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Surface hydrology in the tropical eastern Indian Ocean significantly impacts low-latitude climate processes including the Indonesian-Australian Monsoon and the Indian Ocean Dipole. Deciphering the evolution of surface hydrology and driving mechanisms is thus important to better understand low-latitude and global climate change. Here, we present ~206 yr-resolved temperature and salinity records of surface waters spanning the past ~31 kyr, based on δ18O and Mg/Ca ratio of Globigerinoides ruber from Core SO18567 retrieved offshore northwestern Australia in the tropical eastern Indian Ocean. By integrating new records with published paleo-oceanographic and -climatological records, we found that increasing sea surface temperature and decreasing salinity in the tropical eastern Indian Ocean during the Heinrich stadial 1 and the Younger Dryas could be attributed to collapse of the Atlantic Meridional Overturning Circulation (AMOC). Melting of Northern Hemisphere ice sheets would have led to a southward shift of the Intertropical Convergence Zone (ITCZ) and reduced transport of warm surface waters from the low latitudes to the Northern Hemisphere high latitudes. In addition, our results indicate that the onset of the last deglacial warming in low latitudes was linked to weakening of the Hadley circulation and AMOC due to warming of Northern Hemisphere high latitudes, rather than raised global atmospheric CO2 concentration.
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1 Introduction

The Northern Hemisphere high-latitude region has been widely recognized as a key player in global climate dynamics (Groisman and Soja, 2007; Rind, 2008). This is due to the fact that the Atlantic Meridional Overturning Circulation (AMOC), the key component of the global ocean conveyor belt, exerts a major impact on global climate systems (Broecker, 1991; McManus et al., 2004; Murton et al., 2010). Numerous studies revealed that the onset of the last deglacial warming in low latitudes as well as the occurrence of rapid climate events, such as the Heinrich Stadial 1 (HS1) and Younger Dryas (YD), could be related to Northern Hemisphere high-latitude dynamics (Denton et al., 2010; Muller et al., 2012; Mohtadi et al., 2014; Gibbons et al., 2014; Schröder et al., 2016, 2018; Jackson et al., 2019).

Modern oceanographic studies suggested that the surface hydrology of the tropical eastern Indian Ocean significantly impacts low-latitude climate processes, including the Indonesian-Australian Monsoon (IAM) and Indian Ocean Dipole (IOD) (Kershaw et al., 2003; Abram et al., 2020; Heidemann et al., 2023). The Indonesian Throughflow (ITF), the low-latitude component of the global ocean conveyor belt flowing from the Pacific Ocean through the Indonesian Seas, has its main exits in the tropical eastern Indian Ocean (Gordon, 2005; Oppo and Rosenthal, 2010). Northern Hemisphere high latitudes could, therefore, be influencing surface hydrology in the tropical eastern Indian Ocean by regulating the AMOC and the global ocean conveyor belt. This has been proposed by an increasing number of paleo-oceanographic and -climatological studies. For instance, increased sea surface temperature (SST) and sea surface salinity (SSS) in the Java-Sumatra upwelling region during the HS1 and YD have been linked to weakened AMOC due to melting of Northern Hemisphere ice sheets (Levi et al., 2007; Gibbons et al., 2014; Mohtadi et al., 2010, 2014). Thermocline warming during Heinrich events 3-5 has been linked to transient ITF slowdown due to weakening of the AMOC (Zuraida et al., 2009). However, the influence of the Northern Hemisphere high latitudes on the surface hydrology of the tropical eastern Indian Ocean on millennial timescale is still unclear, due to the scarcity of high-resolution surface hydrological records.

In this study, we present the first high-resolution (~206 years) surface hydrology records spanning the past ~31 kyr from Core SO18567 off northwestern Australia in the tropical eastern Indian Ocean (Figure 1) (Kuhnt et al., 2018). We compared the new records with published records of regional precipitation, AMOC intensity, atmospheric CO2 concentration and Northern Hemisphere high-latitude summer insolation to explore the potential influence of the Northern Hemisphere high latitudes on the surface hydrology of the tropical eastern Indian Ocean on a millennial timescale.




Figure 1 | Site map showing annual mean SST and SSS and oceanic-atmospheric circulation. The white star indicates the location of Core SO18567 (this study), the black dots represent the locations of Cores SO189-39KL (Mohtadi et al., 2014), GeoB 10038-4 (Mohtadi et al., 2010), SO18515 (Schröder et al., 2016), SO18519 (Schröder et al., 2018), MD03-2611 (De Deckker et al., 2012) and the locations of the speleothems of Ball Gown Cave in Australia (Denniston et al., 2013) and of Liang Luar Cave in Flores (Ayliffe et al., 2013); Color shadings indicate SST (°C) and white iso-lines show SSS (psu); Light blue arrows represent the Southern Hemisphere westerly winds; Blue lines indicate the Fortescue and Ashburton Rivers in northwestern Australia; White arrows indicate the path of the ITF and its southward extension, the LC; Light blue shading marks the Java-Sumatra upwelling region (Susanto et al., 2001); Temperature and salinity data are from WOA 2023 (Locarnini et al., 2024; Reagan et al., 2024); Base map was plotted using Ocean Data View (https://odv.awi.de, Schlitzer, 2024); SEC, South Equatorial Current; ITF, Indonesian Throughflow; LC, Leeuwin Current.






2 Modern hydrological setting

Modern oceanographic studies show that surface hydrology offshore northwestern Australia is mainly influenced by the Leeuwin Current and the Intertropical Convergence Zone (ITCZ) (Reason et al., 1999; Domingues et al., 2007; Middleton and Bye, 2007; Akhir et al., 2020). After the ITF enters the Indian Ocean, it contributes to the westward flow that eventually returns to the North Atlantic, and also flows southward along the Western Australian margin, forming the Leeuwin Current (Church et al., 1989; Gordon, 2005; Sprintall et al., 2009; Cresswell and Domingues, 2009, 2010; Oppo and Rosenthal, 2010). The Leeuwin Current, the southward extension of the ITF, transports warm and fresh surface waters southward along the margin of Western Australia, thus influencing local SST and SSS (Reason et al., 1999; Middleton and Bye, 2007; De Deckker et al., 2014). In addition, the Leeuwin Current also influences precipitation over Western Australia by supplying a large amount of moisture (Meyers et al., 1995; Domingues et al., 2007; De Deckker et al., 2012).

The ITCZ, which forms by the interaction of trade winds from the two hemispheres, represents the heaviest rainfall belt in the world (Waliser and Gautier, 1993; Adler et al., 2003). The ITCZ migrates towards the north during austral winter and shifts towards the south during austral summer (Donohoe et al., 2013; Schneider et al., 2014). Precipitation over northwestern Australia, located at the southern margin of the ITCZ, is characterized by significant seasonal fluctuations (Reeves et al., 2013; Zhang et al., 2020). Modern observations show that precipitation increases with the southward shift of the ITCZ during austral summer, while the reverse occurs during austral winter (Figures 2a, b) (Kalnay et al., 1996). The river discharge in northwestern Australia is dominated by local precipitation, with high runoff during austral summer (Figures 2c, d).




Figure 2 | Regional meteorology. Mean precipitation and wind trajectory in the study region during (a) austral summer (January) and (b) austral winter (July); (c) Monthly mean precipitation and discharge of the Fortescue River from Jimbegnyinoo Pool station (21.33°S, 116.16°E); (d) Monthly mean precipitation for northwestern Australia from Wallal Downs station (19.78°S, 120.64°E) and discharge of the Ashburton River from Nanutarra station (22.54°S, 115.5°E). Wind data are from the National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) Reanalysis (1981-2010) (https://psl.noaa.gov/) (Kalnay et al., 1996); Precipitation data in (a, b) are derived from the Climate Prediction Center Merged Analysis of Precipitation (1981-2010) (https://psl.noaa.gov/) (Xie and Arkin, 1997); The river discharge data in (c, d) are available at https://gisday.sr.unh.edu/html/Indexes/index_aus.html; Monthly mean precipitation data in (c, d) are from http://www.bom.gov.au/. White stars indicate the location of Core SO18567; Grey, green and red dots in (a, b) indicate stations of Nanutarra, Jimbegnyinoo Pool and Wallal Downs.






3 Materials and methods

Core SO18567 (113.06°E; 19.52°S; water depth: 1130 m) was retrieved off northwestern Australia during R/V Sonne cruise 257 WACHEIO in 2017 (Figure 1) (Kuhnt et al., 2018). A total of 137 sediment samples were taken at 1 cm interval between 11 and 148 cm. The processing of sediment samples was carried out at the Marine Elements Analysis Laboratory of the Department of Geology, Northwest University, China. Samples were weighed, dried in an oven at 55°C, weighed, disaggregated by soaking in water, and then wet sieved over a 63 μm screen. Residues were transferred to filter paper of known weight, dried in an oven at 55°C, weighed and sieved into four size fractions: 63-150 μm, 150-250 μm, 250-355 μm and >355 μm.



3.1 Radiocarbon dating

Approximately 800 well-preserved tests (around 10 mg) of the planktonic foraminifera Globigeriniodes ruber were picked from the 250-355 µm and >355 μm size fractions for accelerator mass spectrometry (AMS) radiocarbon dating. Samples were analyzed at the Xi’an AMS center at Institute of Earth Environment, Chinese Academy of Sciences, and at the Beta analytic testing laboratory (Table 1). Conventional radiocarbon ages were converted to calendar ages using the Marine Radiocarbon Age Calibration Curve Marine20 (Heaton et al., 2020) with variable reservoir ages correction (ΔR), based on the estimates of Schröder et al. (2016) and Sarnthein et al. (2020).


Table 1 | Radiocarbon datings from shells of G. ruber in Core SO18567.






3.2 Mg/Ca palaeothermometry

For Mg/Ca analysis, approximately 30 tests of G. ruber (white, sensu stricto), recording annual average hydrological conditions of sea surface (0-50m) in the tropical eastern Indian Ocean (Zhang et al., 2019), were picked from the 250-355 μm size fraction. All tests were checked for cement encrustations and infillings and were crushed using smooth glass plates under microscope. Then, crushed tests were cleaned following the procedure with a reductive step (Rosenthal et al., 1997; Martin and Lea, 2002; Barker et al., 2003) and analyzed on an Agilent 5110 inductively coupled plasma optical emission spectrometer in Marine Elements Analysis Laboratory at Department of Geology, Northwest University, China.

The machine drift and precision were monitored by using the certified reference material ECRM 752‐1 (Greaves et al., 2008), which was routinely measured after every eleventh sample. The long-term (2019-2024) precision of the instrument is better than 2%. The average reproducibility of Mg/Ca ratio is ± 0.15 mmol/mol based on 12 randomly selected replicate samples. Fe/Ca, Al/Ca and Mn/Ca were measured with Mg/Ca to evaluate the cleaning efficacy. The non-linear correlation of Fe/Ca, Al/Ca and Mn/Ca with Mg/Ca indicates that the contaminations, including clay, organic matters and metal oxides, were effectively removed. Mg/Ca ratios were converted into SSTs using the multispecies calibrated equation   (Anand et al., 2003). The uncertainty (1σ) of SST is ~1.1°C, which was estimated by propagating the errors from Mg/Ca measurements, following the method of Mohtadi et al. (2014).




3.3 Stable oxygen isotope of G. ruber and local surface water δ18O

Approximately 10 tests of G. ruber were picked from the 250-355 μm size fractions and crushed into fragments under a microscope. Crushed tests were cleaned in ethanol in an ultrasonic bath, dried at 55°C and transferred to Kiel IV carbonate device to react with orthophosphoric acid (99% H3PO4) at 70°C for CO2 preparation. The generated CO2 was transferred to Thermo Scientific MAT 253Plus mass spectrometer for stable oxygen isotope analysis in Paleoceanography and Palaeotemperature Laboratory at Department of Geology, Northwest University, China. The precision is better than ±0.09‰ based on performance of the International Atomic Energy Agency (IAEA) 603 carbonate standard materials. Results were calibrated using the IAEA-603 and reported on the Vienna Pee Dee Belemnite (VPDB) scale. Replicate measurements on 10 randomly selected samples show an average reproducibility of ±0.12‰ for δ18O.

Surface water δ18O (δ18Osw) was calculated from paired Mg/Ca-derived temperature and δ18O of G. ruber using the equation   (Hut, 1987; Bemis et al., 1998). Local surface water δ18Osw (δ18Osw-c) was calculated by deducting the signal of global ice volume from the δ18Osw (Waelbroeck et al., 2002). The uncertainty (1σ) of δ18Osw-c is ~0.27‰, which was estimated by propagating the errors from δ18O and Mg/Ca measurements, following the method described in Mohtadi et al. (2014).




3.4 Change point analysis by RAMPFIT

The RAMPFIT, a general tool for change point detection in paleo-oceanographic and -climatological time series, was utilized to quantify the initial changes in the proxy records (Mudelsee, 2000). RAMPFIT fitting procedure determines the magnitude of the transition by weighted least square regression and detects start and end points by a brute-force search (systematically enumerating all possible candidates) within given parameters. In this process, the time-dependent standard deviation serves as weights for the least square regression. RAMPFIT calculates the uncertainty for the transition timing by employing block bootstrap resampling (Mudelsee, 2000). To obtain the resulting 1σ error, we set the number of replicates of the ramp regression fit to 2000.





4 Results



4.1 Age model

The age-depth relationship for Core SO18567 was modeled by the Bacon software (Version 3.3.0, Blaauw and Christen, 2011) based on seven AMS14C ages (Figure 3). The age model shows that sediments between 11 and 148 cm from Core SO18567 retrace the palaeoceanographic history of the northwestern Australian margin between 30.79 and 2.45 ka with a temporal resolution of ~206 yr. Sedimentation rate varies between 3.67 cm/kyr and 7.71 cm/kyr with an average of ~4.85 cm/kyr.




Figure 3 | Bacon age-depth model of Core SO18567 (Blaauw and Christen, 2011). acc.shape: shape parameter of accumulation rate; acc.mean: mean of accumulation rate; mem.strength: strength of memory parameter; mem.mean: mean of memory parameter.






4.2 Sea surface temperature

G. ruber Mg/Ca varies between 3.22 and 4.52 mmol/mol during the past 31 kyr, equivalent to a SST range of 23.73-27.50°C (Figure 4a). SST is relatively stable at around 24.5°C from 31 to 19 ka. By contrast, there is a rapid increase of SST with a large amplitude variability of 3.5°C between 19 and 11 ka. Meanwhile, SST exhibits two distinct millennial-scale increases at 18-15 ka and 13-11 ka. After 11 ka, SST tends to be stable. The average SST during the Holocene is 26.75°C, which is close to the modern annual average of 26.25°C at the location of Core SO18567 (Locarnini et al., 2024).




Figure 4 | Proxy records of Core SO18567. (a) G ruber Mg/Ca and estimated SST; (b) δ18O of G ruber; (c) Ice volume corrected surface water δ18O (δ18Osw-c). Grey bars indicate the Heinrich Stadial 1 (HS1), HS2 and HS3; Green bar marks the Antarctic Cold Reversal (ACR); Blue bar marks the Younger Dryas (YD); Black triangles indicate the AMS 14C age control points for Core SO18567. Envelopes in (a, c) indicate 1s errors in estimations of SST and δ18Osw-c, equivalent to ~1.1°C and ~0.27‰, respectively.






4.3 Stable oxygen isotope of G. ruber and δ18Osw-c

G. ruber δ18O exhibits a prominent glacial-interglacial contrast with values ranging from -0.49 ‰ to -2.58 ‰ over the studied interval (Figure 4b). δ18O becomes gradually enriched from 31 to 18 ka. From 18 to 11 ka, δ18O becomes rapidly depleted from -0.55‰ to -1.37‰ with two discernible millennial-scale decreases at 18-15 ka and 13-11 ka. After 11 ka, δ18O continues to rapidly decrease from -1.37‰ to -2.58‰ until the late Holocene.

δ18Osw-c ranges from -0.16 ‰ to 0.95 ‰ since 31 ka (Figure 4c). It displays frequent fluctuations between 31 and 18 ka. As for G. ruber δ18O, δ18Osw-c exhibits two distinct millennial-scale decreases at 18-15 ka and 13-11 ka, when it increases from 0.32‰ to 0.95‰. Since 11 ka, it gradually decreases until the late Holocene.





5 Discussion



5.1 Influence of Northern Hemisphere high latitudes on surface hydrology in the tropical eastern Indian Ocean during HS1 and YD

SST and δ18Osw-c at the location of Core SO18567 exhibit two significant millennial-scale oscillations with increased SST and depleted δ18Osw-c at 18-15 ka and 13-11 ka (Figures 5a, d). With respect to SST, similar increases also occur in close by regions, for instance the Java-Sumatra upwelling region (Mohtadi et al., 2010, 2014) and Indonesian seas (Schröder et al., 2016, 2018) (Figures 5b, c). As for δ18Osw-c, a reverse situation happens in these regions, as δ18Osw-c becomes significantly enriched at 18-15 ka and 13-11 ka (Figures 5e, f). In previous studies, δ18Osw-c in the tropical eastern Indian Ocean was used to trace millennial-scale changes in SSS relating to regional precipitation (Levi et al., 2007; Holbourn et al., 2011; Mohtadi et al., 2010, 2014; Gibbons et al., 2014; Pei et al., 2021). Depleted δ18Osw-c offshore northwestern Australia at 18-15 ka and 13-11 ka may therefore reflect declined SSS due to increased regional precipitation (Figure 5d). This is supported by speleothem δ18O records of Ball Gown Cave from northwestern Australia (Denniston et al., 2013) and of Liang Luar Cave from Flores (Griffiths et al., 2009; Ayliffe et al., 2013), which indicate wet conditions at 18-15 ka and 13-11 ka (Figure 6c). By contrast, enriched δ18Osw-c in the Java-Sumatra upwelling region and Indonesian seas during the same time intervals denote increased SSS due to decreased regional precipitation (Figures 5e, f). The two millennial-scale oscillations in SST and δ18Osw-c correspond respectively to HS1 and YD, indicating that the Northern Hemisphere high latitudes may exert an important influence on surface hydrology along the northwestern Australian margin, the Java-Sumatra upwelling region and the Indonesian seas. We note that variations in SST and SSS during the two previous cold events HS2 and HS3, which are also present in our record, are similar to those during HS1 and the YD but less obvious (Figure 3).




Figure 5 | Comparison of SST and surface δ18Osw-c records from northwestern Australian margin, Java-Sumatra upwelling region and Indonesian seas. (a) SST record from Core SO18567 (this study); (b) SST records from Cores SO189-39KL (Mohtadi et al., 2014) and GeoB10038-4 (Mohtadi et al., 2010); (c) SST records from Cores SO18515 (Schröder et al., 2016) and SO18519 (Schröder et al., 2018); (d) Surface δ18Osw-c record from core SO18567 (this study); (e) Surface δ18Osw-c records from Cores SO189-39KL (Mohtadi et al., 2014) and GeoB10038-4 (Mohtadi et al., 2010); (f) Surface δ18Osw-c records from Cores SO18515 (Schröder et al., 2016) and SO18519 (Schröder et al., 2018). Grey bars indicate the HS1, HS2 and HS3; Green bar marks the ACR; Blue bar marks the YD.






Figure 6 | Comparison of SST and surface δ18Osw-c records from Core SO18567 with other paleo-climatological and -oceanographic records. (a) SST record from Core SO18567 (this study); (b) Surface δ18Osw-c record from Core SO18567 (this study); (c) Speleothem δ18O records from Ball Gown Cave (Denniston et al., 2013) and Liang Luar Cave (Ayliffe et al., 2013); (d) North Atlantic sediment 231Pa/230Th composite records from Cores JC094 and EW9209 (Ng et al., 2018); (e) Interhemispheric temperature gradient (ΔTNH-SH) record (Shakun et al., 2012); (f) Relative abundance of G ruber from Core MD03-2611 (De Deckker et al., 2012). Grey bars indicate the HS1, HS2 and HS3; Green bar marks the ACR; Blue bar marks the YD.



The stability of the AMOC depends on thermohaline forcing and the intensity of deepwater formation (Kuhlbrodt et al., 2007; Hofmann and Rahmstorf, 2009). Model studies showed that massive freshwater discharges from icebergs into the North Atlantic due to melting of Northern Hemisphere ice sheets led to reduced deepwater formation, further weakening the AMOC during HS1 and YD (Álvarez-Solas et al., 2011; Marcott et al., 2011; Ng et al., 2018) (Figure 6d). Hence, warm surface waters from the low latitudes were unable to reach the Northern Hemisphere high latitudes via the global ocean conveyor belt during HS1 and YD and would have accumulated in the Southern Hemisphere (Broecker, 1998; Denton et al., 2010; Clark et al., 2012; Shakun et al., 2012). As a result, SST along the northwestern Australian margin, in the Java-Sumatra upwelling region (Mohtadi et al., 2010, 2014) and Indonesian seas (Schröder et al., 2016, 2018) increased (Figures 5a–c). Moreover, the accumulated warm surface waters in the Southern Hemisphere would have increased the interhemispheric temperature gradient (ΔTNH-SH), in turn triggering the southward displacement of the ITCZ during HS1 and YD (Broccoli et al., 2006; Chiang and Friedman, 2012; Shakun et al., 2012; Gibbons et al., 2014) (Figure 6e). Therefore, precipitation decrease in the Java-Sumatra upwelling region and Indonesian seas (Figures 5e, f), while precipitation increased further south, including Flores and northwestern Australian margin (Figures 6b, c). This finding is supported by results from modelling experiments (Mohtadi et al., 2014) (Figure 7). It is worth noting that above-mentioned mechanism could also be used to explain the variations in SST and SSS during HS2 and HS3. Previous studies, however, suggested that AMOC collapse during HS2 and HS3 was less severe than during HS1 and the YD (Lippold et al., 2009; Böhm et al., 2015; Ng et al., 2018), in the Southern Hemisphere, thus leading to less obvious SST increases and SSS decreases.




Figure 7 | CCSM3 model results of Mohtadi et al. (2014) showing simulated Annual precipitation anomalies during the HS1. Blue symbols show sites indicating wet conditions during HS1 or the YD (Ayliffe et al., 2013; Denniston et al., 2013); and red symbols show sites with dry conditions during HS1 or the YD (Mohtadi et al., 2010, 2014; Schröder et al., 2016, 2018).



Paleoclimate records and model studies pointed out that a weakened AMOC would also result in southward migration of the Southern Hemisphere westerly winds (Lee et al., 2011; Denton et al., 2010; Hong et al., 2019; Perren et al., 2020), in turn promoting strengthening of the Leeuwin Current during HS1 and YD (De Deckker et al., 2012) (Figure 6f). Warmer and less-saline waters would be transported by the Leeuwin Current to our study site, leading to high SST and low SSS (Figures 6a, b). In addition, modern and paleo-oceanographic studies suggested that a strong Leeuwin Current transports moisture to northwestern Australia (Reason et al., 1999; Cresswell and Domingues, 2010; De Deckker et al., 2014; Stuut et al., 2014, 2019; Petrick et al., 2019). Thus, increased precipitation and runoff from the Fortescue and Ashburton Rivers (Figure 1) could also contribute to declined SSS off northwestern Australia during HS1 and YD (Figures 6b, c).




5.2 Onset of the last deglacial warming in low latitudes linked to Northern Hemisphere high latitude climate evolution

Statistical assessment of SST from Core SO18567 with RAMPFIT reveals that the onset of the last deglacial warming off northwestern Australia occurred at ~18.65 ± 0.33 ka (1σ) (Figure 8c). This is consistent with the results of previous studies from the adjacent regions. For instance, Sarnthein et al. (2011) pointed out that the last deglacial warming in the Timor Sea started at ~18.8 ka. Schröder et al. (2018) found that the initiation time of the last deglacial warming in the Indonesian seas was at ~19.2 ka ± 0.8 ka (1σ). Sea surface temperature stacks also showed that the last deglacial warming in low latitudes started at ~19 ka (Shakun et al., 2012). In contrast, the last deglacial rise in atmospheric CO2 concentration began at ~18.1 ± 0.23 ka (1σ) (Figure 8f) (Marcott et al., 2014). Thus, the CO2 rise obviously lagged the last deglacial warming in low latitudes.




Figure 8 | RAMPFIT-derived deglacial change points in various records. (a) 21st June insolation at 65°N (Laskar et al., 2004); (b) North Atlantic sedimentary 231Pa/230Th composite records from Cores JC094 and EW9209 (Ng et al., 2018); (c) SST from Core SO18567 (this study); (d) The latitudinal migration of Southern Hemisphere westerly winds (Gray et al., 2023); (e) Benthic foraminifera U/Mn record from the South Ocean (Gottschalk et al., 2016); (f) Atmospheric CO2 concentration (Marcott et al., 2014). Black triangles indicate statistical change points using RAMPFIT, red lines indicate ramp function fit curves (Mudelsee, 2000). Grey bars indicate the HS1, HS2 and HS3; Green bar marks the ACR; Blue bar marks the YD.



The phase relationships between the last deglacial warming in the low latitudes and the rise in atmospheric CO2 concentration have been widely discussed in previous studies (Stott et al., 2007; Sarnthein et al., 2011; Shakun et al., 2012; Mohtadi et al., 2014; Schröder et al., 2018; Pei et al., 2021). Some studies pointed out that the rise in atmospheric CO2 concentration led the last deglacial warming in low latitudes, suggesting that atmospheric CO2 concentration played a key role in the last deglacial warming in low latitudes (Rosenthal et al., 2003; Stott et al., 2007; Clark et al., 2012; Shakun et al., 2012). Our results show an opposite trend, implying that the last deglacial warming in low latitudes should be ascribed to other factors than the rise of atmospheric CO2 concentration. Paleoclimate records and model studies suggested a potential influence of the Northern Hemisphere high latitudes on the initiation of tropical warming during the last deglaciation (He et al., 2013; Jackson et al., 2019; Pei et al., 2021). Specifically, increased Northern Hemisphere high-latitude summer insolation warmed the Northern Hemisphere high latitudes (Figure 8a), leading to a reduced temperature gradient between the low latitudes and Northern Hemisphere high latitudes, in turn triggering weakening of the Hadley circulation (Jackson et al., 2019). As less heat was transferred from the low latitudes to the Northern Hemisphere high latitudes, this resulted in an earlier start of the last deglacial warming in the low latitudes (Figure 8C). Meanwhile, increased Northern Hemisphere high-latitude summer insolation also led to increased freshwater discharge from icebergs into the North Atlantic along with melting of Northern Hemisphere ice sheets (Clark et al., 2009; Umling et al., 2019) and weakening of the AMOC, which began at ~19.05 ± 0.19 ka (1σ) (Figures 8a, b) (Marcott et al., 2011; Ng et al., 2018). A weakened AMOC would hinder the transport of warm waters from the low latitudes to the Northern Hemisphere high latitudes, further promoting an earlier onset of the last deglacial warming in the low latitudes (Figure 8c).

Some studies suggested that tropical warming could result in a southward shift of Southern Hemisphere westerly winds (Ayliffe et al., 2013; Lee et al., 2011; Ceppi et al., 2013; Yang et al., 2020). The southward shift of Southern Hemisphere westerly winds at ~18.25 ± 0.65 ka (1σ) could be ascribed to the last deglacial warming in low latitudes (Figures 8c, d) (Gray et al., 2023). In addition, the southward shift of Southern Hemisphere westerly winds would have strengthened deep water ventilation in the Southern Ocean (Menviel et al., 2018; Wendt et al., 2024). Benthic foraminiferal U/Mn record from the Southern Ocean indicated that Southern Ocean deep water ventilation started to increase at ~18.1 ± 0.36 ka (1σ), which could be linked to a southward shift of Southern Hemisphere westerly winds (Figures 8d, e) (Gottschalk et al., 2016; Menviel et al., 2018; Wendt et al., 2024). Enhanced Southern Ocean ventilation would have promoted upwelling of carbon-rich waters (Ronge et al., 2016; Menviel et al., 2018; Wendt et al., 2024), releasing more CO2 into atmosphere (Anderson et al., 2009; Tschumi et al., 2011; Marcott et al., 2014). As a consequence, it has been proposed that atmospheric CO2 concentration began to rise at ~18.1 ± 0.23 ka (1σ) (Figure 8f v) and that subsequently CO2 became the dominant driver of global warming in the last deglaciation (Shakun et al., 2012). Following this argument, the earlier onset of the last deglacial warming in the low latitudes prior to the rise in atmospheric CO2 concentration can be explained.





6 Conclusion

In this study, we reconstructed millennial-scale records of SST and SSS in the tropical eastern Indian Ocean during the past ~31 kyr by analyzing Mg/Ca ratios and δ18O of the surface-dwelling foraminiferal species G. ruber from Core SO18567. By comparing these new data with published records, we found that the SST rise and SSS decline in the tropical eastern Indian Ocean could be ascribed to weakening of the AMOC due to melting of Northern Hemisphere ice sheets during HS1 and YD. Furthermore, our results indicate that the onset of the last deglacial warming in the low latitudes was likely induced by weakening of the Hadley circulation and AMOC due to warming of the North Hemisphere high latitudes. The last deglacial warming in low latitudes would have subsequently triggered a southward shift of Southern Hemisphere westerly winds, leading to enhanced ventilation of the Southern Ocean, which in turn would have caused a rise of atmospheric CO2 concentration.
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