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 15 

The Indo-Pacific Warm Pool (IPWP) exerts a dominant role on global climate by 16 

releasing huge amounts of water vapor and latent heat to the atmosphere and 17 

modulating upper ocean heat content (OHC), which has been implicated in 18 

modern climate change1. The long-term variations of IPWP OHC and their effect 19 

on monsoonal hydroclimate are, however, not fully explored. Here, by combining 20 

geochemical proxies and transient climate simulations, we show that changes of 21 

IPWP subsurface OHC (0-200 m) over the past 360,000 years exhibit dominant 22 

precession and weaker obliquity cycles following the changes in meridional 23 

insolation gradients. Only 30-40% of the deglacial increases are, however, related 24 

to changes in ice volume. On the precessional band, higher subsurface OHC 25 

correlates with oxygen isotope enrichments in IPWP surface water and 26 
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concomitant depletion in East Asian precipitation as recorded in Chinese 27 

speleothems. Using isotope-enabled air-sea coupled model, we suggest that on 28 

precessional timescale, variations in IPWP subsurface OHC, more than surface 29 

temperatures, act to amplify the ocean-continent hydrological linkage via moisture 30 

/ latent heat convergence. Thus, from energetic viewpoint, this coupling of OHC 31 

and monsoon variations, both coordinated by insolation changes at orbital 32 

timescales, is critical for regulating the global hydroclimate. 33 

 34 

A key feature of anthropogenic climate change is that heat associated with the present energy 35 

imbalance is mainly (~90 %) absorbed by the world’s oceans1. Indeed, a substantial slowdown 36 

in surface warming between 2002 and 20122-3 has been attributed to an increased subsurface 37 

ocean heat uptake, through increased subduction in the Pacific shallow overturning cells and 38 

enhanced heat convergence in the equatorial thermocline4. Increased upper ocean heat content 39 

(OHC) might have fueled and intensified La Niña, monsoon and tropical cyclone activities 40 

during the latest decade5-7. Given the time-limited and transient response seen in modern 41 

observations (i.e., the shift in the 1970s), we show here that further knowledge of the 42 

relationships between variations in equatorial Pacific OHC and tropical hydroclimate can be 43 

gained from paleoclimate records8-9. 44 

The Indo-Pacific Warm Pool (IPWP), defined by sea surface temperature (SST) of >28 °C 45 

(Fig. 1a), is the largest reservoir of warm water on Earth and serves as a “steam and heat engine” 46 

for global climate today, and its upper OHC plays a particularly significant role in the energy 47 

flow and hydrological cycles of the Earth’s surface system10. Observations, reanalysis, and 48 

model simulations suggest that changes in the western Pacific OHC above 200 m water depth 49 

dominate both the tropical and global OHC during El Niño Southern Oscillation (ENSO) (Fig. 50 

1b) and redistribute heat in the ocean and moisture in the atmosphere11-12. On interannual to 51 
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multi-decadal timescales, the IPWP upper OHC above 26℃ (D26)7 or 20℃ (D20)5 isotherms, 52 

rather than the SST, has been viewed as a more effective predictor of Asian monsoon 53 

precipitation6 and its isotope behaviors through atmospheric teleconnections associated with 54 

ENSO13-14. For example, interannual La Niña events are accompanied with increased upper 55 

OHC above 200 m or above D20 isotherm, and negative shifts of the precipitation δ18O (δ18Op) 56 

in East Asia (Fig. 1; Extended Data Fig. 1), indicating that ENSO-related IPWP OHC anomalies 57 

can greatly intensify Asian summer monsoon precipitation through associated ocean-continent 58 

moisture/moist-static-energy transport10, 12. 59 

Records of OHC in the equatorial Pacific beyond the instrumental observations show a 60 

substantial decrease from the early (11,000-8,000 years ago) to late Holocene (past 4,000 61 

years)15-16, even though during the same time global surface temperatures did not change much. 62 

A recent study reports that more heat was stored in intermediate and thermocline waters of the 63 

South China Sea during the last deglaciation (20,000-11,000 years ago) and was released 64 

upward to the sea surface during the Holocene17. This suggests that the upper OHC anomaly is 65 

a recurring phenomenon in the low-latitude Indo-Pacific and may greatly regulate Asian 66 

monsoonal energy and moisture changes on orbital timescales12, 18. However, previous studies 67 

are confined to the last 20,000 years, limiting our understanding of the upper OHC modulation 68 

of monsoon responses to orbital-driven changes in solar insolation or CO2, in which the 69 

radiative heating driven OHC and associated hydrological changes may provide long-term 70 

boundary constrains for future climate projection. Here we reconstructed upper (0-200 m) OHC 71 

in the IPWP for the last 360,000 years, based on the SST and thermocline water temperatures 72 

(TWT) estimated by Mg/Ca ratios of foraminiferal shells from 10 deep-sea sediment cores. We 73 

combine the resulting OHC reconstruction and associated seawater and atmospheric moisture 74 

δ18O with climate model simulations to investigate orbital-scale OHC-monsoon relationships, 75 

underlying mechanisms, and implications for global hydroclimate changes. 76 
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 77 

Different SST and TWT variation patterns 78 

Variation in the upper OHC over the equatorial Pacific is largely determined by the known 79 

ENSO-related tilting of the thermocline19. Because past changes in TWT are much larger than 80 

SST changes15, 20, understanding the role of the thermocline is critical for inferring past changes 81 

in the upper OHC. Based on plankton tow21 and core-top sediment22 samples from the IPWP, 82 

the calcification depth of the species Globigerinoides ruber sensu stricto and Pulleniatina 83 

obliquiloculata are estimated at 25–95 m (mixed layer) and 110–160 m water depth (upper 84 

thermocline), respectively. Therefore, we reconstructed SST and TWT based on the Mg/Ca 85 

ratios in planktic foraminiferal shells of G. ruber and P. obliquiloculata, respectively, from 5 86 

sediment cores MD10-3340, KX21-2, SO18480-3 (records of the last 25,000 years in the three 87 

cores have been published23), ODP807, and MD98-2162 (SST only) (age models refer to 88 

Methods and Extended Data Fig. 2). The average time resolution ranges from 140 yrs/sample 89 

to 930 yrs/sample, except for core ODP807 (2910 yrs/sample). The data of 5 newly studied 90 

cores and 5 previously published records in the IPWP, spanning the last 400,000 years, are used 91 

in this study to establish the SST and TWT stacks (Fig. 2). 92 

The SSTs of five newly studied cores display a typical 100-kyr glacial-interglacial cycle, 93 

whereas the TWT of four newly studied cores show a clear precession cycle over the last 94 

400,000 years (Extended Data Fig. 3). It is worth noting that the TWTs at three equatorial 95 

Pacific sites (KX21-2, GeoB17426 and MD10-3340) show a stronger signal in the obliquity 96 

than in the precession band, while precession dominates the other six sites (Fig. 1a; Extended 97 

Data Fig. 4). We constructed stacks of SST (10 sites) and TWT (9 sites), after interpolating the 98 

original records to an even time-step of 500 years. The SST stack ranges from 26.2 to 30.1 ℃ 99 

with an average of 27.6 ℃, displaying a dominant 100-kyr cycle superimposed by high signal-100 

to-noise precession and obliquity fluctuations (Fig. 2a, f); the TWT stack ranges from 19.8 to 101 
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25.0 ℃ with an average of 21.7 ℃, dominated by precession and (relative weak) obliquity 102 

cycles (Fig. 2b, g). Therefore, the upper ocean temperature changes in the IPWP show two 103 

different and independent first-order patterns: (1) the SST pattern with a dominant ~100-kyr 104 

cycle (Fig. 2a), and (2) the TWT pattern with a dominant 23-kyr cycle (Fig. 2b). The SST is 105 

likely responding to greenhouse gas24 and/or polar ice forcing, with a clear glacial-interglacial 106 

rhythm, whereas the more variable TWT is likely responding to low-latitude climate and upper 107 

ocean dynamics, mainly forced by precession-driven insolation changes or precession-obliquity 108 

hybrid meridional insolation gradients in the tropics20, 25. 109 

 110 

Hybrid precession and obliquity driving 111 

We used the Mg/Ca-derived temperatures of G. ruber and P. obliquiloculata to represent mixed 112 

layer and upper thermocline temperatures constrained by the shallowest D26 (70 m) and the 113 

deepest D20 isotherms (188 m), respectively (Extended Data Fig. 5), for calculating the upper 114 

OHC (in Joules m-2) above 200 m. The error range of this OHC estimation averages 0.08×1010 115 

J/m2 (1σ) or 0.11×1010 J/m2 (2σ) as determined by error propagation (Methods). The proxy 116 

reconstructed upper OHC stack of the IPWP, based on the SST and TWT stacks, varies from 117 

1.83×1010 J m-2 to 2.28×1010 J m-2 over the last 360,000 years (Fig. 2c). The proxy 118 

reconstruction is generally comparable with the simulated annual mean upper OHC changes 119 

from the Community Earth System Model 1.0.4 (CESM), in terms of both the amplitude and 120 

the pattern of variations on the precessional band, over the past 300,000 years. Filter and 121 

spectrum analyses confirm the dominance of 23-kyr precessional cycle in the reconstructed and 122 

simulated upper OHC, which dominates monsoonal precipitation records (Fig. 2c, h). The upper 123 

OHC increases while the IPWP thermocline deepens at precession minima and vice versa, 124 

indicating that the upper OHC of the IPWP, mainly regulated by the TWT, is driven by the 125 

precession-forced changes in low-latitude insolation. 126 
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In addition to the dominant precession cycle, the upper OHC of the IPWP also shows a 127 

significant obliquity cycle (Fig. 2h), which manifests as extreme spikes, culminating at the 128 

earliest interglacials (early MIS 1, MIS 5.5 and MIS 9.3 with magnitudes of 0.29×1010 J/m2, 129 

0.35×1010 J/m2 and 0.42×1010 J/m2, respectively) when obliquity maxima (Omax) and precession 130 

minima (Pmin) simultaneously occur (Fig. 2c, d). These OHC spikes are synchronous with peaks 131 

in the Summer Interhemispheric Tropical Insolation Gradient (SITIG25, June insolation 132 

difference between 23ºN and 23Sº). As showcased by the linear combination of the normalized 133 

obliquity and precession (Fig. 2e), these SITIG peaks may reflect the interactions between high 134 

and low latitudes and their potential effects on the drastic OHC changes over the glacial 135 

terminations to earliest interglacial stages. 136 

As an intermedium of high and low latitudes, obliquity has been identified as an important 137 

driver of ice sheet and CO225. Our results indicate that the alignment of obliquity and precession 138 

(i.e., the Omax and Pmin aligned insolation maxima) bridges those OHC spikes between the IPWP 139 

upper OHC and the southern hemispheric temperature records26. In modern climate, the western 140 

equatorial Pacific thermocline water originates from the basin-wide shallow overturning 141 

circulation of the Pacific Ocean, which is fed by the subduction of relatively saline, warm 142 

surface waters in the subtropical North and South Pacific27. This physical process was effective 143 

in the late Quaternary and was more vigorously accomplished by the subtropical-to-tropical 144 

thermocline circulation in the South Pacific20. The upper OHC stack of the IPWP, surface air 145 

temperature (SAT) from EDC ice core record28 and Mg/Ca-SST record from the extratropical 146 

Southwest Pacific (MD2120 SST)26 show very similar changes over the last 360,000 years, and 147 

they are all significantly coherent in the obliquity band (Extended Data Fig. 6). The cross 148 

spectral (relative to the obliquity parameter) analyses reveal that the changes in the IPWP OHC 149 

stack, TWT stack of the Ontong-Java Plateau (OJP) sites, EDC SAT and MD2120 SST are 150 

almost in phase (within age uncertainties) in the obliquity band (Extended Data Fig. 6e). The 151 
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relatively warmer mid-latitude southern Pacific SST and thereby enhanced warm water 152 

transport of shallow overturning circulation at obliquity maxima may have further strengthened 153 

the IPWP TWT/OHC spikes at precession minima29. 154 

The dominant precession feature and spikes (at MIS 1 and 5.5) of proxy-reconstructed 155 

upper OHC are also reproduced by our orbital- and greenhouse gases (GHG)-forced simulations 156 

of the Community Earth System Model 1.0.4 (CESM) over the past 300,000 years (Fig. 2c; 157 

Methods), although with smaller magnitudes (0.14×1010 J/m2 and 0.22×1010 J/m2 for MIS 1 and 158 

5.5, respectively). This implies that at least half of the magnitude of these OHC spikes are 159 

explained by orbital insolation (SITIG) and atmospheric CO2, while the remnant could be 160 

attributed to insolation-driven ice volume changes (not included in the CESM model). The 161 

latent heat absorbed by ice sheet melting water, for instance, would be input into the ocean and 162 

increase global mean ocean temperature (MOT) during the last deglaciation8-9. The noble-gas 163 

reconstructed MOT increases by 2.01 ℃ and 1.38 ℃ at MIS 1 and MIS 5.5 (Extended Data 164 

Fig. 6b), which may increase the IPWP upper OHC by 0.17×1010 and 0.12×1010 J/m2, 165 

respectively, and largely complement the missing change in our CESM simulations relative to 166 

the proxy reconstructions. Interestingly, the early MIS 7.5, a ‘failed’ interglacial in terms of 167 

much weaker increases of MOT (0.28 ℃) and IPWP OHC (0.2×1010 J/m2), is well simulated 168 

by the CESM (0.18×1010 J/m2) because of slighter ice volume changes30. Therefore, only about 169 

30 % to 40 % of upper OHC increases from the last three deglaciations towards earliest 170 

interglacials are related to changes in ice volume. 171 

Therefore, the concurrent IPWP TWT/OHC spikes culminating at the earliest interglacial 172 

stages, most significantly observed in the OJP sites, are likely related to the precession and 173 

obliquity insolation-driven meridional heat transport anomalies in the upper ocean. This hybrid 174 

forcing concept25, 30 could explain the orbital-forcing controlled upper OHC of the IPWP, 175 

indicating that the precession changes of upper OHC is modulated by the obliquity-driven 176 
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meridional insolation gradients and are also sensitive to the climate changes at higher latitudes 177 

that are forced mainly by obliquity26. Our upper OHC records indicate that precession, obliquity, 178 

or their combination could have paced the late Pleistocene deglaciations30, for more than 60 % 179 

of their amplitude of changes, through the oceanic heat uptake and release in the IPWP. 180 

 181 

OHC-regulated monsoon moisture transport 182 

The IPWP acts as a heat engine and builds up large OHC anomalies that energetically determine 183 

the Asian monsoonal hydrological budgets through ENSO and Indian Ocean dipole (IOD) in 184 

the modern world6, 11-14. To investigate orbital scale hydrological changes related to the upper 185 

OHC of the IPWP, the residual δ18O of surface seawater (δ18Osw, with the ice-volume effect 186 

removed) was calculated from the δ18O of mixed layer-dwelling species G. ruber (Methods). 187 

Additionally, we simulated the annual mean surface seawater δ18Osw of the IPWP by a water 188 

isotope (δ18O)-enabled air-sea coupled climate model GISS_ModelE2-R (Methods). Both the 189 

stacked δ18Osw of 10 sediment cores and simulated δ18Osw of the IPWP show a dominant 23-190 

kyr cycle with heavier δ18Osw values at Pmin (Fig. 3b). 191 

In our GISS_ModelE2-R transient experiment, the precipitation δ18O (δ18Op) of East Asia 192 

is consistent with the composite record of Chinese speleothem δ18O 31, a widely used proxy for 193 

changes in the strength of the East Asian summer monsoon (EASM) circulation (Fig. 3c). But 194 

both the speleothem δ18O stack and simulated δ18Op, showing a dominant precession cycle of 195 

23-kyr, are anti-correlated with the precessional change of δ18Osw stack in the IPWP. When the 196 

IPWP δ18Osw increased at Pmin, Chinese speleothem δ18O decreased (Fig. 3b, c)32. This enlarged 197 

δ18O gradient between ocean and continent (∆δ18Oocean-continent; Extended Data Figs. 7-8) 198 

compares well with another indicator of the intensity of low-latitude hydrological cycle (Dole 199 

Effect)33, but more purely represents the ocean-continent oxygen isotope fractionation. 200 

The upper OHC and δ18Osw share a common dominant precession cycle with Chinese 201 
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speleothem δ18O, but with stronger obliquity imprints that might arise from the obliquity-driven 202 

subtropical changes (Fig. 3d). In the precession band, Chinese speleothem δ18O (reversed) is 203 

significantly coherent and almost in phase with the OHC and d18Osw (Fig. 3e, f), lagging the 204 

precession parameter minimum (boreal summer insolation maximum) by 43º (~2750 years). A 205 

higher OHC of the IPWP is correlated with a stronger East Asian summer monsoon at 206 

precession minima, thermodynamically via a greater transport of moisture from ocean to 207 

continent that produces depleted d18O values in Chinese speleothems34 (Fig. 3a, c). 208 

Previous studies proposed that Chinese speleothem δ18O does not reflect changes in the 209 

monsoon strength, but in the alternation of monsoonal moisture source, with the Indian Ocean 210 

being the most distant and 18O-depleted source and the subtropical north Pacific the most 211 

proximal and 18O-enriched source35. In contrast, recent modelling studies argued that the 212 

depletion of Asian continent δ18Op at Pmin reflects stronger summer monsoon circulation, which 213 

enhances transport and rainout of moisture evaporated from the tropical Indian and Pacific 214 

oceans36. Our transient simulations further suggest that Pacific-originated moisture and 215 

associated thermodynamics could contribute a larger proportion of the negative shift of Chinese 216 

speleothem δ18O at precessional band (Fig. 4a). The dominant role of Pacific-sourced moisture 217 

on East Asian precipitation has been recently substantiated by modern observations37 and acts 218 

probably through ENSO-like atmospheric teleconnections38 or tropical cyclone activities 219 

around the subtropical high-pressure39, 40. In our transient experiments, both annual mean δ18Osw 220 

and δ18Op increase at Pmin in the remote Pacific moisture source regions (Fig. 4b-c; Extended 221 

Data Fig. 8), mainly due to local boreal summer precipitation of relatively positive δ18Op and 222 

more evaporation of negative water vapor δ18O (δ18Oevap) (Fig. 4e; Extended Data Fig. 9). More 223 

δ18O-depleted precipitation occurs in the Asian continent due to increased rainout along the 224 

tracks of the Asian summer monsoon, consistent with intensified Asian summer monsoon and 225 

Walker circulations at Pmin (Fig. 4; Extended Data Fig. 8). 226 
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The precessional forced IPWP upper OHC can be explained from a viewpoint of 227 

atmospheric-oceanic coupled energy transport41. During the precessional minima, increased 228 

meridional SITIG sets the strength of atmospheric Hadley circulation. A stronger and northward 229 

shift of zonal mean position of Intertropical Convergence Zone (ITCZ) is compensated by 230 

enhanced subtropical high-pressure anomalies in the Indian-Pacific Oceans (Extended Data Fig. 231 

9)42. These subtropical atmospheric anomalies will warm the IPWP thermocline through 232 

meridional ocean heat transport of Subtropical-to-Tropical Circulation20, 43. Then the 233 

relationship between IPWP upper OHC and ocean-continent moisture transport can be 234 

explained in the context of atmospheric moist static energy theory44. 235 

In modern climate, IPWP upper OHC is largely determined by changes in the tilt of the 236 

tropical thermocline, and therefore is taken as a more sensitive indicator of ENSO5 and EASM 237 

than SST6, 39, 40, exerting strong feedback on Hadley / monsoon and Walker circulations by 238 

modulating the surface SST gradient and moist static energy45. In our precessional forced 239 

transient simulations, accompanying with an increase of IPWP OHC by 0.1×1010 J/m2, 240 

increases would be seen in the latent heat release (by 0.036×1010 J/m2) and the precipitation 241 

rate (by 0.4 mm/day) of EASM (Extended Data Fig. 8c). Additional CESM equilibrium 242 

simulations under different air-sea coupled configurations also highlight the amplification 243 

effect of ocean heat transport on the moisture transport of EASM under precessional forcing 244 

(Extended Data Fig. 10). Along the equatorial Pacific, increased IPWP OHC and associated 245 

air-sea interactions further result in stronger Walker Circulation and zonal La Nina-like SST 246 

gradient anomalies46. In such an IPWP-monsoon linkage, the warmed IPWP with relatively 247 

lower surface pressure serves as an atmospheric ‘water tower’ by converging more oceanic 248 

moisture (and latent heat) from the remote Pacific source (i.e. the central equatorial Pacific, 249 

subtropical south and north Pacific), and transferring to the adjacent Asian continent monsoon 250 

regions. It is this remote moisture convergence effect and upstream convective precipitation 251 
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rainout effect that amplify the Pacific-to-Asian continent oxygen isotope fractionation. 252 

The role of IPWP upper OHC as an amplifier and a better predictor of EASM than SST 253 

is evident from the fact that the OHC exhibits stronger precessional variance, which is the 254 

dominant period in the Chinese speleothem records of EASM31 but lacked in the SST 255 

records. Our results are also broadly consistent with the modern observations and Holocene 256 

trends in land moisture and ocean salinity, with warming over the ocean and an increase in 257 

continental precipitation at the expense of maritime precipitation47. That is, the upper OHC of 258 

the IPWP and associated air-sea interactions critically regulates the ocean-continent 259 

hydroclimate dynamics and thus moisture transport and water isotope fractionation between the 260 

Pacific Ocean and East Asia from interannual13 to orbital timescales. While the seasonal 261 

changes of solar insolation and ocean-continent thermal contrasts are two basic drivers of global 262 

monsoon system, our results further emphasize the amplification role of dynamical oceanic 263 

feedbacks on the Asian summer monsoon under orbital insolation forcing. The coupled heat 264 

storage of the equatorial Pacific thermocline and low-latitude hydrological changes may greatly 265 

help us to project the ocean-atmosphere-continent hydroclimate changes under future warming. 266 
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FIGURE CAPTIONS 373 

 374 

Fig. 1 | Modern IPWP upper OHC and its influence on precipitation δ18O. 375 

(a) The IPWP defined by the SST isotherm of 28 ℃ (yellow contour) is shown with annual 376 

mean climatological OHC (colored) above 200 m water depth, and site locations of the 10 377 

sediment cores are marked as colored pies (light blue: previous studies; dark blue: this study; 378 

star: core MD98-2162 with only an SST record), in which the blue and white sectors of each 379 

pie demonstrate the % ratios of precession and obliquity of TWT spectrum (detailed in 380 

Extended Data Fig. 4). (b) modern La Niña-associated annual mean OHC anomalies above 200 381 

m water depth from SODA reanalysis dataset, shown as regression coefficients against 382 

normalized time series of Southern Oscillation Index (SOI). (c) is the same as (b) but for La 383 

Niña-associated annual mean precipitation δ18O (δ18Op) changes from the GISS historical 384 

simulation over the year 1970~2008 (see Methods). 385 

 386 

  387 
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Fig. 2 | Precession and obliquity changes in the proxy reconstructed and modelled IPWP 388 

upper OHC. 389 

(a)-(b) paleo-proxy based IPWP SST and TWT stacks are compared with the global stacked 390 

benthic foraminifera δ18O record (LR04 δ18Obenthic) and precession parameter, respectively. (c) 391 

IPWP OHC stack reconstructed by proxy records (red) and the CESM-simulated IPWP OHC 392 

(black), both shown as the anomaly relative to 0~3 ka average (Methods). (d) the precessional 393 

(black) and obliquity (blue) parameters. (e) the Summer Interhemispheric Tropical Insolation 394 

Gradient (SITIG, June insolation differences between 23°N and 23°S; pink) and the linear 395 

combination of the normalized obliquity and precession (black dashed line). In (c)-(e), the 396 

precession minima (Pmin) and obliquity maxima (for peak interglacials) are shown in gray and 397 

light purple vertical bars, respectively. Key marine isotope stages are shown above the records. 398 

(f)-(h) spectral powers of IPWP stacked SST, TWT and OHC, calculated by the Redfit software 399 

(window = rectangle, segments = 4, oversample = 3). Solid lines are the original spectral 400 

amplitude (colored) and ratio relative to theoretical red noise (black), while dashed lines are 401 

their 99 % confidence levels. 402 
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Fig. 3 | Precession dominated changes in the indices of low-latitude hydrological cycle. 405 

Anomalies of proxy-based stacks of (a) IPWP OHC (red) and (b) IPWP surface water δ18O 406 

(δ18Osw, green), and (c) the Chinese speleothem δ18O (δ18Ocave, blue), comparing with the GISS 407 

simulated anomalies (black lines) of annual mean δ18Osw over IPWP (b) and boreal summer 408 

(July-August-September, JAS) atmospheric precipitation δ18O (δ18Op) over East Asia (c) 409 

(spatial ranges shown in Fig. 4c). In (a)-(c), brown vertical bars indicate the minima of 410 

precession parameter (gray curves). (d) Spectrums for the IPWP OHC, δ18Osw, and δ18Ocave. 411 

Cross spectrums of these three records relative to the precessional parameter maximum (Pmax) 412 

are calculated as phase angles (e) and coherences (f). Note the phase-angle of speleothem δ18O 413 

is reversed by 180º for better comparison. 414 

 415 

   416 
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Fig. 4 | Ocean-continent δ18O fractionation coupled with OHC and monsoon. 417 

(a) Conceptual illustration of the moisture transport and δ18O fractionation between the IPWP 418 

and Asian continent. Numbers are the climatological mean value (blue) and 1𝜎 standard 419 

deviation (red; signs stand for anomalies at Pmin), calculated for time series of OHC and δ18Ocave 420 

(proxies in Fig. 3), and regionally averaged δ18O of water vapor and precipitation (from 421 

GISS_ghg experiment, areas for tropical Pacific Ocean, monsoonal margin and East Asia are 422 

shown in (c) by dark blue, shallow blue and brown boxes, respectively) (see Methods). (b)-(c) 423 

GISS simulated annual mean (ANN) δ18Osw and δ18Op anomalies at Pmin (relative to Pmax). Boxes 424 

in (c) mark the spatial ranges of IPWP (5ºS-15ºN, 140ºE-170ºE, dark blue), East Asia (15ºN-425 

40ºN, 85ºE-125ºE, red) and the marginal region in-between (light blue). (d) Anomalies of boreal 426 

summer (JAS) precipitation-minus-evaporation (P-E, color shaded, negative values stand for 427 

local atmospheric moisture divergence or output) and vertical integrated atmospheric moisture 428 

transport flux (vectors) at Pmin (relative to Pmax). (e) JAS δ18Op anomalies at Pmin (relative to 429 

Pmax), overlapped with schematic pathways of moisture transport (black arrows for the mean 430 

circulation sketched from vectors in (d) and blue symbol and arrow for the contribution of 431 

tropical cyclones). White shading in (b)-(e) denotes areas not significant at 95 % confidence 432 

level of two-tail t-test. 433 
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Methods 436 

Laboratory Measurements 437 

For the Mg/Ca analyses, foraminiferal specimens from 2452 samples from five sediment 438 

core SO18480-3 (12º3.5’S, 121º39.0’E, water depth 2299 m), MD10-3340 (0º31.0’S, 439 

128º43.5’E, water depth 1094 m), KX21-2 (1º25.0’S, 157º58.9’E, water depth 1897 m), 440 

ODP807 (3º36.4’N, 156º37.5’E, water depth 2804 m) and MD98-2162 (4º41.3’S, 117º54.2’E, 441 

water depth 1855 m) (Supplementary Information Table 1) are pretreated following the 442 

procedure described by Lea et al48, but with additional checking and removing of potential 443 

contamination performed under a microscope. The Mg/Ca measurements (Supplementary 444 

Information Table 2) of 1947 samples from cores SO18480-3, MD10-3340, KX21-2 and 445 

ODP807 are conducted using an ICP-MS (Thermo VG-X7) at the State Key Laboratory of 446 

Marine Geology, Tongji University, with a mean reproducibility of 2.2 % for G. ruber (N=240) 447 

and 4.8 % for P. obliquiloculata (N=216), estimated by replicate measurements on aliquot 448 

samples (N: total replicates). The 505 samples of core MD98-2162 are analyzed (only for G. 449 

ruber) at the Department of Earth Science, University of California, Santa Barbara, using a 450 

Finnigan MAT Element-2 ICP-MS. 451 

The stable isotopic analysis of G. ruber (707 samples of Core SO18480-3) are carried out 452 

by a Finnigan MAT253 mass spectrometer equipped with an automatic carbonate preparation 453 

device (Kiel III) at the State Key Laboratory of Marine Geology, Tongji University. The 454 

isotopic results are calibrated to the Pee Dee Belemnite (PDB) scale via the China National 455 

standard NBS 19. The standard deviation is better than ±0.07 ‰ for δ18O. The other 503 456 

samples of core MD98-2162 are analyzed for δ18O at the Department of Earth Science, 457 

University of California, Santa Barbara, by a Fisons Optima isotope ratio mass spectrometer 458 

with analytical precision of ±0.06 ‰. 459 

 460 
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Proxy Reconstructions 461 

The age models of the 10 cores are established by radiocarbon dates on mixed-layer 462 

dwelling planktic foraminiferal shells for the upper parts (≤40,000 years) and synchronized to 463 

the LR04 stack49 based on their benthic foraminifera δ18O20, 29, 50-54 or to G. ruber δ18O of core 464 

MD01-237851 based on their planktic foraminifera δ18O55-56 (for cores SO18480-3 and MD98-465 

2162) (Extended Data Fig. 2; Supplementary Information Table 2). 466 

In this study, new data of 5 cores and published records20, 29, 50-51, 57-58 of another 5 cores 467 

are used for the SST and TWT stacks. Here, the SST is converted from the Mg/Ca of G. ruber 468 

shells by combining the Mg/Ca-SST equations (Mg/Ca = B×exp [A×SST]) developed by Dang 469 

et al53 and by Hollstein et al22 with exponential coefficient A (0.097~0.099) and pre-exponents 470 

B (0.26~0.275) (Supplementary Information Table 1), adjusted for different sites to match their 471 

modern observed SST values. TWT is converted from the species-specific Mg/Ca-TWT 472 

equation of P. obliquiloculata59. The errors of SST and TWT reconstruction, introduced by the 473 

Mg/Ca measurements and Mg/Ca-temperature calibrations60, are estimated to be ±0.8 °C (1σ, 474 

and 2σ error ±1.0°C) and ±1.2°C (1σ, and 2σ error ±1.5°C), respectively. 475 

The proxy reconstructed upper OHC above 200 m is calculated as follows: 476 

OHC = C! ∗ (ρ" ∗ SST ∗ dZ" + ρ# ∗ TWT ∗ (200 − dZ")) 477 

Here Cp=4178 J kg-1 °C-1, 𝜌1 (1021.84 kg m-3) and 𝜌2 (1023.64 kg m-3) are modern 478 

observed climatological mean potential densities of 0-70 m and 70-200 m (from the World 479 

Ocean Atlas 2013 [WOA13] datasets, version 2)61-62 for the nine cores (Extended Data Fig. 5a-480 

b), while dZ1 (the depth of D26) is determined by the vertical temperature gradient (∆T) 481 

between SST and TWT, which exhibits a modern linear regression relationship (dZ1=155.62-482 

13.59×∆T) in the Simple Ocean Data Assimilation (SODA) reanalysis dataset63 over the years 483 

from 1871 to 2010 (Extended Data Fig. 5c-d). In this study, bottom depth of upper thermocline 484 

(the depth of 20℃ isotherm, expressed as dZ2) is simply fixed at 200 m, slightly deeper than 485 
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the maximum (188 m) of dZ2 in Extended Data Fig. 5a. This simplification is adopted here to 486 

avoid uncertainties caused by calculating dZ2 from proxy. 487 

Note that we have also performed calculation based on a varying dZ2 (defined by an 488 

extrapolative regression of SST and TWT), and the estimated OHC are similar to that of a fixed 489 

dZ2 (at 200 m) but with smaller absolute value (because modern IPWP mean dZ2 is only 160.5 490 

m in Extended Data Fig. 5a). As an additional constraint, our proxy-reconstructed OHC 491 

averages 2.10×1010 J/m2 during 0~3 ka, which matches well with modern observed regionally 492 

averaged OHC over the IPWP (15ºS-15ºN, 110ºE-160ºW) above 200 m water depth (2.08×1010 493 

J/m2). Another uncertainty may come from the glacial-interglacial changes of sea water density, 494 

but we argue that this effect on OHC can be neglected because OHC changes will be only 0.16 % 495 

if considering a glacial density increase of 1.7 kg m-3 from modern 1021 kg m-3 for tropical 496 

surface oceans64, rather smaller than the error range of our reconstructed OHC (1σ error 497 

0.08×1010 J/m2, equivalent to 3.8 %, or 2σ error 0.11×1010 J/m2, equivalent to 5.2 %). 498 

The seawater δ18O (δ18Osw) at each core is calculated from G. ruber (δ18Oc) by subtracting 499 

the effect of calcification temperature (estimated by Mg/Ca) using the transfer equation (δ18Osw 500 

= δ18Oc + (SST-16.5)/4.8 +0.27) according to Bemis et al65 and by correcting for the effect of 501 

global ice volume changes (δ18Oice) using the late Pleistocene global sea level stack (+1.17‰ 502 

for 130 meters’ sea level drop)66. Finally. the δ18Osw stack is calculated by compiling the δ18Osw 503 

of 10 cores, with a mean error of 0.16 ‰ (1σ) or 0.31 ‰ (2σ). Note that the non-linear 504 

relationships between ice-sheet and seawater δ18O67 are not included here because such an effect 505 

results in little difference in our δ18Osw estimation over the last 360 ka when the Northern 506 

Hemisphere ice-sheet waxing and waning dominated global ocean δ18Osw change. 507 

 508 

Spectral Analyses 509 

All frequency spectrum analyses are performed by Redfit software68 (window = rectangle, 510 
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segments = 4, oversample = 3 unless otherwise stated), and the spectral amplitudes are shown 511 

as the ratio relative to theoretical red noise (called Signal-to-Noise ratio, S/N ratio). But in Fig. 512 

2f-h and Extended Data Fig. 7, both the original spectral amplitude and S/N ratio are given. 513 

Cross spectrum analyses are performed using the Analyseries software69 with the B-Tukey 514 

method (window = Bartlett) to detect the phase angle and coherence of each time series relative 515 

to specific orbital variables (i.e., obliquity or precessional parameter70). 516 

 517 

Transient Model Simulations 518 

We used the Community Earth System Model 1.0.4 (CESM)71 with T31_gx3v7 519 

resolution (3.75º×3.75º and vertical 27 levels for atmosphere, nominal 3º resolution and vertical 520 

60 levels for ocean) to simulate the annual mean OHC changes on orbital timescales. As a spin-521 

up, the CESM was run for 200 model years under fixed orbital parameters70 and greenhouse 522 

gases (GHG) of 300 kyr BP, with all other boundary conditions (but neglecting ice sheet 523 

changes) set for their values in 1950 AD. Then the model was integrated for 3000 model years 524 

with the transient orbital insolation forcing and GHG forcing of the last 300,000 years, in which 525 

orbital parameters and GHG were both advanced by 100 years at the end of each model year72. 526 

This transient experiment is called CESM_ghg and its outputs for the last 3000 model years are 527 

used in our analysis. 528 

The simulated upper OHC (Joules m-2) is calculated according to the following 529 

equation73-74: 530 

𝑂𝐻𝐶 = 7 𝐶𝑝 ∗ 𝜌 ∗ 	𝑇 ∗ 𝑑𝑧
$

%
= 𝐶𝑝 ∗= (𝜌& ∗ 𝑇& ∗ 𝑑𝑍&)

'

&("
 531 

Here Cp is the heat capacity of sea water taken as 4178 J kg-1 °C-1, 𝜌 is potential density, 532 

T is ocean temperature, z is the depth of 20 ℃ isotherm (or D20) or a fixed water depth (i.e. 533 

200 m), n is the total layers from surface to the depth z, and 𝜌i, Ti, dZi are density, temperature, 534 

and layer thickness for the layer i. The annual mean OHC was regionally averaged over the 535 
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IPWP (15ºS-15ºN, 110ºE-160ºW, black rectangle in Fig. 1b), and its absolute value (1.43×1010 536 

J/m2) during 0~3 ka is consistent with modern observed OHC above D20 (1.49×1010 J/m2) but 537 

smaller than the OHC above 200 m water depth (because of the shallower D20 than 200 m). 538 

The simulated OHC time series were 9-points smoothed and linearly detrended for better 539 

comparison with paleo-proxies. 540 

We also performed transient experiments with a water isotope (δ18O)-enabled air-sea 541 

coupled climate model from the Goddard Institute for Space Studies of USA (GISS_ModelE2-542 

R model)75-76 under same configurations of those in experiment CESM_ghg. Water isotope 543 

tracers (1H216O, “normal” water; 2H1H16O or HDO, reported as δD; and 1H2 18O, δ18O) are 544 

incorporated into the atmosphere, land surface, sea ice, and ocean. Water isotopes are tracked 545 

through all stages of the hydrologic cycle and are advected throughout the model. At each phase 546 

change a fractionation is applied that explicitly determines equilibrium fractionation, with 547 

parameterizations accounting for kinetic fractionations during evaporation, condensation, 548 

evaporation of stratiform precipitating water droplets, and during condensing vapor to ice 549 

crystals in cloud under super-saturation conditions77. This model has a horizontal resolution of 550 

4º latitude ×5º longitude (both for the atmosphere and ocean), with 20 vertical layers in the 551 

atmosphere (up to 0.1 hPa) and 13 vertical layers in the Russell ocean model78-79. This transient 552 

experiment is called GISS_ghg (also with spin-up of 200 model years) and its outputs for the 553 

last 3000 model years are used in our analysis. 554 

As referred as δ18Osw_GISS and δ18Op_GISS (Fig. 3), the δ18O of sea surface water 555 

(δ18Osw) are regional averaged over the IPWP (5ºS-15ºN, 140ºE-170ºE), and the δ18O of 556 

atmospheric precipitation (δ18Op) were averaged over East Asia (15ºN-40ºN, 85ºE-125ºE), 557 

respectively (Supplementary Information Table 3). Regionally averaged time series are also 558 

calculated for other hydrological variables (i.e., precipitation, evaporation, precipitation minus 559 

evaporation, and evaporated water-vapor δ18O [δ18Oevap]), shown in Extended Data Fig. 8. Note 560 
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that δ18Op or δ18Oevap are calculated with precipitation or evaporation weights for each month 561 

before calculating their seasonal or annual means. According to atmospheric moisture balance 562 

equation80, positive precipitation-minus-evaporation (or P-E) equals moisture convergence (or 563 

input moisture from outside), and thus negative values of P-E stand for local moisture 564 

divergence (or output moisture). Generally, atmospheric moisture is transported from negative 565 

P-E regions (as a source) toward positive P-E regions (as a sink), which means that P-E can be 566 

taken as a simple proxy of moisture source / sink pattern (but not the original source of 567 

evaporation). 568 

Annual mean IPWP OHC above 20℃ isotherm depth is calculated from GISS_ghg 569 

experiment using the same method as for CESM_ghg. Resulted OHC time series matches well 570 

with the results from CESM_ghg experiment (Extended Data Fig. 8e) but with smaller 571 

magnitudes, which may be attributed to the lower ocean resolution of GISS_ModelE2-R model 572 

(only 13 layers vertically) compared to that of CESM model (60 layers vertically). Thus, our 573 

interpretations regarding OHC rely on simulations of CESM_ghg. 574 

 575 

Inter-model comparison and oceanic feedbacks 576 

JAS averaged variables from our transient simulations (GISS_ghg and CESM_ghg) are 577 

used to illustrate the spatial patterns of precessional forced hydroclimatic changes. At Pmin of 578 

the last 300,000 years, increased IPWP OHC is associated with paleo-ENSO-like and paleo-579 

IOD-like air-sea coupled modes46, 81 (Extended Data Fig. 9), in the meanwhile, (1) SST 580 

increases more in the western parts of tropical Indian-Pacific Ocean with local low surface 581 

pressure anomalies, resulting in anomalous westward moisture transport from high pressure 582 

regions (the subtropical Pacific and central equatorial Pacific); (2) more moisture is converged 583 

upward and precipitated (with negative δ18Op anomalies) over the Indonesia, northern Indian 584 

Ocean, and African-Asian monsoon regions, but with drier conditions (moisture divergence and 585 
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positive δ18Op anomalies) over the tropical south Indian Ocean, central equatorial Pacific, and 586 

subtropical north and south Pacific oceans (Fig. 4e; Extended Data Fig. 9g-h); (3) evaporation 587 

decreases with more positive δ18O (δ18Oevap) in the Indonesia and northern Indian Oceans, 588 

opposite to the anomalously increased evaporation with negative δ18Oevap in the tropical south 589 

Indian ocean, central equatorial Pacific and subtropical Pacific oceans. 590 

To verify the robustness of our transient simulations, we compared them with previous 591 

published model outputs from equilibrium experiments of the stable water isotope tracer-592 

enabled version of CESM (iCESM 1.2)82, in which the atmosphere is on a 1.9º latitude × 2.5º 593 

longitude grid with 30 vertical levels and the ocean use a ~1º rotated pole grid, 60 vertical levels. 594 

Here we use the last 48 model years’ result from two experiments (each 550 model years) with 595 

fixed precession parameter (Pmin v.s. Pmax) (Extended Data Fig. 9c), in which eccentricity is set 596 

as 0.0493 to maximize the influence of precession36, 83 (data available at http://doi.org/ 597 

10.5281/zenodo.3354638). The differences of JAS precipitation, evaporation and moisture 598 

transport between Pmin and Pmax from iCESM (not shown) are generally similar to those from 599 

our transient experiments (GISS_ghg; Extended Data Fig. 9), indicating that our results are 600 

reliable. Especially, regional averaged precipitation δ18Op over East Asia (15ºN-40ºN, 85ºE-601 

125ºE) in iCESM differs by -1.54‰ between Pmin and Pmax, which is much smaller than the 602 

difference of Chinese speleothem δ18O (-3.86‰) between the Pmin at 220 ka and the Pmax at 209 603 

ka (with similar eccentricity of 0.0493), and also smaller than the δ18Op difference in experiment 604 

GISS_ghg (unsmoothed data: -6.83‰, smoothed data: -3.36‰), indicating a better 605 

performance of GISS model. 606 

Similar equilibrium experiments are performed using the low-resolution version of 607 

CESM (T31_gx3v7) with different air-sea coupled configurations to isolate the role of oceanic 608 

feedbacks. The first group of experiments of Pmin and Pmax (using modern eccentricity value of 609 

0.0167) are configured with fully dynamical ocean component and run for 300 model years, 610 
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while the other group experiments run 100 model years with a fixed modern SST to force the 611 

atmosphere84. Based on the results of the last 50 model years, the differences between 612 

experiments of Pmin and Pmax are first calculated for the dynamical ocean coupled experiments 613 

(CESM-dyn-ocn) and the atmosphere alone experiments (CESM-atm-alone), respectively. 614 

Then the Pmin-minus-Pmax differences from these two experiment groups (i.e., CESM-dyn-ocn 615 

minus CESM-atm-alone) are compared to show the influence of dynamic oceanic feedbacks. 616 

Generally, those JAS anomalies of surface pressure, 850 hPa wind, and moisture-617 

source/sink in fully coupled experiments (CESM-dyn-ocn) exhibit similar patterns relative to 618 

those in Fig. 4d and Extended Data Fig. 9b, and they are also reproduced by CESM-atm-alone 619 

experiments (Extended Data Fig. 10a-b). This means that anomalous enhanced ocean-continent 620 

thermal contrast set the first-order responding features of Asian summer monsoon under 621 

precessional forcing84. But the influence of oceanic feedbacks is also very clear, especially for 622 

the subtropical northwest Pacific and south Pacific High pressure and wind anomalies, and 623 

associated moisture transport from the Pacific to Indian Oceans (Extended Data Fig. 10c-d). 624 

Due to oceanic feedbacks, Pmin-minus-Pmax differences of the western Pacific subtropical High 625 

pressure, EASM southerly wind velocity and precipitation are furtherly amplified by another 626 

1.16 hPa (over 30ºN-50ºN, 100ºE-180ºE), 1.36 m/s (over 30ºN-50ºN, 100ºE-125ºE), and 0.31 627 

mm/day (over 15ºN-40ºN, 85ºE-125ºE) in CESM-dyn-ocn experiments, relative to 0.92 Pa, 628 

0.46 m/s and 0.08 mm/day in CESM-atm-alone experiments. 629 

This amplification effect is also reflected in those anomalous intensified moisture sources 630 

(divergence) in the southwest to eastern equatorial Indian Ocean, the central equatorial Pacific, 631 

and the subtropical Pacific Oceans (shown by box-averaged numbers in Extended Data Fig. 632 

10b, d). Except for the western Indian Ocean, those stronger moisture sources are mainly 633 

contributed by reduced precipitation, because oceanic feedbacks only results in moderate 634 

increase of evaporation relative to precipitation changes (Extended Data Fig. 10e-f). Especially, 635 
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the two strongest moisture sources in the southeastern equatorial Indian and the central 636 

equatorial Pacific match well with anomalous downward branch of atmospheric Walker 637 

Circulation due to a combination of positive paleo-IOD and La Nina-like paleo-ENSO46, 84. 638 

Extended Data Fig. 10d exhibits anomalous increased moisture convergence (0.867 639 

mm/day) in the Arab Sea, Bay of Bengal, and the South China Sea (5ºN-25ºN, 50ºE-140ºE), 640 

which convert the Asian marginal seas from anomalous moisture source (in CESM-atm-alone 641 

experiments) to moisture sink (in CESM-dyn-ocn experiments) of Asian summer monsoon. 642 

After excluding this potential moisture source, the intensified EASM moisture sink is largely 643 

contributed by the Pacific moisture sources, while the strongest moisture sinks in the western 644 

and north Indian Ocean (also the rising branch of positive IOD with increased precipitation) are 645 

dominated by moisture sources from the southwestern and eastern equatorial Indian Oceans 646 

(Extended Data Fig. 10). 647 

Considering these independent responses of moisture transport in the Indian and Pacific 648 

Oceans, we argue for a critical role of the IPWP upper OHC on amplifying the EASM through 649 

paleo-ENSO-like air-sea coupled mode at the precessional band, which again calls for the 650 

atmospheric ‘water tower’ effect by converging remote Pacific moisture and transferring to 651 

boreal summer continental monsoon regions. 652 

 653 

Modern Observation Analogs 654 

The World Ocean Atlas 2013 (WOA13) datasets (version 2)61-62 are used to calculate 655 

annual mean climatological distributions of modern OHC above 200 m (Fig. 1a) according to 656 

the same equation as in CESM, and vertical profiles of IPWP ocean temperature / density at 657 

locations of the nine sediment cores (Extended Data Fig. 5). 658 

As a central part of the energetic recharge-discharge process in tropical oceans, modern 659 

IPWP OHC can greatly influence Asian-Indo-Pacific monsoonal precipitation (through ENSO, 660 
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IOD and tropical cyclones)6. Here we use the same equation as in the CESM to calculate annual 661 

mean OHC above 200 m or the depth of 20 ℃ isotherm from the year 1871 to 2010 based on 662 

the SODA reanalysis dataset (version 2.2.4)63. Then we investigate the ENSO-related linkage 663 

between OHC and δ18Op changes by comparing with annual mean outputs from the historical 664 

nudged simulation (1970-2008) of the atmospheric component of GISS_ModelE2-R, which 665 

participated in the Stable Water Isotope Intercomparison Group, phase 2 (SWING2)85. 666 

Regional averaged OHC time series over IPWP (15ºS-15ºN, 110ºE-160ºW) are compared 667 

with global averaged SST anomaly (SSTA) of the annual mean Extended reconstructed SST 668 

(ERSST. V4)86, the Southern Oscillation Index (SOI) from the Climatic Research Unit 669 

(https://crudata.uea.ac.uk/cru/data/soi/)87, and those time series of East Asian precipitation and 670 

associated δ18Op averaged over 15ºN-40ºN and 85ºE-125ºE. Regression coefficients of OHC, 671 

δ18Op and precipitation against the normalized time series of SOI are also calculated over the 672 

years of 1970~2008 (shown in Fig. 1b-c and Extended Data Fig. 1). 673 

 674 

Data availability: All data are presented in the main text or supplementary materials. 675 

Meanwhile, data reported here are also stored in the Pangaea database (www.pangaea.de). 676 
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Code availability: Codes for GISS_ModelE2-R (version modelE2_AR_branch.2017.11.02_ 678 

07.50.01) and CESM (version 1.0.4) are publicly available at https://simplex.giss.nasa.gov/ 679 

snapshots/ and https://www.cesm.ucar.edu/models/cesm1.0/, respectively. Model outputs were 680 

processed using the NCAR Command Language (NCL, version 6.6.2, available at 681 

https://www.ncl.ucar.edu) and plotted using the Grid Analysis and Display System (GrADS, 682 

version 2.0.2, available at http://www.iges.org/grads/grads.html). 683 
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Extended Data Fig. 1 | Relations of precipitation and δ18Op in East Asia with SST and 798 

upper OHC of the IPWP over 1970-2010. 799 

(a) Sea surface temperature anomaly (SSTA) of the annual mean ERSST (V4)86. (b) annual 800 

mean OHC anomaly above 20 ℃ isotherm depth over IPWP (15ºS-15ºN, 110ºE-160ºW), 801 

calculated from the SODA reanalysis dataset. (c, d) annual mean anomalies of East Asian 802 

precipitation (black, d) and associated δ18Op (blue, c) (15ºN-40ºN, 85ºE-125ºE), based on the 803 

historical nudged simulation of the atmospheric component of GISS_ModelE2-R. Time series 804 

in (a-d) are calculated by subtracting the temporal average of each variable. Vertical bars 805 

indicate the major periods of global warming hiatus. Dashed thick lines are long term trends of 806 

3-order polynomial fitting. (e) modern La Niña-associated annual mean OHC anomalies above 807 

20 ℃ isotherm depth from SODA dataset, shown as regression coefficients against normalized 808 

time series of Southern Oscillation Index (SOI, gray line in (b)). (f) is the same as (e) but for 809 

La Niña-associated annual mean precipitation changes from the GISS historical simulation. 810 

 811 
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Extended Data Fig. 2 | Age models of cores SO18480-3 and MD98-2162. 813 

(a) the age-model of a nearby core MD01-2378 based on its benthic foraminifera δ18O 814 

correlated to the global stacked benthic foraminifera δ18O (LR04 stack). (b, c) Comparisons of 815 

the G. ruber δ18O of cores SO18480-3 (b) and MD98-2162 (c) to core MD01-2378. Arrows 816 

mark the AMS 14C dates performed on planktic foraminifera G. ruber, while crosses mark the 817 

δ18O-derived age control points. 818 

 819 
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Extended Data Fig. 3 | Time series of original SSTs and TWTs. 821 

(a) SSTs for core ODP807 (purple) and KX21-2 (green), (b) SSTs for MD10-3340 (blue) and 822 

SO18480-3 (red), (c) SST for MD01-2162 (dark blue), (d) TWTs for core ODP807 (purple) 823 

and KX21-2 (green), (e) TWTs for MD10-3340 (blue) and SO18480-3 (red). The global stacked 824 

benthic foraminifera δ18O record (LR04 δ18Obenthic) and precession parameter are also given in 825 

(a-c) and in (d-e) for comparison, respectively. Vertical bars indicate glacial marine isotope 826 

stages. 827 
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Extended Data Fig. 4 | Spectral amplitudes of original TWT time series. 830 

(a) ODP807, (b) KX21-2, (c) GeoB17426-3, (d) MD06-3067, (e) MD01-2386, (f) MD10-3340, 831 

(g) SO18480-3, (h) MD01-2378, (i) SO18460. The spectral amplitudes, calculated by the Redfit 832 

software (window = rectangle, segments = 9, oversample = 2 or 1), are shown as the ratio 833 

relative to theoretical red noise. 834 

 835 

 836 

837 
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Extended Data Fig. 5 | Modern observational constraints for proxy-based OHC 838 

calculation. 839 

(a) Climatological vertical profiles of annual mean temperature from WOA13 (colored lines) 840 

at locations of the nine sediment cores with paired SST and TWT records. Color filled dots 841 

mark the habitat depth of P. obliquiloculata for each core according to Mg/Ca-derived TWT 842 

averaged during the early-middle Holocene (6-10 ka), with a mean depth of 121 m and mean 843 

TWT of 23.2 ℃ (grey bars). Vertical dashed lines in (a) show the 20 ℃ and 26 ℃ isotherms, 844 

which range from ~70 to ~122 m and from ~110 to ~188 m in the IPWP (15ºS-15ºN, 110ºE-845 

160ºW), respectively. (b) is similar to (a) but for potential density (colored lines and dots), with 846 

an average of 23.8 sq at the habitat depth of P. obliquiloculata. According to the shallowest 847 

26 ℃ isotherm depth of these nine cores, dashed line in (b) marks the boundary between the 848 

mixed layer (0-70 m, mean density=21.84 sq) and the upper thermocline layer (70-200 m, mean 849 

density=23.64 sq). (c) Time series of the 26 ℃ isotherm depth (D26) and vertical temperature 850 

gradient between 0 m and 121 m (∆T0m-121m), calculated by averaging over the IPWP from 851 

SODA reanalysis dataset. (d) Linear regression relationship between D26 and ∆T0m-121m (r = -852 

0.85), that is used for assessing past changes of IPWP D26 from those of palaeoceanographic 853 

proxy-based ∆T (∆T = SST - TWT). 854 
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Extended Data Fig. 6 | Obliquity cycles in the IPWP upper OHC and Southern 856 

Hemisphere paleoclimate records. 857 

(a) the obliquity (blue) and precessional parameters (gray). (b) IPWP OHC stack anomaly (red), 858 

compared with the surface air temperature from Antarctic EPICA Dome C ice core (EDC SAT; 859 

ice blue) and EDC noble-gas reconstructed global mean ocean temperature anomalies (∆MOT, 860 

blue squares with vertical bars showing the error)8-9. (c) TWT stack of the Ontong Java Plateau 861 

sites (OJP, based on cores KX21-2 and GeoB17426, purple) and the Mg/Ca-SST record of the 862 

extratropical Southwest Pacific core MD97-2120 (MD2120 SST, green). In (a)-(c), the Pmin and 863 

obliquity maxima are shown in brown and light purple vertical bars, respectively. (d)-(f) are 864 

similar to those in Fig. 3 but for the spectral/cross spectral (relative to the obliquity maxima) 865 

results of IPWP OHC stack, OJP TWT stack, EDC SAT and MD2120 SST. 866 

  867 

  868 



42 
 

Extended Data Fig. 7 | δ18O signatures of low-latitude hydrological cycle from the IPWP 869 

to Asian continent. 870 

(a) the IPWP δ18Osw stack (green, detrended), Chinese speleothem δ18Ocave (orange) and their 871 

differences (∆δ18Oocean-continent, black), in comparison with another measurement of the low-872 

latitude hydrological cycle (namely, the Dole Effect, ∆DE*, blue). (b, c) spectral powers of 873 

these time series (solid lines) shown as original spectral amplitude (b) and the ratio relative to 874 

theoretical red noise (c), while dashed lines denote their 95 % confidence levels. Note that for 875 

calculating ∆δ18Oocean-continent, the δ18Ocave is divided by a ratio of 7.85 according to the standard 876 

deviations of detrended δ18Osw (0.154) and δ18Ocave (1.209), which is assumed to stands for the 877 

ocean-continent δ18O fraction effect that will amplifies the changes in Asian δ18Op. 878 
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Extended Data Fig. 8 | Time series of hydroclimate indices of GISS_ghg experiment. 881 

(a) regional averaged δ18Osw (green), δ18Op (blue) and evaporated water vapor δ18Oevapor (brown) 882 

over IPWP (5ºS-15ºN, 140ºE-170ºE). (b) similar to (a) but for the evaporation (brown) and 883 

precipitation (blue) rates over the IPWP. (c) regional averaged δ18Op (orange) and local 884 

hydrological balance (Evaporation minus Precipitation, E-P, black) over East Asian (15ºN-885 

40ºN, 85ºE-125ºE), which are out-of-phase with the IPWP E-P (sapphire blue). The unit of 886 

mm/day can be converted to latent heat by multiplying 9×108 J/m2 (≈ latent heat of precipitation 887 

at 0 ℃: 2.5×106 J/kg by 360 days). (d) Differences of hydrological balance (E-P, purple) and 888 

δ18O (∆δ18Oocean-continent, green) between IPWP and East Asia in the GISS simulation, in 889 

comparison with the proxy-reconstructed ∆δ18Oocean-continent (grey). (e) OHC above 20 ℃ 890 

isothermal depth from experiments CESM_ghg (red) and GISS_ghg (dark gray). All the GISS 891 

simulated time series are linearly detrended and 9-point or 18-point (only in b) smoothed. To 892 

calculate modeled ∆δ18Oocean-continent, the Asian δ18Op is divided by a ratio of 7.5 according to 893 

standard deviations of detrended IPWP δ18Osw (0.076) and Asian δ18Op (0.569) in a similar 894 

rationale as shown in Extended Data Fig. 7. 895 
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Extended Data Fig. 9 | Multi-model comparison of the spatial patterns of precession-898 

forced changes in different hydroclimate indices. 899 

(a-b) boreal summer (JAS) SST (shading), air pressure at surface (PS, shading) & 850 hPa wind 900 

(vector) anomalies at Pmin from transient experiment CESM_ghg. (c) JAS δ18Op differences 901 

between Pmin and Pmax from two equilibrium experiments of iCESM (Pmin minus Pmax). (d-i) 902 

outputs from transient experiment GISS_ghg, including JAS SST (d), PS & 850 hPa wind (e), 903 

evaporated vapor δ18O (δ18Oevap) (f), precipitation (g), vertical integrated atmospheric vapor 904 

content (h), and evaporation (i). Except for (c), white shading denotes areas not significant at 905 

95 % confidence level of two-tail t-test. These patterns are shown as regression coefficients 906 

against the normalized time series of precession parameter, which are multiplied by -1 to 907 

demonstrate the effect of Pmin relative to Pmax. White shading denotes areas not significant at 908 

95 % confidence level of two-tail t-test. 909 
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Extended Data Fig. 10 | Contributions of the oceanic feedbacks to precession-forced 912 

ocean-continent moisture transport. 913 

(a) boreal summer (JAS) air pressure at surface (PS) and 850 hPa wind differences between 914 

Pmin and Pmax from decoupled experiments with fixed modern SST (CESM-atm-alone 915 

experiments). (b) the same as (a) but for differences of atmospheric moisture transport flux 916 

divergence (indicated by P-E, negative values stand for moisture source). Variables in (c) and 917 

(d) are the same as (a) and (b), respectively, but for differences of the Pmin-minus-Pmax 918 

differences (or experiments CESM-dyn-ocn minus CESM-atm-alone), highlighting the role of 919 

OHC associated oceanic feedbacks. (e) and (f) are similar to (c) but for evaporation and 920 

precipitation, respectively. Yellow and black boxes in (a, c) are defined by negative and positive 921 

anomalies of surface air pressure in (c), respectively, and box averaged values are shown as 922 

numbers to quantify the role of oceanic feedbacks. Similarly, those boxes in (b, d-f) are defined 923 

by centers of anomalous atmospheric moisture transport flux divergences in (d) (yellow for 924 

source and black for sink). Yellow arrows and symbol in (d) show the schematic pathways of 925 

anomalous moisture transport from source to sink regions due to oceanic feedbacks, including 926 

the mean circulation sketched from vectors in (c) and contribution of tropical cyclones (similar 927 

to Fig. 4e). White shading denotes areas not significant at 95 % confidence level of two-tail t-928 

test. 929 
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