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a b s t r a c t

Surface and thermocline conditions of the Western Pacific Warm Pool (WPWP) reflect changes in
regional and basin scale ocean and atmosphere circulations and in turn may affect climate globally.
Previous studies suggest that a range of factors influences the WPWP on different timescales, however
the precise forcings and mechanisms are unclear. Combining surface and thermocline records from
sediment cores offshore Papua New Guinea we explore the influence of local and remote processes on
the WPWP in response to astronomical forcing and changing glacial-interglacial boundary conditions
over the past 110 kyr. We find that thermocline temperatures change with variations in Earth's obliquity
with higher temperatures coinciding with high obliquity, which is attributed to variations in subduction
and advection of the South Pacific Tropical Water. In contrast, rainfall variations associated with
meridional migrations of the Intertropical Convergence Zone are primarily driven by changes in inso-
lation due to precession. Records of bulk sedimentary Ti/Ca and foraminiferal Nd/Ca indicate an addi-
tional influence of obliquity, which, however, cannot unambiguously be related to changes in
precipitation. Finally, our results suggest a thermocline deepening during the Last Glacial Maximum
(LGM). A compilation of available proxy records illustrates a dipole-like pattern of LGM thermocline
depth anomalies with a shoaling (deepening) in the northern (southern) WPWP. A comparison of the
proxy compilation with an ensemble of Paleoclimate Model Intercomparison Project (PMIP) climate
model simulations reveals that the spatial pattern of LGM thermocline depth anomalies is mainly
attributable to a contraction of the Pacific Walker circulation on its western side.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The Western Pacific Warm Pool (WPWP) is a critical element
within the global climate and ocean system. It is a major source of
heat andmoisture to the global atmosphere [e.g. Gagan et al., 2004]
with far-reaching climate impacts. Its present climate is linked to
the Australasian monsoon system and the seasonally migrating
in).
Intertropical Convergence Zone (ITCZ), and other large-scale
climate phenomena, such as the El Ni~noeSouthern Oscillation
(ENSO), which affects climate worldwide. In addition, the equato-
rial current system of the WPWP links the equatorial Pacific Ocean
to the Indonesian Throughflow (ITF), which is an important
component of the global ocean circulation [e.g. Gordon, 1986].

Due to its significant influence on global climate and ocean
conditions, many recent studies have focused on the reconstruction
of past WPWP climate and ocean dynamics [e.g. Dang et al., 2012;
DiNezio et al., 2011; Lea et al., 2000; Leech et al., 2013; Sagawa et al.,
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2012]. Long-term variations in climate and ocean dynamics have
been attributed to a range of factors, such as variations in the state
of ENSO and the Walker circulation [e.g. Bolliet et al., 2011; Sagawa
et al., 2012], changes in the Australasian monsoon system, associ-
ated migrations of the ITCZ, and the Hadley circulation [e.g. Dang
et al., 2012; Tachikawa et al., 2011], and a possible remote effect
of southern hemisphere mid and high latitudes [e.g. Rosenthal
et al., 2013] in response to astronomical forcing and changing
glacial-interglacial boundary conditions.

Precession controls the seasonal distribution of the incoming
solar radiation in the northern and southern hemisphere. It
therefore has a strong influence on the latitudinal position of the
ITCZ and the Australasian monsoon and may affect the WPWP
hydroclimate through interhemispheric alternating rainfall varia-
tions with high (low) precipitation in the southern hemisphere
when precession is high (low) [e.g. Merlis et al., 2013]. Accordingly,
proxy records indicated that the rainfall around Papua New Guinea
(PNG) is stronger (weaker) when precession is high (low) [e.g. Dang
et al., 2015; Tachikawa et al., 2011]. Records from Indonesia and
numerical simulations suggest that the WPWP hydroclimate is
additionally controlled by complex changes in the Walker circula-
tion that might be directly tied to insolation or to
glacialeinterglacial boundary conditions [Cheng et al., 2012 and
references therein].

Obliquity (the Earth's axial tilt) has only a very small influence
on low-latitude insolation, yet various records from the tropical
Pacific exhibit a strong 41-kyr signal [e.g. Beaufort et al., 2001; de
Garidel-Thoron et al., 2005; Lea et al., 2000]. Numerical studies
also indicate a direct influence of obliquity on tropical Pacific
climate via reorganizations in the Hadley circulation [Bosmans
et al., 2015; Mantsis et al., 2011; Mantsis et al., 2014] consistent
with evidence from offshore PNG, which indicates suppressed
rainfall over PNG during high obliquity [Liu et al., 2015]. In addition,
many Holocene Mg/Ca-derived surface and thermocline tempera-
ture records from the tropical Pacific and Indonesian Seas show a
cooling trend, which has been related to the remote influence of
insolation changes at mid- and high-latitudes [e.g. Rosenthal et al.,
2013; Rosenthal et al., 2017].

In addition to the direct influence of insolation, varying glacial-
interglacial boundary conditions such as atmospheric CO2 con-
centrations, extent of ice sheets in high latitudes and sea level
additionally control the climate and ocean conditions in theWPWP,
probably affecting both, the Hadley [e.g. Leech et al., 2013], and
Walker circulation [e.g. DiNezio et al., 2011] and/or the state and
activity of ENSO [e.g. Andreasen and Ravelo, 1997]. However,
hitherto available studies provide conflicting evidence, for instance
either indicating a weaker Walker circulation and/or more El Ni~no-
like conditions [e.g. Koutavas et al., 2002; Prange et al., 2010;
Sadekov et al., 2013; Sagawa et al., 2012] or a stronger Walker cir-
culation and/or more La Ni~na-like conditions [e.g. Andreasen and
Ravelo, 1997; Ford et al., 2015; Zhu et al., 2017] during the Last
Glacial Maximum (LGM).

Available paleoceanographic reconstructions mostly focus on
the LGM, the deglaciation and/or the Holocene, and thus provide a
limited view on the driving forces and mechanisms that control
climate and ocean conditions in theWPWP, especially astronomical
forcing, which is best assessed from a longer-term perspective.
Besides, many inferences are based solely on sea surface records,
whereas thermocline reconstructions are sparse. Thermocline re-
constructions may help to improve our understanding of the
WPWP ocean and climate dynamics and their global reach for the
following reasons: First, the thermocline structure reflects over-
lying winds and climate dynamics and indeed the depth and state
of the thermocline is closely linked to the prevailing climate con-
ditions. Modern observations show that the state of ENSO and
associated variations in the Pacific Walker circulation affect the
depth and tilt of the thermocline, with a thermocline shoaling in
the WPWP during El Ni~no, when the Pacific Walker circulation is
relaxed and a thermocline deepening during La Ni~na, when the
Pacific Walker circulation is relatively strong. Records of thermo-
cline depth may therefore be used to draw clues on past variations
in the state of the Pacific Ocean and the Walker circulation. Second,
thermocline waters offshore PNG originate in the extratropical
South Pacific Ocean (see study area for more details). Thermocline
reconstructions therefore provide the opportunity to improve our
understanding of the links between the WPWP and extratropical
climate variability and their influence on the equatorial Pacific
climate. Finally, WPWP thermocline waters feed the ITF. Numerous
studies focus on the evolution of the ITF [e.g. Ding et al., 2013; Xu
et al., 2008], but the robustness of their interpretations is limited
due to the weak understanding of variations in the WPWP ther-
mocline waters supplying the ITF.

Here, we use high-resolution surface water and thermocline
records from offshore PNG (Fig. 1) spanning the past 110 kyr to
assess the influence of both, local factors and remote processes on
the WPWP in response to astronomical forcing and changing
glacial-interglacial boundary conditions. To this end, we combine
new and published Mg/Ca and d18O data of the planktic forami-
nifera Globigerinoides ruber and Pulleniatina obliquiloculata from
core GeoB17419-1 and the nearby core MD05-2920 [Tachikawa
et al., 2014] and estimate the past evolution of surface and ther-
mocline temperatures and oxygen isotope compositions of
seawater (d18OSW). To assess past changes in precipitation above
PNG we additionally use bulk sedimentary Ti/Ca and foraminiferal
Nd/Ca ratios. We further calculate the difference between surface
and thermocline temperatures (DT) to reconstruct variations in the
vertical structure of the upper water column and use available
Paleoclimate Model Intercomparison Project (PMIP) climate model
output to infer features of the glacial tropical atmosphere circula-
tion from reconstructed thermocline depth anomalies.

2. Study area

The GeoB 17419-1 and MD05-2920 core sites are located in the
center of the WPWP offshore PNG, approximately 100e150 km
offshore the Sepik River mouth. SST within the study area exceed
28 �C year-round and sea surface salinity varies around 34.0 to 34.5
psu (Figs. 1 and 2) [Carton and Giese, 2008; Locarnini et al., 2013;
Zweng et al., 2013]. The mixed layer is between 50 and 100m deep
[Locarnini et al., 2013].

Today, the Australasian monsoon and connected migrations of
the ITCZ affect the regional climate on a seasonal scale. During the
southeast monsoon season (austral winter), southeast winds
dominate and the ITCZ is located to the north of the equator. During
the northwest monsoon season (austral summer) winds reverse
and the ITCZ is located to the south of the equator, which leads to
increased precipitation over the study area and PNG (Fig. 2a).
Average seasonal variations in surface temperature and salinity are
very small and within the range of 1e2 �C for temperature and
below 1 psu for salinity (Fig. 2) [Carton and Giese, 2008; Locarnini
et al., 2013; Zweng et al., 2013]. Seasonal variations inwinds lead to
only minor changes in the thermal stratification of the upper water
column [Carton and Giese, 2008]. On interannual timescales, the
regional climate is influenced by changes in the Walker circulation
and ENSO. They affect surface and particularly thermocline ocean
conditions as well as the vertical structure of the water column. El
Ni~no (La Ni~na) is characterized by a weakening and eastward
displacement (strengthening) of the Walker circulation, which is
associated with a cooling (warming) of sub(surface) temperatures
and a thermocline shoaling (deepening) at the core site (Fig. 2).



Fig. 1. (a) Mean annual sea surface salinity and surface ocean circulationwithin the study area. Dashed and solid arrows indicate surface and subsurface currents, respectively. SEC e

South Equatorial Current, SECC e South Equatorial Counter Current, NGCC e New Guinea Coastal Current, NGCUC e New Guinea Coastal Undercurrent, EAC e East Australian
Current. The black stippled rectangle denotes a close up of the study area presented in (b). The white stippled line indicates the location of the temperature and salinity sections
shown in (c) and (d). (b) Bathymetric map of the study area. White and yellow dots show the positions of cores GeoB 17419-1 (this study) and MD05-2920 [Tachikawa et al., 2014].
Other records mentioned in this study are indicated by dark blue dots. (c) Temperature and (d) salinity sections along the profile indicated on the map (yellow line). Vertical black
bars mark the latitude of site GeoB 17419-1. Note that the thermocline is influenced by the high salinity South Pacific Tropical Water (SPTW). Temperature and salinity data are from
WOA13 [Locarnini et al., 2013; Zweng et al., 2013]. The sections were created with the Ocean Data View software [Schlitzer, 2014]. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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Related thermocline depth anomalies in the study area are in the
order of several tens of meters. For example, the 20 �C isotherm,
often used as an indicator for the thermocline depth in the WPWP,
varied up to 40 m in relation to ENSO between 1986 and 1998
[Harrison and Vecchi, 2001]. The interannual rainfall variability
within the study area is less clear. While the gridded precipitation
data by Beck et al., [2005] imply that precipitation over the
catchment area of the Sepik River is modulated by ENSO and
related changes in the Walker circulation with slightly drier
(wetter) conditions during El Ni~no (La Ni~na) (Fig. 2), studies by
Smith et al., [2013] and As-syakur et al., [2014] demonstrate that
precipitation over PNG and the Bismarck Sea does not vary uni-
formly in response to ENSO. Consequently, salinity at the core site
does not show a clear response to ENSO (Fig. 2). Overall, regional
rainfall and salinity are predominantly controlled by seasonal mi-
grations of the ITCZ, while surface and thermocline temperature
and thermocline depth variations are mainly controlled by ENSO
and related changes in the Walker circulation.

The thermocline waters within the study area are marked by
high salinity with a maximum around 35.5 psu that characterizes
the South Pacific Tropical Water (SPTW). The SPTW is produced by
subduction of surface waters within the South Pacific subtropical
gyre [e.g. Qu et al., 2013; Tsuchiya et al., 1989] and transported into
the study area within the regional sub(surface) circulation system
(Fig. 1). The (sub)surface circulation is dominated by the westward
flowing South Equatorial Current (SEC) and by western boundary
currents that flow equatorward along the northern east coast of
Australia and New Guinea (Fig. 1). The core sites are located within
the flow path of the New Guinea Coastal Current (NGCC) and the
New Guinea Coastal Undercurrent (NGCUC). Driven by trade winds,
the NGCC reverses seasonally flowing westward along the coast of
PNG during austral winter and eastward during austral summer.



Fig. 2. Monthly climatology of the study area. (a) Monthly precipitation rate above the catchment area of the Sepik River (gray) (143.50e144.50 �E, 3.50e4.50 �S) [Beck et al., 2005]
with an 11-point running mean (black). (b) Ni~no3.4 index (http://www.cpc.ncep.noaa.gov/data/indices/). (c, d) Surface (5 m) and thermocline (129 m) salinity and (e, f) temperature
at the study site from SODA 2.1.6 at 144.25 �E and 2.25 �S [Carton and Giese, 2008]. (g) Difference between surface and subsurface temperatures used as an indicator for thermocline
depth. Gray bars indicate El Ni~no periods. Note that rainfall and salinity variations are dominated by seasonal variations, while temperature and thermocline depth variations are
mainly ENSO controlled.
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The NGCUC does not reverse seasonally, but the westward flow is
weaker during austral summer [e.g. Cresswell, 2000; Kuroda,
2000].

3. Material and methods

3.1. Material

Gravity core GeoB 17419-1 was retrieved during R/V SONNE
expedition SOe228 offshore PNG (2.81 �S, 144.50 �E, 1883 m water
depth, 914 cm length) [Mohtadi et al., 2013]. Samples for
geochemical analyses were taken at 4 cm intervals. All samples
were freeze dried, washed over 150 mm sieves and dried. The core
site is located well above the modern position of the calcite lyso-
cline at ~3300 mwater depth [see Berger et al., 1982 and references
therein]. The presence of aragonitic pteropods in many of the
samples additionally indicates a good carbonate preservation.
For our study, we use the geochemical signature of G. ruber and

P. obliquiloculata shells as indicator for surface and upper thermo-
cline conditions, respectively. The choice of species is based on
d18O-derived calcification depth estimates for site GeoB 17419-1,
which indicate that G. ruber calcifies within the upper 60 m of the
water column (mixed layer) and P. obliquiloculata between 110 and
150 m water depth (upper thermocline) [Hollstein et al., 2017].
Previous studies indicate that both species calcify perennially in the
study area [Kawahata et al., 2002; Yamasaki et al., 2008]. We
generated new Mg/Ca and d18O records of P. obliquiloculata and a
new d18O of G. ruber of core GeoB 17419-1. We then combined the
surface d18O and the thermocline Mg/Ca record with the published
Mg/Ca-based SST record of nearby core MD05-290 [Tachikawa
et al., 2014] to estimate surface d18OSW and surface-thermocline
DT, respectively. Coherent variations of the benthic d18O and Ti/Ca

http://www.cpc.ncep.noaa.gov/data/indices/
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records of the GeoB 17419-1 and MD05-2920 cores provide confi-
dence that the Mg/Ca and d18O records can be combined (supple-
mentary information S1).
3.2. Age model

Between 6 and 414 cm core depth, the agemodel of GeoB 17419-
1 is based on 26 accelerator mass spectrometry (AMS) 14C ages,
measured either on Globigerinoides sacculifer or on mixed G. ruber,
Globigerinoides elongatus and G. sacculifer samples. The measure-
ments were performed at the Keck Carbon Cycle Accelerator Mass
Spectrometry Laboratory at the University of California, Irvine. The
age-depth relation was modeled with a Bayesian approach using
the software BACON R 2.2 (see supplementary information for
details) [Blaauw and Christen, 2011]. Radiocarbon ages were con-
verted to calendar ages using the Marine13 calibration curve
[Reimer et al., 2013] and applying a local reservoir age correction of
DR¼ 70± 60 yrs [McGregor et al., 2008]. The age uncertainty given
as 95% confidence interval ranges between 145 and 1365 yrs. Below
414 cm the age model is based on visual correlation of benthic d18O
of Cibicides wuellerstorfi (see section 3.4 for details on isotope
measurements) to the global benthic stack LR04 [Lisiecki and
Raymo, 2005]. We defined tie points at the core bottom, which is
associated with the onset of Marine Isotope Stage (MIS) 5c and at
maxima in d18O associated with MIS 5b and MIS 4 (Table 1, Fig. 3).
Between these tie points, the chronology was inferred by linear
interpolation. To extend the record of the gravity core GeoB 17419-1
to present, we use d18O and Mg/Ca values measured on the core top
of the multi core (MUC) GeoB 17419-2, which was retrieved at the
same location. The core top is radiocarbon dated and reflects
Table 1
AMS-14C ages and calibrated calendar ages of core GeoB 17419-1 as well as tie points used t
weighted mean ages are given as estimated by the BACON run.

Lab-ID Sample depth (cm) Foraminifera species 14C age± 1s

142706 6 G. sacculifer 1515± 20
156177 14 G. ruber þ G. sacculifer 2385± 25
150149 38 G. sacculifer 4505± 20
142707 58 G. sacculifer 6395± 20
142708 58 G. sacculifer 6365± 20
150150 66 G. sacculifer 7235± 20
150151 74 G. sacculifer 6625± 20
156178 82 G. ruber þ G. sacculifer 7415± 25
156179 90 G. ruber þ G. sacculifer 8810± 25
156180 98 G. ruber þ G. sacculifer 9245± 25
146301 106 G. ruber þ G. sacculifer 9490± 30
156181 114 G. ruber þ G. sacculifer 9530± 25
156182 122 G. ruber þ G. sacculifer 10880± 35
156183 130 G. ruber þ G. sacculifer 11520± 30
150152 138 G. sacculifer 11900± 30
156184 142 G. ruber þ G. sacculifer 12270± 30
156185 148 G. ruber þ G. sacculifer 12730± 30
146302 156 G. ruber þ G. sacculifer 13175± 40
156203 164 G. ruber þ G. sacculifer 13565± 40
156186 172 G. ruber þ G. sacculifer 13705± 35
156187 180 G. ruber þ G. sacculifer 13760± 35
150153 192 G. sacculifer 14730± 45
146303 208 G. ruber þ G. sacculifer 16145± 45
156188 228 G. ruber þ G. sacculifer 16990± 50
146304 256 G. ruber þ G. sacculifer 19060± 60
156189 268 G. ruber þ G. sacculifer 19600± 60
150154 288 G. sacculifer 20290± 100
146940 308 G. ruber þ G. sacculifer 21760± 160
146941 356 G. ruber þ G. sacculifer 26210± 260
146942 412 G. ruber þ G. sacculifer 30340± 440

e 748 - e

e 836 - e

e 904 - e
modern ocean conditions [Hollstein et al., 2017]. All ages are given
in calendar years before present (BP).

Since we combine temperature and d18O records from GeoB
17419-1 with the published SST record of MD05-2920 to calculate a
surface d18OSW and DT, tying the age models of the cores to each
other is critical. We therefore revised the agemodel of MD05-2920.
Additionally, we used Ti/Ca elemental ratios that were measured in
high resolution in both cores to validate the age models. The Ti/Ca
records are in good agreement. Unavoidable minor offsets between
the records (generally< 1 ka) do not affect the conclusions of our
study (see supplementary information S1 for further details).
3.3. X-Ray Fluorescence (XRF) core scanner analyses

Ti and Ca intensities in GeoB 17419-1 were measured with an X-
Ray Fluorescence (XRF) Core Scanner at MARUM, University of
Bremen. Data were collected every 2 cm down-core over a 1.2 cm2

areawith a down-core slit size of 10mm using generator settings of
10 kV, a current of 0.02mA, and a sampling time of 20 s directly at
the split core surface of the archive half with XRF Core Scanner III
(AVAATECH Serial No. 12). Prior to core scanning, the split core
surface was covered with a 4 mm thin SPEXCerti Prep Ultralene1 foil
to avoid contamination of the XRF measurement unit and desic-
cation of the sediment. The data have been acquired by a Canberra
X-PIPS Silicon Drift Detector (SDD; Model SXD 15C-150-500) with
150eV X-ray resolution, the Canberra Digital Spectrum Analyzer
DAS 1000 and an Oxford Instruments 100W Neptune X-ray tube
with rhodium (Rh) target material. Raw data spectra were pro-
cessed by the Analysis of X-ray spectra by Iterative Least square
software (WIN AXIL) package from Canberra Eurisys.
o construct the agemodel of GeoB 17419-1. For the radiocarbon dated part of the core

error (years BP) Cal. age (years BP) 95% confidence interval (years)

1033 246e1117
1923 1727e2115
4607 4378e4810
6788 6640e6931
6788 6640e6931
7260 6982e7568
7391 7138e7711
7724 7468e7956
9266 9009e9525
9975 9740e10193
10304 10138e10448
10512 10354e10688
12210 11754e12583
12928 12723e13143
13365 13177e13553
13634 13433e13850
14191 13927e14564
15059 14724e15315
15646 15378e15905
15986 15754e16194
16218 16026e16421
17276 16751e17682
18909 18475e19210
20035 19696e20343
22471 22099e22757
23147 22855e23470
24052 23690e24409
25575 25001e26051
29769 28922e30561
33568 32249e34563
66000 e

87000 e

110000 e



Fig. 3. Planktic and benthic d18O and age model of core GeoB 17419-1. Shell d18O of (a) G. ruber and (b) P. obliquiloculata. Shadings represent 1s-uncertainties (see section 3.4). (c)
Shell d18O of C. wuellerstorfi (black line) compared to the LR04 benthic d18O stack of Lisiecki and Raymo [2005] (orange line). Filled triangles indicate radiocarbon dates of GeoB
17419-1; open triangles denote tie points to LR04. Marine isotopes stages (MIS) 1e5 as dated by Sanchez Go~ni and Harrison [2010] are indicated at the top. Gray bars mark glacial
periods (MIS 2 and 4). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.4. Stable oxygen isotope, Mg/Ca and Nd/Ca analyses

In order to establish the age model for core GeoB17419-1 we
generated a d18O record on the benthic foraminifera C. wuellerstorfi
(size fraction 250e425 mm). For reconstructing d18OSW we
measured d18O of the planktic foraminifera G. ruber (size fraction
250e355 mm) and P. obliquiloculata (size fraction 355e425 mm).
Identification of G. ruber followed the species concept of Aurahs
et al., [2011]. Hence, only individuals previously referred to as
G. ruber s.s. were included.

Isotope analyses were performed at MARUM, University of
Bremen on FinniganMAT 251mass spectrometers with Kiel I or Kiel
III devices. Isotope values were calibrated against the international
Vienna Pee Dee Belemnite (VPDB) standard. The internal carbonate
standard is a Solnhofen Limestone, which is calibrated to the Na-
tional Bureau of Standards (NBS) 19 standard. The long-term
analytical precision was better than ±0.07‰. Replicate measure-
ments on 10% of the samples indicate an average standard devia-
tion of 0.12‰ for G. ruber (n¼ 22) and 0.14‰ for P. obliquiloculata
(n¼ 22).

For Mg/Ca and Nd/Ca measurements, we used ~20 specimens of
P. obliquiloculata per sample. Foraminifera tests were weighed to
estimate a potential influence of test dissolution on the Mg/Ca re-
cords and gently crushed to open the chambers. We applied a full
trace metal cleaning including a reductive step [Boyle and Keigwin,
1985] as modified by Rosenthal et al., [1997] and Rosenthal et al.,
[1999]. The cleaned samples were dissolved in 0.065 M HNO3,
centrifuged (10min at 10000 rpm), and diluted with 0.5 M HNO3.
The final calcium concentration of the samples averaged 5.5mM
(between 1.0 and 9.7mM). The samples were analyzed at Rutgers
University, New Jersey using a Thermo Fisher/Finnigan Element XR
sector-field inductively coupled mass spectrometer (ICP-MS).
Measured ratios were blank corrected. The long term reproduc-
ibility of the data, drift and matrix effects were controlled by
repeated measurements of in house consistency standards
[Rosenthal et al., 1999]. The long-term precision of the instrument
was about of ±1.0% and <2.5% for Mg/Ca and Nd/Ca, respectively. All
Mg/Ca ratios are given in mmol/mol, Nd/Ca is reported in mmol/
mol. Replicates indicate a sample reproducibility of ±0.3mmol/mol
for Mg/Ca and ±0.2mmol/mol for Nd/Ca (n¼ 22). We monitored
the cleaning efficacy by measuring Al/Ca, Fe/Ca and Mn/Ca along-
side with Mg/Ca. None of these ratios co-varies with Mg/Ca, indi-
cating that the Mg/Ca ratios are not affected by contaminant
phases. Mg/Ca values do not correlate to shell normalized weights
(Fig. S2), suggesting that shell Mg/Ca is not substantially affected by
carbonate dissolution.

Mg/Ca could additionally be influenced by salinity and carbon-
ate chemistry. Culture and core top studies disagree on the
magnitude of the influence of salinity on planktic foraminiferal Mg/
Ca [e.g. Arbuszewski et al., 2010; H€onisch et al., 2013; Kısakürek
et al., 2008]. However, recent calibrations based on sediment
traps and modern WPWP core tops provide confidence that the
effect is negligible in the study area [Hollstein et al., 2017; Zhang
et al., 2018]. The magnitude of seawater pH and [CO3

2�] effects on
Mg/Ca, which could lead to an overestimation of past temperature
changes [e.g. Gray et al., 2018], is uncertain. Several studies indicate
that the effect is relatively small under ambient seawater condi-
tions [Kısakürek et al., 2008; Russell et al., 2004] and further
decreasing above ambient pH [Allen et al., 2016], providing confi-
dence that the carbonate chemistry does not substantially bias our
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Mg/Ca-based temperature estimates.
To convert the Mg/Ca ratios of P. obliquiloculata to temperature,

we applied the species-specific equation established for the mod-
ern WPWP by Hollstein et al., [2017]:

Mg/Ca ¼ 0.21 exp 0.097*T

For the surface, we used the published Mg/Ca-based tempera-
ture record on mixed G. ruber and G. elongatus (previously referred
to as G. ruber s.s. and s.l., respectively) from the nearby core site
MD05-2920 [Tachikawa et al., 2014] (see supplementary informa-
tion for details). The MD05-2920 Mg/Ca record has been converted
to temperature by using the multispecies Mg/Ca-temperature
calibration of Anand et al., [2003]. Our interpretation, however,
does not depend on the choice of calibrations (see supplementary
information for details). To estimate the oxygen isotope composi-
tion of seawater (d18OSW) from Mg/Ca-based temperatures and
shell d18O of G. ruber and P. obliquiloculata, we applied the high-
light d18O-temperature equation of Bemis et al., [1998]:

T(�C)¼ 14.9e4.8 (d18O e d18OSW)

The resulting values were converted to Vienna Standard Mean
Ocean Water (VSMOW) by adding 0.27‰ [Hut, 1987] and corrected
for changes in global ice volume following Waelbroeck et al.,
[2002].

In order to track changes in the stratification of the upper water
column, we calculated the difference between G. ruber and
P. obliquiloculata-based temperatures (DT). Since Mg/Ca and d18O of
G. ruber are from different cores (MD05-2920 and GeoB 17419-1),
we aligned the age scales of the relevant records prior to the
calculation of d18OSW and DT by resampling the relevant records at
intervals of 500 years.

The estimation of temperature and d18OSW uncertainties fol-
lowed the conservative approach described inMohtadi et al., [2014]
and is based on propagation of uncertainties introduced by Mg/Ca
and d18O measurements, the Mg/Ca-temperature calibrations and/
or the d18O-temperature equation as well as the global ice volume
estimate (±0.09‰) [Waelbroeck et al., 2002]. We also estimated the
uncertainties of the already published surface temperatures to
calculate uncertainties in DT. Here, the mean external reproduc-
ibility as reported by Tachikawa et al., [2014] was assumed as un-
certainty estimate for Mg/Ca. Estimates of DT uncertainties are
based on propagation of temperature uncertainties. Resulting
temperature uncertainties average about 1 �C for SST, 2 �C for
thermocline temperatures and about 3 �C for DT. For d18OSW un-
certainties average 0.3‰ for the surface and 0.5‰ for the
thermocline.

4. Results

4.1. Age model and benthic d18O

Benthic d18O (C. wuellerstorfi) reveals that core GeoB 17419-1
covers the last 110 kyr (Fig. 3) with an average temporal resolution
of about 0.5 kyr/sample. The record is characterized by
glacialeinterglacial variations representing Marine Isotope Stages
(MIS) with higher d18O values during MIS 2 and 4 and lower values
during MIS 1, 3 and 5 (Fig. 3). The substages MIS 5a, b and c are
clearly recognizable (Fig. 3).

4.2. Planktic d18O and Mg/Ca temperatures

Shell d18O of G. ruber varies between �2.75 and �0.92‰
(Fig. 3a), d18O of P. obliquiloculata varies between �1.84 and 0.47‰
(Fig. 3b). Both records follow the MIS and show d18O maxima
during MIS 2 and minima during the Holocene.

The shell Mg/Ca record of P. obliquiloculata varies between 1.63
and 3.57mmol/mol, which converts into temperatures of ~21.1 and
28.4 �C (Fig. 4b). Minimum temperatures (21.1 �C) occur during MIS
4, maximum temperatures (28.4 �C) during the early Holocene.
With ~25.1 �C, modern temperatures are only slightly warmer than
during the LGM (~24.2 �C) and temperatures during MIS 3e4 and
MIS 5aed are comparable. The record indicates slightly increasing
temperatures during MIS 5c and declining temperatures during
MIS 5a, interrupted by a single data point that marks cooler tem-
peratures during MIS 5b. The interval between 69.8 and 65.2 ka
(within MIS 4) is marked by cool temperatures averaging 22.2 �C.
The record depicts an abrupt temperature increase of about 2e3 �C
late in MIS 4 that is followed by a declining trend until approxi-
mately 30 ka, and then a rise to maximum temperature of ~28.4 �C
during the early Holocene (~10.5 ka). The warming trend is inter-
rupted by a temperature plateau during the LGM. The Holocene is
characterized by a cooling trend of about 2.0e2.5 �C.

The DT record (G. ruber - P. obliquiloculata) shows a stepwise
decreasing trend towards the LGM and an increase afterwards
(Fig. 4c). Maximal values up to ~5.0 �C are measured between 110
and 65e66 ka. Coeval with the abrupt warming indicated by
P. obliquiloculata at 65/66 ka, the DT estimates reveal a decrease
with an amplitude of 3.2 �C. DT remains relatively constant during
MIS 3, reaches minimumvalues averaging ~1.3 �C during MIS 2, and
then increases towards the present.

The G. ruber d18OSW record is characterized by high frequency
oscillations with values ranging between �0.09 and 1.00‰
(Fig. 4d). G. ruber indicates exceptionally low d18OSW from 74 to 66
ka and from about 28 to 18 ka. The d18OSW of P. obliquiloculata
ranges between 0.14 and 2.05‰ (Fig. 4e). The record depicts
glacialeinterglacial variations with lower (higher) values during
interglacial (glacial) periods, superimposed by higher frequency
oscillations.

4.3. Nd/Ca in P. obliquiloculata and bulk sediment Ti/Ca

The P. obliquiloculata-based Nd/Ca record ranges between 0.0
and 1.4 mmol/mol (Fig. 5c). Relatively high values are recorded be-
tween 77 and 58 ka and between 27 and 14 ka.

Bulk sediment Ti/Ca ratios, presented as ln (Ti/Ca) shows high
frequency oscillation with values ranging between �3.8 and �2.5.
Higher ratios are recorded around 102 ka, 72e64 ka, from about 26
to 16 ka and after 2 ka (Fig. 5b).

5. Discussion

5.1. Obliquity-controlled variations of WPWP thermocline
temperature

Variations in the Mg/Ca-derived temperature record of
P. obliquiloculata are interpreted to reflect variations in thermocline
temperature. In principle, changes in the calcification depth of the
foraminifera could additionally influence the temperature record.
However, the calcification depth of P. obliquiloculata depends on
environmental conditions. Studies on the modern ocean show that
the calcification depth of P. obliquiloculata mainly corresponds to
the depth of the deep chlorophyll maximum (DCM) [e.g. Fairbanks
et al., 1980] and that the DCM in the WPWP varies with the ther-
mocline depth [Radenac and Rodier, 1996; Radenac et al., 2016].
Besides, we neither observe exceptionally large amplitudes within
the stable carbon isotope (d13C) records nor covariations between
d13C and Mg/Ca-based temperatures (Fig. S3), which would be ex-
pected if thermocline temperature variations were dominated by



Fig. 4. Mg/Ca derived temperature and d18OSW records of core GeoB17419-1. For comparisonwe also show the sea surface temperature record of MD05-2920 [Tachikawa et al., 2014]
that was used to estimate the surface d18OSW and DT. (a) Sea surface temperature estimates of MD05-2920 on a revised age scale (see supplementary information S1). (b) Ther-
mocline temperature estimates from GeoB 17419-1. The dark blue line shows the bandpass-filtered thermocline temperature signal (see section 5.1). The gray solid line indicates
variations in the Earth's obliquity [Laskar, 1990]. (c) Surfaceethermocline temperature gradient (DT; G. ruber - P. obliquiloculata). (d) Surface d18OSW calculated from G. ruber-based
temperatures of MD05-2920 and d18O of GeoB17419-1. (e) P. obliquiloculata-based thermocline d18OSW of GeoB17419-1. Triangles depict dating points of GeoB 17419-1 (black) and
MD05-2920 (gray). Shadings represent 1s-uncertainties (see section 3.4). Black dots reflect modern conditions as indicated by core top data from the multi core GeoB 17419-2
[Hollstein et al., 2017]. Marine Isotope stages (MIS) 1e5 as dated by Sanchez Go~ni and Harrison [2010] are indicated at the top. Gray bars indicate MIS 2 and 4. The d18OSW records are
corrected for changes in ice volume. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. PNG precipitation records. (a) G. ruber d18OSW, (b) ln(Ti/Ca), (c) P. obliquiloculata Nd/Ca of GeoB 17419-1 in comparison to (e) G. ruber Nd/Ca of MD05-2925 (see Fig. 1 for site
location) [Liu et al., 2015]. (d) Variations in the Earth's obliquity (gray) and climatic precession (green) [Laskar, 1990]. Black dots reflect modern conditions as indicated by core top
data from the multi core GeoB 17419-2 [Hollstein et al., 2017]. Marine Isotope stages (MIS) 1e5 as dated by Sanchez Go~ni and Harrison [2010] are indicated at the top. Gray bars
mark glacial periods MIS 2 and 4. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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vertical migration of P. obliquiloculata, as surface waters are marked
by higher d13C values than the SPTW.

The Mg/Ca-derived thermocline temperature record of
GeoB17419-1 depicts quasi-cyclic variations, which appear to co-
vary with variations in Earth's obliquity. Visual inspection in-
dicates that P. obliquiloculata records higher (lower) temperatures
during periods of increased (decreased) obliquity (Fig. 4b). For
example, the exceptionally early onset of deglacial warming
(starting around 30 ka) reflected by the P. obliquiloculata temper-
ature estimates is unlikely to be due to changes in the
glacialeinterglacial boundary conditions but mostly coincides with
an increase in obliquity. In addition, the record indicates a
2.0e2.5 �C cooling of thermocline temperatures throughout the
Holocene, which is coeval with a decrease in obliquity. Such a
Holocene cooling trend is also observed in other thermocline
temperature records from the western Pacific and Indonesian Seas
[e.g. Bolliet et al., 2011; Dang et al., 2012; Rosenthal et al., 2013].

We filtered the temperature record with a Gaussian band-pass
filter centered at a frequency of 0.02439± 0.007 (corresponding
to periods of 31.5e58.6 kyr) (Fig. 4b) to emphasize cyclic variations
in the obliquity band of 41 kyr. Filtering was done with Astrochron
(R package for astrochronology) [Meyers, 2014]. The specific shape
of the resulting curve (amplitude and exact phase) varies with the
chosen filter parameters. However, independent of the parameters
the filtered signal co-varies with obliquity. Additionally, we per-
formed a spectral analysis to assess the statistical significance of
cyclic variations on the obliquity band. In order to exclude long-
term (glacialeinterglacial) variations from the spectral analysis
we eliminated frequencies below 0.018 kyr�1 from the temperature
record. The spectral analysis was performed with REDFIT [Schulz
and Mudelsee, 2002]. The results confirm that the thermocline
temperature record is characterized by cyclic variations that
correspond to the periodicity of obliquity (Fig. 6a). The power
spectrum depicts a statistically significant peak at a frequency of
0.024 kyr�1, which corresponds to a period of 41 kyr. We thus infer
that obliquity has a significant impact on WPWP thermocline
temperatures. This is also in accordance with modeling studies,
which demonstrate that an increase (decrease) in obliquity leads to
a warming (cooling) of tropical Pacific subsurface temperatures
[Lee and Poulsen, 2005; Mantsis et al., 2011].

Variations in the Earth's obliquity only have a very small influ-
ence on low-latitude insolation, and SSTs recorded in MD05-2920



Fig. 6. Spectral analyses of thermocline and surface records. (a) Thermocline temperature (GeoB 17419-1), (b) surface d18OSW (combined GeoB17419-1 and MD05-2920), (c) Ti/Ca
and (d) P. obliquiloculata Nd/Ca (GeoB 17419-1). The analyses were performed with REDFIT [Schulz and Mudelsee, 2002]. An oversampling factor of 9 was chosen to increase the
resolution of samples frequencies. The bandwidth is 6 dB. We used a Welch type spectral window. Dashed lines indicate the red-noise spectrum as well as 90 and 95% confidence
levels. Solid vertical lines denote frequencies that correspond to obliquity (41 kyr) or precession (23 and 19 kyr) periodicities.
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do not show a dominating influence of obliquity [see also
Tachikawa et al., 2014]. Thus, we suggest that obliquity-related
thermocline temperature fluctuations are caused by remote forc-
ing on southern mid-latitude climate variations. Most likely
warming (cooling) of thermocline waters at the core site during
periods of increased (decreased) obliquity is caused by a reduced
(intensified) ventilation and advection of the SPTW [Lee and
Poulsen, 2005]. Similar mechanisms have been proposed earlier
to explain the temperature drops observed in many Holocene re-
cords from theWPWP and the Indonesian Seas [e.g. Rosenthal et al.,
2013; Rosenthal et al., 2017]. Indeed, numerical simulations indi-
cate a weakening of subtropical trades and mid-latitude westerlies
that is associated with a reduction in meridional (equator-pole)
insolation and surface pressure gradients during periods of
increased obliquity and which causes a weakening of the sub-
tropical gyre circulation [Lee and Poulsen, 2005; Mantsis et al.,
2011; Timmermann et al., 2014]. A weakening in the subtropical
gyre circulation could diminish both the subduction and advection
of relatively cool waters from the subtropical Pacific and the heat
export from the tropical Pacific, and thus lead to a warming of
subsurface temperatures in the WPWP [Lee and Poulsen, 2005;
Mantsis et al., 2011; Qu et al., 2013].

In accordance with numerical modeling simulations the SST
record of MD05-2920 and DT record between MD05-2920 and
GeoB 17419-1 do not show dominant variations at the obliquity
periodicity, indicating that the warming observed in the WPWP
thermocline during periods of high obliquity does not penetrate to
the sea surface and has only minor effects on the WPWP thermo-
cline depth [Lee and Poulsen, 2005; Mantsis et al., 2011].

Previous studies provide conflicting results regarding the sig-
nificance of the response of the equatorial ocean and atmospheric
circulation systems to obliquity and the related processes outlined
above. For instance, the early model of Lee and Poulsen [2005]
suggests that obliquity has only little effects on the equatorial at-
mospheric circulation. In contrast, recent modeling studies suggest
that obliquity exerts a direct influence on tropical Pacific precipi-
tation via complex reorganizations of the Hadley circulation that
are related to obliquity-controlled changes in the inter- and intra-
hemispheric insolation gradients [Bosmans et al., 2015; Mantsis
et al., 2011; Mantsis et al., 2014; Rachmayani et al., 2016]. For
instance, these studies propose a weakening of the annual mean
Hadley circulation and a reduced ITCZ rainfall intensity when
obliquity is high [Bosmans et al., 2015; Mantsis et al., 2011]. We
address a potential influence of obliquity on rainfall above PNG and
the ambient ocean, in section 5.2. In section 5.3 we then focus on
variations in thermocline depth and related changes in the Walker
circulation and the underlying forcing.
5.2. Orbital-controlled variations in regional precipitation

Proxy-based and numerical modeling studies consistently
indicate a strong control of precession on precipitation over PNG
and the ambient ocean with enhanced precipitation when preces-
sion is high [Dang et al., 2015; Kutzbach et al., 2008; Liu et al., 2015;
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Tachikawa et al., 2011]. An increase in precipitation under high
precession is attributed to a southward shift in the position of the
ITCZ, an intensification of its rainfall intensity [Merlis et al., 2013],
and an increase of the Australian monsoon. Additionally, an
obliquity control on PNG precipitation is suggested by climate
model simulations that indicate suppressed precipitation over PNG
during periods of high obliquity [e.g. Bosmans et al., 2015; Liu et al.,
2015; Mohtadi et al., 2016; Rachmayani et al., 2016]. Results of
proxy records on the influence of obliquity are ambiguous: Records
of bulk sediment elements and its ratios from the Halmahera Sea
north of PNG does not show an obliquity influence [Dang et al.,
2015]. Tachikawa et al., [2011] used bulk sediment elements and
its ratios, such as Ti/K and Ti/Ca, in core MD05-2920 to assess past
variations in continental runoff and hence precipitation above PNG
with high (low) Ti/K or Ti/Ca being indicative for increased
(decreased) precipitation. The MD05-2920 records consistently
indicate that rainfall above PNG varies in response to precession
with enhanced (decreased) precipitation when precession is high
(low) [Tachikawa et al., 2011]. The Ti/Ca record additionally shows a
statistically significant obliquity influence with low Ti/Ca corre-
sponding to high obliquity and vice versa. Our Ti/Ca record of GeoB
17419-1 is in close correlation to the Ti/Ca record of MD05-2920
and thus shows comparable variations (Figs. 5b and 6c and S1).
However, as discussed in detail in Tachikawa et al., [2011] the
obliquity-related variations in Ti/Ca may be related to variations in
carbonate content.

An obliquity control on PNG precipitation was suggested on the
basis of Nd/Ca measured on G. ruber from core MD05-2925,
retrieved at the southern tip of PNG (see Figs. 1 and 5) [Liu et al.,
2015]. Here, we use Nd/Ca in P. obliquiloculata samples of GeoB
17419-1 as indicator for continental rainfall over PNG. We assume
that seawater Nd is principally delivered by fine particles origi-
nating from PNG because elevated Nd concentrations are reported
within the Bismarck Sea downstream the Sepik River [Grenier et al.,
2013]. Provenance studies consistently indicate that increased
particulate concentrations of REEs in the western equatorial Pacific
are river-derived [Sholkovitz et al., 1999; Tachikawa et al., 2011].We
therefore interpret enhanced P. obliquiloculata Nd/Ca concentra-
tions to be associated with increased precipitation and the
discharge of the Sepik River. An additional dust input of Nd from
volcanic sources is possible [Grenier et al., 2013]. Seawater Nd
particles can either be incorporated into the foraminifera tests
within thewater column [Liu et al., 2015;Martínez-Botí et al., 2009]
or added as secondary calcite overgrowth on the foraminifera tests
after deposition [Roberts et al., 2012, Rosenthal, unpublished data;
Tachikawa et al., 2013]. Our record indicates that Nd/Ca varies in
response to precession with high (low) Nd/Ca when precession is
high (low) (Figs. 5c and 6d). Additionally, the power spectrum of
the record shows a significant peak in the obliquity band indicating
an additional influence of obliquity with low Nd/Ca corresponding
to high obliquity and vice versa (Figs. 5c and 6d). However, like the
Ti/Ca signal, the Nd/Ca obliquity signal could be related to varia-
tions in carbonate contribution. Additionally, the obliquity-driven
variations in both, the Ti/Ca and Nd/Ca records could be caused
by changes in advection and the strength of the equatorial western
boundary currents, namely NGCC and NGCUC, whilewe exclude the
influence of advection on the proxy records on the timescale of
variations in precession (see explanation further below). As indi-
cated in section 5.1, a weaker subtropical gyre circulation during
periods of high obliquity could cause a weakening of the NGCC and
NGCUC and subsequently reduce the transport of Ti and Nd parti-
cles to the core site.

To further assess precipitation changes in the marine environ-
ment, we use the d18OSW record of G. ruber. The G. ruber d18OSW
reveals cyclic variations with low (high) d18OSW corresponding to
precession maxima (minima) (Figs. 5a and 6b). We interpret vari-
ations in d18OSW to be primarily controlled by variations in the
amount of precipitation over the core location. A time series of
d18OSW data from Manus Island (PNG, Fig. 1) shows that variations
in the oxygen isotopic composition of seawater closely correlate
with variations in salinity, evaporation and precipitation with
lower d18OSW corresponding to less saline conditions, but enhanced
evaporation and precipitation, and vice versa [Conroy et al., 2017]
indicating that d18OSW in the study area is primarily controlled by
local precipitation. Continental precipitation over PNG and river
runoff could additionally influence the d18OSW record, since the
sites GeoB 17419-1 and MD05-2920 are located relatively close
(100e150 km) to the Sepik river mouth (Fig. 1) [see also Tachikawa
et al., 2011].

Changes in the isotopic composition of rainfall caused by shifts
in the source area, and variations in oceanic advection or upwelling
could in principle additionally affect the surface d18OSW at the study
site. However, as we assume that the water vapor over the past
glacial-interglacial cycle, has been constantly sourced from the
nearby ocean, associated variations in the d18OSWare expected to be
negligible. By analogy to seasonal changes observed in the modern
ocean, the NGCCwould be expected to strengthenwhen precession
is low, and the core sites would be more strongly affected by
freshwater from PNG. Precession-related alterations in oceanic
advection would thus counteract the precession signal observed in
the d18OSW record. Likewise, the effect of wind-driven upwelling
would counteract the observed signal. If upwelling affected the core
site, it is expected to be stronger when precession is high.

In contrast to the Ti/Ca and Nd/Ca records, the surface d18OSW
does not show a statistically significant obliquity influence. This
divergence between the Ti/Ca, Nd/Ca and the d18OSW records in-
dicates either a decoupling between continental and oceanic rain-
fall or secondary effects on the Ti/Ca and Nd/Ca records in the
obliquity band.

Taken together, our Ti/Ca, foraminiferal Nd/Ca and d18OSW re-
cords clearly support previous proxy-based and numerical
modeling studies that indicate a strong control of precession on the
tropical monsoon system, the position of the ITCZ, and ultimately
on precipitation over PNG and the ambient ocean with enhanced
precipitation when precession is high [Dang et al., 2015; Kutzbach
et al., 2008; Liu et al., 2015; Tachikawa et al., 2011]. Records from
the northernWPWP also indicate an increase in precipitation under
high precession [Fraser et al., 2014; Kissel et al., 2010]. The coher-
ence of the marine records from the northern and southern WPWP
implies a uniform response of rainfall across the tropical western
Pacific Ocean to precession. A southward shift of the ITCZ would be
accompanied by an increase in mean annual rainfall over the
northern and southern WPWP during high obliquity. In addition,
our Ti/Ca and Nd/Ca agree with previous records from PNG [Liu
et al., 2015; Tachikawa et al., 2011] that, in contrast to records
from the Halmahera Sea [Dang et al., 2015], show an obliquity
signal. However, on the basis of our data, we cannot resolve
whether the variability in the obliquity band is related to conti-
nental rainfall or other effects.

5.3. LGM thermocline depth anomaly and implications for the
Pacific Walker circulation

Variations in the DT (G. rubere P. obliquiloculata) are interpreted
as changes in the thermocline depth with a large (small) DT cor-
responding to a shallow (deep) thermocline [Bolliet et al., 2011;
Steinke et al., 2010; Xu et al., 2008]. Our DT record reflects a step-
wise thermocline deepening at the core location towards the LGM
and a shoaling afterwards (Fig. 4c). During the interglacial sub-
stages MIS 5aed the thermocline was relatively shallow. The strong



Fig. 7. Mg/Ca-based DT reconstructions for the WPWP. (a) G. ruber e P. obliquiloculata
DT of 3cBx [Sagawa et al., 2012], (b) G. ruber e P. obliquiloculata DT of MD06-3067
[Bolliet et al., 2011]. The light green dot indicates the G. ruber e P. obliquiloculata DT
of modern surface sediments from the nearby located site RR1313-24 50MC [Hollstein
et al., 2017]. (c) Late Holocene and LGM G. sacculifer e G. tumida DT of ODP 806 [Ford
et al., 2015], (d) G. ruber e P. obliquiloculata DT of GeoB 17419-1/MD05-2920 (this
study). The DT estimate of site ODP806 is based on an average of Mg/Ca-temperature
on individual foraminifera samples. The samples are not accurately dated, but corre-
spond to the late Holocene and the LGM. The LGM is marked by a gray bar. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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decrease in DT starting around 66e65 ka indicates a deepening of
the thermocline during MIS 4. The LGM is characterized by a
minimum in DT indicating the weakest thermal stratification dur-
ing the past 110 kyr. From the LGM until the present an increasing
DT denotes a gradual thermocline shoaling. As inferred from
d18OSW of P. obliquiloculata, the LGM thermocline deepening co-
incides with more saline conditions within the upper thermocline
(Fig. 4b and e).

The apparent glacialeinterglacial DT variability is superimposed
by other variations. The beginning of MIS 4 for instance is charac-
terized by a very shallow thermocline, and the thermocline during
the early Holocene is as deep as during MIS 3. This is reasonable
because variations in DT are associated with both variations in
surface and thermocline temperatures, and are thus, presumably,
also controlled by obliquity, which has a strong influence on the
thermocline temperature record (see section 5.2.), and by preces-
sion, which has a clear influence on the surface temperature record
[Tachikawa et al., 2014]. However, neither obliquity- nor
precession-controlled fluctuations are significant in the DT record
(Fig. S4).

As the LGM is characterized by the largest DT anomaly and
hence, the deepest thermocline over the past 110 kyr, we will focus
on the LGM thermocline depth anomaly and underlying forcing
mechanism in the following. Published reconstructions from the
western equatorial Pacific and Indian Ocean based on a wide range
of proxies are inconsistent, with some studies suggesting thermo-
cline deepening [e.g. Andreasen and Ravelo, 1997; Patrick and
Thunell, 1997] and others suggesting shoaling [e.g. Leech et al.,
2013; Regoli et al., 2015; Sagawa et al., 2012] during the LGM. To
analyze the spatial pattern of thermocline depth anomalies during
the LGM relative to the present we compile DT records from the
WPWP (Table S1 and Figs. 7 and 8a). We use exclusively Mg/Ca-
based DT records as this proxy has been shown to be a robust in-
dicator of relative thermocline depth (TCD) in previous studies [e.g.
Mohtadi et al., 2017]. This way we also avoid potential discrep-
ancies associatedwith the use of different proxies. Furthermore, we
do not include the DT records published by de Garidel-Thoron et al.,
[2007] and Regoli et al., [2015], because these records are based on
foraminifera species that presumably calcify within themixed layer
[Hollstein et al., 2017]. To assure the comparability of the DT records
used, we apply the same calibrations to all records, but corrected
for different cleaning methods (reductive vs. non-reductive) by
assuming a 10% Mg/Ca loss due to reductive cleaning [e.g. Barker
et al., 2003; Martin and Lea, 2002; Rosenthal et al., 2004]. How-
ever, the choice of calibrations does not affect the overall spatial
pattern of TCD anomalies. The compilation of the hitherto available
DT records illustrates a dipole-like patternwith a LGM thermocline
shoaling in the northern WPWP (core 3cBx) [Sagawa et al., 2012],
no change within the central WPWP (MD06-3067 and ODP806)
[Bolliet et al., 2011; Ford et al., 2015] and a deepening in the
southern WPWP (GeoB 17419-1/MD05-2920; this study) (Figs. 7
and 8a).

The northern record of 3cBx exhibits a LGM (19 e 23 ka) to late
Holocene (core top) DT change of 2.1 �C. The decrease in DT at this
site is confirmed by other surface-thermocline DT records (G. ruber
e G. conglobatus and G. ruber e G. menardii) of the same core
[Sagawa et al., 2012]. Our southern WPWP record shows a DT in-
crease of 2.6 �C from the LGM to the present (modern core top of
GeoB 17419-2). However, the DT record from the central WPWP
(ODP site 806) [Ford et al., 2015] consists of only two time slices
(LGM and late Holocene), which are characterized by similar DT
values (5.8 and 5.9 �C, respectively). Likewise, the DT record of
MD06-3067 (offshore Mindanao) [Bolliet et al., 2011] does not
cover the late Holocene. For this site, the evolution of the ther-
mocline depth from the LGM to the present cannot be assessed
with certainty. Over the last 160 kyr, the DT record of core MD06-
3067 generally indicates a trend towards a deeper (shallower)
thermocline during glacial (interglacial) periods [Bolliet et al.,
2011]. However, data from modern surface sediments from a
nearby site (RR1313-24 50MC; 13.57�N, 123.73�E; off Philippines)
[Hollstein et al., 2017] indicates a modern temperature gradient of
2.3 �C, essentially the same as the DT of 2.2 �C recorded by MD06-
3067 during the LGM (Fig. 7c), thus providing evidence that the
thermocline depth in the central WPWP remained relatively con-
stant between the LGM and the present.

In order to better understand the mechanisms that led to the



Fig. 8. Tropical Pacific (annual mean) thermocline and climate conditions as simulated by the MRI-CGCM3 coupled general circulation model (PMIP3/CMIP5 simulations). All panels
show LGM anomalies relative to the pre-industrial control run, except for panel (c) which shows pre-industrial control run fields. (a) Ocean subsurface (150 m) minus surface
temperature difference in the WPWP as a measure for thermocline depth (red and blue colors indicate thermocline deepening and shoaling, respectively); colored dots represent
proxy records discussed in this study [Bolliet et al., 2011; Ford et al., 2015; Sagawa et al., 2012], from which LGM thermocline depth changes have been inferred (red and blue
indicate thermocline deepening and shoaling, white indicates a comparable thermocline depth). (b) Surface (925 hPa) winds and mid-troposphere (500 hPa) vertical velocity (red
and blue colors indicate descent/ascent). Note that the field of wind-stress anomaly shows major structures almost identical to the field of surface wind anomaly and is therefore not
shown here. (c) Same as (b) but for control to help interpret the LGM circulation anomaly pattern. (d) Wind-stress curl over the ocean. (e) Surface land and ocean temperature. (f)
Sea level pressure (Pa). Note the different map section in (a) and (bef). Modern coastlines are shown in all plots. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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spatial pattern of TCD anomalies depicted in Fig. 8a, we compared
the reconstructed LGM thermocline depth anomaly pattern with
the output of 14 available PMIP2 and PMIP3/CMIP5 climate model
simulations of the LGM [Braconnot et al., 2007; Harrison et al.,
2015]. All models consider LGM boundary conditions, such as
reduced greenhouse gas concentrations, altered astronomical pa-
rameters and ice sheet extent. The specifications of the individual
models are provided in the supplement (Table S2). We identify
MRI-CGCM3 as the only model that captures the asymmetric TCD
anomaly pattern that we inferred from the DT records (Table S2,
Fig. S5). In this model, changes in vertical temperature gradients are
qualitatively in accordance with reconstructed values at the core
sites (Fig. 8a). It is unclear why MRI-CGCM is the only model that
captures the TCD anomaly pattern indicated by the proxy data.
Differing resolution, atmospheric convection and land-surface
schemes may play a role. In MRI-CGCM3, the TCD anomaly
pattern is to a large extent attributable to LGM wind-field anom-
alies (Fig. 8b and c) and associated Sverdrup dynamics [DiNezio
et al., 2011; Leech et al., 2013], through which the western Pacific
TCD becomes a function of wind stress and curl, integrated from the
eastern side of the basin towards the west, in the direction of
Rossby waves [Tomczak and Godfrey, 2003]. A large region of
positive wind-stress curl in the southeastern equatorial Pacific
(Fig. 8d) creates Ekman convergence, which sets the stage for an
overall deepening of the thermocline in the glacial tropical Pacific
south of the equator. Regions of glacial wind-stress anomalies with
an easterly component in the tropical West Pacific (Fig. 8b) further
tend to deepen the thermocline there. In addition, particularly large
glacial thermocline deepening off the coast of New Guinea, which
also affects the TCD at site GeoB 17419-1, is favored by strong along-
shore southeasterly wind anomalies (Fig. 8b). Glacial thermocline
shoaling in the northern tropical West Pacific as recorded in proxy
records of core 3cBx [Sagawa et al., 2012] is associated with strong
westerly wind-stress anomalies and a positive anomalous wind-
stress curl north of about 10�N (Fig. 8b,d).

In MRI-CGCM3, the LGM annual-mean wind system over the
tropical West Pacific, which shapes the TCD anomaly pattern, is
characterized by reduced convection over the Maritime Continent,
whereas enhanced ascent takes place over the western Pacific
(Fig. 8b). The associated change in the equatorial wind circulation
can be interpreted as a contraction of the Pacific Walker cell on its
western side (Figs. 8b and S6) compared to the modern situation
(Fig. 8c). In contrast to the prediction of simple hydrologic-
thermodynamic considerations [Soden and Held, 2006; Vecchi
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et al., 2006], the strength of the Pacific Walker circulation does not
increase in the colder climate of the LGM. Instead, reduced con-
vection over the Maritime Continent is attributable to the relatively
strong (compared to the surrounding sea surface) land surface
cooling (Fig. 8e), which is primarily related to the different evap-
oration response of land and ocean to the glacial cooling as well as
to landesurface feedbacks [Braconnot et al., 2012].

Around Indonesia, a “Gill-type” circulation response results
from the reduced convection, with anomalous surface wind
divergence over the Maritime continent (Fig. 8b) and two areas of
anomalous high sea-level pressure (SLP) centered north and south
of the equator (Fig. 8f) [Gill, 1980]. The locations of these highs are
modified by the continental configuration, with one anticyclone
over the South China Sea and the other one shifted over Australia
and substantially strengthened probably due to substantial surface
cooling there (Fig. 8e and f). As a result of this hemispherically
asymmetric SLP distribution, anomalous cross-equatorial southerly
wind occurs east of the Maritime Continent (Fig. 8b). Over the
South China Sea, the wind-stress curl associated with the high
pressure anomaly causes the thermocline to deepen, consistent
with regional TCD reconstructions (Fig. 8a,d) [Xu et al., 2010 and
references therein].

We note that MRI-CGCM3 suggests a decrease in precipitation
over PNG during the LGM in comparison to the preindustrial period
(inferred from vertical velocity; Fig. 8b), while the precipitation
records (Ti/Ca and P. obliquiloculata Nd/Ca) indicate similar to
enhanced precipitation over PNG during the same period (see
section 5.3). This discrepancy may be related to the fact that the
model does not resolve the regional topographic features of PNG.
Overall, our proxy records indicate that the regional precipitation
variability is governed by astronomically-driven changes in the
monsoon system and the ITCZ rather than by changes in theWalker
circulation that relate to varying glacial-interglacial boundary
conditions. This is also in accordance with observations of the
modern ocean, which indicate that variations in the state of the
Pacific Ocean and the Walker circulation do not have a clear impact
on the rainfall within the study area (see section 2).

In summary, our model-data comparison suggests a substantial
change in the Pacific Walker circulation during the LGM compared
to the modern one with enhanced ascent over the western equa-
torial Pacific, and drastically reduced convection over the Maritime
Continent. A recent study by Mohtadi et al., [2017] suggests a
stronger-than-modern glacial Indian OceanWalker circulationwith
enhanced ascent over the eastern equatorial Indian Ocean. Taken
together, and in view of the weakened ascending branch over the
Maritime Continent, these results suggest a weaker coupling be-
tween the Indian and Pacific Walker cells during the last glacial
than today.

6. Summary and conclusions

We explored the response of the Western Pacific Warm Pool
(WPWP) to local forcing and remote processes in dependence of
astronomical parameters and glacial-interglacial varying boundary
conditions.

We find that obliquity-controlled variations in southern hemi-
sphere extratropical climate and ocean conditions have a strong
impact on the thermocline off PNG, likely via variations in the
subduction and lateral advection of the South Pacific Tropical Wa-
ter. Specifically, a warming of thermocline waters in the WPWP is
attributed to a reduced subduction and advection of relatively cool
waters from the subtropical Pacific along with a reduced export of
warm waters from the tropical Pacific when obliquity is high.

Records of surface d18OSW, Ti/Ca and Nd/Ca imply that variations
in the amount of precipitation above PNG and the ambient ocean
are mainly related to precession with enhanced (decreased) pre-
cipitation when precession is high (low). An increase (decrease) in
precipitation is most probably linked to an intensification (reduc-
tion) of the ITCZ, a southward (northward) shift in the mean po-
sition of the ITCZ, and/or to an intensification (reduction) of the
Australian monsoon. On the basis of our data we cannot resolve
whether obliquity-related variations present in the Ti/Ca and
foraminiferal Nd/Ca records are related to variations in precipita-
tion or other effects, such as lateral advection and diagenetic
overprinting.

The thermocline depth in the WPWP is predominantly
controlled by changes in the Pacific Walker circulation in response
to varying glacial-interglacial boundary conditions. Our new results
show a deep thermocline during the LGM in comparison to the last
interglacial and present conditions. A compilation of available
surface-thermocline DT records from the WPWP illustrates a
dipole-like pattern of LGM thermocline depth anomalies with a
thermocline shoaling in the northern, and a deepening in the
southern WPWP. A comparison of the proxy compilation to the
output of PMIP2 and PMIP3/CMIP5 LGM climate model simulations
reveals that only one model, the MRI-CGCM3, is able to capture the
asymmetric TCD anomaly pattern evidenced by the data. In MRI-
CGCM3, the spatial pattern of LGM thermocline depth anomalies
is to a large extent attributable to glacial wind-field anomalies and
associated Sverdrup dynamics that are related to a contracted Pa-
cific Walker circulation during the LGM with enhanced ascent over
the western equatorial Pacific Ocean, and reduced convection over
the Maritime Continent. In conjunction with a strengthened glacial
Indian Walker circulation with enhanced ascent over the eastern
equatorial Indian Ocean and aweakened ascending branch over the
Maritime Continent, our results suggest a weaker coupling be-
tween the Indian and Pacific Walker cells during the LGM than
today.
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