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a b s t r a c t 

High- and low-latitude climatic processes in the North Pacific Ocean are important components of the 

global climate system. For example, the interplay among North Pacific atmospheric circulation, ocean 

circulation, and biological productivity affects atmospheric carbon dioxide levels and marine oxygen con- 

centrations. Here we review recent research on the North Pacific paleoclimatic and paleoceanographic 

evolution during the late Quaternary and its response to external forcings such as orbital insolation, ice- 

sheet extent, and greenhouse gas concentrations. First, we summarize the principles and application of 

relative paleointensity as a critical chronological tool in North Pacific paleoclimate research. Second, we il- 

lustrate the latest discoveries on the interaction between North Pacific Intermediate Water formation and 

high-to-low latitude teleconnection processes. Third, recent progress in linking dust fluxes and marine 

productivity and their global significance for the carbon cycle are presented. Finally, several key scien- 

tific problems are highlighted for future research on ocean-atmosphere-climate interactions in the North 

Pacific, pointing to the importance of combining paleo-records and modeling simulations. Overall, this 

review also aims to provide a broad insight into possible future changes of ocean-atmosphere circulation 

in the North Pacific region under a rapidly warming climate. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Ocean University of China. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. (a) Ocean and atmospheric circulation in the North Pacific Ocean. The ma- 

jor ocean currents are based on Brown et al. (2001) . Location of the Westerly Jet is 

based on Zhang and Huang (2011) . Other atmospheric systems are shown schemat- 

ically. Ocean temperatures (scale to right) are from the World Ocean Atlas 2013 

( Locarnini et al., 2013 ), drawn with Ocean Data View software ( Schlitzer, 2015 ). 

The glacial extent of the Cordilleran Ice sheet (CIS) is also shown. Locations of 

ocean drilling sites and cave sites referred to in the text are marked with blue 

labelled circles. ITCZ, intertropical convergence zone. (b) Modern seawater salinity 

profile along the Pacific meridional transect, based on the World Ocean Atlas 2013 

( Locarnini et al., 2013 ). AAIW = Antarctic Intermediate Water, NPIW = North Pa- 

cific Intermediate Water, UCDW = Upper Circumpolar Deep Water, LCDW = Lower 

Circumpolar Deep Water, PDW = Pacific Deep Water. Detailed information of these 

sites is presented in Table 1 . 
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. Introduction 

The North Pacific Ocean (NPO) is a terminus in the modern 

outing of the deep ocean currents of the global thermohaline 

irculation, which transports heat and salt within and between 

cean basins ( Lyle et al., 2008 ). Furthermore, Pacific Deep Water 

PDW) constitutes a major reservoir for carbon and is important 

or carbon exchange between the ocean and the atmosphere due 

o the accumulation of the products of re-mineralized organic mat- 

er along deep-water flow pathways ( Jaccard et al., 2009 ). Con- 

equently, studies of the NPO paleoclimate evolution and paleo- 

eanography could shed light on how distinct Earth systems re- 

pond and interact under varying global climatic boundary condi- 

ions. 

The modern North Pacific is permanently capped by a fresh- 

ater lid, which constrains the large-scale sinking of surface wa- 

er to the upper few hundred meters of the water column ( Emile- 

eay et al., 2003 ). Although synchronous changes have been re- 

orted between atmospheric CO 2 variability and oceanic export 

roduction in this region ( Crusius et al., 2004 ; Galbraith et al., 

007 ; Gray et al., 2018 ; Rae et al., 2014 , 2020 ), explanations for

his coherent variation remain debated. For example, it could arise 

rom some combination of changes in iron supply ( Praetorius et al., 

015 ), water column stratification ( Lam et al., 2013 ), or the forma-

ion and extent of glacial North Pacific Intermediate Water (NPIW) 

 Knudson and Ravelo, 2015 , 2016 ). During glacial periods, enhanced 

ust fluxes to the region could have alleviated iron limitation 

 Martin, 1990 ), whereas reduced exchange between the surface 

nd deeper waters could have led to a decrease in nutrient sup- 

ly ( Jaccard et al., 2005 ). Given the multiple possible controls and 

esponses in this system, obtaining a better understanding will re- 

uire improved constraints on ocean circulation and dust dynamics 

n the North Pacific over a range of timescales. 

A key oceanographic feature of the NPO is the Kuroshio Cur- 

ent ( Fig. 1 ), which strongly influences East Asian and global cli- 

ates through ocean-atmosphere interactions between high- and 

ow-latitude climate systems ( Jaccard et al., 2005 ). On the one 

and, the Arctic Oscillation and the Siberian High/Aleutian Low 

ystems ( Fig. 1 a) are dominant factors controlling the amount of 

now cover and winter strength, including the timing of sea-ice 

nset and breakup ( Wu and Wang, 2002 ). Furthermore, these sys- 

ems offer a connection between the high latitudes in the Atlantic 

nd Pacific realms. On the other hand, during the summer, the 

ast Asian Summer Monsoon (EASM) system transports moisture 

nd heat from the tropics to the extratropical Pacific Ocean and 

lso delivers precipitation to the major river drainage basins in 

he continental hinterland ( Lembke-jene et al., 2018 ; Fig. 1 a). In 

urn, variability in the freshwater release may play an important 

ole in controlling sea-ice coverage and upper-ocean stratification 

 Okazaki et al., 2010 ; Riethdorf et al., 2013 ). 

Apart from palaeoceanographic studies on the ocean dynamics 

n the NPO, source-to-sink studies from the Asian mainland to the 

acific Ocean have become an important frontier field in contem- 

orary geoscience research. As the second-largest dust source on 

arth, the arid and semi-arid areas in central Asia supply about 70 
2 
t of dust to the NPO every year, which is carried by the west- 

rly winds and the East Asian Winter Monsoon ( Shao et al., 2011 ;

ig. 1 a). Such eolian dust input may be a significant factor control- 

ing primary productivity in the North Pacific because it enhances 

he biological pump efficiency ( Buesseler et al., 2007 ; Han et al., 

011 ; Wan et al., 2020 ). However, the interaction between iron fer- 

ilization and biogeochemical cycles in the NPO remains unclear 

 Chen et al., 2020 ; Jacobel et al., 2019 ; Winckler et al., 2016 ). 

For a long time, the application of oxygen isotope stratigraphy 

nd radiocarbon dating of sediments based on calcareous microfos- 

ils was not widely available for most of the NPO. In addition, re- 

earch into these systems, including atmospheric and ocean circu- 

ation, dust inputs, and productivity, was generally conducted inde- 

endently. Consequently, while their importance for the global car- 

on cycle is recognized, the relationships between these North Pa- 

ific climate systems over different spatio-temporal scales are not 

lways clear. In this contribution, we focus on recent progress that 

as been made in understanding these NPO systems, both individ- 

ally and in terms of the interactions between them during the 

ate Quaternary ( Fig. 1 and Table 1 ). After introducing the modern 

tmospheric and ocean circulation in this region, we first analyze 

he key role of relative paleointensity (RPI) studies in developing 

orth Pacific age models. Second, we review recent evidence for 

hanges in NPIW formation and developments in understanding its 

orcing mechanisms. Third, we address the controls on Asian dust 

nputs and NPO paleo-productivity, and their links to CO 2 regu- 

ation. We conclude by discussing the need to combine data and 

odeling approaches to understand the climatic systems of the 

orth Pacific and consider the significance of this region for the 

lobal carbon cycle. 
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Table 1 

Lists of paleoclimatic records in North Pacific Ocean and East Asia. 

Num Area Sites Latitude Longitude Water depth (m) References 

1 Bering Sea U1345 60 °9 ′ N 179 °28 ′ W 1008 Jang et al., 2017 

2 Bering Sea U1342 53 °33.4 ′ N 176 °49.0 ′ E 1950 Worne et al., 2019 

3 Subarctic Pacific Ocean ODP Site 885 44 °41.3 ′ N 168 °16.0 ′ E 5711 Rea et al., 1998 ; Zhang et al., 2020a , 2020b 

4 Subarctic Pacific Ocean ODP Site 882 50 °21 ′ 167 °35 ′ E 3244 Serno et al., 2017 

5 Subarctic Pacific Ocean LV76–18 49.05 °N 168.55 °E 2863 Cheng et al., 2022 

6 Subarctic Pacific Ocean ES 49 °44.70 ′ N 168 °18.93 ′ E 2388 Tanaka and Takahashi, 2005 

7 Subarctic Pacific Ocean LV63–4–2 51.63 °N 167.81 °E 2946 Zhong et al., 2021 

8 Subarctic Pacific Ocean ODP 883 51 °11.9 ′ N 167 °46.1 ′ E 2385 Roberts et al., 1997 

9 Mid-latitude Pacific Ocean V21–126 37 °41 ′ N 163 °02 ′ E 3968 Hovan et al., 1989 

10 Mid-latitude Pacific Ocean SO202–37–2 37 °46.07 ′ 176 °16.13 ′ 3658 You et al., 2018 

11 Mid-latitude Pacific Ocean KK75–02 38 °37.4 ′ N 179 °19.7 ′ E 5475 Janecek and Rea, 1985 

12 Mid-latitude Pacific Ocean H3571 34 °54.25 ′ N 179 °42.18 ′ E 3571 Kawahata et al., 2000 

13 Mid-latitude Pacific Ocean NGC108 36 °36.9 ′ N 158 °20.9 ′ E 3390 Maeda et al., 2002 

14 Mid-latitude Pacific Ocean ODP Site 576 32 °21.4 ′ N 164 °16.5 ′ E 6220 Janecek, 1985 

15 MMid-latitude Pacific Ocean LL44-GPC3 30 °19.4 ′ N 157 °49.4 ′ W 5705 Janecek and Rea, 1985 

16 Mid-latitude Pacific Ocean ODP Site 1209B 32.65 °N 158.50 °E 2387.2 Zhang et al., 2019 

17 Japan Sea U1429 31 °37.04 ′ N 128 °59.85 ′ E 732 Zhao et al., 2021 

18 Philippine Sea MD06–3047 17 °00.44 ′ N 124 °47.93 ′ E 2510 Xu et al., 2015 

19 Equatorial Pacific Ocean TT013-PC72 0.1 °N 139.4 °W 4298 Winckler et al., 2008 

20 Equatorial Pacific Ocean ODP Site 849 0 °11 ′ N 110.5 °W 3851 Winckler et al., 2016 

21 Equatorial Pacific Ocean ODP Site 1240 0.02 °N 86.46 °W 2921 Jacobel et al., 2019 

22 Central China Sanbao Cave 31 °40 ′ N 110 °26 ′ E 1900 Cheng et al., 2016 

23 Central China Luochuan 35.8 °N 109.4 °E – Han et al., 2020 

24 Central China Xifeng 35.75 °N 107.82 °E – Guo et al., 2009 
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. Oceanographic setting 

The NPO is a vast region that is influenced by both high- and 

ow-latitude climate systems, making it a vital setting in which to 

nderstand both polar and tropical climate mechanisms and the 

oupling between them ( Lohmann et al., 2019 ). It is subdivided 

nto the Subpolar Gyre and the North Pacific Subtropical Gyre by 

he Subarctic Front ( Fig. 1 a; Qiu, 2002 ). The Subarctic Front, lo-

ated between 40 °N and 44 °N in the central North Pacific, is char- 

cterized by an abrupt change in temperature and salinity where 

he warm and salty subtropical water from the south meets the 

old and freshwater of the Subpolar Gyre to the north ( Yuan and 

alley, 1996 ). 

The northern sector of the North Pacific open ocean and the 

ubarctic marginal seas are characterized by the annual onset and 

reakup of sea ice, with the timing mainly controlled by the Arctic 

scillation and the winter strength of the Siberian High/Aleutian 

ow system ( Batchelor et al., 2019 ; Fig. 1 a). The southern sector of

he NPO is more strongly dominated by the low latitude EASM and 

l Niño-Southern Oscillation (ENSO) systems ( Ding et al., 2014 ; 

iu et al., 2014 ). The EASM and ENSO systems transfer moisture 

nd heat from the tropics to the extratropics during summer and 

inter, respectively. In addition, the baroclinic instability of the 

esterly jet shapes the North Pacific storm tracks, which shift to- 

ether with westerly jet movement and represent the main forc- 

ng for mid-latitude rainfall ( Graff and LaCasce, 2012 ; Shaw et al., 

016 ). Both the precipitation over the ocean and the riverine fresh- 

ater discharge (from precipitation over the continent) play a role 

n the upper ocean hydrography, such as the formation of NPIW. 

Dramatic variations in climatic boundary conditions impacted 

he NPO during the glacial-interglacial cycles of the Quaternary pe- 

iod. At high latitudes, the periodic advance and retreat of North- 

rn Hemisphere ice sheets took place every ∼100 kyr ( Hays et al., 

976 ; Lu et al., 2019a ). Those changes were accompanied by fluc- 

uations in the strength of the Aleutian Low ( Zhong et al., 2021 ),

hich were also partly influenced by remote forcing from western 

quatorial Pacific precipitation ( Maier et al., 2018 ). The Aleutian 

ow further modulated sea-ice distributions in the Bering Sea and 

he Sea of Okhotsk ( Cavalieri and Parkinson, 1987 ) and impacted 

ntermediate water production in both marginal seas ( Kender et al., 
3 
019 ; Khim et al., 2012 ). In the extratropics, the EASM pattern 

nd/or intensity changed on orbital timescales, with a control by 

rbital forcing (particularly precession) evident in Chinese cave 

peleothem records ( Cheng et al., 2016 ; Wang et al., 2008 ), while

ther monsoon proxy records indicate a stronger forcing by global 

ce volume ( Liu et al., 2020 ). In the tropics, the evolution of ENSO

ollowed prominent precession cycles during the late Quaternary 

eriod ( Lu and Liu, 2019 ; Lu et al., 2019b ), with the amplitude

inked to the strength of the ocean-atmosphere feedbacks in the 

ropical Pacific in response to orbital forcing ( Lu and Liu, 2018 ). The

NSO and EASM systems in the North Pacific were synchronized 

ver orbital timescales via atmospheric teleconnections ( Lu et al., 

019b ). In addition, climate proxy data indicate that local intrinsic 

limate variability, such as Pacific decadal variability, also affected 

he North Pacific climate ( D’Arrigo et al., 2005 ). 

Due to a lack of deep-water formation in the modern subarc- 

ic Pacific ( Warren, 1983 ), the deep North Pacific is slowly replen- 

shed by a mixture of waters from Southern Ocean that first origi- 

ated as the North Atlantic Deep Water and Antarctic Bottom Wa- 

er from ( Talley, 2013 ). Specifically, PDW consists of Lower Cir- 

umpolar Deep Water (LCDW) and Upper Circumpolar Deep Wa- 

er (UCDW), which flow northward into the central Pacific Ocean 

asin ( Fig. 1 b). North Pacific Deep Water (NPDW) originates from 

ertical mixing of LCDW with the subsurface water masses of the 

orth Pacific (Kawabe and Fujio, 2010). Therefore, the deep North 

acific contains the oldest and most CO 2 -enriched water masses in 

he modern open ocean ( Broecker et al., 2004 ). 

NPIW is the densest water mass at a water depth between 

30 0–80 0 m in the modern NPO ( Talley, 2003 ). It is sourced

rom the Sea of Okhotsk during winter-time sea-ice formation 

hen brine production occurs on the continental shelf within 

oastal polynyas ( Shcherbina et al., 2003 ). Millennial and glacial- 

nterglacial changes in NPIW formation have been inferred dur- 

ng the Quaternary period, and a variety of mechanisms have been 

ut forward to explain them, including changes in sea-ice volume 

 Worne et al., 2019 ), closure of the Bering Strait ( Kender et al.,

018 ; Knudson and Ravelo, 2016 ), changes in the strength of 

he EASM and associated moisture and heat transport ( Lembke- 

ene et al., 2018 ), and the exchange of saline water between the 

ubtropical and subpolar gyres ( Gong et al., 2019 ). During the 
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Fig. 2. Comparison of global and North Pacific Ocean paleoclimatic and paleomag- 

netic records: (a) LR04 benthic foraminiferal δ18 O stack ( Lisiecki and Raymo, 2005 ); 

(b) Ba/Al ratios at ODP Site 882 ( Jaccard et al., 2010 ); (c) 232 Th fluxes from core 

TT013-PC72 in the central equatorial Pacific ( Winckler et al., 2008 ) (note the re- 

versed axis); (d) dust-fraction Nd isotope evolutions at ODP Site 1209 ( Zhang et al., 

2019 ); (e) dust-fraction Nd isotope evolution in core MD06–3047 ( Xu et al., 2015 ); 

(f) NP02 RPI stack records from the North Pacific ( Gai et al., 2021 ); (g) NOPAPIS-250 

RPI stack from the North Pacific ( Yamamoto et al., 20 07 ); (h) PISO-150 0 RPI stack 

( Channell et al., 2009 ); (i) Subarctic Pacific Ocean RPI stack calculated here using 

data from ODP Sites 883/884 ( Roberts et al., 1997 ), LV63–4–2 ( Zhong et al., 2020 ), 

and Okhotsk Sea ( Yamazaki et al., 2016 ) and Arctic Ocean records ( Simon et al., 

2016 ), and. Marine isotope stage (MIS) number are indicated along the top of the 

panel. gray bars indicate glacial periods and orange bars indicate the magnetic ex- 

cursion events. 
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ast glacial period, the Bering Sea became a potential additional 

ource of NPIW, leading to enhanced ventilation of the Pacific 

cean ( Horikawa et al., 2010 ; Rella et al., 2012 ; Tanaka and Taka-

ashi, 2005 ; Zhong et al., 2021 ). Such an expansion of glacial 

PIW would have actted to enhance stratification throughout the 

PO, impacting vertical mixing, nutrient supply, and the biological 

ump ( Worne et al., 2019 ; Ovsepyan et al., 2021 ). 

. Quaternary geochronology in the north pacific ocean 

Precise and accurate chronologies are a crucial prerequisite for 

aleoceanographic studies and set a baseline for the resolution that 

ay potentially be achieved when comparing or correlating be- 

ween different marine records, or between marine, terrestrial, and 

ce core records ( Channell et al., 2020 ; Lane et al., 2017 ). Because

ost of the deep seafloor of the Pacific Ocean lies below the car- 

onate compensation depth ( Roberts et al., 1997 ; Yamamoto et al., 

007 ; Yamazaki, 1999 ), carbonate dissolution restricts the avail- 

bility of continuous planktonic and benthic foraminifera records, 

hereby hindering the use of the well-established oxygen iso- 

ope stratigraphy ( Lisiecki and Raymo, 2005 ) or radiocarbon dating 

ased on calcareous microfossils. 

In the absence of carbonate sediments, Jaccard et al. (2005 , 

010) used both Ba/Al ratios and biogenic opal records ( Fig. 2 b) 

o indicate the climate-related signal, with high values occur- 

ng during interglacial stages and lower values during glacial 

tages ( Fig. 2 a; Lisiecki and Raymo, 2005 ). On orbital timescales, 

olian dust records in the NPO generally show a correlation 

ith global ice volume ( Fig. 2 c; Winckler et al., 2008 ). Hence,

hang et al. (2019) suggested that neodymium isotopes in the dust 

raction of the sediments could be applied as a chronostratigraphic 

ool in this region. Notobly, low (unradiogenic) Nd isotope compo- 

itions at ODP Site 1209 on the Shatsky Rise ( Fig. 2 d; Zhang et al.,

019 ) and in core MD06–3047 from the western Philippine Basin 

 Fig. 2 e; Xu et al., 2015 ) corresponded to high dust fluxes in the

acific Ocean during glacial periods, as seen in core TT013-PC72 

 Fig. 2 c; Winckler et al., 2008 ). Over longer timescales, both mag-

etostratigraphy and 

10 Be/ 9 Be dating were shown to provide in- 

ights for the geochronology of abyssal sedimentation in the Mari- 

na Trench ( Yi et al., 2020 ). 

The above examples can represent useful stratigraphic tools for 

PO sediments in specific cases, but suffer from several limita- 

ions, including spatial restrictions and a lack of temporal reso- 

ution. Instead, geomagnetic paleointensity analysis represents an 

lternative approach for generating independent age assignments 

or generating independent age assignments for Quaternary sedi- 

entary records and for can facilitate inter-core and even inter- 

emispheric correlation ( Roberts, 2008 ). In particular, geomag- 

etic dipole intensity signals are globally consistent, so RPI records 

an be comparable in sediments from global sites ( Roberts et al., 

013 ). Moreover, RPI records are insensitive to seawater chemistry 

 Roberts et al., 2013 ), which represents a benefit over oxygen iso- 

ope stratigraphy. A method to estimate sedimentary RPI was first 

roposed by Levi and Banerjee (1976) , who normalized the natu- 

al remanent magnetization of sediments from Lake St. Croix with 

n artificial laboratory-induced magnetization (such as anhysteretic 

emanent magnetization or isothermal remanent magnetization), 

nd found that the sedimentary RPI had the same general features 

s seen in paleomagnetic studies. More recently, the experimen- 

al and theoretical foundations for sedimentary RPI studies have 

een reviewed by Tauxe (1993) and Tauxe et al. (2006) , and it 

hould be noted that conventional criteria for RPI studies require 

hat the magnetic carriers in sediment sequences are relatively ho- 

ogeneous ( King et al., 1983 ; Tauxe, 1993 ). 

Paleomagnetic studies from the NPO and its marginal seas have 

rogressed significantly in recent years ( Gai et al., 2021 ; Shin et al.,
4 
019 ; Wang et al., 2022 ). In Fig. 2 , RPI records from the NPO

re shown together with other global and regional records. The 

ISO-1500 ( Channell et al., 2009 ) record ( Fig. 2 h) represents a 

lobal RPI stack, while the NOPAPIS-250 ( Yamamoto et al., 2007 ) 

nd NP02 records ( Gai et al., 2021 ; Fig. 2 f and g) reflect low-

id latitude RPI records from the North Pacific. High-latitude RPI 

ecords are represented by an RPI stack for the subarctic Pacific 

cean ( Fig. 2 i), which was calculated from ODP Sites 883/884 

 Roberts et al., 1997 ), core LV63–4–2 ( Zhong et al., 2020 ), Okhotsk

ea ( Yamazaki et al., 2016 ), and Arctic Ocean records ( Simon et al.,

016 ). Coherent variations between RPI records from the NPO and 

lobal stacks, as well as between the mid- and high-latitude re- 

ional records, can be expected to reflect dipolar geomagnetic vari- 

tions ( Yamazaki et al., 2016 ; Fig. 2 f-i). Indeed, a general agree-

ent between those regional and global RPI records is recognized, 

lthough age uncertainties limit comparisons between some of the 

ecords. Specifically, the RPI stack calculated here for the subarctic 

acific Ocean ( Fig. 2 i) demonstrates minima at ∼41 ka (Laschamp 

xcursion) and ∼120 ka (Blake excursion). The broad similarity of 
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Fig. 3. North Pacific Intermediate Water (NPIW) evolution and forcing mechanisms 

since 230 ka. (a) LR04 benthic foraminiferal δ18 O stack ( Lisiecki and Raymo, 2005 ) 

and atmospheric CO 2 concentration ( Lüthi et al., 2008 ). (b) Modelled Northern 

Hemisphere ice volume ( Bintanja et al., 2005 ). (c) Percent Cycladophora davisiana in 

Pacific core ES, as an indicator of intermediate water oxygenation ( Tanaka and Taka- 

hashi, 2005 ). (d) Neodymium isotope ( εNd) reconstruction from sediment leachates 

in Bering Sea core U1345, with more radiogenic values (arrows) interpreted to in- 

dicate NPIW formation in the Bering Sea ( Horikawa et al., 2010 ; Jang et al., 2017 ). 

(e) Carbon isotope gradient ( �δ13 C 849-U1342 ) between Pacific Ocean (ODP 849) and 

Bering Sea (U1342) cores, as a proxy for NPIW ventilation ( Knudson and Rav- 

elo, 2016 ). (f) χARM /SIRM in core LV63–4–2 as an indicator of NPIW intensity, and 

41 kyr Gaussian bandpass filtered output (thick blue line) ( Zhong et al., 2021 ). (g) 

Factor-4 loadings of IODP Site U1429, as a proxy for Kuroshio Current strength 

( Vats et al., 2020 ). (h) Simulated North Pacific rainfall since 230 ka ( Zhao et al., 

2021 ). (i) Redox proxy of authigenic uranium (aU) based on natural gamma ra- 

diation (high-resolution record, left axis) and ICP-MS data (low-resolution record, 

right axis) at IODP Site U1429 ( Zhao et al., 2021 ). (j) Chinese cave stalagmite δ18 O 

( Cheng et al., 2016 ) and Northern Hemisphere summer insolation (65 ° N, July- 

September; Laskar et al., 2004). EASM, East Asian Summer Monsoon. gray bars indi- 

cate glacial periods, and thick pink lines indicate glacial terminations (T-I and T-II). 

Conditions of an open or closed Bering Strait are indicated by coloured bars at the 

bottom of the panel. Marine isotope stage (MIS) numbers are indicated along the 

top of the panel. 

g
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g

PI behavior between different regions implies that, in first-order, 

he RPI variations are controlled by the geomagnetic dipole field 

e.g., Roberts et al., 2013 ). 

Although RPI-assisted chronologies have been used exten- 

ively in late Quaternary studies from the NPO since the 1990s 

 Gai et al., 2021 ; Kiefer et al., 2001 ; Roberts et al., 1997 ; Shin et al.,

019 ; Yamazaki, 1999 ), it is not always feasible to construct 

uch chronologies in a given core. In contrast to the conven- 

ional requirement that magnetic carriers in sediment sequences 

re relatively homogeneous ( King et al., 1983 ; Tauxe, 1993 ), 

PO sediments usually consist of magnetic mineral components 

ith different grain-size distributions ( Yamazaki and Ioka, 1997a ; 

amazaki and Shimono, 2013 ; Zhang et al., 2018 ). In such cases, 

t should be ensured that these components record consistent RPI 

ariations ( Gai et al., 2021 ). In addition, apart from the domi- 

ant dipole characteristics, a significant contribution from the non- 

ipole component of the geomagnetic field can sometimes be 

resent, particularly during geomagnetic reversals and excursions 

 Leonhardt et al., 2009 ; Roberts, 2008 ; Zhong et al., 2020 ), which

ould complicate global and inter-regional RPI correlation. Fur- 

hermore, magnetic mineral diagenesis, which can alter the orig- 

nal sedimentary paleomagnetic signals, should always be taken 

nto consideration in paleomagnetic studies ( Roberts, 2015 ). 

Two main challenges are that the geomagnetic field can have 

 non-dipolar geometry, such as during geomagnetic excursions 

 Roberts, 2008 ), and that regional geomagnetic characteristics can 

e smoothed during the construction of global stacks. Hence, 

hronological artifacts may occur when attempting to correlate a 

egional RPI record in the depth domain to a global RPI reference 

tack in the time domain. To better confrom fidelity of a con- 

tructed chronology, we should construct high-quality regional RPI 

eference stacks and combine the RPI approach with the indepen- 

ent dating methods where available to validate their consistency 

nd reliability. 

. Progress in understanding the paleoclimate of the north 

acific ocean 

.1. Influence of high-low latitude dynamics on North Pacific 

ntermediate Water 

Reconstructing past changes in the formation and extent of 

PIW is crucial for assessing its CO 2 storage capability and for con- 

training Pacific meridional heat transport, which are both impor- 

ant components of the global climate system ( Sigman et al., 2010 ). 

uring the last glacial period, evidence from deep-sea radiocar- 

on ventilation ages and benthic foraminiferal δ13 C records suggest 

hanges in the mid-depth circulation (the upper ∼10 0 0–20 0 0 m 

ater depth) of the NPO, with enhanced intermediate water ven- 

ilation in the North Pacific and a more distinct mid-depth wa- 

er mass boundary than today ( Herguera et al., 1992 ; Matsumoto 

t al., 2002 ; Max et al., 2014 , 2017 ; Okazaki et al., 2012 ). Dur-

ng the last deglaciation, NPIW may then have collapsed, enabling 

verturning to bring nutrient and CO 2 -rich deep waters to the sur- 

ace ( Gray et al., 2018 ). However, reconstructions of sea-ice distri- 

ution and bottom-water ventilation, as well as sea-surface tem- 

erature and productivity records, are mostly only available for 

he last glacial cycle ( Davis et al., 2020 ; Ovsepyan et al., 2021 ;

ae et al., 2020 ). Across multiple glacial-interglacial cycles, there is 

ome evidence that high-latitude sea-ice formation and the asso- 

iated NPIW formation could have regulated deep-water upwelling 

nd ocean-atmospheric CO 2 exchange ( Knudson and Ravelo, 2016 ; 

educ et al., 2010 ; Worne et al., 2019 ), but constraints on the forc-

ng mechanisms of NPIW are lacking due to the scarcity of high- 

esolution records. 
5 
Here, we have compiled multiple proxies from different re- 

ions of the North Pacific to assess the roles of high-latitude ice 

heets ( Lisiecki and Raymo, 2005 ; Fig. 3 a) and low-latitude oceans 

 Cheng et al., 2016 ; Fig. 3 j) in driving changes in NPIW forma-

ion through the last two glacial cycles. Many previous studies 

ave emphasized the role of high-latitude climate on NPIW for- 

ation (e.g., Costa et al., 2018 ; Worne et al., 2019 ). Ice sheet

rowth ( Bintanja et al., 2005 ; Fig. 3 b) can affect NPIW circula- 



Y. Zhong, Z. Lu, D.J. Wilson et al. Geosystems and Geoenvironment 2 (2023) 100124 

t

i

K

f

m  

c

(

e

g

b  

l

H  

B

t

(  

s

r

a

v

B

s

i

a

1

s

h

o

i

t

t

t  

2

a

m

n

t

2  

g

m

O  

n

a

(  

i

m

t

N

2

p

l

h

t

t

t

S

s

o

N

(  

s

w

V  

w

r

s

i

e

(

t  

d

s

c  

t

n

Z

i

c

v

p

a

w  

s

(

c

r

a

N

4

w

i  

o

t

a

c

c

h

S

c

a

m

t  

2

d

5

a

(  

b

s

J

d

P

c

l

e

I

a

i

P

m

J

s

2  

r

(  
ion by increasing land-surface albedo, lowering sea levels, and 

ntensifying high-pressure atmospheric systems ( Hu et al., 2010 ; 

nudson and Ravelo, 2016 ). For example, intermediate waters were 

ormed in the Bering Sea during glacial times, whereas today they 

ostly form only in the Sea of Okhotsk ( Fig. 1 ), and this pro-

ess played an important role in the formation of glacial NPIW 

 Horikawa et al., 2010 ; Tanaka and Takahashi, 2005 ). Specifically, 

vidence for cold and well-oxygenated intermediate waters in the 

lacial Bering Sea is provided by changes in radiolarian assem- 

lages ( Fig. 3 c; Tanaka and Takahashi, 2005 ), while the sinking of

ocal surface waters is evidenced by neodymium isotopes ( Fig. 3 d; 

orikawa et al., 2010 ; Jang et al., 2017 ). The formation of glacial

ering Sea intermediate waters resulted from the expansion of 

he Laurentide ice sheet and the easterly-shifted Aleutian Low 

 Gong et al., 2019 ; Gray et al., 2018 ; Fig. 1 ). The shifts in this atmo-

pheric system would have enhanced sea-ice formation and brine 

ejection, thereby increasing the salinity of cold surface waters, en- 

bling their subduction to mid-depths in the Bering Sea, and pro- 

iding an important precursor of glacial NPIW ( Rella et al., 2012 ). 

enthic foraminiferal δ13 C isotope records from the Bering Sea also 

upport this process ( Fig. 3 e), and such records extend further back 

n time, providing evidence that enhanced glacial NPIW formation 

lso occurred during previous extreme glacial intervals of the last 

.2 Myr ( Knudson and Ravelo, 2016 ). Due to the complexity and 

pecificity of NPIW proxies, studies in the subarctic North Pacific 

ave provided crucial constraints on the source regions and extent 

f NPIW in the past, but further research is required into the forc- 

ng mechanisms on orbital timescales. 

Magnetic minerals in marine sediments are useful proxies for 

racing terrestrial sediment source areas and can also be applied 

o reconstruct water mass pathways, as illustrated by studies from 

he North Pacific ( Korff et al., 2016 ; Shin et al., 2018 ; Zhang et al.,

018 ). Magnetic grain-size proxies and fabric alignment coefficients 

re particularly sensitive to deep-water flow dynamics and sedi- 

entary changes ( Kissel et al., 2009 ), with the direction and mag- 

itude of anisotropy of magnetic susceptibility being widely used 

o reconstruct the azimuth and strength of paleo-flow ( Kissel et al., 

013 ; Zheng et al., 2016 ; Nichols et al., 2020 ). During the last two

lacial cycles, a significant 41-kyr periodicity was recorded in the 

agnetic mineralogy in core LV63–4–2 from the subarctic Pacific 

cean ( Fig. 3 f; Zhong et al., 2021 ). The intervals with finer mag-

etic grain size reflected the effects of intensified brine rejection 

nd NPIW ventilation in the Bering Sea and the Sea of Okhotsk 

 Fig. 3 d; Jang et al., 2017 ). Apart from the orbital-scale variabil-

ty in NPIW formation, changes in the direction of anisotropy of 

agnetic susceptibility between different glacial periods suggest 

hat shifts in the Aleutian Low could have controlled the source of 

PIW formation between the different marginal seas ( Zhong et al., 

021 ). Overall, this coupled ocean-atmosphere system represents a 

otential amplifier of climate variability that operates by control- 

ing the sea-ice extent and NPIW formation in the marginal seas. 

Outside of the high latitudes, the low-latitude surface ocean 

olds large amounts of heat and fresh water, such that its poleward 

ransport was proposed to contribute to the upper ocean stratifica- 

ion and thereby limit subsurface ventilation during the last glacial 

ermination in the subarctic Pacific Ocean ( Okazaki et al., 2010 ). 

pecifically, the western boundary currents in the Northern Hemi- 

phere could supply heat and fresh water from the low-latitude 

cean to the northern middle and high latitudes, coupled with 

orth Pacific storm tracks ( Hu et al., 2015 ). Modern observations 

 Yang et al., 2020 ) and climate simulations ( Sakamoto et al., 2005 )

uggest that global warming leads to a strengthening and pole- 

ard shift of the Kuroshio Current. The Kuroshio species ( Fig. 3 g; 

ats et al., 2020 ) and EASM intensity ( Fig. 3 j; Cheng et al., 2016 )

ere stronger during the interglacial periods, and display a pe- 

iodicity of 23 kyr, indicating a precession signal. These orbital- 
6 
cale dynamics of the Kuroshio Current are controlled by trop- 

cal atmosphere-ocean interactions, which could therefore influ- 

nce atmospheric water vapor transport in the extratropical region 

 Zou et al., 2021 ). 

In the above context, the anti-phased relationship between 

he NPIW intensity ( Fig. 3 f) and the EASM evolution ( Fig. 3 j) in-

icates that the low-latitude water vapor transport could play 

ome role in influencing NPIW ventilation. Simulated North Pa- 

ific net rainfall ( Fig. 3 h) shows a similar pattern to redox varia-

ions in Site U1429 from Okinawa Trough ( Fig. 3 i), with increased 

et rainfall corresponding to weakened NPIW formation ( Fig. 3 e; 

hao et al., 2021 ). Increases in net rainfall could lead to freshen- 

ng of the NPIW formation area, thereby controlling the North Pa- 

ific surface and intermediate ocean hydrography, and increasing 

ertical ocean stratification. Under global warming, several com- 

onents of the large-scale extratropical atmospheric circulation 

re expected to change, including poleward shifts of the westerly 

inds ( Chiang et al., 2015 ), jet streams ( Kong and Chiang, 2020 ),

torm tracks ( Shaw et al., 2016 ), and the pattern of precipitation 

 Scheff and Frierson, 2012 ). Such poleward shifts of the extratropi- 

al circulation can be expected to impact ocean heat transport, net 

ainfall, and ocean circulation, and could therefore contribute, in 

ddition to high latitude forcings, to a weakening or collapse of 

PIW. 

.2. Asian dust dynamics recorded in the North Pacific Ocean 

Understanding how the eolian dust cycle in the NPO interacts 

ith the climate system has become an increasingly hot topic 

n recent years ( Jickells et al., 2005 ; Jacobel et al., 2019 ). Previ-

us studies have systematically explored the source-to-sink fluc- 

uations of eolian dust using multiple mineralogical, geochemical, 

nd isotopic tracers (e.g., Sun et al., 2019 ). Constraints on past 

hanges in such source-to-sink processes shed light on the paleo- 

limate evolution in the Asian interior, as well as the evolutionary 

istory of the Northern Hemisphere westerlies ( Rea et al., 1998 ; 

hen et al., 2017 ). Specifically, both tectonic- and climate-induced 

hanges in the source regions (e.g., tectonic uplift and aridity) and 

tmospheric circulation patterns (e.g., the westerlies and winter 

onsoon) can lead to temporal variations in dust transport, in 

erms of both fluxes and provenance ( Yan et al., 2017 ; Zhang et al.,

018 ). 

Most eolian dust records from the NPO have been generated on 

istal open-ocean sediment cores, such as LL44-GPC3, DSDP Site 

76, and ODP 885/886, which provide evidence for processes such 

s Asian drying, Tibetan uplift, and Northern Hemisphere cooling 

 Rea et al., 1998 ; Zhang et al., 2020b ). For example, evidence can

e obtained on both the eolian dust flux and grain size, which are 

imilar between core LL44-GPC3 and DSDP Site 576 ( Janecek, 1985 ; 

anecek and Rea, 1983 ). Over long timescales, increases in eolian 

ust flux in the late Oligocene, the middle Miocene, and the late 

liocene to Pleistocene may reflect the tectonic movement of the 

ore sites into the domain of the westerly winds, enhanced aridity 

inked to global cooling, and the Plio-Pleistocene onset of North- 

rn Hemisphere Glaciation ( Janecek, 1985 ; Janecek and Rea, 1983 ). 

n addition, weathering processes in the Asian dust source regions 

nd climate-forced migration of the westerly winds probably also 

nfluenced the Asian eolian dust fluxes to the NPO since the late 

liocene ( Abell et al., 2021 ; Zhang et al., 2020a ). 

To obtain the eolian dust signal from a marine sediment core, 

any of those studies used a chemical leaching method ( Rea and 

anecek, 1981 ). Other approaches used in the NPO include quartz 

eparation ( Wan et al., 2007 ), elemental analysis ( Anderson et al., 

019 ; Kyte et al., 1993 ; Weber et al., 1996 ; Ziegler and Mur-

ay, 2007 ), clay minerals ( Shen et al., 2017 ), helium isotopes 

 Abell et al., 2021 ; Patterson et al., 1999 ; Serno et al., 2017 ), and
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Fig. 4. Eolian dust records from the Chinese Loess Plateau and Pacific Ocean since 600 ka. (a) Loess-paleosol records in the Xifeng profile ( Guo et al., 2009 ; lables S and 

L represent sapropel and loess layers, respectively); (b) LR04 benthic δ18 O stack ( Lisiecki and Raymo, 2005 ); (c) atmospheric CO 2 concentration from the Antarctic EPICA 

Dome C ice core (Luthi et al., 2008); (d) iron (Fe) MAR at ODP Site 1090 ( Martínez-Garcia et al., 2011 ); (e) dust MAR for Luochuan ( Han et al., 2020 ); (f) Eolian dust inputs 

estimated from rare earth elements in core MD06–3047 from the Philippine Sea ( Xu et al., 2015 ); (g) 232 Th fluxes from core TT013-PC72 in the central equatorial Pacific 

( Winckler et al., 2008 ); (h) dust fluxes from core H3571 on Hess Rise ( Kawahata et al., 20 0 0 ); (i) dust fluxes from core V21–146 on Shatsky Rise (Hovan et al., 1991); (j) 
230 Th-normalized 4 He terr flux from ODP Site 882 ( Serno et al., 2017 ); (k) black carbon concentrations in core LV76–18 ( Cheng et al., 2022 ); (l) Ba/Al ratios from ODP Site 882 

( Jaccard et al., 2010 ); (m) opal MAR in core NGC108 ( Maeda et al., 2002 ); (n) 65 °N June insolation (Berger, 1978). gray bars indicate glacial periods, labelled with marine 

isotope stage (MIS) numbers. 
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nvironmental magnetism ( Bailey et al., 2011 ; Doh et al., 1988 ; 

amazaki and Ioka, 1997b ; Zhang et al., 2018 ). Multi-proxy com- 

arison based on these different methods can aid validation and 

mprove the accuracy and reliability of dust information obtained 

rom marine sediments. Compared to tectonic timescales, our un- 

erstanding of orbital-scale variability in eolian dust inputs to the 

PO is limited by the scarcity of well-resolved records from this 

egion. Furthermore, there is no compelling evidence for marine 

iological productivity changes between glacial and interglacial pe- 

iods in the various domains of the NPO (i.e., subarctic Pacific, 

id-latitude Pacific, and equatorial Pacific), whereas such evidence 

ight have been anticipated as a response to changes in iron fer- 

ilization through atmospheric dust ( Kienast et al., 2004 ). 

High-resolution reconstructions of dust inputs to the low- 

atitude NPO over orbital timescales have been obtained from the 

hilippine Sea ( Jiang et al., 2016 ; Seo et al., 2014 ; Xu et al., 2015 ,

018 , 2020 ; Wan et al., 2012 ) and the central equatorial Pacific

 Winckler et al., 2008 ). In these records ( Fig. 4 f, g), the variabil-

ty of eolian iron supply to the equatorial Pacific Ocean is shown 

o be well-correlated with global ice volume and with dust fluxes 

o Antarctica ( Martínez-Garcia et al., 2011 ). During glacial periods, 

nhanced dust-borne iron fertilization of marine phytoplankton 

ould be expected to enhance the biological pump in the Philip- 

ine Sea and the tropical Pacific more generally, which could po- 

entially contribute to the lowering of atmospheric CO 2 concen- 

rations ( Fig. 4 c). However, Winckler et al. (2016) suggested that 

he biological productivity was regulated by ocean dynamics, and 

pecifically the equatorial Pacific upwelling system, which was fur- 

her supported in a study of ODP Site 1240 from the eastern equa- 

orial Pacific ( Jacobel et al., 2019 ). 

Eolian records from the mid-latitude Pacific are mostly from 

hatsky Rise and Hess Rise, where sedimentation rates are higher 

han in the abyssal NPO. For example, core V21–146 from 

hatsky Rise provides a high-resolution record of Asian dust in- 

uts since ∼500 ka ( Hovan et al., 1989 ; Fig. 4 i), revealing a

lear glacial-interglacial cyclicity in the eolian dust flux. Further- 

ore, this record co-varies with loess-paleosol records from Xifeng 

 Guo et al., 2009 ) and Luochuan ( Han et al., 2020 ) in the Chinese

oess Plateau ( Fig. 4 a, e). Increased dust fluxes during glacial in- 
7 
ervals, suggest a direct link between strengthened loess forma- 

ion and enhanced dust fluxes to the NPO. At Hess Rise, the eo- 

ian dust records in gravity core H3571 ( Fig. 4 h) also show higher

ust fluxes during glacial intervals ( Kawahata et al., 20 0 0 ). In

ontrast, the eolian dust fluxes in core KK75–02, also from Hess 

ise, show a less consistent pattern, with increases during some 

arm interglacials (MIS 7, 9, and 11) and decreases during cer- 

ain cold glacials (e.g., MIS 6 and 14; Janecek and Rea, 1985 ). 

eanwhile, in core SO202–37–2, also from Hess Rise, the eolian 

ust fluxes instead increased during interglacial periods and de- 

reased during glacial periods ( You et al., 2018 ). Those authors ar- 

ued that the westerly winds migrated to the southern side of 

he Tibetan Plateau during glacials, leading to weaker winds in 

he more northerly Asian dust source areas, which would have re- 

tricted dust inputs to this region of the NPO. During interglacial 

eriods, the main axis of the westerlies is proposed to have re- 

urned to the north side of the Tibetan Plateau, enabling dust in- 

uts from the major Asian dust sources to be transported to the 

PO again ( You et al., 2018 ). Whereas the equatorial and mid- 

atitude Pacific sites recorded glacial-interglacial dust changes, the 

ust flux record in ODP Site 882 from the Subarctic North Pacific 

 Serno et al., 2017 ; Fig. 4 j) is anticorrelated with summer insolation

 Fig. 4 n). This precession signal in the dust flux has been linked to

he length of the dust season in East Asia ( Serno et al., 2017 ). The

ecord of black carbon from core LV76–18 also shows 23 kyr cyclic- 

ty ( Cheng et al., 2022 ; Fig. 4 k), indicated a link between preces-

ion forcing and Asian interior precipitation ( Cheng et al., 2022 ), 

hich could drive dust changes. In addition, based on the compar- 

son of those records to reconstructions of marine production in 

he mid-latitude ( Maeda et al., 2002 ) and subarctic Pacific Ocean 

 Jaccard et al., 2010 ; Fig. 4 l, m), there is no evidence for dust-borne

e fertilization in the high-latitude Pacific Ocean. 

From the above studies, it can be concluded that there is no 

nified understanding of the characteristics or controlling mech- 

nisms of eolian dust fluxes to the NPO over orbital timescales 

uring the Quaternary period. However, in general, the orbital- 

cale evolution of eolian dust input to the NPO reflects paleo- 

nvironmental changes in dust source regions (e.g., aridity, wind 

trength) and the northward-southward migration of the wester- 
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ies ( Hovan et al., 1989 ; Janecek and Rea, 1985 ; Kawahata et al.,

0 0 0 ; You et al., 2018 ). Differences between records could there-

ore reflect the complexities in the atmospheric circulation shifts. 

n addition, some records could also be impacted by volcanic ash 

upplied by sporadic volcanism in the Kamchatka Peninsula, Kuril 

slands, and Japanese island arcs, or by changes in the input of ice- 

afted debris, both of which could serve to influence the reliability 

f dust records ( Zhang et al., 2018 ). 

.3. Paleo-productivity in the north pacific ocean controlled by ocena 

ynamics 

Paleo-productivity in the NPO has been intensely studied, espe- 

ially in the subarctic Pacific Ocean, due to its critical impact on 

ceanic CO 2 storage via the biological pump ( Galbraith and Skin- 

er, 2020 ). Paleo-productivity changes can be inferred from pri- 

ary productivity proxies (e.g., opal, total organic carbon (TOC), 

aCO 3 , Ba/Al, Si/Ti, chlorin concentration), nutrient utilization 

roxies (e.g., δ15 N and δ30 Si), and the abundance of specific di- 

tom species (e.g., Chaetoceros sp.; Brunelle et al., 2007 , 2010 ; 

rançois et al., 1997 ; Galbraith et al., 2007 ; Galbraith and Skin- 

er, 2020 ; Gray et al., 2018 ; Jaccard et al., 2005 ; Kohfeld and

hase, 2011 ; Max et al., 2012 ; Praetorius et al., 2015 ; Rae et al.,

014 ; Sigman et al., 2004 : Yao et al., 2022 ). It should be noted that

rimary productivity proxies can also be influenced by preserva- 

ion or diagenesis, and that dilution must be considered in records 

eported as the proportion of a given component rather than 

s accumulation rates of that component ( Anderson and Winck- 

er, 2005 ). In contrast, nutrient utilization proxies are generally in- 

ensitive to such factors, but they reflect the net balance between 

utrient supply and productivity in the surface ocean, rather than 

imply recording primary productivity ( Robinson et al., 2012 ). En- 

anced nutrient utilization could reflect increased productivity, but 

ould also reflect no change (or even a decrease) in productiv- 

ty if accompanied by reduced upwelling or the supply of waters 

ith lower nutrient content ( Altieri et al., 2021 ). The complexity 

f these biological productivity proxies limits our understanding of 

he forcing mechanisms driving the paleo-productivity evolution in 

he NPO. 

Previous studies of past productivity dynamics in the NPO fo- 

used on the Northern Hemisphere Glaciation ( Haug et al., 1999 ). 

or example, elevated primary productivity was observed dur- 

ng the late Pliocene ( Burls et al., 2017 ), whereas the intensifi- 

ation of Northern Hemisphere Glaciation at ∼2.73 Ma led to a 

ore permanent stratification of the water column and decreases 

n productivity in the subarctic Pacific Ocean ( Haug et al., 1999 ; 

igman et al., 2004 ; Venti et al., 2017 ). In addition to the influence

f ocean dynamics on primary productivity, many studies have in- 

estigated the contribution of continental iron supply to paleo- 

roductivity changes in the subarctic Pacific Ocean, because the 

odern subarctic Pacific Ocean is a high-nutrient low-chlorophyll 

egion where productivity is iron limited ( Takeda, 2011 ). Re- 

ently, Zhang et al. (2021) provided evidence for iron fertiliza- 

ion of primary productivity by eolian dust before the late-Pliocene 

ntensification of Northern Hemisphere Glaciation. Some stud- 

es have also suggested that volcanic ash from the Aleutian Arc 

nd continental iron supplied by icebergs in the Gulf of Alaska 

ave occasionally promoted paleo-productivity ( Chen et al., 2020 ; 

üller et al., 2018 ). However, as discussed in Section 4.2 , eo- 

ian dust appears to have made no more than a minor contri- 

ution to productivity in the subarctic Pacific Ocean during the 

lacial intervals of the Quaternary period ( Fig. 4 ; Chen et al., 

020 ; Jaccard et al., 2005 ; Knudson and Ravelo, 2015 ). In addition,

embke-jene et al. (2017) suggested that iron transport from the 

ea of Okhotsk by NPIW advection promoted higher primary pro- 

uctivity in the subarctic Pacific Ocean during the last deglaciation. 
8

owever, in contrast, Lam et al. (2013) provided evidence pointing 

o no change in iron supply during the warm Bølling-Allerød (B-A) 

eriod, and they attributed productivity changes to physical hydro- 

raphic mechanisms. Therefore, both the nature and magnitude of 

he roles played by iron fertilization in the paleo-productivity of 

he NPO during the Quaternary period remain uncertain. 

In recent years, reconstructions of primary productivity in the 

ubarctic Pacific Ocean have mostly focused on the effect of 

cean dynamics during the Last Glacial Maximum (LGM) and the 

eglaciation, whereas there are fewer studies on orbital timescales. 

enerally, higher primary productivity occurred during warm in- 

ervals such as the B-A ( Gebhardt et al., 2008 ; Gray et al., 2018 ;

am et al., 2013 ; Lembke-Jene et al., 2017 ; Maier et al., 2015 ;

raetorius et al., 2015 ) and interglacials ( Brunelle et al., 2010 ; 

albraith et al., 2008 ; Jaccard et al., 2005 ; Kienast et al., 2004 ).

ower primary productivity characterized colder periods, includ- 

ng Heinrich Stadial 1 (HS1) and the Younger Dryas (YD) ( Lembke- 

ene et al., 2017 ; Maier et al., 2015 ; Rae et al., 2014 ), the LGM

 Galbraith and Skinner, 2020 ; Pichevin et al., 2009 ), and earlier 

lacial intervals ( Brunelle et al., 2010 ; Kienast et al., 2004 ). In

eneral, primary productivity changes during the Quaternary have 

een attributed to variable exchange between the surface water 

nd deeper interior waters, equivalently described as the formation 

nd breakdown of near-surface stratification in the subarctic Pacific 

cean ( Brunelle et al., 2007 , 2010 ; Burls et al., 2017 ; Haug et al.,

999 ; Jaccard et al., 2005 ; Maier et al., 2015 ; Sigman et al., 2004 ;

tuder et al., 2012 ). 

Specifically, higher primary productivity in the NPO during 

arm periods has been attributed to intense wind-driven up- 

elling of Southern Ocean sourced deep waters, accompanied by 

he breakdown of NPIW stratification, which promotes the trans- 

ort of major nutrients from the nutrient-rich subsurface and deep 

aters to the surface ocean ( Brunelle et al., 2007 , 2010 ; Burls et al.,

017 ; Haug et al., 1999 ; Maier et al., 2015 ). The intensified ex-

hange between the surface and interior ocean can be explained 

y reduced moisture transport from low latitudes to high latitudes, 

ue to reduced latitudinal sea surface temperature gradients dur- 

ng warm periods ( Burls et al., 2017 ), and by southward move- 

ent of the westerly wind belts ( Costa et al., 2018 ; Lawrence et al.,

013 ). The cold periods with lower primary productivity would 

ave been influenced by the opposite set of processes. Such ex- 

lanations for elevated productivity are consistent with active Pa- 

ific meridional overturning circulation and strong upwelling dur- 

ng the warm Pliocene ( Burls et al., 2017 ; Haug et al., 1999 ). How-

ver, as discussed by Rae et al. (2020) , the above mechanisms are 

ard to reconcile with the significant body of emerging evidence 

or enhanced NPIW formation during cold climate periods of the 

ate Quaternary, such as the YD, HS1, and the LGM. 

Hence, a contrasting view is that not only vertical but lateral 

ransport of nutrients needs to be considered, and that intensifica- 

ion of NPIW formation during cold intervals such as the YD, HS1, 

nd the LGM could have played an important role ( J.W.B. Rae et al., 

020 ). Specifically, intensification of NPIW formation would have 

een associated with enhanced transport of low-nutrient subtropi- 

al surface waters to the subarctic Pacific Ocean through poleward 

urface currents, hence resulting in lower primary productivity at 

hese times ( Gray et al., 2018 ; Keigwin, 1998 ; Okazaki et al., 2010 ;

ae et al., 2014 ). If there was enhanced vertical mixing during 

old periods such as the YD and HS1, restricted sunlight penetra- 

ion could also have limited primary productivity ( Lam et al., 2013 ; 

ae et al., 2014 ). Enhanced North Pacific overturning could also be 

xpected to have been associated with the transport of more saline 

nd warmer waters from the subtropics into the subarctic Pacific 

cean during these cold periods. However, evidence from oxygen 

sotopes in diatoms and sea surface temperature reconstructions in 

ores from both the east and west subarctic Pacific Ocean suggests 
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here were lower sea surface temperatures and fresher surface wa- 

ers at these times ( Maier et al., 2015 , 2018 ; Max et al., 2012 ;

iethdorf et al., 2013 ), in contrast to those expectations. Therefore, 

he existing data is equivocal and more evidence to evaluate the 

bove hypothesis is still needed. 

.4. Modeling ocean-atmopshere coupling over the North Pacific 

cean 

Both observations and climate simulations have shown that the 

argins of the tropics and the associated subtropical climate zones 

re shifting towards higher latitudes under modern climate change 

 Yang et al., 2020 ). Meanwhile, several studies have argued that 

he Pacific Ocean is a powerful engine for climate dynamics that 

xerts global impacts through atmospheric heat transport and via 

hanges in net freshwater transport between the Pacific and At- 

antic Oceans ( Walczak et al., 2020 ; Praetorius et al., 2020 ). Given

he limitations of proxy reconstructions and interpretations of the 

igh-low latitude climate processes in the North Pacific, ocean- 

tmospheric modeling simulations are required to clarify the forc- 

ng mechanisms operating in this region, which can arise from 

oth the ENSO and westerly wind systems. 

The ENSO system is an important source of inter-annual cli- 

ate variability influencing tropical ocean-atmosphere interac- 

ions. It can influence both tropical and extratropical climates 

hrough atmospheric teleconnections, including the Walker Cir- 

ulation and the North Equatorial Current ( Seager et al., 2019 ). 

he past evolution of the ENSO system over different timescales 

as been thoroughly studied through modeling approaches with 

arying complexities. Pioneering paleo-ENSO simulations were car- 

ied out using intermediate-complexity models, considering only 

 mixed-layer ocean coupled with simple atmospheric dynamics, 

uch as the Zebiak-Cane model ( Zebiak and Cane, 1987 ). Later, 

oupled general circulation models (CGCM) were implemented 

 Zheng et al., 2008 ), which can simulate the features of ENSO, such

s its amplitude and spatial pattern, in greater detail ( Chen et al., 

016 ). Recently, water isotope-enabled CGCMs have also been ap- 

lied to simulate paleo-ENSO, enabling a direct model-proxy data 

omparison with stable isotope records ( Zhu et al., 2017 ). 

Past variations in ENSO were systematically examined in 

he Paleoclimate Modeling Intercomparison Project (PMIP) 

 Kageyama et al., 2018 ) for the specific periods of the mid- 

olocene and the LGM, with a focus on the response of ENSO to 

rbital forcing ( Lu and Liu, 2018 ), and to the expanded continental 

ce sheets and reduced greenhouse gas concentrations of the 

GM ( Lu et al., 2018 ). Improved computational resources have 

lso made long continuous climate simulations feasible, and such 

transient” CGCM simulations have been run to reproduce the 

rbital-cale evolution and abrupt changes in ENSO, such as in 

RACE21 for the last 21,0 0 0 years ( Liu et al., 2014 ; Lu et al., 2016 )

nd in transient simulations of the last 30 0,0 0 0 years ( Lu and

iu, 2019 ; Lu et al., 2019c ). In these transient simulations, the 

ime-varying changes in insolation, greenhouse gas concentrations, 

nd continental ice sheets are taken into account. Despite model 

ependence, both the PMIP time-slice simulations and transient 

GCM simulations reveal a qualitatively consistent weakening of 

NSO towards the mid-Holocene compared to the pre-industrial. 

he orbital timescale evolution of ENSO intensity is suggested to 

e dominated by insolation forcing on the precession timescale 

 ∼21,0 0 0 years), while the forcing from greenhouse gasses and ice 

heet changes over glacial-interglacial cycles tend to compensate 

ach other and hence have only moderate effects on ENSO ( Lu and 

iu, 2019 ). 

The storm tracks and westerly jet are also important fea- 

ures of mid-latitude climate. By transporting energy polewards, 

hey reduce the energy imbalance between the equator and the 
9 
oles ( Shaw et al., 2016 ), thereby affecting wind strength as well 

s precipitation patterns. Climate model simulations demonstrate 

obust glacial-interglacial atmospheric-oceanic responses in the 

orth Pacific region, highlighting the orbital-scale relationship be- 

ween rainfall changes and NPIW formation in the North Pacific 

 Zhao et al., 2021 ; Fig. 5 ). After glacial terminations, as the sum-

er insolation transitioned from high to low values ( Fig. 5 b), the 

odeled Northern Hemisphere westerlies responded by a north- 

ard shift ( Fig. 5 c). This shift-induced a shift of the North Pacific 

torm tracks, bringing more rainfall to the region ( Fig. 5 d), and in

urn, the salinity of intermediate water was weakened, which may 

ave led to the collapse of NPIW formation ( Fig. 5 b). 

. Future research directions 

Many paleoclimatic reconstructions and modeling studies have 

een performed in the North Pacific open ocean and surrounding 

arginal seas. Several important results have been obtained, but 

ey scientific questions remain to be solved: 

1) Reconstruction of high-resolution regional RPI stacks in the 

NPO. The geomagnetic field can have a non-dipolar geome- 

try, such as during geomagnetic excursions ( Roberts, 2008 ), 

whereas regional geomagnetic characteristics can be smoothed 

during the construction of global stacks. Hence, chronological 

artifacts may arise when attempting to correlate a regional RPI 

record in the depth domain to a global RPI reference stack in 

the time domain. To improve the robustness of RPI correlation, 

as well as to better understand regional geomagnetic field char- 

acteristics, it is essential to construct high-quality regional RPI 

reference stacks. 

2) Evolution of orbital-scale NPIW formation and its response to 

high and low latitude processes. Exploring the temporal and 

spatial evolution of NPIW formation, and its controlling mecha- 

nisms, will enhance our understanding of global climate forcing 

mechanisms in both the past and the future. Multi-dimensional 

NPIW information, including orientation, intensity, spatial ex- 

tent, and water mass properties, should be reconstructed from 

marine sediment cores in the subarctic Pacific Ocean. Combin- 

ing such evidence with statistical methods and paleoclimate 

modeling could further improve our understanding of the inter- 

relationships between atmospheric circulation, sea ice, moisture 

changes, and NPIW formation, including their spatial correla- 

tion. In particular, it will be important to consider how the 

interactions between these components may have differed un- 

der varying climatic boundary conditions and over a range of 

timescales. 

3) Deciphering the controls on dust fluxes to the NPO. Both 

tectonic- and climate-induced changes in the source regions 

(e.g., tectonic uplift and aridity) and atmospheric circulation 

patterns across the Asian continent (e.g., the westerly circula- 

tion and the East Asian Winter Monsoon) can lead to tempo- 

ral variations in provenance, flux, and grain size of dust. How- 

ever, the mechanisms responsible for high dust accumulation 

rates in the Chinese Loess Plateau and the NPO remain con- 

troversial, with potential controls not only from source aridity 

but from erosion driven by monsoon precipitation or Cenozoic 

glaciation ( Nie et al., 2018 ; Zhang et al., 2020a ). Multi-proxy 

records of dust deposition from different latitudes and longi- 

tudes of the Pacific Ocean can be used to test the relationships 

between source region conditions, transport mechanisms, and 

eolian dust fluxes from the Asian interior to the Pacific Ocean, 

and how they have evolved through time. 

4) Patterns and drivers of subarctic Pacific primary productiv- 

ity. Several studies of the last deglaciation indicate hypoxia 

throughout the North Pacific ocean margins and attribute this 
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Fig. 5. Simulated atmospheric-oceanic changes in the North Pacific after glacial termination. (a) Modern sea-surface salinity in the tropical Pacific and North Pacific regions. 

Data from World Ocean Atlas 2018 ( https://odv.awi.de/en/data/ocean/world- ocean- atlas- 2018/ ), and map generated with Ocean Data View ( http://odv.awi.de/ ) (Schliter, 2015). 

(b) Comparison of insolation forcing (JJA, gray line), simulated North Pacific rainfall in Box A (blue line), and reconstructed North Pacific Intermediate Water (NPIW) index 

since 300 ka (red line, higher values indicate weakened NPIW formation). (c) Map of differences in wind patterns (at 200 hPa pressure) in the North Pacific between 

contrasting insolation conditions (high versus low insolation) after the glacial termination. (d) Map of differences in freshwater budget (precipitation minus evaporation, P-E; 

color shading) and surface wind changes (arrows) in the North Pacific between those two insolation conditions. Figure adapted from Zhao et al. (2021) . 
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phenomenon to the effects of abrupt warming and meltwater 

inputs ( Knudson et al., 2021 ). However, due to spatial differ- 

ences in North Pacific productivity changes between the open 

ocean and ocean margin settings ( Iwamoto and Uematsu, 2014 ), 

the mechanisms driving productivity in this region remain elu- 

sive. Whereas major nutrients limited primary productivity dur- 

ing cold periods, more attention should be focused on iron 

sources, its potential fertilization of productivity, and its role 

in climate changes during relatively warm periods when pri- 

mary productivity was not limited by major nutrients. In ad- 

dition, more comprehensive multi-proxy studies (e.g., sea sur- 

face temperature, sea surface salinity, iron supply, primary 

productivity, nutrient utilization, NPIW strength), if possible 

within the same core, are needed to better understand the con- 

trols on primary productivity changes during glaciations and 

deglaciation. 

5) Model-data comparison should be expected to play a more im- 

portant role in improving our understanding of North Pacific 

climate changes in the past and future. Long transient simu- 

lations using complex Earth system models with dynamically- 

simulated geochemical tracers will provide a powerful tool for 

future model-data comparisons. However, as models become 

increasingly complex, model validation will become more chal- 

lenging. Since past climate records serve as a critical method 

for validating the models, more suitable proxy data focused on 

particular periods will be required. With advances in both the 

modeling and data approaches, an improved model-data com- 

parison will greatly enhance our understanding of the mecha- 

nisms of North Pacific climate change and its role in the global 

Earth system. 
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