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Abstract :

The meridional migration of the bifurcation latitude of the Pacific North Equatorial Current (NEC) in the
western boundary of the tropical Pacific modulates the strength of the Kuroshio Current. Using salinity
reanalysis data, we show the NEC bifurcation latitude also acts as the dominant control on thermocline
salinity of the Sulu Sea, just west of the Philippine archipelago, by regulating influx of western Pacific
thermocline water via the Luzon Strait. We used oxygen isotopes (6180) and Mg/Ca in the thermocline-
dwelling foraminifera Globorotalia tumida from Sulu Sea sediment core MD97-2141 to determine past
thermocline 8180w and salinity variability spanning ~20-5 ka with an average sampling interval of ~50
years and infer past changes in the NEC bifurcation latitude. Our Sulu Sea thermocline reconstruction
reveals high salinity from ~18.8-15.5 ka, ~12.2-11.5 ka, and from ~9.5-8.5 ka indicating the NEC
bifurcation latitude was shifted north and the Kuroshio was weak at those times. Low Sulu Sea thermocline
salinity from ~13.0-12.4 ka, ~11.5-10.9 ka, and from ~8.5 ka until the end of the record at ~5.6 ka
indicates the NEC bifurcation latitude was shifted south and the Kuroshio Current was relatively strong.
Comparison to other paleoclimate records suggests the observed northward (southward) shifts of the
NEC bifurcation latitude were driven by southward (northward) shifts of the Indo-Pacific ITCZ, consistent
with modern mechanisms controlling interannual NEC bifurcation variability. The NEC bifurcation latitude
shifts likely modulated northward energy transport via the Kuroshio Current and the mean temperature
and salinity of the Indonesian Throughflow.
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Highlights

» North Equatorial Current bifurcation latitude controls Sulu Sea thermocline salinity. » We use
foraminiferal 880w to reconstruct Sulu Sea thermocline conditions since 20 ka. » Reconstructions
suggest bifurcation latitude shifts during Younger Dryas and HS1. » Reconstructions show large event
during early Holocene.
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44 1. Introduction
45 The Pacific North Equatorial Current (NEC) flows westward as the southern limb of the

46  North Pacific subtropical gyre (Hu et al., 2015). Upon reaching the Philippine archipelago at the
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Figure 1—Geographic and temporal salinity variability associated with the NEC bifurcation latitude. a
and b: GODAS (Behringer and Xue, 2004) plots of average salinity at 135 m depth for March 2000
during a strong La Nifia event (a) and March 2016 during a very strong El Nifio event (b). These months
are representative of the salinity pattern for strong low and high salinity years. Blue arrows represent
current strengths when NEC bifurcation latitude is shifted south such as during La Nifia events or when
the Indo-Pacific ITCZ is north (panel a) and when NEC bifurcation latitude is shifted north such as
during El Nifio events and when the Indo-Pacific ITCZ is shifted south (panel b). Arrow thicknesses are
not quantitative and only represent relative differences in current volume and velocity between the same
current in the two different panels. Over the period of 2003-2011, Luzon Strait throughflow was found
to range from 2 Sv westward to 2 Sv eastward, while flow through the Sulu Sea was found to range
from 8 Sv southward to 2 Sv northward (Gordon et al., 2012). As such, both currents are shown with
dashed arrows in panel a to represent reversing flow. White arrows indicate the direction in which the
NEC bifurcation latitude shifts. NEC: North Equatorial Current BL: NEC bifurcation latitude MC:
Mindanao Current KC: Kuroshio Current LTF Luzon Strait throughflow SCSTF: SCS throughflow. The
approximate locations of core MD97-2141 (white triangle with orange border) and MD98-2188 (white
circle with black border) are shown in panel a. c: Average annual NEC bifurcation latitude calculated
from GODAS sea surface height anomalies (Behringer and Xue, 2004) using equation two from Qui and
Chen (2010) (blue). Average annual salinity from the Sulu Sea box in a and b (7°-10° N 118°-122° E) at
135 m depth (orange). d: Average annual NEC bifurcation latitude (blue) compared to average annual
NINO3.4 anomaly (Rayner, 2003; Smith, 2018) (black), and average annual daily precipitation in the
box 0°-10° N and 130°-160° E from GPCP Precipitation data (Adler et al., 2003) (green). Wu et al.
(2019) show this index is a good indicator of the latitude of the western Pacific ITCZ and is strongly

correlated to the NEC bifurcation latitude.

western boundary of the Pacific Basin, the NEC bifurcates, diverting a fraction of its waters
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southward to form the Mindanao Current and the remaining water northward to form the

Kuroshio Current (Fig. 1). Trade wind driven changes in western Pacific wind stress curl force

seasonal and interannual meridional migrations of the NEC bifurcation latitude that have a

substantial impact on local and regional climate by regulating partitioning of the NEC between

the Kuroshio and Mindanao currents (Hu et al., 2015) (see Table 1). For example, a more

NEC Bifurcation Latitude South

NEC Bifurcation Latitude North

Effect on the NEC:
Greater Proportion is Directed North

How Do Currents Change:
Strong Kuroshio
Weak Luzon Strait Throughflow
Weak South China Sea Throughflow

Potential Drivers:
La Nifia
ITCZ North
PDO Negative

Sulu Sea Thermocline Response:

Relatively Fresh

Effect on the NEC:
Greater Proportion is Directed South

How Do Currents Change:
Weak Kuroshio
Strong Luzon Strait Throughflow
Strong South China Sea Throughflow

Potential Drivers:
El Nifio
ITCZ South
PDO Positive

Sulu Sea Thermocline Response:

Relatively Salty

Table 1—Oceanographic and climatic changes associated with migrations of the NEC
bifurcation latitude (Qiu and Lukas, 1996; Wu et al., 2013; Wu et al., 2019).

southerly position of the NEC bifurcation latitude diverts a larger proportion of NEC flow into

the Kuroshio over the Mindanao which tends to strengthen North Pacific typhoons and enhance

summer convection leading to a stronger East Asian Monsoon (Hu et al., 2015). The opposite

occurs when the NEC bifurcation latitude shifts northwards. The NEC bifurcation also influences

the strength and temperature of the Indonesian Throughflow (ITF), the only low latitude

connection between ocean basins, by modulating the strength of flow through the Sulu Sea and

thereby the development of a freshwater cap in the Makassar Strait (Gordon et al., 2012).
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Given its importance in modulating the Kuroshio, ITF, and western Pacific climate, it is
critical to understand the full range of NEC bifurcation latitude variability. Instrumentally, the
location of the NEC bifurcation latitude can be tracked using sea surface height anomalies in the
region 12°-14° N and 127°-130° E (Qiu and Chen, 2010). Sea surface height anomaly records
show the NEC bifurcation latitude shifts by a couple degrees of latitude southward during boreal
summer and northward during boreal winter (Gordon et al., 2012; Hu et al., 2015) (Table 1).
Interannually, the NEC bifurcation latitude migrates through a larger latitudinal range between
~8°-17° N and has been shown to be controlled by a combination of El Nifio-Southern
Oscillation (ENSO), the Indo-Pacific Intertropical Convergence Zone (ITCZ), and the Pacific
Decadal Oscillation (PDO) (Table 2) (Kim et al., 2004; Qiu and Lukas, 1996; Wu, 2013; Wu et
al., 2019). The bifurcation shifts northward during El Nifio events and when the ITCZ is south
and southward during La Nifia events and when the ITCZ is north (Qiu and Lukas, 1996; Wu et

al., 2019) (Fig. 1 and Table 1).

ITCZ Index (15-mth

NINO3.4 Index  ITCZ Index ) # PDO Index
running mean)
NECBL (Monthly) 0.60 (p<0.01)  -0.17 (p<0.01) 0.40 (p<0.01)
NECBL (Annual Avg) 0.72 (p<0.01)  -0.29 (p=0.069) -0.48 (p<0.01) 0.48 (p<0.01)

*From Wu et al. (2019)

Table 2—NEC bifurcation latitude correlations. Correlation coefficients (r-values) from
1980-2019 between the annual average North Equatorial Current bifurcation latitude and
annual averages of various climate indices. ITCZ Index is calculated as average annual daily

precipitation in the box 0°-10° N and 130°-160° E (Adler et al., 2003; Wu et al., 2019).

As a result of the relative short extent of instrumental records however, it is unclear
whether these relationships between the NEC bifurcation latitude and its drivers remain constant
through the gamut of climate states and whether the bifurcation latitude is capable of millennial

scale variability. Previously, Dang et al. (2012) generated a Mg/Ca based thermocline water
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temperature reconstruction using the foraminifera Pulleniatina obliquiloculata in IMAGES core
MD987-2188 from the Pacific margin of the Philippines spanning 13-0 ka and interpreted it as a
record of the NEC bifurcation latitude. As this record primarily covers the Holocene and does
not extend to the Last Glacial Maximum (LGM), its utility in capturing NEC variability during
climate states different from those observed in the instrumental record is limited. Several other
paleo-reconstructions extending as far back as ~180 ka, use sediment provenance or
foraminiferal species assemblages to monitor the strength and location of the Kuroshio Current
and thus can be used to indirectly infer shifts in the NEC bifurcation latitude. However, these
records were not originally intended to capture high resolution variability in the NEC bifurcation
and as such, they suffer from low temporal resolution (Ujiié et al., 2016), masking of the
Kuroshio signal by other controls on sediment sources (Dou et al., 2010; Chen et al., 2011; Li et
al., 2015), or uncertainty in the past path of the Kuroshio Current (Dou et al., 2010; Chen et al.,
2011; Li et al., 2015; Ujiié et al., 2016).

Just to the west of the Philippine archipelago the Sulu Sea, a ~4,700 m deep basin
bounded entirely by islands and shallow sills with maximum sill depth of ~570 m provides a
unique opportunity to generate an extended record of the NEC bifurcation latitude (Fig. 2). It has
been shown that as a result of its geographic setting, a relatively limited set of mechanisms
control Sulu Sea thermocline variability (Linsley and Thunell, 1990; Gordon et al., 2011) and, as
we discuss below, Sulu Sea thermocline salinity variability appears to be driven by the NEC
bifurcation latitude. When the NEC bifurcation latitude is north and the Kuroshio is weak, strong

flow through the Luzon Strait and South China Sea (SCS) carry relatively salty open western



22°N
20°N
18°N
16°N
14°N
m-g;ns's u~s \ mX 4 \" 12N

10°N

’ .
. g g )

o A d i o ™
}f“/’ ~

- T a—

104 100°E 105°E 110°E 115°E 120°E 125°E 130°E

Figure 2—Location and bathymetry of the Sulu Sea in relationship to Indonesian region. X’s
indicate the location and depth of the shallowest points of the deepest routes water must pass
to ventilate Sulu Sea deepwater and the Karimata Strait. Approximate coring locations are
shown for core MD97-2141 (white triangle with orange border) and MD98-2188 (white circle
with black border). A: Sibutu Passage B: Balabac Strait C: Mindoro Strait D: Panay Strait.
Figure was made using the GeoMapApp: http://www.geomapapp.org (Ryan et al., 2009).
Bathymetry contours (500 m intervals) and shading are from the Global Multi-Resolution
Topography synthesis (GMRT) (Ryan et al., 2009) and are consistent between panels. Sulu
Sea strait depths are from Gordon et al. (2011) and Karimata Strait depth is from Wang et al.

2019).
105 ( )

106  Pacific water into the SCS and Sulu Sea thermoclines (Table 1). Conversely, when the NEC
107  bifurcation latitude is south, greatly reduced Luzon Strait and SCS throughflow increase

108  residence times of surface and thermocline waters in the SCS and Sulu Sea and reduces the input
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of west Pacific water (Qu et al., 2004; Gordon et al., 2012). Zeng et al. (2016) show that strong
modern Luzon Strait throughflow, also known as the Kuroshio Intrusion, results in a strong
salinity maximum in the northern SCS between 120 and 150 m, while the salinity maximum is
muted when Luzon Strait throughflow is weak. Luzon Strait throughflow flows through the SCS
and Sulu Sea as the SCS throughflow and modern data show the strength of flow through the
Luzon Strait and Sulu Sea are highly correlated (Gordon et al., 2012). As a result, variability in
the SCS thermocline salinity maximum should propagate into the Sulu Sea thermocline leading
to a strong correlation between Sulu Sea thermocline salinity and the NEC bifurcation latitude,
the primary control on the strength of these currents.

In this study, we take advantage of this direct relationship between Sulu Sea thermocline
salinity and the NEC bifurcation latitude as well as the high-resolution sediment archive in the
Sulu Sea to generate a high-resolution record of NEC bifurcation latitude variability that captures
a wider range of climate states than is represented by existing instrumental and paleo-records.
The 36 m giant piston core IMAGES MD97-2141 (08°78’N, 121°28’E, 3,633 m depth) was
retrieved during the IPHIS-IMAGES III cruise of the R/V Marion Dufresne in May 1997. We
generated high-resolution §'80, Mg/Ca, and trace metal records from the thermocline dwelling
foraminifera Globorotalia tumida and Neogloboquadrina dutertrei (only 8'80) from this core
spanning ~20-5 ka. In addition, we compare these records to previously published §'*0 and
Mg/Ca records from the surface-dwelling foraminifera Globigerinoides ruber from the same
core and samples spanning the same interval (Rosenthal et al., 2003). Modern core top studies
suggest that in the Indo-Pacific, G. tumida calcify between 100-260 m water depth (Mohtadi et
al., 2011; Hollstein et al., 2017) and N. dutertrei at 90-160 m (Hollstein et al., 2017). As a result,

variations in thermocline salinity and temperature are recorded in the 3'%0 of their tests and
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salinity variability can be decoupled from temperature fluctuations using the sensitivity of the
Mg/Ca of those tests to water temperature. Because the NEC bifurcation latitude directly controls
the salinity of the Sulu Sea thermocline, this sediment core record provides a unique opportunity
to monitor past NEC bifurcation latitude migrations using a relatively well understood set of

proxies.

1.1 Environmental Setting

Analysis of Global Ocean Data Assimilation System (GODAS) (Behringer and Xue,
2004) salinity data (Fig. A2) shows that annual average Sulu Sea thermocline salinity was
significantly correlated to the annual average NEC bifurcation latitude from 1980-2019 (Fig. 1),
with a maximum correlation coefficient of 0.62 (p-value<0.01) at 135 m water depth and
correlation coefficients above 0.53 (p-values<0.01) between 85 m and 165 m (Table A2).
GODAS SCS thermocline salinity is also significantly correlated with the NEC bifurcation
latitude, but the depth of maximum correlation is slightly shallower (r=0.65 from 95-105 m)
(Table A2). While Sulu Sea salinity at 135 m does have a moderately strong correlation to
precipitation in the Sulu Sea region (7.5°-10° N, 117.5°-122.5° E) (r-value=-0.39, p-value=0.01),
there is no correlation between Sulu Sea surface salinity and regional precipitation (r-value=0.06,
p-value=0.73). Limitations on vertical mixing and the lack of a correlation between surface
salinity and precipitation indicate the correlation between thermocline salinity and precipitation
1s not a result of the precipitation signal mixing from the surface to the thermocline.
Furthermore, surface and thermocline salinity in the Sulu Sea are out of phase, with peak
thermocline salinity occurring at the same time as the NEC bifurcation latitude reaches its

northernmost latitude in November and December (Qiu and Chen., 2010) and ~10 months after
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peak surface salinity which occurs in March (Fig. A2). As modern local precipitation and the
NEC bifurcation latitude are highly correlated to ENSO, it is likely Sulu Sea thermocline salinity
is correlated to local precipitation due to their shared correlation to ENSO via different
mechanisms.

The Sulu Sea is an ideal location for capturing the NEC bifurcation latitude signal in the
sediment archive. Low dissolved oxygen and elevated temperatures in Sulu Sea deep water lead
to reduced rates of bioturbation (mixing coefficient <0.04 cm?/year below 3,000 m water depth)
(Kuehl et al., 1993), and excellent CaCOs3 preservation coupled with relatively high average
sedimentation rates of >15 cm/ka (Oppo et al., 2003) and have resulted in the preservation of a
high-resolution sediment archive. Core MD97-2141 was originally slab sampled at 1 cm
intervals and the previously published age model indicates the core contains century-scale
resolution that would be unavailable in the open ocean (de Garidel-Thoron et al., 2001; Beaufort
et al., 2003; Dannenmann et al., 2003; Oppo et al., 2003; Rosenthal et al., 2003). Due to its
isolation and the sensitivity of Sulu Sea thermocline salinity to changes in the NEC bifurcation
latitude, high sedimentation rate of core MD97-2141, and general reduced bioturbation of Sulu
Sea sediments, our paleo-record of changing Sulu Sea thermocline conditions is a novel

approach to understanding past NEC bifurcation latitude variability

2. Materials and Methods
2.1 Modern Indices.

The NEC bifurcation latitude (Yp(t) (°N)) was calculated using equation 2 from Qui and
Chen (2010):

Yp(t) =11.9-0.13 x h’(t)

10
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where h’(t) is the average monthly sea surface height anomaly in cm in the box bounded by 12-
14° N and 127-130° E. Monthly sea surface height anomalies were taken from the NOAA NCEP
EMS CMB GODAS: Global Ocean Data Assimilation System (Behringer and Xue, 2011) and
have 1° E-W resolution and 1/3° N-S resolution prior to being averaged over the box of interest.
Modern precipitation data come from the GPCP version 2.3 combined precipitation data set
(Adler et al., 1997) provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from
their Web site at https://www.esrl.noaa.gov/psd/. Spatial resolution is 2.5x2.5° before being
averaged over the area of interest. Modern correlations (r-values) and their significance (p-

values) were calculated using the “corrcoef” function in Matlab.

2.2 Age Model

The age model for core MD97-2141 was originally published in de Garidel-Thoron et al.
(2001) and subsequently used in Rosenthal et al. (2003). We update the age model using the
original uncalibrated radiocarbon dates (Table A1) and the Marinel3 calibration curve from
CALIB 7.04 (Stuvier et al., 2020). The updated age model was generated using linear
interpolation between the same 13 AMS radiocarbon dates used in the original age model. The
default CALIB 7.04 time-dependent reservoir correction of ~400 years was applied to the
calibration. Tie point calibration errors range from 51-245 years. Once interpolated to cm
resolution, the updated age model ranges from ~460 years older than the original age model at
~19.7 ka to ~100 years younger than the original age model at ~14 ka. The topmost sample (0-
Icm) from core MD97-2141 dates to 4.29 ka indicating a disturbance of the top of the sediment

column during the coring process. Below the core top, the core was slab sampled at 1cm

11
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intervals (average temporal resolution of 48 years per sample) for the results previously

published in de Garidel-Thoron et al. (2001), Rosenthal et al. (2003) and Oppo et al. (2003).

2.3 Stable Isotopes.

Eleven G. tumida in the 400-600 pm size fraction and 11 N. dutertrei in the 250-400 um
size fraction were picked from each 1-cm interval sample for stable oxygen (8'30) and carbon
(8'3C) isotope analysis. To ensure that only foraminifera of a specific morphotype, narrow size
range, with no secondary calcification were analyzed, we used a Keyence VHX-5000 Digital
Microscope to view and sort all foraminifera. Minimum and maximum diameters were measured
on all foraminifera utilizing the maximum-area-measurement application and all were viewed
under high magnification (100x-200x) to select only the most pristine foraminifera tests.
Specimens that did not meet the narrow selection criteria were not geochemically analyzed.
Because G. tumida were discolored in the top 33 cm of the core (<5.63 ka), those samples were
excluded from analysis. To minimize the selective loss of fine test fragments that would bias the
geochemical results, specimens were not cleaned prior to stable isotope analysis. For each
sample, the scanned set of 11 foraminifera was finely crushed and homogenized, and 50-80 pg of
mixed fragments were randomly selected for stable isotopic analysis.

Samples were analyzed for §!80 and §'3C at the Lamont-Doherty Earth Observatory
(LDEO) Stable Isotope Lab using a Thermo DeltaV+ mass spectrometer with a Kiel IV
autosampler device. Samples were dissolved in ~105% dewatered H3PO4at 70°C, and the
resulting gas was cryogenically stripped of H2O and the purified CO; analyzed. Results are
reported in per mil (%0) vs VPDB. The international standard NBS-19 was analyzed every ~tenth

sample and had a standard deviation of 0.07%o¢. Approximately 10% of all samples (44 total

12
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replicates) were analyzed in replicate and were sourced from the same homogenized fragments.
The mean difference between replicates was 0.11%o. Samples from 142-156 cm (10.94-11.26 ka)
were picked and analyzed in duplicate in order to determine the validity of the decrease in §!30
that begins at ~11.3 ka. Mean values of replicates and duplicates in the 10.94-11.26 ka interval

are plotted in all figures.

2.4 Trace Metals.

For trace metal analysis, the Keyence VHX-5000 Digital Microscope was again used to
select eleven clean G. tumida in the 400-600 pm size fraction from samples at 1 cm intervals
from 34-282 cm (5.61-17.59 ka) and 2 cm intervals from 285-333 cm (17.7-19.52 ka). The 11
selected individual foraminifera tests (~500 pg) were gently cracked open and washed using the
methods of Yu et al. (2005) and a combination of Barker et al. (2003) and Rosenthal et al. (1997).
This method involves a reductive cleaning step using a solution of hydrazine, citric acid, and
ammonium hydroxide to remove metal oxides, followed by an oxidative cleaning step using
sodium hydroxide and hydrogen peroxide to remove organics. The cleaned fragments were then
dissolved in trace metal clean 0.065N HNO3 (OPTIMA®). Trace metal analyses were performed
at the Lamont-Doherty Earth Observatory (LDEO) Trace Metal Lab using a ThermoScientific
1ICAPQ Q-ICP-MS in conjunction with a HEPA-filtered enclosed autosampler. An aliquot of
each sample was first analyzed to determine its Ca concentration. For final analyses, samples
were then diluted to ~50 ppm Ca with 0.065N HNO; (OPTIMA®) to avoid matrix effects within
the plasma that would result from variable Ca concentrations (Rosenthal et al., 1999).

Eight standards with a range of trace metal ratios were analyzed prior to each sample run

to calibrate the sample analyses. Results were also linearly corrected for drift using quality
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control standards bracketing every 10 samples. Two process blanks were analyzed every
instrument run in order to correct for instrument noise and contamination. Three standards with
different trace metal ratios were analyzed every ~9 samples to determine precision. Average
analytical precision (RSD) for the three standards was <0.55% for Mg/Ca. Furthermore, ~10% of
samples were run in replicate and root mean squared deviation (RMSD) was 4% for Mg/Ca.
Following the methods of Schmidt et al. (2004), washing efficacy was determined by
monitoring Fe/Ca and Al/Ca ratios and all samples with anomalously high values (>40 um/mol
for Al/Ca and >18 um/mol for Fe/Ca) of either trace metal ratio were discarded. Anomalous
Mg/Ca values >0.4 mmol/mol different from nearby data points were also discarded. Mg/Ca
shows no correlation to Fe/Ca or Al/Ca (Fig. A1), suggesting mineral phases including these

elements do not affect Mg/Ca (Schmidt et al., 2004).

2.5 Mg/Ca-based Temperature and Seawater 6'80 Calculations.

Estimates of past changes in water temperature were calculated from G. fumida Mg/Ca
using the Anand et al. (2003) multi-species calibration. Although the Hollstein et al. (2017)
calibration was generated using modern core-top sediments from the Philippines and Papua New
Guinea coasts and is species specific, they do not report species specific error estimates, resulting
in error estimates of ~+/-2° C for our G. tumida Mg/Ca data. We favor the Anand et al. (2003)
calibration because it produces temperature estimates only ~0.8° C colder than the Hollstein et
al. (2017) G. tumida specific calibration, while producing a substantially smaller error of +£0.96°
C. Seawater 5'%0 (3'30w) was calculated from foraminiferal §'80 (8'80r) and Mg/Ca-based
temperature using the Bemis et al. (1998) low light Orbulina universa calibration. We add

0.27%o from the calibration output to move the data from the PDB scale to the SMOW scale. In

14
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combination with the colder temperatures produced by the Anand et al. (2003) temperature
calibration, the Bemis et al. (1998) §'30, calibration based on a surface-dwelling species
produces values that are clearly too low as the G. tumida record overlaps with the G. ruber
record. We however still use the Bemis et al. (1998) calibration over a species specific
calibration as it reduces the error and produces similar relative variability to species specific
calibrations (exponential term of -4.8 compared to -4.95 for the Farmer et al. (2007) G. tumida
specific calibration which has an error ~twice as large). Standard errors for both §'0,, and
temperature were calculated following the methods of Mohtadi et al. (2014) using average
reproducibility for '80 and RMSD for Mg/Ca and average 0.23%o and 0.96° C respectively.
8'80y was corrected for changes in ice volume following the methods of Gibbons et al. (2014),
which assumes a change in sea level from the LGM to the Holocene (ASL) of -130 m £7.5 m and
a change in global 3'30y (A3'0y) of 1%¢ £0.1%o. The correction is then scaled through time
using coral-based sea level records and assuming a constant A3'30./ASL through time. Error for
the ice volume correction was also calculated following the methods of Gibbons et al. (2014).
Propagated error for G. tumida ice volume corrected §'80y, (8'8Oy.1vc) averages 0.33%o. The
8'80w.1vc gradient was calculated by subtracting G. ruber §'®Oy.1vc interpolated to a 50-year
time step from G. tumida 3'80y-vc calculated from low-pass filtered Mg/Ca. One per mil was

added to G. fumida 3'0y.1vc so the two records don’t overlap.

2.6 Low-Pass Filtering and Differences in Means
In order to isolate and interpret low frequency variability that is otherwise obscured by
high frequency variability and noise, G. fumida 8'80.vc was low-pass filtered and G. rumida

8'80w-1vc was calculated from low-pass filtered Mg/Ca. Prior to low-pass filtering, G. tumida
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8'80w-1vc and Mg/Ca were interpolated using a spline to an even 50-year time step, slightly
larger than the average sampling interval for the core during the studied interval of ~48 years per
sample. Frequencies greater than 1/1,000 cycle per year were then removed using the “lowpass”
Matlab filter. G. tumida §'30 and the Gibbons et al. (2014) sea level correction were
subsequently interpolated following the same methods in order to calculate G. tumida 8'8Oy-1vc
from the filtered Mg/Ca and unfiltered §'30O.

Statistical significance was determined by selecting age cutoffs for the intervals that
provide the greatest contrast between those that were compared. A z-score for the difference of

mean G. tumida §'80w.1vc between two intervals of interest was calculated using:

Uy — Uy
Z=—

2 2
)

where p is the mean G. tumida 8'30y.-1vc for the interval of interest, e is the mean error, and n is

the number of data points in the interval. For §'80y.1vc calculated from low-pass filtered

interpolated Mg/Ca and unfiltered interpolated §'80, e and n were determined using the

unfiltered §'0w.-vc data from the same intervals of interest. P-values were then calculated using

e

a one-tailed significance test. Plotted errors for these intervals were calculated as 7

3. Results
3.1 G. tumida Depth Habitat

Our new 8'80 and Mg/Ca based temperature results from analysis of thermocline
dwelling G. fumida in core MD972141 are compared to the similar data from the surface-
dwelling foraminifera G. ruber extracted from the same samples (from Rosenthal et al., 2003) in

Figures 3 and S4. In order to utilize our Sulu Sea G. fumida 3'30y, results as a record of past
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Figure 3—Sulu Sea foraminiferal 5'80, Mg/Ca based temperature, and 6'%0y. a: G. ruber
(red), G. tumida (dark blue), and N. dutertrei (light blue) 8'80r. Black dots represent age
model radiocarbon tie points with 1c error b: G. ruber and G. tumida Mg/Ca-based
temperature and 1,00 year low-pass filtered G. tumida temperature (black) ¢: G. ruber and G.
tumida-based 5'0y,. All G. ruber data was initially published in Rosenthal et al. (2003). Error
bars for all G. tumida records are based on average replicate reproducibility and represent
maximum error as errors vary by datum.

NEC bifurcation latitude variability, it is necessary to show that the depth habitat of G. fumida in
the Sulu Sea can be constrained to the depth where the NEC bifurcation latitude has the greatest
influence on salinity. We estimate depth habitats for Sulu Sea G. tumida by comparing average
Mg/Ca and 3'30 from the youngest ~1.4 ka of our G. tumida records (7.01-5.63 ka) to six
modern temperature and salinity profiles from the Sulu Sea (Gordon and Villanoy, 2011). When
compared to modern temperature profiles, average Mg/Ca based temperature from the youngest
~1.4 ka of our record of 18.91+1.12° C suggests G. tumida in the Sulu Sea calcify at a mean
depth of ~135 m (120-148 m 10), in the center of the depth range that shows the strongest
correlation to the NEC bifurcation latitude (Fig. 4). To estimate a depth habitat from §'80, we
assume G. ruber live at the shallowest depth for each profile (0 -2 m) and assign average G.
ruber 8'%0 from 7.01-5.63 ka as the expected foraminiferal §'80 for that depth. Assuming slopes
of -0.22 %0/°C and the surface and subsurface §'%0 vs salinity slopes of 0.33 %c/salinity unit and
0.37 %c/salinity unit (from Hollstein et al. (2017) who used modern instrumental salinity and
8'80 data from the Philippines and New Guinea margins), we calculate expected foraminiferal
8180 profiles for both the surface and subsurface salinity slopes. Both the surface and subsurface
880 vs salinity relationships indicate G. tumida calcify at ~107 m (102-113 m 10) in the Sulu
Sea. Similar 5'30 values of Sulu Sea G. tumida and shallow dwelling N. dutertrei (reported
depth range of 90-160 m (Figure 3a) (Hollstein et al., 2017)) further support our estimated depth
range. While our estimated calcification depths for Sulu Sea G. fumida based on Mg/Ca and 5'30

do not overlap, both clearly fall into the depth range where Sulu Sea salinity is strongly
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Figure 4—Potential temperature and salinity profiles from the Sulu Sea. Data and station
numbers are from Gordon and Villanoy (2011). Stations 76 and 77 were sampled on 1/18/08.
Station 88 was sampled 1/20/08. Approximate depth habitat of G. tumida based on our Mg/Ca
based temperature record is highlighted in gray with the mean in red and based on 3'30 with
the mean in blue. The r-value plot shows the correlation between annual average Sulu Sea
salinity at each depth and the annual average NEC bifurcation latitude.

3.1 MD97-2141 Paleo-Data

Similar to G. ruber 8'%0, G. tumida 8'80 shows a clear glacial-interglacial cycle with

smaller magnitude millennial scale variability (Fig. 3a). G. tumida 3'30 shows a larger glacial

interglacial amplitude of ~1.5%o than G. ruber which has a glacial interglacial amplitude of ~1%o

(Rosenthal et al., 2003) (Fig. 3a). We interpret G. tumida Mg/Ca (Fig. A4)) to primarily be a
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record of water temperature and to be minimally impacted by salinity and dissolution (see
appendix A). In contrast to 8'%0, the glacial-interglacial thermocline temperature signal derived
from G. tumida of <2°C is smaller than the ~2.3° C amplitude derived from G. ruber (Rosenthal
et al., 2003) (Fig. 3b). Minimal millennial scale variability in our G. tumida Mg/Ca (Fig. 3b)
based temperature record, (all variability is smaller than the propagated error), indicates Sulu Sea
thermocline 8'30 variability was primarily driven by changes in §'80, (Fig. 3a). Though G.
tumida based 8'0,, takes incorporates the Mg/Ca based temperature record, it still shows similar
variability to G. tumida §'0¢ (Fig. 3c).

We apply an ice volume correction (IVC) to account for changes in global seawater
8'80y due to deglacial ice melt (Fig. 5a). Because 330y is linearly related to salinity (Craig and
Gordon, 1965; Hollstein et al., 2017), we attribute millennial scale shifts in G. fumida derived
8'80w.1ve to changes in local salinity. Low-pass filtered G. tumida 8'8Oy.1vc is shown in Figure 5
aand b and G. tumida 8'80y.1vc calculated from low-pass filtered Mg/Ca and unfiltered §'%0 is
shown in Figure 5b. Both records display a minimum from the beginning of the records at ~19.6
ka until they rapidly increase by ~0.4%o at ~18.8 ka. 8'%0y.rvc remains elevated until 15.5 ka
when it abruptly increases by ~0.3%o, resulting in a broad maximum that we interpret as a
thermocline salinity maximum in the Sulu Sea. Following the abrupt decrease ~15.5 ka, Sulu Sea
low-pass filtered G. tumida §'%Oy.vc and G. tumida 3'30y.vc calculated from low-pass filtered
Mg/Ca decrease to a minimum from ~13-12.4 ka. Consistently elevated '30w-ivc values ~0.3%o
greater those during the previous interval occur from 12.2-11.3 ka. This is accompanied by G.
ruber 8'80y.1vc that is ~0.5%0 higher than the previous interval (Fig. 5b and 5¢). At ~11.5 ka, G.

tumida 8'30y.1vc decreases by ~0.4%o, accompanied by a decrease in G. ruber 8'®0y.1vc of about
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Figure 5— Ice Volume corrected foraminiferal 3'80y.a: G. tumida (blue) and G. ruber (red)
8'80w-1vc and 1,000 year low-pass filtered G. tumida 3'8Oy-vc (black). b: G. tumida 8'8Ow-1vc
calculated using 1,000 year low-pass filtered Mg/Ca and unfiltered §'0 (blue) and 1,000 year
low-pass filtered G. tumida 8'®Ow-vc (same as in a) (black). Red horizontal bars in a and b
represent the time step for which average G. tumida '30y.1vc was calculated for the
respective data sets. ¢. Sulu Sea surface ocean to thermocline §'30y, gradient calculated as the
G. tumida 8'0y.vc from low-pass filtered Mg/Ca and G. ruber 3'80y.1vc difference. Vertical
colored bars represent the timing of significant climatic events discussed in the text. HS1:
Heinrich Stadial 1 B/A: Bglling-Allergd YD: Younger Dryas Chronozone. Note that the
timing indicated for Heinrich Stadial 1, the Younger Dryas, and the Bglling-Allergd reflects
the generally accepted age of these events, not necessarily in timing reflected in the Sulu Sea.
For example, the Bglling-Allergd and Younger Dryas Chronozone events in our record are

368 Aelaved relative tna the carreennndino chrann7znnec

369  0.5%o. After 10.9 ka, Sulu Sea thermocline §'80y.vc increased gradually until abruptly

370  increasing by ~ 0.3%o at ~9.5 ka and remaining elevated until ~8.5 ka. This increase in Sulu Sea
371  thermocline 8'%0y-1cv indicates an increase in thermocline salinity that was substantially larger
372  than the muted response in the mixed layer which shows a ~0.1%o increase in G. ruber §'8Oy.1vc
373  ~9.1-8.9 ka (Fig. 3c). Following this period of relatively elevated Sulu Sea thermocline salinity,
374  G. tumida 8"80y.1vc decreases by 0.6%o beginning at ~8.5 ka, indicating a freshening in the Sulu
375  Sea thermocline in the mid-Holocene that continued to the youngest interval of our

376  reconstruction at 5.6 ka.

377

378 4. Discussion

379 4.1 Evidence of NEC Bifurcation Latitude Variability Since the LGM

380 Substantial millennial scale variability in our Sulu Sea G. tumida 8'8Oy.1vc record

381  suggests that the Pacific NEC bifurcation latitude did indeed undergo millennial scale

382  migrations. Elevated low-pass G. tumida 3'®Oy.vc and G. tumida 8'8Oy.1vc calculated from low-
383  pass Mg/Ca indicate that Sulu Sea thermocline salinity experienced a maximum from ~18.8-15.5
384  ka (Fig. 5¢). This maximum is not mirrored in G. ruber §'8Oy.rvc which instead steadily

385 increases during this interval from a minimum at ~20 ka (Fig. 5a), supporting our conclusion that
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precipitation signals are unable to mix to the thermocline and therefore, precipitation variability
was not driving the increase in G. tumida 3'®0y.1vc during the ~18.8-15.5 ka interval. An
argument could be made that lower sea level during this interval affected Sulu Sea thermocline
salinity as it nearly closed the Balbac Strait which has a maximum depth of ~131 m (Fig. 2)
(Sathiamurthy and Voris, 2006; Gordon et al., 2012). However, the deepest modern passage
through the Mindoro Strait is ~440 m, meaning even with a maximum potential LGM sea level
change amplitude of ~118-135 m (Clark and Mix, 2002; Yokoyama et al., 2018), the passage
was still deeper than the depth habitat of G. tumida. The same can be said about the far deeper
and wider Luzon Strait. Rosenthal et al. (2003) do attribute relatively fresh conditions in the Sulu
Sea surface during the LGM to low sea level directing a larger proportion of relatively fresh SCS
outflow into the Sulu Sea by closing the Karimata Strait which is currently ~36 m deep. As the
modern depth habitat of G. tumida is already substantially lower than the depth of the Karimata
Strait, it is unlikely closing the strait would have any influence on G. tumida §'8Oy.vc. Having
ruled out precipitation and sea level as drivers, we attribute the increase in Sulu Sea thermocline
salinity from ~18.8-15.5 ka to a prolonged northward shift of the NEC bifurcation latitude
weakening the Kuroshio and strengthening Luzon Strait and SCS throughflow, confirming that
the NEC bifurcation latitude can experience prolonged millennial scale shifts during colder
climate states. Foraminiferal species assemblage and Mg/Ca data from two sediment cores south
of Japan (Ujiié€ et al., 2016) and sediment provenance studies from the Okinawa Trough (Chen et
al., 2011; Li et al., 2015) are consistent with our interpretation, showing evidence of a weaker
Kuroshio current for the duration of the LGM.

Elevated average unfiltered G. tumida 8'30y.1vc and 8'80u.1vc calculated from low-pass

Mg/Ca during ~12.2-11.5 ka are significantly different from the prior minimum from ~13.0-12.4
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ka and the following minimum after ~11.5 ka at p<0.051 (Fig 5b) (Table A3), indicating that
Sulu Sea thermocline salinity was high during that period. Given that the Luzon Strait and all the
passages between the SCS and Sulu Sea would have been open and that the Karimata Strait was
not open for the duration of these intervals (Sathiamurthy and Voris, 2006; Gordon et al., 2012),
we do not think sea level played any role in modulating Sulu Sea thermocline. Rosenthal et al.
(2003) attribute the concurrent much larger peak in Sulu Sea surface salinity from ~13.8-12 ka to
a reduction in precipitation during the Younger Dryas Chronozone. They attribute the minima in
salinity before and after the Younger Dryas Chronozone to elevated precipitation during the
Bglling-Allergd and early Holocene. These inferred changes in precipitation are all evident in
Chinese speleothem monsoon paleoclimate records. Any precipitation/runoff related salinity
anomalies would easily have been advected at the surface from the SCS to the Sulu Sea with a
closed Karimata Strait (Cheng et al., 2016) (Fig. 6b). As stated earlier however, limitations of
vertical mixing and modern instrumental data suggest the precipitation signal observed in the
Sulu Sea surface could not have mixed to the thermocline to be captured by our G. tumida 330
ve records. Instead, we attribute the maximum in thermocline salinity from ~12.2-11.5 kato a
prolonged northward shift of the NEC bifurcation latitude and the minima in salinity from ~13.0-
12.4 ka and after ~11.5 ka to southward migrations of the NEC bifurcation latitude. These shifts
in the NEC bifurcation latitude would be accompanied by a weakened Kuroshio Current from
~12.2-11.5 ka and a strengthened current from ~13.0-12.4 ka and after ~11.5 ka. Based on
modern precipitation driven Sulu Sea surface salinity variability being larger than modern NEC

bifurcation latitude driven thermocline variability, a reduction in the surface to thermocline
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Figure 6—Comparison of Sulu Sea G. tumida 3'80,.1vc to other regional climate records. a:
G. tumida 3'®0y.-1vc calculated using 1,000 year low-pass filtered Mg/Ca and unfiltered 580
(blue) and 1,000 year low-pass filtered G. tumida 3'80w.-ivc (black). Red horizontal bars
indicate the interval over which average G. tumida 3'80y-vc was calculated b: composite
Chinese speleothem 8'80 record (Cheng et al., 2016) (dark green), Borneo speleothem 330
(Partin et al., 2007) (light green) and pollen-based precipitation estimates from a northern
Chinese lake (Chen et al., 2015) (orange) c¢: interhemispheric temperature gradient (Shakun et
al., 2012) (dark purple) and a compilation of surface §'®Oy.1vc records from the equatorial
Pacific (Gibbons et al., 2014) (light purple) d: northern Australia speleothem §'0 from Ball
Gown Cave (Denniston et al., 2013) (brown) and Brazilian speleothem §'30 from Botuvera
Cave (Wang et al., 2007) (green).

8'80y-1vc gradient when salinity was high from ~12.2-11.5 ka and increases in the gradient when
conditions were relatively fresh from ~13.0-12.4 ka and after ~11.5 ka support out interpretation
that precipitation controlled surface salinity and the NEC controlled thermocline variability (Fig.
5¢).

In agreement with our Sulu Sea thermocline record, Philippine margin thermocline
temperature suggests the NEC bifurcation latitude was shifted north from ~12.2-11.5 ka (Dang et
al., 2012) (Fig. 7) and Okinawa Trough sediment provenance (Cheng et al., 2016) indicates a
weakened Kuroshio current during that interval. Low temporal resolution likely precludes the
Ujiié et al. (2016) Kuroshio strength reconstruction from capturing this event while the event
may be obscured by other controls on sediment provenance in other records (Dou et al., 2010;
Chen et al., 2011; Li et al., 2015).

The largest excursions in our reconstruction of Sulu Sea thermocline §'80,, are the
increasing 6'0 and §'0,, conditions from ~9.5-8.5 ka indicating relatively salty conditions in
the Sulu Sea thermocline followed by a prolonged decrease in §'®0y, and freshening from ~8.5 ka
to the end of the record (Fig. 5¢). The difference in mean value for the 9.5-8.5 ka interval and the
intervals before and after in the unfiltered 3'®Ow-rvc record (Fig. 5a) and §'8Oy.vc calculated

from low-pass filtered Mg/Ca (Fig. 5b) represented by horizontal red bars are statistically
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Figure 7—Comparison of Sulu Sea G. fumida 8'30y.1vc to Philippine margin conditions. a:
G. tumida 8'0y.vc calculated using 1,000 year low-pass filtered Mg/Ca and unfiltered 5'30
(blue) and 1,000 year low-pass filtered G. tumida 3'30y.-1vc (black) b) Philippines margin
thermocline water temperature from Dang et al. (2012). The record is plotted with a 1,000
year low-pass filter in black. Tie points for the age model used in Dang et al. (2012) and
generated in Lin et al. (2006) are shown in black with analytical error.

different at a p-value of <0.05 (Table A3). Linsley et al. (2010) argued that at ~9.5 ka, rising sea

level open the Karimata Strait, which then began to syphon relatively freshwater through the
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strait and away from the Sulu Sea, freshening the Sulu Sea surface. We agree with this
interpretation and attribute steadily increasing Sulu Sea surface salinity beginning at ~9.7 ka to
the opening of the Karimata Strait, but as previously stated, it is unclear how the ~36 m deep
Karimata Strait could affect G. tumida with its substantially deeper depth habitat. As it is clear
precipitation doesn’t mix to the thermocline and furthermore and proximal speleothem-based
precipitation records from China and Borneo don’t show minima from ~9.5-8.5 ka or increase
after ~9.5 ka, we attribute the salinity maximum in the Sulu Sea thermocline from ~9.5-8.5 ka to
a northward shift in the NEC bifurcation latitude and a weakened Kuroshio Current and the
proceeding freshening in the thermocline to a southward shift in the NEC bifurcation latitude and
a weakening Kuroshio. Because only the thermocline responded to these events, opposite to the
salinity variability that occurred from ~13.0-11.5 ka, the increase in thermocline salinity from
~9.5-8.5 ka increased the thermocline gradient and the decrease reduced the gradient.

To our knowledge, similar increases in thermocline salinity during the ~9.5-8.5 ka
interval have not been identified in any other Indo-Pacific thermocline paleo-salinity records (Xu
et al., 2008; Holbourn et al., 2011; Sagawa et al., 2012; Xu, 2014). The limited regional extent of
this salinity event would be consistent with our interpretation that strengthened SCS throughflow
due to a northward shift in the NEC bifurcation latitude decreased Sulu Sea thermocline salinity.
Philippine margin thermocline water cooled at ~9.8 ka (Fig. 7), indicating a northward shift in
NEC bifurcation latitude ~300 years prior to our record (Dang et al., 2012), a small age offset
considering the age model for Philippine margin core MD98-2188 has only three tie points
between 13-3 ka (Fig. 7b) (Dang et al., 2012), while our age model for core MD97-2141 has no

tie points between 10-7.5 ka (Fig.7a). Warming is observed in the Philippine margin core,
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suggesting a southward shift of the NEC bifurcation latitude from ~8-5 ka, again a small age

offset from our record considering age model uncertainties.

4.2 Controls on the NEC Bifurcation Latitude Through Time
4.2.1 The Indo-Pacific ITCZ

Having shown that several millennial scale shifts in the NEC bifurcation latitude have
occurred since the LGM, we seek to determine whether those shifts can be attributed to similar
drivers as shifts in the NEC bifurcation identified in instrumental records and if so, whether there
was a dominant driver. The timing of the inferred northerly position of the NEC bifurcation
during at ~18.5-15.5 ka corresponds approximately to that of Heinrich Stadial 1 (HS1) (17.5-15
ka (McManus et al., 2004)). While HS1 is theorized as a cooling of the North Atlantic in
response to a weakening of the Atlantic Meridional Overturning Circulation (AMOC) (McManus
et al., 2004), several records suggest that in response to Northern Hemisphere cooling, the Indo-
Pacific ITCZ shifted in concert with the global southerly shift of the ITCZ. Sediment core
temperature and SSS compilations show that the Northern Hemisphere cooled on average
relative to the Southern Hemisphere (Shakun et al., 2012) and suggest the ITCZ shifted
southward as a result (Gibbons et al., 2014) (Fig. 6¢). In agreement, speleothems from China
contain evidence of reduced precipitation during HS1 (Cheng et al., 2016), while speleothems
from southern hemisphere sites in Australia and Brazil show increased precipitation (Wang et al.,
2007; Dennison et al., 2013) (Fig. 6b and d). The prolonged southward shift of the ITCZ during
HS1 is reminiscent of the modern southward shifts of the ITCZ that have been shown by
instrumental records to drive northward migrations of the NEC bifurcation latitude through their

modulations of the Indo-Pacific wind field (Wu et al., 2019). We therefore hypothesize that it
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was this shift in the Indo-Pacific ITCZ that drove the northward migration of the NEC
bifurcation latitude at ~18.5-15.5 ka.

Similar Indo-Pacific and global ITCZ variability is observed during the ~13.0-11.5 ka
interval. During the Younger Dryas (12.9-11.6 ka), a weakened AMOC is hypothesized to have
cooled the North Atlantic relative to warmer conditions during the preceding Bglling- Allergd
(14.6-12.9 ka) and after the end of the Younger Dryas when AMOC was stronger (McManus et
al., 2004). Northern and Southern Hemisphere averages of globally distributed paleo-temperature
records (Fig. 6¢) show that the Northern Hemisphere cooled relative to the Southern Hemisphere
(Shakun et al., 2012) during Younger Dryas and the many records suggest the Indo-Pacific and
global ITCZ shifted south in response. For example, Chinese speleothems, northern Chinese
Pollen records (Fig. 6b), and Cariaco Basin down-core percent titanium show decreased
precipitation in the Northern Hemisphere during the Younger Dryas Chronozone, while
Australian and Brazilian speleothems show increased precipitation in the Southern Hemisphere
(Haug et al., 2001; Wang et al., 2004; Wang et al., 2007; Denniston et al., 2013; Chen et al.,
2015; Cheng et al., 2016) (Fig. 6d). Equatorial Pacific SSS compilations (Fig 6¢) show a similar
pattern, demonstrating increased salinity in the Northern Hemisphere relative to the Southern
Hemisphere during the Younger Dryas (Gibbons et al., 2014). We hypothesize that this
southward shift of the Indo-Pacific ITCZ during the Younger Dryas drove a northward migration
of the NEC bifurcation latitude and freshened the Sulu Sea thermocline from ~12.2-11.5 ka.
Relatively fresh conditions and the apparent southerly position of the NEC bifurcation latitude
during the preceding and following intervals can therefore be attributed to the relatively

northerly position of the Ind-Pacific ITCZ.
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There is also evidence that a southward migration of the I'TZ was responsible for the
northward migration of the NEC bifurcation latitude, weakening of the Kuroshio, and increase in
Sulu Sea thermocline salinity from ~9.5-8.5 ka. Several century-scale North Atlantic cooling
events have been observed in Greenland ice core records at 8.2 ka, 9.3 ka, and 9.95 ka
(Rasmussen et al., 2007). Many paleo-precipitation reconstructions have been interpreted to
show short term shifts of the ITCZ including in the Indo-Pacific during these cold intervals
observed in Greenland ice records. For example, speleothem 3'30 precipitation records from
China, Oman, and Brazil show century scale reductions in Northern Hemisphere monsoonal
precipitation and an increase in Southern Hemisphere precipitation during the 8.2 ka event
(Cheng et al., 2009). Chinese speleothems also show a reduction in precipitation at ~9.2 ka
(Cheng et al., 2016) (Fig. 6b). Several other records suggest longer southward shifts of the ITCZ
during this interval. Although the authors argue that any Holocene variability isn’t statistically
significant, equatorial Pacific SSS compilations (Fig. 6¢) indicate decreased precipitation in the
Northern Hemisphere relative to the Southern Hemisphere from ~10-8 ka (Fig. 6¢). Chinese lake
core pollen, and a reduction of paleosol formation in the Chinese Loess Plateau indicate a
precipitation minimum in the Northern Hemisphere from ~9.5-8.5 ka and ~10-9 ka respectively
(Wang et al., 2014; Chen et al., 2015) (Fig. 6¢). These paleo-precipitation reconstructions show
clear evidence that the Indo-Pacific ITCZ was shifted south for at least part of the ~9.5-8.5 ka
interval.

4.2.2 ENSO

ENSO is considered the dominant control on modern interannual NEC bifurcation

latitude and as such, millennial scale changes in the mean state of ENSO or the frequency or

intensity of El Nifio or La Nifia events would likely produce changes in the wind field sufficient
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to shift the NEC bifurcation latitude. However, while there is general consensus on the timing
and direction of meridional shifts of the global and Indo-Pacific ITCZ since the LGM, there less
consensus on the behavior of ENSO (Koutavas et al., 2002; Rein et al., 2005; Koutavas and
Joanides., 2012; Ford et al., 2015; Partin et al., 2015; White et al., 2018). As such, whether
ENSO appears to be driving the NEC bifurcation latitude shifts we observe or the two appear to
vary asynchronously is dependent on our choice of paleo-ENSO records and it is difficult to

identify ENSO as a major driver of NEC bifurcation latitude variability since the LGM.

5. Conclusions

Our analysis of instrumental salinity and sea surface height-based NEC bifurcation
latitude records shows that Sulu Sea thermocline salinity is strongly correlated to the NEC
bifurcation latitude, increasing when the bifurcation is north and freshening when the bifurcation
latitude is south. Our G. tumida 8'30Oy.-1cv based record of Sulu Sea thermocline salinity shows
that NEC bifurcation latitude migrations have occurred on a millennial scale at least since the
Last Glacial Maximum. Our Sulu Sea results indicate that the NEC bifurcation latitude was
positioned further north around the time of HS1 from ~18.8-15.5 ka, during the Younger Dryas
Chronozone from ~12.2-11.5 ka, and during the early Holocene from ~9.5-8.5 ka. The
bifurcation latitude was shifted south during the Bglling-Allergd from ~13.0-12.4 ka, during the
early Holocene ~11.5-10.9 ka and during the mid-Holocene from ~8.5 ka until the end of the
record at ~5.6 ka. Comparison of our paleo-reconstruction of the NEC bifurcation latitude to
other paleoclimate records suggests that the observed millennial-scale NEC bifurcation latitude
variability may have been driven by the same mechanisms that resulted in the interannual

bifurcation latitude variability observed in instrumental records. The most likely driver of the
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millennial-scale shifts in the NEC bifurcation latitude is the Indo-Pacific ITCZ which was shifted
south during HS1, the Younger Dryas, and the 8.2 ka event all when our record suggests the
NEC bifurcation latitude was shifted north. The Indo-Pacific ITCZ was shifted north during the
Bglling-Allergd and early Holocene when our record indicates the NEC bifurcation latitude was
shifted south. There is also some evidence that ENSO contributed to modulating the NEC
bifurcation latitude. Such variability of the NEC bifurcation latitude has the potential to
substantially affect the strength of the Kuroshio Current, northwest Pacific climate, and the

characteristics of the ITF.
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