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Abstract This study investigates how the convection over the Indo-Pacific Warm Pool responds to the Last
Glacial Maximum conditions. Paleoproductivity records that can indicate seasonal wind dynamics are
combined with modeling data. Seasonal southeasterly and northeasterly winds off Sumatra are both
strengthened, meanwhile, anomalous westerly winds occur over the western Celebes Sea. This reflects a zonal
“tripole” pattern of the changed convection that is weakened over the exposed Sunda and Sahul shelves and
strengthened over the eastern equatorial Indian Ocean and western equatorial Pacific. Model results suggest that
lower sea levels and larger ice sheets are responsible for these changes. Coupled with the changed atmospheric
circulation, a positive Indian Ocean Dipole-like mean state forms in the Indian Ocean. The Pacific likely

PR

exhibits an “eastern Pacific La Nifia”-like superposed by a “central Pacific El-Nifio”-like mean state. Under

such configuration, the Indian Ocean Dipole and El Nifio-Southern Oscillation variability probably strengthen.

Plain Language Summary Today, the atmospheric circulation over the Indo-Pacific Warm Pool
exhibits strong convective updraft and heavy precipitation. In this study, we found evidence that the response of
this atmospheric convection to Last Glacial Maximum conditions may have exhibited spatial variability,
weakening in the central part associated with exposed Sunda shelf, but strengthening to the east and the west.
This interpretation is proven by both, marine paleoproductivity records interpreted as indicators of seasonal
surface wind intensity, and paleoclimate modeling. As the Last Glacial Maximum featured cooler temperatures
and lower greenhouse gas concentrations than present, these findings provide new insight into future projections
under anthropogenic increase of greenhouse gas. However, lower greenhouse gases were not the only difference
during the LGM compared to today. Using numerical simulations, we evaluated the effects of individual forcing
factors such as changed insolation, more extensive ice sheets, lower sea level, and lower greenhouse gases.
Results suggest the expanded ice sheets and reduced sea level were primary drivers of the atmospheric
convection shift over the warm pool, rather than the greenhouse gas reduction alone. Together with the change
in atmospheric convection, positive-like Indian Ocean Dipole and La Nifia-like conditions might occur over the
Indian and Pacific Oceans, respectively.

1. Introduction

The atmospheric convection over the Indo-Pacific Warm Pool (IPWP) results in heavy rainfall (>2,000 mm per
year) over the so-called Maritime Continent (Indonesian archipeago) (De Deckker, 2016). This region forms a
key component of the Walker circulation, which sustains zonal atmospheric cells over the equatorial Indian and
Pacific Oceans. Interannual changes in [IPWP convection are closely linked to the Indian Ocean Dipole (I0OD) and
El Nifio-Southern Oscillation (ENSO) dynamics, and hence to anomalous zonal variations in sea surface tem-
peratures over the equatorial Indian and Pacific Oceans (Chang et al., 2004; Hendon, 2003; Hendrawan
etal., 2019; Saji & Yamagata, 2003; Supari et al., 2018; Yin et al., 2020). It has been shown that anomalous states
of these coupled atmosphere-ocean systems can have far-reaching impacts. For instance, a reduction in IPWP
convection, coupled with positive IOD modes and/or La Nifia events, can lead to extreme rainfall events with
devastating consequences as far as Eastern Africa and Western America (Conway et al., 2007; Marchant
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et al., 2006; Ropelewski & Halpert, 1986; Tedeschi et al., 2013). Given the role of IPWP convection in shaping
tropical climates, it is imperative to deepen our understanding of its dynamics in conjunction with IOD and ENSO
patterns, particularly in the context of ongoing global warming. As future projections heavily depend on earth
system models, it is also important to evaluate models' ability to accurately replicate climate features and sen-
sitivities to changed boundary conditions. The Last Glacial Maximum (LGM; 23—19 ka), characterized by more
extensive ice sheets, lower sea level, and reduced greenhouse gases compared to preindustrial times, serves as a
key benchmark within the Paleoclimate Modeling Intercomparison Project (PMIP; Braconnot et al., 2012;
Kageyama et al., 2018). The transition from the LGM to the Holocene represents a natural warming phase, and the
climatic effects of this transition can be reconstructed using paleoclimatic data together with numerical
simulations.

Many studies have previously focused on hydroclimate conditions in regions influenced by the Walker circulation
to reconstruct past changes in IPWP convection (e.g., Carolin et al., 2013; DiNezio et al., 2018; DiNezio &
Tierney, 2013; Niedermeyer et al., 2014; Partin et al., 2007; Ruan et al., 2019; Wurtzel et al., 2018; Yu
et al., 2023). While proxy records provide valuable local to regional insights into climate changes, numerical
simulations can depict large-scale atmospheric circulation patterns, and proxy-model comparisons have been
widely used in this region to better interpret paleoclimate changes (Chevalier et al., 2017; DiNezio et al., 2018;
DiNezio & Tierney, 2013; Mohtadi et al., 2017; Zhou et al., 2023). However, significant discrepancies persist
among studies, particularly when dealing with the LGM (e.g., Brierley et al., 2023; DiNezio & Tierney, 2013;
Mohtadi et al., 2017). On the one hand, based on hydroclimate proxies and outputs from the HadCM3 and
CESM1.2 models, DiNezio and Tierney (2013) and DiNezio et al. (2018) have suggested a weakened IPWP
convection, accompanied by a reduced Indian Ocean Walker circulation and a positive IOD-like mean state. On
the other hand, Mohtadi et al. (2017) have argued for an intensification of the Indian Ocean Walker circulation,
with a negative IOD-like mean state, according to paleo-thermocline records from the eastern equatorial Indian
Ocean (EEIO) and results of the CCSM3 and FGOALS-g1.0 models. In the Pacific, Koutavas and Joanides (2012)
and Dang, Jian, et al. (2020) have documented an El Nifio-like mean state, based on sea surface temperature (SST)
reconstructions from the western (WEP) and eastern equatorial Pacific (EEP). In contrast, a more recent study
focusing on SST records has argued for La Nifia-like mean states during glacial periods (Zhang et al., 2023). None
of these studies took into account SST changes in the central equatorial Pacific (CEP), despite their key role in
defining El Niflo/La Nifia conditions. Monteagudo et al. (2021) have highlighted this gap, reporting weaker
cooling in the CEP compared to the WEP and EEP, and suggesting non-monotonic anomalous SST gradient aross
the equatorial Pacific. Moreover, there is limited consensus among PMIP modeling results regarding changes in
the SST zonal gradient and the Walker circulation over the Pacific (Brown et al., 2020; DiNezio et al., 2011; Tian
& Juang, 2019). Beyond the hydroclimate and SST reconstructions, relatively few studies have aimed at directly
reconstruct atmospheric dynamics (Bassinot et al., 2011; Mohtadi et al., 2017; Zhou et al., 2024).

Atmospheric dynamics can be inferred from preserved evidence of the impact that surface winds exert on upper
seawater properties. In specific environments, such as coastal upwelling systems, stronger winds shoal the
thermocline and the nutricline, enhance the delivery of nutrients from intermediate/deep layers into the sunlit
near-surface, and increase the net primary productivity (NPP) (McCreary et al., 2009). Weaker winds have the
reverse effect. Consequently, variations in past wind intensity can be deduced from reconstructed NPP (e.g.,
Liickge et al., 2009; Zhou et al., 2024). In tropical oceans, the abundance of the deep-dwelling coccolithophore
Florisphaera profunda is directly linked to the nutricline dynamics (Molfino & Mclntyre, 1990), and serves as a
powerful proxy for reconstructing NPP (Beaufort et al., 1997; Herndndez-Almeida et al., 2019). It is suggested to
be insensitive to SST changes but highly responsive to wind-driven processes, such as mixing and upwelling
(Hernandez-Almeida et al., 2019), and has proven to be particularly effective in the equatorial Indian Ocean and
the IPWP region (e.g., Zhou et al., 2023, 2024).

This study aims to investigate how IPWP convection may have been modified under LGM conditions and its
linkage to the altered IOD and ENSO patterns. Changes in IPWP convection are reconstructed through seasonal
wind dynamics inferred from NPP records. Two NPP reconstructions from coastal upwelling regions off Sumatra,
influenced by the IOD, are expected to capture seasonal wind patterns (Figure 1). Indeed, summer-autumn
southeasterly winds off southern Sumatra and winter northeasterly winds off northern Sumatra are known to
specifically pull out deep-layer waters to the surface and increase NPP. Modern observations and modeling
indicate that NPP in these regions anomalously increases under positive IOD events, when the seasonal winds
driving upwelling strengthen (Currie et al., 2013; Lévy et al., 2007; Wiggert et al., 2009; Figure 1). One NPP
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Figure 1. (a) Geography setting and bathymetry (GMRT4.2; Ryan et al., 2009) of the study area. Locations of sites for net primary productivity (NPP) reconstructions are
marked by red dots. The blue contour lines highlight the —120 m level, which approximately corresponds to the coastlines during the LGM. The abbreviations are as
follow: WEIO = Western equatorial Indian Ocean; EEIO = Eastern equatorial Indian Ocean; WEP = Western equatorial Pacific; SDS = Sunda shelf; SHS = Sahul
shelf. (b) Seasonal mean (years 2003-2020) NPP (¢C m~2 yr~") and surface wind (m s~"). (c) 3-point moving averages of monthly NPP anomaly (2C m~2 yr™") from
years 2003 to 2020 in four regions in the equatorial Indian Ocean, that is, offshore northern Sumatra (5°N—7°N, 91°E—98°E), offshore southern Sumatra (5°S—10°S,
101°E—106°E), in the western western equatorial Indian Ocean (3°N—3°S, 42°E—48°E), and the western Celebes Sea (2°N—4°N, 118°E—119°E); Difference of NPP
anomaly between southern Sumatra and WEIO; The Dipole Mode Index (DMI; Saji et al., 1999) and Ocean Nifio index (ONI; https://svs.gsfc.nasa.gov/30847/).
(d) Seasonal cycles of NPP, northeasterly (NE), southeasterly (SE), and westerly (W) winds over aforementioned regions of climatological (years 2003-2020) and
Indian Ocean Dipole/El Nifio-Southern Oscillation years. The gray bars mark the upwelling seasons. NPP was calculated by the standard VGPM model based on the
MODIS chlorophyll-a concentration data (Behrenfeld & Falkowski, 1997). NPP data are from the “Ocean Productivity” website (http://sites.science.oregonstate.edu/
ocean.productivity). Wind data are from the ERAS5 reanalysis data sets (Hersbach et al., 2020).

reconstruction from the western equatorial Indian Ocean (WEIO) is compared to the eastern records to examine
potential zonal gradients associated with IOD-like mean states (Figure 1). At last, one NPP record from the
western Celebes Sea, close to the equator and influenced by ENSO, is expected to be sensitive to changes in the
zonal wind pattern (Figure 1). It appears indeed, La Nifia conditions associated with stronger westerly winds,
increase NPP in this region (Figure 1; Zhou et al., 2023). In complement, SST reconstructions from the equatorial
Indian and Pacific Oceans are revisited, and together with the 4 aforementioned NPP, they are compared to at-
mospheric and oceanic outputs from LGM experiments conducted using 6 PMIP4 models (Kageyama
etal., 2017), to evaluate changes in IPWP convection, as well as IOD and ENSO patterns. Sensitivity experiments
run with AWI-ESM-1-1-LR (termed AWI-ESM in the following) also help isolating the individual effects of
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altered orbital parameters, expanded ice sheets, lower sea levels, and reduced greenhouse gas concentrations,
respectively (Shi et al., 2023).

2. Materials and Methods
2.1. Reconstruction of Net Primary Productivity

NPP is reconstructed based on the relative abundance of the coccolith specie F. profunda (Fp%) for 4 well dated
sediment cores from equatorial oceanic regions influenced by seasonal winds and IOD/ENSO events (Figure 1;
Text S1, Table S1, and Figure S1 in Supporting Information S1), according to the empirical equations obtained by
Hernadndez-Almeida et al. (2019). For cores BAR94-24, MD98-2152, and MD85-666 collected in the tropical
Indian Ocean, the following equation is used:

NPP = [1037-000F%)] 5 365 /1000.
For core MD98-2178 collected in the western Pacific, the following one is used:
NPP = 10780095 5 365 /1000.

The unit of NPP is grams of carbon per meter square per year (2C m~2 yr™'). Fp% is calculated as follow: Fp
% = 100 X (Fp number/total coccolith number). The errors (1o) of Fp% calculated following the method of
Patterson and Fishbein (1989) have an average of +2%.

2.2. Sea Surface Temperature Records

It has been shown that the Mg/Ca ratio of foraminifer shells reflects their growth temperature (Anand et al., 2003;
Cléroux et al., 2008; Elderfield & Ganssen, 2000; Lea, Elderfield, & Wilson, 2000; Lea, Pak, & Spero, 2000). We
compile Mg/Ca data from planktonic foraminifera Globigerinoides ruber in the equatorial (10°N—10°S) regions
obtained by previous studies, to evaluate regional differences in the LGM cooling (Text S2, Table S2 and Figure
S2 in Supporting Information S1). Following Anand et al. (2003), the Mg/Ca values are converted into SST by

Mg/Ca = 0.038 x e*0SST

where Mg/Ca is in mmol mol ™! and SST is in °C. We only consider the records that continuously cover the period
from LGM to late-Holocene to get regional averaged SST changes by stacking the records (Dang, Jian,
et al., 2020). However, as no continuous record is available in the CEP, polynomial fitting is used to get the mean
variation trends. It is noteworthy that the SST of polynomial fitting at O ka over the equatorial regions are
comparable to observed values (Text S2 and Figure S2 in Supporting Information S1).

2.3. Paleoclimate Models and Simulations

We leverage preindustrial (PI) and LGM experiments that are in the framework of the CMIP6 and PMIP4
projects. Available outputs of 6 model running LGM experiment are analyzed (Table S3 in Supporting Infor-
mation S1). Set-ups of boundary conditions in these experiments can be found in Eyring et al. (2016) and
Kageyama et al. (2017). To explore the effects of single forcing factors during the LGM, we rely on results of
sensitivity experiments performed with AWI-ESM, following the PMIP4 protocol (Kageyama et al., 2017; Shi
etal., 2023): (a) the LGM_G, in which all boundary conditions are set to the LGM except for the greenhouse gases
that are the same as for PI; (b) the LGM_I, in which all boundary conditions are set to LGM except the ice sheets
that are the same as for PI; (c) the LGM_O, in which all boundary conditions are set to LGM, except the orbital
parameters that are the same as for PI; (d) the LGM_GI, in which all boundary conditions are set to LGM except
the greenhouse gases and ice sheets that are the same as for PI. With these sensitivity experiments, we can get the
changes due to single forcing:

60RB = LGM - LGM_O (Due to altered orbital parameters)

6GAS = LGM - LGM_G (Due to lower greenhouse gases)
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SICE = LGM — LGM_I (Due to larger ice sheets)

6GAS_ICE = LGM - LGM_GI (Due to lower greenhouse gases and larger ice sheets).

The residual change, excluding the effects of altered orbital parameters, lower greenhou gases, and larger ice
sheets, is calculated as:

SRES = (LGM — PI) — (SORB + 6GAS_ICE).

The northeasterly (NE) and southeasterly (SE) wind intensities off northeastern and southeastern Sumatra
respectively, are calculated for comparisons with reconstructed surface winds based on NPP records from cores
BAR94-24 and MD98-2152 as follow:

NE = [-1XUX cos(45°)] + [— 1 X V X cos(45°)];

SE=[—1XxUX cos(45°)] + [V X cos(45°)],

where U and V are the zonal and meridional wind speeds.

3. Results and Discussion
3.1. The Changed IPWP Convection and Glacial Forcing

Reconstructed NPP are 27% and 16% higher (student's #-test [p < 0.01]) at MD98-2152 and BAR94-24 during the
LGM compared to the late-Holocene (Figure 2). These increases can be directly interpreted as evidence of
strengthened summer-autumn southeasterly and winter northeasterly winds off southern and northern Sumatra,
which is in agreement with Huang et al. (2024) that have recently documented increased precipitation seasonality
over Sumatra and Java. Similarly, the 17% higher NPP during the LGM (student's #-test's [p < 0.01]) recorded by
MD98-2178 indicates a strengthened westerly wind component (or weakened easterly wind component) over the
western Celebes Sea in autumn-winter (Figure 2). Overall, the magnitude of these NPP increases during the LGM
is comparable to that observed during modern positive IOD and La Nifia years. Only at site MD98-2152 the NPP
increase is lower. This is probably because of the influence of oligotrophic specimens in the coccolith assem-
blages, as this core has been retrieved in a more open oceanic environment.

Among the 6 PMIP4 models, only AWI-ESM concurrently simulates all the strengthened seasonal winds deduced
from the aforementioned NPP records (Figure 3a). These simulated winds are associated with enhanced seasonal
upwelling (Figure S3 in Supporting Information S1), indicating well proxy-model agreement and testifying for
the superior performance of this model (Figure 3). CESM2-FV2 and CESM2-WACCM-FV2 simulate
strengthened southeasterly and westerly winds but they do not reproduce strengthened northeasterlies (Figure 3a).
Conversely, INM-CM4-8 simulates strengthened northeasterly and westerly winds but not southeasterlies
(Figure 3a). Results of AWI-ESM are absent in MPI-ESM1-2-LR, although both models sharing the same
components except for the oceanic one. A key distinguishing feature of AWI-ESM is its high-resolution un-
structured oceanic meshes (Shi, Lohmann, et al., 2020; Sidorenko et al., 2015). One possible reason for the
differences between AWI-ESM and MPI-ESM lies in the oceanic component used in the coupled model. The
unstructured oceanic meshes in AWI-ESM may be particularly advantageous for simulating near-coastal pro-
cesses and dynamics in regions with narrow straits, such as the Maritime Continent.

In AWI-ESM, the strengthened southeasterly and northeasterly winds off Sumatra are driven by anomalous high
sea level pressure (SLP) during summer-winter over the northeastern and southeastern Indian Ocean, respectively
(Figure S4 in Supporting Information S1). Strengthened westerly winds over western Celebes Sea are caused by
the anomalous SLP gradient during autumn and winter between Maritime Continent and the western Pacific
(Figure S4 in Supporting Information S1). Altogether, these configurations result in annual mean easterly winds
over the EEIO and westerly winds over the WEP (Figure 3c). Accompanying the changes in surface winds, the
vertical atmospheric movement over the IPWP exhibits a pattern with spatially differentiated changes: the
convection is reduced over the Sunda and Sahul shelves and enhanced over the EEIO and WEP (Figures 3b and
3c). As such, the changes in [IPWP convection displays a “tripole” pattern in the equatorial region, which is tightly
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Figure 2. (a, ¢, f, g, k) Site locations and reconstructed net primary productivity (NPP) of the 4 studied cores. The black lines on (a) indicate the LGM coastlines. The
Holocene data of MD98-2152 and MD98-2178 have been shown in Zhou et al., 2023, 2024. The red and black lines on mark the averages and 1c of the LGM (23—19 ka)
and late-Holocene (3—0 ka) values. The bar charts of (b, ¢, d) mark the percentage of increase in annual mean NPP, concerning the differences between LGM and late-
Holocene, and between positive Indian Ocean Dipole/La Nifia years and climatological mean (Figure 1). (h) The sea surface temperature (SST) anomaly stacks of
western equatorial Indian Ocean (WEIO) and eastern equatorial Indian Ocean (EEIO) records. (i) The polynomial fits of WEIO and EEIO SST records. (j) Difference of
temperature between estimations of G. ruber and P. obliquiloculata Mg/Ca ratios in the eastern Indian Ocean (Mohtadi et al., 2017). (i, m) As (h, i) but for Pacific
records. (n) As (j) but for the western Pacific (Fan et al., 2018).

linked to two anomalous zonal circulation cells located over the EEIO and WEP, respectively (Shi et al., 2023;
Figures 3b and 3c). This tripole pattern is a unique result produced by AWI-ESM, distinguishing it from other
models (Figure S5 in Supporting Information S1). It also differs from the “dipole” one under the mid-Holocene
conditions, which is characterized by reduced convection over the WEP and enhanced convection over the EEIO,
and driven by altered tropical insolation (Zhou et al., 2023). The dipole pattern results in anomalous “trans-ocean”
easterly winds blowing from the WEP to EEIO, which can drive reversed changes in NPP at sites MD98-2152 and
MD98-2178 over the Holocene (Figures 2f and 2k).

Sensitivity experiments conducted with AWI-ESM indicate that the changed IPWP convection and the anoma-
lous zonal winds over the EEIO and WEP are primarily driven by the presence of larger ice sheets and residual
changes (Figure 3c), while the effects of altered orbital parameters and lower greenhouse gases are of minor
importance (Figure S6 in Supporting Information S1). Beyond the forcing of ice sheets, greenhouse gases and
orbital parameters, the only significant difference between the LGM and PI experiments lies in the land-sea mask
associated with the glacial drop in sea level (Kageyama et al., 2017; Shi et al., 2023). Therefore, the residual
changes can be primarily attributed to the lower sea level and to the associated land exposure. Specifically, larger
ice sheets generate anomalous westerly winds during autumn-winter over the WEP, that contribute to the for-
mation of the eastern zonal circulation cell. In contrast, the lower sea level causes anomalous easterly winds from
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summer to winter over the EEIO, that promote the western zonal circulation cell (Figure 3; Figure S4 in Sup-
porting Information S1). Glacial sea level changes are thought to have a substantial impact on the [IPWP climate
(Dang, Wu, et al., 2020; DiNezio & Tierney, 2013; Wu et al., 2013). Particularly, Di Nezio et al. (2016) have
emphasized the role of exposed Sunda and Sahul shelves, akin to the enhanced Bjerknes feedback, on driving the
anomalous cooling and (south-) easterly winds in the (south-) eastern Indian Ocean. Their findings, based on
sensitivity experiments run with CESM1.2, are consistent with those of AWI-ESM, which also show anomalous
high SLP over the Maritime Continent and eastern Indian Ocean from summer to winter (residual changes in
Figure 3; Figure S4 in Supporting Information S1).

For the Indian Ocean, it appears that CESM1.2, CESM2-FV2 and CESM2-WACCM-FV2 simulate anomalous
easterly winds off Sumatra extending to the WEIO (Di Nezio et al., 2016, 2018; Figure 3a), whereas AWI-ESM
confines these winds to the EEIO. Additionally, the CESM models simulates anomalous southeasterly winds,
rather than northeasterly winds, in contrast to the northeasterly winds simulated by AWI-ESM. Notably, AWI-
ESM sensitivity experiments highlight the role of expanded ice sheets in modifying IPWP convection. The
anomalous westerly winds over the WEP are likely linked to anomalous warming (or reduced cooling) in the
tropical Pacific under the larger ice sheets (Figure S6 in Supporting Information S1). This warming results in
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anomalous low SLP over the WEP and CEP, causing westward-blowing winds from the Maritime Continent to
the equatorial Pacific (Figure S6 in Supporting Information S1).

Additionally, decreasing trends in NPP over the deglacial period (16-11.5 ka) are observed at the 3 aforemen-
tioned sites located within the IPWP (Figure 2). These trends reflect the waning of LGM conditions, including a
rising sea level and a shrinking ice volume. As these changes occur, the anomalous tripole pattern of IPWP
convection weakens and naturally leads to a reduction in the anomalous easterly winds over the EEIO and
westerly winds over the WEP.

3.2. A Positive IOD-Like Mean State

The anomalous easterly winds over the EEIO testify for a weakened Indian Ocean Walker circulation, potentially
linked to a positive IOD-like mean state. This assumption is supported by the NPP data from site MD85-666. As
this site located in a productive region of the WEIO that is, outside the IPWP (Figure 1), reconstructed NPP is
generally higher than in the EEIO (Figure 2), but shows little change between the LGM and late-Holocene
(student's t-test [p = 0.3]). In contrast, NPP significantly increases in the EEIO during the LGM (Figure 2).

The positive IOD-like mean state is further supported by previously published SST data, which show stronger
cooling in the EEIO compared to the WEIO (Figure 2). The anomalous negative east-west SST gradient over the
Indian Ocean is also simulated by AWI-ESM (Figure S3 in Supporting Information S1). Moreover, larger
standard deviation in summer and autumn SST in the EEIO and WEIO suggest stronger IOD variability during the
LGM (Figure S3 in Supporting Information S1). This aligns with previous studies based on individual forami-
nifera oxygen isotope measurements showing larger variability during the LGM (Abram et al., 2020; Thirumalai
et al., 2019).

Mohtadi et al. (2017) have reconstructed mixed-layer and thermocline temperatures in the region off Sumatra,
based on G. ruber and Pulleniatina obliquiloculata Mg/Ca signals respectively, and have used their differences
(ATg,_p,) to infer variations in thermocline depth. They have found that AT,_p, in the EEIO is smaller during
the LGM compared to the late-Holocene, indicating a deeper thermocline and hence, a negative IOD-like mean
state (Interpretation A in Figure S7 in Supporting Information S1). However, this interpretation assumes for a
fixed P. obliquiloculata's calcification depth (~75 m) over time, which may not be valid. More recently, Dang
et al. (2018) show that the calcification depth of P. obliquiloculata in upwelling systems is likely controlled by
seawater vertical movements, with the depth becoming shallower during upwelling seasons, thereby approaching
to the calcification depth of G. ruber (Text S3 and Figure S7 in Supporting Information S1). In this context, the
smaller AT, _p, during the LGM could be interpreted as a result of the closer calcification depths of the two
foraminifera species due to enhanced coastal upwelling intensity (Interpretation B in Figure S6 in Supporting
Information S1). Furthermore, if more frequent positive IOD events occur during LGM, it is plausible that P.
obliquiloculata with calcification depths closer to those of G. ruber are more commonly produced during up-
welling seasons, thus resulting in the smaller AT;,_p, (Figure 2j). Similarly, this mechanism could also apply to
the western Celebes Sea, where a lower LGM ATy, _p,, coinciding with higher NPP, might indicate a shallower
thermocline depth (Figure 2n).

3.3. A La Nina-Like Mean State

In modern observations, NPP in the western Celebes Sea increases under La Nifia conditions (Figure 1).
Accordingly, a La Nifia-like mean state can be inferred from the increased NPP during the LGM observed in
MD98-2178 (Figure 2), which is in apparent contradiction with previous studies that have suggested an El Nifio-
like mean state over the Pacific. Indeed, stronger cooling has been recorded in the WEP compared to the EEP
(Dang, Jian, et al., 2020; Koutavas & Joanides, 2012). However, our SST compilation, together with AWI-ESM
simulations, indicates that the weakest cooling occurs instead in the CEP, which rules out a monotonic zonal SST
gradient over the equatorial Pacific (Figure 2; Figure S3 in Supporting Information S1). Drawing on modern
analogs (Kug et al., 2009; Kug & Ham, 2011; Zhang et al., 2015), one cannot exclude that the Pacific may have
been characterized by an “eastern Pacific La Nina”-like superimposed by a “central Pacific El Nifio”-like mean
state during the LGM. Among other PMIP4 models, only MIROC-ES2L shows a similar mixed state (Figure S8
in Supporting Information S1). AWI-ESM simulates stronger ENSO variability, as reflected by larger standard
deviation of SST over the equatorial Pacific (Figure S3 in Supporting Information S1). However, this result
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differs somewhat from CESM1.2, which simulates larger SST standard deviation in the EEP, but smaller in the
CEP (Thirumalai et al., 2024).

4. Conclusions

Based on a proxy-model comparison, we demonstrate that the seasonal southeasterly and northeasterly winds off
Sumatra are both strengthened under LGM conditions, while winds over the Celebes Sea exhibits an enhanced
westerly contribution. Altogether, these changes reflect an overall “tripole” pattern of altered IPWP convection,
characterized by weakened atmospheric vertical movements over the exposed Sunda and Sahul shelves and
intensified movements over the EEIO and the WEP. This tripole pattern is associated with two anomalous zonal
circulation cells. The western one, located over the EEIO, occurs during summer-winter, and is likely triggered by
the lower sea levels. The eastern one, suited over the WEP, emerges in autumn-winter, and is probably driven by
the influence of larger ice sheets. Coupled with atmospheric circulation changes, a positive IOD-like mean state
likely exists in the Indian Ocean, while the Pacific is probably characterized by an “eastern Pacific La Nifia”-like
mean state superposed by a “central Pacific El-Nifio”-like mean state. Under such configurations, both IOD and
ENSO variability are suggested to be intensified.

Data Availability Statement

The NPP data can be found in Zhou (2024). The CMIP6 and PMIP4 modeling data used in this research can be
accessed as follows: AWI-ESM-1-1-LR data in Danek et al. (2020) and Shi, Yang, et al. (2020), CESM2-FV2
data in Danabasoglu (2019) and Zhu, Otto-Bliesner, Brady, et al. (2022), CESM2-WACCM-FV2 data in
Danabasoglu (2019) and Zhu, Otto-Bliesner, Garcia, et al. (2022), INM-CM4-8 data in Volodin et al. (2019a,
2019b), MIROC-ES2L data in Hajima et al. (2019) and Ohgaito et al. (2019), and MPI-ESM1-2-LR data in
Wieners et al. (2019) and Jungclaus et al. (2019). The data of AWI-ESM-1-1-LR sensitivity experiment can be
found in Shi (2023).
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