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Abstract Deep-sea fan sediments provide an excellent geological archive for paleoenvironment recon-
struction. Grain size, clay mineral and elemental (Ti, Fe, Ca) compositions were measured for a core retrieved
from a submarine fan in the Okinawa Trough. Varimax-rotated Principal Component Analysis (V-PCA) on
time-evolution of grain size spectrum reveals that, since the Holocene, sediment was transported mainly by
the benthic nepheloid layer (33%) and upper layers (33%) which is driven by the East Asian winter monsoon
(EAWM). The intensification of the Kuroshio Current during the Holocene, masks the fluvial signal of the
summer monsoon and obstructs clay minerals derived from the Yellow River, a major contributor prior to
12 ka BP. A new grain size index (GSI), which represents the EAWM well, exhibits a negative correlation with
the d18O record in Dongge Cave, China during the Holocene when sea level was relatively steady. This anti-
correlation suggests the southward migration of the Intertropical Convergence Zone (ITCZ). The consistency
among our records and rainfall records in Peru, Ti counts in the Cariaco Basin, monsoon records in Oman
and the averaged summer insolation pattern at 30�N further support the ITCZ’s impact on monsoon sys-
tems globally. Cross-Correlation Analyses for GSI and log(Ti/Ca) against d18O record in Dongge Cave reveal a
decoupling between the East Asian winter and summer monsoon during 5500–2500 cal yr BP, with greater
complexity in the last 2500 years. This can be attributed to exacerbated ENSO mode fluctuations and possi-
bly anthropogenic interference superimposed on insolation and ITCZ forcing.

1. Introduction

Monsoon systems play a pivotal role in the global distribution of heat and moisture. Monsoons affect more
than one-third of world’s population in numerous and varied ways, from agricultural irrigation to cata-
strophic disasters on an enormous spatial scale, such as flood or draught [Maher and Hu, 2006]. Remote
sensing and direct observations indicate that monsoons are the manifestation of the seasonal migration of
the Intertropical Convergence Zone (ITCZ) [Gadgil, 2003]. Long-term changes in monsoon intensity, such as
the East Asian monsoon, are intimately related with the latitudinal migration of the ITCZ. The migration
of the ITCZ is governed by precession forcing, i.e., a variation in insolation, an external forcing to climatic
systems [Shi et al., 2012; Wang, 2009].

The East Asian monsoon is characterized by a moist southwesterly summer monsoon and a strong north-
westerly or northeasterly winter monsoon [Steinke et al., 2011]. The East Asian winter monsoon (EAWM)
basically involves the atmospheric flow above Asia which is related to the cold air originating from a high-
pressure cell over Siberia and Mongolia [Sone et al., 2013]. On the other hand, ITCZ northward migration
may enhance the East Asia summer monsoon (EASM). The inverse relationship between EAWM and EASM is
discernable over the glacial-interglacial scale for the past 140,000 years [Xiao et al., 1995]. However, there is
currently a serious debate raging over the existence of this inverse relationship during the Holocene. Recent
studies of EAWM Holocene history based on aeolian dust flux in loess-paleosol [An, 2000; Xiao et al., 1995],
various proxies in lacustrine [Liu et al., 2009; Xiao et al., 1997], marine sediments [Tian et al., 2010; Xiao et al.,
2006] and stalagmite [Sone et al., 2013] can offer no consensus in explaining the variation of the EAWM,
while not providing satisfactory evidence or a working hypothesis to link EAWM to EASM. Yancheva et al.
[2007] found that the EAWM weakened during the early Holocene and intensified in the late Holocene, as a
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response to the migration of the ITCZ which contemporaneously modulates the EASM. Such antiphase cor-
relation was also further corroborated by a study in Tibet [Liu et al., 2009].

On the contrary, some studies based on temperature gradient, modeling efforts and diatom species abun-
dance suggested in-phase or partially in-phase variation of the EAWM and EASM during the Holocene
[Steinke et al., 2011; Wang et al., 2012; Zhou and Zhao, 2009]. These authors attributed the in-phase correla-
tion to changes in seasonal insolation intensity since approximately 9000 cal yr BP [Berger and Loutre, 1991;
Wanner et al., 2008], which leads to subsequent changes in sea-land contrast [Dyke and Prest, 1987; Kutzbach
et al., 1998].

The most recent d18O research on stalagmites from Itoigawa, Japan revealed another instance of inverse
correlation again for period of 10,000–5500 cal yr BP [Sone et al., 2013]. Further, a more complex correlation
between the EAWM and the EASM in the last 5500 cal yr BP is evident, during which there is an instance
(5200–4400 cal yr BP) of covariation which is attributed to the transformation from a migration of the ITCZ
to a reduced seasonal insolation contrast as the dominate factor affecting the system [Sone et al., 2013]. The
ambiguity of the relationships in the Holocene was also attributed to the low age resolution of the sampled
core and the proxies used [Steinke et al., 2011; Tian et al., 2010].

The ENSO cycle which acts as an internal forcing, has been closely associated with Earth’s climate since, at
least, 130,000 cal yr BP [Tudhope et al., 2001]. However, the frequency of ENSO mode fluctuations during the
last 5000 years is significantly higher than in the early to middle Holocene [Conroy et al., 2008; Rodbell et al.,
1999]. The effect of ENSO has been identified as a source accountable for an out-of-phase EASM at the inter-
annual and precession scales [Shi et al., 2012]. On the other hand, ENSO, since �5000 cal yr BP, has been
responsible for the increased variability in summer monsoons recorded in d18O in Dongge Cave and in the flu-
vial runoff proxy documented by Ti counts in the Cariaco Basin [Dykoski et al., 2005; Haug et al., 2001]. Beside
paleoclimate reconstructions using fossil corals, modeling has also revealed that there has been an increase in
ENSO activity since 5000 cal yr BP and that ENSO variability has increased since 3000 cal yr BP [Clement et al.,
2000; Donders et al., 2008; Liu et al., 2000; Rodbell et al., 1999]. Nevertheless, the imprint of ENSO since 5000 cal
yr BP has not yet been adequately separated from the effects of ITCZ/insolation forcing and incorporated into
any discussions on the dynamic relations between the EAWM and the EASM.

With the intention of shedding light on the aforementioned questions, we collected a sediment core from a
deep-sea fan in the middle of the Okinawa Trough, a depocenter of winnowed sediments derived from the
East China Sea which is located on the north edge of the ITCZ (Figure 1). The geographic and geomorpho-
logical features of the core site may hopefully help us reconcile the inconsistencies among the proxies and
site-specific records which respond to the local or regional climate.

The purpose of this paper is to examine the evolution through time of sediment mineralogy and, thus, to
infer the variation of ocean circulation patterns from the changes in mineralogy. Based on grain size data
sets and in-depth statistical analyses, a new index is proposed to reflect the intensity of the winter mon-
soon. According to the index, we identify three transport mechanisms for particles of a specific grain size. A
comparison of our records with others located near to the ITCZ is made to further assist in verifying our
hypothesis of the ITCZ’s modulation on the East Asian monsoon system, in which the effect of insolation
and ENSO forcing is detailed.

2. Regional Setting

The Okinawa Trough is a curved basin behind the Ryukyu Arc in the northwestern Pacific (Figure 1). As a
passage linking China to the west Pacific Ocean, the Okinawa Trough may serve as a rich and sensitive
reflection of the environmental transition between the ocean and continental settings. During the last gla-
cial period, when global sea level was relatively low and the climate was cooler and drier [Clark et al., 2009;
Lambeck and Chappell, 2001; Liu et al., 2004], a large area of the East China Sea continental shelf was
exposed and the coastline was progradational [Saito et al., 1998]. However, at that time, the Okinawa
Trough remained submerged and sediments deposited there recorded the changing environment of the
East China Sea [Li et al., 2001].

The climate of our study area is currently influenced by the East Asian monsoon system, which impacts the
regional temperature, humidity, and atmospheric circulation [Lee and Chao, 2003]. In summer, the low air
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pressure above the central Eurasian continent causes southwesterly winds of approximately 5 m/s which
carry warm and moist air from the Pacific Ocean toward Taiwan and Mainland China (Figure 2b). In winter,
reversed pressure gradients favor northeasterly winds of approximately 12 m/s which bring cool and dry air
from the Eurasian continent toward the Pacific Ocean, meanwhile, the ITCZ moves further south (Figures 1
and 2a). The seasonal variation of the monsoon system results in a significant change in the hydrographic
conditions of the East China Sea and in the magnitude versus the main direction of Kuroshio Current east
off of Taiwan. These factors combine to alter the volume of ocean water transported into the Okinawa
Trough [Diekmann et al., 2008; Lee and Chao, 2003; Yuan and Hsueh, 2010; Yuan et al., 2008].

It has previously been demonstrated that the offshore sediment transport, in the present day, primarily
occurs during the winter, when sediment bearing currents are driven by a prevailing northeasterly wind
[Iseki et al., 2003; Yanagi et al., 1996]. The Ekman effect triggers downwelling, which when coupled with
wind-driven mixing and tidally induced resuspension, induces a seaward near-bottom transport; whereas
transport is inhibited by the transverse circulation pattern attributable to the Kuroshio Current’s intrusion
during the summer months [Yanagi et al., 1996; Yang et al., 1992]. In the present day, due to a summertime
southward migration of the bifurcation position of the North Equatorial Current, the volume of ocean water

Figure 1. Schematic maps of (a) research area and data. The blue dash lines represent the boreal summer ITCZ and austral summer ITCZ,
respectively; the black rectangle denotes the research area. (b) Regional circulation and bottom topography. CDW: Changjiang Diluted
Water; MZCC: Minzhe Coastal Current; TWC: Taiwan Warm Current; KC: Kuroshio Current; PN line: major observational transect of project
‘‘MASFLEX.’’ Red circles represent locations of Core Oki02 and A7. The black dash line shows the isobath of 240 m. The topographic map
was created by GMT using ETOPO1 with 1 min precision. (c) Chiwei island canyon systems revealed by Multibeam bathymetric data [Zhao
et al., 2011], where the Core Oki02 was retrieved.
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transported by the Kuroshio Current increases and is similarly reduced by the bifurcation position’s winterly
migration northward [Kagimoto and Yamagata, 1997; Qu et al., 2004; Qu and Lukas, 2003]. Thus, there is
expected to be a teleconnection between the North Equatorial Current and the Kuroshio Current’s down-
stream dynamics, which ultimately affects offshore sediment transport.

Furthermore, recent climate models and observations suggest that the EAWM is linked to ENSO [Wang
et al., 2000]. Weak EAWM events occur during El Ni~no years and strong EAWM events occur during La Ni~na
years [Wang et al., 2000]. The alternating ENSO modes could affect the winter circulation, which might also
influence sediment delivery from the East China Sea to deep sea fans in the Okinawa Trough.

A series of submarine canyons distributed around the middle of the Okinawa Trough were revealed by
multibeam bathymetric data and high resolution seismic survey by Zhao et al., [2011] (Figures 1b and 1c).
The site of Core Oki02 is located at the submarine fan linked to the Chiwei Island submarine canyon sys-
tem which extends to the continental shelf break where depths are around 2160 m (Figures 1b and 1c).
The Chiwei Island canyon might serve as a conveyer belt for terrestrial/marine and lithogenic/biogenic
materials to the Okinawa Trough [Zhao et al., 2011]. According to Bouma [2001], fine-grained submarine
fans in the deep sea provide reliable paleoclimatological data by recording the variations in sediment
transport and deposition. These variations are registered in the form of hypopycnal or hyperpycnal out-
flows triggered by climate change. Accordingly, the geographic and morphological features of Core
Oki02 location might assist in the resolution of the dynamic relations between ENSO, the East Asian mon-
soon, and insolation input.

3. Materials and Methods

3.1. Materials
Core Oki02 (4.9 m, 125.20070 �E, 26.07359 �N) was retrieved from a water depth of 1612 m during ‘‘the
autumn open offshore Cruise’’ by RV Science No I, belonging to the Institute of Oceanology, Chinese Acad-
emy of Sciences in September 2012 (Figures 1a–1c). Core Oki02 shows uniform lithology, containing primar-
ily blue-gray clay silt with muddy lenses.

Figure 2. The monthly averaged wind speed field in East China Sea for (a) January 2011 and (b) July 2011 (http://www.ncdc.noaa.gov/thredds/OceanWinds.
html?dataset5oceanwindsmon).
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3.2. Clay Mineral Analyses
Clay mineral (< 2 mm) analysis was performed at 2 cm intervals. To trace the source of clay minerals, we col-
lected 22 samples from the Yellow River, 12 samples from the Yangtze River, and 12 samples from the East
China Sea shelf (see Table 1; Figures 3 and 4). Pretreatment and measurements were based on the methods
described by Wan et al. [2007]. After the removal of carbonate and organic matter, the clay minerals (<2
lm) were separated using the principle of Stokes’ settling velocity. The extracted clay minerals (<2 lm)
were smeared on glass slides after being fully dispersed by an ultrasonic cleaner, and they were then dried
at room temperature. Semiquantitative estimates of the peak areas of the basal reflection for the main clay
mineral group (smectite, 17 Å, illite, 10 Å, and kaolinite/chlorite, 7 Å) were carried out on the glycolated
samples using Jade 5.0 software. The clay mineral abundances were estimated using the empirical factors
of Biscaye [1965]. This method has been proven effective in provenance analysis conducted in recent years
[Wan et al., 2007; Wan et al., 2010; Wan et al., 2012; Xu et al., 2009; Xu et al., 2012]. The analysis error of repli-
cate testing is around 6%.

3.3. Grain-Size Distribution of the Detrital Particles
The grain size analysis was conducted at 2 cm interval. The detrital fraction of the sediments was isolated
from the bulk sediment after removal of the organic matter by hydrogen peroxide (15%), the carbonates by
hydrochloric acid (0.5 mol/L), and the siliceous (opal, sponge spicule) by sodium hydroxide following the
method of Sun et al. [2003]. Approximately 1 mL (0.05 mol/L) sodium metaphosphate was used to disperse
the residual sample contained in a test tube while submerged in an ultrasonic cleaner for 1 min, and then
analyzed with a Cilas 940L laser grain size analyzer at the Institute of Oceanology, Chinese Academy of
Sciences. The detection limit was between 0.5 and 2000 lm. The analysis error of replicate testing is less
than 3%.

Table 1. Clay Mineral Assemblages for Core Oki02 and Potential Provenances

Sediments Number Smectite (%) Illite (%) Kaolinite (%) Chlorite (%) Kaolinite/Chlorite Smectite/Illite

Oki02 (19.2–12 cal kyr BP) 118 8 67 10 15 0.64 0.13
Oki02 (12–0 cal kyr BP) 128 7 69 8 16 0.51 0.10
Yellow River 22 10 67 8 14 0.59 0.15
Yangtze 12 5 72 9 15 0.61 0.06
ECS 12 5 73 9 13 0.67 0.07
East of Taiwana 4 0 75 3 23 0.13 0

aThe samples of East Taiwan Rivers refers from Li et al. [2012].

Figure 3. Secular variation of clay mineral assemblages (black curves, in %) and 5 points running averages (orange line) for (a) smectite,
(b) illite, (c) kaolinite, (d) chlorite, (e) kaolinite/chlorite, and (f) smectite/illite of Core Oki02.
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3.4. Core Scanning
The major elemental compositions were measured with an Itrax X-ray fluorescence (XRF) core scanner.
Measurements were carried out at 30 kV and 40 mA at 1 cm intervals. The elemental composition acquired
by the XRF core scanner is given as count rates, which are based on the elemental intensity. Here we select
Fe, Ti and Ca for discussion.

3.5. Age Model
The age model for Core Oki02 was constructed by 10 AMS 14C dates. The AMS 14C age was measured at the
AMS laboratory, Beta Analytic. Mixed planktonic foraminifera shells were selected from fine-grained layers
(see Table 2). The calendar ages were acquired by using Calib 6.0 with a reservoir age of 400 years [Sun
et al., 2005; Yoneda et al., 2007]. The date for surface sample (0–2 cm) is 100.6 pMC, which is not consistent
with the reservoir age. We suspect the foraminifera shells in surface sediments might contain bomb 14C sig-
nal, yet, this would not influence our dates down core. The bottom layer of the sediment extends to approx-
imately 19,200 cal yr BP (Figure 5).The sedimentation rates varied between 18 and 50 cm/cal kyr21 (Figure 5).
The high sedimentation rates and 1 cm sampling interval yield a temporal resolution of 20–50 years per sam-
ple, which is beneficial to climate change study at the centennial scale.

Figure 4. End member analysis of provenance using (a) a ternary diagram of smectite-kaolinite-(illite1chlorite) and (b) smectite/illite ver-
sus kaolinite/chlorite ratios. The green triangle represents an interval of 12,000–0 cal yr BP for Core Oki02; the violet triangle shows
19,200–12,000 cal yr BP; and the brown inverted triangle represents Taiwan River samples. The black crosses denote East China Sea Conti-
nental shelf samples, the orange circles are Yangtze River samples, and the blue crosses are Yellow River samples (also see Table 1).

Table 2. AMS 14C Ages Measured in Core Oki02a

Depth (cm) Beta Lab Code
Conventional AMS

14C Age (yr BP) Calendar Years (cal yr BP) Date Resources

0–2 Beta-373510 100.660.3 pMC Planktonic foraminifer mixture
52–54 Beta-337538 3150630 (2891)2772–3012 Planktonic foraminifer mixture

104–106 Beta-373511 4920630 (5203)5048–5299 Planktonic foraminifer mixture
134–136 Beta-373512 5830630 (6222)6120–6294 Planktonic foraminifer mixture
162–164 Beta-337539 7200640 (7631)7547–7741 Planktonic foraminifer mixture
188–190 Beta-373513 8300630 (8815)8649–8961 Planktonic foraminifer mixture
212–214 Beta-373514 9230640 (10,011)9833–10,162 Planktonic foraminifer mixture
248–250 Beta-337540 10560640 (11,731)11,404–11,933 Planktonic foraminifer mixture
372–374 Beta-337541 14290650 (16,932)16,763–17,130 Planktonic foraminifer mixture
488–450 Beta-337542 16530660 (19,230)18,938–19,429 Planktonic foraminifer mixture

apMC: percent modern carbon.
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3.6. Statistical Analyses
3.6.1. Varimax-Rotated Principal Component Analysis
Varimax-rotated Principal Component Analysis (V-PCA) was applied to time variation of grain size spectrum
with the input grain size matrix ranging from 0.5 to 71 lm (Figure 6). PCA is a statistical procedure that uses
orthogonal transformation to convert a set of possibly correlated variables (grain size sets) into a set of line-
arly uncorrelated variables (grain size sets) called principal components. This method allowed us to separate
out orthogonal modes, independent grain-size spectra, from the grain size matrix that are related to poten-
tial input functions and sensitive to specific transport mechanisms [Darby et al., 2009]. V-PCA has been used
to successfully differentiate sea ice, bottom current transports in the Arctic Ocean, and also acquire a fluvial
proxy to reconstruct East Asian monsoon history in the Bohai Sea, China [Darby et al., 2009; Yi et al., 2012].
The mode of each extracted grain size component is defined as the grain size sets with largest factor load-
ing, which is most representative for the grain size spectra (Figure 6). According to Darby et al. [2009], spe-
cific mechanisms may result in the unique grain size spectra, which are provided by the specific grain size
associated with sea ice-rafted and bottom current.

To verify the applicability of this method in the Okinawa Trough, we have conducted V-PCA on the grain size
data of the sediments of cores Oki02, A7 in the Okinawa Trough, inner and outer East China Sea continental
shelf (X.F. Zheng, unpublished data). Our validations confirm that cores Oki02 and A7 in the Okinawa Trough
share the same data structure which is seen by nearly identical factor loading models, but differ from that of
inner and outer continental shelf sediments (X.F. Zheng, unpublished data). The distinctive features between
the extracted grain size spectra from the cores in the Okinawa Trough and from the sediments in the East
China Sea continental shelf is attributable to the transport mechanisms that control the patterns of grain size
spectrum. This validation gave us confidence that the V-PCA could identify transport mechanisms.

3.6.2. Cross-Correlation Analysis
Cross-Correlation Analysis (CCA) is a powerful tool in assessing the long range cross correlation between
two nonstationary data sets. CCA has been successfully used in hydrological and delta hydro-
geomorphology studies [Hajian and Movahed, 2010; Marriner et al., 2012]. To establish whether the relation-
ship of teleconnection mentioned above exists among records, CCA (P<0.05) was applied to our newly pro-
posed index (GSI, see below), log(Ti/Ca) and the d18O of stalagmite in Dongge Cave at three intervals
(12,000–5500, 5500–2500, 2500–0 cal yr BP) using the free software ‘‘R.’’ Equal time intervals (50 year) are
adopted in our analysis in order to quantify the power-law cross correlations in the nonstationary time
series [Marriner et al., 2012]. Correlation coefficients based on the lag 0 value within significant levels are
considered.

Figure 5. (a) Calendar ages against depth for Core Oki02, the uncertainties are plotted at the 2d level (blue bar); (b) linear sedimentation
rate; (c) log(Fe/Ca); (d) log(Ti/Ca), (e) Kuroshio Current indicators extracted from grain size analysis of Core Oki02; (f) Sea level variation in
the western Pacific since LGM [Liu et al., 2004].
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3.6.3. Wavelet Analysis
Wavelet analysis was applied to the GSI, log(Ti/Ca) and Dongge stalagmite d18O time series. Wavelet analy-
sis allows an automatic localization of cyclic patterns, both in time and frequency [Torrence and Compo,
1998]. In this analysis, we chose the Morlet wavelet with a wave number of six to identify large scale
changes in variance within selected frequency bands through time. Before the Morlet wavelet power spec-
trum analysis, the GSI, log(Ti/Ca) and d18O of stalagmite in Dongge was resampled at a 20 year resolution,
and filtered to remove false cycles.

4. Results and Discussion

4.1. Clay Minerals and Implications for Provenance
The proportional distribution profiles of four major clay minerals from Core Oki02 are shown in Figures 3
and 4. The clay mineral assemblages are composed of illite (65–74%), chlorite (13–19%), smectite (3–11%)
and kaolinite (6–11%). According to the variations of the clay mineralogy, the core can be divided into three
parts. During 19,200 to 12,000 cal yr BP, the illite, kaolinite, smectite and chlorite contents were stable and
varied with a small amplitude. From 12,000 to 5500 cal yr BP, kaolinite decreased gradually, while illite and
chlorite increased correspondingly. For the recent time periods, 5500 cal yr BP, clay mineral assemblages
are more variable. Note that the proportion of kaolinite and smectite diminished in conjunction, while illite
and chlorite increased since 2500 cal yr BP (Figures 3 and 4).

Figure 6. (a) F1, F2, F3, and F4 represent the components of V-PCA procedures and their variances. Note F1 (UL: upper layers transport), F2
(BNL: benthic nepheloid layer), F3 (KC: Kuroshio Current), F4 (Aeolian deposit); (b) Grain size distribution of samples collected from Taiwan
river during flood of Typhoon Mindulle 2004; Secular variation of (c) F1, (d) F2, (e) F3, and (f) F4, (g) grain size Index (GSI).
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Based on clay mineralogy and biogeochemical/geochemical proxies previous studies indicated that terrige-
nous clastic sediments deposited in the middle of the Okinawa Trough mainly originated from 1) Yangtze
River, 2) Yellow River, 3) mountainous rivers in the east Taiwan and 4) the East China Sea continental shelf
particularly during low sea level stand [Hoshika et al., 2003; Diekmann et al., 2008; Dou et al., 2010; Dou et al.,
2012; Iseki et al., 2003; Kao et al., 2008a, 2008b] and, also, that the fractional contributions from the 4 sources
varied through the glacial-interglacial cycle. The clay mineral assemblages in the Yangtze River predomi-
nantly consist of illite (67–75%, averaging 72%) and chlorite (11–18%, averaging 15%), with lesser amounts
of kaolinite (7–11%, averaging 9%) and smectite (3–8%, averaging 5%) (see Table 1 and Figure 4). The Yel-
low River known for having the highest sediment load on earth (approximately 13109 t/yr), has also con-
tributed tremendously to the study area since the late Quaternary [Milliman and Meade, 1983; Milliman and
Syvitski, 1992]. The Yellow River mainly contains illite (58–71%, averaging 67%) and smectite (7–19%, aver-
aging 10%), with lesser quantities of chlorite (11–17%, averaging 14%) and kaolinite (7–12%, averaging 8%)
(see Table 1 and Figure 4). The clay mineral assemblages of the Yellow River sediments are comparable to
those of the Yangtze River, although the Yellow River samples have a higher smectite content and higher
mineral crystallinity [Yang et al., 2003]. As for the East China Sea continental shelf, the sediment is com-
posed mainly of illite (68–78%, averaging 73%) and chlorite (10–16%, averaging 13%), with scarce smectite
(4–7%, averaging 5%) and kaolinite (8–11%, averaging 9%) (see Table 1 and Figure 4). In Taiwan, strong tec-
tonic activity, rapid uplift and frequent high energy storms result in one of the highest soil erosion rates in
the world [Li et al., 2012; Li, 1976]. Previous studies indicate that sediments exported to the Okinawa Trough
are derived mainly from rivers in eastern Taiwan where they collectively discharge up to 150 Mt/yr [Die-
kmann et al., 2008; Liu et al., 2008]. Sediments from Taiwan are transported northward by the Kuroshio Cur-
rent situated on the east side of Taiwan [Diekmann et al., 2008; Dou et al., 2010]. The clay mineral
assemblages for the eastern Taiwan rivers consist of illite (74%) and chlorite (22%) with an absence of smec-
tite and kaolinite (4%) (see Table 1 and Figure 4) [Li et al., 2012].

Assuming that the clay mineral assemblages of the sediment provenances were essentially stable since the
last glacial period, we may distinguish the clay mineral sources in different time periods by using smectite/
illite versus kaolinite/chlorite ratios and a ternary diagram of three components: smectite, kaolinite and (illi-
te1chlorite) (Figures 4a and 4b). We found that during 12,000–0 cal yr BP most samples fall in the field close
to the East China Sea continental shelf and the Yangtze River provenance, but deviate from the composi-
tions of the Taiwan and Yellow River sediments (Figures 4a and 4b). During 19,200–12,000 cal yr BP, the clay
minerals were derived mainly from the Yellow River, the Yangtze River and the East China Sea continental
shelf with less contribution from Taiwan (Figures 4a and 4b). Accordingly, we conclude that the clay miner-
als of Core Oki02 originated mainly from the rivers of the China’s mainland with lesser amounts coming
from Taiwan throughout the last 19,000 years. The absence of clay components from the Yellow River in the
Holocene period may be attributed to the enhanced Kuroshio Current and the formation of modern current
systems (e.g., water barrier). Interestingly, although a remarkable sea-level change had occurred during the
period from 15,000 to 12,000 cal yr BP [Liu et al., 2004], we do not observe a significant change in the clay
mineral assemblage for this specific time period. Thus, the effect of sea level may have played a secondary
role in sediment transport to the middle Okinawa Trough (Figure 3). The relatively steady sea level during
the Holocene minimizes its impact on East China Sea circulation patterns [Kao et al., 2006], thus, allowing
monsoons to more effectively force the delivery of sediment to deep sea fans.

On the other hand, since kaolinite is absent in the rivers of Taiwan, but found at relatively higher propor-
tions in the rivers of mainland China [Li et al., 2012], the variation of kaolinite itself, to some extent, could be
used to monitor the relative terrigenous contribution from mainland China in spite of the dilution effects
that could influence the abundance of kaolinite [Wang et al., 2013].

4.2. Features of the Grain Size Spectrum and Transportation Mechanisms
Four components (F1, F2, F3, and F4) were identified to explain � 95% of the total amount of variance in
Core Oki02 (Figure 6a).The first mode (F1) accounting for 33% of the variance has a positive broad peak at 1
lm and an anticorrelated negative peak at 15 lm (Figure 6a); the second mode (F2) for 33% has a positive
peak at 4.6 lm and large anticorrelation at about 30 lm (Figure 6a). The third mode (F3) for 20% contains a
peak at 11 lm and moderately strong negative loadings above 40 lm (Figure 6a). The fourth mode (F4) for
9% has a positive peak at 8.5 lm (Figure 6a). As mentioned earlier, the Core A7 gave the same modes with
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a consistent grain size structure, such consistency strongly indicates that there must be identifiable mecha-
nisms to account for the four specific modes.

Terrigenous particles that settled in the marine environment are regarded as mixed materials that are
derived from various sources and experience different transport processes, which may lead to distinctive
grain-size distributions [Darby et al., 2009]. According to previous research, five processes associated with
various sediment sources dominate in the East China Sea. These are resuspended sediments carried by the
benthic nepheloid layer (BNL), fine sediments transported in the upper layers (UL) of the water column on
shelf [Iseki et al., 2003], sediments from Taiwan and/or East China Sea continental shelf carried by Kuroshio
Current [Diekmann et al., 2008; Hsu and Hanes, 2004], turbidity currents triggered by submarine earthquakes
[Huh et al., 2004], and volcanic eruptions [Machida, 1999].

F3 (11 lm) is interpreted as an indicator of the Kuroshio Current. This is due not only to grain size itself but
also because of its contribution to the variance in several cores (Figure 6a). The down-core variation of the
factor score of F3 agrees well with the patterns of sortable silt (10–63 lm) among Core Oki02, cores A7 and
ODP1202 (X.F. Zheng, unpublished data) (Figure 6e). According to McCave et al. [1995], the mean size and
percentage of sortable silt (10–63 lm) are good indicators of paleocurrent winnowing because its noncohe-
sive property which allows it to be easily sorted or transported by currents [McCave et al., 1995]. The F3
mode of 11 lm is close to the mean size (14 lm) of sortable silt (10–63 lm) [McCave et al., 1995]. In addi-
tion, the secular variation of F3 in Core Oki02 is concordant with the percentage variation of P.obliquilocu-
lata in Core A7, an indicator of the Kuroshio Current [Xiang et al., 2007] (Figure 6e). The transport mode of
11 lm can be evaluated by the Rouse number. The Rouse number (R05Ws=jU�) is a nondimensional
parameter in fluid dynamic which is used to determine how sediment will be transported in a flowing fluid.
R0 expresses the ratio of settling velocity to the shear velocity; Ws is the settling velocity of the grains, j is
the von Karman constant (0.4), and U� is the boundary shear velocity. R0 values >2.5 indicate bed load
transport, a value between 2.5 and 1.2 indicates that 50% of sediment is transported in suspension, while
the range 1.2 to 0.8 indicates 100% suspension, and a Rouse number less than 0.8 denotes a fully sus-
pended wash load. The Rouse number indicates that the 11lm will be transported in the Kuroshio Current
by suspension (X.F. Zheng, unpublished data). The sediment discharge during the floods of the largest Tai-
wan river is composed mainly of mud with a mean size of �10 lm [Kao et al., 2008a] (Figure 6b), which
might act as a supplier for the 11 lm sediment carried by the Kuroshio Current. Thus all of these factors
suggest that F3 indicates the sediment transported by the Kuroshio Current.

The other two main mechanisms for sediment transport to the Okinawa Trough are the benthic nepheloid
layer and upper layers, which are controlled by winter monsoons [Hoshika et al., 2003; Bian et al., 2010; Iseki
et al., 2003; Oguri et al., 2003]. Transport by BNL is a key process to export shelf material to deep sea [Iseki
et al., 2003] and BNL are typically driven by northeasterly prevailing winds [Bian et al., 2010; Yanagi et al.,
1996; Yang et al., 1992]. Sediments discharged from the Yangtze River during summer floods are confined
mainly to the subaqueous delta and inner shelf. A smaller portion is transported northeastward carried by
the Taiwan Warm Current mingled with intruding Kuroshio subsurface water, which becomes a ‘‘water bar-
rier’’ for offshore transport [Bian et al., 2010; Yang et al., 1992]. The ‘‘water barrier’’ is weakened in the winter
or even terminated by intensified northeasterly winds [Yang et al., 1992; Yuan et al., 2008]. The downwelling
forcing, coupled with vigorous mixing driven by winter monsoon facilitate both BNL and UL transportation
to the Okinawa Trough [Bian et al., 2010; Iseki et al., 2003; Oguri et al., 2003; Yanagi et al., 1996].

Here we infer that F1 (1 lm) and F2 (4.6 lm) are indicators for UL and BNL, respectively (Figure 6a). Accord-
ing to clay mineral analysis, the clay minerals (<2 lm) of Core Oki02 are derived mainly from the Yangtze
River, the Yellow River and the East China Sea continental shelf, with lesser amounts derived from Taiwan
Island (Figures 3 and 4). On the other hand, the mode of F2 (4.6 lm) is close to the reported medium grain
size (�6 lm) of BNL in East China Sea [Hoshika et al., 2003]. The secular variation of the factor score of F1 is
in phase with that of F2, indicating that they are governed by the same forcing (Figures 6c and 6d).

Sediments in canyon systems follow two primary transport pathways, namely shallow plume (of approxi-
mately 600 m) and near-bottom transport [Kineke et al., 2000; Liu et al., 2013]. These were observed in a can-
yon study done in the southern Okinawa Trough [Hsu et al., 2006]. Our inference is also consistent with the
observations of a sediment trap and surface sediments collected from the middle of the Okinawa Trough
along the PN line (Figure 1) [Iseki et al., 2003; Oguri et al., 2000].
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It is very probable that the F4 (8.5 lm) of Core Oki02 represents the aeolian dust derived from Asian conti-
nental (Figure 6a). The mode and grain size spectra of F4 is close to that of aeolian dust (8lm), as revealed
from a grain size analysis study of core MD01-2407 in the Japan sea and the aeolian dust sampled at Sap-
poro, Hokkaido in March 2002 [Nagashima et al., 2007]. In addition, the average terrigenous mass accumula-
tion rates of Core Oki02 since 19,200 cal yr BP is 220 g m22 annually. According to Hsu et al. [2009], the
estimated dust deposition to East China Sea is 20 g m22 annually. Thus, the maximum aeolian contribution
may account for only 9% of the terrigenous flux in Core Oki02, which resembles the 8.9% variance contribu-
tion of F4. Interestingly, the secular variation of F4 is in phase with F1 and F2 before the Holocene (Figure
6), however, the covariance became insignificant in the Holocene. This Holocene disconnection is likely due
to the enhanced northward Kuroshio Current and the Taiwan warm current, which might influence the set-
tling of aeolian dust to the sea floor and thus diminish the variation of F4 (Figure 6).

4.3. Environmental Controls on Transport and Sedimentation
The down-core distribution of the iron/calcium (Fe/Ca) and titanium/calcium (Ti/Ca) ratios in the Core Oki02
are displayed in Figure 5. Elemental ratios are more useful than single elements due to their insensitivity to
closure effects [Weltje and Tjallingii, 2008]. The ratios of Fe/Ca and Ti/Ca are commonly used to indicate
influx of terrigenous material in marine sediments and thus, to reconstruct paleoclimate [Arz et al., 1998; Arz
et al., 1999]. To reduce the influence of sample geometry and physical properties such as effects of speci-
men inhomogeneity, variable water interactions, grain-size distribution, and a general lack of control on
measurement geometry, we utilized log(Ti/Ca) and log(Fe/Ca) as proxies. This provided interpretable data
of the relative changes in chemical composition and eliminated the constant-sum constraint [Weltje and
Tjallingii, 2008]. On the other hand, log(Ti/Ca) is positive correlated to log(Fe/Ca) suggests that Fe and Ti, as
terrestrial elements, have same origin. As we can see from Figure 5, the linear sedimentation rate of Core
Oki02 has been relatively constant since 16,000 cal yr BP. The marine material influx to the middle of the
Okinawa Trough has also been stable since the beginning of the Holocene, as revealed by stable biogenic
components, including CaCO3 and opal contents, and the total organic carbon accumulation rate in the
nearby Core DGKS9604, also located in the Okinawa Trough [Dou et al., 2011]. The stable accumulation rate
may imply a constant sum of terrigenous and marine materials and thus further support the credibility of
the usage of log(Ti/Ca) and log(Fe/Ca) as indicators for the terrigenous influx (Figure 5).

Down-core variations of terrigenous influx as indicated by log(Ti/Ca) are shown in Figure 5. During 19,200–
15,000 cal yr BP, the sea level was low and the paleochannel was situated closer to the Okinawa Trough,
concurrently, the Kuroshio Current was relatively weak as is indicated by low F3, which provided favorable
conditions for the export of fluvial sediments, and thus causes the higher log(Ti/Ca) and F2 (bottom nephe-
loid layer transport) [Saito et al., 1998; Wellner and Bartek, 2003; Xu and Oda, 1999] (Figures 5 and 6). In the
same time period, lower F1 (upper layer transport) may be overwhelmed by sediments transported higher
in the water as F2 (bottom nepheloid layer transport) due to the shorten distance from the estuary and the
high turbid of fluvial sediment [Saito et al., 1998; Wellner and Bartek, 2003]. Between 15,000 and 12,000 cal
yr BP, rapid coastline retreat and submerging continental shelf, coupled with an immature Kuroshio Current,
had created a better condition for BNL and UL transports, as indicated by the increase of F1 and F2; during
the same time strong sediment reworking and erosion at the shelf edge since 15,000 cal yr BP was observed
in the South and East China Sea [Dou et al., 2010; Steinke et al., 2008]. In this period, the increased distance
from the estuary might diminish the fluvial supply resulting in marginal decrease of log (Ti/Ca) [Saito et al.,
1998; Wellner and Bartek, 2003].

During the Holocene, the Kuroshio Current initially gained strength and then rapidly attained stability which
it maintained throughout the Holocene (X.F. Zheng, unpublished data) (Figure 7). According to numerical
modeling research, the flow path and volume of the Kuroshio Current resembled present condition since
the beginning of the Holocene, when the sea level was above 240 m [Kao et al., 2006; Lee et al., 2013]
(Figure 1a). A shift in sediment provenance since the Holocene also suggests that the formation of a
modern current system in East China Sea in response to an enhancement of the Kuroshio Current, which is
linked to the Kuroshio Current branching out into the Japan Sea during the period from 11,500 to 8500 cal
yr BP [Xu and Oda, 1999] (Figures 3 and 4). Based on planktonic foraminiferal records, during the period of
11,500–9000 cal yr BP, the coastal waters shift toward being dominated by the Kuroshio Current [Xu and
Oda, 1999]. A drastic decrease in log(Ti/Ca) located in this transitional period supports the ‘‘Kuroshio Current
water barrier’’ theory (Figure 7). According to grain size and clay mineral analysis, the sources of the clay
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minerals were the Yangtze River and the East China Sea continental shelf, with a lesser contribution coming
from Taiwan (Figures 3 and 4). Hence, the variation of log(Ti/ca) may reflect the relative contribution of ter-
rigenous influx from mainland China in the winter since the Holocene (Figure 7).

In order to examine the EAWM pattern in the Holocene, we combined F1 and F2 into a new series of grain
size index (GSI) based on their variance contributions (Figure 6f):

GSI5BNL3331UL333 (1)

The temporal pattern of the GSI during the Holocene agrees well with various EAWM proxies, including pri-
mary production in Sulu sea, median grain size of Duowa loess in western China and magnetic susceptibility
in Huguang Marr lake, Guangdong, China [de Garidel-Thoron et al., 2001; Maher and Hu, 2006; Yancheva et al.,
2007] (Figure 7). These agreements further support the credibility of interpreting GSI as an indicator of EAWM.

The GSI diminishes greatly since the Holocene and reaches a minimum at � 11,000–9000 cal yr BP, indicat-
ing that the BNL and UL transport were weakest (Figure 7). The GSI gradual decrease fully accords with the
reported timing of northward shift and permanence of the ITCZ position in the winter [Haug et al., 2001;
Yancheva et al., 2007] (Figure 7). The decreasing trend of log(Ti/Ca) since 12,000 cal yr BP further supports
the gradually weakening of EAWN intensity in early Holocene (Figure 7). The decrease in percentage of kao-
linite, which stands for the source material from mainland China, also supports an attenuation of the EAWM
(Figure 3).

From 9000 to 5500 cal yr BP, a relatively low and steady GSI is concordant with a relatively low log(Ti/Ca),
indicating a small terrigenous input, when the summer insolation in northern hemisphere was maximum
[Berger and Loutre, 1991] (Figures 7, 8, and 9a). Mainland East China’s contribution of kaolinite was initially
steady and then begins to decrease (Figure 3). On the other hand, a high GSI is coeval with an ascending
log(Ti/Ca) between 5500 and 2000 cal yr BP, which indicates a simultaneous increase in terrigenous influx
via BNL and UL (Figure 7). The percentage of kaolinite also increased in this period (Figure 3). The concomi-
tant variations in the GSI, log(Ti/Ca) and kaolinite nearly throughout the entire Holocene illustrate that the
sediment dispersal was governed by the intensity of EAWM.

Since 2000 cal yr BP, the GSI has increased and scaled back in a short period, which is also evinced by syn-
chronous variations in kaolinite (Figures 3 and 7). The log(Ti/Ca), however, shifted to a higher value and
remained steady (Figure 7).

Based on the magnified variability in GSI and log(Ti/Ca) in the past 5500 cal yr BP, we inferred a larger
century-scale variation of the EAWM (Figures 7 and 8), especially between 4500 and 2500 cal yr BP, which

Figure 7. Temporal variations of (a) grain size Index (GSI), (b) log(Ti/Ca), and (c) Kuroshio Current (KC) indicator for Core Oki02. (d) Sea level
pattern in the western Pacific since LGM [Liu et al., 2004], (e) Median grain size of loess in Duowa, western China [Maher and Hu, 2006], (f)
Primary production in the Sulu sea [de Garidel-Thoron et al., 2001], (g) Magnetic susceptibility of sediment core in the Huguang Marr lake,
Zhanjiang, China [Yancheva et al., 2007].
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had been affected by the intensified ENSO activity (more El Ni~no) [Haug et al., 2001]. In fact, the southward
migration of the ITCZ over the late Holocene was accompanied by the prevalence of El Ni~no because the
northern hemisphere insolation became less seasonal while the southern hemisphere became seasonal
[Haug et al., 2001].

A modeling study of contemporary conditions showed that the warm events (cold) in the eastern Pacific
may result in weak (strong) EAWM due to the formation of an anticyclonic (cyclonic) system in the Pacific
Ocean [Wang et al., 2000], which results in high frequency variation of the EAWM. Thus warm events (El
Ni~no) may result in a weaker winter circulation in the East China Sea (Figure 9b), while cold events (La Ni~na)
result in a strong winter circulation (Figure 9c). The rapid alteration of ENSO modes will apparently alter the
sedimentation processes in the East China Sea. Below, we attempt to separate the signals modulated by the
ITCZ and ENSO.

Figure 8. Records of (a) grain size Index (GSI), (b) log(Ti/Ca) of Core Oki02, (c) Insolation at 30� , averaged from June to August (JJA) [Berger and Loutre, 1991], (d) East Asian summer mon-
soon as indicated by d18O of stalagmite in Dongge Cave [Dykoski et al., 2005], (e) Fluvial runoff as indicated by Ti counts in Cariaco basin [Haug et al., 2001], (f) Atlantic Meridional over-
turning circulation as indicated by 231Pa/230Th in Bermuda rise [McManus et al., 2004], (g) Indian summer monsoon as indicated by d18O of stalagmite in Oman [Fleitmann et al., 2003], (h)
Rainfall amounts as indicated by d18O of fossil drip water of stalagmite in Peru [Van Breukelen et al., 2008].

Figure 9. Scenarios of detrital sediment delivery conditions in the Okinawa Trough during (a) Insolation maximum, (b) El Ni~no, and (c) La Ni~na stages.
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4.4. The Variation of East Asian Winter Monsoon: ITCZ Force and ENSO Modulation
The temporal variation of the GSI and log(Ti/Ca) of our marine sediment record, coupled with the Holocene
EASM record in Dongge Cave, which have a similar latitude on land, supports the anticorrelation hypothesis
by Yancheva et al. [2007] (Figure 8). As shown in Figure 8, the temporal patterns of the GSI and log(Ti/Ca)
reveals an increasing trend from the early Holocene toward the late Holocene, while the pattern of the
EASM record in Dongge shows a decreasing trend.

The disagreement between the competing hypotheses, that of the land-sea thermal contrast and the ITCZ,
is likely dependent on which mechanism drives the East Asian monsoon system, namely, whether it is an
internal or external forcing mechanism [Wang, 2009; Yi et al., 2012]. Internal forcing model suggest that the
global ice volume exert a significant influence on the Asian monsoon by modulating the thermodynamic
contrast between the Asian continent and the Pacific Ocean [An et al., 1990]. Conversely, the external forc-
ing of solar insolation regulates the monsoon by substantially driving the ITCZ away from the equator
(more than 10�); it is also suggested that the existence of ITCZ is not dependent on the land-sea contrast,
rather the land-sea contrast determines a favorable longitudinal location for the ITCZ [Chao and Chen, 2001;
Yano and McBride, 1998].

Consistency among our records and other records located on the boundary of the ITCZ, including d18O of
stalagmite in Cave of Oman [Fleitmann et al., 2003], Ti counts in the Cariaco Basin [Haug et al., 2001], d18O of
fossil drip-water in Peru and insolation change at 30�N averaged from June to August [Berger and Loutre,
1991; Van Breukelen et al., 2008], supports the global wide ITCZ modulation on monsoon systems, most
likely as part of atmospheric adjustment in response to orbital forcing [Fleitmann et al., 2003; Haug et al.,
2001] (Figure 8). These records collectively document a southward migration of the ITCZ since the early Hol-
ocene. This is a response to summer insolation in the northern hemisphere which was subjected to orbital
precession during the Holocene retreat of large boreal ice sheets [Arbuszewski et al., 2013].

In another words, the East Asian monsoon is likely controlled by both aforementioned internal and external
forcing [Wang, 2009]. At the millennial scale, we also identity the antiphase phenomenon between the GSI
and d18O of stalagmite in Dongge Cave, particularly during the Young Dryas and B�lling-Aller�d (Figure 8);
these periods are coincident with a change in 231Pa/230Th, a kinematic proxy for the Atlantic Meridional
overturning circulation (AMOC) [Gherardi et al., 2005; McManus et al., 2004] (Figure 8). According to Sun
et al. [2012], AMOC is the main driver of abrupt change in the East Asian winter and summer monsoon sys-
tems, and the westerly acts as a mediator in transmitting this signal from North Atlantic to the Asian mon-
soon regions. Furthermore, the average position of ITCZ is regulated by latitudinal gradients in sea surface
temperature [Chiang and Bitz, 2005]. Therefore, the ITCZ migrates southward during cold periods in the
North Atlantic when AMOC is reduced [Broccoli et al., 2006; Schmidt and Spero, 2011; Stouffer et al., 2006; Vel-
linga and Wood, 2002; Vellinga and Wu, 2004] and thus causes the millennial variations of the EAWM. This
further implies that the high latitudes have an influence on EAWM at the millennial scale and thus supports
the idea that the East Asian monsoon is controlled by both internal and external forcing at different time
scales [Wang, 2009].

To unravel the effect of external forcing due to insolation and ENSO forcing, we ran a Cross-Correlation Ana-
lysis(CCA) for the East Asian winter and summer monsoon proxy using the free software ‘R’ [Venables et al.,
2002] (Figure 10).The GSI and log(Ti/Ca) data were divided into three intervals from 12,000 cal yr BP to pres-
ent according to the general variation in trend; specifically, the intervals are: 12,000–5500 cal yr BP, 5500–
2500 cal yr BP and 2500–0 cal yr BP (Figures 8 and 10).

The GSI and log(Ti/Ca), when compared with d18O of stalagmite in Dongge Cave, have higher anticorrelated
values of greater than 20.8 and show similar 2000, 1500 and 256 year cycles during 12,000–5500 cal yr BP
period, indicating that the variation of the EAWM was controlled by broad-scale migration of the ITCZ (Fig-
ures 8 and 10). Recently, this result was confirmed by the existence of an inverse relationship between the
East Asian winter and summer monsoon during the period 10,000–5500 cal yr BP, obtained from the new
d18O stalagmite records of Itoigawa, Japan [Sone et al., 2013].

From 5500 to 2500 cal yr BP, the CCA value decreased to approximately 20.4 and 20.5, respectively, for the
GSI and log(Ti/Ca) (Figure 10). The GSI lags the d18O of stalagmite in Dongge Cave by approximately 300
years. This lag might also be caused by uncertainty in the age model. On the other hand, the centennial
cycle exhibited in the log(Ti/ca) and the d18O of Dongge stalagmite (256–512 years) are similar to the ENSO
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cycles recorded in lake Laguna Pallcacocha and also significant periods of the d14C record [Moy et al., 2002]
(Figure 10). The GSI and log(Ti/Ca) experienced significant increases likely associated with the southward
migration of the ITCZ. In contrast, the decreasing CCA value during this period is ascribed to increase in
ENSO activity (more El Ni~no) as mentioned previously in earlier studies. Recent modeling work proposes
that anomalously warm temperatures in the equatorial Pacific Ocean, such as those occurring during an
El Ni~no event, significantly alters the strength of the EASM by about 10% on average and 40% in
individually strong events [Bush, 2001; Wang et al., 2003]. The warm/cold events in the eastern Pacific
namely El Ni~no/La Ni~na events could also modify the EAWM via an anomalous lower tropospheric anticy-
clone located in the western North Pacific [Wang et al., 2000]. The intensified ENSO activity would act as an
internal feedback possibly interfering with the monsoon’s response to insolation which could decouple the
EASM and EAWM.

On the other hand, the response time of the monsoons to insolation forcing or to ENSO may differ substan-
tially between different regions due to distinct oceanic feedbacks [Liu et al., 2003] and the oceanic feedback
may also lead to the inhomogeneous response of monsoons in the Holocene [Liu et al., 2003]. Recent mete-
orological observations also proved that different modes of tropical Pacific sea surface temperature could
result in an out-of-phase of EASM on the interannual and precession scales [Shi et al., 2012]. Obviously, the

Figure 10. Cross-Correlation Analysis for (left) GSI and (right) log(Ti/Ca) against d18O of stalagmite in Dongge Cave for intervals of (a)12,000–5500 cal yr BP, (b) 5500–2500 cal yr BP, and
(c) 2500–0 cal yr BP. Blue dash lines confine the 95% significance threshold, Wavelet analysis on (d) GSI, (e) log(Ti/Ca), and (f) d18O of stalagmites in Dongge, China, the black line indi-
cates 99.98% confidence level for a red noise process.
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enhancement of ENSO may result in a decoupling or lagging between the East Asian winter and summer
monsoon and, therefore, explain the CCA values (Figure 10).

In the most recent 2500 years, the CCA correlation value for log(Ti/Ca) shifted to positive, yet both the GSI
and log(Ti/Ca) correlations are outside the range of our confidence (dashed line, p>0.05) (Figure 10). The
centennial cycle was also identified in the GSI, log(Ti/Ca) and d18O of stalagmite for this period (Figure 10).
The transition from negative to positive with a poor relationship among proxies suggests a weaker coupling
relationship between the East Asian winter and summer monsoon. The further enhancement of ENSO since
3000 cal yr BP has been reported by modeling efforts and other proxies [Donders et al., 2008; Loubere et al.,
2012; Moy et al., 2002; Woodroffe et al., 2003]. This interval relates to a much higher ENSO frequency than
preceding period (5500–2500 cal yr BP), from initially less than 10 El Ni~no events to up to 31 El Ni~no events
per century [Marriner et al., 2012; Moy et al., 2002]. Moreover, increased anthropogenic interference on the
climate and environment has had a significant impact since 2500 cal yr BP [Bayon et al., 2012; Ruddiman
and Ellis, 2009; Ruddiman et al., 2011]. The intensification of human land-use was proposed to have caused
a major change in vegetation from rainforest trees to savannas, and an intensified weathering in Central
Africa since 3000 cal yr BP [Bayon et al., 2012]. Greater forest clearance by early agriculturalists could also
have had a disproportionately large impact on CO2 emissions and the total forest clearance show faster
rises prior to 2000 years ago followed by a leveling out [Ruddiman and Ellis, 2009]. Recent modeling results
show that vegetation, soil moisture and CO2 acting as internal feedbacks might alter the monsoon’s
response to external forcing [Kutzbach et al., 1996; Wang et al., 2005]. Thus, the intensified ENSO, coupled
with a greater anthropogenic interference, since approximately 2500 cal yr BP, might have had a great
impact on the climate system, thus causing the complexity and nonlinear relationship between the East
Asian winter and summer monsoon.

5. Conclusion

High resolution sedimentary record retrieved from a deep sea fan in the Okinawa Trough allowed us to
reconstruct the EAWM during the Holocene. Clay mineral analysis of bulk sediment shows that the material
was derived primarily from mainland China, with minor amounts coming from Taiwan and the Yellow River
since the Holocene. Sedimentation has been mainly controlled by the bottom nepheloid layer (33%) and
the upper layers transport (33%) dominates in the EAWM, but it has been influenced less by fluvial sources
due to the obstruction of the Kuroshio-induced current since the Holocene. From the comparison of the
temporal trends in the newly proposed grain size index (GSI) and log(Ti/Ca) with stalagmite record in
Dongge cave, we observed significant anticorrelation between the EAWM and the EASM in the Holocene,
suggesting that the migration of ITCZ modulate the EAWM. The similarity in the behavior of our records
with rainfall records in Peru, located in the southern hemisphere, as well as the inverse relationship seen
with the Ti counts in the Cariaco Basin, the monsoon records in Oman and averaged insolation changes at
30�N from June to August, further support the theory of broad ITCZ modulation on monsoon systems glob-
ally. Cross-Correlation Analysis at different time intervals of grain size index (GSI) and log(Ti/Ca) against the
d18O of stalagmites in Dongge Cave suggests a decoupling and lagging relationship between the East Asian
winter and summer monsoon during 5500–2500 cal yr BP, and an even more complicated relationship dur-
ing the period of 2500–0 cal yr BP which is attributable to enhanced ENSO activity and growing human
interference.
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