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Climatic changes in the western Pacific marginal seas are influenced by global forcing and regional processes, including monsoons, and ocean circulation. To better understand the process of hydrographic and temperature changes, we applied the UK′37 as our index of Sea Surface Temperature (SST) and TEX86 as the index of Subsurface Water Temperature (SWT) for the last 8400 years using the sediment core MZ01 from the continental shelf of the East China Sea (ECS). To focus on centennial and millennial variabilities, the original SST and SWT are filtered with the Ensemble Empirical Mode Decomposition (EEMD) of the Hilbert-Huang Transform (HHT), with the confidence defined by a new method, the Continuity Superposition Error Calculation Method (CSECM). The SST and SWT both have a quasi-period of 1000–2000 years, exhibiting some teleconnection with the north Atlantic climatic changes. The SWT decreased during approximately 6–4 ka and then increased by ∼4°C to the late Holocene, almost anti-phase with the SST. The stronger Asian winter monsoon and China Coastal Current (CCC), are very likely responsible for the decreased SST in the late Holocene. In contrast, the increased SWT may imply that the stronger CCC has brought more Changjiang Diluted Water (CDW) southward and formed a thicker barrier layer in the ECS, which dampened bottom water heat loss that was transported from the Taiwan Warm Current (TWC), and Western Kuroshio Branch Current (WKBC). This process is tested by the hosing experiment that supports stronger stratification when the north Atlantic cooled. The combined results by UK′37 and TEX86 provide a new insight into the interaction mechanism among the winter monsoon, precipitation and the Kuroshio Current, and also raises caution to take more regional factors into account in the application of TEX86.
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INTRODUCTION

In past decades, sea surface temperature (SST) reconstructions have depicted quite a consistent portrait of Holocene climatic changes over the open oceans (Leduc et al., 2010; PAGES Ocean 2k Working Group, 2012). In contrast, climatic records from marginal seas always show high complexity and discordance among different regions. This is partly due to the complex effect of terrestrial process, regional currents, and tidal and depositional processes on the marginal seas. In other words, the paleoceanographic records in marginal seas usually contain more climatic information than the open oceans. It is sometimes important to decipher the complex interaction between different forcing, particularly land-ocean interaction. In addition, marginal sea sediments usually provide a higher depositional rate and temporal resolution, which is crucial to reconstruct and understand high resolution climatic changes on centennial to millennial scales.

Previous reconstructions in the western Pacific marginal seas, including the East China Sea (ESC), South China Sea (SCS), and Yellow Sea, show significant influence from the continental climatic system, such as the winter monsoon. Initial comparison between the Holocene SST trend from marginal sea (Kong et al., 2014) and the North Atlantic (Sachs, 2007; Rodrigues et al., 2009) exhibit good agreement in the cooling trend during the mid-late Holocene. This implies possible teleconnection between high latitudes of the North Atlantic Ocean and Pacific marginal seas. The Holocene climate in the North Atlantic has been found to have ∼1500 years quasi-periodic cycles (Bond et al., 1997; Bond et al., 2001). However, little is known about these quasi-periodic cycles in the western Pacific marginal seas (Jian et al., 2000; Kubota et al., 2010; Yi et al., 2015), partly due to the lack of studies and an effective method to extract periodic signals from complicated reconstructions.

Here we report paired temperature reconstruction based on long-chain alkenones and Glycerol Dialkyl Glycerol Tetraethers (GDGTs) over the last 8400 years, and introduce a Continuity Superposition Error Calculation Method (CSECM) to assess the errors in both ages and proxies. We focus on the general trend of surface and subsurface temperature at millennial scales, and attempt to investigate the hydrographic changes in the Western Pacific marginal seas since the early Holocene.



MATERIALS AND METHODS


Sediment Core

The study is based on the continental shelf mud area of the ECS. A sediment core MZ01 (120°50.94°32.82Liu et al., 2010). The core site is about 65 m in depth and 90 km from the mouth of the Min River, which has a catchment area of approximately 6 × 104 km2. About 500 km to the north of the core site is the mouth of China’s largest river, the Yangtze River (Changjiang; Figure 1). The climate system and the hydrological regime prevailing in the study area are demonstrated in the Supplementary Material.
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FIGURE 1. Topography of the study area close to site MZ01 (red star) and the fluvial systems on surrounding continents. Also shown are locations of oceanic archive KY07-04 (Nakanishi et al., 2012), B3 (Zhao et al., 2014), MD063040 (Wang et al., 2014), HKUV16 (Kong et al., 2014), NS02G (Kong et al., 2014) labeled with yellow triangles; and terrestrial archives Dongge Cave (Dykoski et al., 2005), Lake Huguang Maar (Yancheva et al., 2007), and Lake Chenghai (Xu et al., 2020) labeled with green triangles. The arrows show monsoon winds and current systems: Kuroshio Current, Western Kuroshio Branch Current (WKBC), Taiwan Warm Current (TWC), and Changjiang Diluted Water (CDW) after Lie and Cho (2016); Chinese Coastal Current (CCC) after Lee and Chao (2003); and Yellow Sea Warm Current (YSWC) after Bian et al. (2013).


The core MZ01 was 2.96 m in total, and it was subsampled at 2 cm intervals and analyzed for grain size, major elements, and clay minerals with five old age dating (Liu et al., 2010). In this study we presented a new age model of core MZ01 that was based on new 12 AMS 14C ages using strictly-selected, mixtures of benthic foraminifers (mainly epifauna; Supplementary Table S1). All the calibration and establishment of age are discussed in the Supplementary Material.



Analysis of Alkenones and GDGTs

The analyses for long-chain alkenones and GDGTs were performed at the National Taiwan Ocean University using the procedures described by Hung (2013), Tsai (2013), and Lin et al. (2014). The SST was calculated using the empirical equation established by Conte et al. (2006):
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The TEX86 was calculated to temperature in the BAYSPAR (BAYesian SPAtially-varying Regression) system1 (Tierney and Tingley, 2014, 2015), which allows us to predict the temperature empirically derived from regional environmental and biological factors. The uncertainties originating from the BAYSPAR calibration is about ±2.5°C. The BIT (Branched and Isoprenoid Tetraether) index that reflects the terrestrial contribution were established by Hung (2013) and shown in Supplementary Figure S3.



Data Processing

Uncertainties in the age controls (X) and proxy data (Y) are always inevitable in paleoclimatic reconstructions. The commonly used methods to assess the uncertainties of a paleoclimatic record include plotting error bars on the X or Y axis, or just describing them in words. However, these methods usually fail to take into account the interrelationship between the errors in X and Y. In an effort to overcome such problems, we introduce the method named CSECM that combines the errors in both X and Y. The CSECM method generally includes four steps, which are elaborated in the Supplementary Material.



The Hosing Experiment

To test the impact of global climatic forcing such as the change of AMOC (Atlantic Meridional Ocean Circulation; van Oldenborgh et al., 2009; Svendsen et al., 2014) to the surface hydrographies in the western Pacific marginal seas, we used data from the run the National Center for Atmospheric Research (NCAR) Community Climate System Model version 3 (CCSM3). The CCSM3 is a fully coupled model, comprised of the Parallel Ocean Program (POP), the Community Atmosphere Model (CAM), the Community Sea Ice Model (CSIM), and the Community Land Model (CLM). The resolution configuration of the model is referred to as T42 × 1. CAM uses spectral dynamics at T42 resolution (grid spacing of approximately 2.8° in latitude and longitude with 26 vertical hybrid levels). The ocean grid has 320 × 384 horizontal points, with enhanced meridional resolution near the equator and high-latitude North Atlantic, and 40 levels in the vertical z-coordinate. The ice model shares the same horizontal resolution with the ocean model. The North Pole is set in Greenland to avoid singularity problems.

The control setting is Holocene climatological means, which is represented using the mean condition of the last 30 years. The experimental setting is the shut-down status of AMOC caused by 1 Sv (Sverdrup) fresh water impulses during the Bond or Heinrich-type cold events (Stouffer et al., 2006). The fresh water hosing lasts for 100-years, which is sufficient to shut down the AMOC, and the experiments are termed hosing experiments. Based on the hosing experiment results, parameter differences between experimental and control settings were plotted, respectively, for winter and summer (Figure 2).


[image: image]

FIGURE 2. Spatial distribution of temperature (A,B) and salinity (C,D) in winter (A,C) and summer (B,D). Contours reveal the status at a depth of 47 m during AMOC shut-down according to the hosting experiments.




RESULTS

According to the age model, the core MZ01 extends back to 8400 years BP, with an average sedimentation rate ∼33.6 cm/kyr. The sedimentation rate was much higher during the period 8.5–7.5, 6–5, and 1–0 ka (Supplementary Figure S2). As a result, the resolution of the reconstructed record varied greatly at different stages, possibly due to dynamic sedimentation processes in the shelves of the ECS (Yang et al., 2016; Liu et al., 2018).

The UK′37-SST of MZ01 ranges within 23.2–26.8°C and can be roughly divided into 3 stages: fast fluctuation from 8.4 to 6 ka, warming from ∼6 to 3 ka, and mild cooling since 3 ka (Figure 3). The record is imbedded with several fast cooling events at ∼7.6, ∼6.1, ∼5.5, and ∼1.0 ka. In the past 1 ky, relatively warmer and cooler periods could be identified, within the ranges of age and proxy uncertainties, at approximately 0.8–0.4 and 0.4–0.1 ky BP. Despite the age uncertainties and small temperature differences between these two periods, they might be hydrographic fingerprints from the widely found “Medieval Warm Period” and “Little Ice Age.”
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FIGURE 3. (A) from top to bottom: the variations of hematite-stained grains derived from ice-rafted debris in the North Atlantic (Bond et al., 2001), total organic carbon content in Lake Huguang Maar (Yancheva et al., 2007), UK′37-SST and TEX86 -derived temperature of core KY07-04 in East China Sea (ECS; Nakanishi et al., 2012), UK′37-SST of core B3 in the continental shelf of the ECS (Zhao et al., 2014), and the temperature difference between sites HKUV16 and NS02G neighboring Pearl River estuary (Kong et al., 2014). (B) from top to bottom: the fluctuations of δ18O in Dongge Cave (Dykoski et al., 2005), fine silt grain size of core MD06-3040 from mud belt off the Zhejiang-Fujian coast on the inner shelf of ECS (Wang et al., 2014), lake level variation of Chenghai (Xu et al., 2020), and δ18O of core KY07-04 (Kubota et al., 2015). The gray curves represent the original data before 3-points smoothing. The last two curves in both (A) and (B) display the UK′37 and TEX86 -derived temperature of core MZ01. The gray strip region indicates the temperature range generated from CSECM conversion (Supplementary Material Part 3).


The TEX86-derived temperature calculated by the BAYSPAR system range from 14.5–24.7°C (Figure 3), about 2°C lower than the result obtained from calibration by Kim et al. (2010). The core top TEX86-Subsurface Water Temperature (SWT) is about 17.4°C, lower than the observed subsurface seawater temperature (21°C) near the core site. Generally, the TEX86-derived temperature shows quite different changes from the UK′37-SST. It fluctuated greatly and decreased from 8.4 ka to ∼6.6 ka. After a cold period between 7–6 ka, the temperature rapidly increased to the episodic maximum at 6 ka, and decreased to ∼4 ka. It then exhibits an apparently increasing trend with two coolings at 2.4 ka and 1.0ka.

As the original UK′37-SST and TEX86-SWT contain some noise signal and errors in both age and proxy data, we prefer to discuss the trend of these two proxies. The trend of UK′37-SST and TEX86-SWT were named the UK′37-SST-trend2 (=[image: image] + R), and TEX86-SWT-trend2 (=[image: image] + R). The trend lines were plotted with the error range provided by the CSECM (Figure 3).

The TEX86-SWT of MZ01 shows several warming-cooling cycles, with episodic peaks at 7.1, 6.0, 2.8, 1.7, and 0.4 ka. The Hilbert-Huang Transform (HHT) spectrum exhibits cyclicity of approximately 1000–2000 years over the last 8000 years (Figure 4).
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FIGURE 4. HHT spectrum of MZ01 UK′37 SST (A) and TEX86 -derived temperature (B). The colors between the periodicities of 1000 to 2000 year shown by dash lines indicate the spectral power. We note that the interpretation on spectral power of <1000–2000 year between ∼5–2.5 ka is uncertain due to very low sedimentation rate of core MZ01.




DISCUSSION


Interpretation of the UK′37 and TEX86 Proxies

The proxy UK′37 has been widely accepted as a good indicator for SST. In this study, the estimated SST from core top (2-points average) UK′37 of MZ01 is 26°C, ∼4.4°C higher than the observed annual mean SST (21.6°C). The offset between this estimated UK′37-SST and the observed SST was also reported in the Pearl River Estuary (Kong et al., 2014). This systematic offset might relate to the different species fraction of coccolithphores (Kang et al., 2016), as well as the different seasonality of alkenone production in various environmental settings (Popp et al., 2006). However, we prefer to consider that the offset between the estimated UK′37-SST and “actual” SST had not changed much as long as the environment was relatively stable during the investigated period. In addition, we focus on the general trend rather than details. Thus, the UK′37 is expected to be able to reflect the general SST changes in the study area.

The TEX86 derived temperature of core top (2-points average) is 21°C, quite close to the annual mean temperature of the whole water column. Analysis of GDGTs in suspended particulate matter suggest that TEX86 correlates well with annual mean temperature when the water depth exceeds 70 m in the ECS (Zhang et al., 2017). While sediment TEX86 usually shows a much lower estimated value than the observed temperature in the inner shelf (Wei et al., 2011; Zhang et al., 2013). The TEX86 was proposed to reflect SWT (Huguet et al., 2006; Jia et al., 2012) and has been adopted by many studies (Li et al., 2013). With the best interpretation on the TEX86 proxy, it was assumed to record changes in the SWT during our investigational period.



Regional SST and SWT in the ECS Since the Early Holocene

Regional circulations have a strong influence on the temperature and salinity distribution in the ECS. It has been suggested that the modern circulation pattern had not been established until approximately 7–6 ka when the sea level rose to almost modern height (Li et al., 2009; Yuan et al., 2018). The UK′37-SST and TEX86-SWT of MZ01 both experienced a cooling between 7–6 ka, implying an impact of the circulation changes on these two proxies. However, it might not be so convincing to give too much weight to the interpretation of temperature changes before 6 ka based on the knowledge of modern circulation.

The UK′37-SST of MZ01 increased by ∼2°C from approximately 6 to 3 ka; this seems to coincide with the warming in UK′37-SST of the northeastern ECS (site KY07-04) from 6 to 3.5 ka (Nakanishi et al., 2012). Both circumstances may arise from the weakened EAWM that not only caused the warming at site KY0704 but also diminished the cold freshwater supply from China Coastal Current (CCC) to the MZ01. Nevertheless, another UK′37-SST (core B3) in the northern ECS shows extraordinary cooling by ∼4°C during this period (Zhao et al., 2014). It was proposed that such cooling anomaly likely relates to the southward migration of the Intertropical Convergence Zone (ITCZ), Western Pacific Subtropical High moving north-westward and strengthening of the Yellow Sea Coastal Current inducing the cold eddy formation (Zhao et al., 2014; Yuan et al., 2018; Xu et al., 2020). On the other hand, the TEX86 -derived temperature of core KY07-04 show an overall warming through the Holocene (Nakanishi et al., 2012), which was ascribed to the strengthening of EAWM (Figure 3). However, the TEX86-SWT of MZ01 recorded several warming and cooling fluctuations since 6 ka. It represents that the TEX86-SWT of MZ01 is a sensitive index which not only reflecting the EAWM but also the other impacts such as the Taiwan Warm Current (TWC) and West Kuroshio Branch Current (WKBC) in ECS (see discussion in the next two sections).



Impact of the EAWM and WKBC

Changes in the EAWM over the Holocene have been controversial. The magnetic susceptibility and total organic carbon (TOC) of the Lake Huguang Maar have been used as the indicator of EAWM in the tropics (Yancheva et al., 2007). They show an overall strengthening of EAWM over the Holocene, with episodic weakening during approximately 7–4 ka (Yancheva et al., 2007; Figure 3A). Stronger EAWM in the late Holocene has also been supported by marine records in the northern SCS. The vertical and east-west gradient of reconstructed temperatures in the SCS also show that the EAWM became stronger since ∼4 ka (Huang et al., 2011; Steinke et al., 2011). The significant decrease of UK′37-SST in coastal areas and the increased gradient between the open sea of the northern SCS have also been proposed to be caused by stronger EAWM in the late Holocene (Kong et al., 2014).

The UK′37-SST-trend of MZ01 shows an increase during approximately 7–3 ka and a decrease during 3–0 ka, in good agreement with changes of EAWM in these two periods. It suggests that the long term variability of UK′37-SST was controlled by the EAWM in the inner shelf of ECS, comparable to the SCS (Kong et al., 2014, 2017). Though the UK′37 is considered a proxy of annual mean SST, some modern investigations suggest the alkenone-producing coccolithophores are more abundant in colder seasons in tropical and sub-tropical seas (Chen et al., 2007). Even if we ignore the seasonality of alkenone production, the larger variability of winter SST would contribute more to the long-term variability of sediment UK′37 and thus reflect colder season temperature changes.

The TEX86-SWT-trend of MZ01 exhibits an overall decrease from approximately 6 ka to 4 ka and an increase since ∼4 ka (Figure 3). This is in opposite to the trend in the UK′37-SST. The discrepancy may lie in the different temperatures that TEX86 and UK′37 recorded. It has been proposed that the TEX86 reflects the bottom water temperature in the ECS (Xing et al., 2015; Yuan et al., 2018), while the UK′37 is widely accepted as a SST indicator (Nakanishi et al., 2012; Yuan et al., 2018). Therefore, the opposite changes in these two proxies suggest different controlling mechanisms for temperature change at the surface and bottom of the sea.

To understand this mechanism, it is of prime importance to investigate the modern hydrographic conditions. Modern observed temperature (1955–2012, WOA2013) shows very distinctive seasonal distributions in our studied area (Locarnini et al., 2013; Zweng et al., 2013). The surface temperature is ∼2°C higher than the subsurface (55 m) temperature during summer. It’s easy to understand this, as strong stratification dampens the heat convection to deeper waters. In contrast, the subsurface temperature is ∼1°C higher than the surface during fall and winter. And according to the WOA2013 observation data, the mean annual temperature difference between the sea surface and bottom water at MZ01 is around 3–5°C. This phenomenon is quite extraordinary as it’s usually thought that the EAWM induced strong mixing that would make the upper layer of the ocean almost homogenous. Nevertheless, the mixing might be weakened by the stratification in the ECS shelf even during cold seasons (Wu, 2015; Xuan et al., 2017). Though the Changjiang River fluxes in winter and fall are not as large as in summer, the plume is driven southwardly by the EAWM and forms a diluted water layer in the ECS. In addition, the TWC and WKBC carry high temperature and salinity water to the ECS shelf and encounter the diluted water (Kako et al., 2016; Wang et al., 2017). The diluted water confronts the warmer and saltier Kuroshio water, dampening the vertical mixing, and heat exchange. As a result, the subsurface water remains warmer when the EAWM causes strong cooling in the diluted surface (Wang and Oey, 2016).

In short, the fluctuations of SST and SWT at MZ01 site are closely associated with the intensity of EAWM and its induced WKBC intrusion. The opposite trends of SST and SWT from approximately 6 ka to 4 ka observed in this study supports this mechanism. The UK′37-SST has been increased by weakened EAWM, which may block the intrusions of TWC and WKBC that would decreased the TEX86-SWT. Similarly, stronger EAWM prevailed since 4 ka has promoted the SST decreased and reinforced the TWC and WKBC intrusions, resulting in the TEX86-SWT in the ECS from 4 ka.



Holocene Hydrographic Changes in the ECS

The TEX86-SWT of MZ01 shows several warming-cooling cycles, with episodic peaks at approximately 7.1, 6.0, 2.8, 1.7, and 0.4 ka (Figure 3). The HHT spectrum exhibits cyclicity of about 1000–2000 years over the last 8000 years (Figure 4). This cyclicity was comparable to the 1500-year quasi-periodicity of the drift-ice record from the north Atlantic (Bond et al., 1997; Bond et al., 2001). Despite some minor mismatch in the ages, the major warmings in the TEX86-SWT show patterns similar to the increase of drift-ice, which were reflected by the hematite-stained grains (HSG) changes in the sediment (Figure 3A). The drift-ice indicated large amount of fresh water into the North Atlantic, causing shut down of the AMOC and cold events in the North Atlantic. This process possibly amplified the signal of solar signals and transmitted them globally (Bond et al., 2001). To test the impact of this process in the ECS, we run the hosing experiment as described in the method section. The results show the surface salinity and temperature in the ECS shelf would significantly decrease during Bond’s cold events. In contrast, the subsurface (47 m) exhibits much less freshening, particularly in boreal winter (Figure 2). This is likely due to the strengthening of the winter monsoon and the fact that the more diluted water of Changjiang River was driven southward. Consequently, the surface salinity dropped greatly in the studied area. While the subsurface water in the ECS shelf was affected by the intrusion of TWC and WKBC, it thus experienced less freshening. This process would intensify stratification and may have led to the subsurface warming in contrast to the apparent surface cooling.

The sediment grain size of core MD06-3040, which is about 200 km north to the MZ01 on the inner shelf of ECS, was used to study the Changjiang River drainage (Wang et al., 2014; Wang et al., 2020). It was found that the discharge of the Changjiang River has decreased from approximately 6 to 4 ka, then increased by ∼3 ka. The discharge has dropped again by 2.5 ka, with subsequently increased to 1.8 ka, and decreased to 1 ka (Figure 3B). The overall pattern of the Changjiang River discharge since 6 ka was in-phase with our TEX86-derived temperature of MZ01. The grain size shows good agreement with the East Asian summer monsoon (EASM) derived from the Dongge Cave stalagmite δ18O from 6 to 2 ka (Dykoski et al., 2005; Figure 3B). After 2 ka, the δ18O derived EASM intensified, while the grain size indicates the Changjiang discharge decreased (Zhao et al., 2013). This might relate to the asynchronous performance of EASM at different latitudes (An et al., 2000), the location of Western subtropical high (Xu et al., 2019), or the southward migration of ITCZ since 2 ka (Haug et al., 2001).

Further, the variation pattern of the TEX86-derived temperature of MZ01 not only coincides with that of Changjiang River discharge but also shares a similar pattern with the lake level of Chenghai which affected by the summer monsoon precipitation in subtropical East Asia (Xu et al., 2020; Figure 3B). The TEX86-SWT of MZ01 and Changjiang River discharge are both characterized by a decreasing trend since 6 ka to a minimum at 4 ka. It implies the EASM has become weak and/or the ITCZ has moved southward during the interval. With the evidence indicated here we argue that the precipitation in the northern region (at the latitude of Chenghai Lake and Changjiang River drainage) has been reduced but might maintained in the south (Dykoski et al., 2005). Reduced precipitation would make the flux of Changjiang Diluted Water (CDW) decreased, that in turn, would make fresh water barrier layer near the coast of the ECS thin, heat convection from the subsurface water increased and thus the TEX86-SWT decreased at site MZ01. The similar migration of ITCZ and weakened EASM with cooling TEX86-derived SWT of MZ01 have happened persistently at ∼2.5 ka, and ∼1 ka (Figure 3B).

In contrast, the rising levels of Lake Chenghai between 4–3, 2.5–1.8, and 1–0.4 ka coincide with the increases of Changjiang River discharge and MZ01 TEX86-SWT, suggesting stronger EASM and/or a northern migration of ITCZ (Figure 3B). Stronger EASM would lead to more CDW flowing into the ECS and a thicker fresh water barrier layer. In winter, such a thicker barrier layer could dampen heat release of the subsurface water and thus lead to temperature increase. This could be observed from the vertical temperature profile in winter. Surface water has lower salinity and temperature than subsurface shoreward (Supplementary Figure S1). But salinity becomes homogenous and surface temperature is higher than subsurface off shore. This feature could be explained by the intrusion of TWC and WKBC on shoreward (Lie and Cho, 2016). Though there is no observational evidence that the TWC and WKBC could reach as shallow as the core MZ01 site, they are speculated here to exert some influence on regional hydrological conditions at millennial scales.



CONCLUSION

The proxies UK′37 and TEX86 from sediment core MZ01 in the ECS are used to indicate SST and SWT changes over the last 8400-years. After being filtered with the Ensemble Empirical Mode Decomposition (EEMD) of HHT, the fluctuating SST and SWT both have a quasi-periodicity of approximately 1000–2000 years, in accordance with the north Atlantic drift ice activities. This suggests the impact of high latitude forcings on the ECS climate changes. The variability of SST and SWT at centennial and millennial scales reveals some anti-phase since 6 ka. Decrease of SST since approximately 3 ka suggests a cooling effect from intensified Asian winter monsoons and the CCC. This process could also lead to a thicker fresh water barrier layer on the surface, which could apparently dampen heat loss from the bottom water that is evidenced by modern observations. Therefore, the increase of SWT since approximately 4 ka, likely indicates regional hydrographic changes that relate to stronger winter and summer monsoons, as well as possibly stronger WKBC and TWC. The hosing experiment is also lends support to more obvious stratification during the cold period in north Atlantic high latitudes. Finally, our results revealed a close relationship between paleo-temperatures and hydrographic conditions, particularly in the western Pacific marginal seas, and provided a new approach to assess the interaction between regional hydrographic conditions and global climate forcing.
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