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The Kuroshio Current (KC) is the northward branch of the North Pacific subtropical gyre (NPG) and 
exerts influence on the exchange of physical, chemical, and biological properties of downstream regions 
in the Pacific Ocean. Resolving long-term changes in the flow of the KC water masses is, therefore, 
crucial for advancing our understanding of the Pacific’s role in global ocean and climate variability. 
Here, we reconstruct changes in KC dynamics over the past 20 ka based on grain-size spectra, clay 
mineral, and Sr–Nd isotope constraints of sediments from the northern Okinawa Trough. Combined with 
published sediment records surrounding the NPG, we suggest that the KC remained in the Okinawa 
Trough throughout the Last Glacial Maximum. Together with Earth-System-Model simulations, our results 
additionally indicate that KC intensified considerably during the early Holocene (EH). The synchronous 
establishment of the KC “water barrier” and the modern circulation pattern during the EH highstand 
shaped the sediment transport patterns. This is ascribed to the precession-induced increase in the 
occurrence of La Niña-like state and the strength of the East Asian summer monsoon. The synchronicity 
of the shifts in the intensity of the KC, Kuroshio extension, and El Niño/La Niña-Southern Oscillation 
(ENSO) variability may further indicate that the western branch of the NPG has been subject to 
basin-scale changes in wind stress curl over the North Pacific in response to low-latitude insolation. 
Superimposed on this long-term trend are high-amplitude, large century, and millennial-scale variations 
during last 5 ka, which are ascribed to the advent of modern ENSO when the equatorial oceans 
experienced stronger insolation during the boreal winter.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The Kuroshio Current (KC), known as a strong western bound-
ary current in the North Pacific Ocean, transports warm, highly 
saline waters from low to middle latitudes at relatively high speed 
(Hu et al., 2015). Variations in the KC’s flow intensity and path 
have a substantial impact on the regional climate of East Asia 
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(Hu et al., 2015), and characterize hydrographic and biogeochemi-
cal features in downstream regions, e.g., the East China Sea (ECS), 
south of Japan, and the East Sea (Sea of Japan) (Guo et al., 2012).

On seasonal and inter-annual scales, the intensity of the KC is 
affected by the East Asian monsoon and El Niño/La Niña-Southern 
Oscillation (ENSO) (Hu et al., 2015). These climate variations lead 
to basin-scale changes in surface winds over the North Pacific, 
which, in turn, modulate the southward transport of water mass 
in the inner ocean based on the Sverdrup theory (Eq. (1)) and the 
intensity of the northward flow of the KC at the western boundary 
(Hu et al., 2015). However, the teleconnection between KC dynam-
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Fig. 1. The current system (small grey arrow lines) and sea surface temperature distribution of the Pacific Ocean during: a) La Niña (January, 1999). b) ocean currents (m/s) 
at 0∼300 m depth at the Late Holocene, as simulated in the COSMOS Model. c) Pacific zonally averaged wind stress curl at present (Hu et al., 2015). d) a schematic map, 
enlargement of the black square in a), for the topography and current system in the East China Sea (ECS), cores referred. KC = Kuroshio Current; MZCC = Min-Zhe Coastal 
Current; TWC = Taiwan Warm Current; CDW = Changjiang Diluted Water in summer. The dashed line represents −40 m isobath. The cores with yellow color were analyzed 
in this study. The red color is that referred. e) The Chiwei Island submarine canyon system from which core Oki02 was retrieved. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.)
ics and the millennial to orbital timescale tropical climate state, 
which have been proposed to have changed with the precession 
cycle (Clement et al., 1999; Schneider et al., 2014), remains elu-
sive.

M y = 1

β
(∇ × τ )k (1)

The route of the KC exhibits meandering in the mid-latitude, 
central Pacific Ocean, especially to the south of Japan. As the me-
andering path of the KC can migrate spatially, a useful way to 
index the KC path has proven to be difficult. Although meandering 
is also observed along the density front of the KC in the Okinawa 
Trough, the main body of the KC is relatively stable due to topo-
graphic constraints (Andres et al., 2015). The high sedimentation 
rate, advantageous topography condition in the Okinawa Trough, 
and tight connection with low latitude climate make the Okinawa 
Trough an ideal location to reconstruct the history of the KC and 
its link to low latitude climate.

The present day KC enters the southern Okinawa Trough, flows 
along the outer shelf of the ECS, and exits through Tokara Strait 
(Fig. 1). However, a debate exists regarding the main pathway 
of the KC in the past. It has been argued that the KC was de-
flected to the east part of the Okinawa Trough during the Last 
Glacial Maximum (LGM) and has reentered the Okinawa Trough 
since around 7.1 ka (Dou et al., 2010; Jian et al., 2000). For in-
stance, clay mineral and geochemical indices in the middle and 
northern Okinawa Trough revealed that the increased contribu-
tion of sediment from Taiwan Island between ∼8.4 and 14 ka is 
an indicator of the reentrance of the KC into the Okinawa Trough 
(Dou et al., 2010, 2012; Li et al., 2015). Studies based on simi-
lar methods have, however, suggested that the KC was present in 
the Okinawa Trough during the LGM lowstand, and intensified dur-
ing the early Holocene (EH) (Chen et al., 2011; Wang et al., 2015;
Zheng et al., 2011). An increase in the pollen of Podocarpus at the 
topmost part of core DGKS9602 reveals that the KC may have been 
reinforced in the Holocene (Zheng et al., 2011), agreeing with sedi-
mentological studies (Wang et al., 2015). However, as these proxies 
are integrations of multiple transport mechanisms and may pro-
duce non-unique solutions, a relatively independent KC index is 
needed to resolve the aforementioned ambiguities.

In order to better examine the past variability of KC intensity 
and route, and the connections between the KC and low lati-
tude climate systems since the LGM, sediment core A7 situated 
in the path of the KC, retrieved from the northern Okinawa Trough 
(Fig. 1), was subject of this study. Varimax Principal Component 
Analyses (V-PCA) was applied to the complex grain-size matrix to 
isolate independent grain-size components related to the KC. This 
method has also been applied to nearby core Oki02, and revealed 
the East Asian winter monsoon history during the Holocene (Zheng 
et al., 2014). Sr–Nd isotopic analyses were utilized to constrain 
the provenance of the KC grain-size spectrum and will verify our 
conclusions. For a more expanded view of the connections of the 
current system in this study (Fig. 1), we combined our data with 
those of core Oki02, two Ocean Drilling Program cores, and one 
Marion Dufresne core from the high latitude North Pacific to elu-
cidate the relationships between the middle latitude KC and low 
latitude Pacific climate systems. Moreover, we also reanalyzed the 
Earth-System-Model simulations for the LGM, 9 ka (a representa-
tive for the Early Holocene), and Pre-industrial condition (a rep-
resentative for the Late Holocene) to assist in understanding the 
proxy-indicated LGM to Holocene anomalies in the KC.

2. Study area

The climate and oceanography in the Okinawa Trough is sig-
nificantly influenced by the KC and the East Asian monsoon (Lee 
and Chao, 2003). Moreover, the KC is the most striking feature of 
the Okinawa Trough hydrography and constitutes a link between 
low- and mid-latitudes (Hu et al., 2015). Mooring and float ob-
servations revealed that the KC penetrates to greater depths as it 
progresses downstream. Specifically, it extends to the seafloor at 
the 1200 m isobath in the middle of the Okinawa Trough at the 
PN line (0.7 m/s), and is found even deeper at the 1500 to 2000 m 
isobaths south of Japan (Andres et al., 2015).
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The KC exhibits temporal variability at scales ranging from sea-
sonal variations in Kuroshio intrusions onto the shelf, to interan-
nual transport variability, to multiyear meandering of the flow path 
south of Japan (Andres et al., 2015). Further downstream, the KC 
flows from northeastern Taiwan to southeastern Japan, where the 
current finally transits from a western boundary current into the 
Kuroshio extension, a vigorously meandering free jet.

According to the Sverdrup balance (Eq. (1)), the northward 
mass transport of wind-driven currents is equal to the curl of the 
wind stress (Sverdrup, 1947). The trade winds blow westwards in 
the tropics, and the westerlies blow eastward at mid-latitudes. This 
exerts a pressure on the subtropical ocean surface with a negative 
curl in the subtropical Pacific that results in an equatorward Sver-
drup transport and an intense, narrow poleward current along the 
western boundary of the Pacific Ocean Basin (Fig. 1b, c) (Stommel, 
1948).

The KC exhibits strong seasonal and interannual variability since 
it is situated in a geographical location where dynamic processes 
are controlled by the East Asian monsoon and ENSO (Hu et al., 
2015). On a seasonal scale, summer southeastern monsoon winds 
produce a negative wind stress curl over the tropical Pacific, lead-
ing to an enhanced equatorward transport of water masses over 
the inner ocean of the NPG, and consequently an intensified north-
ward transport of the KC at the western boundary (mass con-
servation) (Hu et al., 2015). The opposite situation occurs for 
the winter monsoon. Moreover, the alternating monsoonal winds 
mainly determine the water volume entering the South China Sea 
and that flowing northward into the Okinawa Trough (Qu et al., 
2004). Meanwhile, seasonal switches of the East Asian monsoon 
can alter the KC intrusion onto the shelf, and thus the sediment 
transport pattern. An important feature is the KC “water barrier”, 
which is referred to a section of the water column with an ex-
tremely low concentration of suspended material (<0.5 mg/dm3) 
resulting from the intrusion of the subsurface-intermediate water 
of the KC. It stretches across the ECS continental shelf and ob-
structs the suspended matter from the shelf into the deep trough 
(Yang et al., 1992). The KC “water barrier” prevails during summer, 
and weakens during winter when the East Asian winter monsoon 
strengthens, resulting in a different sediment transport pattern, i.e., 
summer storage and winter export of sediments on the ECS shelf. 
Interannually, the intensity of the KC is closely related to ENSO 
events. During El Niño years, positive wind stress curl anomalies 
develop north of the equator, weakening the poleward transport 
of the KC; whereas, during La Niña years, the situation is reversed 
(Hu et al., 2015).

3. Materials and methods

3.1. Materials and age model

New data were acquired from piston core, A7 (126.98◦E, 
27.82◦N, water depth 1264 m, and core length 4.5 m) that was 
recovered by R/V Kexue No. 1 during a cruise in 2001. The A7 cor-
ing site is located on the western slope of the northern Okinawa 
Trough (Fig. 1), ideal for trapping the offshore transport of sus-
pended sediments from the ECS continental shelf (Zheng et al., 
2014). Sediment in core A7 mainly consists of gray silty clay, with 
an ash layer at 1.02 to 1.10 m depth and several turbidity layers 
at 1.10 to 1.20 m depth (Fig. 2) (Sun et al., 2005). The sediment 
core was sectioned into 2-cm intervals after the cruise. The age 
model of A7 has been constructed based on 15 Accelerator Mass 
Spectrometry (AMS) 14C datings of planktonic foraminifera (Fig. 2). 
Since a consistent constraint on the age model is critical for a later 
discussion of basin-wide synchronicity, and most of the cores re-
ferred in the western Pacific were calibrated to calendar age with 
a 400-yr reservoir age, we reconverted all AMS 14C ages of core 
A7 and a nearby core Oki02 in the Okinawa Trough to calendar 
Fig. 2. Lithology for core A7, and age model for core A7 and Oki02. a) Log of litho-
logic changes against depth for core A7, with dashed lines representing laminations, 
black point layers referring to turbidity layers, and triangular symbols referring to 
volcanic ash. b) Age model of core A7 (red point) and Oki02 (blue point). (For in-
terpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)

years using the Calib 7.0 program via the latest calibration curve 
(i.e., MARINE13) with a 400-yr surface ocean reservoir correction 
and a Delta R-value of 58 ± 58 (http :/ /calib .qub .ac .uk /marine/). We 
also included the K-Ah ash layer at 7165∼7303 cal yr BP as a time 
marker (Smith et al., 2013) (Fig. 2). The results show that the main 
transition points of core A7 are in line with those of core Oki02 
and other cores in the Okinawa Trough (Diekmann et al., 2008;
Kao et al., 2005; Zheng et al., 2014). This consistency suggests that 
the 400-yr reservoir age used in this study is reliable for the dis-
cussion below. Linear interpolation between dated layers in core 
Oki02 presents a 7.3 ka age for the K-Ah ash layer, which is in line 
with the 7.3 ka age estimated from lake sediments in Japan (Smith 
et al., 2013).

3.2. Methods

Grain size and clay mineral analyses were performed for core 
A7 according to Zheng et al. (2014). V-PCA analyses were ap-
plied to the time series grain-size spectrum of core A7 to elucidate 
mechanisms that are related to the KC pathway and intensity.

Surface features of sediment grains of several coarse layers in 
core A7 (38∼40, 58∼60, 110∼112, and 116∼118 cm) and core 
Oki02 (48∼50, 82∼84, and 156∼158 cm) were analyzed using 
a JEOL JXA-8100 electron probe micro-analyzer (EPMA). The En-
ergy Dispersive Spectrometer (EDS) system affiliated with EPMA 
was adopted to detect the geochemical compositions of sediment 
grains. Samples for EPMA and EDS analyses were prepared ac-
cording to an accepted pretreatment method of grain-size analyses 
(Zheng et al., 2014).

The radiogenic isotope composition of neodymium (Nd) and 
strontium (Sr) was measured on the siliciclastic fraction (AF2/OF3, 
see below) and suspended sediments from Taiwan rivers (Ta-
ble S1). We used a leaching procedure following the method 
of Jiang et al. (2013). The AF2/OF3 (5∼18 μm) was extracted 
from bulk sediment based on Stokes’ settling velocity principle 
(Fig. S1). Approximately 0.05 g dry sediment was totally dissolved 
using a mixture of concentrated HCl, HNO3, and HF on a hot 
plate. Standard column-chromatography procedures were applied 

http://calib.qub.ac.uk/marine/
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Fig. 3. a) Results of V-PCA analyses on the grain-size matrix of core A7. b) Grain-size spectrum of the KC (AF2: green, OF3: violet) for core A7 and Oki02, respectively. c) 
Secular variation of AF2 (green) and OF3 (violet), red stark, inverse triangle representing the depths for the extracted AF2 and OF3 grain-size fraction for Sr–Nd isotopic 
analyses, respectively. d) Sr and Nd radioisotope signature for AF2 and OF3 (Table S1), as compared to the present day suspended material collected in the Yangtze River 
(Luo et al., 2012), Huanghe River (Hu et al., unpublished), and rivers in Taiwan Island (Table S1). For consistency, we chose samples with a grain-size distribution similar to 
AF2 and OF3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
to separate and purify Nd and Sr (Jiang et al., 2013). The Nd 
and Sr isotope compositions were measured on a Nu Instruments 
multi-collector inductively-coupled plasma mass spectrometer at 
the GEOMAR, Kiel, using ratios of 0.7219 for 146Nd/144Nd and 
0.1194 for 88Sr/86Sr to correct for instrumental mass bias. All iso-
tope results were normalized to the accepted values of the JNdi 
standard for Nd (0.512115) and of the NBS SRM 987 standard 
for Sr (0.710245) to account for instrument-specific offsets. The 
Nd isotope ratio was reported as εNd, which was the corrected 
143Nd/144Nd = 0.512638 (Jiang et al., 2013) and multiplied by 
10000. External reproducibility was first estimated by repeated 
measurement of the in-house SPEX standard for Nd and the AA 
standard for Sr, and the isotope ratios were reported with 2σ un-
certainties of ±0.4 εNd units for Nd and ±0.000024 for Sr.

Additionally, we also re-analyzed model simulations for the PI, 
i.e., LH (Wei and Lohmann, 2012), 9 ka, i.e., EH (Wei and Lohmann, 
2012), and LGM (Gong et al., 2015) conditions. The model em-
ployed the Community Earth System Models (COSMOS), with the 
ocean of a formal horizontal resolution of ∼3◦ × 1.8◦ and uneven 
40 vertical layers, and the atmosphere of a horizontal resolution 
of ∼3.75◦ × 3.75◦ and 19 vertical levels. The set-up details of 
these three numerical experiments were explained in Gong et al.
(2015). In the model, KC strength refers to the northward velocity 
by the North Pacific western boundary current of 110∼140◦E and 
0∼300 m across 27◦N and 34◦N. The same method has been ap-
plied to analyze the paleo Gulf Stream heterogeneity (Gong et al., 
2015).
Wavelet analyses were applied to analyze factor score of OF3 
(see below), a proxy for paleo KC strength, to infer the teleconnec-
tion between the climate and current system. Prior to the analyses, 
OF3 was resampled at 20-yr intervals and filtered to reduce noise.

4. Results

4.1. V-PCA analyses on grain-size matrix

Fig. 3 shows the results of the V-PCA analyses on the grain-size 
matrix for core A7. Three principal grain-size components (AF1: 
55%, AF2: 24%, and AF3: 14%), that account for 93% of the vari-
ance, were identified for core A7. The first mode (AF1) has a broad 
positive peak at 2.4 μm and a negative peak at 17 μm (Fig. 3). 
The second mode (AF2) has a peak at 11 μm and a trough around 
50 μm (Fig. 3). The third mode (AF3) has a positive peak at 90 μm 
(Fig. 3). Four components (F1: 33%, F2: 33%, F3: 20%, and F4: 
9%), that contribute to 95% of the variance for core Oki02, have 
been previously reported (Zheng et al., 2014). In this paper, we 
have renamed them OF1, OF2, OF3, and OF4 for symbol distinction 
(Fig. S1).

4.2. Sr–Nd isotope results

Sr and Nd isotope data for the samples of our study are 
displayed as 87Sr/86Sr versus εNd in Fig. 3d and Table S1. The 
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Fig. 4. Secular variations of clay mineral assemblages, including: a) smectite; b) il-
lite; c) kaolinite; and d) chlorite for core A7.

87Sr/86Sr ratios of AF2 and OF3 varied between 0.7161 and 0.7184, 
and εNd ratios ranged from −11.6 to −10.3. The 87Sr/86Sr ra-
tios of suspended sediment from rivers in Taiwan Island ranged 
from 0.7111 to 0.7185, and εNd values varied between −12 
and −5.
4.3. Mineral analyses

The proportional distribution profiles of the four major clay 
minerals of core A7 are shown in Fig. 4. The clay minerals were 
composed mainly of illite (64.0 to 75.1%), chlorite (12.0 to 20.5%), 
smectite (2.3 to 13.2%), and kaolinite (5.4 to 11.5%) (Figs. 4, 5). 
Smectite abundance peaked around 12% between 19.2 and 16 ka, 
and remained relatively high at 7% during the period between 16 
and 12 ka. Starting in the EH, however, it decreased toward 4% 
and then became stable. The trend of kaolinite closely resembled 
that of smectite, apart from a relatively high value occurring be-
tween 13 and 14 ka. There was a generally increasing trend of the 
abundance of illite towards the Holocene. From 19.2 to 16 ka, illite 
showed a minimum of 66% and remained at 68% between 16 to 
12 ka. Afterwards, the abundance increased abruptly to 72%. The 
percentage of chlorite was generally inversely-related with kaolin-
ite. Moreover, it was more variable during 5∼2.5 ka than kaolinite.

Sediment grains of 48∼50 and 82∼84 cm in core Oki02 con-
sisted mainly of K-feldspar, Na-feldspar, and quartz (Fig. S2). Like-
wise, sediment grains of 38∼40 and 58∼60 cm in core A7 were 
composed mainly of K-feldspar and quartz (Fig. S2). Sediment 
fractions of 156∼158 cm in core Oki02 contained mainly quartz 
and tephra (Fig. S2). However, sediment fractions of 110∼112 and 
116∼118 cm in core A7 consisted mainly of tephra. Elongated vesi-
cles, as well as fluidal textures, were observed in the structure of 
tephra, implying an origin from volcanic ashes (Fig. S3).

4.4. Modeling results

Our modeling results showed that the North Pacific west-
ern boundary current at 27◦N was stronger during EH and late 
Holocene (LH) compared to the LGM conditions, with the largest 
value at the EH (Figs. 6 and 7). Our calculation of the North Pacific 
western boundary current has integrated the northward velocity 
between 110 and 140◦E, fully covering the pathway uncertainties 
between the LGM and Holocene conditions. As shown in Fig. 7, 
the same sequence in the velocities of the North Pacific western 
boundary current was found at 34◦N.
Fig. 5. End member analyses of provenance using: a) a ternary diagram of smectite-kaolinite-(illite + chlorite). b) Smectite/illite versus kaolinite/chlorite ratios. The green 
triangles represent an interval of 12.0 to 0 ka for core A7; the violet triangles show 17.6 to 12.0 ka for core A7; and the brown inverted triangles represent Taiwan rivers 
samples. The black crosses denote ECS Continental Shelf samples; the orange circles are the Yangtze River samples; and the blue crosses are the Huanghe River samples 
based on Zheng et al. (2014). (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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Fig. 6. Ocean currents (m/s) at 0∼300 m depth in the North Pacific Ocean, as simu-
lated in the COSMOS Model during: a) EH; and b) LGM.

5. Discussion

5.1. Dynamic KC spectrum

Terrigenous particles deposited in marine sediments originated 
from distinct sources and underwent different modes of trans-
port, which were characterized by specific grain-size distributions 
(Weltje and Prins, 2003). The grain-size distribution of the silici-
clastic sediment fraction of core A7 consisted of three statistically 
relevant dynamic populations by Varimax Principal Component 
Analyses (Fig. 3). On the basis of the regional distribution of end-
members retrieved from suspended sediments in the Taiwan rivers, 
bottom nepheloid layers, and surface sediments of the ECS conti-
nental shelf, the three endmembers of core A7 were interpreted as 
KC silt (AF2), turbidity sand (AF3), and bottom nepheloid clay (AF1) 
related to winter monsoon intensity (see Supplementary Informa-
tion) (Fig. 3a). The grain-size spectrum and long-term variation of 
AF2 agreed with OF3, a KC dynamic population previously recon-
structed from nearby core Oki02 (Zheng et al., 2014) (Fig. 3). The 
grain-size spectra of core Oki02, i.e., OF1, OF2, OF3, and OF4, rep-
resented the winter monsoon-induced upper layer (UL) transport, 
the bottom nepheloid layer (BNL), the KC, and aeolian contribu-
tions, respectively (Zheng et al., 2014). In order to further assess 
the provenance of AF2/OF3, we separated the 5∼18 μm fraction 
from bulk sediment and measured its radiogenic Nd and Sr iso-
tope composition (Fig. 3, Table S1). Suspended sediments collected 
from the Yangtze, Huanghe River, and rivers of Taiwan Island were 
used for comparison (Fig. 3, Table S1). We chose suspended sedi-
ment with a grain-size distribution (5∼20 μm) similar to AF2/OF3 
(Fig. S1). The 87Sr/86Sr versus εNd plot clearly showed that the 
AF2/OF3 component originated from rivers of Taiwan Island. This 
suggested that AF2/OF3 was transported by KC to the Okinawa 
Trough. Therefore, the radiogenic isotope signature of AF2/OF3 
supported the interpretation that AF2/OF3 represented KC dynam-
ics (Fig. 3, Table S1). Overall, the temporal variation of AF2 and 
OF3 was consistent with various other KC proxies retrieved from 
the KC pathway from northeastern Taiwan to the coast of Japan 
(Fig. 8). Moreover, our modeling simulations presented the same 
Fig. 7. Current velocity for KC at: a) 27◦N and b) 34◦ during LH, EH, and LGM. Northward velocity profile for KC during: c) LH, d) EH, and e) LGM at 27◦N, as simulated in 
the COSMOS Model.
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Fig. 8. a) Temporal variations of the percentage of the sortable silt (SS) fraction of 
core ODP1202 (Diekmann et al., 2008). b) The factor score of the KC index for AF2. 
c) KC strength at 27◦N, as simulated in the COSMOS Model for LH, EH, and LGM. 
d) The factor score of the KC index for OF3. e) KC strength at 34◦N, as simulated in 
the COSMOS Model for LH, EH, and LGM. f) Latitudinal variation of the Kuroshio 
extension, as revealed by the SST contrast between core St.19 and MD01-2421 
(Yamamoto, 2009). g) P. Obliquiloculata abundance of core A7 (Xiang et al., 2007). 
h) Mg-Ca SST of core A7 (Sun et al., 2005). i) Sea level pattern in the western Pa-
cific since the LGM (Liu et al., 2004).

sequences of KC changes among LH, EH and LGM, supporting our 
KC reconstructions at the A7 and Oki02 core sites (Fig. 8).

5.2. KC “water barrier” effects and provenance response since the early 
Holocene

As the most important current in the ECS, the KC exerts consid-
erable influence on sediment transport patterns. The newly formed 
modern current system and the synchronous emergence of the 
KC “water barrier” during the EH altered the regional environ-
ment of the ECS considerably. Previous studies based on the sed-
imentology, paleontology, and biogeochemistry of sediment cores, 
indicated that the paleoenvironment of the Okinawa Trough and 
sediment provenance have changed since the EH (Diekmann et al., 
2008; Dou et al., 2010, 2012; Kao et al., 2005; Oguri et al., 2000;
Ujiié et al., 2001). The increased contribution of terrigenous sed-
iments from Taiwan by the re-entrance and intensification of the 
KC has been proposed to account for the change in Nd isotope, 
rare earth elements, and clay mineral compositions since approxi-
mately 12 ka (Dou et al., 2010, 2012). The rise in sea level and the 
coastline retreat since the EH have also been proposed as leading 
causes of the change in terrigenous material proxy, i.e., δ13C, C/N 
ratio, and lignin phenol, and thus the sediment provenance transi-
tion appearing in the Okinawa Trough (Ujiié et al., 2001). However, 
our results provide a novel explanation for this development. The 
clay mineral assemblages showed a marked change since the EH 
(Fig. 4). The sediment source changed from main contributions of 
the Yangtze and Huanghe rivers to a mixture of the Yangtze River 
and shelf areas, with less contributions from Taiwan (Figs. 4 and 5). 
This is consistent with previous clay mineral studies on Oki02 and 
Oki01 cores (Zheng et al., 2014, 2015), supporting a basin-wide 
forcing, i.e., the KC “water barrier” accounting for this change. Ac-
cording to Diekmann et al. (2008), the increase of sortable silt (SS) 
content and the transition of clay mineral compositions in core 
ODP1202 in the southern Okinawa Trough since the EH was a re-
sponse to the intensification of the KC. This is consistent with the 
cores in the middle and northern Okinawa Trough, and also the 
KC changes in our modeling simulations (Figs. 6 and 7), and thus 
supports the so-called “water barrier” theory (Zheng et al., 2014, 
2015). We also observed that clay minerals exhibited fluctuations 
from LGM to deglacial period. This indicated that source regions of 
the clay minerals changed at a shorter time-scale due to a change 
of fluvial discharge of the Yangtze and Huanghe Rivers (Wang et 
al., 2015). However, the general trend of sediment provenance was 
less changed until the EH, when the KC was intensified and the KC 
“water barrier” was formed.

5.3. Fluctuation of the KC since the LGM

As previously mentioned, AF2 and OF3 represent indices for 
the grain sizes that are transported by, and sensitive to, the pres-
ence and strength of the KC, which has fluctuated since the LGM. 
Their overall temporal variability resembled the SS content of core 
ODP1202 and the �SSTNWP (Fig. 8). The SS of core ODP1202 was 
utilized to represent the variation in the KC dynamics. Large SS 
percentage in core ODP1202 suggests a strong current, and vice 
versa. The �SSTNWP represents the sea surface contrast between 
core St.19 and MD01-2421 in the western Pacific Ocean and was 
used to reflect the latitudinal variation of the Kuroshio extension 
(Yamamoto, 2009). Large �SSTNWP represents the northward mi-
gration of Kuroshio extension, vice versa. The AF2 and OF3 values 
exhibited relative stability from 19 to 14 ka, followed by a gradual 
weakening (Fig. 8). The equilibrium run also revealed a low cur-
rent intensity and shallower penetration of the KC during the LGM 
(Figs. 6 and 7). However, the P. obliquiloculata abundance of core A7 
reached a minimum, or even became extinct, during this interval 
(Xiang et al., 2007). The low P. obliquiloculata abundance could be 
associated with a low surface sea temperature and the invasion of 
coastal waters due to large seaward migration of the coastline, cor-
roborated by the minimal Mg–Ca SST in core A7 (Liu et al., 2004;
Sun et al., 2005). The AF2 and OF3 values decreased gradually be-
ginning at 14 ka and reached a minimum at 12 ka, despite the 
stable sea level (Liu et al., 2004). This decline was concurrent with 
a decrease in SS content in cores ODP1202, as well as a reduc-
tion in Mg–Ca SST at A7 (Fig. 8). In addition, the P. obliquiloculata
abundance exhibited a declining trend at A7 (Xiang et al., 2007). 
A southward migration of the Kuroshio extension also occurred at 
12 ka (Yamamoto, 2009). Beginning in the EH, there was a con-
siderable increase in AF2 and OF3, which peaked and attained a 
stable value at 10 ka, as well as the SS content in core ODP1202 
(Fig. 8). Moreover, the P. obliquiloculata abundance and the Mg–Ca 
SST increased substantially in A7 (Sun et al., 2005). The intensi-
fied KC and the synchronous emergence of the KC “water barrier” 
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dramatically changed the regional environment of the ECS (Figs. 4
and 5).

The AF2 and OF3 values decreased abruptly between 7.3 and
7.1 ka. This transition is related to the turbidity layers occurring 
during 7.3 to 7.1 ka. The occurrence of volcanic tephra in the 
turbidity layers and the interbedding of volcanic tephra with tur-
bidity layers revealed from EPMA-EDS analyses and detailed core 
description records (Fig. S3) may further imply that this change 
was possibly caused by the volcanic event. Based on the ampli-
tude of the AF2 and OF3, large century-scale variations in the 
KC are inferred beginning at 5 ka, and were especially prominent 
from 4.2 to 2.7 ka (Fig. 8). EPMA-EDS analyses of these layers of 
the two cores demonstrated that they are mainly composed of 
terrigenous material, i.e., feldspar and quartz with less contribu-
tion of volcanic ash (Fig. S3), thus precluding the possibility of an 
influence of volcanic events. This interval coincided with the Pul-
leniatina Minimum Event (PME), which has been widely identified 
from the western Pacific to the Okinawa Trough (Lin et al., 2006;
Xiang et al., 2007). A southward shift of the Kuroshio extension 
was also apparent (Yamamoto, 2009). In agreement with these 
proxy evidences, our modeling simulations also suggested a slow-
down of the KC during the LH compared with the EH conditions, 
at both 27◦ and 34◦N (Figs. 6 and 7).

5.4. Coherent variation of the KC and climate system since the LGM

The KC variability exhibited a long-term trend overprinted by 
short-term fluctuations (Fig. 9). The long-term trend appears to be 
coherent with precessional variability (Fig. 9). Since 12 ka, larger 
contributions of fine silt particles that characterize the KC grain-
size end member (AF2 and OF3) corresponded to the main change 
of precessional forcing (Fig. 9).

As the northward branch of the NPG, the KC was closely cor-
related with the low latitude climate system, e.g., the ENSO and 
the East Asian monsoon, which in turn affected the basin-scale 
changes in surface winds over the North Pacific (Hu et al., 2015;
Qu et al., 2004). The main linkage of the KC variability and ENSO 
dynamics was the clock-wise flow of the NPG. Modeling, using the 
Zebiak–Cane coupled ocean-atmosphere model, revealed that sea-
sonal variations in insolation dominated by the precession cycle 
had a significant effect on tropical climate, i.e., ENSO variability, 
through an “ocean dynamical thermostat” mechanism on glacial-
interglacial time scales (Clement et al., 1999, 2000). The hypoth-
esized mechanism has been related to the Earth passing through 
the perihelion at the beginning of the calendar year at present 
(Clement et al., 1999). In the boreal late summer–early autumn 
of the EH, when the equatorial oceans received less heat dur-
ing boreal winter, the ENSO power reached a minimum at 9 ka 
(Fig. 9) (Clement et al., 1999). The dampened ENSO variation dur-
ing the early to middle Holocene climate optimum corresponded 
to La Niña-like tropical Pacific, where the climatology was sug-
gested to be a result of similar physics operating on a variety of 
time scales (Clement et al., 2000). Therefore, the easterly wind 
anomalies in the tropical northwestern Pacific Ocean and the as-
sociated development of negative wind stress curl anomalies north 
of the equator since the EH, when the Walker Circulation was en-
hanced, may have favored an intensification of the northward NPG 
(including its western boundary current) (Figs. 1 and 6). Moreover, 
a strengthened western boundary current would have carried more 
heat to higher latitudes and also have intensified the extratropical 
westerlies (Gu and Philander, 1997). This would have subsequently 
resulted in more negative wind stress curl and a speed-up of the 
NPG.

Meanwhile, seasonal variations of the East Asian monsoon may 
also have affected the northward transport of the KC through 
speed-up/down of the NPG. The East Asian monsoon was also 
Fig. 9. a) Temporal variations of the percentage of the sortable silt (SS) fraction 
of core ODP1202 (Diekmann et al., 2008). b) The factor score of the KC index for 
AF2. c) KC strength at 27◦N, as simulated in the COSMOS Model for LH, EH, and 
LGM. d) The factor score of the KC index for OF3. e) KC strength at 34◦N, as 
simulated in the COSMOS Model for LH, EH, and LGM. f) Latitudinal variation of 
the Kuroshio extension, as revealed by the SST contrast between core St.19 and 
MD01-2421 (Yamamoto, 2009). g) ITCZ index, as indicated by Ti counts in the Cari-
aco Basin (Haug et al., 2001). h) North Pacific High (NP High) or ENSO indicator, as 
indicated by the SST contrast between core MD01-2421 and ODP1014 (Yamamoto et 
al., 2004). i) ENSO variability, as estimated from application of Zebiak–Cane-coupled 
ocean–atmosphere model forced by changing orbital parameters (Tudhope et al., 
2001). j) The precessional cycle of orbital forcing (Berger and Loutre, 1991).

shown to be linked to the precessional variability of the Earth’s 
perihelion via the north–south migration of the Intertropical Con-
vergence Zone (Schneider et al., 2014). Since the EH, when the 
summer insolation in the North Hemisphere attained its maxi-
mum due to precessional forcing, the East Asian summer monsoon 
has intensified significantly in response to the northward migra-
tion of the Intertropical Convergence Zone (Haug et al., 2001;
Schneider et al., 2014) (Fig. 9). In contrast, the East Asian win-
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Fig. 10. a) Wavelet power spectrum on KC indicator OF3 with Morlet wavelet; dashed lines represent the 90% confidence level. b) Spectrum analyses for OF3.
ter monsoon was considerably weakened (Zheng et al., 2014). The 
strengthening of the southwest summer monsoon and weakening 
of the northeastern winter monsoon indicate more negative wind 
stress curl over the subtropical North Pacific, supporting strength-
ened NPG and KC. The corresponding speed-up westerlies would 
further enhance the NPG as positive feedback. In the Luzon Strait 
and the Okinawa Trough, these changes in the East Asian monsoon 
may also have favored a large poleward water transport in KC, but 
a reduced amount into the South China Sea (Qu et al., 2004). Our 
modeling experiments also supported an intensification in KC dur-
ing the EH compared with LGM conditions.

On the other hand, the western branch of the NPG system, in-
cluding the KC and the Kuroshio extension, changed synchronously 
with the long-term insolation-paced variability of ENSO since the 
LGM (Fig. 9). The general trend of the grain-size end mem-
ber (AF2/OF3), characterizing the KC contribution to the grain-
size spectrum, corresponded to the �SSTNWP between cores St.19 
and MD01-2421 and the �SSTNPH between cores ODP1014 and 
MD01-2421 (Fig. 9). The high AF2 and OF3 values in the Oki-
nawa Trough corresponded to the high �SSTNWP at the Japanese 
margin, indicating stronger and northward migration of the KC. 
Moreover, an ENSO-like variability pattern has been proposed as 
the primary driver of the mid-latitude North Pacific East–West 
SST seesaw on annual, decadal, and orbital scales (Yamamoto et 
al., 2004). The �SSTNPH, representing the SST contrast between 
the eastern and western mid-latitude Pacific, recorded the long-
term variability of the North Pacific High and ENSO variability 
(Yamamoto et al., 2004). Modern observations during La Niña re-
vealed that the tropical convection moves to the western equato-
rial Pacific as the East–West Equatorial Pacific sea surface tempera-
ture contrast is high and the easterly wind prevails, and vice versa 
during El Niño (Fig. 1). In other words, the higher the east–west 
SST gradient, westward warm-pool displacement, and acceleration 
of the trade winds during La Niña, the greater the negative wind 
stress curl in the Pacific Ocean (Hu et al., 2015). Moreover, these 
conditions are also indicative of an expansion in the subtropi-
cal gyre and shrinking of the tropical gyre (England et al., 2014;
Hu et al., 2015). Model results also identified an expansion of 
the subtropical gyre during the EH and LH compared to the LGM 
(Figs. 1 and 6). All of these features will accelerate the NPG and 
the KC during La Niñas.

High frequency oscillations in the AF2/OF3 since 5 ka are 
consistent with the large century-scale variations in precipitation 
based on amplitudes of Ti content in the Cariaco Basin that have 
been interpreted as higher centennial-scale ENSO-like condition in-
tervals (Haug et al., 2001) (Fig. 9). The equatorial oceans received 
more insolation during this period when the precession driven per-
ihelion occurred during the boreal winter, which contributed to 
the larger event amplitudes (Clement et al., 2000). Storm sedi-
ments in an alpine lake revealed that modern ENSO periodicities 
were established after 5 ka, with the highest El Niño frequencies 
at 3.5∼2.6 ka (Rodbell et al., 1999). Modeling work indicated that 
ENSO was enhanced after 5 ka (Clement et al., 2000). Consistently, 
the East Asian winter monsoon and East Asian summer monsoon 
have exhibited high-amplitude variations since around 5 ka, as re-
vealed by stalagmite and marine sediment records (Dykoski et al., 
2005; Zheng et al., 2014). Therefore, the coupled high frequency 
ENSO and monsoon effects superimposed on the long-term trend 
may have changed the strength of the NPG via modulating the 
basin-wide wind stress curl, and thus the northward KC. Collec-
tively, the data and model evidence indicated coherent and syn-
chronous changes of the western branch of the NPG in response to 
insolation variability since the LGM.

5.5. Millennial-scale changes of the KC and the climate system

Wavelet analyses of OF3 variability revealed two dominant pe-
riodicities of approximately 1500 and 330 yrs during 5∼2 ka 
(Fig. 10). The 1500-yr cycle of the last 5∼2 ka is in line with 
the previously proposed KC cycle (Jian et al., 2000), and is also 
consistent with the millennial fluctuations of ENSO variability dur-
ing the Holocene epoch (Moy et al., 2002). As suggested by Stott 
et al. (2002), the millennial-scale variations in the North Atlantic 
and tropical Pacific were controlled by ocean/atmospheric interac-
tions, acting in the mode analogous to modern “super-ENSO”. The 
Zebiak-Cane coupled ocean-atmosphere model has indicated that, 
under orbital configurations, ENSO may abruptly lock to the sea-
sonal cycle and produce a mean sea surface temperature change 
in the tropical Pacific (Clement et al., 2001). Moreover, this change 
may have had a global impact and triggered millennial-scale cli-
mate changes (Clement et al., 2001). El Niño conditions correlated 
with stadials at high latitudes, whereas La Niña conditions cor-
related with interstadials (Stott et al., 2002). As discussed above, 
during the El Niño-like state, the tropical gyre was strengthened 
and the NPG was weakened, as more heat was stored in the tropics 
and less was transported northward through a western boundary 
current, such as the KC. Increased Pacific sea surface temperature 
during the El Niño-like state led to a larger latitudinal tempera-
ture gradient, transporting more moisture to high latitudes through 
greater Hadley cell intensity and stronger eddy transport, and ulti-
mately creating a surge in ice (Turney et al., 2004). These changes 
also influenced North Atlantic deep water formation, which has 
been linked with less heat being transported northward by the 
subtropical gyres.

The significance of this cycle (1500 yrs) is also the subject of 
an on-going debate regarding its precise dates and forcing mech-
anisms (Isono et al., 2009; Sorrel et al., 2012). The main issue 
of this controversy is related to its reproducibility during the 
Holocene (Isono et al., 2009). The occurrence of this cycle through-
out both the Holocene and the last glacial period may support 
a precise millennial clock. However, the findings of the 1500-yr 
cycle of Holocene storm dynamics in the North Atlantic Ocean
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(Sorrel et al., 2012) support internal noise as the main driver. Bond 
et al. (2001) proposed that a solar forcing mechanism underlied at 
least the Holocene segment of the North Atlantic “1500-yr” cycle. 
The surface hydrographic changes potentially acted as an addi-
tional mechanism for amplifying the solar signals and transmitting 
them globally (Bond et al., 2001). The findings of the millennial 
scale changes in KC strength during the Holocene supported a 
precise dating mechanism. The millennial signal in KC could be 
transmitted northward by NPG, and thus influenced the North At-
lantic regions via the Westerlies. Overall, the millennial oscillation 
of the KC during the Holocene interval might provide stronger sup-
port for the hypothesis that this periodicity constitutes a precise 
“heartbeat” of the Earth’s climate.

6. Conclusion

As the Northern Pacific western boundary current, the KC plays 
a critical role in regulating heat and moisture transport in the 
Northeast Asian region. Based on grain-size spectra, clay mineral, 
and Sr–Nd isotope constraints of sediments from the northern Ok-
inawa Trough, we reconstructed changes in KC dynamics over the 
past 20 ka. Combined with published sediment records surround-
ing the NPG and Earth-System-Model simulations, we showed that 
the KC remained in the Okinawa Trough throughout the LGM inter-
val and intensified greatly since the EH which shaped the sediment 
transport configuration. This then altered the sediment flux and 
clay mineral provenance when a large shelf area was submerged 
during a period of high sea level. The change in KC is possibly 
related to the precession- induced increase in the occurrence of 
La Niña-like state and the strength of the East Asian monsoon. The 
coherent and concurrent shift of the KC and Kuroshio extension 
with the changing ENSO variability may further indicate that the 
western branch of the NPG is ultimately subject to a basin-wide 
change in wind stress curl in the Pacific in response to precession 
forced change in insolation. On the other hand, large century-scale 
variations in the KC occurring since 5 ka ago, especially during the 
Pulleniatina Minimum Event, are attributable to the establishment 
of the modern ENSO conditions superimposed on the longer-term 
trend when the equatorial oceans experienced stronger insolation 
during the boreal winter.
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