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Abstract The western Pacific warm pool (WPWP) is the heat engine of the global climate system delivering
vast amounts of heat and moisture to the atmosphere. Controls on regional convection, however, are numerous,
making it difficult to simulate past and future changes in WPWP hydroclimate with confidence. Here, we
synthesize new and previously available precipitation sensitive records from the WPWP spanning the last and
present interglacial periods. We find two primary modes of rainfall variability, both driven by precession
forcing, that are common to both interglacial periods: (a) a contraction of the tropical rain band across the
interglacial and (b) a mid‐interglacial strengthening of the Pacific Walker Circulation (PWC). We further
demonstrate that while the amplitude of the change in seasonal insolation across the Holocene is far lower than
during the LIG due to the low eccentricity state of Earth's orbit, the response of regional rainfall is comparable
during both interglacials, indicating a nonlinear response to the insolation forcing. Finally, we suggest an
enhanced sensitivity of the PWC to non‐insolation climate forcing, including greenhouse gases and sea level
change, under strongly reduced boreal fall insolation as observed during the late Holocene and late LIG.

Plain Language Summary The western Pacific warm pool (WPWP) contains the warmest surface
water in the global oceans and is therefore responsible for transferring large amounts of heat and moisture to the
atmosphere and fueling high rates of rainfall. The intensity and distribution of this rainfall is modulated by
complex interactions between regional monsoon systems and the cross‐equator and equatorial Pacific zonal
temperature gradients, which makes it difficult to assess how regional rainfall will respond to past and future
climate change. In this paper, we produce a new record of rainfall from the WPWP spanning the last two warm
periods in Earth history. We compare this new record to previously published reconstructions of rainfall from
the WPWP. We find that variations in rainfall in the WPWP during warm periods are dominantly controlled by
changes in the cross‐equator contrast in incoming solar radiation driven by changes in orbital precession leading
to two responses: (a) a north‐south expansion and contraction and (b) an east‐west shift in the region of
maximum precipitation. These results provide insight to the sensitivity of rainfall in the western Pacific to
climate forcing.

1. Introduction
The western Pacific warm pool (WPWP) is home to Earth's warmest surface ocean waters, fueling deep atmo-
spheric convection that supplies vast amounts of latent heat and moisture to the atmosphere. Small perturbations
in sea surface temperature (SST) influence the location and strength of convection in the rising limb of the Hadley
and Walker circulations, perturbing planetary scale atmospheric circulation, atmospheric heating, and tropical
hydrology (Neale & Slingo, 2003; H. Wang & Mehta, 2008). Variations in the regional moisture budget are
responsible for flooding, landslides, droughts, and wildfires that impact the lives of the more than 300 million
people living in Maritime Continent nations and the frequency, intensity, and impacts of these events are only
expected to grow (Fortunato et al., 2022; Ghosh & Shepherd, 2023). Papua New Guinea (PNG) is among the most
vulnerable and least resilient countries to climate change impacts (Chen et al., 2024). Major climate impacts
include extreme heat, sea level rise, and extreme rain events leading to flooding and landslides, with large
economic and human costs (Michael, 2019). Constraining future projections of tropical convection and rainfall in
the region is therefore critical, but remains difficult to simulate with confidence due to the complex interactions
between the Intertropical Convergence Zone (ITCZ), the South Pacific Convergence Zone (SPCZ), the Hadley
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and Walker circulation, and the seasonal strengthening of the Asian and Australian monsoon systems (De
Deckker, 2016).

The ITCZ is a band of heavy rainfall and convection that migrates seasonally toward the warmer hemisphere in
the tropics (Schneider et al., 2014). Observational records since the late 1970s and early 1980s indicate substantial
regional variability, but an overall narrowing of the ITCZ coupled to an intensification of precipitation, partic-
ularly within the Pacific basin (Byrne et al., 2018; Wodzicki & Rapp, 2016; Zhou et al., 2011) Additionally, these
same studies indicate no significant trend in the latitudinal location of the ITCZ across the same time periods.
Looking to the future, a majority of models indicate continued contraction of the ITCZ (Byrne & Schneider, 2016;
Byrne et al., 2018). Notably, weakening of the ITCZ does not necessarily imply a reduction in rainfall as pre-
cipitation intensity is regulated by both circulation and atmospheric moisture content (Seager et al., 2010).
Projections of changes in ITCZ location exhibit much greater disagreement among models than metrics of width
and strength (Byrne et al., 2018; McFarlane & Frierson, 2017). A recent study suggests potential for substantial
zonal heterogeneity in the mean shift of the tropical rain belt, with southward shifts in the eastern Pacific and
Atlantic sector, a northward shift across eastern Africa and the Indian Ocean, and possibly no shift in the western
Pacific (Mamalakis et al., 2021). While this result remains to be tested, it suggests that regionally distinct re-
sponses of tropical rainfall to climate forcing must be considered when projecting into the future and the past.

In contrast, on orbital timescales the behavior of the ITCZ is largely considered globally coherent, moving north at
precession minima when NH summer insolation peaks and south at precession maxima (Haug et al., 2001; Y.
Wang et al., 2008). Convincing evidence of this behavior exists in most regions, though the phase relationship
between the insolation forcing and the rainfall response is still debated (Clemens & Prell, 2007; Y. Wang
et al., 2008). A recent compilation of Holocene precipitation‐sensitive records, the interval with by far the greatest
data coverage and spanning roughly half a precession cycle, confirms this behavior in the vast majority of the
tropics and extratropical monsoon systems, though data are notably limited over the oceans and in the eastern and
southern margins of the western tropical Pacific (Hancock et al., 2023). State‐of‐the‐art climate models generally
agree with proxy data and are particularly consistent within monsoon regions, especially the African, South
American, and Indian Monsoon regions (Hancock et al., 2023). Model‐model agreement and proxy‐model
agreement, however, are less consistent over the WPWP and associated monsoon systems to its north and
south (Hancock et al., 2023), likely reflecting the complexity of regional controls on rainfall and convection.

Here, we present new reconstructions of runoff based on variations in marine sediment elemental ratios (Fe/Ca
and Ti/Ca) obtained by X‐Ray Fluorescence (XRF) core scanning and from reconstructions of surface ocean
salinity, based on planktic foraminifer Mg/Ca & δ18O. Our study focuses on the last and present interglacial
periods at International Ocean Discovery Program Site U1485 recovered off the northern coast of Papua New
Guinea in the heart of the WPWP (Figure 1). These new records are synthesized with previously published
precipitation sensitive records from the central WPWP and its northern and southern margins to assess the pri-
mary modes of hydroclimate variability during the two most recent warm interglacial periods. During these
periods, we find that the primary mode of hydroclimate variability within the WPWP and across the Maritime
Continent reflects an expansion and contraction response of the ITCZ within the region that is distinct from the
north to south migration observed in the EEP (e.g., Koutavas & Lynch‐Stieglitz, 2004) and throughout the
Northern and Southern hemisphere monsoon regions (Hancock et al., 2023 and refs within). The second mode is
associated with the strength of tropical Pacific Walker circulation, which is also connected to pressure systems
over the North Pacific. Moreover, we analyzed the time‐slice Community Earth System Model (CESM 1.2)
simulation results to further investigate these hydroclimate patterns.

2. Data and Methods
2.1. Holocene and Last Interglacial Precipitation History of Northern PNG

International Ocean Discovery Program (IODP) site U1485 (03°06.16′S, 142°47.59′E, 1145 m water depth) was
collected during IODP Expedition 363 to the WPWP in 2016 (Rosenthal et al., 2018). Site U1485 is located
∼19 km from the northern coast of PNG and ∼200 km west of the Sepik and Ramu River mouths. The Sepik/
Ramu river systems as well as a number of other tributaries along the island's northern coast supply terrigenous
sediments in surface and near‐bottom sediment plumes, largely bypassing the narrow (<2 km) continental shelf,
and accumulating in deeper waters (Kineke et al., 2000; Milliman et al., 1999). The observed sedimentology
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(Rosenthal et al., 2018) and documented high sedimentation rates at Site U1485 of 62 and 45 cm/ky for the
Holocene and LIG are evidence of the substantial influx of these terrigenous sediments to the drill site (Bova
et al., 2021). We recalibrated the planktic 14C dates for Site U1485 published in Bova et al. (2021) to IntCal20
using the Undatable software package (Lougheed & Obrochta, 2019). IntCal20 is used in place of Marine20
because we are able to estimate local reservoir age variations using eight paired wood 14C dates (Bova
et al., 2021).

Variations in the terrigenous fraction of sediment cores recovered from the northern margin of PNG have been
linked to changes in continental rainfall over Northern Papua New Guinea (N. PNG) (Aiello et al., 2019; Dang,
Wu, et al., 2020; Tachikawa et al., 2011; J. Wu et al., 2013). We measured changes in the downcore contribution
of terrigenous sediments at IODP site U1485 using ratios of elements characteristic of the terrigenous fraction (Ti,
Fe, and K) to Ca, which reflects biogenic carbonates. We also employ a second, independent indicator of N. PNG
rainfall: the surface ocean oxygen isotopic composition. The δ18Osw of the mixed layer is regulated by the
freshwater flux, which at IODP site U1485 reflects both riverine discharge, and thus continental rainfall, as well

Figure 1. (a, b) Total precipitation from ERA5 monthly averaged data from 1950 to 2022, 0.25° lat × 0.25° long global grid in
January (a) and July (b) (Hersbach et al., 2023). Location of IODP Site U1485 indicated with red and white star. (c, d) Sea
surface salinity climatological mean from World Ocean Atlas 2023 (Reagan et al., 2024) and plotted using Ocean Data View
for January (c) and July (d). (e) Monthly average daily precipitation rate (mm/day) (Hersbach et al., 2023) centered over the
Sepik and Ramu River catchments (5°S, 143.75°E) in green plotted with the monthly average sea surface salinity (WOA23)
in orange.
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as direct precipitation to the sea surface, in addition to secondary oceanographic factors, that is, horizontal and
vertical advection and entrainment (Delcroix et al., 2014).

2.1.1. Downcore Variations in Bulk Sediment Geochemistry

We measured changes in the downcore contribution of terrigenous sediments at IODP site U1485 using a third‐
generation Avaatech X‐ray fluorescence (XRF) core scanner at the IODP Gulf Coast Repository in College
Station, Texas (USA). Measurements were taken every 2 cm along the shipboard splice across Holocene and LIG
core sections. The archive core sections were gently scraped to remove the uppermost surface layer to provide a
fresh, level surface and covered with a 4 μm thick Ultralene plastic film (SPEX Centriprep, Inc.) immediately
prior to scanning to protect the detector. Scanning was performed using the generator settings of 9 kV, 250 μA, 6 s
acquisition time, and no filter.

Following the best‐practices outlined in Dunlea et al. (2020), we calibrated the XRF elemental intensities ratios
against discrete quantitative major and minor element measurements from the same core depths. Eight Holocene
bulk sediment samples were dissolved via flux fusion largely following the techniques described by Murray
et al. (2000) and diluted to a final concentration of 1:1750 by mass. Solutions were analyzed for all 10 major and
five trace elements, including Ba, Cr, Ni, Sr, and Zr, via inductively coupled plasma optical emission spec-
trometry (ICP‐OES) at Rutgers University. Accuracy was determined by comparing the measured concentration
of 4 reference standards, BCR‐1 (basalt), JG‐2 (granite), AGV‐2 (andesite), and MAG‐1 (marine mud) with their
certified value and is expressed as a percentage of recovery (Rec %). Major elements (except Si) were quantified
to within 5% of the accepted values, and all minor elements and Si to within 10%. A simple least squares linear
regression was fit to the XRF elemental intensity and the quantitative element concentrations, both expressed as
natural log ratios (Figure S1 in Supporting Information S1). The Pearson correlation coefficient (r2) was greater
than 0.9 for the three elemental ratios used here: Ti/Ca, Fe/Ca, and K/Ca, which indicates that intensity variations
that arise from instrument aging or drift and/or inhomogeneities in the sediment core itself, that is, porosity, are
effectively removed.

Following past work in the region (Tachikawa et al., 2011; J. Wu et al., 2013), the log ratios of Ti/Ca, Fe/Ca, and
K/Ca are utilized to assess variations in the sediment terrigenous component at site U1485 through time. As
nannofossils, benthic, and planktic foraminifers are a minor sedimentary component at Site U1485, with the
CaCO3 content ranging from 5% to 13% across the interglacials, variations in these ratios are dominated by
changes in the terrigenous element contributions rather than variations in biogenic carbonate production.
Furthermore, despite the potential for geochemical differentiation of the terrigenous fraction via weathering and
transport processes and/or variable source regions, we find that the evolution of all three terrigenous elemental
ratios are broadly indistinguishable in terms of trends and variability during the Holocene (Figure 2). Thus, the
accumulation of coarse, refractory minerals, such as Ti‐rich rutile and anatase, appears to track variations in the
influx of clays and mafic minerals characterized by high K and Fe concentrations. Henceforth, we therefore use ln
(Ti/Ca) to represent the downcore variations in the terrigenous component at IODP Site U1485.

2.1.2. Surface Ocean Freshwater Balance From the δ18O of Seawater

The δ18O of the planktic foraminifera Globigerinoides ruber (sensu stricto) (212–300 μm) was measured
approximately every 10 cm over the upper 14.4 m CCSF‐A (Holocene, Termination I, 0–20 ka) and approxi-
mately every 10 cm between 86.3 and 103.9 m CCSF‐A (104–137 ka, LIG, Termination II). These data were
measured at the same intervals as Mg/Ca datum from the same species and core previously published in Bova
et al. (2021). An average of 14 individual foraminifera were gently cleaned in doubled distilled water and
analyzed for δ18O on a Micromass Optima stable isotope mass spectrometer with a multiprep device at Rutgers
University. The long‐term precision of the instrument is 0.08‰ for δ18O. Foraminifer preservation at IODP Site
U1485 is excellent and glassy, with no evidence of dissolution, recrystallization or cementation (Rosenthal
et al., 2017), thus no depth‐related correction for salinity was applied.

Salinity was calculated using the Paleo‐Seawater Uncertainty Solver version 2.1 for MATLAB (Thirumalai
et al., 2016). This code uses a bootstrap Monte Carlo procedure to solve for seawater δ18O, salinity, and prop-
agated uncertainty using foraminiferal Mg/Ca and δ18O data. We apply the traditional multi‐species Mg/Ca—
temperature calibration from Anand et al. (2003). Note that the choice of calibration only makes a difference when
assessing the absolute temperature, and has no significant impact on the calculated temperature anomalies, and
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thus no significant impact on salinity anomalies (Bova et al., 2021; Rosenthal et al., 2022). In addition, we utilize
the (Bemis et al., 1998) high light equation (T = 14.9 − 4.8*(δ18O − δ18Osw + 0.27)) and the local salinity
− δ18Osw relation from Hollstein et al. (2017) (δ18Osw = 0.37*Salinity − 12.4). δ18Osw values were corrected for
ice volume‐related changes using the sea‐level curve of Spratt and Lisiecki (2016) prior to conversion to salinity
(Figure S2 in Supporting Information S1).

2.2. Climate Model Simulation

In this study, CESM1.2 time‐slice simulations at preindustrial and 6 ka (Zhu & Poulsen, 2021) were utilized to
investigate the changes in the tropical Pacific ITCZ and Walker circulation during the mid‐Holocene. CESM1.2 is
a fully coupled global climate model composed of atmosphere, ocean, sea ice, and land surface modules (Hurrell
et al., 2013). The preindustrial control run employed climatic forcing fixed at 1850 values. The mid‐Holocene
simulation was conducted following the Paleoclimate Modeling Intercomparison Project version 4 (PMIP4)
protocol, including orbital parameters, greenhouse gases concentration, ice sheets, and vegetation coverage (Otto‐
Bliesner et al., 2017). Aerosol emissions and solar constant were prescribed at their preindustrial levels. These
simulations spanned a duration of 900 model years with atmosphere and land resolution of 1.9° × 2.25° and ocean
resolution of ∼1° (Zhu et al., 2017). For our analysis, we focused on the model output from the last 200 years to
ensure that the system has reached quasi‐equilibrium.

Figure 2. IODP Site U1485 ln(Ti/Ca) (blue), ln(Fe/Ca) (green), and ln(K/Ca) (purple) plotted with salinity (black open
circles) estimated from G. ruber ss Mg/Ca and carbonate δ18O using the Paleo‐Seawater Uncertainty Solver version 2.1 for
MATLAB (Thirumalai et al., 2016). (round symbols; (Bova et al., 2021)) and January insolation at 3°S (orange) (Huybers &
Eisenman, 2006) for the LIG (A.) and Holocene (B.). The modern mean annual sea surface salinity at the nearest grid cell
(2.5°S, 142.5°E) tracks seasonal changes in rainfall over N. PNG with a ∼2 months lag (Figure 1) ranging from 34.5 in the
“dry” season to 34.2 in the wet season (World Ocean Atlas 2023).
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3. Results and Discussion
3.1. Evolution of Northern PNG Rainfall During the Last Two Interglacial Periods

Proxy indicators of continental (bulk sediment Ti/Ca) and marine rainfall and advection (sea surface salinity,
SSS) both indicate a mid‐interglacial period of relative dryness followed by an increase in rainfall across both
interglacials in N. PNG (Figure 2), consistent with previous studies from the region that showed a tight rela-
tionship with local summer insolation and rainfall (Tachikawa et al., 2011). During the Holocene, SSS and the ln
(Ti/Ca) track one another closely, exhibiting evidence of a minimum in precipitation driven runoff and erosion
between 8 and 6 ka, followed by an abrupt transition, within ∼1 ky, to wetter conditions. The consistency between
the two proxies, provides high confidence in the Holocene record of freshwater balance in N. PNG, and also
suggests that variations in continental rainfall were either the primary control on SSS at site U1485 and/or were
highly correlated with variations in offshore precipitation during this period. The consistency between proxies,
however, is not as strong during the LIG. Although both SSS and the ln(Ti/Ca) are consistent with an increase in
rainfall across the interglacial, the timing of the transition to apparently wetter conditions is substantially offset
between the two proxy records, occurring from ∼120 to 117 ka in the SSS record, and ∼123 to 118 ka in the record
of ln(Ti/Ca) (Figure 2). The timing of this transition in the SSS data is not sensitive to the choice of sea level curve
used to correct for ice volume (Figure S2 in Supporting Information S1). Rather, the discrepancy may be related to
the different response times of the two proxies. While ln(Ti/Ca) data are point measurements, the foraminifer
δ18O and Mg/Ca were analyzed from shells within 2 cm intervals and therefore represent conditions spanning at
least ∼50 years. Differences in land versus sea precipitation and/or non‐rainfall related variations in the seawater
δ18O signal related to variations in horizontal and vertical advection and entrainment may also contribute.
Alternatively, the SSS is derived from seawater δ18O signature measured on the planktic foraminifer G. ruber ss,
which at this location disproportionately reflects surface ocean conditions during the NH summer/fall season (SH
winter/spring) (Bova et al., 2021). In contrast, the ln(Ti/Ca) records the integrated yearly terrigenous flux, which
together with its faster response time and more limited sensitivity to changing oceanographic conditions, leads us
to consider this proxy as being more representative of the total annual precipitation budget during the LIG.

The observed increase in ln(Ti/Ca) at IODP site U1485 across the Holocene and last interglacial, is consistent
with a minimum in summer insolation (3°S, January) that occurred at 125 and 10 ka, approximately in phase with
the observed minima in ln(Ti/Ca) and inferred peak dryness during the LIG and preceding the Holocene minima
in ln(Ti/Ca) by 2–3 ky. However, the magnitude of change in both the elemental and salinity data appears to be
insensitive to the magnitude of change in incoming austral summer insolation. Holocene elemental ratios increase
by ∼0.75 and salinity decreases by ∼1 psu. During the LIG, the magnitude of the change in elemental ratios and
salinity is comparable to that observed during the Holocene despite austral summer insolation increasing by
∼2.5x the increase during the Holocene. Millennial‐scale variability is also detected during the Holocene and LIG
in both proxy records. Due to (a) the substantial difference in sampling resolution, salinity data points were
integrated across 2 cm about every 10 cm or ∼150–250 years versus point measurements analyzed every 2 cm or
∼30–50 years for the XRF ln(Ti/Ca) data, and (b) the smoothing that results from the PSU solver calculation, the
millennial‐scale variability is much more pronounced in the elemental scanning data.

At present, rainfall in N. PNG is dominantly regulated by three distinct, but related mechanisms: the position of
the ITCZ, the seasonal strengthening of the Asian‐Australian monsoon system, and the El Niño Southern
Oscillation (ENSO) (De Deckker, 2016). Although PNG receives more than 100 cm of rainfall per month year‐
round, rainfall over the island reaches a maximum during SH summer, between January and April, when the ITCZ
shifts southward and the Australian monsoon strengthens. Within the Sepik‐Ramu basin, rainfall peaks at over
500 mm/month in February and decreases to a minimum of ∼200 mm/month in June (Figure 1) (Hersbach
et al., 2023), though there is substantial spatial variability due to orographic effects (Smith et al., 2013; Xie &
Arkin, 1998). On interannual timescales, the rainfall in PNG varies with ENSO, decreasing over the western and
southern parts of the country during El Niño events, particularly during the drier Austral winter period, but
increasing in northeastern PNG (Smith et al., 2013). Finally, shifts in the position of the SPCZ, which are linked to
both the position of the ITCZ and ENSO state, exert a more limited influence on rainfall totals in N. PNG, of just a
few mm/day even across extreme swings (Cai et al., 2012).

Previous work links variation in PNG precipitation on multi‐millennial timescales to precession‐driven variations
in the north‐south position of the ITCZ, and secondarily to ENSO or ENSO‐like modes (Tachikawa et al., 2011;
Tierney et al., 2012). Our data are generally consistent with this interpretation, with evidence of drier conditions in
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N. PNG during the mid‐Holocene (8–6 ka) and mid‐LIG (125–121 ka), when summer insolation increases in the
NH and the ITCZ is generally thought to be located further north. However, the transition from drier to wetter
conditions during both interglacials is not a linear response to the insolation forcing, but occurs faster than the
change in incoming austral summer insolation, particularly during the Holocene (Figure 2). Furthermore, data
from PNG alone are not sufficient to diagnose the mechanism responsible for the observed variations in rainfall.
For example, while N‐S migration of the ITCZ is the dominant mode of variability on seasonal timescales, recent
studies suggest that the dominant mode of variability in the W. Pacific ITCZ over recent millennia (Denniston
et al., 2016; Konecky et al., 2013), during NH cooling events (Yang et al., 2023), and perhaps even on precession
timescales (Singarayer et al., 2017; Zhang et al., 2020), was expansion and contraction, rather than north to south
shifts. Fortunately, these various modes/drivers of rainfall variability give rise to distinct spatial patterns of
rainfall across the WPWP that can be leveraged to differentiate between them.

3.2. A Regional Perspective

The proxy records from IODP Site U1485 provide a robust history of paleo‐precipitation in N. PNG, recording a
combination of continental and nearshore precipitation, but diagnosing the mechanism(s) responsible for the
observed variations requires a regional perspective that can capture spatial patterns in paleo‐hydrology. We
therefore collated precipitation sensitive records from the heart of the WPWP as well as its northern and southern
margins that span the last and current interglacial periods with <0.2 ky resolution (n = 4) (Text S1 in Supporting
Information S1). We also included additional Holocene only records that span at least the period from 0.5 to 9 ka
(n = 6). Proxy records included in this compilation are listed in Table 1.

To identify common modes of variability within the precipitation‐sensitive data sets from the WPWP, we
conducted a principal components analysis (PCA). Data were interpolated to a common timestep (0.2 ky) and
each data set was normalized by calculating its z‐score. Separate PCA analyses were conducted for the Ho-
locene and LIG. As fewer records are available for the LIG, relative to the Holocene, we repeated the analysis
for the Holocene using only records that contain a LIG section to ensure the results were comparable between
the two interglacials and not biased by different spatial coverages. Results for the Holocene PC analysis with all
records and with only records that also have a LIG section are similar (Figure S3, Table S3 in Supporting
Information S1), which suggests the LIG analysis is not compromised substantively by the relative lack of
available records.

Table 1
Precipitation‐Sensitive Proxy Records Included in Principal Components Analysis

Location Archive Proxy Coverage Reference

N. PNG, IODP site U1485 (03.103°S, 142.793°E) Marine Sediment XRF ln(Ti/Ca), δ18Osw Holocene and LIG This study

NW Australia, IODP Site U1483 (13.087°S,121.804°E) Marine Sediment XRF ln(K/Ca) Holocene and LIG Zhang et al. (2020)

Borneo (4°N, 115°E) Speleothem δ18Ocarb Holocene and LIG Carolin et al. (2013, 2016)

Hulu (32.5°N, 110.43°E), Sanbao (32.67°N, 110.43°E),
and Dongge (25.28°N, 108.08°E) Cave, SE China

Speleothem δ18Ocarb Holocene and LIG Cheng et al. (2009, 2016),
Dykoski et al. (2005),
Kelly et al. (2006),
Y. Wang et al. (2008);
Y. J. Wang et al. (2001),
Yuan et al. (2004)

Flores, Indonesia, Liang Luar Cave (8.533°S, 120.433°E) Speleothem δ18Ocarb Holocene only Griffiths et al. (2009)

S. China, Huguangyan Maar Lake (21.15°N, 110.283°E) Lake Sediment Loss on Ignition Holocene only X. Wu et al. (2012)

NW Australia, cave KNI‐51 (15.3°S, 128.62°E) Speleothem δ18Ocarb Holocene only Denniston et al. (2013)

NW Australia, MD01‐2378 (13.083°S, 121.788° E) Marine Sediment XRF ln(K/Ca) Holocene only Kuhnt et al. (2015)

NW Australia, SO185‐18460 (8.790°S, 128.641°E) Marine Sediment XRF ln(K/Ca) Holocene only Kuhnt et al. (2015)

Offshore Sulawesi, Indonesia, BJ8‐03‐70GGC
(3.566°S, 119.383°E)

Marine Sediment δDwax Holocene only Tierney et al. (2012)
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3.2.1. PC1: Precession‐Scale Expansion and Contraction of the ITCZ

The first principal component of both the Holocene and LIG analyses accounts for 49% and 69% of the variability
in the data sets, respectively, and reflects the regional rainfall response to precession‐scale variations in the
interhemispheric temperature contrast (Figure 3). Yet, rather than observing anti‐phased precipitation north and
south of the equator consistent with north to south shifts in the mean position of the ITCZ, PC 1 yields negative
loadings for all records on the northern and southern margins of the WPWP and positive loadings for near
equatorial sites indicating an expansion and contraction response of the ITCZ to the precessional forcing
(Figure 3, Tables S1 and S2 in Supporting Information S1). Additionally, in the early Holocene and early LIG we
observe maximum rainfall in records located on the margins of the tropics and minimum rainfall within ∼10° of
the equator indicating an expansion of the ITCZ, followed by a contraction of the ITCZ toward the equator in the
later part of the interglacials.

Although an expansion and contraction response of the ITCZ has been proposed on millennial and sub‐millennial
timescales (Denniston et al., 2016; Konecky et al., 2013), fewer studies report this behavior on orbital timescales.
Notably, an expansion and contraction response to precession forcing was recently proposed for the Indo‐Pacific
region (Zhang et al., 2020), with the addition of the first orbital‐scale rainfall record from the southern margin of
the ITCZ. Anti‐phased precipitation records recovered from the northern margin of the ITCZ range (Cheng
et al., 2009, 2016; Dykoski et al., 2005; Kelly et al., 2006; Y. J. Wang et al., 2001; Y. Wang et al., 2008; X. Wu
et al., 2012; Yuan et al., 2004) and the central equatorial region of the WPWP (Carolin et al., 2013; Griffiths
et al., 2009; Tierney et al., 2012) were previously interpreted to reflect north‐south shifts in the position of the
ITCZ, but the addition of this new record from the southern margin of the ITCZ suggests the conventional
interpretation may not be correct. We emphasize, however, that our results do not preclude north‐south shifts in
the WPWP ITCZ from occurring. For example, the ITCZ may have shifted meridionally in response to North
Atlantic cold events (e.g., Gibbons et al., 2014) and/or changes in land exposure (Zhang et al., 2020) during
deglaciations, which would have had larger and more rapid impacts on the interhemispheric temperature gradient
and land‐sea moisture transport than precession forcing alone, though this is still debated (Yang et al., 2023).

Modeling studies are also mixed in the simulated response of the WPWP ITCZ to precession forcing, with some
showing substantial north‐south shifts in the ITCZ (Kutzbach et al., 2008), minor (<1°) variations in its mean
latitudinal position (Donohoe et al., 2013; McGee et al., 2014), and, another, interhemispheric symmetric
expansion and contraction over the oceans and antiphased north‐south shifts over continents (Singarayer
et al., 2017). Singarayer et al. (2017) demonstrate that over the oceans, the ITCZ is still responding to the
interhemispheric temperature gradient, moving north in response to precession minima, when insolation and
heating is greater in the northern hemisphere. Yet despite lower insolation in austral summer (boreal winter) south

Figure 3. (a, b top panels) January (blue) and July (brown) insolation at the equator (bottom panels) PC 1 of the LIG (a) and
Holocene (b) records listed in Table 1. (c) Annual mean precipitation rate from ERA5 monthly averaged data from 1950 to
2022 over the Western Pacific (Hersbach et al., 2023). Site locations and the sign of the loadings of PC1 at each site are
indicated by the color of the location marker. Blue colors indicate a positive correlation with PC1 and brown a negative
correlation (dark blue = positive loading (>0.2); light blue = positive loading >0.1; brown = negative loading ≤ −0.2; light
brown = negative loading ≥ −0.2 & ≤ −0.1)). Symbol indicates the proxy record type (diamonds = XRF;
squares = speleothem δ18Ocarb; circle = δDwax; triangle = loss on ignition. For sites with both a Holocene and LIG section
the loading color markers are the same for both periods. For precise loading values see Supporting Information S1 (Tables S1
and S2 in Supporting Information S1). Brown box represents the Fitzroy River catchment, which dominates the runoff
records from Site MD01‐2378/IODP Site U1483. Colormap from Thyng et al. (2016).
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of the equator, insolation also decreases in the NH and, due to its greater land area, cooling is greater in the
northern hemisphere than the southern hemisphere. As a result, during precession minima (as occurred in the early
Holocene and mid‐LIG) the ITCZ moves farther north in boreal summer and farther south in austral summer
leading to an expansion of the ITCZ. Although the proxies in our compilation primarily reflect variations in
rainfall over land in the WPWP, the mode of rain belt variation in the region displays oceanic character in the
model (Singarayer et al., 2017) reflecting the maritime nature of regional climate dynamics.

3.2.2. PC2: Precession‐Paced Shift in the Strength of the Pacific Walker Circulation

The second principal component of both the Holocene and LIG analyses accounts for 17% and 21% of the
variability, respectively, with reduced precipitation over N. PNG and NE Australia and enhanced precipitation in
the heart of the Maritime Continent. Although the observed spatial pattern is not directly analogous to modern
rainfall anomalies observed during La Niña events of the last century, the evolution of PC2 tracks variations in
equatorial September insolation (Figure 4), which has been linked to changes in the Pacific Walker Circulation
(PWC) (Clement et al., 1999; Dang, Jian, et al., 2020; Tian et al., 2018). PWC strength is directly tied to the
equatorial Pacific zonal temperature gradient, which is particularly sensitive to late summer/fall heating due to the
off equatorial position of the eastern Pacific ITCZ at this time, driving wind field convergence in the west and
divergence in the east and hence asymmetrical heating across the equatorial Pacific (Clement et al., 1999).
Although our results indicate expansion of the ITCZ away from the equator during both boreal and austral
summer in the western Pacific in the early Holocene and early LIG, possibly indicating the PWC would be
sensitive to late summer/fall heating in both hemispheres, the eastern Pacific ITCZ, which is more important for
controlling the cross‐equatorial wind field, does not, only shifting off the equator in boreal summer and limiting
the sensitivity of the PWC to one season: boreal summer/fall (Hancock et al., 2023; Koutavas & Lynch‐Stie-
glitz, 2004). The equatorial Pacific zonal gradient is additionally tied to the meridional temperature gradient, with
extratropical cooling associated with upwelling of colder subsurface water in the eastern equatorial Pacific and a
stronger zonal gradient (Kang et al., 2020). On precession timescales, variations in the meridional temperature
gradient were likely dominated by the changing extent of both Arctic and Antarctic sea ice (Lee et al., 2017).

The evolution of PC2 across the Holocene parallels records from the WPWP and more distal locations that have
been dynamically linked to equatorial Pacific ENSO‐like changes in the strength of the PWC (Figure 5). A
compilation of thermocline water temperature (TWT) records from within Maritime Continent waters exhibits a
warming peak around ∼7 ka, consistent with a strengthened PWC at this time and strengthened convection and
precipitation over the western and central parts of the warm pool region (Dang, Jian, et al., 2020; Dang
et al., 2012; Rosenthal et al., 2013), but drier conditions in northeastern PNG. The records diverge in the early
Holocene between 10 and 8 ka, but the early Holocene TWT peak at 10 ka is attributed to a distinct mechanism,

Figure 4. Evolution of PC2 (blue) during the LIG (a) and Holocene (b) plotted with September insolation (black) at the
equator. (c) Spatial correlation of monthly rainfall from ERA5 monthly averaged data from 1950 to 2022 (Hersbach
et al., 2023) with the NOAA/CPC monthly Nino 3.4 index from 1950 to 2022. Site locations and the sign of the loadings of
PC2 at each site are indicated by the color of the location marker (dark blue = positive loading (>0.2); light blue = positive
loading >0.1; brown = negative loading ≤ −0.2; light brown = negative loading ≥ −0.2 & ≤−0.1)). Symbol indicates the
proxy record type (diamonds = XRF; squares = speleothem δ18Ocarb; circle = δDwax; triangle = loss on ignition. For loading
values see Supporting Information S1 (Tables S1 and S2). For sites with both a Holocene and LIG section the loading color
markers are the same for both periods. Symbol indicates the proxy record type (diamonds = XRF; squares = speleothem
δ18Ocarb; circle = δDwax; triangle = loss on ignition. For precise loading values see Supporting Information S1 (Tables S1
and S2). Brown box represents the Fitzroy River catchment, which dominates the runoff records from Site MD01‐2378/
IODP Site U1483. Colormap from Thyng et al. (2016).
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unrelated to the PWC, that of strengthened advection of south Pacific mid-
latitude waters via the shallow overturning circulation (Dang, Jian,
et al., 2020).

PC2 also tracks Holocene proxy records sensitive to PWC changes at more
distal locations, linked via teleconnections (Figure 5). For example, an
enhanced PWC should correspond to cooler mean annual SSTs and reduced
variance in the eastern equatorial Pacific and impact atmospheric features
further afield in the North Pacific, that is, weakening and shifting the Aleutian
Low westward, and strengthening and shifting the North Pacific High further
north. Individual foraminiferal analyses confirm reduced variance in mid‐
Holocene SSTs in the EEP and traditional analyses record mean annual
cooling in the region between ∼6 and 4 ka, consistent with enhanced PWC at
this time (Koutavas et al., 2006; Koutavas & Joanides, 2012). Shifting at-
mospheric features cannot be observed directly, but the impact of Rossby
waves that propagate these changes from the tropics, lead to temperature,
precipitation, and wind anomalies along the west coast of North America and
northern Alaska. These are observed, most notably as widespread dry con-
ditions in the southwestern U.S. (Benson et al., 2002; Palmer et al., 2023;

Shuman et al., 2009), enhanced wind‐driven upwelling leading to cooler SSTs off California (Barron &
Anderson, 2011), and reduced lake temperatures in Alaska (Longo et al., 2020). The latter two indices are shown
in Figure 5 and demonstrate the tight link between PC2 and other PWC sensitive records.

During the LIG, PC2 exhibits similar timing to the Holocene record, peaking in the mid‐LIG in‐phase with rising
September insolation at the equator. PC2 also accounts for a comparable amount of variability within the data sets,
∼20%, and exhibits the same spatial pattern among factor loadings (Figure 4b, Tables S1 and S2 in Supporting
Information S1). Thus, although equivalent records of Holocene TWT from the WPWP and those from tele-
connected regions are not available for the LIG, we conclude that PC2 from the LIG period reflects the same
mechanism: PWC strength changes. Given the synchronicity of PWC variability to September insolation during
both time intervals, our results support prior work tying the PWC to precession via phase locking with the
seasonal cycle (Clement et al., 1999; Koutavas & Joanides, 2012).

In contrast to past studies (Chiang et al., 2022; Clement et al., 1999; Kaboth‐Bahr & Mudelsee, 2022; Rustic
et al., 2020), we found that the intensity range of the PWC is insensitive to variations in the amplitude of the
seasonal cycle of insolation (Figure 4). An intensification in the PWC, as inferred from the zonal Pacific SST
gradient at ∼2.4 Ma was cautiously related to a period of low eccentricity and exceptionally muted precession
amplitudes (Kaboth‐Bahr & Mudelsee, 2022). Further, a modeling study indicated a change in the behavior of
ENSO events in response to eccentricity, most notably a reduction in the mean event amplitude and a change in
the coherence of cold (La Nina; strong PWC) and warm (El Nino, weak PWC) events under low eccentricity
conditions (Clement et al., 1999). Yet, we found that during the LIG, when seasonality in incoming solar
insolation was enhanced relative to the Holocene due to the higher eccentricity state of Earth's orbit, the observed
modes of variability and their amplitude are comparable between the two interglacial periods (Figure 4). Dis-
agreements in the sensitivity of the PWC to the amplitude of seasonal insolation forcing among studies may be
attributed to the different indicators of PWC utilized (precipitation vs. SST gradients), timescales, and approaches
employed (data vs. model) and should be explored further in the future.

Despite the discussed similarity, there is one notable distinction between the Holocene and LIG evolution of PC2
in our reconstructions: the nature of the transition from strong to weak PWC (Figure 4). While the PWC strength
appears to follow variations in September insolation more or less directly during the LIG, the Holocene PWC
exhibits a threshold response to the drop in September insolation at ∼4 ka (Figure 4). A non‐linear response to
insolation decline in the mid‐Holocene is detected elsewhere in the climate system, including, most famously, in
the termination of the Green Sahara at ∼5.5 ka (de Menocal et al., 2000; Tierney et al., 2017). A growing body of
literature suggests the vegetation‐dust climate feedbacks from the Sahara drying had a global footprint, impacting
the behavior of the Asian and South American monsoon systems (Griffiths et al., 2009; Kaboth‐Bahr et al., 2021;
Tabor et al., 2020; Tiwari et al., 2023; Wolf et al., 2023) as well as the PWC (Griffiths et al., 2020; Pausata
et al., 2017). Observations indicate that similar drying of a Green Sahara likely occurred during the LIG

Figure 5. Holocene PC2 of the WPWP precipitation sensitive records plotted
with records from the Pacific basin that are linked to variations in the Pacific
Walker Circulation. (red) the mean Western Pacific thermocline temperature
anomaly (Dang, Jian, et al., 2020) and (green) alkenone SST from central
California coast at ODP Site 1019 (Barron & Anderson, 2011), and spring
lake temperature from Lake E5 in northern Alaska (Longo et al., 2020).
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(Kowalski et al., 1989; Osborne et al., 2008). Although proxy data are not available to directly constrain the rate of
this transition, a modeling study suggests termination of the Green Sahara at the LIG was even more abrupt than
during the Holocene (Li et al., 2022). Given the lack of an abrupt response in our PWC reconstruction it is
therefore possible that the PWC response to the Holocene insolation decline was synchronous with, but inde-
pendent from Saharan vegetation change. Alternatively, drying of the LIG Green Sahara may have proceeded
more gradually than during the Holocene.

The Holocene is distinct from the LIG in two main ways that could have impacted the susceptibility of the PWC,
and perhaps other components of the climate system such as Saharan vegetation, to abrupt change. First, as noted
earlier, seasonality in incoming solar insolation was strongly reduced in the Holocene relative to the LIG.
Although the range of PWC strength appears to be insensitive to the amplitude of the incoming seasonal inso-
lation forcing (Figures 4a and 4b), its propensity to experience abrupt strength changes could nevertheless be
impacted. Additionally or alternatively, changes in Holocene greenhouse gases (Bereiter et al., 2015), ice volume,
and thus sea level far exceed that of the LIG, even considering the range of available LIG sea level curves (Figure
S4 in Supporting Information S1) (Clark et al., 2020; Grant et al., 2012; Lambeck et al., 2014; Spratt &
Lisiecki, 2016; Waelbroeck et al., 2002). While it is well documented that the Sunda Shelf was flooded by ∼9.5 ky
(Hanebuth et al., 2011; Linsley et al., 2010), and all Holocene sea level reconstructions indicate a reduction in the
rate of sea level rise at roughly 6 ka (Figure S4 in Supporting Information S1), well before the transition from
strong to weak PWC at 4 ka, some sea level reconstructions do indicate continued sea level rise across the mid‐ to
late Holocene (Grant et al., 2012; Spratt & Lisiecki, 2016). Furthermore, paleo‐shoreline reconstructions indicate
a regional high stand in the West Pacific at 4.2 ka (Hanebuth et al., 2011). While determining the precise cause of
the abrupt shift in the Holocene PWC is beyond the scope of this study, prior work has demonstrated the
sensitivity of regional moisture balance and the PWC to changes in sea level and greenhouse gases (DiNezio &
Tierney, 2013; Griffiths et al., 2009; Power & Kociuba, 2011), Saharan vegetation change (Pausata et al., 2017),
and suggest that one or all could have contributed to the abrupt shift in PWC strength when insolation played a
lesser role.

3.3. Model Simulations

We employed CESM 1.2 time‐slice simulations to further investigate changes in ITCZ and PWC during the mid‐
Holocene, as indicated by our compilation of regional proxy records. Over the WPWP region, the simulated
precipitation pattern is inhomogeneous, and we do not observe the expansion pattern of the tropical rain belt as
indicated by our regional proxy compilation (Figure 6). In the WPWP, wetter condition is simulated over the
central Maritime Continent and western equatorial Pacific, along with dryer condition over the northern and
southern edges of the tropics, including Thailand, Vietnam, southeast China, as well as Java and northern
Australia. The discrepancy between the ITCZ‐related pattern in mid‐Holocene hydroclimate proxy records and
CESM 1.2 simulation over the WPWP could be attributed to several factors. These may include the intricate
interactions between the ITCZ, Asian‐Australian monsoon system, and PWC, as well as the complex topo-
graphical features of this region. It is worth noting that previous research on Holocene proxy and model com-
parisons based on PMIP simulations, has also suggested a relatively wide cross‐model spread and low data‐model
agreement over the WPWP (Ackerley et al., 2017; Hancock et al., 2023). This underscores the complexities

Figure 6. Simulated mid‐Holocene anomalies (6 ka minus PI) in (a) annual precipitation and wind, and (b) annual surface
temperature and sea level pressure in CESM 1.2.
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associated with understanding the dynamics of ITCZ in the WPWP region and the need for a more comprehensive
spatial coverage of proxy records in this region.

Moreover, the mid‐Holocene simulation exhibits stronger Walker circulation over the tropical Pacific relative to
the preindustrial condition (6 ka minus PI) (Figure 6). This is characterized by cooler SST along with high sea
level pressure over the central and eastern equatorial Pacific, accompanied by stronger easterly trade wind. The
increased precipitation observed over northern Borneo and Sulawesi in the simulation aligns with the PC2 of our
regional proxy records compilation. The intensified PWC and La Nina‐like conditions contribute to stronger
convection and precipitation over the western tropical Pacific. Furthermore, the higher sea level pressure and the
presence of an anomalous anticyclone over the northeastern Pacific suggest a weaker Aleutian Low. This sig-
nificant large‐scale connection between the stronger PWC and weaker Aleutian Low during mid‐Holocene is also
indicated by proxy records. These include hydroclimate records from western North America (Du et al., 2021;
Hermann et al., 2018), SST reconstructions off coastal California and Alaska (Barron & Anderson, 2011; Longo
et al., 2020), as well as atmospheric circulation records from the central North Pacific (Bailey et al., 2018).

4. Future Lessons
Although models generally agree that the ITCZ will contract under future climate change, there is a high degree of
uncertainty in constraining zonal shifts in its position (multimodel mean of −0.5 ± 1.2°N; (McFarlane &
Frierson, 2017)). Convergence does arise among models, however, for zonal shifts within some longitudinal
sectors, with more than ¾ of the 27 CMIP6 models suggesting a southward shift of the ITCZ in the eastern
Pacific‐Atlantic and a northward shift across eastern Africa and the Indian Ocean (Mamalakis et al., 2021). There
is less agreement within the WPWP and the Maritime Continent, though the multimodel mean suggests no shift in
the ITCZ zonal position in the annual mean due to symmetric decreases in the seasonal ITCZ migration. Although
the timescale and forcing are distinct, our results are consistent with expansion‐contraction as a primary mode of
ITCZ variability in the WPWP region. Locally, our results support a “wet‐gets‐wetter” scenario within the
WPWP, with increasing rainfall totals along the equator in the WPWP that will likely exacerbate local hazards
associated with extreme rain events, such as flooding and landslides.

Our results further demonstrate that the strength of the PWC is sensitive to precession driven changes in boreal fall
heating, consistent with previous studies (Clement et al., 1999; Dang, Jian, et al., 2020; Tian et al., 2018).
Comparing and contrasting the evolution of the PWC during the Holocene and LIG, however, provides additional
insight. We show a lack of sensitivity of the amplitude of PWC strength changes to the magnitude of change in
maximum to minimum boreal fall insolation. Yet despite this insensitivity to the amplitude of change, we suggest
that under strongly reduced boreal fall insolation levels and/or reduced seasonality, the PWC becomes increasingly
sensitive to other climate forcings, which led to a non‐linear response to insolation, resulting in an abrupt, rather
than gradual, decrease in PWC strength in the late Holocene. The different response during the Holocene and LIG
suggests that the abrupt response is possibly related to rising greenhouse gases and sea level. At present, we
continue to experience reduced seasonality and boreal fall insolation, which suggests the PWC will maintain a
heightened sensitivity to rising greenhouse house gas levels and resulting climate feedbacks into the future.

Data Availability Statement
The new data from IODP Site U1485, including downcore XRF geochemical data, planktic foraminifer δ18O, and
the updated Holocene chronology from that published previously in Bova et al. (2021) as well as a synthesis of all
previously published data sets included in our analysis (Table 1) are archived in the Paleoclimatology Database
supported by the National Centers for Environmental Information (Bova et al., 2025).
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