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ARTICLE INFO ABSTRACT

Editor: Dr. Fabienne Marret-Davies The integrated effects of the Western Pacific Warm Pool (WPWP) and the Kuroshio Current (KC) on the thermal

evolution of the subtropical northwestern Pacific during the Holocene have remained elusive. This study presents
new 5'80 and Mg/Ca ratio records of subsurface-dwelling planktonic foraminifera Pulleniatina obliquiloculata at
Site A7 in the Okinawa Trough to reconstruct thermocline-water evolution since the last deglaciation (~18 ka)
and further explore the effects of the WPWP and the KC dynamics throughout the Holocene. The Mg/Ca-based
thermocline-water temperature (TWT) record displays a long-term cooling trend of ~3 °C since the middle
Holocene (~7 ka), with a similar trend with that in the WPWP. Furthermore, two major thermocline warming
events occurred with an amplitude of ~2-3 °C in the early (~11.8-9.5 ka) and middle (~8-6.5 ka) Holocene,
respectively. Both events are comparable with those in the WPWP. Besides, our TWT record had nine Holocene
rapid cooling events with amplitudes of ~1-2 °C around 1.7, 3.2, 4.4, 6.0, 7.2, 7.5, 8.2, 8.9, and 10 ka,
respectively. The cooling events were also identified in the temperature records of the thermocline and/or in-
termediate waters in the WPWP within the chronological uncertainties. The comparability of these temperature
records between both regions reveals that the dynamic KC transmitted thermal signals of the WPWP thermo-
cline/intermediate waters into the Okinawa Trough on centennial to multi-millennial timescales, highlighting a
crucial role of the WPWP in influencing subtropical ocean thermodynamics and climate in the Holocene.
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1. Introduction enormous amounts of oceanic heat into the atmosphere has significantly

influenced the local and even global climate systems (Hu et al., 2015; Ma

The Western Pacific Warm Pool (WPWP), characterized by surface
waters warmer than 28 °C, represents a major oceanic heat source on the
Earth (Forget and Ferreira, 2019). Transported by the western boundary
currents, i.e. the Kuroshio Current (KC), the WPWP provides a huge
amount of warm and saline waters to extratropics, dramatically influ-
encing the northwestern Pacific and Kuroshio Extension regions (Hu
et al., 2015). In the Okinawa Trough, the KC penetration yields a net
annual mean transport of ~0.33 PW (1 PW = 10" W) northward
through a zonal transect of nearly 24°N (Ichikawa and Chaen, 2000).
Along the Kuroshio pathway and its extension regions, the release of

etal., 2016). Instrumental records reveal a gradual warming trend in the
WPWP since 1900 CE (Solomon and Newman, 2012). In the western
boundary and Kuroshio Extension regions, the warming is 2-3 times
faster than the global average, which is mainly associated with a syn-
chronous poleward shift and/or intensification of the KC and regional
change in wind strength (Wu et al., 2012). These motivate us to explore
thermodynamic connections between the WPWP and the KC-influenced
areas at multiple timescales in the long-term geological record, a need
for understanding uncertainties and mechanisms of the recent and
future warming trends in the tropical and subtropical oceans (Solomon
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and Newman, 2012; Wu et al., 2012).

Seawater temperatures are fundamental in deciphering the in-
teractions between ocean dynamics and climate changes (Koizumi,
2008; Jian et al., 2022). Most temperature records from the Okinawa
Trough suggest that deglacial millennial oscillations were mainly
influenced by the high-latitude North Atlantic climatic forcing (Sun
et al., 2005; Zhao et al., 2015; Li et al., 2020; and references therein),
either by an atmospheric bridge or through the thermohaline circulation
(Wanner et al., 2011; Sun et al., 2012). Sea surface water temperature
(SST) proxy records show inconsistencies in the long-term trends
(Kubota et al., 2010; Ruan et al., 2015; Li et al., 2020; Zhang et al., 2021)
and on millennial and multi-centennial time scales during the Holocene
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(Jian et al., 2000; Sun et al., 2005; Xu et al., 2018). Those inconsistencies
are primarily related to different SST proxy preferences and/or multiple
environmental effects including the KC, the East Asian monsoon (EAM),
the Chinese coastal waters, and the Changjiang diluted water (Nakanishi
et al., 2012; Kim et al., 2015; Zhao et al., 2015). Different SST records
usually lead to different viewpoints on the potential roles of high-
latitude Northern Hemisphere climate and the WPWP in the Okinawa
Trough (Xu et al., 2018). For instance, Jian et al. (2000) concluded that
the Holocene cold events in the Okinawa Trough are a consequence of
rapid climate changes in the North Atlantic, whereas Sun et al. (2005)
argued that Holocene millennial-scale variations in SST mainly reflected
the tropical Pacific influence by varying KC inflow. So far, knowledge of
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Fig. 1. Map of climatological and oceanographic settings in the northwestern Pacific Ocean. Yellow arrows indicate the North Equatorial Current (NEC), the
Kuroshio Current (KC) mainstream, and the Kuroshio Extension. The studied site (A7) is shown as the red star. Abbreviations of WPWP and NPSG are the Western
Pacific Warm Pool and North Pacific Subtropical Gyre, respectively. Blue and purple arrows (A) denote the East Asian winter and summer monsoons (i.e., EAWM &
EASM), respectively. Winter (B) and Summer (C) wind fields in the study area are shown below. The figs. (B-C) are produced by the reanalysis and operational data
from the European Centre for Medium-Range Weather Forecasts as the background field, with a variety of satellite microwave remote sensing and instrument
measurements of wind data for calibration. The dataset has a 0.25° x 0.25° spatial resolution with a 6-h interval. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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the subsurface thermal evolution in the Okinawa Trough is only limited
for the Holocene (Ujiie et al., 2016), despite the fact that the Kuroshio
thermocline waters dominate the total volume/heat transport and
mostly impacts the local hydrographic properties (Ichikawa and Chaen,
2000).

In the WPWP, numerous studies have demonstrated that its heat
content experienced a general scenario of an Early Holocene Thermal
Maximum (EHTM) and a gradual decrease thereafter. The general Ho-
locene decreasing trend in WPWP temperatures is accompanied by
centennial- to millennial-scale changes (Linsley et al., 2010; Rosenthal
et al., 2013; Moffa-Sanchez et al., 2019). Furthermore, Dang et al.
(2020) compiled thermocline-water temperature (TWT) records in the
Indo-Pacific warm pool and found two major thermocline warming
events in the early and middle Holocene, respectively. However, the
impact of the WPWP heat content variability on the subtropical north-
western area (e.g., Okinawa Trough) in the Holocene remains not well
understood, partly due to a lack of comparison of temperature records
between these two regions. In this study, we present high-resolution
8'%0 and Mg/Ca-based TWT records for the subsurface-dwelling
planktonic foraminifera Pulleniatina obliquiloculata at Site A7
(retrieved from the middle Okinawa Trough) since the last deglaciation
(Fig. 1). We compare temperature and climatic records between the
Okinawa Trough and the WPWP, and further explore their thermody-
namic connections and related mechanisms on centennial to multi-
millennial timescales in the Holocene.

2. Climatological and oceanographic settings

The Okinawa Trough, as the southeastern part of the East China Sea
(ECS), is a typical curved basin behind the Ryukyu Arc of the north-
western Pacific. The climate and oceanography in the Okinawa Trough
are significantly influenced by the KC and the East Asian Monsoon
(EAM; Fig. 1A-C). The KC is the most striking feature of the hydrography
in the Okinawa Trough. It originates from the North Equator Current
(NEC) around 15°N (east of the Philippine Islands) and carries warm and
saline waters flowing northeastward. Today, the KC enters the ECS
through the Yonaguni Depression east of Taiwan with a sill depth of
~755 m, and then flows as a topographically steered current along the
Okinawa Trough, before leaving the ECS south of Kyushu through the
Tokara Strait with a sill depth of 690 m (Nakamura et al., 2013; Fig. 1A).
The KC penetrates to a water depth of 520 m in the western Philippine
Basin, extends to 1200 m in the Okinawa Trough, and reaches a water
depth of ~1500-2000 m in the southern offshore of Japan (Andres et al.,
2015).

The pathway and volume of the KC flow are influenced by the
monsoonal winds and El Nino/La Nina Southern Oscillation (ENSO) (Hu
et al., 2015). According to the Sverdrup balance, the northward trans-
port of wind-driven currents is related to the curl of the wind stress. The
trade winds in the tropics together with the westerlies at mid-latitudes
exert a pressure on the subtropical Pacific that leads to an equator-
ward Sverdrup transport and a northward intense KC along the north-
western boundary (Fig. 1B-C). On a seasonal scale, summer southeastern
monsoon winds produce a negative wind stress curl over the tropical
Pacific, which results in an intensified northward transoport of the KC.
The opposite situation occurs during the winter (Hu et al.,, 2015).
Monsoonal winds also determine the latitude of the bifurcation point of
the NEC, which in turn influences the volume of water originating in the
NEC that flows poleward in the KC. In the winter, a cyclonic deviation
from mean circulation occurs in the Philippine Sea, which shifts the NEC
bifurcation northward and consequently intensifies the Mindanao Dome
and reduces the Kuroshio transport. Whereas, a southward shift of the
NEC bifurcation occurs in the summer which favors northward KC
transport (Qu and Lukas, 2003; Qu et al., 2004). On an interannual scale,
ENSO influences the NEC bifurcation latitude and the KC strength. As an
El Nino develops, the bifurcation shifts northward, and the KC is
weakened. The situation is reversed during a La Nina state (Hu et al.,
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2015).

The hydrography of the KC in the Okinawa Trough exhibits seasonal
and interannual variabilities since the KC dynamic processes are mainly
controlled by the monsoonal winds and ENSO (Hu et al., 2015). The
surface hydrography of the KC is strongly influenced by the EAM
(Fig. 2A). The alternation between warm, moist summer monsoon
(EASM) and cold, dry winter monsoon (EAWM) influences surface heat
fluxes in the western Pacific, with a mean seasonal range of ~300 W/m?
in the vicinity of the Okinawa Trough (Qiu et al., 2004). The effect of
interannual variability is secondary to the seasonal cycle of surface
hydrography driven by monsoonal winds (Fig. 2B). However, the sub-
surface hydrography of the KC shows no evidently seasonal change
(Fig. 2A) and instead has a tight link with ENSO (Fig. 2C). An El Nino (La
Nina) is usually characterized by a lower (higher) TWT in the Okinawa
Trough. This means tropical climatic condition (e.g. ENSO) is likely a
primary forcing factor on the subsurface hydrography of the KC in the
Okinawa Trough, different from the situation on the surface. Besides, the
depth of thermocline based on the gradient of SST and TWT (i.e. Agst-
twr) shows both seasonal and interannual variabilities, implying the
vertical thermal structure of the KC is affected by the combined effect of
the EAM and ENSO (Fig. 2D).

3. Materials and methods
3.1. Sediment core A7

Gravity core A7 (126°57.7'E,27°49.2'N; 4.5 m in length) was
retrieved from the middle Okinawa Trough at a water depth 1264 m
(Fig. 1). Core A7 consists of grey silty clay with an ash layer at 1.02-1.10
m and several small turbidites whose extent is well constrained by
sedimentological analysis (Sun et al., 2003). The ash layer likely cor-
responds to the widespread tephra (K-Ah tephra) erupted from southern
Kyushu in Japan (Machida and Arai, 1978). This tephra event (dated at
~7.3 ka) was previously identified in the middle Okinawa Trough (Li
et al., 2001). The age model of A7 has been recalibrated according to
previous 15 Accelerator Mass Spectrometry (AMS) *C datings of
planktic foraminifera (Sun et al., 2005). The AMS l4c ages are converted
to calendar ages using the Calib 8.20 program via the latest calibration
curve of Marine 20 (Heaton et al., 2020) with a 560-yr surface ocean
reservoir correction and a regional AR value of 58 + 58 yr (http://calib.
org/marine/). The depth-age model for the '*C-dated interval is finally
established by the Bayesian statistical methodology of Bacon (Blaauw
and Christen, 2011). The K-Ah ash layer with an age of 7165 ~ 7303 yrs.
BP was also included as a dating control point (Smith et al., 2013).

3.2. Oxygen isotope and Mg/Ca analyses

Two hundred twenty-five samples were taken at 2-cm intervals and
wet-washed through a 63-pm sieve. Oxygen isotope and Mg/Ca-SST
records of the surface-dwelling planktonic foraminifera Globigerinoides
ruber for core A7 were previously published in Sun et al. (2005). In this
study, the subsurface-dwelling planktic foraminifera Pulleniatina obli-
quiloculata (350-450 pm size fraction) were picked for stable isotope
(6-10 individuals) and Mg/Ca (24-30 individuals) analyses. Sediment
trap data at the Sargasso Sea indicate that P. obliquiloculata calcifies at
the water depth of 50-100 m (Anand et al., 2003). Furthermore, modern
surface sediment records reveal the apparent calcification depth of this
species varies between 50 m and 150 m in the subtropical and tropical
western Pacific (Hollstein et al., 2017; Dang et al., 2018). Therefore, the
species P. obliquiloculata prefers to dwell in the subsurface seawater
column. Its geochemical properties, such as stable isotopes and Mg/Ca
ratios, are useful for monitoring changes of subsurface seawater in the
subtropical and tropical oceans.

Oxygen isotopes of P. obliquiloculata were measured using a GV
Isoprime II stable isotope ratio mass spectrometer (IRMS) coupled with
an online carbonate preparation system (MultiPrep) at the Guangzhou
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Fig. 2. (A) Mean monthly temperatures in the upper water column (0-200 m) near the studied site. Data are from the World Ocean Atlas 2018 (WOA18) dataset
(Locarnini et al., 2018). (B) Time-series SST at a water depth of 5 m over the interval of 1958-2007 CE. (C) Time-series TWT at a water depth of 129 m in this period.
(D) the gradient of SST and TWT (Agst.twr). (E) the Southern Oscillation Index as a proxy of variability in the ENSO-like states. Time-series SST, TWT and Asst.twt
values were calculated by the average of 11-month data. Increases (decreases) in Agst.twr are observed during the summer (winter) as well as during the El Nino (La
Nina) events. The record of the Southern Oscillation Index is from the website (http://ggweather.com/enso/oni.htm). Time-series temperature and salinity data are
from Carton-Giese SODA Version 2.0.2e4 (Carton and Giese, 2008, http://iridl.ldeo.columbia.edu/SOURCES/.CARTON-GIESE/SODA/.v2p0p2-4/.ssh/).

Institute of Geochemistry, Chinese Academy of Sciences (CAS). The
samples were washed in ethanol (>99.7%) in an ultrasonic bath. They
were then dried in an oven at 60 °C and reacted with orthophosphoric
acid in an individual reaction vessel in the MultiPrep system at 70 °C.
The liberated CO, was collected and purified using liquid nitrogen cold
traps and then transferred via an online dual inlet system to the IRMS.
The isotopic results were converted into an international Pee Dee
Belemnite (PDB) scale using the National Bureau of Standards (NBS) 18
and 19 standards. Internal precision for 5'0 analysis, based on

replicates of an internal limestone standard, was better than +0.06%.
For Mg/Ca analysis, foraminiferal tests were gently crushed and
cleaned using the foraminifera cleaning procedure proposed by Barker
et al. (2003). The samples were rinsed 5 times with de-ionized water and
2 times with methanol, with ultrasonic treatment after each rinse. In the
following step, organic matter was oxidized by adding a NaOH-buffered
1%-H20, reagent to the samples and placed in a hot water bath for 10
min with a few seconds in an ultrasonic bath. After repeating this step,
the samples were rinsed and transferred into new acid-cleaned vials.
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Thereafter, the samples underwent a weak acid leaching (0.001 M QD
HNO3) with 30 s ultrasonic treatment after which the samples were
dissolved using 0.075 M QD HNO3, centrifuged for 10 min at 6000 rpm,
and transferred into new acid cleaned vials. The Mg/Ca ratio was
measured on a Perkin-Elmer Optima 3300RL Inductively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES) equipped with an
autosampler and ultrasonic nebulizer at the MARUM. Instrumental
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precision was determined after an external, in-house standard (Mg/Ca
= 2.92 mmol/mol) which was run after every fifth sample, and the
ECRM 752-1 standard with a reported Mg/Ca ratio of 3.75 mmol/mol
(Greaves et al., 2008). The relative standard deviation of the external
standard and the ECRM 752-1 standard was 0.01 mmol/mol (0.34%)
and 0.02 mmol/mol (0.53%), respectively. Analytical reproducibility
was estimated by replicate measurements (n = 26) that revealed an
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Fig. 3. Planktonic foraminiferal proxy records at Site A7. (A) P. obliquiloculata 5'%0 (this study); (B) G. ruber !0 (Sun et al., 2005); (C) P. obliquiloculata Mg/Ca
ratios (this study); (D) G. ruber Mg/Ca ratios (Sun et al., 2005); (E) P. obliquiloculata 5'804-ice- (F) G. ruber §'804,.ice (Sun et al., 2005). The 5'80gy.ice Was calculated
by 8'®0 and Mg/Ca records of planktonic foraminifera with a 200-yr time resolution. Grey arrows with numbers nearby in (C) denote rapid cold events in the
Holocene. Blue crosses indicate dating control points in A7 (Raw data from Sun et al., 2005). MH, EH, YD, B/A and HS1 represent middle Holocene, early Holocene,
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events (i.e., HS1 & YD) on the millennial timescale, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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average standard deviation of 0.06 mmol/mol. Al/Ca, Fe/Ca and Mn/Ca
were determined to monitor potential contamination by clays, Fe/Mn
oxides and Fe/Mn-rich carbonate coatings. The results were < 0.1
mmol/mol for Fe/Ca and Mn/Ca, and not detectable for Al/Ca. More-
over, no significant correlations existed between Al/Ca, Fe/Ca, Mn/Ca
and Mg/Ca. Therefore, there are no contaminates or Mg contributions by
Mn-oxides or Mn-rich carbonates or clays for the measured samples.
The P. obliquiloculata Mg/Ca ratios were converted to TWT using the
species-specific calibration equation of Anand et al. (2003):

TWT (°C) = In [Mg/Ca (mmol/mol)/0.328]/0.09 @

The 580 seawater composition (Slsosw) of the thermocline layer
was estimated according to paired §!%0 and Mg/Ca records of
P. obliquiloculata. As below is the adopted function of temperature-
5180 alcite for low-light conditions (Bemis et al., 1998):

8'%0yy (SMOW) = [T(°C) —16.5+ 4.8 x 8" Ocyicice | /4.8 +0.27 (2)

where 8'80aicite is the 880 of P. obliquiloculata and T is the Mg/Ca-
derived temperature estimate of P. obliquiloculata. The portion of
51804, due to local salinity variability (5'®0gw-ice) Was then calculated
by subtracting the signal of continental ice volume taken from Wael-
broeck et al. (2002). The errors of the Mg/Ca-based temperature and
51805, reconstructions were estimated by propagating the errors intro-
duced by Mohtadi et al. (2014). The resulting errors for the Mg/Ca-
based temperature estimates and 5'80g,, are on average ~ 1 °C and
0.3%o, respectively.

4. Results

A radiocarbon-based calendar age of ~17-18 ka near the bottom of
the core indicates that the corer did not fully penetrate the last glacial
maximum (LGM) sediments (Sun et al., 2005). Time series of §'%0 data
for P. obliquiloculata cover the past ~18 ka. The §'80 data vary between
—1.5%o and 0.5%o0 and display a long-term decreasing trend since the last
deglacial period (Fig. 3A). This decrease includes a ~ 1%o of local sub-
surface hydrographic changes and the full ~1%o effect of ice sheet vol-
ume change (Waelbroeck et al.,, 2002). Suborbital oscillations are
superimposed on the deglacial 5'80 decrease, with clearly high §'%0
values during the intervals of Heinrich stadial 1 (HS1) and Younger
Dryas (YD) events (Fig. 3A). The amplitude and deglacial oscillations of
580 for P. obliquiloculata are similar to those for G. ruber of the same
core (Sun et al., 2005; Fig. 3B). There are also rapid 580 fluctuations
with high amplitudes of ~0.5-1%o in the early-middle Holocene for
P. obliquiloculata, but these fluctuations are different from those for
G. ruber (Fig. 3A-B).

Mg/Ca values for P. obliquiloculata vary between ~1.8 mmol/mol
and ~ 2.8 mmol/mol, which yield TWT estimates between ~20 °C and
24 °C since the last deglaciation. The core-top Mg/Ca value corresponds
to a temperature estimate of ~21 °C, which matches the modern average
annual temperature at ~100 m water depth for this site (Fig. 2A).
Superimposed on a long-term trend of deglacial warming, there are two
major thermocline cooling events during the HS1 and YD intervals
(Fig. 3C). These deglacial oscillations in TWT resemble those in SST at
the same site (Sun et al., 2005; Fig. 3D). Furthermore, our Mg/Ca record
for P. obliquiloculata reveals two remarkable millennial-scale thermo-
cline warming events in the early and middle Holocene, respectively.
The early Holocene (EH) thermocline warming started from ~11.8 ka to
~9.5 ka. The middle Holocene (MH) thermocline warming occurred
between ~8 ka to ~6.5 ka (Fig. 3C). Noteworthy, these two typical
Holocene warming events are not recognized in the Mg/Ca record of
G. ruber (Fig. 3D). In addition, the P. obliquiloculata Mg/Ca record also
displays a long-term decreasing trend since the middle Holocene (~7
ka), which is different from that in the G. ruber record (Fig. 3 C—D).
Besides, there are nine centennial- and millennial-scale rapid thermo-
cline cooling events at ~1.7, 3.2, 4.4, 6.0, 7.2, 7.5, 8.2, 8.9, and 10 ka,
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respectively (Fig. 3C). Some rapid cooling events (e.g. at 7.2, 7.5, 8.2,
and 10 ka) were also identified in the G. ruber record, whereas others
were not well matching (Fig. 3D).

The subsurface alsosw_ice, reconstructed by paired 5'%0 and Mg/Ca-
based TWT of P. obliquiloculata, mainly reflects §'804,, variability due to
the local salinity effect. Modern 8'%0,, and salinity are positively
correlated, suggesting higher 5'804w.ice values indicative of more saline
conditions (Rohling, 2007). The 8'804y-ice OF P. obliquiloculata in core A7
show high salinity values (relative to the core-top value) and rapid
fluctuations in the Holocene (Fig. 3E). Moreover, more positive sub-
surface SlsOsw_ice largely corresponds to higher TWT on the multi-
centennial-scale timescale in this period (Fig. 3C). This positive corre-
lation between §'®0g,.ice and temperature can be also reflected in the
surface-water records (Sun et al., 2005; Fig. 3D, F). The alternations
between warm, salty waters and relatively cool, fresh waters indicate
varying influence of the KC in the Holocene.

5. Discussion
5.1. Mid- to late Holocene thermocline cooling trend

One most striking feature of our TWT record is a long-term cooling
trend of ~3 °C since the middle Holocene (around 7 ka; Fig. 4A). The
long-term decreasing TWT trend with a high amplitude is remarkably
different from the leveling trends and low variabilities in the period for
both the high-latitude Northern Hemisphere Greenland climate (Grootes
et al., 1993; Fig. 4B) and the Atlantic Meridional Overturning Circula-
tion (AMOG; Lippold et al., 2019; Fig. 4C). These inconsistencies exclude
possible dominant effects of high-latitude Northern Hemisphere climate
on the middle-late Holocene long-term TWT decrease in the Okinawa
Trough. They also motivate us to consider potential tropical and/or
monsoonal climatic influences in this area emphatically.

Modern observations reveal that Kuroshio thermocline water domi-
nates the total volume transport in the central ECS, and upper water
masses therein are intensively influenced by the KC (Ichikawa and
Chaen, 2000). The KC originates from the WPWP and thus can transfer
tropical temperature signals to the subtropical northwestern Pacific (Hu
et al., 2015). Instrumental records indicated that the accelerated
warming of subtropical western boundary currents relative to the global
mean surface ocean warming rate is associated with a synchronous
poleward shift and/or intensification of the western boundary currents
in conjunction with a systematic change in winds over both hemispheres
(Wu et al., 2012). In the subtropical northwestern Pacific, the KC dy-
namics is tightly correlated with tropical climate conditions such as the
Walker circulation and ENSO activities (Hu et al., 2015). Analyses of
instrumental data and model simulations show that a stronger Walker
circulation (analogous to a La Nina state) strengthens northeast trade
winds, which cause enhancement of the NEC and southward migration
of the NEC bifurcation latitudes (Duan et al., 2017), and subsequently
increase KC transport (Zhang et al., 2017). Similarly, a reduced KC
transport can also be expected with a weaker Walker circulation and/or
an El Nino state (Hu et al., 2015).

Interestingly, the mid- to late Holocene declining trend of TWT at A7
(Fig. 4A) is similar to that in the WPWP (as indicated by regional TWT
anomalies, i.e., TWTa; Dang et al., 2020; Fig. 4D-E). The middle-late
Holocene cooling of the thermocline waters is also accompanied by a
cooling of the WPWP surface (Linsley et al., 2010) and intermediate
waters (Rosenthal et al., 2013; Fig. 4F), a contraction of the WPWP
(Moffa-Sanchez et al., 2019), a reduction in the KC (Li et al., 2020;
Zheng et al., 2016) and a southward shift of Kuroshio Extension
(Yamamoto, 2009; Fig. 4G). Analogous to the instrumental study (Wu
et al., 2012) and model simulations (Zhang et al., 2017), the long-term
cooling of the WPWP may have caused a gradually decreased west-east
upper-ocean thermal gradient (analogous to an El Nino state; Koutavas
and Joanides, 2012) and weakened Walker circulation (Wang et al.,
2005; Fig. 4H), which would lead to reduced KC heat transport and thus
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gradual TWT cooling of the Okinawa Trough in the period. Accordingly,
those similar trends of mid- to late Holocene thermocline/intermediate
temperature records (Fig. 4A, D-F) reveal a crucial role of the WPWP
heat condition on the long-term thermal evolution of the Okinawa
Trough via the KC transport.

The interpretation on the effect of the WPWP is also supported by the
record of vertical temperature gradient (Assta-Twra) in A7 (Fig. 5A). The
Asst.wr in A7 shows a long-term increasing trend since the middle
Holocene, which is comparable to the trend of the difference (Aggra-
Twra) between SST anomalies (SSTa) and TWTa in the WPWP (Dang
et al., 2020; Fig. 5B). This indicates the vertical temperature gradient in
the Okinawa Trough reflects the signals of the WPWP upper thermal
structure in this period. Modern observations suggest the vertical tem-
perature gradient in the Okinawa Trough can be influenced by the EAM
as well. A stronger EAWM (or weaker EASM) would usually lead to a
smaller vertical temperature gradient, and vice versa (Fig. 2A). How-
ever, since the middle Holocene, the EAWM was enhanced slightly

13

according to the grain-size index (GSI) record from Core Oki02 in the
Okinawa Trough (Zheng et al., 2014; Fig. 5C), or was overall weak in
this period based on the Chinese Loess Quartz mean grain size record
(Stevens et al., 2007; Fig. 5C), Huangyanghe environmentally-sensitive
grain-size components (Li and Morrill, 2015; Fig. 5D) and simulated
winter wind index in South China (Wen et al., 2016; Fig. 5D). Corre-
spondingly, the EASM was gradually reduced since the middle Holocene
based on the Dongge cave stalagmite 5'%0 record (Wang et al., 2005;
Fig. 5E). Then, the inconsistency occurred between the A7 Aggr.rwr and
the EAM records in this period. On this basis, our Agsy.Twr record sup-
ports a crucial role of the WPWP but not the EAM in the long-term upper
thermal evolution in the Okinawa Trough since the middle Holocene.

5.2. Holocene millennial-scale thermocline warming events

Another striking feature of our TWT record is two major millennial-
scale thermocline warming events with an amplitude of ~2-3 °C,
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occurring in the early and middle Holocene, respectively. The EH and
MH thermocline warming has been reported at several sites in the
WPWP (Xu et al., 2008; Bolliet et al., 2011; Dang et al., 2012; Hollstein
et al., 2018; Jian et al., 2020), although there are certain differences in
the time, duration, and amplitudes of the warming due to the potential
effects of regional oceanographic processes. Subsequently, Dang et al.
(2020) compiled and analyzed TWT records from >30 sites in the warm
pool region. They pointed out that these two thermocline warming
events (i.e., EH and MH warming) are common and typical for the
WPWP (Fig. 4D-E). According to this study, the EH thermocline warm-
ing of the WPWP is attributed to the combined effect of precession
minimum, atmospheric pCO5 maximum, and sea level high stand (Dang

et al., 2020; Fig. 4E). Details on centennial-scale TWT fluctuations aside,
our TWT record displays a major EH thermocline warming event which
is roughly comparable to that in the WPWP (Fig. 4D-E). Moreover, the
EH thermocline warming in the Okinawa Trough started at the end of
the YD from which the KC strengthened and the Kuroshio Extension
shifted northward (Yamamoto, 2009; Li et al., 2020; Fig. 4G). These
indicate that the intensified KC dynamics transferred the EH thermo-
cline warming signals of the WPWP into the Okinawa Trough.

The MH thermocline warming of the WPWP follows equatorial
September insolation maximum (Dang et al., 2020), which may have
caused a steeper west-east upper-ocean thermal gradient and an inten-
sified Walker circulation (analogous to a La Nina-like state) in the
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equatorial Pacific (Clement et al., 1999; Koutavas and Joanides, 2012;
Fig. 4H). As proposed above, a strong Walker circulation or La Nina-like
state would strengthen northeast trade winds and enventually increase
the KC heat transport northward (Zhang et al., 2017). Our TWT record
displays a major MH warming event which is roughly comparable to that
for the thermocline and intermediate waters of the WPWP (Rosenthal
et al., 2013; Dang et al., 2020; Fig. 4D-E). Moreover, the shift of the MH
Kuroshio Extension was the most northward during the Holocene
(Yamamoto, 2009; Fig. 4G), indicative of an enhancement of KC heat
transport. These observations imply that the KC transported a larger
amount of heat and thermocline warming signals from the WPWP to the
Okinawa Trough in the middle Holocene. Taken together, those com-
mon EH and MH thermocline warming events between the WPWP and
the Okinawa Trough reveal a signifcant influence of the WPWP heat
engine on the extratropical regions via the KC heat transport northward.

5.3. Holocene centennial- and millennial-scale cooling events

Along with two major EH & MH warming events and the mid- to late
Holocene cooling trend, our TWT record shows rapid centennial to
millennial-scale cooling events with amplitudes of ~1-2 °C. During the
period of ~1-10 ka, there were roughly nine cooling events around 1.7,
3.2,4.4,6.0,7.2,7.5,8.2,8.9,and 10 ka (Fig. 6A). These Holocene rapid
cooling events are proposed to be as a direct response to the varying KC
influence (Sun et al., 2005; Wu et al., 2012) and/or be driven by the
North Atlantic climate change through the top-down conveyor of the
EAWM (Jian et al., 2000; Park et al., 2018; Jia et al., 2019). As shown,
those rapid cooling events were identified in the WPWP thermocline-
and/or intermediate-water temperature records within the chronolog-
ical uncertainties (Rosenthal et al., 2013; Dang et al., 2020; Fig. 6C-D).
Furthermore, the rapid cooling in the A7 TWT record (Fig. 6A) was
usually accompanied by lower subsurface-water salinity (Fig. 6B). These
alternations between warm, salty thermocline condtions and relatively
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cold, fresh thermocline conditions reflect varying influence of the KC in
the Okinawa Trough. Whatever the main mechanisms of the Holocene
rapid TWT cooling, the general consistency between the rapid cooling
and weakened KC impact suggests the dynamic KC transmitted Holocene
rapid cooling signals of the WPWP thermocline/intermediate waters
into the Okinawa Trough.

Noteworthy, our TWT record displays evidently centennial-scale
fluctuations in the early-middle Holocene. The centennial-scale tem-
perature fluctuations could be attributed to external (solar) forcing
through the amplification by oceanic processes such as the ENSO dy-
namics (Emile-Geay et al., 2007; Marchitto et al., 2010) or by high-
latitude signal transport related to oceanic thermohaline circulation
(Rosenthal et al., 2013). As shown in the SST and TWT records (Fig. 6A),
the common rapid cooling events in the early-middle Holocene occurred
at ~7.2, 7.5, 8.2, and 10 ka, respectively. This indicates a potential role
of the EAWM (besides the KC) as the top-down conveyor of climatic
signals in the Okinawa Trough during those rapid cooling episodes (Jian
et al., 2000). Particularly, the 8.2 ka cooling event was also recongnized
in the pollen evidence from the southwestern Korea (Park et al., 2018)
and the cave stalagmite 5'80 record from central China (Wang et al.,
2005). This directly supports the EAM’s effect in the climatic tele-
connection between the northern high-latitudes and the Asian-Pacific
subtropical areas. Considering the background of the strong KC
(Fig. 4G) and EAWM (Fig. 5D) in the early-middle Holocene, it is
inferred that the rapid thermocline cooling events (at ~7.2, 7.5, 8.2, and
10 ka) in A7 were influenced by both the KC transport and the top-down
conveyor of the EAWM.

Whereas, the A7 TWT record indicates millennial-scale variability
with a periodicity of ~1500 yr since the middle Holocene (Fig. 7A-B).
The spectral signal of ~1500 yr periodicity was widely observed in other
temperature records in the western Pacific (Isono et al., 2009; Khider
et al., 2014; Hao et al., 2017; Park, 2017; Li et al., 2021), the circum-
Antarctic, and the Atlantic oceans (Debret et al., 2009 and references
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therein), as well as the proxy records of the KC intensity (Jian et al.,
2000; Zheng et al., 2016) since the middle Holocene. The ~1500 yr
periodicity is likely ascribed to cyclical internal ocean forcing, involving
thermohaline circulation and/or ocean-atmosphere coupling processes
(Debret et al., 2009). The occurrence of this common periodicity reveals
a climatic link of the Okinawa Trough with the WPWP and the high
latitudes during the middle-late Holocene, either by an atmospheric
bridge or through the thermohaline circulation (Wanner et al., 2011;
Sun et al., 2012). However, the SST and TWT records in A7 (Fig. 6A)
display different rapid cooling signals (i.e. cooling time and duration) at
~1.7, 3.2, 4.4 and 6.0 ka, respectively. This implies it is not the top-
down conveyor mechanism of the EAWM that dominates the rapid
thermocline cooling events of the Okinawa Trough during the middle-
late Holocene (characterized by a weak EAWM; Fig. 5D). Instead, as
proposed above, the KC should have transferred the rapid thermocline/
intermediate water cooling signals of the WPWP into the Okinawa
Trough in the period. Ultimately, our results highlight the crucial role of
the WPWP in the Holocene rapid thermocline cooling events of the
Okinawa Trough via the KC transport, although the top-down conveyor
mechanism of the EAWM may also play a role in the early-middle Ho-
locene (Fig. 5D).

6. Conclusions

We presented high-resolution %0 and Mg/Ca records of
P. obliquiloculata at Site A7 in the Okinawa Trough to explore the im-
pacts of the WPWP and the KC dynamics on the thermal evolution of the
subtropical areas on centennial to multi-millennial timescales during the
Holocene. Main conclusions are as follows:

(1) The TWT record in A7 displays a long-term cooling trend of ~3 °C
since the middle Holocene (~7 ka), similar to the trend of the thermo-
cline/intermediate water temperature records in the WPWP (Rosenthal
et al.,, 2013; Dang et al., 2020). Moreover, the vertical temperature
gradient (Agst.twr) in A7 was gradually increased in the period, com-
parable with that in the WPWP (Dang et al., 2020) but not consistent
with the EAM change (Zheng et al., 2014). These results demonstrate a
key role of the WPWP via the KC transport but not the EAM in the long-
term thermodynamic evolution in the Okinawa Trough during the
middle-late Holocene.

(2) Our TWT record shows two major millennial-scale thermocline
warming events with an amplitude of ~2-3 °C duirng the early and
middle Holocene, respectively. Both EH and MH thermocline warming
events have been identified to be common and typical in the WPWP
(Dang et al., 2020). The similarity indicates the KC transmitted the EH
and MH thermocline warming signals of the WPWP into the Okinawa

Trough.

(3) There are nine centennial- to millennial-scale Holocene rapid
cooling events with amplitudes of ~1-2 °C in the A7 TWT record. These
cooling events were recognized in the temperature records of the ther-
mocline and/or intermediate waters in the WPWP within dating un-
certainties (Rosenthal et al., 2013; Dang et al., 2020). Among them, the
A7 SST record (Sun et al., 2005) has common rapid cooling events at
~7.2,7.5,8.2, and 10 ka, respectively. These results reveal the dynamic
KC has a significant effect on the Holocene rapid thermocline cooling in
the Okinawa Trough by transporting tropical temperature signals, but
the top-down conveyor mechanism of the EAWM could also play a role
in the early-middle Holocene.
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