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sourced signal of the Early Holocene TWTA peak. The MH-
peak type TWTA varies in phase with the equatorial September 
insolation change (Fig. 4A) that dominates ENSO-related activities in 
the tropical Pacific (41). For example, the overall pattern of the 
MH-peak type TWTA is consistent with the W-E zonal tempera-

ture difference in both the sea surface (42) and subsurface across 
the equatorial Pacific, which shows maxima in the Middle Holo-
cene and minima in the early stage of the deglaciation (Fig. 4B). 
Likewise, the strength of the ascending limb of the Walker circula-
tion, as indicated by the Borneo stalagmite 18O records, shows a 

Fig. 4. Time series and simulated temperature and rainfall anomalies in the IPWP since the LGM. (A) Mean TWTA of Middle Holocene peak type (green) and the 
September 21st insolation at the equator (dashed red line) and obliquity [gray dotted line; (47)]. (B) Zonal temperature gradients at subsurface (sub-TA, in gray) and at 
sea surface [SSTA, in violet; (42)] shown as the difference between the western equatorial Pacific and eastern equatorial Pacific. (C) 18O records of northern Borneo 
stalagmites (15, 16) (dark and light green) and simulated annual mean rainfall (millimeters per day) over Borneo (dark gray, this study). PDB, Pee Dee belemnite. (D) Mean 
anomaly of seawater 18O of IPWP (18Osw, dark gray, shading shows the 1 error of the records). Shadings, vertical bars, and dashed lines are as in Fig. 3. Simulated 
response of the Pacific subsurface temperature and atmospheric variables to September insolation maximum are shown in (E to H): (E) Annual mean TWTA at 120-m 
water depth. (F) Depth profile of the annual mean temperature anomaly across the Pacific between 5°S and 5°N. (G) Late-autumn (October to December) anomalies of 
mean rainfall (colors, in millimeters per day) and horizontal winds at 850 hPa (arrows, in meters per second, reference arrow on top right). (H) Late-autumn mean Walker 
circulation anomalies between 5°S and 5°N across the Pacific, as indicated by anomalies in wind (arrows, in meters per second, reference arrow on top right) and in 
vertical velocity (colors, in pascal per second). Positive values in red indicate upward motion, and negative values in blue indicate downward motion. These anomalies in 
(E) to (H) are shown as regression coefficients against the standardized time series of the September insolation at precessional band in experiment CESM_GHG. SMOW, 
standard mean ocean water.
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minimum (more positive 18O) around 17 to 16 ka and a maximum 
(more negative 18O) around 7 ka (Fig. 4C), suggesting an enhanced 
atmospheric convection over Borneo in the Middle Holocene.

The hydroclimate changes revealed by Borneo stalagmite are 
supported by our CESM simulation of annual mean rainfall time 
series over Borneo forced solely by orbital insolation change 
(Fig. 4C). In addition to the Borneo stalagmite records, the surface 
seawater 18O stack (18Osw) of the IPWP shows positive excursions 
in the last deglacial and a negative peak in the Middle Holocene 
(Fig. 4D), indicating a strengthened convective precipitation over 
evaporation in the Middle Holocene. Thus, we argue that the 
Middle Holocene thermocline warming of the near-equator IPWP 
is dynamically linked to the equatorial Pacific ENSO-like changes 
(e.g., enhanced Walker circulation and strengthened W-E zonal 
thermal contrast in the Middle Holocene). Our model simulations 
verify that September insolation maximum forces a warming in the 
IPWP thermocline (Fig. 4E) and a stronger zonal thermal difference 
across the equatorial Pacific (Fig. 4F). The atmospheric response to 
an increased zonal thermal gradient leads to increased rainfall over 
western equatorial Pacific (Fig. 4G) and a stronger Walker circula-
tion (Fig. 4H).

DISCUSSION
The long-term evolution of the tropical Pacific mean state—including 
the IPWP’s thermocline temperature, the W-E temperature gradi-
ents, and the western equatorial Pacific hydroclimate—has the 
potential to shape shorter-term climate oscillations, i.e., interannual 
ENSO activity, as suggested by simple model simulations (41, 43). 
An Early to Middle Holocene depression of ENSO activity associated 
with strengthening of the Walker circulation relative to modern 
is evidenced by several proxy records and model simulations 
(13, 16, 44). Our findings suggest that the evolution of the equatorial 
Pacific climate in response to precession forcing could be under-
stood in analogy to the modern seasonal development of the equa-
torial Pacific air-sea coupled system (2). That is, in the Early Holocene 
under the precession minimum, the thermocline of the open-ocean 
IPWP warmed widely, thereby likely suppressing ENSO activity. 
During the Middle Holocene, maximal September insolation may 
have caused an overall thermocline warming, increased precipita-
tion, and decreased sea surface salinity in the IPWP and strengthening 
of the Walker circulation (Fig. 4D). A maximum in W-E upper-
ocean thermal contrast (Fig. 4B) ultimately led to an extreme reduc-
tion of ENSO activity in the Middle Holocene.

The response of ENSO activity to future global warming and 
consequences to Earth’s climate evolution are not well constrained 
by either modern observations or model simulations (45), thus ne-
cessitating additional observations from paleoclimate records. Our 
study shows that warming of the western equatorial Pacific thermo-
cline coupled with increased W-E thermal gradient and strength-
ened Walker circulation may have ultimately led to the reduction in 
ENSO activity during the Early and Middle Holocene, when climate 
was arguably slightly warmer than at present (39, 46). This in-
ference raises the possibility that enhanced anthropogenic heat 
sequestration in the western equatorial Pacific subsurface waters, 
through the shallow overturning cell and equatorial Pacific air-sea 
coupled system, may further augment heat uptake in the eastern 
equatorial Pacific cold tongue due to reduced ENSO activity. In the 
near future, these may subsequently lead to an intermittent slowdown 

of surface warming, likely for short periods, in a pattern akin to the 
global warming hiatus between 2000 and 2014 (3, 5, 9).

MATERIALS AND METHODS
We analyzed the Mg/Ca and 18O of G. ruber (250 to 350 m) and 
P. obliquiloculata (350 to 440 m) at the State Key Laboratory of 
Marine Geology, Tongji University, Shanghai, China. Mg/Ca mea-
surements were conducted on an inductively coupled plasma mass 
spectrometry (Thermo VG-X7) with a measurement reproductivity 
of 2.2% for G. ruber (n = 311) and 4.8% for P. obliquiloculata (n = 302), 
estimated by replicate samples (n, total replicates of the three cores 
of this study; for details, see table S2). The shell 18O of the two 
species was measured with a Finnigan-MAT253 mass spectrometer. 
Conversion to the international Pee Dee belemnite scale was per-
formed using NBS19 standard, and the long-term variability of 18O 
is better than 0.07 per mil. Details of pretreatments and procedures 
are described elsewhere (20).

The age models for the IPWP cores were all established mainly 
by linear relationships of radiocarbon dates, first corrected for the 
14C reservoir ages by the Marine Reservoir Correction and then 
calibrated to calendar age using CALIB7.1 software (http://calib.org) 
(tables S1 and S3). The time series of proxies (SST, TWT, and 18O) 
were then averaged at 150-year nonoverlapping bins using the stair-
case integration resampling method. The temperature gradients of 
IPWP relative to the eastern equatorial Pacific or extratropical seas 
are calculated by the differences between the respective temperature 
anomaly records and on temporal steps determined by the average 
temporal resolution of the corresponding records (150 years for 
W-E subsurface temperature gradient, 500 years for W-E SST gra-
dient, and 600 years for South-Equatorial Pacific SST gradient).

Here, we use the CESM1.0.4 with T31_gx3v7 resolution 
[3.75° × 3.75° for atmosphere and nominal 3° resolution for ocean 
(37)] to simulate the response of Pacific upper-ocean thermal struc-
ture to the forcing of orbital configuration (obliquity and precession) 
and change in atmospheric GHG content (38). As a spin-up, the 
CESM was first run for 200 model years under orbital parameters 
and GHG of 300 ka and other boundary conditions in 1950 AD. 
Then, the model was integrated for 3000 model years with the tran-
sient orbital insolation forcing and GHG changes of the past 
300,000 years, in which orbital parameters and GHG were advanced 
by 100 years at the end of each model year (experiment CESM_
GHG). A similar transient accelerated experiment (CESM_ORB) 
was only forced by orbital insolation changes since 300 ka (38). The 
outputs in the last 3000 model years of these two experiments were 
both analyzed, and they exhibit similar responses to orbital insola-
tion forcing. Thus, only the results from experiment CESM_GHG 
are shown. At first, ocean temperature, salinity, atmospheric circu-
lation, and precipitation are extracted from original outputs along 
multiple profiles [i.e., the latitude-longitude profile at 120-m water 
depth, the longitude-vertical profile along the equator, and the 
latitude-vertical profile zonally averaged over the open Pacific (140°E 
to 140°W) or the western Pacific (100°E to 140°E)]. Then, these 
oceanic and atmospheric variables were linearly regressed onto the 
normalized time series of specific orbital forcing [i.e., obliquity 
parameter changes, GHG changes, and the June or September inso-
lation changes defined by the solstice or equinox precessional mode, 
respectively (38)]. Associated regression coefficients represent the 
Pacific air-sea coupled responses between the maxima and minima 
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of each orbital forcing. Statistical significance is assessed by the 95% 
confidence level of t test.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/42/eabc0402/DC1
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