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 The ENSO–East Asian winter monsoon relationship (EER) is significantly 

strengthened during the last glacial maximum and early deglaciation 

 The strengthened EER is characterized by the poleward shift of ENSO’s influence 

over the northwest Pacific 

 Large North American ice sheets are the ultimate driver of the strengthened EER at 

that time 
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Abstract 

Observations have demonstrated an unstable interannual relationship between El 

Niño/Southern Oscillation (ENSO) and the East Asian winter monsoon (EAWM) in recent 

decades due to internal variability. However, it remains unclear whether the interannual 

ENSO-EAWM relationship (EER) may change with long-term external forcings, especially 

when they vary substantially. The results of a set of transient simulations during the last 

21000 years demonstrate the EER is enhanced during the last glacial maximum relative to the 

Holocene, characterized by a poleward migration of ENSO’s signal over the Northwest 

Pacific. The strengthened EER results from the weakened interannual ENSO-Aleutian Low 

teleconnection and the northeastward displacement of the climatological Aleutian Low, 

ultimately forced by the massive North American ice sheets at that time. Our study suggests a 

changing EER with various external forcings and implies potential uncertainty in applying 

the present-day ENSO teleconnections during glacials. 

Plain Language Summary 

The East Asian winter monsoon (EAWM) exerts significant impacts on the climate over Asia 

and affects billions of people; thus, a precise EAWM prediction is urgently required. Since 

the El Niño/South Oscillation (ENSO) provides the majority of skillful predictability, the 

effect of ENSO on EAWM has received considerable attention. Although recent studies 

noticed that the ENSO-EAWM relationship (EER) was unstable during recent decades due to 

the oceanic oscillations, such as the Pacific Decadal Oscillation and Atlantic Multidecadal 

Oscillation, it remains unclear whether the EER could change with substantially varied 

external forcings in the future, such as solar insolation, greenhouse gases, meltwater flux, and 

ice sheets. Using a set of transient simulations during the last 21000 years, we found that the 

EER is significantly strengthened during the last glacial maximum and early deglaciation 

relative to the Holocene, attributed to the vast North American ice sheets at that time. 

Therefore, this study will not only have great significance for the paleoclimate research, 

which usually applied the present-day ENSO teleconnection to explain past changes in 

regional climate directly, but also help to project the future EER variation for a better EAWM 

prediction. 

1 Introduction 

The East Asian winter monsoon (EAWM), one of the most prominent climate systems 

in the Northern Hemisphere during boreal winter, is characterized by the cold northwesterly 

winds prevailing along the coast of East Asia (An, 2000; Wang and Chen, 2010; Huang et al., 

2012), and producing severe cold surges and heavy snowfall events (Ji et al., 1997; Zhang et 

al., 1997; Chang et al., 2006). Given its significant impact on weather and climate, sustained 

efforts have been made to understand the dynamics of and factors influencing the EAWM 

(Gong et al., 2001; Wu et al., 2002; Yang et al., 2002; Chen et al., 2005; Wang et al., 2010). 

Notably, on the interannual timescale, the El Niño/Southern Oscillation (ENSO) has a 

significant inverse relationship with the EAWM (Zhang et al., 1996; Jhun and Lee, 2004; 

Wang et al., 2000; Wang et al., 2010). During the El Niño (La Niña) winter, the warming 

(cooling) over the eastern Pacific establishes a favorable (unfavorable) large-scale 

environment for the air-sea interaction over the western North Pacific, which forms an 

anomalous anticyclone (cyclone) there and weakens (strengthens) the EAWM (Wang et al., 

2000). However, recent studies indicated that the interannual ENSO-EAWM relationship 

(EER) is unstable in recent decades (Wang and He, 2012; He et al., 2013). For instance, the 

EER was significant before the 1970s and after the 2000s, while nonsignificant during the 

1980s and 1990s, which may be modulated by the Atlantic Multidecadal Oscillations (AMO) 
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or the Pacific Decadal Oscillation (PDO) (He and Wang, 2013; Wang et al., 2008; Geng et 

al., 2017; Kim et al., 2014; Kim et al., 2017). 

It is of great importance to comprehend the interannual EER behavior and possible 

drivers to deepen our knowledge of the stability of ENSO’s impact on the East Asian climate 

and thus provide a better future projection. Nevertheless, existing studies have focused on the 

role of internal variability in the climate system (i.e., the AMO and PDO). The stability of the 

interannual EER in response to various external forcings remains unclear. In the future, as 

global temperature rises due to increased greenhouse gas concentrations (Stott, 2000), the 

Greenland Ice Sheet may completely disappear, changing its topography and releasing 

excessive meltwater to the ocean (Greve 2000; Huybrechts et al. 2011). Moreover, the winter 

insolation over the Northern Hemisphere will continuously decrease in the next millennia due 

to varying orbital parameters (Berger, 1978). These forcings are projected to induce 

significant climate changes in the long term, while their impact on the EER has not been 

considered. Therefore, a comprehensive exploration of the EER response to external forcings 

should be performed. 

To obtain better insight into the EER variation under external forcings, we can 

examine it in a paleoclimate context. During the last 21000 years (21 ka), the Earth’s climate 

experienced remarkable changes due to various external forcings, such as insolation, 

greenhouse gases, ice sheets, and meltwater fluxes. This period thus provides us with an 

excellent opportunity to explore how the EER changes with these forcings over a relatively 

long period. Due to the lack of direct geological evidence for the EER over the last 21 ka, we 

utilize a set of transient climate simulations to examine the EER changes and associated 

dynamics. 

2 Data and Methods 

Here, we take advantage of the monthly outputs of a transient climate evolution 

(hereafter referred to as TraCE) over the last 21 ka based on the Community Climate System 

Model version 3, forced by varying orbital insolation (ORB), greenhouse gases (GHG), 

meltwater fluxes (MWF), and continental ice sheets (ICE) (Fig. 1a-c). We also use the 

decadal-mean seasonal outputs of four sensitivity experiments, driven by the transient ORB, 

GHGs, MWF, and ICE, respectively, with other forcings and boundary conditions fixed at the 

start of each simulation. Detailed information about the TraCE can be found in He (2011). 

Besides, the ENSO intensity is measured by the SST anomaly averaged over the Niño3.4 

region (5°N–5°S, 170°W–120°W), and the EAWM index is defined as the regionally 

averaged meridional winds at 1000 hPa over East Asia (10°–50°N, 115°–135°E) during 

boreal winter [December-January-February (DJF)]. Specifically, the EAWM index is 

multiplied by -1 to ensure that positive values represent northerlies. To obtain the evolution 

of EER throughout the last 21 ka, we calculate a running correlation between the Niño3.4 and 

EAWM indices within a 100-year window. Notably, the results of this study are not sensitive 

to the definition of the EAWM index (Fig. S1). 

The TraCE is capable of capturing many aspects of the reconstructed climate since the 

Last Glacial Maximum (LGM, ~21 ka BP), such as the high-latitude temperature (He, 2011; 

Buizert et al., 2018), East Asian monsoon (Wen et al., 2016; Lu et al., 2019), and ENSO 

variability (Liu et al., 2014). Beyond that, we evaluate the model’s performance in 

reproducing the observed EER. As shown in Fig. S2, the anomalous anticyclone over the 

northwest Pacific (NWP-AC)—the critical system connecting El Niño and the weakened 

EAWM—is restricted to the Philippine Sea. The simulated NWP-AC location is similar to 

that in modern observations but with much weaker intensity. Liu et al. (2014) also indicated 
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that the simulated ENSO teleconnection in TraCE is significant and stationary in core regions 

of ENSO impact, but can be complex where ENSO and local precipitation variability are not 

highly correlated. Nevertheless, the connection between El Niño and the weakened EAWM is 

closely related to the NWP-AC’s position rather than its strength (He and Wang, 2013; Kim 

et al., 2017), setting up the foundation for a further investigation of the EER in the past with 

this model. 

3 Strengthened interannual EER during the LGM and early last deglaciation 

The interannual EER during the last 21 ka shows significant instability (Fig. 1d). The 

most striking feature is that the EER is much stronger during the LGM and the early last 

deglaciation, relative to the Holocene. Besides, the weakening of the EER from the LGM is 

superposed by the ever-present centennial oscillations. As there is no centennial variability in 

the external forcings applied in the TraCE (Fig. 1a–c), a Monte-Carlo simulation suggests 

that the ~400-year fluctuation may come from the internal climate variability, while the 

shorter oscillations are possibly induced by the running correlation method (Fig. S3). We 

further examine the changes in the ENSO-EAWM linkage between a strong (LGM, ~21-19 

ka BP) and weak [late Holocene (LH), 2-0 ka BP] EER period. Since the impacts of ENSO’s 

cold and warm phases largely mirror each other (Wang et al., 2000), the following 

discussions focus on the warm phase (i.e., the El Niño). Generally, the NWP-AC is vital to 

the connection of El Niño and weakened EAWM during the LGM and LH (Fig. 2a and 2c), 

while their meridional positions are distinct. During the LH, the NWP-AC is located over the 

Philippine Sea; thus, its influence is more limited over tropical and subtropical East Asia, 

which mainly weakens the low-latitude EAWM. However, during the LGM, when El Niño 

occurs, the tropical NWP-AC diminishes, and its center tends to be located over the 

subtropical northwest Pacific. This meridional migration of the NWP-AC induces a more 

northward extension of the anomalous southerly along the East Asian coast and hence a more 

substantial reduction in the extratropical EAWM, intensifying the EER. 

The meridional shift of ENSO’s impact over the western Pacific is also evident in the 

sea level pressure (SLP) field. During the LH, the El Niño-regressed SLP over the tropical 

Pacific manifests a negative Walker circulation pattern, decreasing and increasing over the 

east and west, respectively (Fig. 2b). During the LGM, however, the anomalous high pressure 

over the western Pacific moves to the Kuroshio Extension region, indicating a northward shift 

in the subsidence of the anomalous Walker circulation and corresponding to the suppressed 

convection in that region (Fig. 2d). Moreover, during the LH, El Niño induces an SLP 

reduction over the northern and northeast Pacific, implying an eastward retreated but 

generally deepened Aleutian Low (AL) via the Pacific-North American (PNA) teleconnection 

(Ropelewski et al., 1986; Leathers et al., 1991). Such an intensified AL could impede the 

development of El Niño-related NWP-AC in higher latitudes (He and Wang, 2013). 

Nevertheless, El Niño’s influence on the AL weakens during the LGM; therefore, the AL 

could no longer hamper the NWP-AC from moving northward and hence the poleward 

development of ENSO’s influence over the western Pacific, resulting in a stronger EER. 

4 Possible modulation by the climate background and external forcings 

Previous studies indicated that the internal decadal variabilities of the climate system, 

such as the PDO and AMO, could affect the interannual EER through changing the climate 

background over the Pacific (Wang et al., 2008; He and Wang, 2013; Kim et al., 2017). Here, 

inspired by these findings, we intend to determine whether the distinct EERs between the 

LGM and LH are related to their external-forced background differences on the millennial 

timescale. Figure 3a shows the climatological SLP differences between these two periods. It 
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is noted that SLP decreases globally in the LGM due to an icy climate at that time. Thus, the 

SLP differences are calculated after removing its zonal mean for a better representation of the 

atmospheric activity centers. The climatological SLP during the LH (Fig. 3a) exhibits high- 

and low-pressure systems (namely, the Siberian high and AL) located over Asia and the 

northern Pacific, respectively. The climatological AL center is located at approximately 

180°E and covers the whole middle-latitude North Pacific, which may lead to the occurrence 

of the dominant extratropical atmospheric variability over the North Pacific, interrupting the 

EAWM variability associated with ENSO (Wang et al., 2008). Nevertheless, during the 

LGM, relative to the LH, the SLP decreases dramatically over the Northeast Pacific and 

increases over the East Asian coast (Fig. 3a). This dipole anomalous pressure pattern implies 

a northeastward shifted climatological AL, making the dominant extratropical atmospheric 

variability move away from East Asia, and creating a stronger EER. To specify our inference, 

we define an AL location (ALL) index as the regionally averaged SLP difference between the 

Northeast Pacific and Northwest Pacific based on Fig. 3a, and compare the evolution of the 

climatological AL location with EER during the last 21 ka. It is clear that the AL experiences 

an abrupt southwestward shift after 13 ka BP, corresponding to the significantly weakened 

EER (Fig. 3b). This result implies that the climatological AL location may be a dominant 

factor for the interannual EER since the LGM. It is noted that the change of EER before and 

after 14 ka BP is not as abrupt as that of the climatological AL movement, which could result 

from the strong internal variability of EER. 

The last question is what external forcing the changed EER could be attributed to. As 

the EER in the sensitivity experiments is unavailable due to the lack of annually resolved 

outputs, we focus on the reason for the climatological AL shift to investigate the EER change 

indirectly. Figure 3c shows the ALL evolution during the last 21 ka in individual sensitivity 

experiments, indicating that the ice sheets changes dominate the varying ALL in the TraCE. 

In particular, in the ICE experiment, the ALL is relatively low from 19-16 ka BP, acutely 

rises from 16-13 ka BP, during which period most of the Cordilleran Ice Sheet disappeared 

and Laurentide Ice Sheet rapidly lowered (Fig. 1c and 4a), and remains at the LH level 

throughout the Holocene. Therefore, we speculate that the massive North American ice sheets 

are the main factor accounting for the northeastward displacement of the climatological AL 

or the strengthened EER during the LGM and early deglaciation. 

The possible dynamical mechanisms may be as follows. When large North American 

ice sheets exist, the low-level westerlies over the North Pacific strengthen in the south of its 

axis and weaken in the north (Fig. 4b), implying an equatorward migration of the low-level 

jet stream.  On the one hand, as the mid-latitude westerlies shift southward, the subpolar gyre 

strengthens in its southern edge. Consequently, the sea ice is transported anomalously 

westward in the high-latitude through wind-driven processes (Fig. S4), thus not conducive to 

sea ice expansion in the eastern part of the North Pacific (Zhu et al., 2014; Lu et al., 2016). 

This leads to strong local warming through the sea ice albedo positive feedback and hence 

lower pressure. On the other hand, the southward shifted westerlies inhibit the North Pacific 

Current, lowering the SSTs over the Kuroshio Extension region, hence creating higher 

pressure (Fig. 4c–d). Consequently, the northeastern part of the climatological AL intensifies, 

while the southwestern part weakens, corresponding to a northeastward movement.  

In addition, the ALL change is insensitive to other external forcings except for the 

meltwater discharge, which contributes a small part of the AL movement in certain millennia 

(i.e., ~15 ka BP). When freshwater discharges into the North Atlantic, the Atlantic 

dramatically cools in response to an AMOC weakening. The Atlantic cooling and it triggered 

tropical Pacific cooling then influence the North Pacific through the barotropic Rossby waves 

(Trenberth et al. 1998; Alexander et al. 2002; Deser and Phillips 2006), enhancing the AL 
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mostly in its eastern Part (Okumura et al., 2009) and shifting the AL. Nevertheless, the ALL 

response to meltwater discharge is not well reflected in the EER, which may be obscured by 

the strong internal fluctuations of EER. 

5 Conclusion and Discussion 

Based on a set of transient climate simulations, we investigate the stability of EER 

during the last 21 ka and its possible relationship with the climate background and external 

forcings. The modeled EER is much stronger during the LGM and early last deglaciation 

relative to the Holocene, confirming a varied ENSO teleconnection from another perspective 

(Liu et al., 2014). Specifically, the El Niño-induced NWP-AC, generally located over the 

tropical region during the LH, moves to the subtropical region during the LGM and shifts the 

associated anomalous southerlies to a higher latitude along the East Asian coast, resulting in a 

much weaker EAWM.  The EAWM response related to La Niña also weakens from the LGM 

to present, implying that ENSO’s impact on the EAWM reduced in both El Niño and La Niña 

conditions, although their responses are asymmetric (Fig. S5).  

The meridional migration of ENSO signals over the western Pacific may be attributed 

to its varied impact on the AL on the interannual timescale. During the LH, El Niño leads to 

an overall intensification of the AL, inhibiting the poleward development of the NWP-AC. 

Nevertheless, during the LGM, El Niño tends to cause an eastward displacement of the AL, 

reducing its influence over the extratropical northwest Pacific, thus allowing the NWP-AC to 

develop further northward. Furthermore, we find that the enhanced EER may be relevant to 

the northeastward shift of the climatological AL during the LGM and early last deglaciation, 

which is ultimately driven by the large North American ice sheets. 

Our inferences are based on numerical simulations, and hence, uncertainties are 

inevitable. First, the TraCE largely underestimates the intensity of the ENSO-EAWM 

relationship, which makes our conclusion less robust. As this model performs well in 

reproducing the NWP-AC’s location, we also investigate the variation of its center during the 

last 21 ka. It shows that NWP-AC’ center experiences an evident shift: locating over 20°-

30°N before 13 ka BP but over 5°-20°N afterward (Fig. S6). Such a meridional movement of 

WNP-AC is consistent with the EER change, implying the systematic underestimation of the 

ENSO teleconnection has little impact on our conclusion. Second, as the EER is predominant 

at the interannual timescale, the reconstruction of the EER is hampered by the scarcity of 

ENSO and EAWM proxies with an adequate temporal resolution, making a direct model-data 

comparison difficult. Third, we focus on the external forcings causing EER changes; 

however, the internal variability is nonnegligible (Fig. 1d). For example, the EER changes 

between the LGM and present-day do not show a consistent sign among the Coupled Model 

Intercomparison Project (CMIP5) models. One important reason is that most public CMIP5 

LGM simulations only have a time span of 100 or 200 years, during which the EER is more 

likely an internal variability consequence. In this sense, long-term integrated transient 

simulations, e.g., those spanning the last 21 ka, are required to emphasize the influence of 

external forcings on the EER without being obscured by its internal variability. Admittedly, 

such long-term integrated simulations are so rare that we use only one in this study, which 

makes our conclusions partly model-dependent. 

Nevertheless, the background climate changes associated with the interannual EER 

variation in this transient simulation can be qualitatively compared with the reconstructions 

and multi-model equilibrium simulation results. Proxies in western North America present an 

anomalous dipole precipitation/humidity pattern during the LGM, with wetter and drier 

conditions in the southwest and near the ice sheet, respectively (Thompson and Anderson, 
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2000; Lyle et al., 2012; Oster et al., 2015). This suggests a southward displacement of the 

North Pacific lower-level subtropical westerly jet stream, which is reproduced in all the LGM 

simulations of the fifth phase of the CMIP5 (Wang et al., 2018). Moreover, the CMIP 

simulations consistently indicated a distorted PNA teleconnection during the LGM (Hu et al., 

2019), confirming a weakened connection between the tropical (i.e., ENSO) and North 

Pacific (i.e., AL) climate variability as simulated by the TraCE. More importantly, these 

proxy and modeling studies highlighted the crucial role of the North American ice sheets, 

strongly supporting an ice sheet-induced enhancement of the EER during the LGM. 

Additionally, the mechanisms of the EER changes inferred from the transient 

simulation are comparable to those of the modern observational studies, though over a more 

extended period. For instance, the TraCE implies that the interannual EER changes in the 

opposite direction to the ENSO-AL relationship during the last 21 ka (Fig. S7), consistent 

with the observed results during recent decades (Wang and He, 2012; He and Wang, 2013). 

He and Wang (2013) also found that the anomalous anticyclone could develop over the 

Kuroshio Extension and the Pacific-East Asia teleconnection (Wang et al., 2000) could be 

well established only when the anomalous subsidence of the Walker circulation shifted 

northward. Furthermore, the EER was strengthened when the dominant atmospheric 

variability retreated from East Asia (i.e., during the negative phase of the PDO; Wang et al., 

2008). 

Ultimately, we conclude that there was very likely a strengthened relationship 

between the ENSO and EAWM during the LGM than the present-day using a transient 

simulation, highlighting the possible modulation of ice sheets on the internal interaction of 

the climate system. In this sense, we should be more cautious in applying the present-day 

teleconnections to explain regional climate changes in the past, particularly during glacial 

periods. Besides, as GHGs, orbital insolation and meltwater exert little impact on the EER, 

and the North American ice sheet has already completely disappeared, the future EER may be 

mainly regulated by internal climate variability, fluctuating around the present-day level, 

rather than influenced by various external forcings. 
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Figure 1. Evolution of external forcings and EER during the last 21 ka. (a) DJF insolation at 

45°N (in W/m2). (b) meltwater fluxes in the Northern Hemisphere (in meters of global sea level 

rise per 1000 years). (c) CO2 concentration (in ppm) and North American Ice volume (in 107 

km3). (d) 100-year running correlation between the DJF Niño3.4 and EAWM index in the 

TraCE simulation. Correlation coefficients passing the 95% significance test are shaded in 

orange in (d). The purple and green vertical panels in (d) represent 21-15 and 12-0 ka BP, 

respectively, with the average (upper) and linear trends (lower) of EERs during these two 

periods. 
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Figure 2. Regressed horizontal winds (vectors, in m/s) and stream function (shading, in 105 

m2/s) anomalies at 1000 hPa (a, c) and SLP anomalies (in hPa) (b, d) with respect to the Niño3.4 

index during the LH (a, b) and LGM (c, d). In (a, c), the rectangles denote the regions for 

calculating the EAWM index, and “AC” denotes the center of El Niño-induced anticyclone. 

Only the stream function and SLP anomalies significant at the 95% level are shown. 
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Figure 3. (a) Differences in the climatological SLP (shadings, in hPa) between the LGM and 

LH, and the climatological SLP during the LH (contours, in hPa). (b) 100-year running 

correlation between the Niño3.4 and EAWM index (black), and ALL index (red, in hPa) in the 

TraCE during the last 21 ka. (c) ALL in four corresponding sensitivity experiments (in hPa). 

The ALL index is defined as the SLP difference between 40°–60°N, 180°E–140°W and 30°–

45°N, 130°–160°E, indicated as rectangles in (a). Only the differences significant at the 95% 

level are shown. “SW” and “NE” denote the southwestward and northeastward displacement 

of climatological AL, respectively. 
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Figure 4. The difference in (a) ice sheet thickness (in m), (b) zonal winds at 850 hPa (shadings, 

in m/s), (c) surface temperature (in K) and (d) SLP (shadings, in hPa) between 19–17 and 2–0 

ka BP in the ICE experiment. Contours in (b) and (d) denote the climatological 850 hPa zonal 

winds (in m/s) and SLP (in hPa) during the LH, respectively. Areas with an elevation below 

1500m are masked in (b). Only the differences significant at the 95% level are shown in (b–d). 

 


