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Abstract Factors influencing millennial-scale variability in
the thermocline depth (vertical mixing) and sea surface salin-
ity (SSS) of the southern Okinawa Trough (OT) during the
past 17,300 years were investigated based on foraminifer ox-
ygen isotope records of the surface dweller Globigerinoides
ruber sensu stricto and the thermocline dweller Pulleniatina
obliquiloculata in the AMS 14C dated OKT-3 core. The ther-
mocline depth is influenced by surface thermal buoyancy
(heat) flux, in turn controlled by the annual mean insolation
at 30°N and the strength of the East Asian winter monsoon
(EAWM). Strong insolation and weak EAWM tend to in-
crease buoyancy gain (decrease buoyancy loss), correspond-
ing to shallow thermocline depths, and vice versa. Regional
SSS is influenced by the global ice volume, the Kuroshio
Current (KC), and vertical mixing. A deep thermocline coin-
cides with a high SSS because strong vertical mixing brings
more, saltier subsurface KC water to the surface, and vice
versa. Local SSS (excluding the global ice volume effect)
became lower in the northern OT than in the southern OTafter
~9.2 ka, implying that Changjiang diluted water had stronger
influence in the northern sector. SSS show no major changes
during the Bølling/Allerød and Younger Dryas events, proba-
bly because the KC disturbed the North Atlantic signals. This
argues against earlier interpretations of sea surface

temperature records of this core. Wavelet and spectral analy-
ses of the Δδ18OP-G (δ18O of P. obliquiloculata minus G.
ruber s.s.) and δ18Olocal records display 1,540-, 1,480-, 1,
050-, 860-, 640-, and 630-year periods. These are consistent
with published evidence of a pervasive periodicity of 1,500
years in global climate as well as EAWM and KC signatures,
and a fundamental solar periodicity of 1,000 years and inter-
mediary derived periodicity of 700 years.

Introduction

The East China Sea (ECS) is a marginal sea in the northwest-
ern Pacific with one of the widest continental shelves in the
world. It is bounded by the Chinese continent to the west, the
island of Taiwan to the southwest, the Ryukyu Islands to the
southeast, Kyushu Island to the northeast and the Korean
Peninsula to the north. The continental shelf shallower than
200 m occupies most of the ECS. The Okinawa Trough (OT)
is a curved basin behind the Ryukyu Island Arc, and consti-
tutes the southeastern part of the ECS with maximum water
depth exceeding 2,000 m (Fig. 1). As a passage between con-
tinental China and the northwestern Pacific Ocean, the OT is
expected to have recorded paleo-environmental changes root-
ed in both continental and oceanic influence during the last
glacial–postglacial period.

The paleo-environmental evolution of the OT and sur-
rounding areas since the last glacial period has received
ever-increasing attention this last decade, based on investiga-
tions of multi-proxies such as planktonic foraminifera assem-

blages and their δ18O, δ13C and Mg/Ca signatures, the UK
0
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and TEX86 temperature proxies, as well as pollen, bulk bio-
genic and lithogenic characteristics (e.g., Ujiié and Ujiié 1999;
Xu and Oda 1999; Jian et al. 2000; Ujiié et al. 2003; Ijiri et al.
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2005; Kao et al. 2005, 2006a, 2008; Sun et al. 2005; Zhao et
al. 2005, 2015; Lin et al. 2006; Xiang et al. 2007; Zhou et al.
2007; Chang et al. 2008, 2009; Yu et al. 2009; Chen et al.
2010; Kubota et al. 2010; Zhang et al. 2010; Xu et al. 2013;
Yamamoto et al. 2013; Zheng et al. 2014; Ruan et al. 2015).
On glacial–interglacial timescales, surface water transformed
from coastal water to open-sea water, sea surface temperature
(SST) increased by about 3 °C, and δ18O of seawater (an
indicator of sea surface salinity, SSS) decreased by more than
1% in the OT from the last glacial maximum to the Holocene
(Xu and Oda 1999; Ujiié et al. 2003; Ijiri et al. 2005; Sun et al.
2005; Zhao et al. 2005; Yu et al. 2009; Chen et al. 2010;
Kubota et al. 2010; Yamamoto et al. 2013; Ruan et al.
2015). Although thermocline depth or mixed layer thickness
is also an important parameter of upper water hydrographic
conditions, its changes in the OT since the last deglaciation
have received insufficient attention. For example, the records
of Jian et al. (2000) are limited to the Holocene.

A series of rapid, millennial-scale climate events has
marked the last deglaciation, such as the Bølling/Allerød (B/
A) warm event and the Younger Dryas (YD) cold event (Bond
et al. 1993; Dansgaard et al. 1993; Grootes et al. 1993).
Suborbital oscillations of SST and planktonic foraminifera
assemblages in the OT were synchronous with these abrupt
events, suggesting a teleconnection between the northwestern
Pacific and the North Atlantic during the last deglaciation (Ijiri
et al. 2005; Sun et al. 2005; Xiang et al. 2007; Yu et al. 2009;
Kubota et al. 2010). Millennial-scale climate changes oc-
curred also in the Holocene, such as ice-rafted debris events
in the North Atlantic (Bond et al. 1997, 2001), cooling events
in the Arabian Sea (Sirocko et al. 1996), and reduced rain fall
episodes recorded in the Dongge Cave of SW China (Wang et
al. 2005). Several Holocene events identified in the OT are

considered to be the manifestation of the millennial-scale cli-
mate cycle (Jian et al. 2000; Xiang et al. 2007; Zheng et al.
2014). It is widely accepted that the dynamic mechanisms of
millennial-scale climate changes could be due to reduction or
shutdown of the thermohaline circulation (THC) in the North
Atlantic via atmospheric teleconnection (Wu et al. 2008).
However, SST influenced by the KC in the OT varied asyn-
chronously with epicontinental vegetation of the ECS influ-
enced by atmospheric circulation linked to the northern high-
latitude climate, and the terrestrial deglacial warming lagged
behind the marine climate changes by 3–4 ka (Xu et al. 2013).
SSS oscillations associated with the B/A and YD events are
not obvious in the OT (Sun et al. 2005; Chen et al. 2010;
Kubota et al. 2010). The millennial-scale climate changes in
the OT may be associated with not only North Atlantic but
also tropical (Sun et al. 2005) and Antarctic-like influences
(Chen et al. 2010). Evidently, more high-resolution oceanic
records are necessary for better understanding the dynamic
mechanisms of the millennial-scale climate changes in the
OT, and the linkage between the northwestern Pacific and
the global climate system.

Here, the AMS 14C dated core OKT-3 from the southern
OT is selected to evaluate factors governing millennial-scale
changes in the thermocline depth (vertical mixing) and SSS.
SSTs of this core have been reconstructed by Zhao et al.
(2015) using three independent proxies (foraminiferal Mg/
Ca ratios, TEX86, and U37

K ′), which were concurrent with the
spread of North Atlantic cold signals during the Heinrich
Stadial 1 and YD periods, but corresponded to the timing of
the Antarctic Cold Reversal during the B/A period. In the
present study, two high-resolution planktonic foraminifera
δ18O records of the surface layer dweller Globigerinoides
ruber sensu stricto (G. ruber s.s.) and the thermocline dweller
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Pulleniatina obliquiloculata (P. obliquiloculata) served to in-
vestigate the thermocline depth. SSS was evaluated by calcu-
lating δ18O of seawater based on the G. ruber s.s. δ18O and
Mg/Ca-SST data. Moreover, wavelet and spectral analyses
enabled searching for suspected evidence of periodicity in
the thermocline depth and SSS data.

Oceanographic setting

As an important oceanographic phenomenon in the OT, the
KC originates from the northward branch of the bifurcated
North Equatorial Current off the Philippine coast, enters the
OT in the ECS through the Yonaguni Depression, flows north-
eastward along the shelf slope of the ECS near the 200 m
isobath, and then reenters the open Pacific through the
Tokara Strait (Fig. 1). Its width along the entire stream is
~210 km on average (Liu and Gan 2012), the maximum in-
fluence depth reaches ~800 m (Oka and Kawabe 2003;
Andres et al. 2008, 2015), and the long-term mean relative
transport through the PN section (124.5°E, 30°N to 128.2°E,
27.5°N) is 25.8 Sv for the period 1973 to 2000 (Ichikawa and
Beardsley 2002). The volume transport and axis location of
the KC vary seasonally due to the influence of the East Asian
monsoon (Kagimoto and Yamagata 1997; Ichikawa and
Beardsley 2002; Qu and Lukas 2003; Liu and Gan 2012).

Mean SST and SSS in the ECS are characterized by both
spatial and seasonal variability (Fig. 2a–d). SST and SSS in-
crease generally from the northwest to southeast. Fresher sum-
mer surface water in the northwestern ECS reflects stronger
discharge of the Changjiang River, forming Changjiang dilut-
ed water (CDW) by mixing with saline ambient water. Core
OKT-3 of this study was collected along the main axis of the
KC. As shown in the temperature and salinity profiles at the
core site (Fig. 2e, f), the summer and winter mean tempera-
tures decrease downward. The summer and winter mean sa-
linities peak at 150–200 m water depth, reflecting the influ-
ence of the KC. In summer, the thermocline depth is about 5–
20 m on the shelf and about 20–50 m along the Kuroshio; in
winter, the thermocline depth is about 15–50 m on the shelf
but up to 200 m along the Kuroshio (Hao et al. 2012).

Materials and methods

Piston core OKT-3 (26.018°N, 125.282°E; core length of 5.13
m; water depth of 1,792 m) was retrieved from the southern
OT in 2012 (Fig. 1). Sediments in the core consist of homo-
geneous brown-grey clay and silt, without any obvious turbi-
dites or tephra layers.

An age model for the core was reported by Zhao et al.
(2015). For accelerator mass spectrometry radiocarbon
(AMS 14C) dating, mono-specific planktonic foraminiferal

shells of Neogloboquadrina dutertrei (>150 μm) were picked
from six horizons and analyzed at Beta Analytic Inc., USA.
All measured AMS 14C ages were calibrated to calendar ages
using CALIB 7.1 software (Stuiver and Reimer 1993), the
MARINE13 calibration curve (Reimer et al. 2013), and a re-
gional 14C reservoir age of 29±18 years (Delta R, local devi-
ation from the global mean reservoir correction of 400 years)
determined from mollusk shells in the western subtropical
Pacific (Yoneda et al. 2007). The age model was constructed
by linear interpolation between age control points (Fig. 3).
Age at the top of the core was assumed to be 0 ka by referring
to nearby cores; age at the bottom was estimated to be 17.3 ka
by linear extrapolation.

Samples were taken from the core at 4 cm intervals, yield-
ing 128 samples with an average sample resolution of ~135
years. The foraminifers G. ruber s.s. and P. obliquiloculata
were picked from the 250 to 350 μm size fraction of each
sample for oxygen isotope analyses. The shells were rinsed
with methanol, sonicated for ~10 s, and then oven dried at 40
°C. Analyses were bymeans of an Isoprime isotope ratio mass
spectrometer at the State Key Laboratory of Marine Geology
at Tongji University. All δ18O values were calculated relative
to Vienna Pee Dee Belemnite (VPDB) using the NBS19 stan-
dard, with an analytical precision better than ±0.06‰. Note
that the δ18O data of G. ruber s.s. have been published by
Zhao et al. (2015), but essentially without interpretation or
discussion.

G. ruber s.s. is considered to be a reliable tropical or sub-
tropical sea surface hydrographic indicator, as its habitat depth
is confined to the upper 30 m of the mixed layer (Ravelo and
Fairbanks 1992;Wang 2000). P. obliquiloculata is known as a
thermocline dweller at the top of the thermocline or at the
bottom of the mixed layer in the western Pacific (Pflaumann
and Jian 1999). Therefore, stable isotopes of G. ruber s.s. and
P. obliquiloculata reflect seawater hydrographic conditions at
the sea surface and at the top of the thermocline layer (or
bottom of the mixed layer), respectively. According to sedi-
ment trap data from the OT, fluxes of G. ruber and P.
obliquiloculata occur throughout the year (Yamasaki and
Oda 2003; Xu et al. 2005). The flux of P. obliquiloculata
has no obvious seasonal changes (Xu et al. 2005). Although
the flux of G. ruber is only marginally lower in winter than in
other seasons (Xu et al. 2005), this winter effect cannot be
neglected.

Results

Foraminiferal oxygen isotope

The δ18O values of G. ruber s.s. are lighter than those of
P. obliquiloculata (Fig. 4a). The former vary from –0.5
to –3‰, the latter from 0.5 to –1.5‰. The δ18O curves
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both display long-term lightening trends in the past 17,
300 years.

Upper water thermocline hydrography

Previous studies have suggested that the δ18O difference be-
tween the thermocline dwelling P. obliquiloculata and surface
dwelling G. ruber could indicate the thermocline depth in

tropical and subtropical seas (Jian et al. 2000; Tian et al.
2005), whereby a large difference usually indicates a shallow
thermocline and weak upper water mixing, the reverse being
the case for a small difference. In the present study, variations
of Δδ18OP-G (δ18O of P. obliquiloculata minus G. ruber s.s.)
indicate that the thermocline depth was deep at ~16.5–14.5 ka
but shallow at ~14–8 ka. It then increased slightly at ~7.5–4
ka, and decreased slightly at ~2.5 ka (Fig. 4b).

Sea surface water oxygen isotope

The oxygen isotope ratio of foraminiferal calcite (δ18Oc) de-
pends on the oxygen isotope ratio of ambient seawater
(δ18Osw) in which the foraminifer lives, and seawater temper-
ature that impacts on the oxygen fractionation between the
foraminiferal shell and seawater. Due to correlations between
δ18Oc, δ

18Osw and seawater temperature not having been
established for the western Pacific, an empirical equation
based on laboratory culturing experiments is used to calculate
δ18Osw in this study (cf. Bemis et al. 1998):

δ18Osw = (T – 14.9 + 4.8 * δ18Oc) / 4.8 + 0.27
where δ18Oc is the measured δ18O of G. ruber s.s., T is the

Mg/Ca-based temperature ofG. ruber s.s. (in the present case,
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extracted from Zhao et al. 2015), and 0.27 is the correction
from VPDB to VSMOW values. The δ18Osw data exhibit a
generally lightening trend from 2 to 0‰ (VSMOW) between
17.3 and ~9.2 ka, and then fluctuations around 0.4‰
(VSMOW) after ~9.2 ka (Fig. 4c). Even though δ18Osw is
not a simple paleo-salinity proxy (LeGrande and Schmidt
2011), it still reflects seawater salinity because the two param-
eters usually have a positive linear relationship. Indeed, the
δ18Osw data suggest that SSS in the southern OT steadily
decreased during the last deglaciation, and became relatively
stable during the Holocene.

Changes in δ18Osw can be separated into two components:
δ18O change influenced by sea level change (δ18Oiv, global ice
volume signal), and δ18O change related to local hydrographic
variation (δ18Olocal). δ

18Olocal can be calculated by subtracting
δ18Oiv from δ18Osw using the correction of δ18Oiv reported by
Waelbroeck et al. (2002). The results reveal that δ18Olocal was
about 0.25‰ (VSMOW) between 17.3 and ~9.2 ka, and about
0.45‰ (VSMOW) after ~9.2 ka. Thus, local SSS in the south-
ern OT was higher during the Holocene than during the last
deglaciation (Fig. 4d).

Discussion

Factors influencing thermocline depth

The thermocline depth is controlled generally by wind stirring
and convection (surface buoyancy flux) in the China seas. The
surface buoyancy flux is the major factor influencing the

thermocline depth in the OT (Hao et al. 2012). The surface
buoyancy flux consists of a thermal buoyancy flux, which is a
function of net heat flux, and a haline buoyancy flux that is a
function of precipitation and evaporation (Marshall and Schott
1999). The thermal buoyancy flux is one order of magnitude
larger than the haline buoyancy flux in the OT (Hao et al.
2012). Therefore, the thermocline depth, or strength of upper
water mixing, is influenced mainly by the surface thermal
buoyancy or heat flux in the OT.

Changes in heat flux in the upper ocean result from an
imbalance between input and output of heat through the sea
surface. Major components of heat flux are insolation (inflow
of solar energy), infrared radiation (heat loss by long-wave
radiation), sensible heat flux (heat loss by conduction), latent
heat flux (heat loss by evaporation), and advection (heat trans-
fer by currents). Incoming solar energy tends to warm the sea
surface and induce upper water stratification. As shown in
Fig. 5a and b, the thermocline depth in the southern OT rough-
ly corresponds to the annual mean insolation at 30°N (Berger
and Loutre 1991). At ~14–8 ka, high insolation might have
induced strong stratification, and thus the thermocline depth
was shallow. Before and after this time period, insolation was
low and stratification was weaker; hence, the thermocline
depth increased at ~16.5–14.5 ka and ~7.5–4 ka.

Latent heat flux accounts for ~2/3 of the total heat loss (sum
of infrared radiation, and sensible and latent heat fluxes) in the
KC region (Chu et al. 2005). The evaporation causing latent
heat loss is much higher in winter than in summer in the ECS
(Chen et al. 1994; Chu et al. 2005), and is influenced primarily
by wind speed and relative humidity. Therefore, the strong
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and dry East Asian winter monsoon (EAWM) plays a key role
in heat loss in the KC region. As shown in Fig. 5a and c, the
thermocline depth in the southern OT corresponds well to the
EAWM proxy (Steinke et al. 2011). Strong EAWM induces
intense surface heat (buoyancy) loss and upper water mixing,
whereas weak EAWM favors stratification and shallow ther-
mocline depth. A comparison can be made with the difference
in Mg/Ca-based temperature between G. ruber and P.

obliquiloculata (Fig. 5c) indicating the thermocline depth in
the northern South China Sea (SCS; Steinke et al. 2011). This
suggests that changes in the upper water thermal structure in
the southern OTand northern SCS are closely interconnected,
probably by the EAWM.

The KC transports heat from low to high latitudes in the
subtropical western North Pacific. Due to the KC influence,
the latent and sensible heat fluxes are high (WHOI OAFlux
Project), and thus the thermocline depth is deep in the KC
region (Hao et al. 2012). Factor analysis of planktonic fora-
minifera has shown that KC influence has increased since the
last deglaciation (Chang et al. 2008; Fig. 5d), which caused
increasing SST in the southern OT (Zhao et al. 2015; Fig. 5e).
Numerical experiments have demonstrated that KC volume
transport was reduced when sea level was lower than that of
the present day (Kao et al. 2006b; Lee et al. 2013). However,
the thermocline depth trend does not correspond to the KC
proxy (Fig. 5a, d) or KC volume transport trends. So, it ap-
pears that the influence of the KC on the thermocline depth is
minor compared to that of the EAWM and insolation, despite
the KC being a source of heat and promoting heat loss. This
current influences surface, subsurface and intermediate waters
in the OT (Oka and Kawabe 2003; Andres et al. 2008, 2015),
but integrally warming the water column possibly has little
effect on the thermal structure between the surface and sub-
surface layers.

Factors influencing sea surface salinity

The primary factor governing SSS is the global ice volume.
Melting of ice sheets injects fresh water into the ocean, which
not only reduces seawater salinity but also leads to eustatic sea
level rise. As shown in Fig. 5f and g, long-term changes in the
δ18Osw record of the southern OT and the relative sea level in
the western Pacific (Liu et al. 2004) are well matched during
the postglacial period. The lightening trend of the δ18Osw re-
cord is associated with a rise in sea level from 17.3 to ~9.2 ka.
After ~9.2 ka the sea level was relatively stable, although it
rose slightly at ~7.5 ka; likewise, δ18Osw remained relatively
stable. Additionally, the melt water pulses 1a and 1b are asso-
ciated with abrupt decreases in δ18Osw at ~14.2 and ~11.6 ka.

Lee et al. (2013) suggested that, during the last glacial
period, there was little change in the KC path compared to
that of the present day. By contrast, Kao et al. (2006b) pro-
posed that the KC exited the OT through the Kerama Gap
located southwest of the trough. Nevertheless, both studies
agree with the existence of the KC in the southern OT.
Therefore, the KC is another important factor controlling sa-
linity in the southern OT since the last glaciation. KC influ-
ence and volume transport were weaker during the last degla-
ciation compared with the Holocene (Kao et al. 2006b; Chang
et al. 2008; Lee et al. 2013). Indeed, local SSS was lower
during the last deglaciation (Fig. 4d). Additionally, at ~9.2
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temperature ofG. ruber s.s. minus P. obliquiloculata, indicating the upper
water thermal gradient in the northern South China Sea and the East
Asian winter monsoon (Steinke et al. 2011); d Q-mode Factor 2 for core
MD012404, indicating Kuroshio Current influence (Chang et al. 2008); e
Mg/Ca-based sea surface temperature (SST) for core OKT-3 (Zhao et al.
2015); f δ18Osw of this study (bold line 9-point running average); g rela-
tive sea level (RSL) rise in the western Pacific (Liu et al. 2004; arrows
melt water pulses, mwp); f δ18Olocal of this study, and for cores
MD012404 (Chen et al. 2010), A7 (Sun et al. 2005) and KY07-04-1
(Kubota et al. 2010), bold lines 5-point running averages. YD Younger
Dryas, B/A Bølling/Allerød
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ka when the melt water pulse 1c occurred, SSS did not de-
crease correspondingly but instead increased (Fig. 5f–h). This
can plausibly be explained by an abrupt strengthening of the
KC at ~9.4 ka (Xiang et al. 2007).

In the present study, variations in the Δδ18OP-G, δ
18Osw,

and δ18Olocal records are essentially synchronous at centennial
to millennial timescales over the past 17,300 years. Thus, low
(high)Δδ18OP-G values are mostly associated with high (low)
δ18Osw and δ18Olocal values (Fig. 4). This aspect was assessed
further by means of cross-correlation analyses, an approach
successfully applied to non-stationary paleo-climate datasets
(Marriner et al. 2012; Zheng et al. 2014). Negative coeffi-
cients of about –0.7 at Lag 0 values with confidence levels
of 95% (Fig. 6) testify to the strong synchronicity between
Δδ18OP-G and δ18Osw or δ18Olocal. This means that SSS is
high when upper water mixing is intense, and vice versa.
According to modern oceanographic observations in the OT,
salinity in the subsurface layer is usually higher than that in the
surface layer due to the influence of the KC (Ichikawa and
Beardsley 2002; Andres et al. 2008; Fig. 2e, f). If vertical
mixing intensified, then saltier water at the top of the thermo-
cline would be brought to the surface, causing an increase in
SSS. Therefore, SSS is strongly influenced by upper water
mixing at centennial to millennial timescales.

The CDWis the dominant source of fresh water in the ECS.
Modern observations and simulations suggest that the CDW
extends to the northeast toward the Tsushima Strait (Beardsley
et al. 1985; Chang and Isobe 2003). Since ~9.2 ka, the sea

level and the Changjiang river mouth have been close to their
modern positions (Liu et al. 2004, 2007), and intensified rain-
fall might have increased the fresh water flux (Dykoski et al.
2005; Jiang et al. 2007). Indeed, local SSS signatures differ
strongly between cores OKT-3 (this study), MD012404 (Chen
et al. 2010), A7 (Sun et al. 2005) and KY07-04-1 (Kubota et
al. 2010), and salinity in the southern OT exceeded that of the
northern OT after ~9.2 ka (Fig. 5h), implying that CDW in-
fluence was strong in the northern OT but weak in the south-
ern OT. Differences in local SSS amongst these cores were
small before ~9.2 ka (Fig. 5h), implying that the influence of
fresh water was similar from the southern to northern OT. In
view of the large dimensions of the trough (more than 1,000
km long), it is suggested that CDW influence was minimal in
the OT before ~9.2 ka. In fact, Lee et al. (2013) proposed that,
although there might have been an influence of fresh water on
the continental shelf, the effect was minimal in the OT during
the glacial period. Furthermore, precipitation and evaporation
are two potential factors that inversely influence SSS. Today,
their net effect is limited (annual precipitation largely
counterbalances evaporation; Chen et al. 1994; Chu et al.
2005). However, it remains unclear whether or not this was
the case in the past 17,300 years.

Millennial-scale climate changes

Previous studies suggested that variations in SST and
planktonic foraminiferal abundance in the OT were nearly
synchronous with abrupt millennial-scale climate changes
in the North Atlantic, such as the B/A and YD events (Ijiri
et al. 2005; Sun et al. 2005; Xiang et al. 2007; Yu et al.
2009; Kubota et al. 2010; Ruan et al. 2015). However, an
Antarctic-like signal was found in core MD012404 (Chen
et al. 2010), and the SST of core OKT-3 also corresponds
to the timing of the Antarctic Cold Reversal during the B/
A event (Zhao et al. 2015). The δ18O record of core OKT-
3 argues against those SST records. The SSSs of core
OKT-3 and other cores in the OT show no anomalous
changes during the B/A and YD events (Sun et al. 2005;
Chen et al. 2010; Kubota et al. 2010; Fig. 5f, h). This can
be ascribed to interaction between the KC and precipita-
tion. During the YD period, for example, weak monsoonal
rainfall (Dykoski et al. 2005) tended to increase SSS, but
a weak KC (Chang et al. 2008) tended to decrease SSS.
Chen et al. (2010) also found that the KC might have
played a more dynamic role than commonly considered,
competing with atmospheric teleconnection with the high-
latitude North Atlantic. Additionally, the Pulleniatina
Minimum Event, widely recorded in the western North
Pacific between 4.5 and 3 ka, is not distinguished in the
δ18Olocal and Δδ18OP-G records of core OKT-3 (Figs. 4
and 5). Similarly, Lin et al. (2006) reported no distinctive
anomalies in paleoceanographic proxies for this event.
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Possible teleconnection between the OT and global
climate change was assessed by means of wavelet and
spectral analyses of the Δδ18OP-G and δ18Olocal time se-
ries. For the wavelet analysis, the time series were re-
sampled at 20 year resolution, and methods reported by
Torrence and Compo (1998) and Grinsted et al. (2004)
were used. The spectral analysis employed the REDFIT
software of Schulz and Mudelsee (2002). The findings
reveal 1,540-, 860- and 640-year periods for Δδ18OP-G

(Fig. 7a, b), and 1,480-, 1,050- and 630-year periods for
δ18Olocal (Fig. 7c, d).

As discussed above, the thermocline depth is influenced
mainly by insolation and the EAWM, and the local SSS is
influenced mainly by the KC and vertical mixing (thermo-
cline depth). The 1,540- and 1,480-year periods of the
Δδ18OP-G and δ18Olocal time series agree with the perva-
sive 1,500-year period in global climate records. This pe-
riod originates from internal response of the THC to exter-
nal solar forcing (Dima and Lohmann 2009). The EAWM
and KC also display a periodicity of 1,500 years (Garidel-
Thoron et al. 2001; Isono et al. 2009). Soon et al. (2014)
identified a fundamental solar periodicity of 1,000 years
and an intermediary derived cycle of 700 years that might
mark rectified responses of the THC to external solar mod-
ulation. The 1,050-year periodicity of the present study
agrees with the fundamental solar periodicity of 1,000
years; the 860-, 640- and 630-year periods can be ascribed
to the intermediary derived solar cycle of 700 years.

Conclusions

Oxygen isotope analyses of the planktonic foraminifers G.
ruber s.s. and P. obliquiloculata from the AMS 14C dated
OKT-3 core spanning the past 17,300 years in the southern
Okinawa Trough revealed that the thermocline depth
(Δδ18OP-G) was influenced mainly by the surface thermal
buoyancy flux or air–sea heat flux, which varied with annual
mean insolation and the East Asian winter monsoon. Changes
in thermocline depth in the southern OT (East China Sea) and
northern South China Sea are interconnected. SSS (δ18Osw)
was influenced primarily by global ice volume and the
Kuroshio Current. Vertical mixing is another important factor
controlling SSS on centennial to millennial timescales. After
~9.2 ka, differences in local SSS (δ18Olocal) amongst several
cores spanning the northern to southern OT became more
pronounced, and salinity in the north was lower than in the
south, indicating a stronger influence of Changjiang diluted
water in the northern sector. KC activity probably disturbed
the atmospheric teleconnection with the North Atlantic, so
that anomalous changes in SSS are not obvious in abrupt
millennial-scale climate events such as the B/A and YD.
Wavelet and spectral analyses of the Δδ18OP-G and δ18Olocal

records show 1,540-, 1,480-, 1,050-, 860-, 640-, and 630-year
periods involving solar, EAWM and KC signals over the last
17,300 years in the southern Okinawa Trough.
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