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Abstract El Ni~no/Southern Oscillation (ENSO) activity and the Pacific Walker Circulation are controlled by
the zonal sea surface temperature (SST) gradient between the western and Eastern Equatorial Pacific (EEP)
and the corresponding barometric difference. Variations in the zonal SST gradient since the early
Pleistocene have primarily been triggered by changes in the SST in the Eastern Equatorial Pacific. However,
the response of the ENSO-like long-term state to the cooling of the EEP and its coupling role with tropical
Pacific climate changes are still not well established. Here we present a high-resolution grain-size record
spanning the last 2.36 Myr, obtained from marine core sediment located in the West Philippine Sea in order
to decipher the tropical pacific climate changes and reveal its controlling mechanism. By combining our
data with other long-term climatic records from the Equatorial Pacific, we demonstrate that the cooling of
SST and enhanced upwelling in the EEP resulted in the development of the Walker Circulation and
increased monsoon precipitation in Luzon from 2.2 to 1.6 Myr, from 1.2 to 0.8 Myr, and since 0.2 Myr ago.
The progressive cooling of the high-latitudes in the Quaternary may be responsible for our observation
here. A newly identified 100 kyr dominant period between 2.2 and 1.6 Myr in the ENSO-like modulated
Pacific climate records indicates that the ENSO-like system may play a key role in facilitating or responding
to the global climate changes.

1. Introduction

The tropical regions play a significant role in the energy and moisture balance of modern climate system of
the Earth. The temperature gradients and subsequent atmospheric pressure gradients define two atmo-
spheric circulations: ‘‘zonal’’ i.e., the Walker Circulation (from the western to eastern Pacific Ocean), and
‘‘meridional,’’ i.e., the Hadley Circulation (from tropical to subtropical regions), which largely balance the
heat and moisture budgets between the tropics and extratropical areas (Wang, 2002). Variations in the
intensity of these two atmospheric cells and their teleconnection might enable the tropics to initiate
changes in global climate patterns in the geological past, e.g., the cooling of the Middle Pleistocene Transi-
tion (MPT) (Brierley et al., 2009; McClymont & Rosell-Mel�e, 2005; Pierrehumbert, 2000), but are still poorly
understood. Previous studies have shown that increased zonal sea surface temperature (SST) gradients and
Walker Circulation Strengthening between 1.2 and 0.8 Myr would have reduced heat flux, but would also
have supplied more moisture to polar regions, which might have been responsible for the growth of the
global ice sheet during the MPT (de Garidel-Thoron et al., 2005; McClymont & Rosell-Mel�e, 2005). Thus, in
order to improve our understanding of the mechanisms involved in the tropical Pacific atmosphere-ocean
system, it is crucial to determine the internal feedback processes related to global heat and moisture balan-
ces between tropical zones and the Polar Regions.

In this study, we present a high-resolution Pleistocene grain-size record (combined with an inversion algo-
rithm for end-member modeling of grain-size compositional data) of detrital sediments from core MD06–
3050 collected on the Benham Rise (Figure 1) spanning the last 2.36 Myr in order to: (i) constrain the sources
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of different grain-size end-members and reconstruct its long-term
changes; (ii) compare the monsoon records of the Southeast Asia (the
West Philippine Sea and the South China Sea) and the equatorial East
Pacific (EEP) climate changes (upwelling and SST records) in order to
establish a link between long-term climate changes in the tropical
Pacific; and (iii) explore the possible influence of internal feedback
mechanisms on the tropical climate changes.

The sedimentary deposits on the Benham Rise mainly result from a
complex mixture of changing percentage in sedimentary sources
(eolian or fluvial supply) (Jiang et al., 2013; Wan et al., 2012; Xu et al.,
2015; Yu et al., 2016), while the influences of sea-level changes and
modification of the land-sea configuration are negligible. This is
because the Luzon volcanic arc block the suspended materials from
the East Asian Rivers (Figure 1) and the continental shelf in the west
Luzon Island is very narrow and deep (average less than 10 km, the
core MD06–3050 is about 230 km from the shelf with a water depth
2,967 m). The reported grain-size record and associated end-member
modeling in core MD06–3050 could be used to assess the different
factors that may influence detrital input on the Benham Rise. The Ben-
ham Rise in the West Philippine Sea is under the influence of the East

Asian monsoon. Thus, unraveling the relative importance of eolian (winter monsoon) or fluvial supply (sum-
mer monsoon) on the Benham Rise provides an unique archive for reconstructing the intensity of East Asian
summer and winter monsoon since 2.36 Myr (Wan et al., 2012; Yu et al., 2016).

2. Material and Methods

The Calypso core MD06–3050 (15857.090N, 124846.770E; water depth 2,967 m, 31.74 m in length; Figure 1)
was collected in the West Philippine Sea (on the Benham Rise) during the R/V Marion Dufresne/IMAGES XIV
cruise in 2006. The lithology of this core is homogeneous and is mainly brown-gray clay and nannofossil
foraminifera ooze with occasional intercalated tephra layers. No obvious turbidite layers were found within
core MD06–3050. The age model was established by correlating the planktonic foraminifera G. ruber d18O
record (Sun et al., 2011) to the LR04 d18O stack line (Lisiecki & Raymo, 2005). Such age model was also veri-
fied by nine volcanic ash layers in core MD06–3050, which show parallel ages compared to the well con-
strained volcanic ash layers from core MD97–2143 (Ku et al., 2009).

We carefully removed the carbonate, organic matter, and biogenic opal from the detrital sediments by
repeatedly using excess H2O2 (30% at 608C), acetic acid (25% at 608C), and saturated Na2CO3 solution (5 h
at 858C), respectively. Grain-size analyses of the terrigenous materials were carried out on a Cilas 940L appa-
ratus in the laboratory of the Institute of Oceanology, Chinese Academy of Sciences (IOCAS), Qingdao. The
measurement reproducibility is better than 2%.

End-member analysis (EMA), which estimates end-members variations based on covariability within a data
set, is a powerful tool to unmix grain-size distributions into geologically meaningful end-members (Prins
et al., 2000; Prins & Weltje, 1999). Utilizing the EMA method, both the grain-size distributions of each end-
member and their proportions variations through time could be established and quantified. The different
end-members and their variations are corresponding to: (1) different controlling mechanisms of sediment
transport and/or supplied from different sources and/or (2) optional mechanisms which change systemati-
cally the grain-size distribution along the transport and deposition of the sediment from the source area
(Boulay et al., 2007; Prins et al., 2000; Prins & Weltje, 1999). Such method has already been successfully used
in the grain-size distribution studies in the sediments of Arabian Sea (Prins et al., 2000), Mediterranean Sea
(Wu et al., 2017), North Atlantic ocean (Prins et al., 2002), and South China Sea (Boulay et al., 2007; Wan
et al., 2007). Those studies applied the EMA method to identify the turbiditic, fluvial, eolian, or ice-rafted
end-members based on their site character. In this study, we applied recently developed algorithms for
end-member modeling of compositional data (Paterson & Heslop, 2015) to the grain-size distributions of
the detrital sediment in core MD06–3050. These new algorithms, which are associated with single-

Figure 1. Pacific sites discussed in this study (core MD06–3050 in the Philippine
Sea, ODP Site 1146 in the South China Sea, ODP Site 806 and core MD97–2140
in the West Pacific Ocean, and ODP Sites 846, 847, 1014, and 1239 in the East
Pacific Ocean) as well as the location of Lingtai Chinese loess. Modern locations
of the ITCZ in July and January are indicated by the bold blue line. Thick black
lines indicate the Pacific Walker Circulation. This figure is plotted with the help
of ODV4 software (Schlitzer, 2015). The temperature data was taken from the
World Ocean Atlas 2013 (Zweng et al., 2013).
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specimen unmixing techniques, represent an improvement over existing algorithms for addressing major
issues in identifying grain-size subpopulations (Paterson & Heslop, 2015).

MATLAB was applied to perform continuous wavelet transform of the selected data (Figure 3). All the data
were filtered with a 10–150 kyr bandpass (Duchon, 1979). All records were linearly interpolated to the aver-
age sample spacing of the record concerned. This wavelet software is available at: http://paos.colorado.edu/
research/wavelets/ (Torrence & Compo, 1998). A significance level of 95% was adopted when the results are
exported.

The volcanic glass particles were identified using a Philips XLSERIES XL30 scanning electron microscope
(SEM) coupled with energy dispersive spectrometry (EDS) in the Laboratoire G�eosciences Paris-Sud, Uni-
versit�e de Paris-Sud in Orsay, France.

Pearson correlation analysis was perform to quantify the association between two continuous variables
(e.g., between two independent variables). For two time series, X and Y, the Pearson Product Moment corre-
lation coefficient rxy was calculated as

rxy5

Xn

i51
ðxi2xÞðyi2yÞ
ðn21Þsx sy

where n is the number of samples, and x and y are the sample means of X and Y, and Sx and Sy are the sam-
ple standard deviation of X and Y. Such method has been successfully used on the correlation analysis of
paleoclimate data sets (Maher, 1998; Yan et al., 2011a).

3. Results

The lithology of core MD06–3050 is mainly clay (60–80%) and silt
(10–40%), with occasional intercalated layers characterized by minor
proportions of sand. End-member analysis (EMA) was applied to the
680 grain-size samples analyzed for the detrital fraction of core
MD06–3050 so as to identify the number of grain-size end-members
that mixed within the sediment, to reveal the grain-size distributions
of different end-members and to quantify the proportion of each
end-member over time (Paterson & Heslop, 2015). The goodness of
fit statistics show that the three end-member model is the best opti-
mization between the number of subpopulations and r2 (>90% of
the variance, Figures 2a and 2b). This three end-member model con-
tains grain-size modes of �3, �12, and �25 lm for end-members
EM1, EM2, and EM3, respectively (Figure 2c). The proportion of EM1
varies between 20% and 80% (average of �50%), with higher values
from 2.36 to 1.6, from 1.3 to 0.5, and since 0.2 Myr ago (Figure 3).
While, the proportion of EM2 (which varies from 0% to 60%, average
of �40%) is generally flat with a small decrease since 0.2 Myr ago
(Figure 3). the proportion of EM3 (which varies between 0% and
80%, average of �10%)) shows great variations, demonstrating
higher values from 1.6 to 1.1 Myr and 1.0 to 0.8 Myr (Figure 3). Both
the long-term variations of smectite and clay (<2 lm) percentages
display similar trends comparing to that of EM1 (r> 0.80, p< 0.01)
(Figure 3).

4. Discussion

4.1. Significance of the Variations in Grain Size
Previous Sr-Nd isotopic compositions and clay mineralogy studies
demonstrate that detrital sediments on the Benham Rise are domi-
nated by the mixing of terrigenous materials originating from physi-
cal erosion of soils developed above the volcanic formations of

Figure 2. End-member modeling results of core MD06–3050. (a) Coefficients of
determination (r2) for each size class of models with 1–10 end-members,
(b) angular differences (in degrees) between the reconstructed and observed
data sets as a function of the number of end-members. The goodness of fit
statistics demonstrate that the three end-member model provides the best
compromise between the number of end-members and r2 (more than 90% of
the variance), and (c) modeled three end-members of the terrigenous sediment
fraction of sediments from core MD06–3050.
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Luzon Island and Chinese eolian dust (Jiang et al., 2013; Wan et al., 2012; Xu et al., 2015; Yu et al., 2016). For
the mechanism of dust transport, backward trajectory analyses has shown that the particles transported to
the Benham Rise can be traced back to the East Asian deserts (Jiang et al., 2013). Previous studies have
shown that 10–50% (average 35%) of the terrigenous materials on the Benham Rise sediments is comprised
of East Asian dust (Jiang et al., 2013; Xu et al., 2015), which is comparable with the proportion of EM2 (aver-
age 40%). In the South China Sea, EMA of detrital grain-size composition in ODP Sites 1146 and 1144 sug-
gest that the intermediate end-member is primarily an eolian population with a diameter of about 9–11
lm, whereas the fine (about 2–5 lm) and coarse (about 19–25 lm) end-members are associated with fluvial
inputs (Boulay et al., 2007; Wan et al., 2007). These conclusions for the South China Sea may be used as a
reference for core MD06–3050. The eolian sourced EM2 (12 lm) in the Benham Rise is consistent with the
grain-size distribution of eolian deposits of Chinese loess (peaks between 10 and 30 lm) (Sun et al., 2004;
Zhang et al., 1999). This is also supported by the grain size of dust collected in Taiwan Island which reveals
that more than 20% of eolian particles are around 10 lm (Hsu et al., 2009). Moreover, the evolution of EM2

Figure 3. Relative abundances and variations of grain-size distribution (three calculated end-members and clay< 2 lm)
and smectite over the last 2.36 Myr. The mean grain size of quartz particles (MGSQ) from Lingtai loess as a proxy for East
Asia Winter monsoon circulation (Sun et al., 2010) was shown for comparison. Thick black lines are straightforward poly-
nomial fits shown to highlight general long-term trends from the original data sets. Following the method of Ku et al.
(2009), nine tephra layers from core MD06–3050 were recognized by apparent color and structural changes of sediment
sequence on the surface of the split core (pink squares, the blue plus indicates the layer that had been taken as an exam-
ple in Figure 3 for SEM-EDS analysis). Those tephra layers are generally associated with high proportion of EM3, sugges-
ting a direct contribution from the coarse volcanic glass particles.
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(12 lm) since 2.36 Myr is general flat, which is also consistent with the horizontal EAWM intensity as sug-
gested by the mean grain size of quartz particles (MGSQ) from Lingtai loess (Sun et al., 2010). Our eolian
EM2 (12 lm) does not agree with the grain size of the eolian dust in the North Pacific Ocean which shows a
size mode that is slightly coarser than 2 mm, with little material coarser than 16 mm (Rea & Hovan, 1995).
Such inconformity is due to the different mechanisms of eolian transportion: westerly dominated eolian
dust in the North Pacific Ocean (Lim & Matsumoto, 2006; Rea & Hovan, 1995) and EAWM controlled eolian
dust in the low-latitude Southeast Asia area (Qin et al., 1995; Wan et al., 2012; Xu et al., 2015).

The highest abundances of EM1 (3 lm) could be related to predominantly fluvial inputs even though eolian
sources might also contribute some fine particles. This hypothesis is consistent with clay mineral sources
(Wan et al., 2012; Yu et al., 2016). This fine mode in core MD06–3050 is mainly composed of clay size fraction
from the weathering of volcanic formations of Luzon Island during intensive monsoon rainfall intervals.
Such conclusion was confirmed by the similar variations of the smectite and clay (<2 lm) percentages
(r 5 0.85, p< 0.01) as well as the smectite and EM1 percentages (r 5 0.81, p< 0.01) (Figure 3) (Yu et al.,
2016). In addition, nine volcanic ash layers in core MD06–3050 (Figure 3), which show parallel ages com-
pared to the well constrained volcanic ash layers from core MD97–2143 (Ku et al., 2009), correspond to
peaks of high proportions (more than 50%) of EM3 (Figure 3). Coarse volcanic glass particles (20–100 lm)
have also been identified in the tephra layers and EM3 peak layers using a scanning electron microscope
(SEM) coupled with energy dispersive spectrometry (EDS) (Figure 4). The coarse material, larger than 25 lm,
cannot be easily transported from Taiwanese rivers by surface current to the Benham Rise. Consequently
we can hypothesize that variations in the coarse EM3 (25 lm) represent, for the most part, the coarse sedi-
ment from the Luzon Island and for the less part, the distribution of volcanic glass in the sediment of core
MD06–3050. The enhancement of EASM precipitation over the Luzon Island may result in an increase in
runoff and a higher input of fine end-member EM1 (mainly smectite) to the Benham Rise. The proportion of
intermediate EM2 in core MD06–3050 directly corresponds to the dust inputs that are mainly controlled by
the EAWM intensity (Wan et al., 2012; Yu et al., 2016). However, we cannot entirely exclude other possibili-
ties. Our result seems inconsistent with the Sr-Nd isotopic and grain-size records from a nearby core Ph05-
5, which reveal that the Asian dust contribute more in fine particles (<5 lm) than the moderate coarse
ones (from 5 to 20 lm) (Jiang et al., 2016). Such conflict observation might be due to different local circula-
tion and/or difference in grain-size end-member definition and Sr-Nd isotopic ranges. Further studies are
encouraged to make detailed isotopic tracing efforts to determine the sediment sources (especially Sr-Nd
isotopic measurements on specific grain-size end-member). Nevertheless, the ratio of fine EM1 to interme-
diate EM2 in core MD06–3050 can be extracted as an indicator of the relative summer versus winter mon-
soon intensity. Luzon Island is located on a substantially stable belt with a warm and humid climate, and its
sediment erosion rate (�27 t/km2/yr) is much lower than the lowest rate of weathering-limit conditions
(�100 t/km2/yr) (Liu et al., 2015; West, 2012). Hence, the chemical weathering of soils developed above the
volcanic formations of Luzon Island can be sufficient before being transported to the ocean by the rivers

Figure 4. Typical energy dispersive spectrometry (EDS) and scanning electron microscope (SEM) image of volcanic glass
particle from the tephra layers and EM3 peaks layers as shown by an example from 1,340 kyr layer. Note that the particle
shows a distinct volcanic glass morphology and is rich in Si, K, Fe, Al, and Ca (Ku et al., 2009).
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(Liu et al., 2009). In contrast to Taiwan Island, the weathering conditions on Luzon Island were mainly domi-
nated by the erosion rate and thus by the monsoon precipitation intensity (Dadson et al., 2003; West, 2012).
In addition, the two main sediment sources (Luzon Island and East Asian deserts) for core MD06–3050 are
basically stable both of their geological environment and/or sediment transport in the Quaternary (Defant
et al., 1989; Sun et al., 2010). Furthermore, the evolution history of EAWM intensity shows slight strengthen-
ing but roughly stable in the Quaternary (Figure 3) (Sun et al., 2010). Therefore, we argue that the evolution
of the EM1/EM2 ratio in core MD06–3050 is generally dominated by the monsoon precipitation variations
on the Luzon Island.

4.2. Coevolution of the Tropical Pacific Climate Changes and the ENSO-like System Since 2.36 Myr
The smectite/(illite 1 chlorite) ratio from core MD06–3050 was extracted as a proxy of monsoon precipita-
tion on the Luzon Island and was coupling with the variations of ENSO-like system since 2.36 Myr ago
(Yu et al., 2016). The grain-size data reported from the same core here confirms the previous conclusion
and further permit us to establish the tropical climate changes (in the EEP and WEP) as a whole and further
link to the cooling of the high-latitudes during the Quaternary.

Long-term evolution in the EM1/EM2 and smectite/(illite 1 chlorite) ratios (r 5 0.20, p< 0.01 for the raw
data; r 5 0.80, p< 0.01 for their long-term trends) in both core MD06–3050 (Yu et al., 2016) and ODP Site
1146 (Liu et al., 2003) indicate that EASM rainfall over Southeast Asia (not only over Luzon Island) were
strong from 2,360 to 1,900 kyr and subsequently by a decline from 1,900 to 1,200 kyr (Figure 5). Thereafter,
the EASM precipitation intensified from 1,200 to 600 kyr, weakened from 600 to 200 kyr and increased again
after 200 kyr (Figures 5a–5c).

The Pacific zonal SST gradients control the position and intensity of the Walker Circulation and subsequently
affect the precipitation conditions in Southeast Asia from short to long timescales (Julian & Chervin, 1978;
Lynch et al., 2015; Yan et al., 2011b; Zhang et al., 2014). El Ni~no-like conditions correspond to low zonal SST
gradients in the tropical Pacific Ocean and weaker Walker Circulation intensity, whereas La Ni~na-like periods
correspond to the opposite conditions. Variations of the smectite/(illite 1 chlorite) ratio in MD06–3050 are
associated with variations in rainfall in Southeast Asia controlled by high/low zonal SST gradients induced by
La Ni~na-/El Ni~no-like conditions (Yu et al., 2016). Notably, the long-term evolution of the EM1/EM2 ratio are
similar to those of the smectite/(illite 1 chlorite) ratios in MD06–3050 and ODP Site 1146 (Liu et al., 2003), con-
firming their strong linkage between ENSO-like activity and climate changes in the tropical regions (Figure 5).

The long-term variations in zonal SST gradients in the tropical Pacific Ocean were mainly induced by the
changes of SST in the EEP. Such SST in the EEP was primarily influenced by the temperature of the upwell-
ing waters in the EEP (Lawrence et al., 2006). The modern upwelled waters in the EEP are principally from
the mid-latitude and high-latitude and are driven by the southeast trade winds (Toggweiler et al., 1991),
which in turn are mainly controlled by the latitudinal temperature difference of the Southern Hemisphere
(McClymont & Rosell-Mel�e, 2005). Three intense upwelling periods (2.2–1.6, 1.2–0.8 Myr, and since 0.2 Myr
ago) were identified by the opal MAR from the ODP Sites 846 and 847 (Farrell et al., 1995) in the EEP, which
are associated with decreasing SST in ODP Site 846 (Lawrence et al., 2006) and enhanced rainfall in South-
east Asia (MD06–3050 and ODP Site 1146, Figures 5a–5c). Such conditions were accompanying with an
increase in the latitudinal temperature difference in the Southern Hemisphere (indicating more intense
southeast trade winds) at around 1.8 Myr as suggested by an equatorward migration of the Antarctic Cir-
cumpolar Current (Becquey & Gersonde, 2002; Diekmann & Kuhn, 2002). The diatom assemblage of ODP
Site 1084 revealed intensification of Benguela upwelling and enhancement of the southeast trade winds
since about 1.2 Myr (Marlow et al., 2000), which supports the enhanced upwelling from 1.2 to 0.8 Myr in the
EEP (Figure 5e). Moreover, the cooling of deep waters and consequent shoaling of the thermocline in the
EEP might facilitate the vertical mixing of cooler, deeper waters toward the ocean surface. This mechanism
would further strengthen the sensitivity of the temperature of upwelled surface waters to the deep-water
temperature (McClymont & Rosell-Mel�e, 2005; Philander & Fedorov, 2003). A decrease in SST of the eastern
upwelling zone and development of Walker Circulation at 2 Myr ago have been attributed to cooling of
mid-latitude and high-latitude sourced deep waters and subsequent thermocline shoaling in the EEP (Lear
et al., 2000; Ravelo et al., 2004). Furthermore, the progressive cooling of the high-latitudes in the Quaternary
(beginning in the Eocene) is likely to have played a role in both the increase of Southern Hemisphere latitu-
dinal temperature gradient and the cooling of mid-latitude and high-latitude sourced deep waters, which
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are consequently related to the increase in upwelling intensity and the decrease in deep-water temperature
in the EEP (Lear et al., 2000; Zachos et al., 2001). Results obtained from core MD06–3050 indicate that
monsoonal precipitation in Southeast Asia has been coupled with the tropical Pacific ENSO-like system
since 2.36 Myr, and that it is sensitive to the cooling of the high-latitudes during the Quaternary. EM1/
EM2 and smectite/(illite 1 chlorite) ratios of core MD06–3050 indicate a steep increase since 0.2 Myr ago
(Figure 5). This demonstrates a La Ni~na-like dominate condition since 0.2 Myr ago as was also proposed

Figure 5. Comparison of climate evolution in different regions. (a) EM1/EM2 ratio from core MD06–3050 (this study),
(b) smectite/(illite 1 chlorite) ratio from core MD06–3050 (Yu et al., 2016), (c) smectite/(illite 1 chlorite) ratio from ODP Site
1146 (Liu et al., 2003), (d) DSST, in green, corresponds to the difference between SST from core MD97–2140 and SST from
core ODP 846 (de Garidel-Thoron et al., 2005), DSST, in brown, corresponds to the subtraction between SST from ODP
Sites 806 (Wara et al., 2005) and 1239 (Etourneau et al., 2010). An El Ni~no-like event is generally associated with low zonal
SST gradients, whereas La Ni~na-like conditions are exactly the reverse, (e) opal MAR from ODP Sites 846 and 847 (Farrell
et al., 1995), (f) SST from ODP Site 846 (Lawrence et al., 2006), and (g) eccentricity and tropical isolation at 08N, January
(Laskar et al., 2004). Thick black lines are straightforward polynomial fits shown to highlight general long-term trends
from the original data sets.
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by SST and hydrological reconstruction from the western Pacific warm pool (de Garidel-Thoron et al.,
2005; Zhang et al., 2016).

The intertropical convergence zone (ITCZ), which seasonally migrates toward a relative warmer hemisphere,
could also influence the East Asian monsoon (Fleitmann et al., 2007; Yancheva et al., 2007) and contribute
to the hydrological changes in the Southeast Asia area (including Luzon Island) from years to geological
epochs (Cheng et al., 2012; Yan et al., 2015). Observations and simulation studies show that the ITCZ could
migrate meridionally while its rainfall intensity changes accompanying the balance of atmospheric energy
(Chiang & Bitz, 2005; Vellinga & Wood, 2002). However, the mechanisms that control the position of the
ITCZ and its potential influence on the rainfall intensity in the Southeast Asia is still an unanswered question
(Arbuszewski et al., 2013; Schneider et al., 2014). Moreover, there is also no reliable proxy, which indicates
the paleoposition of ITCZ in the geology past. Whatever, our record from core MD06–3050 indicates a
strong link between the tropical ENSO-like system and hydrological changes in the Southeast Asia area.

4.3. Implications for the MPT
The ENSO-like activity and Pacific Walker Circulation could influence both the low-latitude and mid-latitude
Pacific climate variations. Although the Chinese loess Plateau is located in the mid-latitude area, an opposing
variation in monsoon precipitation controlled by the tropical ENSO-like activity between northeast Asia and
Southeast Asia was observed in orbital (Shi et al., 2012) and million-year timescales (Yu et al., 2016). Similarly,
the opal MAR from ODP Site 1014 is a sensitive record of upwelling conditions on the Californian margin,
which is tightly connected to the intensity of tropical Walker Circulation (Ravelo et al., 2004). The Wavelet anal-
ysis of the ENSO-like influenced climate records, corresponding to the rainfall record for East Asia and upwell-
ing records for the East Pacific, display two major 100 kyr dominated periods at 2.2–1.6 Myr and after 0.8 Myr
(Figure 6). However, variations in global ice volumes as reconstructed by the LR04 only show a 100 kyr fluctua-
tion pattern starting about 0.8 Myr ago (Lisiecki & Raymo, 2005). One can therefore suggest that the Tropics
may play an important role in the MPT. A high-latitude driven hypothesis involving variations in ice sheet vol-
umes does not adequately explain the 100 kyr climate fluctuation identified in the early Pleistocene ENSO-like
modulated climate records (from 2.2 to 1.6 Myr, Figures 6b–6e), at a time when the ice sheets exhibit a 41 kyr
oscillation pattern (Rutherford & D’Hondt, 2000). The onset of MPT is still under debate. Most previous hypoth-
eses explaining the MPT have invoked a high-latitude cooling origin that may be related to ice-sheet dynam-
ics (Clark et al., 2006; Huybers & Wunsch, 2005), while recent paleoclimatic studies, in particular paleo-SST
reconstructions from Equatorial Pacific Ocean, indicate that the tropics may also contribute to the onset of
MPT (de Garidel-Thoron et al., 2005; McClymont & Rosell-Mel�e, 2005). The reason why these ENSO-like modu-
lated records generated 100 kyr cycles in the early Pleistocene is important for understanding the MPT, but
remains unclear. A shift in climate sensitivity from orbital obliquity to eccentricity/precession (Imbrie & Imbrie,
1980; Ruddiman, 2003), or an increasing nonlinearity of obliquity forcing (Liu et al., 2008) might be responsible
for these observations. In any case, our study indicates for the first time that a new 100 kyr dominant period
existed in the ENSO-like influenced Pacific climate records between 2.2 and 1.6 Myr (Figure 6).

Effects of tropical climate variations on high-latitudes climate can be assessed by considering the responses
of the atmosphere and ocean to tropical climate changes (Ravelo et al., 2004). The shallow thermocline and
cooling in the EEP could strengthen the Pacific zonal SST gradients. Subsequent atmospheric pressure dif-
ference resulting from this reinforcement of the zonal SST gradients would further strengthen the easterly
trade winds and the upwelling in the EEP that would then permit a reinforcement of SST and atmospheric
pressure gradients (Bjerknes, 1968; Ravelo et al., 2004). This positive feedback loop could amplify the cli-
mate perturbations in the tropics and further influence the high-latitudes climate patterns through altering
the pole-ward heat and moisture transport and thus contribute to the development of more extensive ice
sheets and to changes in glacial cycles, i.e., from a 41 to a 100 kyr cycle (de Garidel-Thoron et al., 2005;
McClymont & Rosell-Mel�e, 2005; Ravelo et al., 2004). For time intervals from 2.2 to 1.6 Myr, from 1.2 to 0.8
Myr, and since 0.2 Myr ago, enhanced upwelling and a decrease in SST in the EEP were probably driven by
progressively enhanced high-latitudes cooling, which indicate increased zonal SST gradients and the devel-
opment of strong Walker Circulation (Figures 5f and 5g). The intensification of the Walker Circulation would
lead to augmentation of rainfall in Southeast Asia, as supported by increased ratios of both EM1/EM2 and
smectite/(illite 1 chlorite) in core MD06–3050 at these two time intervals (Yu et al., 2016). Therefore, the
increased tropical zonal SST gradients and intensified Walker Circulation in the period between 1.2 and 0.8
Myr were accompanied by long-term regional hydrological changes in Southeast Asia. These changes are
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also indicated by sea surface salinity in this area (de Garidel-Thoron et al., 2005), implying that the intensi-
fied Walker Circulation during the 1.2–0.8 Myr period may have had a positive feedback on the MPT.

Our assumption is consistent with a sharp weakening of Atlantic Meridional Overturning Circulation
(AMOC) in the early MPT as revealed by benthic stable isotope records in the Atlantic Ocean since about 1.3
Ma ago (Bell et al., 2015). This weakening would have greatly decreased the heat flux and enhanced the
growth of glacial ice sheets (Bell et al., 2015). Modeling studies of tropical SST contrast and ENSO-like activ-
ity also support a tropical contribution of MPT (Rutherford & D’Hondt, 2000). We might ask ourselves why
ice sheets did not also follow this 100 kyr oscillation cycle occurring in the tropics during the period
between 2.2 and 1.6 Myr. We argue that this may be related to a more enhanced AMOC, on average, during
this period, which would have supplied more heat to the polar regions thus limiting ice-sheet extension
and maintaining the ‘‘41 kyr world’’ (Bell et al., 2015). Our hydrological data from WPWP, combined with
other ENSO-like related records, demonstrate that both the long-term ocean cooling and the positive feed-
back of the ENSO-like system may have contributed to the MPT. The ENSO-like activity and Pacific Walker
Circulation have driven the long-term tropical Pacific climate changes since 2.36 Myr ago and have contrib-
uted to global climate variations.

Figure 6. Wavelet power analysis for (a) stacked global benthic d18O record of LR04 (Lisiecki & Raymo, 2005), (b) summer
monsoon index based on magnetic susceptibility and carbonate content from Ling tai, Chinese Loess Plateau: a proxy of
monsoon rainfall (Sun et al., 2010), (c) biogenic carbonate MAR from ODP Site 1014 in the Californian margin (Ravelo
et al., 2004), (d) opal MAR from ODP Site 847 in the Equatorial East Pacific (Farrell et al., 1995), and (e) EM1/EM2 ratio from
core MD06–3050 (this study). Variability at the eccentricity (E) period is highlighted by the white dashed line. The solid
black contour lines identify regions where spectral power meets the 5% significance level against red noise. Pale shading
identifies the cone of influence where edge effects due to processing may impact upon the signal.
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5. Conclusion

From grain-size analyses and end-member modeling, the terrigenous fraction of the detrial sediment from
core MD06–3050 collected on the Benham Rise is depicted using a mixture of three end-members over the
last 2.36 Ma.

The fine EM1 (mainly smectite) represents the flux of fluvial mud, which varies through time corresponding
to the summer monsoon precipitation intensity. The coarse EM3 could be mainly related to the coarse flu-
vial sediment and volcanic glass, as also verified by SEM-EDS study. In contrast, the proportion of intermedi-
ate EM2 embodies the effect of dust inputs, which are mainly controlled by the EAWM intensity. The ratio
of EM1/EM2, which obtained as a proxy of relative intensity of EASM versus EAWM, could be principally
influenced by the EASM and its associated monsoon precipitation. Such conclusion is supported by a supply
limited conditions on the Luzon Island and a relative stable EAWM intensity in the Quaternary.

Long-term evolution of the EM1/EM2 and smectite/(illite 1 chlorite) ratios in core MD06–3050 and ODP Site
1146 are generally consistent. They indicates that the EASM rainfall over Southeast Asia increased can be
divided into five time intervals spanning the last 2.36 Myr: (1) a slightly increasing from 2,360 to 1,900 kyr;
(2) a decline from 1,900 to 1,200 kyr; (3) an intensification from 1,200 to 600 kyr; (4) a weakened from 600 to
200 kyr; and (5) an increase again after 200 kyr. The variations of monsoon precipitation in these time inter-
vals were further linked to the tropical Pacific climate changes, including evolution of Walker Circulation
intensity (ENSO-like variations) and in particular the upwelling intensity (opal MAR from ODP Sites 846 and
847) in the EEP. Therefore, our new high-resolution grain-size results provide new insights into the temporal
and spatial evolution of tropical Pacific climate changes. The high-latitude cooling is considered as a key
factor that drives the long-term variations in the tropical Pacific climate changes.

Wavelet analysis of the ENSO-like influenced records in the mid-latitude (Chinese loess and California upwell-
ing) and low-latitude (ODP Site 847 and core MD77–3050) reveal a strong 100 kyr dominant period from 2.2
to 1.6 Myr. Such result indicates that the ENSO-like records in the mid-latitude and low-latitude have prevailed
100 kyr cycle before the MPT. Therefore, the ENSO-like system probably act as a key role for the internal
energy balance of the earth and further influenced the global climate change during the Quaternary.
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