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Recent reduction in high-latitude sea ice extent demonstrates that sea ice is highly sensitive to external 
and internal radiative forcings. In order to better understand sea ice system responses to external orbital 
forcing and internal oscillations on orbital timescales, here we reconstruct changes in sea ice extent and 
summer sea surface temperature (SSST) over the past 130,000 yrs in the central Okhotsk Sea. We applied 
novel organic geochemical proxies of sea ice (IP25), SSST (TEXL

86) and open water marine productivity 
(a tri-unsaturated highly branched isoprenoid and biogenic opal) to marine sediment core MD01-2414 
(53◦11.77′N, 149◦34.80′E, water depth 1123 m). To complement the proxy data, we also carried out 
transient Earth system model simulations and sensitivity tests to identify contributions of different 
climatic forcing factors. Our results show that the central Okhotsk Sea was ice-free during Marine Isotope 
Stage (MIS) 5e and the early-mid Holocene, but experienced variable sea ice cover during MIS 2–4, 
consistent with intervals of relatively high and low SSST, respectively. Our data also show that the sea 
ice extent was governed by precession-dominated insolation changes during intervals of atmospheric 
CO2 concentrations ranging from 190 to 260 ppm. However, the proxy record and the model simulation 
data show that the central Okhotsk Sea was near ice-free regardless of insolation forcing throughout the 
penultimate interglacial, and during the Holocene, when atmospheric CO2 was above ∼260 ppm. Past 
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sea ice conditions in the central Okhotsk Sea were therefore strongly modulated by both orbital-driven 
insolation and CO2-induced radiative forcing during the past glacial/interglacial cycle.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Sea ice is one of the crucial components of the Earth’s climate 
system, in part, due to its high reflectance or albedo, which influ-
ences energy budgets at both high and low latitudes (Serreze et al., 
2016; Turner et al., 2016). In addition, brine rejection during sea-
sonal sea ice formation supplies dense and well ventilated water 
to global deep/intermediate water circulation, while sea ice melt in 
spring causes stratification between near-surface and deeper water 
masses. Furthermore, the area bound by the retreating sea ice mar-
gin during spring and summer (the so-called marginal ice zone) 
represents a region of significant open water (pelagic) productiv-
ity.

Major changes in the extent and thickness of sea ice across the 
Arctic-subarctic and Antarctic regions during the last three to four 
decades have been revealed by direct and remote sensing obser-
vations (Serreze et al., 2016; Turner et al., 2016). In the Arctic, 
the average reduction rate in September sea ice extent, 13.4% per 
decade during 1981–2010, is higher than predicted by most model 
simulations (Serreze et al., 2016). This discrepancy emphasizes the 
limited knowledge of the high-latitude climate system to radiative 
perturbations and natural variability. In addition, a slow overall in-
crease in annual mean sea ice extent in the Southern Ocean (ca. 
1.6% per decade during 1979–2013), raises further questions re-
garding the relationships between anthropogenic radiative forcings, 
temperature, winds, and sea ice cover (Turner et al., 2016).

The Okhotsk Sea in the subarctic Pacific Ocean has responded 
rapidly to recent climate change (Mesquita et al., 2011; Kashiwase 
et al., 2014) and has been shown previously to be dynamically 
connected to Northern Hemispheric cooling events (e.g. Heinrich 
and Dansgaard–Oeschger (D/O) events) during the last glacial pe-
riod (Ono et al., 2005; Sakamoto et al., 2005; Harada et al., 2008; 
Max et al., 2012, 2014). For example, Harada et al. (2008) demon-
strated a strong link between a UK′

37-derived sea surface tempera-
ture (SST) record and Greenland Ice Sheet Project 2 ice core D/O 
events back to ∼120 ka in the southwestern Okhotsk Sea. Fur-
ther, sedimentary magnetic mineral and composition data have 
been used to reconstruct sea ice derived ice rafted debris (IRD) 
in the same region (Sakamoto et al., 2005) with larger fluctu-
ations during the last glacial period (Marine Isotope Stage, MIS 
2–4) compared to interglacial periods (Holocene and MIS 5) for 
the southwestern Okhotsk Sea. Also within the study region, fresh-
water input from the Amur River and polar atmospheric dynamics 
are potential candidates responsible for controlling sea ice dy-
namics in the southwestern Okhotsk Sea (Sakamoto et al., 2005;
Harada et al., 2008). Previous low resolution sea ice reconstruc-
tions based on the Arctic sea ice biomarker proxy IP25 (Ice Proxy 
with 25 carbon atoms, Belt et al., 2007; Belt and Müller, 2013), 
when combined with compiled SST data, have shown that sea ice 
extent variations in the central-west subarctic Pacific Ocean are 
tightly link to Atlantic meridional overturning circulation and at-
mospheric circulation between North Atlantic and North Pacific 
during the last termination (Max et al., 2012, 2014). More recently, 
Méheust et al. (2016) used IP25 and other geochemical proxies to 
show that sea ice expanded significantly during Heinrich event 1 
(H1) and the Younger Dryas (YD) in the western Bering Sea, in 
contrast to the Bølling-Allerød (B/A) and early Holocene, which ex-
perienced low/absent sea ice.

Despite the importance of its location and role in the subarctic 
sea ice system, very few studies have been reported from the cen-

Fig. 1. Site location. Core MD01-2414 (53◦11.77′N, 149◦34.80′E, water depth 
1123 m) is located in the Okhotsk Sea. The blue arrows indicate surface water circu-
lation (WKC: West Kamchatka Current, ESC: East Sakhalin Current, and SWC: Soya 
Warm Current) and the dashed black line denotes the average position of modern 
seasonal sea ice extent, during the months of November to June. This map was gen-
erated with Ocean Data View (GMT) version 5 (Schlitzer, 2017).

tral region of the Okhotsk Sea (Liu et al., 2006; Wang and Wang, 
2008; Chou et al., 2011) and no detailed sea ice reconstructions 
have been conducted on orbital timescales. As such, the roles of in-
solation (external) and greenhouse gas radiative forcing (internal) 
on sea ice variation remain poorly understood. Therefore, long-
term reconstruction of sea ice extent in the central Okhotsk Sea 
would be especially informative in understanding the interaction 
of sea ice and external/internal climatic forcings.

In this study, we reconstruct variations in sea ice extent and 
summer SST (SSST) using organic geochemical proxies and com-
pare the proxy-derived records with Earth system modeling results 
in order to identify controlling mechanisms and interactions be-
tween sea ice and atmospheric–oceanic forcings in the Okhotsk 
Sea during the past 130,000 yrs. Our results reveal a strong pre-
cession control and a potential greenhouse gas induced radiative 
forcing threshold on sea ice variations since the penultimate peak 
interglacial period.

2. Regional setting

The Okhotsk Sea represents the southernmost region of con-
temporary seasonal sea ice formation in the Northern Hemisphere 
and has experienced a large decline rate of 11.4% per decade in 
sea ice extent during the past three decades (Kashiwase et al., 
2014). The regional current system is affected by the north- and 
south-ward flowing West Kamchatka Current (WKC), East Sakhalin 
Current (ESC), salty-warm Soya Warm Current (SWC) and freshwa-
ter input from the Amur River (Fig. 1). The SSST is in the range 
5–13 ◦C, while salinity varies between 31.5 to 33.2�, being influ-
enced mostly by the Amur River discharge (Luchin et al., 2009). 
Sea ice easily forms on the shallow continental shelves in the 
north-west Okhotsk Sea and is also influenced by the large fresh 
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