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Abstract : 

The past evolution of precipitation and atmospheric convection in the Western Pacific Warm Pool (WPWP) 
is critical for global climate changes but is under debate because of its forcing mechanisms. Here, we 
present a high temporal resolution (~156 years) grain-size record of core MD01–2385 over the last 140 
kyr, in offshore northern New Guinea to reveal sediment dynamics as a proxy for precipitation changes. 
End-member analysis revealed that a two-endmember model was optimal. The end-member 1/end-
member 2 (EM1/EM2) ratio could represent the variation in grain size and exhibited significant 
precessional cycles changes in phase with modelled Niño 3 SST anomaly from a global climate model 
transient simulation. From these data, we inferred orbital fluctuations in precipitation from tropical western 
Pacific islands, with general precipitation peaks during the time of perihelion at the boreal autumnal 
equinox (midpoint from a low to high precession index), corresponding to La Niña-like conditions and vice 
versa. Comparisons of our new record with published precipitation records showed that orbital 
precipitation changes in the WPWP are mainly dominated by El Niño-Southern Oscillation-like (ENSO-
like) oscillations in the precession band, while the Intertropical Convergence Zone (ITCZ) mainly controls 
the distribution of precipitation over a larger spatial area. 
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Highlights 

► First high temporal resolution grain size record of sediment dynamics in Tropical Western Pacific 
islands ► This grain size record exhibits precessional changes in phase with modelled ENSO variations 
► Precipitation and atmospheric convection in the WPWP are likely controlled by ENSO-like conditions, 
while the ITCZ impacts larger spatial precipitation anomalies 
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years) grain-size record of core MD01-2385 over the last 140 kyr, in offshore northern 

New Guinea to reveal sediment dynamics as a proxy for precipitation changes. End-

member analysis revealed that a two-endmember model was optimal. The end-

member 1/end-member 2 (EM1/EM2) ratio could represent the variation in grain size 

and exhibited significant precessional cycles changes in phase with modelled Niño 3 

SST anomaly from a global climate model transient simulation. From these data, we 

inferred orbital fluctuations in precipitation from tropical western Pacific islands, with 

general precipitation peaks during the time of perihelion at the boreal autumnal 

equinox (midpoint from a low to high precession index), corresponding to La Niña-

like conditions and vice versa. Comparisons of our new record with published 

precipitation records showed that orbital precipitation changes in the WPWP are 

mainly dominated by El Niño-Southern Oscillation-like (ENSO-like) oscillations in 

the precession band, while the Intertropical Convergence Zone (ITCZ) mainly 

controls the distribution of precipitation over a larger spatial area. 

Key words: Grain size; Western Pacific Warm Pool; Precipitation; ENSO; orbital 

timescales 

Highlights: 

(1) First high temporal resolution grain size record of sediment dynamics in Tropical 

Western Pacific islands 

(2) This grain size record exhibits precessional changes in phase with modelled ENSO 

variations 

(3) Precipitation and atmospheric convection in the WPWP are likely controlled by 

ENSO-like conditions, while the ITCZ impacts larger spatial precipitation anomalies 

 

1. Introduction 

The tropical Pacific ocean-atmosphere system could be intricately linked to 

global climate changes through atmospheric circulation and teleconnection at different 

timescales (Medina-Elizalde and Lea, 2005; Medina-Elizalde et al., 2008; Raddatz et 
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al., 2017; Wang and Ding, 2008), which includes the Western Pacific Warm Pool 

(WPWP) and the Eastern Equatorial Pacific (EEP) (Ford et al., 2015; Ford et al., 

2018; Raddatz et al., 2017). Specifically, the WPWP, characterized by persistently 

warm sea surface temperature (SST) higher than 28°C (Fu et al., 1994), is critical for 

global climate changes because of its enormous heat content and water vapour 

evaporation (Neale and Slingo, 2003; Sardeshmukh and Hoskins, 1988).  

However, the variability in precipitation on orbital timescales is controversial. 

On the one hand, precipitation patterns and mechanisms are in debate. First, there is 

controversy over which orbital parameter dominates climate change in the region. 

While most records exhibit obvious precessional cycles (Carolin et al., 2013; Carolin 

et al., 2016; Clement et al., 1999; Dang et al., 2015; Hollstein et al., 2020; Tachikawa 

et al., 2011; Wu et al., 2012), some records show significant glacial-interglacial cycles 

(Pico et al., 2020; Windler et al., 2021; Windler et al., 2019) and/or obliquity cycles 

(Liu et al., 2015; Zhang et al., 2022; Zhang et al., 2020b). Second, the mechanism 

underlying these changes is controversial. The ITCZ and ENSO-like variation 

influence precipitation variability in the WPWP (Clement et al., 1999; Dang et al., 

2015; DiNezio et al., 2011; Lu et al., 2019; Tachikawa et al., 2011). Due to their 

different effects and complex interactions in climate change, it is crucial to elucidate 

their impacts. On the other hand, the reconstruction proxy is limited. In the WPWP, 

the XRF scanning element ratio of sediment cores and oxygen and hydrogen isotopes 

of different archives (e.g., speleothem, plant wax, and foraminifera) are widely used. 

However, the element ratios are based on the presumption that higher rainfall results 

in a greater riverine runoff (e.g., Dang et al. (2015); Fraser et al. (2014); Mohtadi et 

al. (2011)) and thus increases the relative contribution of terrestrially derived 

elements such as iron (Fe) or titanium (Ti) in marine sediments compared with those 

of marine origin, mainly calcium (Ca), but Ca is influenced by marine productivity 

(Mohtadi et al., 2022). Oxygen and hydrogen isotopes are influenced by resources, 

transport way and marine precipitation (Konecky et al., 2016). Therefore, more 
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investigations are required to reconcile the discrepancies between the different records, 

and diverse proxies are required to provide cross-validations of reconstructions.  

Grain size is widely used as a proxy for monsoons in the South China Sea (Huang 

et al., 2011; Wan et al., 2007), East China Sea (Xiao et al., 2006), Arabian sea (Caley 

et al., 2011; Clemens et al., 1996), etc. Compared to oxygen and hydrogen isotope 

data, grain size is unaffected by marine precipitation; compared to XRF scanning 

element ratios, grain size is unaffected by marine productivity. In the Southeast Asian 

arc island area, most sediments experience a very fast source-to-sink process (Li et al., 

2016), making grain size potentially to be sensitive to precipitation variability. 

However, its application is limited in the Southeast Asian arc island area. In the 

Philippines, Yu et al. (2018) used the fine endmember to represent the variability in 

precipitation over the last 2.36 Myr. In New Guinea, Aiello et al. (2019) applied grain 

size to discuss the influence of tectonics, sea-level changes and precipitation with 

direct and simple grain size classifications instead of end-member analysis, which 

unmixes grain-size distributions into geologically meaningful end-members (Prins 

and Weltje, 1999).  

Here, we presented a high temporal resolution grain-size record spanning the last 

140 kyr from marine sediment core MD01-2385 to provide an independent 

construction of precipitation and atmospheric convection variability in the North 

Bird’s Peninsula (northwest New Guinea) (Figure 1) and cross-validation with other 

proxies. Furthermore, we compared the grain size data with other records and 

simulation results for the in WPWP and EEP to reveal the different impacts of ENSO 

and the ITCZ.  

2 Regional Setting 

The climate over the tropical western Pacific islands is warm and humid 

throughout the year. There are different annual rainfall patterns in different areas 

under the combined influence of the ENSO, the ITCZ, and related monsoon systems 

(Aldrian and Dwi Susanto, 2003). 
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In the study area (north New Guinea, black square in Figure 1a, b), southeast 

winds dominate in July, and the reverse occurs in January (Figure 1a, b). Rainfall peaks 

in June, although this area locates on the southern side of the equator (Figure 1d). In 

contrast, rainfall peaks in December in the southeast Philippines (~10°N, Figure 1c). 

Additionally, while the ENSO system controls interannual variability and the ITCZ 

controls seasonal cycles, local precipitation has a different monthly response to El 

Niño/La Niña events. El Niño events significantly reduce precipitation from May to 

October in northeastern New Guinea, and from November to April in the southeastern 

Philippines (Figure 1c, d).  

 

Figure 1. Modern climatology of the study region. (a, b) Mean monthly precipitation over land and 

mean 1000 hPa wind field in January and July. The precipitation data were obtained from 

http://worldclim.org and cover the period C.E. 1970-2000. The wind data were obtained from 

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html, covering C.E. 1981-2010. The 

yellow triangle indicates the location of core MD01-2385. (c, d) Mean monthly precipitation for 

the red and black boxes in (a, b), respectively, covering C.E. 1980-2020, obtained from 

https://downloads.psl.noaa.gov/Datasets/gpcp/; more details are provided in the supplementary 
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data.  

Off the coast of New Guinea, strong upwelling and frontal movements are absent 

(Tachikawa et al., 2011). Based on modern observations, the New Guinea Coastal 

Current (NGCC) is a seasonally reversing current in the upper 100 m, the New 

Guinea Coastal Under Current (NGCUC) flows northwestward throughout the year 

between 100 and 400 m, and both have high flow rates of up to 63 cm/s and 40 cm/s, 

respectively (Kuroda, 2000; Wu et al., 2022; Zenk et al., 2005; Zhang et al., 2020a). 

The New Guinea region is evolving within the obliquely and rapidly converging 

Australian and Pacific plate boundary zones (Baldwin et al., 2012), thereby causing 

steep topography and widespread development of mafic volcanic and other 

metamorphic rocks (Cloos et al., 2005; Peng et al., 2021). In the northern Bird’s Head 

Peninsula, the steep topography causes the emergence of many small mountain rivers, 

which come from the mountain as high as ~2400 m into the ocean within dozens of 

kilometers (Figure 2). The short transport distance and lack of fluvial plains lead to 

the direct transport of sediment into the sea; therefore, the grain size of the sediment is 

barely affected by the transport progress. The lithology (relatively young and easily 

weatherable basaltic rocks), topography (very steep), and climate (a tropical climate 

with heavy precipitation and runoff) together lead to intensive weathering and heavy 

sediment loads in submarine canyons and the deep sea. Specifically, the erosion rate 

in New Guinea reaches 1500 t/km
2
/yr, and the riverine sediment fluxes reach 1200 

Mt/yr in New Guinea and 140 Mt/yr in the northern Bird’s Head Peninsula and 

Cenderawasih Bay (Kuehl et al., 2004; Milliman and Farnsworth, 2011; Milliman et 

al., 1999).  
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Figure 2. The regional geological and oceanological setting of the study area. (a) The modern 

September SST distribution with core locations mentioned in this study. (b) The bedrock map of 

the study area. The red triangle represents MD01-2385 (this study). MD75 is the short form for 

MD06-3075, MD67 for MD06-3067, MD86 for MD01-2386, MD40 for MD10-3340, GB26-3 for 

GeoB17426-3, MD20 for MD05-2920, and MD25 for MD05-2925. The yellow rectangles 

represent the “West” and “East” areas in the simulation. The blue line represents the Spike River. 
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The black arrows indicate the New Guinea Coastal Undercurrent (NGCUC).  

3 Materials and Methods 

3.1 Sediment core and age model 

Sediment core MD01-2385 was collected north of Bird’s Head Peninsula 

offshore northwest New Guinea (0.22°S, 134.24°E; water depth of 2602 m; Figure 2) 

during the International Marine Global Change Study (IMAGES) VII cruise 

conducted by the R/V Marion Dufresne in 2001. The lithology of this core is mainly 

light brown nannofossil ooze, occasionally interbedded with silty clay. No turbidites 

can be clearly observed in core MD01-2385. The age model is based on ten 

accelerator mass spectrometry (AMS) 
14

C ages from 0 to 40 ka and five oxygen 

isotope stratigraphy ages from 40 to 140 ka (Figure 3). The 
14

C ages are based on 

well-preserved mixed planktonic foraminifera Globigerinoides ruber and 

Globigerinoides sacculifer in the size fraction > 150 μm from 0 to 40 ka (Wu et al., 

2017; Yu et al., 2023). Conventional radiocarbon ages were converted to calendar ages 

using Bacon and the latest calibration curve of MARINE20 (Heaton et al., 2020). The 

local marine reservoir age ∆R was set to -108 ± 12 yr based on the mean of 5 modern 

measurements near MD01-2385 (Clark et al., 2006; McGregor et al., 2008; Petchey 

and Ulm, 2016). The oxygen isotope stratigraphy ages were established by tuning the 

planktonic foraminifera G. ruber δ
18

O record of core MD01-2385 to the stacked G. 

ruber δ
18

O record from nearby cores GeoB17426-3 (Hollstein et al., 2020) and 

MD01-2386 (Jian et al., 2020) because there were not enough benthic foraminifera in 

MD01-2385 to allow us to establish a benthic foraminifera oxygen isotopes curve. 

The age models for both cores (GeoB17426-3 and MD01-2386) were established by 

correlating their benthic foraminifera Cibicidoides wuellerstorfi δ
18

O records to the 

LR04 benthic δ
18

O stack (Lisiecki and Raymo, 2005), which can obtain a 

chronological model that is almost equivalent to the tuning accuracy of benthic 

foraminifer oxygen isotopes. Although establishing the age model by tuning the 

planktonic δ
18

O record to a referenced record is widely applied in previous studies 
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(e.g., Aiello et al. (2019); Peng et al. (2021); Yu et al. (2018); Wu et al. (2012)), it is 

important to note that tuning with planktonic δ
18

O record is not the preferred method 

for establishing the age model, rather using benthic δ
18

O record, but unfortunately, not 

enough benthic foraminifera have been found in our core. Moreover, the tuning 

method may lead to false periodic signals that are difficult to interpret, which also 

require special attention. Based on this age-depth relationship, core MD01-2385 

provides a continuous history from 0 to 140 ka, with an average linear sedimentation 

rate of 19.8 cm/kyr (ranging from 11.87 to 63.26 cm/kyr) and an average sample 

spacing of ~156 years.  

 

Figure 3. The age model of MD01-2385. The top diagram shows the stacked G. ruber δ
18

O records 

from GeoB17426-3 (Hollstein et al., 2020) and MD01-2386 (Jian et al., 2020). The top diagram 

shows stacked G. ruber δ
18

O records in MD01-2385. 
14

C dating points (red triangles) are indicated 

at the bottom of the figure, and δ
18

O planktonic foraminiferal tie points are linked with stacked G. 

ruber δ
18

O records from GeoB17426-3 and MD01-2386 by dashed lines. 

3.2 Grain size analysis 

A total of 884 samples from core MD01-2385 were taken continuously at 2 cm 

intervals at 0-9 m (∼70-year temporal resolution) and at 4 cm intervals (∼237-year 

temporal resolution) at 9-27.8 m for grain-size analysis. Grain size analysis of the 

detrital sediments of core MD01-2385 was conducted using a Cilas 1190L Laser grain 

size analyser in the laboratory at the Institute of Oceanology, Chinese Academy of 
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Sciences (IOCAS), Qingdao. The analytical range was from 0.04 to 2500 μm. Briefly, 

samples were measured after the removal of carbonate and organic matter from the 

detrital sediments by repeatedly using excess H2O2 (30% at 60°C) and acetic acid 

(25% at 60°C), respectively (Yu et al., 2018). The samples were stirred for one minute 

using a mechanical stirrer to mix the samples thoroughly, and 7 ml of liquid was taken 

at the same depth by pipette immediately after the stirring had stopped to minimise 

errors during sampling (Shen et al., 2021). The relative standard deviations (RSD) of 

the repeatability and reproducibility of the instrument measurement were 0.5% and < 

2%, respectively. 

In this study, we applied algorithms for end-member modelling of compositional 

data to the grain-size distributions in core MD01-2385 (Paterson and Heslop, 2015). 

It is powerful to unmix and quantify the grain-size distributions of individual 

endmembers and the variations in their proportions over time (Paterson and Heslop, 

2015; Yu et al., 2018). These new algorithms, which are associated with single-

specimen unmixing techniques, represent improvements over existing algorithms for 

addressing critical issues in identifying grain size subpopulations (Paterson and 

Heslop, 2015). 

3.3 Elements Analyses 

After taking the sample for grain size analysis, the samples settled for 1 hour and 

22 minutes according to SediCalc to obtain the detrital clay fraction (<2 μm) from the 

upper 2 cm. The samples were dried at 60°C and completely dissolved before the 

measurement. The dilution factor was 1000. Elemental analysis was performed 

according to the methods of Wan et al. (2015). Aluminum (Al) was measured by the 

Varian 720es Inductively Coupled Plasma Optical Emission Spectroscopy (ICE-OES) 

at the wavelength of 308.215 nm. External standards included GBW07314, 

GBW07366, GBW07316, BHVO-2, BCR-2 for ICE-MS and ICP-OES, while the 

internal standard used was Re for ICP-MS. The reproducibility is ＜5% for Zr and＜

3% for Al. ICP-MS is much more sensitive for light and trace elements compared to 
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XRF, and XRF is limited to surface analysis, requiring higher sample homogeneity 

and surface smoothness. Clay minerals are important proxies for climate changes, 

changes in the intensity of transport, and ocean currents (Fagel, 2007). Compared to 

bulk sediments, clay-sized sediments minimize bias from sediment sorting during 

transport. 

3.4 National Center for Atmospheric Research-Community Climate System 

Model version 3 (NCAR-CCSM3) modelling 

The NCAR-CCSM 3 model was employed in this work, which is fully coupled 

with active atmosphere, land, and ocean, sea ice components (Otto-Bliesner et al., 

2006; Yeager et al., 2006). The ocean and sea ice models have ~3.6° longitudinal 

resolution and a variable latitudinal resolution (~0.9° near the equator, becomes 

coarser poleward), and the ocean model has 25 vertical z coordinate levels. We 

conducted a transient simulation of the past 300 kyr (Lu et al., 2019). The external 

forcings include orbital parameters (ORB), greenhouse gases (GHG), and continental 

ice sheets (ICE). All model forcings were accelerated by a factor of 100; thus, 1 

model year in the simulation represents real-time climate evolution over 100 years (Lu 

et al., 2019). 

We retrieved simulated West‒East Pacific SST differences over the last 140 kyr to 

compare with proxy data. The “West” area was defined as 140~180°E, 5°S~5°N, and 

the “East” area was defined as 120~80°W, 5°S~5°N.  

We also simulated the precipitation and moisture transport under the conditions 

that SS (summer solstice), AE (autumnal equinox), WS (winter solstice), and VE 

(vernal equinox) are at the perihelion during the last 140 kyr. 

4 Results 

End-member analysis (EMA) was applied to the detrital fraction of 884 grain-

size samples from core MD01-2385. The goodness of fit statistics (coefficient of 

determination R
2
 > 0.9, degree of specimen-median angle < 5 for two endmembers) 

showed that the two-endmember models were the optimised (Figure 4a-b). This two-
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endmember model contained grain-size modes of 8 μm and 36 μm for end-member 

EM1 and EM2, respectively (Figure 4c). 

 

Figure 4. End-member modelling results for core MD01-2385. (a) Coefficients of determination 

(R
2
) for each size class of models with 1–10 endmembers and (b) angular differences (in degrees) 

between the reconstructed and observed data sets as a function of the number of endmembers. The 

goodness-of-fit statistics demonstrate that the two end-member models best compromise the 

number of end-members and R
2
 (more than 90% of the variance). (c) Modelled two endmembers 

of the terrigenous sediment fraction from core MD01-2385. 

The proportion of EM1 varied from 52% to 100%, with an average value of 85% 

(Figure 5a). The change in EM2 was opposite to that in EM1, ranging between 0% 

and 48%, with an average value of 15%. The proportion of EM1 generally exhibited 

high values during interglacial MIS 1, 3, and 5. In contrast, the opposite trend was 

observed for the proportion of EM2 (Figure 5b). Therefore, EM1/EM2 ratios could 

indicate grain-size changes in detrital sediments in core MD01-2385. These ratios 

exhibited roughly higher values during the interglacial MIS 1, 3, and 5 and lower 
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values during glacial MIS 2, 4, and 6, despite an abnormally low interval during the 

Holocene (Figure 5c). 

The value of Zr/Al varied from 5.81 to 7.76 (Figure 5e). The lowest value 

occurred at the end of MIS 5e and continues to increase during MIS 5d-b, and the 

highest value occurred during the transition between MIS 5b and 5a. After MIS 5b, 

there was a steep decrease and rebound in Zr/Al, and the value experienced muted 

variability during MIS 4-2. During MIS 1, Zr/Al decreased gradually and began to 

increase after 7.5 ka. The units were mg/kg and % for Zr and Al, respectively. 

The W‒E SST difference was simulated by NCAR-CCSM3 under the forcings of 

ORB, GHG, and ICE (Figure 5d). The most pronounced W‒E differences occurred for 

MIS 5e and during the mid-Holocene. Relatively higher values were evident during 

MIS 5e, 5c, and 5a. At the start of MIS 4, a significant negative drift was observed, 

followed by a rapid increase and subsequent relatively stable conditions during MIS 3. 

During MIS 2, the value remained stable but lower value than that during MIS 3. A 

significant positive occurred during on MIS 1. 

 

Figure 5. Relative abundances and variations in (a) grain-size endmember 1 (EM1), (b) grain-size 

endmember 2 (EM2), (c) EM1/EM2, (d) modelled W‒E SST difference (purple line), (d) Zr/Al of 

the clay-size fraction (blue line), and (f) G. ruber 
18

O (black line) over the last 140 kyr. The light 

grey lines are the original data, and the coloured lines above are the 9-point running average in (a-

d).  

5 Discussion 
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5.1 Implications of Grain Size Variations  

Core MD01-2385 is located on the northern Bird’s Head Peninsula, where large 

amounts of fluvial sediment flow directly into the adjacent deep sea due to the 

extensive small mountainous rivers and narrow shelf (Milliman, 1995). Off the coast 

of northern New Guinea, riverine inputs from nearby islands are regarded as the 

primary source of terrigenous matter (Aiello et al., 2019; Dang et al., 2015; Peng et 

al., 2021; Tachikawa et al., 2011; Wu et al., 2012; Yu et al., 2023). Additionally, there 

are several other possible sources, 1) aeolian dust input, 2) sediments transported by 

the New Guinea Coastal Current (NGCC) and New Guinea Coastal Undercurrent 

(NGCUC), 3) sediments transported by bottom water, and 4) sediments changes 

related to the sea-level and related shelf exposures.  

Aeolian dust input may be an important source for the northern WPWP (Wan et 

al., 2020; Wan et al., 2012; Yu et al., 2016), and is carried by westerlies and western 

streams (Merrill et al., 1989); however, this input was considered negligible at our 

study site in the central WPWP because of the blockage of deep atmospheric 

convection (ITCZ) (Rea et al., 1994). The rising branch of the atmospheric cell at the 

equator will obstruct the transport and sinking of the dust (Rea et al., 1994). This 

agrees with the dust flux (lower than 0.2 g/cm
2
/yr) in the studied area (Wan et al., 

2020). 

The NGCC and NGCUC are the most important ocean currents in the study area. 

Considering the high flow rates and high riverine sediment fluxes in New Guinea, 

sediments from other river systems (e.g., the Spike River) outside the Bird’s Head 

Peninsula are inevitable. However, it is unlikely that this component significantly 

affects our results. First, according to our results, there are two major endmembers: 

one is 8 μm with an average proportion of 85%, and the other is 36 μm with an 

average proportion of 15%. While New Guinea and North Bird’s Peninsula share the 

same regional setting, it is unlikely that the 8 μm endmember, which took up most of 

the total, is transported from New Guinea (see 2 Regional Setting). Second, in New 
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Guinea, the depositional environment is related to the distance from the islands, i.e., a 

river-dominated sedimentation environment in the near-coast areas versus an ocean-

dominated sedimentation environment in the “outer shelf” off the northern New 

Guinea with a sedimentation rate that is commonly <2~8 cm/ka (Dang et al., 2020). 

The sediment transport pattern of the later pattern (outer shelf) is probably controlled 

by the NGCUC, which exhibits significant glacial-interglacial variability with 

enhanced sediment during glacial periods (Dang et al., 2020). The sedimentation rate 

of MD01-2385 ranged from 11.9 to 63.3 cm/kyr, with an average value of 19.8 cm/kyr, 

and that of EM1/EM2 showed muted glacial cycles (Figure 6c), confirming that 

NGCUC is not dominant in determining the particle size or deposition processes in 

the study area.  
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Figure 6. Comparison of reconstructed hydroclimate proxies for the WPWP, sea level, and local 

insolation. (a) Sea level (Waelbroecka et al., 2002); (b) SST (Jian et al., 2022); (c) EM1/EM2 

(light red rectangle) and the Zr/Al of the clay fraction (green circle) of MD01-2385 (this study). 

The deep red lines represent the 7-point running average results of EM1/EM2; (d) 
18

Osw-iv in the 

WPWP (Jian et al., 2022); and (e) local insolation in boreal summer (Laskar et al., 2004). 

Spectral analysis of each record (a–e) is shown on the right and was performed using the PAST 

software (except for Zr/Al records). The red lines are 90% confidence levels. The window 

function is a rectangle. The grey vertical bars mark the high insolation period on the right, and the 

orbital periodicities (100 ka, 40 ka, 23 ka) on the left part. 

The deep water from the Southern Ocean is regarded as an important carrier of 
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sediments, but the unique topography around core MD01-2385 may block the 

northwest-flowing bottom current from MD01-2385 to some extent (Figure 2). The 

Zr/Al ratio also confirms this. The proxy Zr/Al indicates the accumulation of heavy 

minerals (e.g., zircon) over aluminosilicates under increasing bottom-current flow and 

is thus used as a proxy for bottom water (Bahr et al., 2015; Magill et al., 2018). 

However, the Zr/Al records show completely inconsistent changes with EM1/EM2 

(Figure 6c).  

We note that although we cannot completely rule out the influence of bottom 

water and NGCC/NGCUC, we do not consider it to be dominant in the grain-size 

variability in MD01-2385 on orbital timescales. 

Sea level changes and related shelf exposure are considered to affect the grain 

size of sediment transported to the ocean (Yu et al., 2019; Zhao et al., 2020). On the 

one hand, in areas with broad shelves, most materials are deposited on these shelves 

(Brunskill, 2004; Milliman, 1995). On the other hand, weathering of the exposed shelf 

and extension of the estuarine delta may lead to changes in the chemical and physical 

properties of the sediment, such as that on the Sunda Shelf (Hanebuth et al., 2002). 

However, the narrow shelf of northern New Guinea minimizes the impact of sea level 

in core MD01-2385. Modern measurements of the Spike River, which is on the 

northeast New Guinea, suggested that only 7-15% of sediments accumulate on the 

adjacent open shelf and slope (Brunskill, 2004; Kuehl et al., 2004). Considering the 

steeper slope in the northern Bird’s head peninsula, this proportion should be lower. 

Moreover, the exposed shelf may influence the intensity of convection here and thus 

affect precipitation (DiNezio and Tierney, 2013; DiNezio et al., 2011), which may 

cause either a gradual shift or a jump in a proxy record due to a threshold effect on 

orbital timescales. However, there is no sign of a 100-kyr glacial-interglacial cycle in 

our record, which is excluded by the spectral analysis of EM1/EM2 (Figure 6c). 

During MIS 5e, Holocene, and other periods, EM1/EM2 exhibited similar amplitudes. 

Therefore, the results for MD01-2385, together with other nearby records (Dang et al., 
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2020; Tachikawa et al., 2011; Yu et al., 2023), do not support the strong influence of 

sea level changes on the local climate and sediment transport. 

Therefore, the riverine input from nearby islands is the primary resource for core 

MD01-2385 and is barely affected by sea level changes.  

Temperature is an important factor for weathering (Deng et al., 2022), but may 

not be a major factor in our case, which is similar to the conditions on the other 

islands of New Guinea (Dang et al., 2015; Tachikawa et al., 2011; Wu et al., 2012; Yu 

et al., 2023). As shown in Figure 6, EM1/EM2 in core MD01-2385 exhibited a 

precessional cycle similar to the hydroclimate cycle (as indicated by the stacked 


18

Osw-iv in Figure 6d) instead of the temperature (glacial-interglacial cycles, Figure 

6a and b). The spectral analysis results exhibited that both EM1/EM2 in core MD01-

2385 and the stacked 
18

Osw-iv are dominated by 20-kyr precession cycles, while sea 

level and stacked SST show strong 100-kyr eccentricity cycles (Figure 6). 

In New Guinea, the erosion rate (1500 t/km
2
/yr) (Milliman, 1995) far exceeds the 

supply limitation (~100 t/km
2
/yr), and primary minerals are present near the surface 

of bedrock because the chemical weathering rate is slower than the export rate of solid 

matter (West, 2012). Under these conditions, increases in precipitation can be 

expected to increase both erosion rates (Nearing et al., 2005) and sediment transport 

efficiency in the drainage basins of New Guinea (Li et al., 2016; Yu et al., 2023) and 

increase the erosion rate and cause a larger portion of EM1 (8 μm), similar to the 

conditions in Southwest Taiwan (Huang et al., 2016; Selvaraj and Chen, 2006; Wang 

et al., 2022).  

Therefore, here, we use the ratio between EM1 and EM2 to indicate the physical 

erosion intensity, thus reflecting the precipitation variability. However, we also note 

that errors during sampling cannot be excluded completely, there are possible other 

explanations for our inferences. More modern research and simulations into the 

relationship between grain size and precipitation are also needed. 

5.2 Comparison of precipitation proxies in the WPWP  
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Many investigations, most through by 18Osw-iv and element ratios, into the 

precipitation history of the WPWP on orbital timescales have shown complex 

variabilities. While the element ratios records exhibited diversity (Figure 7a-e), 


18

Osw-iv records changed more consistently (Figure 7f). The δ
18

Osw-iv record of 

MD01-2385 was not included because of the lack of Mg/Ca-based SST record to 

correct the effect of temperature. 
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Figure 7. Different responses of different proxies. (a) Nd/Ca from MD05-2925 (Liu et al., 2015). 
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(b) Ln(Ti/Ca) from core MD05-2920 (Tachikawa et al., 2011). (c) EM1/EM2 of MD01-2385 (this 

study). (d) Ln(Fe/Ca) from MD06-3075 (Fraser et al., 2014). (e) Ln(Fe/Ca) from MD06-3067 

(Kissel et al., 2010). (f) 
18

Osw-iv records in the WPWP, which are the 7-point running averages of 

MD05-2925 (Liu et al., 2015; Lo et al., 2017), GeoB17426-3 (Hollstein et al., 2020), MD01-2386 

(Jian et al., 2020), and MD06-3067 (Bolliet et al., 2011). (g) Precession parameters and local 

insolation at the boreal summer solstice (21
st
 June) and autumn equinox (22

nd
 September) (Laskar 

et al., 2004). The light dots in (a-e) represent the raw data, and the superimposed curves are 

precessional bandpass-filtered data; filtered by PAST with a central frequency of 0.043 ka
-1

 and 

bandwidth of 0.01 ka
-1

, revealing differences in precipitation variability on tropical islands. (a) 

and (b) show typical tropical precipitation response of the Southern Hemisphere to the migration 

of the ITCZ; (d) and (e) are located north of the equator and change in phase with (a) and (b), but 

(c) located on the equator and changes anti-phase. The records in (f) show consistent changes, 

even at different locations. The vertical black bars indicate a lower precession period, and the 

upwards direction represents higher precipitation. 

Multiple 
18

Osw-iv records in WPWP exhibit similar changes in phase and 

amplitude under different regional settings of hydroclimate, ocean currents, etc 

(Figure 7) (Fraser et al., 2014; Hollstein et al., 2020; Jia et al., 2018; Jian et al., 2020; 

Jian et al., 2022). Reconstructing precipitation through the measured 
18

O in calcite 

shells of planktic foraminifera is based on the presumption that surface ocean salinity 

is controlled by rainfall and freshwater input from the continent rather than by 

upwelling or advection through surface ocean currents, such as the semi-enclosed, 

nonupwelling basins off west Sumatra (Mohtadi et al., 2011; Mohtadi et al., 2022). 

The widespread currents in the WPWP and upwelling in the Philippines may cause 

mixing of water masses (Fraser et al., 2014; Gibbons et al., 2014; Xiong et al., 2018). 

Additionally, the variability of 
18

Osw-iv records of the WPWP may be related to the 

dole effect between the ocean and continent (Huang et al., 2020). An increase in the 

ocean heat content in the WPWP will cause greater evaporation of the ocean and more 

vital precipitation on the continent, resulting in heavier 
18

Osw-iv and lighter 
18

Ocave in 
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East Asia (Jian et al., 2022; Wang, 2019). Therefore, 
18

Osw-iv may be more applicable 

for large-scale hydrological cycles than local rainfall (Figure 7f). 

The element ratios and proxy records in the WPWP illustrate a more complex 

precipitation pattern (Figure 7-8). Ln(Ti/Ca) and ln(Fe/Ca) are widely used as 

precipitation proxies. It is based on that increasing precipitation will increase the 

relative contribution of terrestrially derived elements, such as Fe or Ti, in marine 

sediments compared with those of marine origin, mainly Ca (Mohtadi et al., 2022). 

Foraminiferal Nd/Ca was applied to precipitation reconstructions in New Guinea 

based on a similar theory (Liu et al., 2015). Ocean current and dust input may impact 

Ti, Fe, and Nd, but these factors are more limited compared with riverine input in the 

applied cores. Therefore, they can be used as indicators of precipitation. In the WPWP, 

records in the southern hemisphere (MD05-2920 and MD05-2925) and in the 

Philippines (MD06-3067 and MD06-3075) exhibit similar changes, revealing higher 

precipitation in the precessional minimum (Figure 7). However, records at the equator 

(MD01-2385 in this study and MD10-3340 in Dang et al. (2015)) change differently, 

revealing higher precipitation during the period of perihelion at the boreal autumnal 

equinox, indicating potentially different mechanisms.  

Based on the above discussion, the ratios of the elements could represent the 

precipitation in the source area, while the 
18

Osw-iv record mainly reflects large-scale 

hydroclimate cycles.  

5.3 The impact of ENSO-like conditions and the ITCZ in the WPWP 

As shown in Figure 8, the arrows on the phase wheel point to the tropical 

monthly insolation variations, which the proxy records are in phase with on the 20-kyr 

cycle. Records from MD01-2385, MD10-3340, and Borneo show similar responses to 

Niño 3 SST anomalies reported in an earlier modelling study by Clement and Cane 

(1999) (red arrows), but records from the Philippines (MD06-3075) and New Guinea 

(MD05-2920, MD05-2925) show different responses (blue arrows) to precessional 

cycles. The spatial variability in precipitation in the tropical WPWP is usually 
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attributed to ITCZ shifts and ENSO-like conditions. The former may cause meridional 

precipitation anomalies through meridional migration or expansion/contraction; the 

latter may cause zonal precipitation anomalies.  

 

Figure 8. 20-ky period phase wheel diagrams showing the phase alignment between 0°N latitude 

insolation and paleoclimate reconstructions: modelled mean Niño 3 SST (Clement and Cane, 

1999), MD05-2925 (Liu et al., 2015), MD05-2920 (Tachikawa et al., 2011), MD01-2385 (this 

study), MD06-3075 (Fraser et al., 2014), MD10-3340 (Dang et al., 2015), and Borneo (Carolin et 

al., 2013; Carolin et al., 2016). The degrees and arrows noted on the phase wheel indicate the 

phase angle between the insolation on 21
st
 Jun of 0°N and the paleoclimate records during the 20-

ky period, which were calculated by Acycle software. Note that the phase angle of speleothem 

δ
18

O in Borneo is reversed by 180° because a more negative value in speleothem δ
18

O usually 

indicates increasing precipitation. 

The precipitation variability caused by the migration of the ITCZ and related 

monsoon systems is widely acknowledged in the tropical WPWP, which causes 

precipitation changes to follow the “seesaw pattern”, that is, precipitation changes 

antiphases in the hemispheres (Kutzbach et al., 2007; Leduc et al., 2009; Tachikawa et 

al., 2011; Yu et al., 2023). However, orbital precipitation records in the WPWP do not 

support such seesaw patterns or mechanisms (Figure 7-8). First, the locations of 

MD06-3075 (6.48°N, 125.83°E) and MD05-2925 (9.35°S, 151.47°E) were considered. 

Their similarity cannot be attributed to the migration of the ITCZ because such drastic 
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swings in the position of the ITCZ appear to be unlikely from a physical point of view 

even on orbital timescales (Hollstein et al., 2020). Second, according to modern 

observations, a 1° northwards shift in the zonal average precipitation centre can cause 

a widely-covered positive precipitation anomaly in the WPWP, including east 

Philippines, but a negative precipitation anomaly in north Bird’s Peninsula (McGee et 

al., 2014) was found, which contradicts to our record and other reconstructions in 

southeastern Philippines (Fraser et al., 2014). Additionally, investigations into the 

modern and millennial rainfall patterns of the WPWP also do not support an ITCZ-

related precipitation anomaly in this study area or in the East Philippines (Aldrian and 

Dwi Susanto, 2003; Yu et al., 2023). A previous study which suggested the dominant 

role of the ITCZ in determining precipitation variability in the WPWP included cores 

from larger spatial areas (Leduc et al., 2009). The records in our study were near 

equator, so the influence of ITCZ may have decreased. 

The contraction/expansion of the ITCZ has been discussed on orbital to 

multidecadal timescales (Denniston et al., 2016; Scroxton et al., 2017; Singarayer et 

al., 2017; Yan et al., 2015; Zhang et al., 2020b). On orbital timescales, the precession 

minimum and maximum cause a different interhemispheric temperature gradient 

because of the different land‒sea configurations in the northern and southern 

hemispheres (Singarayer et al., 2017; Zhang et al., 2020b). According to this 

hypothesis, the expansion of the ITCZ might cause increasing precipitation at the 

southern and northern margins and decreasing precipitation at the centre of the ITCZ 

during the precession minimum (higher summer insolation in boreal area), which is 

deduced from the core U1493 (offshore northwest Australian) and Xifeng loess (East 

China) (Zhang et al., 2020b). However, this hypothesis contradicts to proxy 

reconstructions in the study area (Figure 7), in which the highest precipitation in the 

southern and northern parts peaks at the winter solstice perihelion (precession 

maximum) but the precipitation at the equator peaks at the autumn equinox perihelion 

(highest September insolation) (Figure 7). Therefore, the dominant influence of the 
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ITCZ is excluded from the study area. 

According to modern observations, precipitation in the tropical WPWP is 

sensitive to ENSO events on interannual timescales (Aldrian and Dwi Susanto, 2003; 

Cobb et al., 2007; Dang et al., 2015). This sandwich-like pattern in Figure 8 agrees 

well with modern and millennial precipitation patterns (Aldrian and Dwi Susanto, 

2003; Yu et al., 2023). In the areas where cores MD01-2385 and MD10-3340 are 

located, ENSO activities can cause higher precipitation in La Niña years due to the 

eastward movement of the convective center, and vice versa. Modern monthly 

precipitation analysis of the two sites revealed that the increase in precipitation caused 

by La Niña events occurred mainly from June to October (Figure 1d). Modern 

investigations of Borneo stalagmite drip water have shown that it is sensitive to the 

location and strength of deep convection in the WPWP with lighter 
18

O (higher 

precipitation) during La Niña conditions (Cobb et al., 2007). Moreover, monthly 

precipitation analysis of the southeastern Philippines showed that La Niña events 

causes a significant increase in rainfall from December to February (Figure 1c), which 

also agrees with the phase relationship of MD06-3075 on the orbital timescale (Figure 

8).  

On orbital timescales, the grain-size records in MD01-2385 agree well with other 

reconstructions of ENSO-like variations (Figure 9), indicated by the W‒E SST 

difference and Niño 3 SST anomalies. These results and our records showed 

consistent responses to equatorial September solar insolation (Figure 9a, d-f). The 

zonal thermocline tilt is closely related to the ENSO-like variations, regulated by 

Bjerknes feedbacks (Bjerknes, 1969). The thermocline depth can be determined by 

comparing the SST with the thermocline water temperature (TWT). Therefore, 

comparing the thermocline depth in the western equatorial Pacific (KX97322-4 

(Zhang et al., 2016; Zhang et al., 2021)) to that in the eastern equatorial Pacific 

(ODP1240 (Pena et al., 2008)) could indicate the zonal thermocline tilt (Figure 9b). A 

larger zonal thermocline tilt, i.e., a shoaling of thermocline depth in the EEP, is related 
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to intensifying upwelling, which will cause lower δ
15

N in the EEP and higher Δδ
15

N 

between the Western Pacific and Eastern Pacific according to modern observations 

(Rafter and Charles, 2012). The reconstructions of the zonal thermocline tilt and 

upwelling in the EEP are similar and show a consistent response to the variation in 

equatorial September insolation (Figure 9b-c). The similarity between the W‒E SST 

difference, Niño 3 SST anomalies, zonal thermocline tilt, and upwelling 

reconstruction with our records supports the idea that the precipitation in North’s bird 

Peninsula could be dominated by the ENSO-like variations on orbital timescales.  
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Figure 9. Comparison between grain-size records in MD01-2385 and other reconstructions of the 

ENSO-like variations. (a) Grain size records of MD01-2385 (this study). (b) The zonal 

thermocline tilt changes indicated by ΔTE-ΔTW (Zhang et al., 2021), i.e., the comparison of the 

SST (G. ruber) minus the TWT (N. dutertrei) between the Eastern Pacific (ODP1240 (Pena et al., 

2008)) and the Western Pacific (KX97322-4 (Zhang et al., 2016; Zhang et al., 2021)). (c) 

Upwelling changes indicated by the Δδ
15

NW-E, i.e., the δ
15

N records in sediments in WEP minus in 

EEP (Rafter and Charles, 2012). (d) Modelled W‒E Pacific SST difference (this study). The 
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“West” area is defined as 140~180°E, 5°S~5°N, and the “East” area is defined as 120~80°W, 

5°S~5°N. (e) Modelled Niño 3 SST anomalies (Clement and Cane, 1999). The Niño 3 area refers 

to the region from 150°W to 90°W, 5°S to 5°N. (f) Precession parameter and local insolation 

during the autumn equinox (22
nd

 September)(Laskar et al., 2004). Our precipitation reconstruction 

agrees well with these ENSO-like variation indicators on orbital timescales. The grey dashed line 

in (c) represents the mean state of the ENSO-like system. The grey bars correspond to the 

September insolation maximum. The locations of the cores and simulation areas are illustrated in 

Figure 2. Note that the La Niña-like (El Niño-like) condition is a tendency towards an increasing 

(decreasing) W-E SST gradient in the Pacific Ocean compared to the average condition over the 

period of the last 140 kyr, rather than a modern condition. 

The impact and mechanism of ENSO activities in the tropics have been 

extensively studied, with influences of orbital parameters, especially precession 

(Clement and Cane, 1999; Clement et al., 1999; Koutavas and Joanides, 2012; Liu et 

al., 2014; Lu et al., 2019; Timmermann et al., 2007; Zhang et al., 2021). During 

March to April, the SST and wind field are nearly symmetric about the equator, and 

cold tongues in the Eastern Pacific are almost absent (Mitchell and Wallace, 1992). 

With the onset of the summer monsoon (from May to June), northwards cross-

equatorial winds strengthen over the Eastern Pacific, and cold tongues reappear 

(Mitchell and Wallace, 1992). Increased northwards flow induces upwelling and 

surface cooling south of the equator; in turn, this cooling enhances the meridional and 

zonal pressure-gradient forces, further intensifying meridional and zonal wind flow, 

both of which promote upwelling and sustain the cold tongue (Mitchell and Wallace, 

1992). This asymmetry in the cold tongue-ITCZ complex in EEP is regarded to be 

ultimately related to the hemispheric land ratio and continental geometry and be 

further amplified by ocean-atmosphere interactions (Philander et al., 1996). The cold 

tongue-ITCZ complex persists through September (Philander et al., 1996), while the 

wind field in the Western Pacific is relatively convergent, which means that the 

heating of the atmosphere in the WPWP is larger than that in the EEP (Clement et al., 
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1999)(Figure 2). This zonal asymmetry in the atmospheric heating anomaly drives the 

easterly wind anomalies at the equator and is thought to be a primary forcing for the 

development of ENSO (Clement et al., 1999). On the orbital timescale, the increased 

insolation at the equator (more effective radiative forcing in the western Pacific than 

the eastern Pacific) from September to October would also enhance latitudinal wind-

field asymmetry and easterly wind anomalies, and cause more equatorial upwelling 

(Figure 9c) and shoaling of the thermocline in the eastern equatorial Pacific (Figure 

9d), pushing the convective centre westwards (more precipitation in MD01-2385), 

and giving rise to La Niña conditions, and vice versa (Figure 9b-c) (Carolin et al., 

2016; Clement et al., 1999; Dang et al., 2015). 

The simulation results further confirmed that the precipitation in the WPWP is 

strongest when the equatorial September insolation is at its maximum (Figure 10), 

corresponding to the autumnal equinox perihelion. In Figure 10, the VE (Vernal 

Equinox) is chosen as the benchmark and compared with WS (Winter Solstice), SS 

(Summer Solstice), and AE (Autumnal Equinox) as VE shows the lowest annual 

average precipitation. Each condition is a composite of the last 6 cases (in precession 

cycles) during the last 140 kyr. The results show the largest annual rainfall and 

moisture convergence over the MD01-2385 region at VE rather than SS in WPWP 

(Figure 10), which is consistent with our reconstruction and the record from core 

MD10-3340 (Dang et al., 2015). However, the response of rainfall variation in the 

Philippines and New Guinea is relatively less significant in the simulation results.  
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Figure 10. The simulated annual mean precipitation (shading) and vertically integrated moisture 

transport (vectors) are depicted by vectors in the context of six composite cases over the last 140 

ka. (a) WS-VE (winter solstice-vernal equinox), (b) SS-VE (summer solstice-vernal equinox). (c) 

AE-VE (autumnal equinox-vernal equinox). 

We are aware that the ENSO-like system is complex and the exact response 

phase and event intensity may be influenced by the annual cycle of the clouds and the 

Southern Ocean (Lu et al., 2019; Timmermann et al., 2007; Zhang et al., 2021; Zhang 

et al., 2023), etc. Additionally, the ITCZ may be dominant in a larger region (Leduc et 

al., 2009). We note that the impact of the ENSO-like system is not constrained in this 

area and may have a global impact through teleconnection (Jian et al., 2022; 

Katherine et al., 2003; Wang, 2021). More investigations are needed on the ENSO-
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like system and ITCZ.  

6. Conclusion 

Through grain-size analyses and end-member modelling, the detrital sediment 

from core MD01-2385 collected off northern New Guinea was depicted using a 

mixture of two end-members over the last 140 kyr. Considering the weathering-

limited conditions in New Guinea and the relatively single sediment provenance, the 

EM1/EM2 ratio represents the intensity of physical erosion, which varies over time 

corresponding to local precipitation and deep convection in the WPWP.  

Compared with other precipitation reconstructions, the EM1/EM2 ratios change 

differently from the northern cores (MD06-3075 and MD06-3067) and southern cores 

(MD05-2920 and MD05-2925). This special sandwich-like pattern excludes the 

possibility of a dominant role of the ITCZ regardless of the migration hypothesis or 

contraction/expansion hypothesis.  

The precipitation variability may be dominated by the ENSO-like conditions on 

orbital timescales, as indicated by similar variations between EM1/EM2 records and 

modeled SST results, zonal thermocline tilt reconstruction, and upwelling 

reconstruction in the EEP. A higher EM1/EM2 coincides with La Niña-like condition, 

showing that La Niña-like conditions bring more precipitation to the study area and 

vice versa. Therefore, the precipitation and atmospheric convection in the equatorial 

WPWP may be dominated by the ENSO-like variations, while the ITCZ may 

dominate the meridional precipitation in a large spatial area.  
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Highlights: 

(1) First high temporal resolution grain size record of sediment dynamics in Tropical 

Western Pacific islands 

(2) This grain size record exhibits precessional changes in phase with modelled ENSO 

variations 

(3) Precipitation and atmospheric convection in the WPWP are likely controlled by 

ENSO-like conditions, while the ITCZ impacts larger spatial precipitation anomalies 
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