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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source of runoff could lead to spatial variability in d18Oseawater on
time-scales shorter than captured in paired records (~centennial).
Therefore, the d18Otemp records presented here may still be influ-
enced somewhat by freshwater inputs, especially for cores located
farther from d18Oseawater tie-sites or during periods of rapid change
in freshwater delivery. The generation and publication of additional
paired d18Oseawater records will provide a needed test of the degree
of variability left unaccounted for by our approach, and could
facilitate the generation of SST records from other d18O records.

Foraminiferal Mg/Ca records present their own caveats,
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including the need for species-specific calibrations (Nürnberg et al.,
1996; Lea et al., 1999; Mashiotta et al., 1999; Regenberg et al., 2009),
and the potential for influences of salinity (e.g., Lea et al., 1999;
H€onisch et al., 2013), carbonate chemistry (e.g., Lea et al., 1999;
Russell et al., 2004), and dissolution (e.g., Dekens et al., 2000;
Regenberg et al., 2014).
3.2. Subpolar marginal seas

3.2.1. The Bering Sea
Prior to 16 ka, regional SST records are only available for sites

south of 55�N, two of which rely on d18Otemp (HLY02-02-51JPC and
4-GC-11) (Fig. 3). These records indicate warming initiating in the
Last Glacial Maximum through Heinrich Stadial 1 (at ~19 and ~17
ka) (Fig. 3). Alkenone-reconstructed site U1340 shows a similar
overall trend, although lower resolution at this site makes specific
warming events difficult to interpret (Fig. 3). Regardless of proxy
approach, Heinrich Stadial 1 in the southern Bering Sea appears
relatively warm, with temperatures comparable to the Holocene,
and higher than during the Last Glacial Maximum (Figs. 3 and 5,
Supplemental Fig. 3). A relatively warm Heinrich Stadial 1 in the
southern Bering Sea also coincides with a shift from perennial to
seasonal sea ice on the Umnak Plateau (Caissie et al., 2010).

Warming during the Bølling-Allerød is characteristic of many of
the records in the Bering Sea (Fig. 3). Cores from the Umnak Plateau
(HYL02-02-51JPC) and Bowers Ridge (U1340) appear to begin
warming centuries prior (~15.2 ka) to the Bølling-Allerød (Fig. 3).
This warm pulse has previously been noted in several cores and
proposed to be either a true signal (Seki et al., 2002; Kiefer and
Kienast, 2005; Sarnthein et al., 2006) or an artifact of reservoir
age uncertainties in carbon dating (Schlung et al., 2013) and
therefore more rightfully associated with the onset of the Bølling-
Allerød. Uncertainty in age models, and the binning of data at 100
year intervals, does not allow us to directly address questions of
centennial scale timing. However, the prevalence of this feature
across cores can be taken as suggestive that SST warming likely
began prior to the Bølling-Allerød in the Bering Sea.

Deglacial SST trends following the onset of the Bølling-Allerød
are inconsistent across Bering Sea cores and do not display a strong
latitudinal gradient in SST (Fig. 3), with western sites generally
cooler than those along Bowers Ridge or the Umnak Plateau. The
complexity of the deglaciation may be derived from the physical
reorganization of the basin associated with the reopening of the
Bering Strait, inundation of the shallow shelf, loss of sea ice, and a
redirection of Alaskan rivers into the Bering Sea (Sancetta, 1983;
Caissie et al., 2010; Pelto et al., 2018). During the deglaciation,
several records from across the Bering Sea (HYL02-02-17JPC,
SO201-2-85 KL and HYL02-02-51JPC) indicate a cool early Bølling-
Allerød, followed by warming. A cool interval is present at most
sites at ~12.9e11.7 ka, associated with the Younger Dryas, followed
by a gradual warming at the start of the Holocene (Figs. 3 and 5).
Sea surface temperatures during the Younger Dryas are highly
variable at some sites, especially in the northwest (i.e. SO201-2-
77 KL and SO201-2-85 KL), but most available Bering Sea records
are too low resolution to capture such variability (Fig. 3;
Supplementary Fig. 3).
3.2.2. The Sea of Okhotsk
The timing of temperature oscillations in the Sea of Okhotsk is

generally in keeping with that observed across the rest of the high
latitude North Pacific. However, the direction of SST change in the
Sea of Okhotsk often differs from the rest of the North Pacific and is
depend upon proxy source (Fig. 4; Fig. 5; Supplemental Fig. 4). Uk’

37
records from the Last Glacial Maximum appear to have a warm bias
not reflected in adjacent d18O, however this disparity between
proxy records also reappears at points through the deglaciation and
into the Holocene. At odds with Uk’

37 records, d18Otemp records
showwarming from a cool Last Glacial Maximum beginning during
Heinrich Stadial 1 (Fig. 5). Most d18Otemp records also indicate a cool
Bølling-Allerød, followed by a relatively warm Younger Dryas, and
gradual warming through the mid-Holocene (Fig. 4; Fig. 5). In
contrast, most Uk’

37 records show a warm Last Glacial Maximum,
cooling initiating just prior to the onset of the Bølling-Allerød, and a
comparatively warm Younger Dryas. Uk’

37 records all show a more
gradual warming through the deglaciation and no abrupt transition
at the onset of the Holocene (Fig. 4; Fig. 5).

The apparent mismatches between proxy records could be
attributed to several possible causes. The first is the suite of pre-
viously discussed biases associated with Uk’

37, which could cause
cold periods to appear unexpectedly warmer. Supporting this is the
observation that relatively high Uk’

37 temperatures frequently
occur when d18O temperatures indicate SSTs lower than ~10�

(Fig. 5). This, however, cannot explain the north-south gradient in
Uk’

37 temperature, maintained throughout the deglaciation and
comparable with modern oceanography in the region (Locarnini
et al., 2013, Fig. 4). If this source of bias were the sole cause of the
proxy mismatch in the Sea of Okhotsk, warmer Uk’

37 SSTs would be
expected at higher latitudes during the coolest intervals, or all re-
gions should appear to warm; neither scenario is supported by the
available records (Fig. 4). One additional possibility is that the
distribution of records influenced the difference between proxies.
For example, the two highest resolution sites for which Uk’

37 is
available (MD01-2412&MR06-04-PC04) are both located in the far
south of the Sea of Okhotsk, raising the possibility that equivalent
glacial and Holocene temperatures are real but an artifact of local
conditions at these sites. This possibility cannot be entirely dis-
counted, but we note that Uk’

37 sites XP98 PC-4 and XP98 PC-2 also
record comparable temperatures during the end of the Last Glacial
Maximum and early Holocene, if at much lower resolution.

Another possibility regarding the SST proxy mismatch relates to
the assumption that foraminiferal d18O can be related directly to
SST. This may not be the case in the Sea of Okhotsk, because
N. pachyderma, the species used in all Sea of Okhotsk d18O records
included here, calcifies at 30e40 m depth in the region (Alderman,
1996). That may place them in the dicothermal layer (~30e130 m
summer depth), an environment not readily comparable to surface
waters (Max et al., 2012). The strength of this idea is attenuated by
the presence of an additional d18O record from the shallower-
dwelling foraminifer G. bulloides, not available for this synthesis,
that resembles the deglacial trends of N. pachyderma d18Otemp
rather than Uk’

37 records (Gorbarenko et al., 2010). Moreover, an
interpretation of d18Otemp as a record of dicothermal waters
throughout the past 20 ka would imply an unrealistically warm
(~12 �C) dicothermal layer in the recent Holocene, in contrast to
measured modern temperatures of <6 �C (Locarnini et al., 2013)
(Fig. 4; Fig. 5). While too little is known about the deglacial depth
habitats of these species to rule out a depth migration during the
deglaciation, an alternative explanation may be required.

Glacial ice melt and surface freshening in the Sea of Okhotsk
may be key to understanding the contradictory proxy signals.
Strong Last Glacial Maximum stratification has previously been
described in the Sea of Okhotsk (Seki et al., 2004), with surface
freshening suggested as a source for changing planktic foraminif-
eral d18O (Gorbarenko et al., 2004; Riethdorf et al., 2013), and fluvial
runoff and melt water as a potential cause for the pre-Holocene
cooling seen in alkenone records from GGC-15 (Ternois et al.,
2000). A runoff signal would include both freshening (apparent
warming) and cooling in summer/fall SSTs, both of which are
recorded in foraminiferal d18O, and potentially not well corrected



Fig. 6. The a) location of each core colored by proxy (Uk’
37:yellow, and Mg/Ca:red) along with b) temperature records from the Eastern North Pacific. Vertical lines denote the timing

of the Heinrich Stadial 1 Interval (HS1), the Bølling-Allerød (BA), and the Younger Dryas (YD) from Greenland records. Change in temperature over time is interpolated between data
points, and latitudinally between cores. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. The a) location of each core colored by proxy (Uk’
37:yellow, d18Otemp:blue, and Mg/Ca:red) along with b) temperature records from the Western North Pacific. Vertical lines

denote the timing of the Heinrich Stadial 1 Interval (HS1), the Bølling-Allerød (BA), and the Younger Dryas (YD) from Greenland records. Change in temperature over time is
interpolated between data points, and latitudinally between cores. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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for at sites farther from the regional d18Oseawater record generated at
GGC-15. This would result in apparently muted deglacial temper-
ature changes in d18Otemp records. Thus, the reversed direction of
SST change from that observed across much of the North Pacific is
consistent with freshwater inputs during the deglaciation, with
runoff during warming intervals (Bølling-Allerød and the early
Holocene) resulting in sea surface cooling and freshening. This
would account for the observation of cooler Uk’

37 during rapid
warming, associated with an increase in cold freshwater in the
summer/fall, and limited variability in d18Otemp in the same in-
tervals, as cool temperatures compete with fresher conditions.

Where proxies disagree in the early-mid Holocene, we infer a
stratified near-surface environment in the Sea of Okhotsk. Notably,
the timing of a return to agreement between alkenone and d18Otemp
proxies coincides with large-scale environmental changes in Sea of
Okhotsk ventilation and near-surface stratification at ~6 ka (Seki
et al., 2004; Lembke-Jene et al., 2018, Fig. 5). It is likely that the
early to mid Holocene trend in d18Otemp reflects a relative fresh-
ening of the near-surface environment following a period of strong
salinity stratification. As mixing increased in the mid-Holocene, the
highly saline sub-surface lens either dissipated, mixing with Amur
river discharge, or the reduction in stratification allowed
foraminifera to migrate out of a dicothermal habitat. This is in
agreement with models predicting a relatively cool, fresh deglaci-
ation, and a decrease in near surface stratification in the more
recent Holocene (Okazaki et al., 2005).
3.3. Subpolar North Pacific

3.3.1. The Eastern Pacific margin deglaciation
This synthesis reaffirms the presence of the major Northern

Hemisphere deglacial features and maintained latitudinal gradient
along the Eastern Pacific from 35�N to the Gulf of Alaska. Records
from across the region are largely coherent despite spanning a
substantial latitudinal gradient. While the California margin may
have begunwarming from a true glacial minimummany thousands
of years prior to the deglaciation (Herbert et al., 2001), records from
across the Eastern Pacific show a relatively cool Last Glacial
Maximum and Heinrich Stadial 1. Warming is present at the onset
of both the Bølling-Allerød and the Holocene, punctuated by a cool
period coincident with the Younger Dryas in all cores with suffi-
cient resolution (Fig. 6; Supplemental Fig. 5). Praetorius and Mix
(2014) find a strong correlation between d18O in the Gulf of
Alaska and Greenland ice records through the deglaciation (16e11
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ka), and Praetorius et al. (2015) note the onset of warming at
EW0408-85JC prior to the Bølling-Allerød, a trend which is also
apparent at gyre site MD02-2489. Core MD02-2489 is noteworthy
as the only site to show a consistently warm Heinrich Stadial 1, and
the only Mg/Ca record included in this region (Supplementary
Fig. 6).
3.3.2. The Western Pacific margin deglaciation
Temperature changes in much of the Western North Pacific are

extremely similar to the Eastern Pacific through the deglaciation,
and show many of the same features. For example, MD01-2421,
MD01e2420, GH02-1030, 4-GC37, and KT-9-ST-21 all warm dur-
ing the Bølling-Allerød compared to previous temperatures and all
but 4-GC37 then cool somewhat during the Younger Dryas (Fig. 7;
Supplementary Fig. 6). The clear exception is coastal site KR02-15-
PC6 which appears to warm continuously from Heinrich Stadial 1
into the Holocene after a markedly warm Last Glacial Maximum.
The timing of warming at both the Bølling-Allerød and the onset of
the Holocene varies between sites, with some sites warming in line
with North Atlantic events (KT-9-ST-21) and others apparent lag-
ging by several hundred years (MD01-2420), althoughwhether this
is an artifact of uncertainty in dating remains unclear.

The positions of the Kuroshio and Kuroshio Extension Currents
have migrated during glacial-interglacial cycles (Gallagher et al.,
2015 and references therein). Along the Japan margin, SST and
d18O shifts at site MD01-2420 have been attributed to latitudinal
migration of the Kuroshio/Oyashio current interface, with cooler
temperatures in the interglacial representing a southward shifted
interface, and warmer Holocene SSTs, a northward shifted interface
(Sagawa et al., 2006). A gradual increase in SST in the early Holo-
cene at MD01-2420, as well as at coastal sites GH01-1030 and
KR02-15-PC6, indicates a regional signal not captured in gyre cores,
and probably reflects an increased influence of the Kuroshio Cur-
rent along the Japan Margin and through the Tsugaru Strait
(Sagawa et al., 2006; Kuroyanagi et al., 2006; Minoshima et al.,
2007a, Fig. 7). If so, we can conclude that the warm influence of
the Kuroshio Current did not reach Japan margin sites above 35�N
until the onset of the Holocene (Fig. 7).
3.3.3. Holocene shifts in the North Pacific gyre
Along the Eastern Pacific margin, changes in the strength of the

southward flowing California Current have been marked through
the Holocene by changes in SST (Barron et al., 2003; Differnbaugh
et al., 2003; Barron and Anderson, 2010) and diatom abundances
(Barron and Bukry, 2007). In the records reviewed here, a Holocene
SST minimum from ~4 to 9 ka is seen at several sites along the
California Current, including high-resolution site ODP 1019, but
also north of the California Current along the Canadian (JT96-09)
and Alaskan (EW0408-85JC) margins (Fig. 6; Supplementary Fig. 5).
This is in contrast to a Holocene SST maximum seen in the Western
Pacific along the Japan margin during the same interval, most
clearly visible at sites MD01-2420, MD01-2421, KR02-15-PC6, and
KT90-9-ST-21, but not in the Western Pacific Gyre (Fig. 7;
Supplementary Fig. 7). This mid-Holocene interval is followed by a
warming at ~4 ka in the Eastern Pacific and concurrent cooling in
the Western Pacific continuing into the modern (Figs. 5e7).

Yamamoto (2009) proposed a North Pacific east-west seesaw
through the last two glacial cycles, associated with more or less El
Ni~no-like states, with the ~4 ka “Pulleniatina Minimum Event”
(Ujiie et al., 2003) as one example. The proposed seesaw dynamic is
associated with changes from the tropics to mid-latitudes, and is
driven along the Japan and California margins by a change in gyre
circulation strength or position (Timmermann et al., 2004; Ujiie
et al., 2003; Yamamoto, 2009), and potentially a change in El
Ni~no Southern Oscillation variability or spatial expression (i.e.,
Tudhope et al., 2001; Moy et al., 2002; Koutavas et al., 2006;
Koutavas and Joanides, 2012; Karamperidou et al., 2015). As the
western marginal expression of the North Pacific Gyre was located
south of 35�N before the early Holocene, such a seesaw dynamic
would not be obvious at the latitudes of this study, prior to the
Holocene. However, it could explain much of the observed Holo-
cene contrast in SST trend between the Eastern andWestern Pacific
(Fig. 5). It is worth noting that the mid-Holocene SST minimum in
the Eastern Pacific is present at latitudes well above that of gyre
circulation in the Eastern Pacific, while records from the Western
Pacific gyre do not appear to record this trend.
3.4. Evolution of Subarctic North Pacific SST since the Last Glacial
Maximum

The Last Glacial Maximum, as recorded by proxies other than
Uk’

37 was colder than recent throughout the Subarctic North Pacific.
The earliest warming is recorded in the Bering Sea, where by ~19 ka,
SST in the southern Bering Sea had increased to levels associated
with the Holocene, a feature not reflected in the rest of the North
Pacific. By ~16 ka, early warming is present at several cores along
the Eastern Pacific margin as well as in the Sea of Okhotsk. Evidence
for rapid warming is present along both the Eastern and Western
margins of the Pacific coincident with the Bølling-Allerød, followed
by a return to near-glacial temperatures during the Younger Dryas.
While rapid fluctuations in temperature are present across the
Bering Sea, a clear and cohesive signal of warming over previous
conditions is absent, although most sites demonstrate cooling
during the Younger Dryas relative to the Bølling-Allerød. Sea of
Okhotsk SSTs are also in flux through the deglaciation. However,
unlike the rest of the North Pacific, the Bølling-Allerød is marked by
relatively cool temperatures, likely reflecting increased freshwater
input during the spring and summer. A rapid Holocene onset is
reflected in SSTs in the Eastern Pacific, Bering Sea, and Uk’

37 records
from the Sea of Okhotsk. Strong near-surface stratification in the
Sea of Okhotsk, however, leads to apparently cool near-surface
d18Otemp, persisting until ~6 ka, when enhanced mixing brings
Uk’

37 and d18Otemp records into agreement. Meanwhile, along the
Western Pacific margin, Holocene warming is more gradual, not
reaching a maximum until ~8 ka, reflecting the northernward
migration of the Kuroshio Current. This northward migration of the
western boundary current and strengthening of the North Pacific
gyre, is reflected along the Eastern Pacific margin by a slight cooling
during the mid Holocene.
4. Conclusion

This synthesis enables a broad description of deglacial changes
in SST in the North Pacific and marginal seas. Multiple SST proxies
are largely reconcilable across the North Pacific, although Uk’

37 is
less reliable during cold intervals, while regional changes in
d18Oseawater may obscure d18Otemp signals through intervals of rapid
change in freshwater inputs. This source of unconstrained vari-
ability is especially relevant for the interpretation of records from
the Sea of Okhotsk and Bering Sea. Records across the Eastern and
Western North Pacific indicate abrupt SST shifts associated with
major deglacial climate intervals (Heinrich Stadial 1, Bølling-
Allerød, Younger Dryas). In the Sea of Okhotsk, Uk’

37 and d18Otemp

records are at odds, and the seemingly inverse relationship be-
tween proxies in the Sea of Okhotsk and the rest of the subarctic
North Pacific may result from strong and variable influences of local
runoff leading to changes in stratification in the basin. A warm
Heinrich Stadial 1, distinct from that recorded in other North Pacific
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sites, characterizes the Bering Sea. Inconsistent SST trends between
the Eastern and Western Pacific during the Holocene likely reflect
the influence of a northward shifted North Pacific Gyre to latitudes
above 35�N. Futuremulti-proxy approaches within single cores will
allow for further differentiation between, and potential corrections
for proxy and region-specific confounding factors.
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