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  Abstract       In the warming world, tropical Pacifi c sea surface temperature (SST) variation has received 
considerable attention because of its enormous infl uence on global climate change, particularly the El 
Niño-Southern Oscillation process. Here, we provide new high-resolution proxy records of the magnesium/
calcium ratio and the oxygen isotope in foraminifera from a core on the Ontong-Java Plateau to reconstruct 
the SST and hydrological variation in the center of the Western Pacifi c Warm Pool (WPWP) over the last 
360 000 years. In comparison with other Mg/Ca-derived SST and δ 18 O records, the results suggested that 
in a relatively stable condition, e.g., the last glacial maximum (LGM) and other glacial periods, the tropical 
Pacifi c would adopt a La Niña-like state, and the Walker and Hadley cycles would be synchronously 
enhanced. Conversely, El Niño-like conditions could have occurred in the tropical Pacifi c during fast-
changing periods, e.g., the termination and rapidly cooling stages of interglacial periods. In the light of 
the sensitivity of the Eastern Pacifi c Cold Tongue (EPCT) and the inertia of the WPWP, we hypothesize an 
inter-restricted relationship between the WPWP and EPCT, which could control the zonal gradient variation 
of SST and aff ect climate change. 

  Keyword : Western Pacifi c Warm Pool (WPWP); sea surface temperature (SST); El Niño-Southern 
Oscillation (ENSO) 

 1 INTRODUCTION 

 The Western Pacifi c Warm Pool (WPWP) 
constitutes the largest source of water vapor and heat 
for driving global atmospheric circulation (Cane, 
1998) (Fig.1), and its air-sea interaction is signifi cant 
in triggering El Niño-Southern Oscillation (ENSO) 
events (Sun, 2003). Spatial variation and hydrological 
status of the WPWP also aff ect Intertropical 
Convergence Zone (ITCZ) alteration and East Asian 
Monsoon intensity (Li et al., 1999; Leduc et al., 2009; 
Schmidt and Spero, 2011; Zhang et al., 2015). 
Interannual-scale precipitation in the WPWP is tightly 
coupled with the seasonal swing of the ITCZ and 
boreal winter monsoon cold wave variation (An, 

2000). Some global ocean-atmosphere coupled 
models have shown that the evolution of the mode of 
atmospheric circulation is very sensitive to subtle 
variations of sea surface temperature (SST) in the 
WPWP, especially at high SSTs (Palmer and 
Mansfi eld, 1984; Ravelo et al., 1990). Modern 
satellite observations show that the SST and scale 
change of the WPWP is related to solar irradiance 
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variabilities, ENSO events, volcanic activities, and 
global warming (Yan et al., 1992). 

 Modern ENSO events in the tropical Pacifi c are 
important for global climate variation (Jin, 1996; 
Cane, 1998; Thunell et al., 1999; Fedorov and 
Philander, 2000; Cai et al., 2014). Furthermore, 
ENSO-like states or super-ENSO events have also 
appeared in past long-term variations (Lea et al., 
2000; Stott et al., 2002; Cobb et al., 2013; Carré et al., 
2014; Ford et al., 2015). The zonal SST gradient is an 
essential indicator for evaluating an ENSO event (Jin, 
1996; Lea et al., 2000). Therefore, determining SST 
variation in the WPWP is crucial to the understanding 
of global climate change (Cronin and McPhaden, 
1997). On long time scales, SST change in the WPWP 
is driven by orbital parameters, such as eccentricity, 
obliquity, and precession (Clement et al., 1999). To 
understand the tendency of ENSO variation, it is 
necessary to accumulate long-term continuous 

multiproxy records of SST to reconstruct the evolution 
of past ENSO-like or super-ENSO (Rosenthal and 
Broccoli, 2004). 

 Controversies remain to be resolved regarding the 
complex hydrological variation in the WPWP during 
past glacial-interglacial cycles because of the 
infl uences of ENSO-like processes, low-latitude 
monsoonal variation, ITCZ swing, and their 
interactions (Leduc et al., 2009; Cobb et al., 2013; Qiu 
et al., 2014a). For instance, diff erent results obtained 
from various transfer function techniques and proxies, 
e.g., the Mg/Ca paleothermometer of planktic 
foraminiferal calcite (Crowley, 2000; de Garidel-
Thoron et al., 2007; MARGO Project Members, 2009; 
Mathien-Blard and Bassinot, 2009) and clumped 
isotopes (Tripati et al., 2014), mean that the estimated 
amplitude of cooling in the WPWP during the Last 
Glacial Maximum (LGM) is inconsistent. 
Reconstruction of SST in the WPWP by Mg/Ca has 
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 Fig.1 (Upper) map of average annual SST (°C) (color) and SSS (contour) of tropical Pacifi c, and the locations of core 
KX97322-4 (yellow star) and the other main cores mentioned (blue cycles) in this paper (top). SST and SSS data were 
taken from WOA13 (Schlitzer, 2015); (lower) comparison between west-east tropical Pacifi c SST diff erence and Niño 
3.4 SST anomalies from 1950 
 The Niño 3.4 index data comprise 3-month running means of ERSST.v4 SST anomalies in the Niño 3.4 region, obtained from http://www.cpc.ncep.noaa.
gov. SST data of WPWP (0°N, 160°E) and EPCT (2°N, 270°E), obtained from http://www.esrl.noaa.gov, were also calculated as 3-month running means. 
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indicated an El Niño-like state in the tropical Pacifi c 
during the LGM (Koutavas et al., 2002). However, 
LGM SSTs, obtained from alkenone unsaturation in 
the East Pacifi c Cold Tongue (EPCT), appear to 
indicate local cooling, and upwelling intensifi ed by 
enhanced trade winds over the eastern equatorial 
Pacifi c (EEP), which are suggestive of a La Niña-like 
state (Dubois et al., 2009). Multicore analyses of 
planktic foraminifera from the EEP indicate that the 
zonal gradient of SST was enhanced during the LGM 
(Andreasen and Ravelo, 1997; Martínez et al., 2003), 
while other results from the WPWP indicate the 
opposite (Sagawa et al., 2012; Ford et al., 2015). Based 
on a multiproxy record in the heart of the WPWP, de 
Garidel-Thoron et al. (2007) found no evidence of 
ENSO-like events during the last deglaciation. In 
addition, the migration of the ITCZ, which is controlled 
by the meridional SST gradient, also aff ects the 
hydrological variation in the WPWP and East Asian 
Monsoon activities. However, the relationship between 
the ITCZ and ENSO remains ambiguous (Schmidt and 
Spero, 2011; Zhang et al., 2015). 

 Given all the contradictions above, further research 
is needed to ascertain the role of the tropical Pacifi c in 
past climate change. This paper presents a series of 
geochemical proxy records of foraminifera from the 
center of the WPWP to reconstruct the hydrological 
variation of the WPWP during the past 360 000 years. 
We also discuss past ENSO-like processes and 
analyze the mechanism of paleoclimate change by 
comparison with other results. 

 2 MATERIAL AND METHOD 

 2.1 Sediment samples 

 Core KX97322-4 was obtained from the Ontong-
Java Plateau (00°01.73′S, 159°14.66′E, water depth: 
2 362 m, core length: 6.3 m; Fig.1) using a giant 
piston corer on board R/V  Science - 1  during the Warm 
Pool Subject Cruise in 2008. The sediments of this 
core are composed mainly of calcium carbonate with 
little dissolution (the lysocline depth is 3 500 m in this 
area) (Wu and Berger, 1991; Sadekov et al., 2010). 

 The Ontong-Java Plateau area is located to the 
northeast of Papua New Guinea, in the center of the 
WPWP, within the sea surface isothermal line of 29°C 
(Fig.1). This region is perennially warm without 
obvious seasonal temperature or salinity variations 
(less than 1.3°C and 0.2, respectively). Seasonal 
fl uctuation of precipitation in the WPWP is controlled 
by the coupled system of the Asian-Australian 

monsoon and the ITCZ, while its interannual variation 
is controlled by ENSO and the Indian Ocean Dipole 
system. Changes in the ITCZ and ENSO are induced 
primarily by solar forcing (Oppo et al., 2007; Schmidt 
and Spero, 2011), which is also the dominant factor 
controlling the intensity of the low-latitude summer 
monsoon. The interannual SST diff erence between 
the center of the WPWP and the EEP from 1950 to 
present (Version 4, in situ only) is in line with the 
Niño 3.4 SST anomalies (Fig.1); thus, it is a good 
indicator of past ENSO events. 

 2.2 Oxygen isotope and Mg/Ca analyses 

 The entire sediment core was sampled at 1-cm 
intervals. These samples were washed through a      
63-μm sieve and dried at 60°C. Then, approximately 
4–7 specimens of benthic foraminifera  Cibicidoides  
 wuellerstorfi   were selected from the 355–500-μm size 
fraction for oxygen isotope analysis, and 
approximately 40 specimens of planktic foraminifera 
 Globigerinoides   ruber  (white) were selected from the 
250–300-μm size fraction for both oxygen isotope 
and Mg/Ca analyses. All the geochemical analyses 
were performed at the Institute of Oceanology of the 
Chinese Academy of Sciences. Foraminiferal shells 
were crushed under a microscope before cleaning. 

 The crushed foraminiferal shells used for the stable 
isotope analysis were sonicated in both 3% peroxide 
and acetone before being washed with distilled water 
and dried at 60°C. The oxygen isotope ratio was 
measured using a GV IsoPrime mass spectrometer. 
The analytical precision was not less than 0.06‰ 
(1σ). Calibration to VPDB was performed using 
standard NBS18. 

 The Mg/Ca cleaning procedure was based on the 
treating processes without a reductive step (Barker et 
al., 2003), because the planktic foraminifera  G .  ruber  
shells in this core are pristine. As the sample site is 
located far from the continent, there is no visible 
contamination by Iron-Manganese clastics, as 
observed during visual examination under a 
microscope. The Mg/Ca ratio was measured using 
Inductively Coupled Plasma-Optical Emission 
Spectrometry (ICP-OES, iCAP6300 radial; Thermo-
Fisher). The analytical precision of the Mg/Ca ratio 
was 0.44% (1σ, RSD). 

 2.3 SST and SSS calculations 

 Previous studies have clarifi ed a stable relationship 
between the Mg/Ca ratio of shells and ambient water 
temperature: 
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 Mg/Ca(mmol/mol)= B exp[ AT (°C)] (Lea et al., 2000), 
 where  A  and  B  represent the sensitivity of the Mg/Ca 
of the shell to temperature and species diff erences, 
respectively (Anand et al., 2003). We used parameters 
based on the sediment trap time series to reconstruct 
the SST, as below: 

 Mg/Ca (mmol/mol)=0.34exp[0.102×SST(°C)],  
 [0.34(±0.08); 0.102(±0.010)] (Anand et al., 2003). 
 The standard error of this equation, when fi tted to 

Pacifi c core-tops values, was estimated at ±1.2°C. It 
summarizes the results of previous research and 
considers other impact factors, such as diff erent 
cleaning methods and diff erences between laboratories 
(Anand et al., 2003). 

 The oxygen isotope of calcite (δ 18 O c ) is infl uenced 
by both the ambient SST and oxygen isotopic ratio of 
seawater (δ 18 O sw ). The δ 18 O sw  is controlled mainly by 

local hydrology and global ice volume change (Lea et 
al., 2002). Therefore, we can remove the infl uence of 
water temperature from δ 18 O to obtain δ 18 O sw , which 
mainly represents sea surface salinity (SSS) 
(Rosenthal et al., 2003; Stott et al., 2004). We used the 
empirical relationship (below) between temperature 
and δ 18 O to calculate the local δ 18 O sw : 

 δ 18 O sw =(SST Mg  /Ca –16.5+4.8×δ 18 O G  .  ruber )/4.8+0.27 
(Bemis et al., 1998; Thunell et al., 1999). 

 2.4 Radiocarbon dating and age model 

 Accelerator mass spectrometer (AMS)  14 C dates 
were determined on samples of planktic foraminifera 
 Globigerinoides   sacculifer  (with sac) and measured 
at the NOSAMS Facility, WHOI, USA. AMS  14 C ages 
were converted to calendar ages using the MARINE13 
calibration curve of the CALIB 7.0.2 program (Stuiver 
and Reimer, 1993) with a reservoir age of 400 years 
(Table 1). The age model (Fig.2) was obtained by 
comparing the δ 18 O curve of the benthic foraminifera 
 C .  wuellerstorfi   with the LR04 benthic reference 
curve (Lisiecki and Raymo, 2005) using Match 2.3.1 
software (Lisiecki and Lisiecki, 2002). This was done 
in combination with 19 tie points, 5 AMS  14 C ages, 
and the LAD (last appearance datum) of  G .  ruber  
(pink), which is dated at ~120 ka in the Indian and 
Pacifi c oceans (Thompson et al., 1979). According to 
the age model, the sedimentation rate varied from 
0.39 to 4.95 cm/kyr, with a mean value of 1.75 cm/kyr. 

 Table 1 Radiocarbon ages used to construct the chronology 
of KX97322-4 

 Sample 
number 

 Depth 
(cm) 

  14 C age 
(yr BP) 

 Error 
(yr) 

 Calendar age 
(cal. yr BP) 

 973-6  5–6  4 120  ±25  4 177 

 973-14  13–14  5 770  ±25  6 203 

 973-27  26–27  9 820  ±35  10 739 

 973-40  39–40  17 700  ±65  20 855 

 973-50  49–50  23 800  ±85  27 597 
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 Fig.2 Age model of core KX97322-4 
 Benthic foraminiferal δ 18 O record ( C .  wuellerstorfi  ) of core KX97322-4, compared with the benthic stack LR04 (Lisiecki and Raymo, 2005). The 5 AMS 
 14 C ages (black diamonds) and 21 benthic foraminiferal tie points (white triangles), indicated in the fi gure, were used in the Match 2.3.1 software (Lisiecki 
and Raymo, 2005). 
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 2.5 Periodic analysis 

 To extract the signifi cant periodicities documented 
in the proxy records, spectral analyses were performed 
using the Past 3.06 software (Hammer et al., 2001) 
and the REDFIT procedure (Schulz and Mudelsee, 
2002), which was projected to the unevenly spaced 
time series. In this study, window=rectangle, and 
oversample=10. 

 3 RESULT 

 The oxygen isotope values of the benthic 
foraminifera  C .  wuellerstorfi   (δ 18 O benthic ) range 
between 2.14‰ and 4.08‰ for the past 360 kyr, 
presenting very clear glacial-interglacial cycles 
(Fig.2). Similarly, the δ 18 O c  values of the planktic 
foraminifera  G .  ruber  (δ 18 O G  .   ruber ) also exhibit similar 
glacial-interglacial cycles (Fig.3), ranging from 
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 Fig.3 Variation of proxies of core KX97322-4 over the past 360kyr 
 a. the δ 18 O sw  (‰, SMOW) record of core KX97322-4; b. the Mg/Ca (mmol/mol)-SST (°C) record of core KX97322-4; c. the δ 18 O (‰, PDB) record of the 
planktic foraminifera  G .  ruber ; d. the δ 18 O (‰, PDB) record of the benthic foraminifera  C .  wuellerstorfi  . Yellow vertical bars indicate glacial periods .
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-2.52‰ to -0.88‰ (average: -1.57‰) during the past 
360 kyr. The heaviest δ 18 O (-0.88‰) was in MIS 6 
(137.5 ka BP) and the lightest δ 18 O (-2.52‰) was in 
the Holocene (5.5 ka BP). The largest amplitude 
occurred in MIS6/MIS5 (133.4–130.4 ka BP), when 
δ 18 O G  .   ruber  changed from -0.88‰ to -2.05‰. 

 The Mg/Ca values of the planktic foraminifera 
 G .  ruber  range between 3.07 and 5.03 mmol/mol, 
with a core-top value of 4.54 mmol/mol (Fig.3b). The 
calculated SST record indicates a core-top (average of 
the top fi ve intervals) SST of 29.02±0.22°C (±0.2 
SD), which is in accordance with the modern annual 
average SST of 29.36°C at this position (Schlitzer, 
2015). As  G .  ruber  generally inhabit upper-level 
water (depth: 0–25 m) (Sadekov et al., 2009) and 
because seasonal SST variation is negligible at the 
center of WPWP (Kawahata et al., 2002; Mohtadi et 
al., 2009), the calcifi cation temperature of  G .  ruber  
mainly represents the annual average SST variation. 
Generally, SST changes demonstrate clear glacial-
interglacial cycles similar to the δ 18 O c  change during 
the past four terminations (Fig.3). In MIS 2 (28.64–
16.05 ka BP), the lowest SST of 26.4°C appeared at 
23.58 ka BP, lower than the core top SST by 2.9±0.7°C, 
corresponding to nearby records in the WPWP (Lea et 
al., 2000; de Garidel-Thoron et al., 2007; Tripati et 
al., 2014). Since the last termination, the minimum 
temperature has been 26.02°C at 75.2 ka BP and the 
maximum temperature has been 30.36°C at 125.0 ka 
BP. Within the last four terminations, SSTs have 
shown rapid variations, climbing from a minimum 
value to a maximum value over a period of only 
5 000–6 000 years. However, the subsequent cooling 
could last for 20–40 thousand years (Fig.3b). In the 
last glacial period, SST fl uctuated wildly within the 
range of approximately 26–28°C. 

 The calculated core-top δ 18 O sw  is (0.5±0.07)‰, 
which is similar to the modern δ 18 O sw  in the central 
WPWP (Schmidt et al., 1999) and mainly refl ects 
local SSS variation (Schmidt and Spero, 2011). Over 
the past 360 kyr, the SSS values were high in glacial 
periods and low in interglacial periods, fi tting well 
with the global mean δ 18 O sw  variation (Waelbroeck et 
al., 2002) (Fig.3a). 

 4 DISCUSSION 

 4.1 La Niña-like state during glacial periods 

 Comparison of the proxies between the WPWP and 
EPCT (Fig.4) indicated similar δ 18 O G  .   ruber  values of 
between -2.5‰ and 0‰ during the interglacial periods 

(Lea et al., 2000; Pena et al., 2008), whereas, they 
diverged widely in the glacial periods. The Mg/Ca-
SST data show that the WPWP SST was always 
higher than that of the EPCT during the last 360 kyr 
(Figs.4, 5), although the patterns of variation in both 
regions were similar. 

 Based on the NOAA Extended Reconstructed SST 
of 1950–2015 (Version 4, in situ only), the annual 
mean zonal SST gradient (ΔSST) between the WPWP 
and EPCT is presently about 3.3°C (Fig.1). During all 
the glacial periods, the ΔSST displayed larger values 
than at present, which is indicative of an almost La 
Niña-like state (Fig.4d). During the LGM, the ΔSST 
was 3.8±0.5°C, suggesting an evident La Niña-like 
state, which is consistent with other paleotemperature 
and thermocline gradient reconstructions (Martínez et 
al., 2003; Dubois et al., 2009; Rincón-Martínez et al., 
2010; Bolliet et al., 2011; Regoli et al., 2015) and 
simulated results (Clement et al., 1999; Hewitt et al., 
2003; Kim et al., 2003). The presence of massive 
high-latitude ice sheets could alter the general 
circulation of the atmosphere and intensify the Hadley 
circulation (Kim and Lee, 2001a, b; Timmermann et 
al., 2004). However, some contradictory results have 
suggested that the LGM was inclined toward an El 
Niño-like state (Koutavas et al., 2002; Stott et al., 
2002; Koutavas and Lynch-Stieglitz, 2003;Visser et 
al., 2003; de Garidel-Thoron et al., 2007). It should be 
noted that most of those studies, which were based on 
short time scale records, have signifi cant biases in 
interpretation owing to the lack of consideration of 
the long-term mean state of the tropical Pacifi c 
(Rosenthal and Broccoli, 2004). 

 During the last 360 kyr, the zonal SSS gradient 
between the WPWP and EPCT was strong in MIS 2, 
MIS 4, and MIS 6, as shown by the variation of 
Δδ 18 O sw  (0.80‰, 0.73‰, and 0.81‰, respectively). 
Nevertheless, the Δδ 18 O sw  in MIS 8   was unlike the 
other cold periods and it showed almost an inverse 
pattern (Fig.5c). The diff erences in the δ 18 O sw  values 
in the EPCT in MIS 8 and MIS 10 (Fig.4c) could be 
attributed to latitudinal diff erences (Koutavas and 
Lynch-Stieglitz, 2003). Additionally, with regard to 
the location of our site, El Niño events could also 
enhance the precipitation in these areas (Delcroix and 
Picaut, 1998; Stott et al., 2002; Chen et al., 2004; 
Schmidt and Spero, 2011). This means the results 
have certain ambiguity. Nevertheless, Δδ 18 O sw  was 
high in the glacial periods and low in the interglacial 
periods and this variation has been interpreted as 
refl ecting an increase in rainfall in the WPWP induced 
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by a La Niña-like state (Lea et al., 2000). A strong 
zonal SST gradient contributes to the intensity of the 
Walker cell, strengthens the trade winds, and 
transports additional water vapor to the WPWP, 
enhancing its precipitation (Andreasen and Ravelo, 
1997; Lea et al., 2000). A multiproxy assessment of 
the western equatorial Pacifi c hydrography has 
indicated the possibility of a slight decrease in SSS in 
the WPWP during glacial periods (de Garidel-Thoron 
et al., 2007). 

 Some evidence has shown that the thermocline did 
not deepen in the WPWP in glacial periods (Sagawa et 
al., 2012; Zhang et al., 2013). During glacial periods, 

the decrease of equatorial SST would weaken ocean 
stratifi cation (Pisias and Mix, 1997; Lea et al., 2000) 
and shoal the thermocline (Fedorov and Philander, 
2000; Beaufort et al., 2001). It has been suggested that 
the decreased SSS was attributed to suppressed 
evaporation by cold surface waters and the lack of 
deep atmospheric convection (Sagawa et al., 2012). 
Other precipitation records and models have also 
proposed that there was no enhanced precipitation in 
glacial periods (Kitoh and Murakami, 2002; Partin et 
al., 2007). In the WPWP, the thermal center is adjacent 
to the salinity front and it does not coincide with the 
center of precipitation (Fig.1) (Delcroix and Picaut, 
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1998; Chen et al., 2004). In glacial periods, the position 
and extent of the WPWP will have changed and thus, 
diff erent proxies in diverse situations might record 
contradictory information. 

 4.2 Synchronic change of zonal and meridional 
SST gradients 

 The SST gradient was large between our site and 
the northern edge of the WPWP (Wang and Li, 2012) 
during the LGM and those periods when the tropical 
Pacifi c was in La Niña-like states (Fig.5b), which 
could mean that the extent of the WPWP was reduced 
and accompanied by enhanced Walker and Hadley 
circulations during the LGM. In contrast, the 
variations of the zonal SST gradient in the equatorial 
Pacifi c and the meridional SST gradient between the 

center and edge of the WPWP were almost identical 
during the last 360 kyr, consistent with a reconstruction 
based on a much longer time scale (Fedorov et al., 
2015). Moreover, an analysis of the quantitative 
change in nanoplankton communities preserved in 
nine deep-sea cores has indicated that primary 
production along the equatorial Pacifi c was enhanced 
during the LGM (Beaufort et al., 2001). This could 
probably be attributed to enhanced upwelling in the 
EEP during a La Niña-like state (Beaufort et al., 2001; 
Sarmiento et al., 2004) and to greater input of eolian 
dust due to a reinforced East Asian Winter Monsoon 
(Zhang et al., 2007; Li et al., 2010; Zhou et al., 2011; 
Xiong et al., 2013, 2015). Both phenomena would 
provide additional nutrients to facilitate primary 
production. 
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 Compared with our results, an Mg/Ca-SST 
reconstruction from the Gulf of Papua on the southern 
edge of the WPWP (Regoli et al., 2015), showed that 
ΔSST was smaller than the modern annual average 
ΔSST (1.98°C) (Schlitzer, 2015) or even almost zero 
during the LGM (Fig.5a). This could be indicative of 
a shift to the south of a shrinking WPWP, which might 
have caused an early retreat of the southern tropical 
glaciers (Smith et al., 2005). This phenomenon could 
be explained by the mechanism of a seesaw or a lead-
lag between the Southern and Northern hemispheres 
driven by precession-antiphase-induced insolation 
asymmetry (Berger, 1978). 

 Spectral analysis of the δ 18 O sw  diff erence between 
the WPWP and EPCT revealed a signifi cant 23.4 ka 
cycle (Fig.6a) related to the insolation variation over 
the equator controlled by precession. However, the 
zonal SST gradient mainly has a ~52 ka cycle (Fig.6c), 
which has been interpreted as the heterodyne 

frequency of the main orbital cycles (precession and 
obliquity) (Clemens and Prell, 1991; Clemens et al., 
1991). It means that the zonal SST gradient is not 
only related to variations of insolation over the 
equator but it is also indirectly infl uenced by high 
latitude. A ~52 ka cycle of the meridional SST 
gradient confi rms the close relationship between the 
zonal and meridional SST gradient variation 
mentioned above, and the teleconnection between 
high and low latitudes (Fig.6b). Compared with the 
SST records of the southwest Pacifi c (Tachikawa et 
al., 2009), the SST gradient also shows a ~57 ka cycle 
(Fig.6d). Proxies of the Indian Ocean summer 
monsoon from the Arabian Sea have revealed a 
similar periodicity, which has been explained as the 
eff ect of large-amplitude insolation events produced 
by the combination of obliquity and precession 
(Clemens and Prell, 1991). The zonal and meridional 
SST gradients might have the same original driver 
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and they might be tied to the variation of the monsoon 
in low latitudes. Consequently, in glacial periods, the 
meridional SST gradient was strong (Fig.5b), meaning 
there must have been a strong Walker circulation over 
equator and a strong Hadley circulation in the western 
Pacifi c. Furthermore, the East Asian Winter Monsoon 
would have been dominant and the La Niña-like state 
in the tropic would have been sustained, maintaining 
the ice age. 

 4.3 El Niño-like state during rapidly changing 
periods 

 Previous research has discussed super-ENSO 
events in interglacial periods (Beaufort et al., 2001; 
Rincón-Martínez et al., 2010; Zhang et al., 2015). 
Nevertheless, interglacial periods defi ned by marine 
isotopes are not consistent with SST variations in the 
tropical Pacifi c (Fig.4), i.e., tropical SSTs during such 
periods are not as stable as in glacial periods. The real 
warm time in an interglacial period generally persists 
for 10–30 kyr, and it is always combined with a 
subsequent cooling process that involves a sequence 
of global fl uctuations. Accordingly, an interglacial 
period should not be regarded as a single entity, as 
discussed in previous studies. 

 The comparison of the proxies of the WPWP and 
EPCT revealed an interesting point in the rapidly 
cooling stages of the interglacial periods (i.e., 112–
124, 187–200, 235–240, and 328–334 ka) (Fig.5). 
The zonal SST gradients assumed El Niño-like states, 
zonal δ 18 O c  gradients, relatively small meridional SST 
gradients, and relatively large zonal δ 18 O sw  gradients. 
This indicated that the Walker and Hadley circulations 
were weakened and that the SSS diff erence increased 
because of reduced precipitation in the WPWP. This 
phenomenon can also be seen in the terminations, 
when the SST was rising quickly, mean zonal SST 
and δ 18 O sw  gradients were relatively weak, and 
meridional SST gradients were increasing gradually 
from relatively low values (Fig.5). The contrast 
between the SST of the equatorial Indian Ocean and 
EEP also showed an extremely low value in the 
terminations (Saraswat et al., 2007). This was 
probably because there was more water vapor and 
energy transported to the extratropical regions, which 
enhanced the local SSS of the WPWP (Kukla et al., 
2002). In the terminations, the carbon isotope 
minimum events in the WPWP also recorded 
enhanced upwelling (Qiu et al., 2014b), which has 
been taken as indicative of a shoaling thermocline 
(Pena et al., 2008). It could also be taken to indicate 

El Niño-like conditions, while the strength of the last 
four El Niño-like episodes in the four terminations 
was decreasing. 

 These episodes of rapid change are contrary to the 
LGM when the SST in the WPWP remained relatively 
stable. During episodes of rapid change, the amplitude 
of the SST variation in the EPCT was larger than in 
the WPWP. The weakened zonal SST gradients might 
have arisen because of a smaller and less intense 
WPWP and/or greater SST change in the equatorial 
and coastal upwelling zones of the EPCT (Rodbell et 
al., 1999). Modern simulation studies suggest that 
rapid global warming would generate more or even 
double the number of El Niño events (Cai et al., 2014) 
caused by the situation where surface warming of the 
EPCT is faster than in the surrounding sea areas and 
the WPWP (Knutson and Manabe, 1995; Tett, 1995; 
Sun, 2003). This sensibility would make EPCT 
warming lead the WPWP during deglaciation. The 
simulations also indicate that the ITCZ would move 
to the rapidly warming eastern equator and promote 
frequent atmospheric convection (Lengaigne and 
Vecchi, 2010; Xie et al., 2010; Tokinaga et al., 2012). 
Modern observations have proposed that El Niño 
could be the primary mechanism via which the 
tropical Pacifi c transports heat poleward (Sun, 2003). 
Thus, it is benefi cial for the melting of glaciers in the 
mid- and high latitudes (Cane, 1998; Clement et al., 
1999). 

 Summer insolation in the tropics during 
deglaciation was evidently intensifi ed and it promoted 
rapid warming in equatorial regions, especially in the 
EPCT. This compensation to the weakened zonal SST 
gradient could mean an El Niño-like state existed in 
the tropical Pacifi c during periods of SST warming, 
promoting global warming. The El Niño-like state in 
rapidly cooling stages of interglacial periods could 
have arisen from the lag of cooling in the EPCT 
compared with the WPWP. We hypothesize an inter-
restricted relationship between the WPWP and EPCT 
that controls the nature of the variation of SST. When 
insolation strengthens over equatorial regions, WPWP 
expansion accelerates the warming of the EPCT, 
although the EPCT simultaneously constrains the 
WPWP warming. As insolation weakens, EPCT 
cooling is restrained by the infl uence of the WPWP 
through an equatorial undercurrent, while WPWP 
cooling is promoted by the infl uence of surface cold 
waters from the EPCT. This mechanism within the 
tropical Pacifi c could infl uence global variations 
during times of rapid change. 
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 5 CONCLUSION 

 The δ 18 O and Mg/Ca analyses of foraminiferal 
calcite in core KX97322-4 refl ect the variations of 
SST and SSS in the WPWP during the last 360 kyr. 
Comparison between our data and other records from 
the Pacifi c showed that during the LGM and other 
glacial periods, when the SST was relatively stable, 
the tropical Pacifi c experienced a La Niña-like state 
and that the Walker and Hadley circulations were 
enhanced. In rapidly changing periods, whether 
cooling stages in interglacial periods or warming 
stages in deglaciations, the El Niño-like condition 
would appear in the tropical Pacifi c. In consequence 
of the sensitivity of the EPCT and the inertia of the 
WPWP, we hypothesize an inter-restricted relationship 
between the WPWP and EPCT that controls the 
variation of SST. By spectral analysis of the proxies, 
we established a close relationship between the zonal 
and meridional SST gradient variations. The tropical 
Pacifi c plays a vital role in global climate change and 
further research of this area is required. 
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