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Text S1. Sediment cores: regional settings and age models
Core BAR94-24

Sediment core BAR94-24 was collected in 1994 by the N/O Baruna Jaya during the
BARAT cruise. The core site is situated in the southern Andaman Sea, offshore
northwestern Sumatra (6.73°N, 94.83°E; water depth: 2676 m), located within the winter
biological boom zone near the northern entrance of Malacca Strait (Figure 1; Tan et al.,
2006; Lévy et al, 2007). The region experiences seasonal reversals in the surface wind
pattern, transitioning from southwesterly winds in summer to northeasterly winds in winter.
This shift reflects differences in land-sea thermal contrasts and pressure gradients during
summer and winter. The winter northeasterly winds induce coastal upwelling off
northwestern Sumatra and Malacca Strait via Ekman transport, elevating net primary
productivity (NPP) in these areas. These winter winds are tightly linked to the so-called
Northeast Monsoon responsible for increased precipitation across southeast India and Sri
Lanka during early winter (Singh and Sontakke, 1999; Nayagam et al., 2009). Interannual
variability of the Northeast Monsoon exhibits a strong coupling with the Indian Ocean
Dipole (I0OD), whereby more vigorous northeasterly winds accompany positive IOD events
associated with a weaker Indian Ocean Walker circulation (Kripalani and Kumar, 2004;
Prasannaa and Yasunari, 2008).

The age model was established through linear interpolation of 9 AMS ™C ages
obtained from planktonic foraminifera picked from the core and measured for this study
(Table S1). The ™C ages were converted to calendar years using the online software CALIB
(version 8.2; http://calib.org/calib/), applying the MARINE20 calibration curve. A AR value
of -131£31 (Southon et al,, 2002; http://calib.org/marine/) representing the averaged "C
reservoir offset near the core site was applied. Based on the age model, the upper 17-352
cm core section spans ~0.8 to 24 ka, with sedimentation rates ranging from 8 to 20 cm
kyr' (Figure S1). A total of 168 sediment samples within this interval were used to
reconstruct NPP. With sampling every 2 c¢cm, the temporal resolution of the record is
between 100 to 250 years.

Core MD98-2152

Sediment core MD98-2152 was collected by the N/O Marion Dufresne during the
IMAGES-4 cruise in 1998. The core site is located on the southeastern Indian Ocean (6.33°S,
103.88°E; water depth: 1796 m), within the summer biological boom zone off southern
Sumatra (Figure 1; Susanto et al., 2001; Lévy et al,, 2007). The southeastern Indian Ocean
offshore Sumatra experiences seasonally reversal wind, transitioning from southeasterly in
summer and autumn to northwesterly in winter, governed by shifting land-sea thermal
gradients and pressure patterns. During summer-autumn, the southeasterly winds induce
coastal upwelling off southern Sumatra through Ekman transport, elevating NPP in the
region. The southeasterly winds comprise a component of the so-called Southeast
Monsoon, which traverses the equator and interfaces with the Indian Summer Monsoon
(Susanto et al, 2001). Interannual variability in the southeasterly winds over the
southeastern Indian Ocean, as well as fluctuations in NPP, exhibit a strong coupling with



the 10D. During positive 10D events characterized by intensified southeasterly winds
offshore Sumatra and attenuation of the Indian Ocean Walker circulation, observations
indicate elevated NPP in the southeastern Indian Ocean (Lévy et al., 2007; Currie et al.,
2013).

The Holocene (the past 11 kyr) age model has been established by a previous study
(Zhou et al., 2024). The age model of LGM and the last deglaciation was established
through 2 new AMS "C ages measured on planktonic foraminifera abstained by this study
(Table S1). The ™C ages were calibrated to calendar years using a similar approach
aforementioned, but with a AR value of -117+70 (Southon et al., 2002) specific to this core
location. According to the developed age model, the upper 5-393 cm spans ~0.6 to 24 ka
with sedimentation rates ranging from 6 to 57 cm kyr™' (Figure S1). A total of 195 sediment
samples within this section were analyzed to reconstruct NPP. With 2-cm sampling interval,
the temporal resolution is between 35 to 313 years. The Holocene portion of NPP record
of this core has been published previously (Zhou et al., 2024).

Core MD85-666

Sediment core MD85-666 was collected by the N/O Marion Dufresne during the
“Indusom” cruise in 1985. The site is located on the equatorial western Indian Ocean,
offshore East Africa (Figure 1; 0.17°S, 44.27°E; water depth: 3045 m). The equatorial western
Indian Ocean experiences seasonally reversing cross-equatorial winds that transition from
a southerly regime in summer to a northerly flow during winter months. Winds during
both seasons can elevate NPP in this region. In summer, the southeasterly winds south of
the equator have positive wind stress curl and can induce upwelling associated with an
anticyclone, allowing nutrient-rich waters supporting higher NPP to advect northward
(Wiggert et al.,, 2006; Koné et al., 2009). During winter, the northeasterly winds north of the
equator also exert positive wind stress curl, potentially spawning upwelling linked to
another anticyclone that transports NPP-enhanced waters in a southward direction
(Wiggert et al., 2006; Koné et al., 2009).

The age model was established through linear interpolation from 6 AMS C ages
abstained by this study, measured on planktonic foraminifera (Table S1). The "C ages were
calibrated to calendar years using a similar approach aforementioned, but with a AR value
of -198+5 (Southon et al,, 2002). Per the age model, the upper 2-65 cm section of the
core spans ~1.2 to 24 ka, with sedimentation rates ranging from 2 to 3 cm kyr™ (Figure
S1). A total of 32 sediment samples within section were used to reconstruct NPP variability.
With sampling every 2 cm, the temporal resolution of the record is approximately 740 to
922 years.

Core MD98-2178

Sediment core MD98-2178 was collected by the N/O Marion Dufresne during the
IMAGES-4 cruise in 1998. The site is located on the Celebes Sea, offshore Borneo (Figure
1; 3.62°N, 118.70°E; water depth: 1984 m). Located within the core region of IPWP, the
western Celebes Sea offshore Borneo lies near the mouth of Kayan River in Borneo, and
has a near-equatorial locations. These attributes mean both river input nutrients and zonal
wind-driven stratification likely influence the NPP variability. Zhou et al. (2023) show co-
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varying interannual anomalies between satellite-observed surface chlorophyll-a, zonal
winds, and sea surface salinity based on modern observations. As the Kayan River runoff
is small, the river input nutrient is taken as a minor effect on the NPP. Easterly low-level
winds blowing from land can drive coastal upwelling and nutricline shoaling by pushing
seawater offshore. Here, higher NPP corresponds to stronger easterly or weaker westerly
winds (Figure 1). Interannual NPP fluctuations also track ENSO phases, with elevated NPP
during La Nifa events and reduced productivity accompanying El Nifio (Figure 1).

The age model has been established by previous studies (Fan et al., 2013, 2018) based
on 13 AMS ™C ages measured on planktonic foraminifera. Here, we used these “C ages
to calculate new calendar years based on the approach similar to the above core but using
a different AR (-64+70) (Southon et al.,, 2002). According to the age model, the upper
6-1477 cm section spans ~1.7 to 24 ka with sedimentation rates ranging from 34 to 172
cm kyr " (Figure S1). A total of 256 sediment samples within this section were analyzed to
reconstruct NPP. With sampling intervals between 4-10 cm, the temporal resolution
achieved is approximately 23 to 293 years. The Holocene portion of the NPP record from
this core has previously been published in Zhou et al. (2023).

Text S2. Methods: coccolith analysis and SST records
Coccolith analysis

Slides for coccolith analysis were prepared using the “settling” technique (Beaufort et
al., 2014; Duchamp-Alphonse et al., 2018) for cores BAR94-24 and MD98-2152, the “simple
smearing” method for core MD98-2178, and the “drop” technique (Bordiga et al., 2015;
Zhou et al,, 2019) for core MD85-666. For each slide, a total of at least 500 coccolith
specimens was counted using polarized light microscopes (Leica DM600B and Zeiss Scope
AT) at 1,000x magnification. Reproducibility and agreement for getting Fp% of each slide
preparing method have been proven by a previous study (Lupi et al., 2016).

SST records

In total, we used Mg/Ca data from 43 marine sediment cores from the western
equatorial Indian Ocean (WEIO), eastern equatorial Indian Ocean (EEIO), western
equatorial Pacific (WEP), central equatorial Pacific (CEP), and eastern equatorial Pacific (EEP)
(Table S2; Figure S2). For each SST record, we first obtained the anomalies (SSTA) by
subtracting mean values over the early-middle Holocene (EMH; 10-6 ka) following as
Dang et al. (2020). Then, all the SST records were linearly interpolated at a regular 0.2 kyr
time-interval. The stack curves of SSTA were created by calculating the mean values of
different cores at the same ages (Figure S2).

As the SST records from the CEP are sparse and discontinuous in time-series, it is
inappropriate to do the stacking for these records. Instead, we operated polynomial fit for
these SST values of these records. Then, the SST fit curve was subtracted by mean values
over the EMH (10-6 ka) to get the SSTA curve. This strategy was also operated for the
other regions (Figure S2). We can see that the equatorial pattern SST values of the fit curves
at 0 ka is nearly consistent with that of the observation (Figure S2). The SST in the WEIO is
lower than in the EEIO. The SST in the Pacific decreases from the WEP to EEP.



The LGM cooling is quantified by the SSTA difference between LGM (23-19 ka) and
late-Holocene (LH; 3-0 ka). As the LH data from CEP are sparse, the cooling is also
quantified by the SSTA difference between LGM and EMH.

Text S3. Interpretations on Mg/Ca-temperature of Pulleniatina obliquiloculata

Based on previous studies on sediment trap time-series and surface sediments, the
calcification depth of P. obliquiloculata has been estimated at about 75 m (Mohtadi et al,,
2009, 2011). In the sediment trap off Java, the calcification temperatures of G. ruber and P.
obliquiloculata estimated by 80 show seasonality (Figure S7). During the upwelling
season (summer-autumn), the calcification temperatures of these two species get closer
(Figure S7). Dang et al. (2018) used surface sediments to reconstruct the apparent
calcification depth of P. obliquiloculata through comparing the foraminifera §0 to the
precipitated inorganic carbonate §'®0 (converted from seawater temperature and salinity).
Their results show that the calcification depth of P. obliquiloculata has strong seasonality
in seasonal coastal upwelling zones, such as the regions offshore southern tip of India and
Java (Figure S7). The depth gets shallower during the upwelling seasons. All these facts
imply a limitation of the interpretation of ATs,-po under the “75 m” assumption (see section
3.2 in the main text). A smaller ATs—p, might not indicate a smaller temperature difference
between the mixed-layer and 75 m under a deeper thermocline. Instead, it might reflect
getting closer calcification depths of G. ruber and P. obliquiloculata under a stronger
upwelling corresponding to a shallower thermocline (Figure S7).

However, the interpretation of ATsrp, under the “75 m” assumption is supported by
the study on surface sediments offshore Sumatra and Java (Mohtadi et al., 2011). The
averaged ATer-po in the upwelling core-region is larger than those in the upwelling edge
and the non-upwelling region. Therefore, we cannot finally deny that the “75 m”
assumption is workable for the comparison between LGM and present, but the “variable
depth” assumption has more agreements with our reconstruction on NPP and other proxy
evidence (see section 3.2 in the main text).
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Figure S1. Age-depth relationships of the 4 studied cores (Table S1). The dots mark the
calendar age medians. The error bars mark the calendar age 20.
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Figure S2. (a) Locations of the published Mg/Ca-SST records in the equatorial regions
(Table S2). (b) SST, SSTA records and the SSTA stacks (Text S2). (c) Polynomial fitting of
SST records. (d) Modern SST in the equatorial (10°S-10°N) region (blue curve) and the SST
of polynomial fitting at O ka (red points). Modern SST data is from NOAA OI SST V2 (1992-
2019; https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html).
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Figure S3. Changes between LGM and Pl simulated by AWI-ESM. (a) Seasonal mean
vertical velocity averaged over the upper 100 m seawater (unit: cm day™). The green dots

mark the core locations of NPP reconstruction. (b) Annual and seasonal mean sea surface

temperature (SST; unit: °C), and standard deviation (SD) of seasonal SST.
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Table S1. Radiocarbon (**C) and calibrated ages of the 4 studied cores. Calendar years are
the years before 1950 AD. AR used for the calendar year calibration are averages of C
reservoir offsets of sites near the core locations (Southon et al, 2002;
http://calib.org/marine/). G. ruber = Globigerinoides ruber; G. sacculifer = Globigerinoides
sacculifer.

BARY94-24 (AR =-133 £ 31)

Depth . 1C age 1C age Calende-1r Calendar age Calendar age
(cm) Materials 1) error (y1) 14C age source age (r;l:)dlan lower 20 (yr)  upper 26 (y1)
17 G. ruber 1240 35 This study 760 631 912
37.5 G. ruber 2335 30 This study 1942 1764 2119
65.5 G. ruber 3830 35 This study 3779 3585 3969
86 G. ruber 5040 40 This study 5346 5140 5535
137 G. ruber 8450 50 This study 9033 8797 9259
164 G. ruber 10930 50 This study 12429 12165 12628
210 G. ruber + G. sacculifer 13800 60 This study 15997 15717 16267
300 G. ruber + G. sacculifer 18340 90 This study 21444 21058 21815
390 G. ruber + G. sacculifer 22420 130 This study 25908 25627 26256
MD9Y98-2152 (AR = -117+£70)
Depth . 1C age 1C age Calende-1r Calendar age Calendar age
(cm) Materials 1) error (y1) 14C age source age (r;l:)dlan lower 20 (yr)  upper 26 (y1)
1 G. ruber + G. sacculifer 960 30 Zhou et al. (2024) 511 323 661
21 G. ruber + G. sacculifer 1360 30 Zhou et al. (2024) 859 670 1056
41 G. ruber + G. sacculifer 1820 30 Zhou et al. (2024) 1336 1137 1536
78.5 G. ruber + G. sacculifer 2440 30 Zhou et al. (2024) 2056 1828 2297
118.5 G. ruber + G. sacculifer 4540 30 Zhou et al. (2024) 4688 4431 4910
198.5 G. ruber + G. sacculifer 7640 30 Zhou et al. (2024) 8042 7838 8258
238.5 G. ruber + G. sacculifer 8280 30 Zhou et al. (2024) 8772 8520 9009
318.5 G. ruber + G. sacculifer 12490 30 Zhou et al. (2024) 14052 13769 14370
359.5 G. ruber + G. sacculifer 15990 60 This study 18601 18277 18843
398.5 G. ruber + G. sacculifer 21270 100 This study 24712 24301 25079




(Continued)

MD85-666 (AR = -98 £ 5)

Depth . 1C age 1C age Calende-1r Calendar age Calendar age

(cm) Materials 1) error (y1) 14C age source age (r;l:)dlan lower 20 (yr)  upper 2 (y1)
4.5 G. ruber + G. sacculifer 2300 30 This study 1855 1699 2004
13.5 G. ruber + G. sacculifer 4520 30 This study 4649 4480 4818
28.5 G. ruber + G. sacculifer 10405 35 This study 11568 11342 11793
43.5 G. ruber + G. sacculifer 13980 45 This study 16184 15944 16432
58.5 G. ruber + G. sacculifer 18590 70 This study 21728 21403 22010
78.5 G. ruber + G. sacculifer 24100 130 This study 27512 27235 27769

MD98-2178 (AR = -64 £ 70)

Depth . “Cage  "Cage Calende-1r Calendar age  Calendar age

(cm) Materials 1) error (y1) 14C age source age (r;l:)dlan lower 20 (yr)  upper 2 (y1)
6 G. ruber 2210 40 Fan et al. (2013) 1707 1473 1946
132 G. ruber 3400 30 Fan et al. (2013) 3168 2924 3389
230 G. ruber 4665 30 Fan et al. (2013) 4777 4522 5027
381 G. ruber 5965 35 Fan et al. (2013) 6257 6018 6469
441 G. ruber 7470 40 Fan et al. (2013) 7810 7608 8002
592 G. ruber 8745 50 Fan et al. (2013) 9302 9049 9513
701 G. ruber 9675 55 Fan et al. (2013) 10493 10208 10778
741 G. ruber 10370 55 Fan et al. (2013) 11469 11194 11785
881 G. ruber 11885 80 Fan et al. (2013) 13271 13024 13525
981 G. ruber 13040 70 Fan et al. (2018) 14896 14468 15238
1021 G. ruber 14580 80 Fan et al. (2018) 16899 16555 17245
1291 G. ruber 18470 120 Fan et al. (2018) 21521 21057 21950
1540 G. ruber 22340 180 Fan et al. (2018) 25774 25325 26211




Table S2. List of published Mg/Ca-SST records

Core ID Region Latitude Longitude Reference
GeoB12610-2 WEIO -4.82 39.42 Rippert et al., 2015
GeoB12615-4 WEIO -7.14 39.84 Romahn et al., 2014
SO189-119KL EEIO 3.52 96.31 Mohtadi et al., 2014
SO189-39KL EEIO -0.79 99.91 Mohtadi et al., 2014
GeoB10029-4 EEIO -1.49 100.13 Mohtadi et al., 2010
GeoB10038-4 EEIO -5.94 103.27 Mohtadi et al., 2010
SO139-74KL EEIO -6.54 103.83 Wang et al., 2018

MD98-2161 WEP -5.21 117.48 Fan et al., 2018
MD98-2162 WEP -4.68 117.90 Visser et al., 2003
GIK18519 WEP -0.57 118.11 Schroder et al., 2018
GIK 18526 WEP -3.61 118.17 Schroder et al., 2018
MD98-2178 WEP 3.62 118.70 Fan et al., 2018
GIK18522 WEP 1.40 119.08 Schroder et al., 2018
GIK18515 WEP -3.63 119.36 Schroder et al., 2016
GIK 18540 WEP -6.87 119.58 Schroder et al., 2018
MD98-2181 WEP 6.45 125.83 Stott et al., 2002
MD10-3340 WEP -0.52 128.72 Dang et al., 2020
MDO01-2386 WEP 1.13 129.79 Jian et al., 2020
MDO01-2176 WEP -5.00 133.45 Stott et al., 2007
ML1208-37BB CEP 7.04 -161.63 Monteagudo et al., 2021
ML1208-37BB/39MC CEP 6.83 -161.04 Monteagudo et al., 2021
ML1208-06BB CEP 6.41 -161.01 Monteagudo et al., 2021
ML1208-34BB CEP 5.62 -160.79 Monteagudo et al., 2021
ML1208-29MC CEP 2.97 -160.77 Monteagudo et al., 2021
ML1208-09MC CEP 6.40 -160.77 Monteagudo et al., 2021
ML1208-35BB CEP 6.67 -160.73 Monteagudo et al., 2021
ML1208-32BB/33MC CEP 5.20 -160.43 Monteagudo et al., 2021
ML1208-31BB CEP 4.68 -160.05 Monteagudo et al., 2021
ML1208-27BB CEP 2.77 -159.29 Monteagudo et al., 2021
ML1208-28BB CEP 2.97 -159.20 Monteagudo et al., 2021
ML1208-11GC CEP 1.47 -157.58 Monteagudo et al., 2021
ML1208-20BB/11GC CEP 1.27 -157.26 Monteagudo et al., 2021
ML1208-19GC CEP 0.83 -156.87 Monteagudo et al., 2021
ML1208-18GC CEP 0.59 -156.66 Monteagudo et al., 2021

ML1208-15GC CEP 0.16 -156.12 Monteagudo et al., 2021




(Continued)

ML1208-13BB/14MC
ODP1240
TR163-22
TR163-19

V21-30
CD38-17P
MEO0005A-43JC

ODP1242

CEP

EEP

EEP

EEP

EEP

EEP

EEP

EEP

-0.22

0.02

0.52

2.26

-1.22

-1.60

7.86

7.86

-155.96

-99.54

-92.40

-90.95

-89.68

-89.57

-83.61

-83.61

Monteagudo et al., 2021
Pena et al., 2008
Lea et al., 2006
Lea et al., 2000
Koutavas and Joanides, 2012
Sadekov et al., 2013
Benway et al., 2006

Benway et al., 2006




Table S3. List of PMIP4 models

Model

Atmospheric resolution

Model reference

(latxlon)
AWI-ESM-1-1-LR 96x192 Sidorenko et al. (2015)
CESM2-FV2 96x144 Zhu et al. (2022a)
CESM2-WACCM-FV2 96x144 Zhu et al. (2022b)
INM-CM4-8 120x180 Volodin et al. (2018)
MIROC-ES2L 64x128 Hajima et al. (2020)
MPI-ESM1-2-LR 96x192 Mauritsen et al. (2019)
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