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Abstract : 

The history of the East Asia winter monsoon (EAWM) and its forcing mechanisms remain elusive due to 
conflicting reconstructions. In this study, we attempt to quantify changes in interglacial winter monsoon 
intensity over tropical East Asia, based on reconstructions from the southern South China Sea (SCS) and 
model outputs from transient simulations (TRACE-21). The new monsoon record is derived from 
individual-specimen δ18O of planktonic foraminifera, the variability of which is dominated by the 
seasonality of sea surface temperature and thus the intensity of the EAWM over the SCS. The standard 
deviation of individual-specimen δ18O shows a gradual decrease from 0.61 to 0.20 and from 0.49 to 0.25 
across marine isotope stages (MISs) 5e and 1, respectively, indicating a decline of the EAWM intensity 
along with precessional changes. Reconstructions and simulations together constrain a 15% decrease of 
the EAWM intensity over the Holocene, and a more substantial weakening over the MIS 5e. Precessional 
forcing of the interglacial EAWM variations over the SCS can be mainly explained by two mechanisms. 
First, a persistent increasing of boreal winter insolation can reduce the temperature gradient between 
Asian inlands and the Pacific, weakening the entire winter wind field over East Asia. Second, precessional 
forcing gave rise to an increasing El Niño frequency and magnitude over the Holocene, which facilitated 
the establishment of an anomalous anticyclonic circulation over the tropical West Pacific and thus reduced 
the northerly winter winds. Contrary to traditional views, the retreat of the Northern Hemisphere ice sheets 
during early interglacial periods did not contribute to changes in the tropical EAWM. In addition, model 
outputs have also explicitly revealed that the mid-latitude and the tropical EAWM systems respond 
differently to a set of forcing factors, suggesting a spatial discrepancy of the EAWM evolution in the past. 

Highlights 

► Reliable monsoon reconstruction based on spreading of single-specimen oxygen isotopes. ► 
Transient simulations give clear mechanisms for winter monsoon evolution. ► Boreal winter insolation 
determines wind intensity via altering temperature gradient. ► A tight correlation between tropical winter 
monsoon and ENSO dynamics.
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suggesting a spatial discrepancy of the EAWM evolution in the past. 
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1. Introduction 

Modern East Asia is featured with both strong summer and winter monsoons. 

Traditionally, orbital-scale variations of the East Asian winter monsoon (EAWM) and 

global ice volume are thought to be coupled since the establishment of Northern 

Hemisphere glaciation after ~3.3 Ma (Sun et al., 2010). The expanded Northern 

Hemisphere ice volume can enhance the Siberian high-pressure cell and further 

strengthen the northwesterly and northeasterly winter winds that sweep across eastern 

and southeastern Asia (Fig. 1a). Therefore, the fluctuation of ice volume and the 

EAWM show a strong correlation for the past 800 thousand years, both being 

regulated by dominant quasi-periods of 100 ka (e.g., Ding et al., 1995; Liu and Ding, 

1998; Lu et al., 2003; Sun et al., 2010). Based on this rationale, the EAWM records 

derived from the Loess Plateau in northern China have in turn been used to 

reconstruct the evolution of Northern Hemisphere ice volume (Hao et al., 2012, 

2015). 

 

Owing to the large meridional coverage of the EAWM, however, mounting evidence 

has revealed that the EAWM variation shows a substantially spatial discrepancy. 

Modern observations have pointed to the need to separate the ‘northern mode’ 

(mid-latitude) from the ‘southern mode’ (low-latitude) of the EAWM variability on 

the interannual timescale, with the former showing a more sensitive response to the 

mid-to-high latitude atmospheric circulation system and the latter to the El 

Niño-Southern Oscillation (ENSO) (Chen et al., 2014; Chen et al., 2018). On the 

orbital timescale, a 300-ka transient simulation forced by solar insolation, greenhouse 

gases and ice volume also reveals a latitudinal dependence of the EAWM variability 
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(Xie et al., 2019). The Northern Hemisphere ice sheet plays a major role in regulating 

the intensity of the northern EAWM by modifying the North Pacific atmospheric 

circulation; while boreal winter insolation can account for the southern EAWM 

variations through modulating the zonal land-sea temperature gradient at low latitudes 

(Xie et al., 2019). Therefore, changes in the northern and the southern EAWM 

intensity show a dominant periodicity of 100 and 23 ka, respectively, during the late 

Quaternary (Xie et al., 2019). 

 

The EAWM reconstructions derived from a variety of proxies, however, do not fully 

reproduce the transient simulation results as discussed above. In northern China, the 

EAWM records based on loess grain-size variations show a combined influence of 

100, 41 and 23 ka cycles (e.g., Ding et al., 1995; Liu and Ding, 1998; Lu et al., 2003; 

Shi et al., 2011; Hao et al., 2012). In particular, increased obliquity (41-ka cycles) can 

enhance the meridional temperature gradient and further intensify the EAWM, thus 

leaving a strong imprint on loess records in addition to the 100-ka cycles (Shi et al., 

2011). In the South China Sea (SCS), the EAWM reconstructions derived from 

changes in wind-driven sea surface temperature (SST) gradients suggest that the 

southern EAWM variability was mainly modulated by the 23-ka precession cycles 

(Yamamoto et al., 2013; Huang, 2015). However, they were out of phase with boreal 

winter insolation forcing (Yamamoto et al., 2013; Huang, 2015), which differed from 

the prediction of model studies (Wen et al., 2016; Xie et al., 2019). 

 

More controversial EAWM reconstructions are from the Holocene period. Over the 

Loess Plateau, most grain-size records indicate a generally decreasing EAWM 

intensity from the early to the late Holocene (e.g., Sun et al., 2006; Stevens et al., 

2007; Yang and Ding 2014; Li et al., 2021). In contrast, a recent grain-size stack 

suggests that the northern EAWM variations could be divided into two stages centered 

around 6.5 ka BP, with a weakening trend in the early-to-mid Holocene and a 

strengthening trend in the mid-to-late Holocene (Kang et al., 2020). Furthermore, the 

late Holocene EAWM intensity (2-0 ka BP) was inferred to be even stronger than the 
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early Holocene (12-10 ka BP, Kang et al., 2020). In southern China and the SCS, the 

majority of reconstructions reveal a persistent decrease in the EAWM intensity over 

the Holocene, along with an increasing boreal winter insolation (Huang et al., 2011; 

Steinke et al., 2011; Wang et al., 2012; Jia et al., 2015). However, exceptional records 

also exist. A high-resolution SST record from the northern SCS suggests an increasing 

influence of coastal cold-water masses and a strengthening of the EAWM since 7.0 ka 

BP (Zhang et al., 2019). 

 

To summarize, although there is a growing consensus that the EAWM variation shows 

spatial heterogeneity, conflicting reconstructions hinder attempts to discern this spatial 

pattern and the underlying mechanisms. The presence of these controversial EAWM 

records is partly due to the fact that some proxies are substantially influenced by other 

climatic and geological processes rather than by monsoon changes. In this study, we 

provide a new winter monsoon record for the Marine Isotope Stages (MISs) 5e and 1, 

based on changes in individual-specimen foraminiferal δ
18

O from the southern SCS 

(Fig. 1). We further use transient climate simulation results from the Community 

Climate System Model 3 (CCSM3, Liu et al., 2009; Wen et al., 2016) to analyze 

major causes for interglacial EAWM variations. 

 

2. Regional setting 

2.1 Seasonal climate change of the SCS 

Changes in the SCS surface conditions are highly sensitive to the seasonal reversal of 

monsoon wind field. From May to August, the southwesterly summer monsoon winds 

can drive a basin-scale anticyclonic circulation, which generates a nearly homogenous 

sea surface temperature (SST) distribution with a mean value of ~28.5ºC over the 

entire SCS (e.g., Shaw and Chao, 1994; Chu and Wang, 2003; Fig. 1b). From 

November to February, the intense winter monsoon winds deliver cold surface waters 

from the northern SCS to the south, giving rise to a strong western boundary current 

along the Vietnamese coast and a distinct cold surface area (referred to as the ‘cold 

tongue’) in the southwestern SCS (Chu et al., 1999; Liu et al., 2004; Fig. 1a and 1c). 
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Moreover, the northeasterly winter wind can generate a prominent winter SST 

gradient between the northern and southern SCS as well as between the southwestern 

and southeastern SCS (Liu et al., 2004; Huang et al., 2011; Fig. 1a and 1c). These SST 

gradients have fluctuated between 2.4-4.1ºC and 0.9-1.8ºC, respectively, in the past 

several decades (Huang et al., 2011; Huang, 2015). 

 

Owing to the southward advection of cold waters and the presence of ‘cold tongue’ 

during winter time, seasonal SST changes in the southwestern SCS are largely 

determined by the winter monsoon intensity. As illustrated in Fig. 2a, the SST 

difference between summer (June-July-August, JJA) and winter 

(December-January-February, DJF) seasons at our study site (MD05-2896/97, Fig.1b) 

shows an evident correlation with the DJF meridional wind speed between 1949 and 

2022 (R=-0.69, n=74, p<0.00001). The strengthened winter monsoon winds can 

intensify and expand the ‘cold tongue’ area, thereby lowering winter SSTs and 

increasing the seasonal SST difference (Liu et al., 2004; Huang et al., 2011). 

 

Previous studies have also noticed a correlation between the SCS winter wind 

intensity and the ENSO on an interannual timescale (Liu et al., 2004; Huang et al., 

2011; Zhao et al., 2019). Indeed, recent observations have confirmed this link. 

Between 1949 and 2022, the DJF wind speed variability over the SCS is strongly 

correlated with the SST fluctuation in the Niño 3.4 region (R=0.61, n=74, p<0.00001, 

Fig. 2b). Particularly, strong El Niño years of 1972/1973, 1997/1998 and 2009/2010 

were associated with an unusually weak winter monsoon over the SCS (Fig. 2b). This 

is because the El Niño phase can drive an anomalous anticyclonic circulation over the 

Indo-Western Pacific (Liu et al., 2004; Huang et al., 2011; Zhao et al., 2019), thus 

weakening the northeasterly winter winds to the SCS and further reducing the spread 

of the ‘cold tongue’ as well as the seasonal SST contrast at our core location (Fig. 2). 

 

2.2 Climate significance of seasonal changes in planktonic foraminiferal δ
18

O 

Plankton-tow investigations have demonstrated that Globigerinoides ruber is a mixed 
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layer-dwelling species in the SCS (e.g., Lin et al., 2011; Luo et al., 2015). 

Sediment-trap records from the central and the southern SCS have further shown that 

the flux of G. ruber is considerably increased during both the summer and winter 

monsoon seasons, corresponding to relatively high sea-surface chlorophyll 

concentrations, but decreased during the inter-monsoon seasons (Fig. 3a; Chen et al., 

2007; Wan et al., 2010). This bimodal pattern found in the species-specific flux 

suggests that the flourishing and the deposition of G. ruber in the tropical SCS does 

not have a single-season preference. Moreover, sediment-trap records reveal that 

seasonal G. ruber δ
18

O variations closely follow SST changes in our study area (Fig. 

3b and 3c, Wan et al., 2010). The mean seasonal SST change of 2.98ºC corresponds to 

that of the G. ruber δ
18

O variation of 0.52‰ (Fig. 3b and 3c). Therefore, SST changes 

can fully account for shifts in δ
18

O, given the conversion of ~0.23‰ per degree 

between G. ruber δ
18

O and temperature (Mulitza et al., 2003).  

 

Because a single specimen of G. ruber can only live for a couple of weeks, the δ
18

O 

variance of individual specimens from a sediment sample can therefore record 

changes in ocean surface conditions on seasonal to interannual time scales (e.g., 

Sadekov et al., 2013; Groeneveld et al., 2019). According to modern observations in 

the southern SCS (Figs. 2 and 3), we believe that the δ
18

O variance of individual 

specimens can faithfully reflect seasonal SST changes, and it can further indicate 

changes in winter wind speeds over the SCS. 

 

3. Material and Methods 

3.1 Core MD05-2896 and 2897 

Sediment cores MD05-2896 (08°49.05′N, 111°26.47′E; water depth, 1657m; core 

length, 11.03 m) and MD05-2897 (08°49.53′N, 111°26.51′E; water depth, 1658 m; 

core length, 30.98 m) were retrieved from the southern SCS during the 

MD147-Marco-Polo Cruise (Fig. 1, Laj et al., 2005). The core material consists of 

clay or silty clay with abundant calcareous fossils. The uppermost part of core 

MD05-2897 was lost during coring process. This missing section covers a 
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sedimentary history from the Last Glacial Maximum to the Holocene, which is 

supplemented by material from the adjacent core MD05-2896 in this study (Fig. 4). 

 

3.2 Stable oxygen and carbon isotope of foraminifera 

Sample preparation and analyses were performed at the State Key Laboratory of 

Marine Geology, Tongji University. Planktonic foraminifera G. ruber (sensu stricto, 

white, size fraction 300-360 μm, measured along the longest shell axis) and benthic 

foraminifera Cibicidoides wuellerstorfi (size fraction >400 μm) were picked for 

carbonate δ
18

O and δ
13

C measurements. For the individual-specimen analysis, 

foraminiferal shells were ultrasonically cleaned in ethanol. For the pooled-specimen 

analysis, foraminiferal shells were crushed into large fragments and homogenized 

before being ultrasonically cleaned in ethanol. All samples were analyzed using a 

Finnigan MAT 253plus mass spectrometer coupled to an automatic Kiel-IV carbonate 

preparation device. Measurement results were converted to the international Pee Dee 

Belemnite (PDB) scale. Long-term replicate measurements of an international 

carbonate standard show a standard deviation of ±0.04‰ and ±0.08‰ for δ
18

O and 

δ
13

C analysis, respectively. Approximately 36-50 specimens from each sample and a 

total of 23 samples were used for individual-specimen δ
18

O/δ
13

C analyses, and 889 

δ
18

O data points were obtained (Table 1, supplementary data file). For 

pooled-specimen δ
18

O/δ
13

C analyses, G. ruber and C. wuellerstorfi samples were 

measured every 2 and 4-8 cm, respectively, equivalent to an average time resolution 

of 210 and 750 years (supplementary data file). 

 

3.3 Statistical Methods 

In each array of the individual-specimen δ
18

O dataset, outliers were recognized using 

the 1.5×interquartile range criterion. This resulted in the removal of 20 data points 

(~2.2% of all data) from the final results. We further test the individual-specimen δ
18

O 

distribution for normality using the Lilliefors Test. For 3 out of 23 samples, the null 

hypothesis that the measurements are normally distributed is rejected (P<0.05, Table 

1). Accordingly, the majority of samples fit a normal distribution, and the standard 
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deviation can be used to characterize the spread of the individual-specimen δ
18

O data. 

 

3.4 The TRACE-21 simulation 

The TRACE21 is a transient simulation of global climate change for the past 21,000 

years, performed using a coupled atmosphere-ocean-land surface-sea ice model with a 

dynamic vegetation module (CCSM3). A series of experiments have been conducted 

that are forced by a single factor, including atmospheric greenhouse gas 

concentrations, orbital parameters, continental ice volume and meltwater fluxes 

(single-forcing experiments), and also forced by an integration of these factors 

(integrated experiment) (e.g., Liu et al., 2009, 2014). In this way, the main drivers for 

a specific climate change process are expected to be identified. Published model 

outputs are broadly consistent with proxy reconstructions and have successfully 

reproduced many important features of climate change from regional to global scales 

(e.g., Liu et al., 2014; Wen et al., 2016). Model results are accessible to the scientific 

community on the website of the National Center for Atmospheric Research 

(https://www.earthsystemgrid.org/project/trace.html). In this study, simulated changes 

in the EAWM and their forcing mechanisms are analyzed and compared with our 

proxy records. 

 

4. Results 

4.1 Age model 

In previous studies, a total of 13 accelerator mass spectrometry (AMS) 
14

C dating 

were used to establish the chronostratigraphy of the upper 3 meters of core 

MD05-2896 (Fig. 4a; Tian et al., 2010; Wan and Jian, 2014). For the upper part of 

core MD05-2897, 4 AMS 
14

C dating and the radiometric dating results of the 

“Youngest Toba Tuff” were used to constrain the age model (Huang and Tian, 2012). 

In this study, the age model for the depth interval between 424-1165 cm of core 

MD05-2897 was further constructed by linking the benthic foraminiferal δ
18

O record 

to the global benthic δ
18

O stack (LR04, Lisiecki and Raymo, 2005) through visual 

correlation (Fig. S1). The C. wuellerstorfi δ
18

O of core MD05-2896/97 oscillates 
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between 2.2‰ and 4.2‰ over the past 160 ka and shows a clear division of marine 

isotope stages/substages (Figs. 4a and S1). All age control points of the two cores are 

listed in Table S1. MISs 1 and 5e are constrained in depth intervals of 0-87 and 

919-982 cm in cores MD05-2896 and 2897, respectively (Fig. 4a), with mean 

sedimentation rates of 7.6 and 6.9 cm/ka. 

 

4.2 Standard deviation of individual-specimen δ
18

O 

As illustrated in Fig.4, the means of the individual-specimen δ
18

O measurements are 

generally in agreement with the pooled-specimen δ
18

O results, except for two samples 

between 12 and 11 ka BP. Individual-specimen δ
18

O data range from -4.80‰ to -1.61‰ 

and from -4.40‰ to -1.22‰, respectively, during the MISs 5e and 1. We fit a 

third-degree polynomial curve to the standard deviation of individual-specimen δ
18

O 

measurements, in order to better constrain the trend and the magnitude of changes 

(Figs. 4c and 4e). The standard deviation shows a decreasing trend from 0.61 to 0.20 

and from 0.49 to 0.25 across the MISs 5e and 1, respectively, consistent with 

contemporary changes in precession (Laskar et al., 2011). We also note that the 

magnitude of the change in standard deviation is 30% greater during the MIS 5e 

compared to the MIS1, corresponding to a 1.3-fold greater change in precession. 

 

5. Discussion 

5.1 The southern EAWM during MISs 5e and 1 

Based on modern observations, the extent of the individual-specimen δ
18

O spread is 

mainly determined by the seasonal SST contrast and thus the winter wind speed in the 

southern SCS (Figs. 2 and 3). Therefore, changes in the standard deviation of 

individual-specimen δ
18

O measurements can in turn be used to indicate the southern 

EAWM variations. This new winter monsoon record is consistent with previous 

reconstructions based on the west-east SST gradient in the southern SCS (Fig. 5b; 

Huang et al., 2011) and the upper ocean thermal gradient in the northern SCS (Steinke 

et al., 2011). All three of these proxy records are relevant to large-scale wind field 

changes over the broad open SCS, and are thus robust documents for the history of the 
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southern EAWM. Together they reveal a gradual decrease in monsoon intensity over 

the Holocene period. Furthermore, new data from the MIS 5e suggest that this 

decreasing trend is temporally recurrent across interglacial peaks, and the MIS 5e 

experienced a more pronounced change in winter wind speeds compared to the 

Holocene. 

 

In contrast, other winter monsoon reconstructions from the SCS and the Sulu Sea 

imply a different story. The EAWM reconstructions based on changes in planktonic 

foraminiferal faunal assemblages or sea-surface productivity suggest a strong control 

of ice volume on the long-term evolution of the winter monsoon intensity (Chen and 

Huang, 1998; de Garidel-Thoron et al., 2001). For the Holocene period, they suggest a 

strengthening or unchanged trend (Chen and Huang, 1998; de Garidel-Thoron et al., 

2001). However, changes in foraminiferal faunal assemblages are substantially 

influenced by regional SST fluctuations. In addition, the SCS is surrounded by vast 

continental shelves. Sea-level fluctuations can induce dramatic advance and retreat of 

coastlines, which further affect terrigenous nutrient inputs to marine core locations 

and the reconstructed sea-surface productivity. As a result, these two sets of records 

are considerably influenced by non-monsoon processes, which are not “pure” proxies 

for the winter wind speed. 

 

Another record, based on changes in coastal SST in the northern SCS, is also thought 

to indicate a strengthening of the EAWM since the mid-Holocene (Zhang et al., 2019). 

However, compared to monsoon reconstructions from the open ocean, coastal records 

are suspected to be influenced by changes in local hydrological processes along with 

the sea-level rising and the drowning of the continental shelf. Shifts in the direction 

and the extension of coastal currents can bias the interpretation of coastal SST records 

in terms of monsoon wind changes. To summarize, despite the existence of conflicting 

reconstructions from the SCS, winter monsoon records based on the seasonal SST 

contrast (this study) and the thermal gradient in the SCS (Huang et al., 2011; Steinke 

et al., 2011) seem the most reliable based on the strong support of modern 
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observations. 

 

5.2 Precession control of southern EAWM changes over interglacial periods 

We use model outputs from the TRACE-21 experiments to identify the forcing 

mechanisms for changes in the southern EAWM. As shown in Fig. 6a, simulated 

changes in the winter meridional wind speed over the SCS, derived from the 

integrated experiment, show an increasing trend from 6.7 m/s to 7.2 m/s (absolute 

values) between 14.0-8.6 ka BP and a decreasing trend from 7.2 m/s to 6.3 m/s 

between 8.6-0.7 ka BP. This is broadly consistent with our proxy reconstructions. 

Previously, it has been reported that simulated winter wind speeds also match with 

another proxy record based on the west-east SST gradient in the southern SCS (Fig. 

5b; Huang et al., 2011; Wen et al., 2016). Therefore, model simulations and data 

reconstructions collaborate to confirm a weakening history of the southern EAWM 

history over the Holocene. Moreover, the model outputs provide a constraint on the 

magnitude of monsoon decline, which is around 15% across the Holocene. 

 

Compared with model outputs from single-forcing experiments, it is clear that orbital 

forcing is mainly responsible for the Holocene changes in the southern EAWM (Fig. 

6b). With respect to the late Holocene, a closer northern hemisphere winter to 

aphelion and reduced boreal winter insolation (Fig. 5e; Laskar et al., 2011) resulted in 

a cooling of the Asian winter inlands during the early Holocene. This further 

strengthened the Siberian high-pressure system and increased the meridional and 

zonal temperature gradients between East Asia and the Pacific, which ultimately 

caused stronger northerly winds flowing across East Asia and the associated marginal 

seas (Fig. 7, Tian and Jiang, 2008; Wen et al., 2016; Li et al., 2021). This explanation 

can be extended to the MIS 5e, since the MISs 5e and 1 have similar climate 

background conditions in terms of changes in orbital configurations, greenhouse-gas 

concentrations and global ice volume (e.g., Petit et al., 1999; Waelbroeck et al., 2002; 

Laskar et al., 2011). Stronger precession and winter insolation forcing over the MIS 

5e had caused a more substantial change in the intensity of the southern EAWM (Fig. 
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4e). Indeed, long-term transient simulations have also verified this inference that 

precession is accounted for changes in winter wind speeds over subtropical East Asia 

during several recent interglacial peaks (Xie et al., 2019). 

 

5.3 ENSO and the southern EAWM 

As aforementioned, ENSO dynamics are closely linked to the SCS winter wind 

speeds on interannual time scales (e.g., Liu et al., 2004; Huang et al., 2011; Zhao et al, 

2019). Here we attempt to test whether this link also functions on orbital time scales. 

Reconstructions of the Holocene ENSO activity remain controversial (Lu et al., 2018). 

One set of records suggests that both the amplitude and frequency of El Niño events 

have gradually increased since the early Holocene (Fig. 5f, e.g., Moy et al., 2002; 

Conroy et al., 2008; Barr et al., 2019); while the other set of reconstructions implies 

that El Niño activity was attenuated during the mid-Holocene, but strong during both 

the early and late Holocene (e.g., Koutavas and Joanides, 2012; Cobb et al., 2013; 

Zhang et al., 2014). Nevertheless, it is generally accepted that El Niño activity was 

less variable during the early Holocene relative to the late Holocene (Zhang et al., 

2014). 

 

ENSO activity in the integrated experiment of the TRACE-21 is consistent with the 

first set of data reconstructions, showing a continuous increase in both frequency and 

magnitude over the Holocene (Fig. 5g, Liu et al., 2014). This was achieved by 

enhanced positive ocean-atmosphere feedbacks that occurred in the tropical Pacific in 

response to precessional forcing (Liu et al., 2014). In the model outputs, the reduced 

and muted El Niño activity during the early Holocene triggered an anomalous 

cyclonic circulation over the tropical western Pacific, which augments the northerly 

winter winds in the SCS (Fig. 7b). Therefore, ENSO dynamics seems to impact the 

southern EAWM intensity through similar mechanisms both on interannual and 

orbital time scales. A previous study argued that strong El Niño activity can induce an 

anomalous anticyclonic and cyclonic circulation over the SCS and the East China 

Sea-Okinawa Trough, respectively, leading to contrasting Holocene EAWM changes 
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in these two regions (Zhao et al, 2019). However, the TRACE-21 simulation does not 

fully support this inference, as no anomalous circulation was observed for the East 

China Sea-Okinawa Trough region (Fig. 7b). 

 

At present, reliable reconstructions of ENSO activity with monthly to interannual 

resolution are still scarce for the MIS 5e. Therefore, the ENSO activity for this period 

remains poorly understood, but changes in the mean climate state over the equatorial 

Pacific are relatively better known. A convergence of evidence suggests that 

long-term fluctuations of El Niño/La Niña-like climate conditions were controlled by 

equatorial fall insolation during the late Quaternary (e.g., Clement et al., 1999; Dang 

et al., 2014; Carolin et al., 2016). Absolutely-dated stalagmite δ
18

O records from 

Borneo, controlled by the ENSO-induced atmospheric convection and precipitation 

over the tropical West Pacific, reveal a moderate shift to more La Niña-like climate 

conditions between 127 and 117 ka (Carolin et al., 2016). This corresponds to a 

weakening of the southern EAWM inferred from the individual-specimen δ
18

O record 

(Fig. 4e), which thus does not follow the pattern observed for the Holocene. Here we 

argue that probably El Niño/La Niña activity, in terms of fluctuations in frequency 

and magnitude, rather than shifts in the mean climate state, is likely to contribute to 

changes in the southern EAWM changes. Therefore, testing for the link between 

ENSO dynamics and the southern EAWM over the MIS 5e requires the ENSO 

reconstructions on the interannual time scales. Taken together, it appears that the 

precession control of the southern EAWM changes during interglacial periods was 

achieved via two mechanisms, altering the land-sea temperature contrast and 

modulating ENSO activity.  

 

5.4 Limited influence of ice-volume forcing for the southern EAWM evolution 

Global sea-level rose by ~60 meters between 12.0-0.0 ka BP, mainly due to the 

melting of the North American and Eurasian ice sheets (e.g., Lambeck et al., 2014). 

This sea-level rise accounted for half of the total glacial-interglacial change. 

Previously, the presence of residual ice sheets during the early Holocene was 
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considered as an important reason for the intensification of the EAWM (e.g., Huang et 

al., 2011; Steinke et al., 2011; Kang et al., 2020; Li et al., 2021), because it could 

enhance the Siberian high-pressure system and further intensify northerly winds (Wen 

et al., 2016; Xie et al., 2019). However, the ice-volume-only forced experiment 

reveals that the deglacial retreat of the Northern Hemisphere ice sheets corresponds to 

a continuous increase in the southern EAWM between 14.0 and 10.0 ka BP (Fig. 6b), 

contrary to previous thought. 

 

Long-term EAWM reconstructions and the transient simulations further show a 

limited influence of ice-volume dynamics on the southern EAWM throughout the last 

glacial-interglacial cycle (Huang et al., 2011; Wen et al., 2016; Xie et al., 2019). The 

southern EAWM intensity during the Last Glacial Maximum was comparable to that 

during the late Holocene (Huang et al., 2011), despite the fact that most of the 

Northern Hemisphere ice sheets have since melted. We infer that the influence of ice 

volume on the East Asian subtropical winter wind field was likely masked by changes 

in the low-latitude atmospheric circulation, driven by ENSO dynamics as discussed 

above. 

 

In addition, the role of the other two forcing factors has been assessed in the model 

simulation. Like ice-volume forcing, greenhouse-gas forcing has played a limited role 

in modulating the southern EAWM since the LGM (Wen et al., 2016). Changes in 

meltwater fluxes affect the southern EAWM intensity on millennial timescales rather 

than on orbital timescales (Wen et al., 2016). Therefore, orbital-scale variations of the 

southern EAWM since the last glacial can be largely ascribed to precession forcing. 

 

5.5 Spatial discrepancy of the Holocene EAWM evolution 

Inconsistent loess grain-size records prevent a comparison between the history of the 

northern and southern EAWM. The majority of reconstructions suggest a gradual 

weakening of the northern EAWM over the Holocene (e.g., Sun et al., 2006; Stevens 

et al., 2007; Yang and Ding 2014; Li et al., 2021). If this were correct, there would 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



appear to be no spatial discrepancy for the Holocene. However, based on the 

TRACE-21 simulations, the mechanisms for winter monsoon changes in these two 

regions are different. In addition to the precessional forcing, the retreat of the 

Northern Hemisphere ice sheets as well as the greenhouse-gas forcing also contribute 

to the Holocene weakening of the northern EAWM (Wen et al., 2006; Li et al., 2021). 

Particularly, these two forcing factors become dominant during the early Holocene 

period (Li et al., 2021). 

 

In contrast, if we adopt the recent loess grain-size stack published by Kang et al. 

(2020), then the northern and the southern EAWM show an explicitly different history 

over the Holocene. The two-stage evolution of the northern EAWM, first decreasing 

during the early-to-mid Holocene and later increasing during the mid-to-late Holocene 

(Fig. 5d), is ascribed to the influence of ice volume and the meridional temperature 

gradient, respectively (Kang et al., 2020). However, a peak in winter monsoon 

intensity during the latest part of the Holocene (Fig. 5d) has not been reproduced in 

any transient or equilibrium model simulations (Wen et al., 2016; Tian and Jiang, 

2018). We note that some authors have questioned the influence of human activities 

on the coarsening of loess gain size in the mid-to-late Holocene (Li et al., 2021). 

Therefore, long-term and reliable EAWM reconstructions from widely-distributed 

sites are still needed to recognize the spatial pattern of winter monsoon evolution.  

 

6. Conclusions 

We generate a new EAWM record based on individual-specimen δ
18

O of planktonic 

foraminifera from the southern SCS, which reveals a gradual weakening of monsoon 

wind speeds over both the MISs 5e and 1. The interpretation of this new record is 

strongly supported by modern observations and model simulations, and it is consistent 

with most of other Holocene monsoon reconstructions from South China and the SCS. 

Therefore, our new data provide a robust document of interglacial changes in the 

EAWM. Combined with transient simulation results from the TRACE-21 experiments, 

the EAWM intensity over the SCS is estimated to have decreased by 15% over the 
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Holocene, and it experienced a more substantial reduction over the MIS 5e. 

 

The model outputs also give the reasons for the southern EAWM variation during the 

two interglacial periods. A continuous increase in boreal winter insolation can reduce 

the temperature difference between the Asian interior and the Pacific, which 

combined with an increasing El Niño activity in terms of frequency and magnitude, 

contributes to a decreasing EAWM intensity over the SCS. In addition, model studies 

have explicitly revealed that the northern and the southern EAWM respond differently 

to external and internal forcing, resulting in the spatial discrepancy in the EAWM 

evolution. To decipher this spatial discrepancy, long-term and reliable EAWM 

reconstructions from different regions are still needed. 
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Figure caption 

 

Fig.1 Modern East Asian climatology. (a) December-January-February (DJF) 1000 

mPa winds. (b) June-July-August (JJA) and (c) DJF ocean surface currents and SST 

distribution over the SCS. Wind and SST data are mean values for the period 

1949-2021, derived from the NCEP/NCAR Reanalysis Project (Kalnay et al., 1996). 

Surface currents are mean values for the period 1980-2010, based on the SODA3.32 

database (Jackett et al., 2006). Locations of cores MD05-2896/97 and a sediment trap 

are indicated. 

 

Fig.2 Comparison of the SCS DJF wind speed with the southern SCS seasonal SST 

contrast (a) and the monthly Niño 3.4 SST anomaly (b) for the period 1949-2022. The 

DJF meridional wind speeds at 1000 mPa are weighted averages for the region 

10°-20°N, 110°-120°E (indicated by a rectangle in Fig.1a). The winter monsoon wind 

speeds in this region largely determine the winter SST distribution of the SCS, which 

thus show a significant correlation with the seasonal SST contrast at the core locations 

of MD05-2896/97. The JJA-DJF SST differences are weighted averages for the region 

8.5°-10°N, 110.5°-112.5°E (indicated by a rectangle in Fig.1b). The latter region 

includes the core location of MD05-2896/97. Both wind and SST data are derived 

from the NCEP/NCAR Reanalysis Project (Kalnay et al., 1996). The Niño 3.4 SST 

results are from Rayner et al. (2003). Note that the DJF meridional wind speeds are 
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negative values. 

 

Fig.3 Monthly flux and δ
18

O changes of G. ruber in the southern SCS based on a 

sediment-trap record. The grey rectangles in (a) indicate relatively high fluxes of G. 

ruber during both the summer and winter monsoon seasons. (b) G. ruber δ
18

O from 

shallow and deep traps show consistent changes, indicating that the lateral transport in 

the SCS has no evident impact on sedimentary G. ruber δ
18

O signals. Sediment-trap 

data are from Wan et al. (2010). (c) Monthly-mean SST data at the sediment-trap 

location are derived from the NCEP/NCAR Reanalysis Project (Kalnay et al., 1996). 

 

Fig.4 Pooled- and individual-specimen δ
18

O of G. ruber for MISs 1 and 5e at site 

MD05-2896/97. (a) C. wuellerstorfi δ
18

O for the past 140 thousand years with AMS 

14
C dating position indicated by triangles. (b and d) Comparison of pooled- (orange) 

and individual-specimen (dark blue) δ
18

O of G. ruber. Mean values of 

individual-specimen δ
18

O are indicated by large blue dots. (c and e) Comparison of 

the standard deviation of individual-specimen δ
18

O (blue dots) with precession (dark 

red, Laskar et al., 2011). The thick blue curves are third-degree polynomial fits to the 

individual-specimen δ
18

O results, while the thin blue curves indicate 95% confidence 

levels for the polynomial fits. 

 

Fig.5 Comparison of the Holocene EAWM records with the ENSO evolution. (a) The 

southern EAWM reconstruction based on individual-specimen δ
18

O (blue dots, this 

study). The thick blue curve is a third-degree polynomial fit to the 

individual-specimen δ
18

O results, while the thin blue curves indicate 95% confidence 

levels for the polynomial fit. (b) The southern EAWM reconstruction according to the 

annual SST gradient between the southwestern and southeastern SCS (Huang et al., 

2011). (c-d) The northern EAWM reconstructions based on loess grain-size variations. 

The two stacks are adopted from Yang and Ding (2014, CHILOMOS) and Kang et al. 

(2020), respectively. (e) December 21
 
insolation at 50°N (Laskar et al., 2011). (f) 

Reconstructed changes in the ENSO dynamics. Number of El Niño events per 100 
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years recorded at Laguna Pallcacocha, Ecuador (light blue, Moy et al., 2002). 

Percentage of sand fraction in lacustrine sediments from the Galápagos Islands, 

eastern Pacific (red, Conroy et al., 2008). (g) Simulated changes in annual-mean SST 

over the Niño 3.4 region, derived from the integrated TRACE-21 experiment (Liu et 

al., 2014). 

 

Fig.6 Forcing mechanisms for the tropical EAWM changes over the Holocene 

according to the TRACE-21 experiments. (a) Comparison of the southern EAWM 

reconstructions (blue dots) with the simulated DJF wind speeds at 1000 mPa over the 

SCS (dark red). The thick blue curve is a third-degree polynomial fit to the 

individual-specimen δ
18

O results, while the thin blue curves indicate 95% confidence 

levels for the polynomial fit. The model outputs are from the integrated experiment. 

(b) Comparison of the simulated DJF wind speeds at 1000 mPa from different 

experiments. These experiments are solely forced by orbital parameters (light blue), 

greenhouse-gas concentrations (red), continental ice sheets (orange) and meltwater 

fluxes (black). All simulated DJF wind speeds are weighted averages for the 

10°-20°N, 110°-120°E region indicated by a rectangle in Fig.1a. Note that the 

simulated DJF meridional wind speeds are negative values. 

 

Fig.7 The simulated winter wind field (DJF) at 1000 mPa over East Asia and the 

North Pacific, derived from the integrated TRACE-21 experiment. (a) Mean wind 

field during the late Holocene (1-0 ka BP). (b) The mean wind field difference 

between the early (11-10 ka BP) and late Holocene (1-0 ka BP). Both the northern and 

southern modes of the EAWM show a stronger intensity during the early Holocene 

compared to the late Holocene. The northern EAWM was strengthened due to a 

combined influence of precession, residual ice sheets and greenhouse-gas 

concentrations (Li et al., 2021), while the southern EAWM was enhanced driven by 

precessional forcing alone. Red arrows indicate the anomalous cyclonic circulation 

induced by the suppressed El Niño activity during the early Holocene. 
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Tables 

 

Table 1 Summary of individual-specimen δ
18

O measurements from cores MD05-2896 

and 2897 after removal of outliers 

Core 

Core 

Depth 

(cm) 

Age 

(ka) 

NO. of 

analyses 

mean δ
18

O 

(PDB, ‰) 

standard 

deviation of 

δ
18

O 

p value of 

Lilliefors test 

* 

MD05-2896 1.5 0.73  37 -3.293  0.221  0.471  

MD05-2896 5.5 1.23  36 -3.201  0.259  0.101  

MD05-2896 9.5 1.72  41 -3.096  0.377  0.141  

MD05-2896 27.5 3.98  36 -3.260  0.191  0.113  

MD05-2896 31.5 4.49  34 -3.316  0.222  0.460  

MD05-2896 33.5 4.74  38 -3.181  0.376  0.500  

MD05-2896 47.5 6.52  39 -3.220  0.413  0.278  

MD05-2896 57.5 7.67  45 -2.872  0.506  0.500  

MD05-2896 61.5 8.11  36 -3.050  0.357  0.006  

MD05-2896 65.5 8.56  50 -3.002  0.447  0.055  

MD05-2896 75.5 9.68  37 -3.270  0.461  0.500  

MD05-2896 85.5 11.47  36 -2.659  0.523  0.500  

MD05-2896 87.5 12.02  37 -2.568  0.439  0.169  

       
MD05-2897 919.5 117.15  34 -2.763  0.225  0.500  

MD05-2897 931.5 118.87  38 -3.127  0.246  0.494  

MD05-2897 937.5 119.74  39 -3.313  0.306  0.371  

MD05-2897 943.5 120.61  37 -3.381  0.321  0.500  

MD05-2897 951.5 121.77  35 -3.286  0.435  0.500  

MD05-2897 957.5 122.64  42 -3.206  0.610  0.017  

MD05-2897 963.5 123.51  33 -3.350  0.479  0.045  

MD05-2897 969.5 124.38  37 -3.319  0.356  0.153  

MD05-2897 977.5 125.54  36 -3.166  0.599  0.306  

MD05-2897 983.5 126.41  36 -3.043  0.636  0.158  

*p value of the Lilliefors test for normality, with P>0.05 indicating a normal 

distribution of the individual-specimen δ
18

O measurements in a given sample. 
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Highlights 

Reliable monsoon reconstruction based on spreading of single-specimen oxygen isotopes 

Transient simulations give clear mechanisms for winter monsoon evolution 

Boreal winter insolation determines wind intensity via altering temperature gradient 

A tight correlation between tropical winter monsoon and ENSO dynamics 
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