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GEOLOGY

Pacific warm pool subsurface heat sequestration
modulated Walker circulation and ENSO activity

during the Holocene
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Dynamics driving the El Nifio-Southern Oscillation (ENSO) over longer-than-interannual time scales are poorly
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understood. Here, we compile thermocline temperature records of the Indo-Pacific warm pool over the past
25,000 years, which reveal a major warming in the Early Holocene and a secondary warming in the Middle Holocene.
We suggest that the first thermocline warming corresponds to heat transport of southern Pacific shallow over-
turning circulation driven by June (austral winter) insolation maximum. The second thermocline warming follows
equatorial September insolation maximum, which may have caused a steeper west-east upper-ocean thermal gradient
and an intensified Walker circulation in the equatorial Pacific. We propose that the warm pool thermocline warming
ultimately reduced the interannual ENSO activity in the Early to Middle Holocene. Thus, a substantially increased
oceanic heat content of the warm pool, acting as a negative feedback for ENSO in the past, may play its role in the

ongoing global warming.

INTRODUCTION

The equatorial eastern Indian and western Pacific oceans with a
persistent sea surface temperature (SST) above 28°C [termed the
Indo-Pacific warm pool (IPWP)] represent a major oceanic heat
source for the atmosphere, characterized by deep atmospheric con-
vection accompanied with heavy rainfall (1). The heat storage in the
IPWP is essentially formed by the accumulation of warm surface
waters driven by the equatorial trade winds (2) and modulated by
the convergence of subsurface ocean heat anomalies from North
and South subtropical and eastern Pacific (Fig. 1A) (3). The west-east
(W-E) thermal asymmetry across the tropical Pacific and associated
Walker circulation play a key role in both the interannual vari-
ability of El Niflo-Southern Oscillation (ENSO) (2, 4) and the
decadal to multidecadal Pacific climate changes (3, 4, 5). In associ-
ation with the greenhouse warming over the 20th century, the
equatorial Pacific W-E thermal gradient was possibly reduced, the
Walker circulation slowed down (6), and the ENSO variability in-
creased (4, 7). More recently, the slowdown of surface air warming
between ~2000 and 2014 AD (aka “global warming hiatus”) was featured
by substantial cooling of equatorial Pacific SST and strengthening
of the zonal thermal gradient and the Walker circulation (3, 5),
which has been attributed to enhanced heat storage in the equatorial
Pacific thermocline (8, 9). It is not fully resolved, however, over
decadal and even longer time scales, how the upper-ocean heat
anomalies will vary with changes in the Walker circulation, ENSO
activity, and the shallow overturning circulation from the subtropics.
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Understanding these relationships can greatly improve the predic-
tion of the future climate change.

On longer time scales, from the Last Glacial Maximum [LGM;
19 to 25 ka (kilo annum, thousand years before 1950 AD)] to the
Early Holocene (9 to 12 ka), a warming of up to 4°C has been
observed in the thermocline temperature records over the IPWP
(10, 11, 12), possibly leading to a reduction of ENSO activity in
the Early to Middle Holocene (13, 14). In addition, stalagmite re-
cords from Borneo suggest that Walker circulation was relatively
weak during the last deglacial and strengthened in the Middle
Holocene (4 to 7 ka) (15) when ENSO activity was suppressed (16).
However, while the Borneo stalagmite record suggests similar-to-
modern ENSO activity during the Early Holocene (16), other proxy
records of ENSO activity from eastern equatorial Pacific indicate
little or no ENSO activity during this period (17, 18). Such a discrepancy
is largely caused by the sparsity of sedimentary archives and thus
leads to an incomplete understanding of past changes in the upper-
ocean heat structure of the IPWP.

Here, we present a compilation of more than 30 sedimentary
proxy records (3 from this work) from the equatorial Pacific (Fig. 1A
and table S1) to comprehensively examine changes in the upper-water
(thermocline and above) temperature of the IPWP over the past
~25,000 years. We excluded five records [e.g., those from southwest
Sumatra (19)] that are predominately influenced by local processes
such as upwelling and do not reflect the general characteristics of
IPWP’s subsurface (table S1). The records with an average temporal
resolution of ~150 years constrained by a total of 217 radiocarbon
dates (see Materials and Methods and table S2) covering the course
of the LGM through the Holocene. The thermal structure of IPWP
is examined by reconstructing temperatures of the thermocline
water (TWT) and sea surface (SST) using shell Mg/Ca of two
planktic foraminifera, the upper-thermocline dweller Pulleniatina
obliquiloculata (20, 21) and the mixed-layer dweller Globigerinoides
ruber (see Materials and Methods) (21). To minimize the possible
interlaboratory and intercalibration biases and the effect of different
cleaning protocols (see the Supplementary Materials), we calculated
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Fig. 1. Time series of thermocline and SST anomalies in the IPWP compared to
global climate indices during the past 25,000 years. (A) Site locations of paired
SST and thermocline water temperature (TWT) records (white circles) and SST-only
records (blue triangles) (table S1). Shadings indicate temperatures at 120-m water
depth. (B) Mean TWTA (red) of the IPWP records. Solid black arrows mark the two
major warming phases of TWTA between 22 to 19 ka and 13 to 11 ka, respectively.
(C) Precession (dashed purple) and obliquity (orange) parameters (47). (D) Atmo-
spheric pCO, derived from West Antarctic Ice Sheet Divide ice core [gray dots; (26)].
ppmv, parts per million by volume. (E) Mean SSTA (blue) of the IPWP records and
the global mean SST anomaly [AT, dark gray line; (48)]. (F) Mean IPWP G. ruber
580 anomaly (5'®0¢-A, green) and LR04 benthic 5'%0 stack [gray line and sym-
bols; (49)]. Shadings of proxy records show the 16 SD. Vertical dashed lines denote
the timing of the deglacial onset of SST (~19 ka, blue) and TWT (~22 ka, red), the
onset of the second deglacial warming step (gray), and the Early Holocene
peak of TWT (EH-peak, ~10.8 ka, red). Dotted red arrow denotes the Middle Holo-
cene peak of TWT (MH-peak, 7 ka). B.P., before the present.
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the SST and TWT anomalies relative to the average value of each
temperature record over 6 to 10 ka (denoted as SSTA and TWTA;
Fig. 1, B and D). The records of G. ruber '%0 from 22 cores are
processed in the same way to acquire the mean 806, ruber anomaly
(8'%0¢-A; Fig. 1F) and are calculated for seawater 5%0 by subtract-
ing the amount related to changes in local temperature and global
ice volume [see the Supplementary Materials (22)]. Three deep
thermocline temperature records of the eastern equatorial Pacific,
estimated by the shell Mg/Ca of Neogloboquadrina dutertrei, are
also analyzed (table S1).

RESULTS

Mean TWTA and SSTA variations

The mean SSTA continuously warms by ~2.8° + 0.6°C since ~19 to
~10 ka and cools by ~0.3° + 0.5°C from ~9 to 0 ka (Fig. 1E), consis-
tent with previous estimates (23, 24). The deglacial onset of posi-
tive SSTA occurs at ~18 ka with site-specific differences (25), which
is generally synchronous with the onsets of the atmospheric pCO,
rise (Fig. 1D), global mean SST warming (Fig. 1E), and decreases
in the IPWP mean G. ruber 8'30 and the global benthic §'*0 stack
(Fig. 1F).

The mean TWTA warms by 3.0° £ 0.6°C from ~22 to 11 to 9 ka
and cools by 1.0° £ 0.7°C from 9 to 0 ka (Fig. 1B). The TWTA at 11
to 9 ka is highest and synchronous with the precession minimum
and obliquity maximum (Fig. 1C). The onset of deglacial warming
occurs at ~22 ka in TWTA, in phase with the turning point of
precession parameter (Fig. 1C) and precedes the deglacial pCO; rise
(26) by ~4000 years (Fig. 1D). The deglacial mean TWTA warming
mainly occurs in two phases: a first warming between 22 and 19 ka,
coeval with the initial decrease of precession parameter, and a sec-
ond warming between 13 and 11 ka, coinciding with the minima of
precession parameter (Fig. 1B). The later warming phase is also syn-
chronous with the final phase in the deglacial rise of the atmospheric
pCO; (Fig. 1D). The overall trend and the timing of the deglacial
warming illustrate that orbital-driven insolation forcing controls
the TWT change in the IPWP.

Besides the warm TWTA peak at ~11 ka, a second peak is found
around 7 to 6 ka (Fig. 1B). TWT features observed in sites from
open ocean differ from those within the Maritime Continent wa-
ters. The TWTA from open-ocean sites gradually warms from 22 ka
and peaks at 11 to 10 ka (Fig. 2A), which we define as the Early
Holocene peak (EH-peak) type. The near-equator TWTA records
from the Maritime Continent waters are characterized by a rise
after 15 ka and a Middle Holocene warm peak around 7 ka (Fig. 2B),
defined as the Middle Holocene peak (MH-peak) type. The principal
components analysis confirms the distinction, with a first principal
component (Fig. 2C) yielding positive loadings for all records
(Fig. 2D) and a second principal component (Fig. 2C) yielding
different signs of loadings among the sites (Fig. 2E). The linear
combinations of the first and second principal components resemble
the two types of TWTA change (Fig. 2F), suggesting that “PC1 -
PC2” represents the feature of EH-peak type TWTA and “PC1 + PC2”
represents the MH-peak type.

The Early Holocene TWTA peak

The EH-peak type, consistent with the mean TWTA trend (Fig. 1B), is in
phase with the changes in Earth’s orbital configuration of precession
and obliquity (Fig. 3A). The relationship between precession/obliquity
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Fig. 2. The two types of thermocline temperature anomaly (TWTA) records in the IPWP since the LGM. (A) Average TWTA (brown) and the original TWTA records
of the open-ocean sites. (B) Same as (A) but for the near-equator sites in the Maritime Continent waters. The TWT records in (A) and (B) are defined as (EH-peak and
MH-peak types), respectively. (C) First (blue) and second (red) principal components (PCs) of all the TWTA records. PC1 and PC2 explain 62 and 16% of the total variance,
respectively. (D and E) Loadings of PC1 (D) and PC2 (E) for each site. (F) Linear combinations of PC1 and PC2 that resemble the Early Holocene peak type (PC1 — PC2) and

Middle Holocene peak type (PC1 + PC2), respectively.

and IPWP’s thermocline change has been found before (10-12, 27, 28)
and was explained by some regional oceanographic processes. Such
a common Early Holocene peak, however, implies a common driv-
ing mechanism over the entire IPWP thermocline. The western
equatorial Pacific thermocline water originates from the basin-wide
shallow overturning circulation of the Pacific Ocean (I, 29), which
is fed by the subduction of relatively salty, warm surface waters in
the subtropical North and South Pacific (1), and is primarily reg-
ulated by the surface wind stress curls determined by the meridio-
nal SST gradients (30). Over the past 25 ka, the gradient between the
southwestern Pacific SSTA (from 45.5°S, 174.9°E) (31, 32) and the
IPWP mean SSTA (Fig. 3B) resembles the EH-peak type TWTA,
possibly reflecting relatively warmer midlatitude and thereby en-
hanced warm water transport of shallow overturning circulation in
the Early Holocene. In addition, foraminifera §'°C records of the
equatorial Pacific also suggest an Early Holocene intensification in the
advection of southern-sourced subsurface waters (33, 34). An Early
Holocene peak also appears in the southern Pacific and Antarctic
temperature records because of the June (austral winter) insolation
maximum at precession minimum (fig. S3). In modern observations
(35), the northern Pacific shallow overturning circulation also con-
tributes to the IPWP thermocline water, but the northwestern Pacific
SSTA record shows no direct linkage to the Early Holocene peak in
IPWP thermocline (fig. S3). Therefore, we can only propose that
the overall trend of IPWP’s thermocline evolution over the LGM-
Holocene may be dominated by the southern Pacific shallow over-
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turning circulation, under the control of changing meridional
insolation gradient induced by orbital forcing [i.e., precession
and obliquity (36)].

Our hypothesized mechanism for the Pacific subsurface tem-
perature change is verified by a transient simulation of the Community
Earth System Model [CESM1.0.4 (37)], forced by the orbital insola-
tion and greenhouse gas (GHG) changes of the past 300,000 years
(detailed in Materials and Methods)(38). The responses of the
Pacific upper-ocean thermal structure point out the key role played
by precession in forming the Early Holocene peak of TWT in the
IPWP. At precession minimum during the Early Holocene, an
intrusion of southern Pacific warm waters resulted in a drastic
thermocline warming in the 30- to 200-m water depth of the open-
ocean equatorial Pacific (140°E to 140°W; Fig. 3, C to E) and in the
relatively deeper (below 120-m water depth) Maritime Continent
waters (100°E to 140°E; Fig. 3F) (39). Noteworthy, the precession
minimum also induces considerable cooling anomalies in the shallower
Maritime Continent waters above 120-m depth in our simulation
(Fig. 3F), in contrast to the paleo-proxy-based Early Holocene
TWTA warming off the Philippines and in the Timor Sea. There-
fore, the Early Holocene TWT warming in the IPWP may be a re-
sult of the precession-forced warming of deeper thermocline waters
(Fig. 3D), which cannot be explained by the obliquity maximum
with a cooling effect instead (fig. S4). Of course, the Early Holocene
warming may also be induced by the influence of increased atmo-
sphere pCO,, which results in a universal warming at all latitudes
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Fig. 3. Precession-forced Early Holocene TWTA peak. (A) Mean TWTA of the Early Holocene peak type (brown), precession (red dashed line), and obliquity [gray dashed
line; (47)]. (B) Meridional SSTA gradient between southwest Pacific [SWP; site MD97-2120, from 45.5°S, 174.9°E; (31-32)] and the IPWP. Holocene, last deglaciation, and
LGM are separated by dashed vertical lines. CESM-simulated responses of Pacific subsurface temperature to June insolation in the Early Holocene are shown in (C to
F): horizontal temperature anomaly distributions of upper-thermocline [at 120 m in (C)] and deeper thermocline [160- to 180-m water depth average in (D)] and meridional
upper-water temperature anomaly profiles in the open Pacific [140°E to 140°W in (E)] and the Maritime Continent waters [100°E to 140°E in (F)]. Temperature anomalies
in (C) to (F) are shown as regression coefficients against the standardized time series of the June insolation at precessional band in experiment CESM_GHG. White shadings

mask insignificant results below 95% confidence level (t test). EQ, equator.

(fig. S4). In addition, the deglacial sea level rise can also deepen the
thermocline and result in thermocline warming in the Maritime
Continent waters (40). Thus, the Early Holocene warming of the
IPWP subsurface water could have been caused by the combined
effect of precession minimum, atmosphere pCO, maximum, and
sea level high stand.

Dang et al., Sci. Adv. 2020; 6 : eabc0402 14 October 2020

The Middle Holocene TWTA peak

For the near-equator sites within the Maritime Continent waters,
the most substantial thermocline warming occurs in the Middle
Holocene. These records share two main features: (i) a cooling spell
in 18 to 15 ka and (ii) a warming peak at ~7 ka (Fig. 4A). These sites
are apparently less directly influenced by the southern Pacific

40f8

0202 ‘v'T 1800190 U0 /610 Bewasualos saoueape//:diy Woiy papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

Age (ka B.P) E TWT (120-m depth)
0 5 10 15 20 25 30°N 2.4
T T YT T Y N A T I A N | 12
Holocene | Deglaciation |  LGM 15°N. : :
A YD HS-1 | ] | Fo.4
| | EQA ) 0
_ | | 460 043
O _ o4 | | - ] -0.4
<3 L | S 15°81
g2 I I e S o4 ] Sl PP
S5 | i a2 [T s N —
2 ' L 8 Lo41T 100°E  140°E 180° 140°W  100°W
§2 5. Holocene £ 8
s ~ peak *420“—(2 L os
= | F Temperature profile (5°S—5°N)
_3 i} T 7 2.4
“h400  Lo039 (23 1.2
. % | Hoa
o3 | °
~9 -0.4
£ s 0- L 150
Q. og -1.2
S5 - L o
Qs < 5 f y . . { . . : : -2.4
-1 5 o] 100°E 140°E 180° 140°W 100°W
Yy
42
! G Rainfall and wind (850 hPa) [—= 2m s
30°N T n’
INES E{i 4
= 15°N g /A J\KJ/A 3
= W L
2 -1 g %%t 3 Hos
£ ~ = 505
[o e} ;K 2 27 0
S m £ g\ S 51
e = N4 TS
» = _9g © o S 3 p-0.8
o0 € 15°S <&
s b= v B_3
e s N R
3 3 30° = bE_,
7 © 100°W
(e}
=
~ —0.31
&
100
5 0.2 (hPa)
3
= =017 | 200
e o | 300
9 |
c
s 0.14 | 500
(] 1 1
S T T T T [ T T T T [ T 1T T T [ T T T T [ T T T 1] ]
0 5 10 15 20 25 850 ; ¢ L : , ;
Age (ka B.P.) 100°E 140°E 180° 140°W 100°W

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 (Asub-TA, in gray) and at
sea surface [ASSTA, in violet; (42)] shown as the difference between the western equatorial Pacific and eastern equatorial Pacific. (C) 5'80 records of northern Borneo
stalagmites (75, 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 5'30 of IPWP (A8'80s,, 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.

sourced signal of the Early Holocene TWTA peak. The MH- ture difference in both the sea surface (42) and subsurface across
peak type TWTA varies in phase with the equatorial September the equatorial Pacific, which shows maxima in the Middle Holo-
insolation change (Fig. 4A) that dominates ENSO-related activitiesin ~ cene and minima in the early stage of the deglaciation (Fig. 4B).
the tropical Pacific (41). For example, the overall pattern of the Likewise, the strength of the ascending limb of the Walker circula-
MH-peak type TWTA is consistent with the W-E zonal tempera-  tion, as indicated by the Borneo stalagmite 'O records, shows a
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minimum (more positive 5'%0) around 17 to 16 ka and a maximum
(more negative 8'°0) 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 880 stack (8'304,) 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
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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 8'%0 of G. ruber (250 to 350 um) and
P. obliquiloculata (350 to 440 um) 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
0f 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 8'°0 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 §'*0
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
'“C 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 51%0)
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° x 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 £ 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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Introduction

This supporting information provides supplementary descriptions of the Methods applied in
this study, as well as three tables giving the information of the sediment cores compiled in this
study (Table S1), the Mg/Ca measurement reproductivity (Table S2) and radiocarbon dates of the
cores firstly published in this study (Table S3).



Section S1: The P. obliquiloculata Mg/Ca records and dissolution effect

We argue that the possible dissolution effect is not a major factor influencing the variations in
the IPWP P. obliquiloculata Mg/Ca records. Firstly, all the studied cores are retrieved from water
depth above ~2800 m (Fig. S1), and the changes in bottom water carbonate ion concentration
([COs%]) are less than =5 pmol/kg in the western tropical Pacific at 2.3 km water depth (based on
benthic foraminifera B/Ca reconstruction; 50). Such a [COs*] change may result in a variation in
P. obliquiloculata Mg/Ca of 8.54).5% (about 0.24-0.27 mmol/mol, assuming mean Mg/Ca = 3
mmol/mol), given a Mg/Ca-[CO3?] sensitivity of 1.6-1.8% (20). However, the bottom water [CO3%]
variations in the last 25 ka show no trend (Fig. 6¢ in 50) and thus may not result in the patterns of
the P. obliquiloculata Mg/Ca records analyzed in this study.

Secondly, either the Early-Holocene peak (EH-peak) or the Middle-Holocene peak (MH-peak)
types of P. obliquiloculata Mg/Ca records occurs in all the studied cores from a water depth range
of 730-2299 m and 1094-2816 m for the EH-peak and MH-peak types, respectively (Fig. S1). Both
the amplitudes of (1) LGM to the Early-Holocene and (2) through the Holocene are identical of ~1
mmol/mol for all the records of EH-peak type (Fig. S1, left panel). For the MH-peak type, the
Mg/Ca increases from ~15 ka to ~10 ka are similarly ~1 mmol/mol, and the decreases from Middle
to Late Holocene are around 0.5 mmol/mol (Fig. S1, right panel). If there were a bottom water
dissolution effect, it would not explain the similarities of these Mg/Ca changes, especially their
similar amplitudes, over the intermediate and deeper water depths.

Finally, the benthic B/Ca records from 3.4-4.3 km water depth of equatorial Pacific show a
decrease in [CO3?] of ~8-15 umol/kg from the Early to Late Holocene (50), and may explain ~12-
22% decrease in P. obliquiloculata Mg/Ca (20). From LGM to the Early Holocene, the deep Pacific
[COs?] increased by ~14-25 umol/kg (50) and may result in an increase of 15~27% of P.
obliquiloculata Mg/Ca (20). So, if bottom water [CO3?] of shallower depth of IPWP did change in
a similar manner and amplitude as those seen in the open equatorial Pacific, the possible changes
in P. obliquiloculata Mg/Ca due to dissolution effect would be less than 30%.

Section S2: Reconstructions of proxy data

2.1 Correction for the possible bias effects on Mg/Ca

The planktonic foraminifera Mg/Ca derived temperatures may differ significantly due to the
differences in calibration equations (20, 21) and/or the different pre-treatment procedures
(especially the cleaning method, 10, 51). We calculated the anomalies (SSTA and TWTA) of the
calibrated temperature (SST and TWT) relative to a certain baseline, to minimize or reduce these
possible biases. Here we take the average values over 6-10 ka of each record as the baseline, i.e.,
we subtracted the 6-10 ka average from each data point to obtain its anomaly.

Taking the records of MD10-3340 for an example (Fig. S2), the SST results calculated by
calibrations developed from the equatorial Pacific (24), the Sargasso Sea sediment trap (52) and
tropical Pacific core-tops (21) show differences as large as ~5<C (Fig. S2A). But the SSTAs differ
less than 0.1<C among these calibrations (Fig. S2B). Similarly, TWT given by calibrations of Ref.
20, 21, 52 differs by 0.8-4<C (Fig. S2C), but the differences in TWTA are much smaller as 0.05<C
(Fig. S2D).

Except the possible bias of Mg/Ca-temperature calculated by different calibrations, the Mg/Ca
ratio produced in different laboratory (53) and by different cleaning method (21) may also introduce
biases in the reconstructed temperature results. Studies in the Indonesian seas (10, 51) detected a
decrease as large as 6% in the measured Mg/Ca of both G. ruber and P. obliquiloculata following
a reductive cleaning (54) compared to the non-reductive cleaning (55). We calculated such a
possible effect on the Mg/Ca of G. ruber and P. obliquiloculata of MD10-3340, by randomly
increasing the Mg/Ca value by 641.5% (uniformly distributing between 4.5% and 7.5%) and then
calculating the SST and TWT, respectively (using equations of Ref. 21). The SST (Fig. S2E) and
TWT (Fig. S2G) of increased Mg/Ca are higher than the original ones by 0.6 <C on average, but the



SSTA (Fig. S2F) and TWTA (Fig. S2H) show almost no difference between the two sets of Mg/Ca
(~0.01<C on average).

These assessments suggest that the possible biases induced by either calibrations or
measurements are significantly reduced when the calculations of anomalies are applied. This is
essentially because the Mg/Ca-temperature sensitivity is rather identical for most planktonic
foraminifera species. Therefore, rather than a loose constraint on the absolute temperature estimates
due to those possible biases, a more reliable measure of the relative changes may be acquired across
the records by calculating the temperature anomalies.

2.2 Dating uncertainties

Dating of co-existed wood fragments and planktonic foraminifera in a sediment core from the
Makassar Strait shows variations of the C reservoir age ranging between 100 and 1100 yr (56)
over the LGM-Holocene. Applying a variable reservoir age may introduce differences in the
calibrated calendar ages at an order of several hundred years. We did not apply such a variable
reservoir age method in all the cores of this study, because the spatial and temporal coverages of
such #C reservoir age variations is not fully explored yet. In other words, it would be difficult to
determine the reservoir age variations outside the Makassar Strait. Also, differences of calendar age
induced by variations of reservoir age (10% yr) is much smaller than the time-scale of the main
issues considered in this study (10%-10* yr). Therefore, ages determined by constant or variable
reservoir ages are both acceptable for this study, but one should keep in mind about the possible
error range (several hundred years) of the age model.

2.3 Zonal and meridional temperature anomaly gradients

In addition to the equatorial Pacific west-east zonal SST gradient published before (42), we
calculated the W-E zonal subsurface temperature gradient in this study. The eastern equatorial
Pacific (EEP) subsurface temperatures were reconstructed by Mg/Ca of Neogloboquadrina
dutertrei from three sediment cores (Supplementary Table S1). The habitat depth of N. dutertrei is
predicted to be slightly deeper than P. obliquiloculata (21) and thus in the deeper thermocline in
EEP (33, 57, 58). The difference between the P. obliquiloculata Mg/Ca derived TWT of IPWP and
the N. dutertrei Mg/Ca derived deep thermocline temperature (DTT) of EEP may be interpreted as
the subsurface temperature gradient across the W-E equatorial Pacific. We calculated the EEP DTT
anomalies and performed the binning averages for the three records using the same method at a 150
yr step as for IPWP TWTA. The sub-TA gradient (Asub-TA) was then generated by calculating the
difference between the mean IPWP TWTA (of all 11 records) and the mean EEP DTTA (of all 3
records).

Core MD97-2120 (45.5<5, 174.9<E, water depth 1210 m; 31, 32) from the southern Chatam
Rise, Southwestern Pacific, and core MD01-2421 (36.0N, 141.8 E, water depth 2224 m; 59) locate
at the western margins of the south and north Pacific Sub-tropical Gyres, respectively. The SST
records from these two cores represent the changes in sub-tropical western Pacific sea surface
conditions. We did binning average at a 1000 yr step on the SST records from these two cores, as
their original records yield time-resolutions up to ~500 yr. Then the SSTAs are calculated in the
same manner as for IPWP SSTA, taking the average of 6-10 ka as the baseline. The mean IPWP
SSTA is also re-calculated at a 1000 yr step. Finally, the differences between mean IPWP SSTA
and the sub-tropical SSTA records are calculated to represent the meridional SSTA gradients.

2.4 G. ruber 880 and seawater 80
The G. ruber &80 records of 22 cores (Table S1) are calculated for the §*30¢ anomaly (5'0c-
A, PDB %o) relative to their respective average over 6-10 ka, and then binning averaged with a 150-



yr window. The average of all records at each 150-yr window are reported as the mean §*0g-A of
the IPWP, and the standard error as the error range.

These 22 records are also used to estimate the surface seawater 520 (5'80sw, SMOW%o).
Firstly, the temperature effect is subtracted from the §80¢ using the equation of SST = 16.9 -
4.38*(5'80c - 510sw) + 0.1*#(8'80¢ - 680sw)?, and a 0.27 %o correction of SMOW relative to PDB
is added (60). Subsequently, the §'80sw is corrected for ice-volume effect using the global mean
sea-level change of (22). Then, the ice-volume corrected §'80sy records are calculated into
anomalies relative to their respective 6-10 ka average, and then binning averaged with a 150-yr
window. Finally, the average of all 580y anomaly records at each 150-yr window are reported as
the mean 5'%0sw of the IPWP, and their standard error as the error range.



Fig. S1. P. obliquiloculata Mg/Ca records from different water depth.

(A) the early-Holocene peak-type (EH-peak type) mean TWTA, and (B-D) records showing EH-
peak type from the northern western tropical Pacific (B, MD2188 and MD3067), equatorial
western Pacific (C, GeoB17419 and KX21-2) and the Timor Sea (D, MD2378, SO18460 and
S018480). (E) the middle-Holocene peak-type (MH-peak type) mean TWTA, and (F-H) records
showing MH-peak type from the equatorial western Pacific (F, MD3340; G, MD2386) and the
Makassar Strait (H, MD2161 and MD2178). Water depth of each core is shown in brackets.
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Fig. S2. Comparison of the Mg/Ca-temperature records among calibrations and cleaning-
methods.

The records of MD10-3340 is taken as an example. (A-D) comparisons among calibrations for G.
ruber Mg/Ca derived SST and SSTA (A, B) and for P. obliquiloculata Mg/Ca derived TWT and
TWTA (C, D). (E-H) comparisons between cleaning methods for SST and SSTA (E, F) and for
TWT and TWTA (G, H). Calibrations shown here are from Ref. 20, 21, 24 and 52. Differences in
Mg/Ca of 6% (10, 51) are applied for the comparison between cleaning methods.
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Fig. S3. Comparison of the TWTA changes with other records.

Left Panel: The Early-Holocene peak type TWTA changes. (A) the mean TWTA of Early-
Holocene peak type (brown), precession (red) and obliquity (gray, 47). (B) meridional SSTA
gradient between southwest Pacific (SWP, site MD97-2120) (31, 32) and IPWP. (C) Antarctic ice
core 8D (61, 62) and SST off West Antarctic Peninsula (ODP1098) (63). (D) speleothem 520 of
the Hulu Cave (dark blue) (64) and Dongge Cave (light blue) (65).
Right Panel: The Middle-Holocene peak type TWT changes. (A) the mean TWTA of Middle-
Holocene peak type (brown) and the September 21% insolation at the Equator (red) and obliquity
(gray, 47). (B) Ux®’-SSTA of Northwest Pacific (pink) (59). (C) the zonal ASSTA (light green)
(42) and Asub-TA (subsurface temperature anomaly differences, calculated by the mean TWTA
of IPWP and mean DTT of EEP) between the WEP and EEP. (D) 880 records of Northern
Borneo stalagmites (dark green, 66; and light green, 15, 16). (E) the difference of G. ruber &80
between the western equatorial boundary (WEB, average of records from MD3340 and MD2386)
and Ontong-Java Plateau (OJP, average of records from KX21-2 and ODP807). (F) simulated
Nino3 SSTA (orange) (41) and Nino3 annual wavelet variance (black) (67). Climatic intervals of
LGM, last Deglacial, Holocene and the Heinrich Stadial 1 (HS-1) and Younger Dryas (YD)

events are denoted.
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Fig. S4. CESM simulated Pacific sub-surface temperature responses to obliquity and CO:2
forcings.

(A) temperature anomaly at 120 m water depth under the forcing of obliquity (outputs of obliquity
maximum minus those of obliquity minimum). An obliquity maximum would result in cooling in
the subsurface waters from middle- to low-latitudes. (B, C) temperature anomalies of GHG
forcing, at 120 m water depth (B) and along the equatorial Pacific profile (55-5N) (C),
calculated by the integrated outputs of GHG maxima minus those of GHG minima. Scale-bar for
color shading is shown below. The effect of GHG increase is an overall heating of the whole
Pacific with larger amplitudes in the sub-tropical gyre center and an anomalous EI Nino-like

subsurface temperature pattern along the equator.
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Table S1. The sediment cores analyzed in this study”.

Site Latitude Longitude WD RL MSR MSI

No. Site ID Core ID Region (N) B ™ (ka) (cmika) o0 Reference
records of paired SST and TWT

1 MD98-2188 MD2188 W. Philippine Sea 14.82 123.49 730 13 30 66 12

2 MD06-3067 MD3067* Davo Bay 6.52 126.50 1575 30 12 265 11

3 MD98-2178 MD2178* N. Makassar St. 3.62 118.70 1984 30 60 41 51, 68

4 MD01-2386 MD2386* SW. Philippine Sea 113 129.79 2816 30 29 50 28

5 MD10-3340 MD3340* Halmahera Sea -0.52 128.72 1094 30 13 178 this study, 69

6 MD98-2161 MD2161* S. Makassar St. -5.21 117.48 1185 29 33 61 50, 68

7 S018460 S018460* Timor Sea -8.79 128.64 1875 30 15 670 70

8 S018480-3 S018480* Timor Sea -12.06 121.65 2299 30 11 160 this study

9 MD01-2378 MD2378* Timor Sea -13.08 121.79 1783 23 18 131 10

10 KX973-21-2 KX21-2* Ontong-Java Plateau -1.42 157.98 1897 30 15 570 this study, 71

11 GeoB17419-1 GeoB17419 E. Papua New Guinea -2.81 144.50 1883 30 12 349 27
records of only SST

1 MD97-2141 MD2141* Sulu Sea 8.78 121.28 3633 22 23 90 72

2 MD98-2181 MD2181* Davo Bay 6.45 125.83 2114 23 64 50 73

3 70GGC 70GGC S. Makassar St. -3.57 119.38 482 14 28 125 23

4 GIK18515-3 GIK18515* S. Makassar St. -3.63 119.36 688 30 47 80 56

5 MD98-2162 MD2162* S. Makassar St. -4.68 117.90 1855 24 45 415 74

6 13GGC 13GGC S. Makassar St. -7.40 115.20 594 11 49 40 23

7 MD98-2165 MD2165 Sumba St. -9.65 118.33 2100 26 28 200 75

8 GeoB10069-3 GeoB10069* Savu Sea -9.60 120.92 1250 30 27 190 76

9 MD98-2170 MD2170* Timor Sea -10.60 125.38 832 22 25 300 72

10 MDO01-2176 MD2176* Seram Sea -5.00 133.45 2382 21 50 75 72

11 GIK18517-2 GIK18517* S. Makassar St. -1.54 117.56 698 14 100 45 77

12 GIK18519-2 GIK18519* C. Makassar St. -0.57 118.11 1658 25 21 173 25

13 GIK18522-3 GIK18522* N. Makassar St. 1.40 119.08 975 25 27 185 25

14 GIK18526-3 GIK18526* S. Makassar St. -3.61 118.17 1524 25 37 267 25

15 GIK18540-3 GIK18540* Flores Sea -6.87 119.58 1189 24 18 197 25

16 TGS-931* TGS-931* NW. Banda Sea -2.41 122.62 1912 19 20 105 25
Eastern equatorial Pacific records

1 ODP1240 ODP1240 EEP 0.02 279.54 2921 30 14 146 58

2 CD38-17P CD38-17 EEP -1.60 269.57 2580 23 6 376 57

3 KNRL9S-S CDH-23 Peru Margin -3.75 278.9 374 11 100 69 33

CDH-23

WD: water depth, RL: record length, MSR: mean sedimentation rate, MSI: mean sampling interval.

# records from the west off Sunda Strait (78, 79) and from southwest off Sumatra (19, 80) are not included in this compilation, as
they mainly reflect local processes of Sunda Strait Outflow and Sumatra Upwelling, respectively.

*: record TGS-931 covers only 10-19 ka.

+: record of G. ruber §'80 is analyzed for the §'8Oc-anomaly and surface seawater 580 anomaly.




Table S2. Mg/Ca measurement reproductivity of core MD10-3340, SO18480, KX21-2 and
MDO01-2386.

G. ruber Mg/Ca P. obliquiloculata Mg/Ca
Core No. Rep. RSD No. Rep. RSD
MD10-3340 72 2.4 60 5.4
S018480 72 1.8 70 3.9
KX21-2 48 2.1 41 5.2
MDO01-2386 119 2.5 131 4.9
Sum 311 2.2 302 4.8

Table S3. Radiocarbon dates of core MD10-3340, SO18480-3, and KX973-21-2.

MD10-3340 AMS **C dates

Core depth (cm) 14C age (yr) Reservoir Age (yr) | Calendar age (yr) | Calendar age range or error (1s) Lab
24 1140 £30 348 +46 655 +50 Beta Analytic
74 2560 £30 348 46 21915 +785 Beta Analytic
138 4390 £30 348 £46 4472.5 +735 Beta Analytic
206 7020 +30 348 £46 7466.5 +485 Beta Analytic
244 8870 £40 348 £46 9477 +48 Beta Analytic
296 11870 +50 348 +46 13289.5 +70.5 Beta Analytic
324 16320 +60 348 +46 19111 +113 Beta Analytic
368 22980 =90 348 +46 26849 +186 Beta Analytic
416 30910 +160 348 +46 34428.5 +180.5 Beta Analytic

S018480-3 AMS Y“C dates
Core depth (cm) 14C age (yr) Reservoir Age (yr) | Calendar age (yr) | Calendar age range or error (1s) Lab

8.5 1490 +25 345 £24 972 (900-1056) Leibniz Lab, Kiel Univ.
28.5 3625 +30 345 +24 3449 (3354-3556) Leibniz Lab, Kiel Univ.
50.5 4175 £35 345 +24 4166 (4010-4318) Leibniz Lab, Kiel Univ.
715 5520 +35 345 +24 5830 (5715-5922) Leibniz Lab, Kiel Univ.
94.5 7710 =40 345 +24 8102 (7980-8216) Leibniz Lab, Kiel Univ.
116.5 8960 +45 345 +24 9551 (9452-9690) Leibniz Lab, Kiel Univ.
139.5 11055 £55 345 +24 12633 (12376-12539) Leibniz Lab, Kiel Univ.
158.5 12715 +60 345 +£24 14112 (13907-14445) Leibniz Lab, Kiel Univ.
1835 14200 £70 345 +24 16355 (15983-16772) Leibniz Lab, Kiel Univ.
202.5 15530 =80 345 +24 18360 (18063-18652) Leibniz Lab, Kiel Univ.
224.5 18090 +100 345 +£24 20796 (20467-21196) Leibniz Lab, Kiel Univ.
260.5 20580 +130/-120 345 £24 24081 (23743-24437) Leibniz Lab, Kiel Univ.
300.5 23400 +170/-160 345 +24 27711 +237 (1o) Leibniz Lab, Kiel Univ.
350.5 27600 +270/-260 345 £24 32616 +326 (1o) Leibniz Lab, Kiel Univ.
390.5 30440 +360/-350 345 £24 35527 +363 (Io) Leibniz Lab, Kiel Univ.
440.5 34570 +590/-550 345 +£24 39627 +598 (1o) Leibniz Lab, Kiel Univ.
4925 41020 +1970/-1580 345 +24 45309 +2043(10) Leibniz Lab, Kiel Univ.




KX973-21-2 AMS *C dates

Core depth (cm) 14C age (yr) Reservoir Age (yr) | Calendar age (yr) | Calendar age range or error (1s) Lab
0.5 3860 +30 376 +£96 3791 (3648-3917) Beta Analytic
325 16360 +50 376 +£96 19219 (19050-19372) Beta Analytic

Caption for Data Table S1.

The supplementary Data Table S1 (Excel file) includes two sets of data-sheets (six sheets).

Set 1: the mean anomaly stacks of SSTA (sheet 1), TWTA (sheet 2), and 5'0sw (sheet 3) of IPWP
over the last 25 ka, with column A (Age, at the start point of the 150-yr bins), B (number of
records with available data), C (stacked mean anomaly of the variable) and D (standard deviation
of the records taken into account). For §'%0sy stack, the standard error of the records are
calculated (Column E).

Set 2: the records of Mg/Ca and calibrated temperatures of Cores MD10-3340 (sheet 4), SO18480

(sheet 5) and KX21-2 (sheet 6) firstly reported in this study.
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