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This paper reviews recent advances in understanding the interaction between the East Asian winter monsoon (EAWM) and El Niño-Southern Oscillation (ENSO). The achievements are summarized into two aspects: 1) the impacts of ENSO on the EAWM, and 2) effects of the EAWM on ENSO. For the first aspect, the results show that: the current climate model simulations of ENSO impacts on the EAWM have a common weaker bias than in the observations; The influence of central Pacific type ENSO on the EAWM is generally weaker than that of the eastern Pacific type ENSO; The precipitation anomalies in the tropical Indian Ocean tend to contribute to the intra-seasonal transition of ENSO teleconnection over East Asia; The ENSO-EAWM relationship is unstable and subject to non-linear modulation by the state of oceans and extratropical atmospheric phenomena, which include the Pacific Decadal Oscillation and the Arctic Oscillation. Regarding the second aspect, studies have shown that the “pure” EAWM (denoted as EAWMres), which is independent of the ENSO signal, can lead to significant variations in the tropical convection over the western Pacific, the local Hadley circulation over East Asia, and the Walker circulation over the equatorial latitudes; The CMIP6 models can preproduce the above EAWMres effects well, although with some weaker bias. The changes in tropical convection and extratropical zonal flow associated with the EAWMres tend to have a significant modulating effect on the ENSO atmospheric teleconnection over North America. A strong EAWM and a strong Australian summer monsoon coherently provide favorable conditions for the onset of El Niño.
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1 INTRODUCTION
The East Asian winter monsoon (denoted as EAWM) is one of the essential components of the global climate system during boreal winter (Staff Members of the Academia Sinica, 1957; Ding, 1994; Chen et al., 2000; Wang and Lu, 2017; Chen et al., 2019a). The EAWM serves as a major conduit for cold air from high latitudes moving south to low latitudes, and dominants the weather and climate in East Asia (Chen and Graf, 1998; Iwasaki et al., 2014; Liu et al., 2021). The EAWM is characterized by strong near-surface northerly winds along the coast of East Asia (Figure 1). These northerlies can continue to travel southward into the South China Sea, reach the Maritime Continent, and sometimes cross the equator (Boyle and Chen, 1987; Chen and Graf, 1998). The intrusion of northerlies into the tropics can stir up/enhance tropical convective activity; through this, the EAWM can influence the latent heat released by convection around the Maritime Continent (Lau and Lau, 1984; Wang and Chen, 2010; Gong et al., 2014; Ma et al., 2018b; Jiao and Wu, 2019). In addition, the Maritime Continent heat source is of primary importance for driving the global atmospheric circulation in boreal winter (Ramage, 1971; Nitta, 1987). Through its influence on the tropical convection, the EAWM can further affect the local Hadley circulation over East Asia and the Walker circulation along the equatorial latitudes (Figure 1; Chen and Graf, 1998; Ma et al., 2018a; Ma et al., 2018b; Ma et al., 2020). Therefore, the EAWM serves as a bridge between the high latitudes and the tropics and has a far-reaching impact on global atmospheric circulation.
[image: Figure 1]FIGURE 1 | Schematic diagram illustrating the effects of EAWM on tropical convection and large-scale atmospheric circulation. A strong EAWM can cause anomalous convergence over the tropical western Pacific region, leading to enhanced convective activities there. The enhanced convection further leads to strengthened local Hadley circulation over East Asia and strengthened Walker circulation along the equatorial latitudes.
The El Niño-Southern Oscillation (ENSO) is the dominate mode of interannual climate variability on Earth. The tropical convection anomalies associated with ENSO can generate Rossby waves that propagate outside the tropics; hence ENSO has profound impacts on extratropical regions (Horel and Wallace, 1981; Trenberth et al., 1998; Yeh et al., 2018; Hu et al., 2021). East Asia is one of the regions that affected by ENSO (Tao and Zhang, 1998; Chen et al., 2000). During El Niño (La Niña) mature phase (winter), the East Asian region usually experiences increased (decreased) precipitation and warmer (colder) temperature (Zhang et al., 1996; Chen et al., 2000; Wu et al., 2003). It is well established that an anomalous anticyclone (cyclone) over the western North Pacific (WNP) play a key role in connecting the El Niño (La Niña) to the East Asian climate (Zhang et al., 1996; Wang et al., 2000; Chen et al., 2013a; Gong et al., 2015; Kim et al., 2017a; Feng et al., 2017).
Considerable progress has been made in recent years in understanding the interaction between ENSO and the EAWM. Previous paper has reviewed recent advances in the ENSO atmospheric teleconnections (abbreviated as ENSO teleconnections hereafter; Yeh et al., 2018). However, there are both progresses and challenges in understanding the ENSO atmospheric teleconnection over the East Asia. For example, to what extent can the state-of-the-art climate models reproduce the ENSO-EAWM relationship; how does the diversity of ENSO affects this teleconnection? What are the roles of atmospheric circulation and ocean outside the tropical Pacific Ocean in modulating the teleconnection? On the other hand, in spite of numerous studies on the impact of ENSO on the EAWM, there are relatively few studies on the effects of EAWM on ENSO. It is crucial to reveal the modulation effect of the EAWM on ENSO atmospheric teleconnections and the influence of East Asian cold surges on the development of El Niño. Progress and debate on these issues motivate us to review on the interaction between ENSO and the EAWM.
The remainder of this paper is organized as follows: Section 2 introduces achievements regarding the impact of ENSO on the EAWM. In this section, we focus on climate models simulations, diversity, non-linearity, and modulation factors of the ENSO-EAWM teleconnection. The progress on effects of the EAWM on ENSO are presented in Section 3. A summary and an outlook for future investigations are provided in Section 4.
2 THE IMPACT OF ENSO ON THE EAWM
2.1 In observations
ENSO is one of the most important external forcings influencing the variations of the EAWM (Zhang et al., 1996; Chen et al., 2000; Wang et al., 2000; Wu et al., 2003; Huang et al., 2004; Chen et al., 2019a). El Niño is usually accompanied by a weakening of the EAWM, which advects warm and moist air to East Asia such as southern China, Japan, and Korea; reversed conditions are observed in the La Niña winters, but with smaller amplitudes (e.g., Kug et al., 2012; Son et al., 2014; Ma et al., 2018a). Air pollution over northern China tends to get worse (lighter) during the El Niño (La Niña) winters due to the weakening (strengthening) of EAWM (An et al., 2022a; An et al., 2022b; Zhao et al., 2022).
2.1.1 Possible mechanisms
The mechanisms by which ENSO affects the EAWM have been extensively investigated. Studies consistently showed that an anomalous anticyclone (cyclone) over the WNP played a critical role (e.g., Zhang et al., 1996; Wang et al., 2000). The anomalous anticyclone (cyclone) is a Rossby wave response to the cooling (heating) over the tropical western Pacific, where convection is depressed (increased) during El Niño (La Niña). Southerly (northerly) winds anomalies on the western edge of the anticyclone (cyclone) in turn weaken (enhance) the EAWM (e.g., Zhang et al., 1996; Wang et al., 2000).
In addition to the anomalous WNP anticyclone (cyclone) mechanism, some recent studies have shown that ENSO can also affect the EAWM through other pathways, such as exciting Rossby wave trains over Eurasia. During boreal winter, there are two dominant modes of the wave train over Eurasia, the northern wave train along the polar jet and the southern wave train along the subtropical jet (Hu et al., 2018; Jiao et al., 2019). Studies suggested that El Niño tends to force a northern wave train that propagates into East Asia (Tian and Fan, 2020; Yu and Sun, 2020; An et al., 2022a; Zhao et al., 2022). This northern wave train is reinforced by the positive feedback effect of sea-air coupling over the Mediterranean (An et al., 2022a). It has also been argued that the southern wave train, especially the parts over South and East Asia, can be forced by ENSO (Ma et al., 2022; Zhao et al., 2022). They suggested that precipitation anomalies in the tropical Indian Ocean that associated with ENSO played a crucial role.
2.1.2 Asymmetric impact of El Niño and La niña
It has been well documented that El Niño tends to have a stronger impact on the East Asian winter climate than La Niña (e.g., Zhang et al., 1996; Chen, 2002; Wu et al., 2010; Feng et al., 2017; Zhang et al., 2017). Different perspectives are proposed to understand this asymmetric effect. For example, Wu et al. (2010) showed that, compared to the anomalous WNP anticyclone during El Niño, the anomalous WNP cyclone during La Niña is weaker and shifted more westward, resulting in a weaker climate impact on East Asia. They argued that the asymmetries in the amplitude and longitude of SST anomaly in the WNP are the most important factors. However, Zhang et al. (2015), Zhang et al., 2017 showed that the amplitude of SST anomalies in the WNP was similar during the El Niño and La Niña winters. They suggested that the difference in intraseasonal oscillation between El Niño and La Niña, i.e., strong (weak) intraseasonal oscillation but weak (strong) interannual oscillation during La Niña (El Niño), is responsible for the asymmetric effects. Moreover, it has also been suggested that the asymmetry in background state may plays a vital role in the asymmetry of ENSO atmospheric teleconnections (Feng et al., 2017).
2.1.3 Different impact on the EAWM by ENSO diversity
There is a growing interest in the ENSO atmospheric teleconnections considering the diversity in ENSO spatial patterns (Weng et al., 2009; Feng et al., 2010; Jia et al., 2016; Ding et al., 2017b; Feng et al., 2017; Yeh et al., 2018). Chen et al. (2018) reviewed the progresses of the impacts of two types of ENSO, namely the Central Pacific (CP) and the Eastern Pacific (EP) types, on the East Asian monsoons in the past decade. They concluded that the CP type El Niño generally has a weaker impact on the EAWM than the EP type. And the weaker impact is attributed to the smaller amplitude and westward shift of the anomalous anticyclone associated with the CP El Niño compared to that associated with the EP El Niño (e.g., Weng et al., 2009; Feng et al., 2010). In addition, Huang et al. (2021) suggested that the winter climate over southern China is significantly affected by the poleward edge of the regional Hadley cell over the western Pacific, which in turn is influenced by the CP type of ENSO.
Studies on the El Niño diversity often classify the El Niño events into the EP and CP types. The EP and CP El Niños are characterized by SST anomalies located in the eastern and central tropical Pacific, respectively. However, recent studies argued that the CP El Niño needs to be further separated into the CP-I and CP-II types because different spatial patterns and evolutions of SST anomalies (Wang and Wang 2013; Chen M. et al., 2019). The CP-I El Niño SST anomalies originate at the equator and are symmetric around the equator. The CP-II El Niño SST anomalies are asymmetric about the equator, with additional warm SST anomalies extending from the central Pacific towards North America (Wang and Wang 2013; Chen et al., 2019b). Chen et al. (2019b) further suggested that the three different types of El Niño, namely the EP, CP-I and CP-II types, can lead to distinct responses of the western Pacific subtropical high. Kim et al. (2021) investigated the varying response of EAWM to the above three types of El Niño in both observations and model hindcasts. They reported that the EP El Niño has the strongest weakening effect on the EAWM, followed by the CP-II and then the CP-I types.
2.1.4 Sub-seasonal changes in ENSO’s signal over East Asia
Accumulating evidence has shown that the impacts of ENSO on the EAWM have clear sub-seasonal changes, with stronger impacts during early winter (Nov-Dec) and weaker impacts during late winter (Jan-Feb) (Son et al., 2014; Kim et al., 2018; Tian and Fan, 2020; Li et al., 2021; Ma et al., 2022; Zhao et al., 2022). For example, Son et al. (2014) reported that the impacts of ENSO on precipitation in Korea is strong in early winter and weak in late winter. Zhao et al. (2022) showed that the impact of ENSO on haze pollution over the Beijing-Tianjin-Hebei region is strong in early winter while weak in late winter. Ma et al. (2022) further showed that the ENSO-induced anomalous southerly winds along the East Asian coast can extent to mid-and-high latitudes in early winter, whereas those anomalous winds are confined to the subtropics in late winter. Figure 2 shows the 500-hPa geopotential height anomalies over East Asia are distinct different in the early and late winter of the ENSO events. In the El Niño (La Niña) early winters, a weakened (strengthened) East Asian Trough is observed; however, in the late winters, anomalies in the East Asian Trough are weak and insignificant.
[image: Figure 2]FIGURE 2 | Composite patterns of (A, B) Nov-Dec-averaged 500 hPa anomalous geopotential height (Z500, unit = gpm, contour interval = 5) in El Niño and La Niña winters during 1979–2021, respectively. (C, D) Are the same as in (A, B), but for Jan–Feb-averaged Z500 anomalies. Red (Blue) shading indicates positive (negative) anomalies that exceed the 95% confidence level. The list of El Niño and La Niña events can be found in NOAA’s Climate Prediction Center https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php.
Studies on the mechanisms of the sub-seasonal variation of the ENSO-East Asia teleconnection have shown progresses with some controversies. Kim et al. (2018) suggested that the weakened precipitation anomaly in the WNP and the enhanced precipitation anomaly in the tropical CP from December to January lead to changes in the ENSO-East Asia teleconnection. In addition, the precipitation in the tropical Indian Ocean (TIO) may also play an important role. Several studies have shown that ENSO can induce a Rossby wave train emitting from the TIO to East Asia during early winter (Figure 3), yet this wave train is very weak and without an extratropical node during late winter (Tian and Fan, 2020; Ma et al., 2022; Zhao et al., 2022). Ma et al. (2022) identified that the formation of this wave train is closely related to the precipitation anomalies in the TIO, especially in the eastern TIO (Figure 3). During El Niño early winter, positive and negative precipitation anomalies occur in the western and eastern TIO, respectively. The diabatic heating associated with the precipitation anomalies, particularly the eastern part, stimulates a Rossby wave train emitting from the TIO towards East Asia. This TIO-East Asia wave train further leads to a weakened East Asian trough, and thereby a weakened EAWM. The situations are reversed in La Niña. Because the climatological mean SST is warmer and the precipitation in the TIO is stronger in early than late winter, the ENSO-induced TIO precipitation anomalies and the associated atmospheric response are stronger in early winter than in late winter (Ma et al., 2022).
[image: Figure 3]FIGURE 3 | Schematic diagram illustrating possible roles of the precipitation anomalies in the tropical Indian Ocean (TIO) in the teleconnection of ENSO over East Asia. During El Niño early winter, positive and negative precipitation anomalies occur in the western and eastern TIO, respectively. The diabatic heating associated with the precipitation anomalies, particularly the eastern part, stimulates a Rossby wave train emitting from the TIO towards East Asia. This TIO-East Asia wave train further leads to a weakened East Asian trough, and thereby a weakened EAWM. The situations are reversed in La Niña.
The North Atlantic Ocean may also play a role in the sub-seasonal variations of ENSO-East Asia teleconnection (Feng and Chen, 2022). The variation of EAWM has shown to be closely related to two Rossby wave trains propagating from the North Atlantic to East Asia along the polar and the subtropical jets (Jiao et al., 2019; Wei et al., 2020; An et al., 2022a). During the ENSO early and late winters, both two wave trains exhibit significant differences (An et al., 2022a; Ma et al., 2022). However, the mechanism of the sub-seasonal variation of these two wave trains remains to be investigated.
2.1.5 Modulation factors on the ENSO-EAWM teleconnection
The ENSO-EAWM teleconnection can be affected by the state of the oceans, such as the North Pacific, the Indian Ocean, and the Atlantic Ocean.
The Pacific Decadal Oscillation (PDO) has been documented to modulate the effects of ENSO on the EAWM (Wang et al., 2008; Feng et al., 2014; Ding et al., 2017a; Jia and Ge, 2017a). The PDO is often described as decades-long El Niño-like pattern of Pacific climate variability (Newman et al., 2016). The positive (negative) PDO phase is characterized by warm (cold) SST anomalies along the tropical Pacific and cool (warm) SST anomalies in the North Pacific. In an in-phase combination of ENSO and the PDO (i.e., El Niño/positive PDO and La Niña/negative PDO), the ENSO-EAWM relationship tends to be strong and significant. In contrast, in an out-of-phase combination, the ENSO-EAWM correlation becomes weak and insignificant. The PDO can also modulate the asymmetry impacts of El Niño and La Niña on East Asian winter climate (Gao et al., 2019). They showed that the asymmetric impact was significant during the positive phase of PDO and disappeared during the negative phase of PDO. The warm (cold) background of the tropical Pacific in positive (negative) PDO played a key role in amplifying (reducing) the asymmetric responses of convection anomaly over the WNP to ENSO, resulting in large (small) asymmetric impacts of ENSO over East Asia (Gao et al., 2019).
The Atlantic Multidecadal Oscillation (AMO) has also been found to play a modulation role. The AMO is known as a coherent mode of natural variability in the North Atlantic Ocean on the timescale of several decades (60–80 years). The phase of AMO is based on the average SST anomalies in the North Atlantic basin (0°–80°N). A positive (negative) phase of AMO may drive a westward (eastward) shifted anomalous WNP anticyclone, contributing to a stronger (weaker) impact of El Niño on the EAWM (Kim et al., 2017a).
In the tropical Indian Ocean, the Indian Ocean dipole (IOD) is recognized to be an important component of the SST variability especially during boreal autumn. A positive IOD is featured with warmer SST anomalies in the western Indian Ocean relative to the east, while the opposite is true for a negative IOD. The IOD is considered to be weakly correlated to ENSO, though the strongest and most extreme events do show better teleconnections. For example, Zhang X. D. et al. (2022) reported that the combined effect of ENSO and the IOD contributed to the extreme wetness in Eastern China during summer 2020. In addition, the state of the tropical Indian Ocean has been suggested to play an important role in the subseasonal transition of ENSO-EAWM relationship (Ma et al., 2022). The climatological mean SST and precipitation in are warmer and stronger in early winter than in late winter. According to the Clausius-Clapeyron relationship, the early winter warmer and wetter basic-state in the tropical northern Indian Ocean can provide favorable conditions for a stronger atmospheric response to SST anomaly (Hu et al., 2021; Ma et al., 2022). Thus, the stronger atmospheric response to ENSO SST in early winter leads to a closer ENSO-EAWM relationship.
Extratropical atmospheric circulations have also been found to be potential factors modulating the ENSO-EAWM relationship (Yu and Sun, 2018; Chen et al., 2020; Yu and Sun, 2020; An et al., 2022). Chen et al. (2013b) found that when the ENSO and Arctic Oscillation (AO) are in in-phase combinations (El Niño/negative AO and La Niña/positive AO), the climate in northern and southern China are mainly influenced by the AO and ENSO, respectively. However, when the ENSO and AO are in out-of-phase combinations, the climate anomalies in China, especially in southern China, exhibit a very different pattern. Their results suggested that ENSO and the AO have a non-linear superposition effect on the EAWM. Chen et al. (2020) reported that after removing the AO signal, the ENSO-EAWM relationship shows a stable and significant negative correlation over the past 140 years. Luo et al. (2021) found that ENSO affects the winter cold anomalies over central Eurasia through modulating the strengthen and location of the Ural blocking. Song and Wu (2022) further found that the cold events during El Niño winters are closely related to negative AO, while the cold events during La Niña winters are mainly associated with the Ural Blocking. Dai and Tan (2019) showed that the eastern Pacific atmospheric teleconnection pattern plays an important role in the impact of ENSO on East Asian winter climate. Particularly, the eastern Pacific teleconnection pattern can induce significant East Asian temperature anomalies during its developing and mature phase.
2.2 Performance of the CMIP models
In this subsection, we begin by reviewing the performance of climate models in representing the climatology and interannual variability of the EAWM. Both the multi-model ensemble (MME) of the fifth and sixth phase of the Coupled Model Intercomparison Project (CMIP5/6) (Taylor et al., 2012; Eyring et al., 2016) and the multi-member mean from the Community Earth System Model (CESM) Large Ensemble Project reproduce well the climatology of the EAWM (Figures 4A–C; Gong et al., 2014; Wang et al., 2019a; Jiang et al., 2020). It is suggested that the CMIP5 models have a slightly strong bias in simulating the climatological mean of the EAWM, especially for its southern part (Figure 4F; Gong et al., 2014). Figures 4D–G further show that the biases are different between the northern and southern parts of the EAWM. For the northern part of the EAWM, both CMIP5 and CMIP6 have a common weaker bias. However, for the southern part of the EAWM, the CMIP5 has a stronger bias with a remarkable improvement in the CMIP6. In addition, the interannual variations of the EAWM can be distinguished into two modes, namely the northern and the southern modes (Chen et al., 2014). Studies have also shown that the variations of winter-mean surface air temperature (SAT) in East Asia are dominated by two different principal modes (Wang et al., 2000; Li and Yang, 2017). The first mode is characterized by SAT variations north of 40°N, while the second mode is characterized by SAT variations south of 40°N. More importantly, Li and Yang (2017) analyzed the quantitative contributions of thermodynamic and dynamic processes to both modes. Their results indicated that the northern SAT mode is closely related to AO and the southern SAT mode is tightly connected to ENSO. Gong et al. (2018) showed that the variation of the EAWM northern mode and its relationship with the Siberian high can be well reproduced in the CMIP5 models. Using a recently developed vector field evaluation method, Huang et al. (2019) evaluated the vector winds in the Asian-Australian monsoon region in 37 CMIP5 modes. Their results showed that the MME is the best in reproducing the climatological mean of the vector winds compared to individual models; most models overestimate the strength of low-level winds in tropical areas such as the South China Sea, the Philippine Sea, and the Maritime Continent.
[image: Figure 4]FIGURE 4 | Climatological mean of the horizontal winds at 1000 hPa during boreal winter (Dec-Jan-Feb). The data used in each subplot is (A) NCEP/DOE Reanalysis II (denoted as NCEP2) reanalysis during 1979–2014; (B) CMIP5 MME (42 models) during 1979–2005; (C) CMIP6 MME (47 models) during 1979–2014. (D, E) The northern part of the EAWM index simulated by the CMIP5 and CMIP6 models; (F, G) the same as in (D, E), but for the southern part of the EAWM index. The northern and southern parts of the EAWM index (Chen et al., 2000) are defined as the area-mean 1000 hPa meridional wind in (25°–40°N, 120°–140°E; upper red box) and (10°–25°N, 110°–130°E; bottom` red box), respectively. Red lines in (D–G) indicate the corresponding values in the NCEP2 reanalysis. The list of CMIP5/6 models is shown in Table 1.
TABLE 1 | List of CMIP5/6 models used in this study.
[image: Table 1]Recent works have also investigated the performance, systematic biases, and improvements of the climate models in simulating the ENSO-EAWM teleconnection. Figure 5 shows the correlation coefficients between the EAWM index (Chen et al., 2000) and the Niño 3.4 index simulated by the CMIP5/6 models. We can see that most of the models, i.e., 34 of 37 CMIP5 and 39 of 47 CMIP6, reproduced weaker ENSO-EAWM correlations than in the observation. Gong et al. (2014), Gong et al. (2015) showed that about half (16) of the CMIP5 models capture the observed ENSO-EAWM relationship, as well as the key bridge of the WNP anomalous anticyclone/cyclone. They concluded that the amplitude and spatial pattern of the ENSO SST anomalies, especially its longitude location, play a crucial role in simulating the ENSO-EAWM relationship. Wang et al. (2022a) further suggested SST anomalies in the tropical WNP also play an important role. The common bias in the CMIP5/6 models revealed by Jiang et al. (2022) is that the ENSO-EAWM relationship is weaker than in the observations. This bias can be attributed to the excessive extension of cold tongue to the equatorial western Pacific. And the related mechanism has been suggested as follows: a stronger climatological cold tongue causes the ENSO-SST anomaly to extend westward, forcing an anomalous cyclonic circulation over the WNP, offsetting the key bridge of the anomalous WNP anticyclone, and resulting in a weakened ENSO-EAWM relationship. Overall, the ability of CMIP3, CMIP5, and CMIP6 models in simulating the ENSO-EAWM relationship has been gradually improved (Gong et al., 2015; Jiang et al., 2022). However, Kim et al. (2017b) reported that the CMIP5 models fail to capture the sub-seasonal transition of ENSO teleconnection over the East Asia-North Pacific region. This may be attributed to systematic errors in the amplitude of precipitation anomalies in the WNP and tropical central Pacific associated with ENSO.
[image: Figure 5]FIGURE 5 | Correlation coefficients between the winter (Dec-Jan-Feb-averaged) EAWM index and Niño 3.4 index (A) in 37 CMIP5 models during 1979–2005; (B) in 47 CMIP6 models during 1979–2014. Red lines in (A, B) indicate the corresponding correlation coefficients using NCEP2 reanalysis. The list of CMIP5/6 models is shown in Table 1.
Previous studies have evaluated the performance of climate models in simulating the two types of ENSO (Kim and Yu, 2012; Kug et al., 2012). More recent studies have been extended to investigate the simulation of atmospheric teleconnections associated with the two types of ENSO. The results consistently showed that most CMIP6 models cannot capture well the different responses of EAWM to the two types of ENSO (Wang et al., 2019b; Kim et al., 2021). Wang et al. (2019b) showed that about half of the CMIP5 models cannot reproduce the response of rainfall in Southern China to either type of ENSO. The remaining half models can only simulate the response to one type of ENSO. Only five models produce a reasonable response to both types of ENSO. Kim et al. (2021) reported that the model hindcasts underestimate the effect of EP and CP-II El Niño on the EAWM. And this underestimation is suggested to be induced by the model’s weak bias in simulating the anomalous WNP anticyclone and its complete inability to simulate anomalous anticyclone near the Kuroshio. In general, present climate models face significant challenges in reproducing the teleconnections of different types of El Niño events.
3 EFFECTS OF THE EAWM ON ENSO
3.1 In observations
3.1.1 Modulation of ENSO teleconnections by the EAWM
The first systematic study of EAWM interannual variability and its connection to global circulation was reported by Chen and Graf (1998). They suggested that both the local Hadley circulation over East Asia and the Walker Circulation over equatorial latitudes are more intense in a strong EAWM winter than in a weak EAWM winter (Figure 1). This can be attributed to the impacts of EAWM on tropical convection. The tropical convection tends to be enhanced over the Maritime Continent and suppressed over the tropical EP in a strong EAWM winter, while the opposite is true in a weak EAWM winter. In addition, opposite phases of the Pacific North America (PNA) pattern appear in the strong and weak EAWM winters, respectively. They further suggested that this may be related to the barotropic instability of the extratropical zonal flow and the tropical convection anomalies associated with the interannual variation of the EAWM (Chen and Graf, 1998). This study led us to explore the active role played by the EAWM in its interaction with ENSO.
Progresses have been made in extracting the impacts of “pure” EAWM (denoted as EAWMres), which is a component independent of the ENSO signal (Ma and Chen, 2021). Chen et al. (2013a) defined a EAWMres index from the raw EAWM index using partial regression method. Figures 6A, B show that both indexes can represent the variations of low-level winds along East Asia well. As shown in Chen et al. (2013a), the EAWMres accounts for −65% of the total EAWM variance during the period 1957–2001. This percentage has increased to −80% in recent decades (Figure 6C), since the impacts of ENSO on the EAWM has weakened (Jia and Ge, 2017b). Figures 6D, E indicate that the EAWMres index is linearly independent of the SST anomalies in the tropical central-eastern Pacific. For the winter SST anomalies in the South China Sea (SCS), Wu et al. (2014) showed that the EAWMres contributes largely while the independent ENSO signal (with the EAWM signal removed) contributes less.
[image: Figure 6]FIGURE 6 | Regression patterns of anomalous winds at 850 hPa onto the (A, B) EAWM index and the EAWMres index, respectively. (C)Time series of the EAWM and EAWMres indexes. (D, E) Regression patterns of anomalous SST onto the EAWM and EAWMres indexes, respectively. Dotting in (D, E) indicates anomalies that exceed the 95% confidence level. Details for definitions of the EAWM and the EAWMres indexes can be found in (Chen et al., 2013a; Ma et al., 2018b). The NCEP2 reanalysis and the ERSSTv5 dataset for the period 1979–2021 are used in this figure.
Figure 7 illustrates the effects of EAWMres on tropical convection and large-scale atmospheric circulation. A strong EAWMres can lead to anomalous convergence over the tropical western Pacific (including the southern SCS, Philippine Sea, and Maritime Continent regions), resulting in anomalous ascent and increased precipitation there (Figures 7A, C). In response to the anomalous diabatic heating, the local Hadley circulation over East Asia and the Walker circulation over the northern equatorial Pacific are enhanced (Figures 7E, G). In a weak EAWMres winter, the situations are generally reversed, but the anomalies are smaller. (Figures 7B, D, F, H; Ma et al., 2018a; Ma et al., 2018b; Wang et al., 2022b).
[image: Figure 7]FIGURE 7 | Composite anomalous patterns for the strong (left column) and weak (right column) EAWMres winters: (A, B) precipitation (mm day−1), (C, D) outgoing longwave radiation (OLR, color, W m−2) and divergent winds at 200-hPa (vector, m s−1), (E, F) zonal-averaged vertical velocity (shading, −10−2 Pa s−1) and meridional divergent wind (vector, m s−1) along East Asia (100°–140°E), and (G, H) meridional-averaged vertical velocity and zonal divergent wind (vector, m s−1) over (0°–10°N). Dotting indicates the anomalies that exceed the 95% confidence level.
The EAWMres has documented to influence the ENSO teleconnections both over East Asia and North America (Ma et al., 2018a; Ma et al., 2018b). Ma et al. (2018b) showed that the precipitation in southern China-Japan is greatly increased when El Niño coincide with weak EAWMres winters; in contrast, the precipitation anomalies are very weak when El Niño coincide with strong EAWMres winters. This can be attributed to the combined (offsetting) effects of weak (strong) EAWMres and El Niño on tropical convection over the tropical western Pacific, the anomalous WNP anticyclone and the anomalous East Asian local Hadley circulation. The EAWMres can also modulate the surface air temperature (SAT) anomalies in North America associated with ENSO (Ma et al., 2018b; Ma et al., 2020; Ma and Chen, 2021). They showed that the magnitude of SAT differences between strong and weak EAWMres winters in the same phase of ENSO is comparable to the ENSO-related differences. The EAWMres can induce the changes in extratropical zonal flow and tropical convection anomalies, leading to meridional shifts and amplitude changes in the PNA, which in turn affects the SAT anomalies in North America (Ma et al., 2018b; Ma et al., 2020; Ma and Chen, 2021).
3.1.2 Possible role of cold surge activity in triggering an El Niño
Early works by Li (1989, 1990) have reported the link between cold surge activities associated with the EAWM and the occurrence of El Niño. His work showed that the cold surges were stronger and more frequent than normal during the winter preceding El Niño. This is because stronger and more frequent cold surges tend to enhance the tropical convection and weaken the trade winds over the tropical western Pacific, thus providing favorable conditions for El Niño events to occur.
The study by Zheng et al. (2014) have shown that a strong EAWM and a strong Australian summer monsoon usually coexist in the winter preceding an El Niño. Using a simple analytical model, they showed that when anomalous northerlies from the EAWM converge with anomalous southerlies from the Australian summer monsoon, the westerly anomalies over the tropical western Pacific are greatly enhanced. Their study provided a possible explanation for the onset of El Niño concerning the combined effects of the EAWM and the Australian summer monsoon. Recently, Feng et al. (2022) divided the EAWM cold surges into two types according to their pathway. The western type refers to the cold surges passing through the SCS, and the eastern type refers to the cold surge passing through the Philippine Sea. They suggested that only the eastern type of cold surges can efficiently trigger El Niño.
3.2 Model simulations
Based on observational analysis and numerical simulations, Li and Mu (2000) showed that a strong EAWM can cause continuous westerly wind anomalies over the equatorial western Pacific; These anomalous westerly winds can further lead to propagation of the warm subsurface water in the warm pool towards the tropical eastern Pacific, resulting in an El Niño-like SST pattern. The model results showed that a weak EAWM generally has opposite effects. Their work proposed a new perspective that the EAWM can also influence the occurrence of ENSO events in addition to the tropical air-sea interaction processes.
In the review work of Huang et al. (2004), they summarized the thermal and dynamical effects of tropical western Pacific warm pool on the ENSO cycle. Using a simple coupled sea-air model, their theoretical results suggested that the zonal wind anomalies over near surface tropical western Pacific can excite a downwelling oceanic Kelvin wave that propagate eastward, causing warm anomalies in the eastern equatorial Pacific Ocean (Huang et al., 1998). The origins of the zonal wind anomalies over the tropical western Pacific can be categorized to three basic processes: 1) local air-sea interactions; 2) the passage of convective events, such as the Madden-Julian oscillation; and 3) anomalous activities of the EAWM. Overall, they concluded that the EAWM is one of the important mechanisms that trigger the occurrence El Niño.
Figure 8 identifies that the MME of 47 CMIP6 models can reproduce the above-mentioned effects of EAWMres on tropical convection and large-scale atmospheric circulation. The MME shows that a strong EAWMres is connected to positive and negative precipitation anomalies in the tropical western and central Pacific, respectively (Figure 8A), consistent with the observations; however, the simulated precipitation anomalies exhibit a westward shift and have smaller values compared to the observations. The sources of model bias need further investigation. Figures 8C–F further show that more than 80% of the models agree on the effects of EAWMres on the East Asian local Hadley circulation and the Walker circulation, although the MME anomalies are weaker than those in the observations.
[image: Figure 8]FIGURE 8 | The MME of 47 CMIP6 models. Composite anomalous patterns of (A, B) precipitation, (C, D) zonal averaged vertical velocity along (100°–140°E), and (E, F) meridional averaged vertical velocity along (0°–10°N). Left and right columns are for the strong and weak EAWMres winters during 1979–2014, respectively. Dotting indicates more than 80% of the models have consistent signs of the anomalies. The models are shown in Table 1.
4 SUMMARY AND OUTLOOK
This paper reviews recent achievements in understanding the interactions between ENSO and the EAWM. We mainly focused on two aspects, i.e., the impacts of ENSO on the EAWM and the effects of EAWM on ENSO. For the first aspect, it is suggested that the simulation of ENSO impacts on the EAWM has improved from CMIP5 to CMIP6 models, though both generations of the models have a common weak bias; The impact of CP-type ENSO on the EAWM is generally weaker than the EP-type, and it is difficult for current climate models to reproduce the different impacts of the two types of ENSO on EAWM; The precipitation anomalies in the tropical Indian Ocean can play an important role in the influence of ENSO on the EAWM; The ENSO-EAWM teleconnection is modulated by the state of oceans, such as the PDO and AMO, and has non-linearly interactions with extratropical atmospheric phenomena, such as the AO. Regarding the second aspect, although less attention has been paid on, the important role of EAWMres on modulating the ENSO atmospheric teleconnections is revealed; The combined effect of strong EAWM and strong Australian summer monsoon on the westerly wind anomalies over the tropical western Pacific provides a plausible explanation for the occurrence of El Niño events.
It is noteworthy that the ENSO-EAWM relationship is unstable and modulated by many factors. We still face great challenges in understanding the interaction between these two phenomena. For example, under global warming, the atmospheric circulation response to ENSO will be strengthened, and the frequency of extreme ENSO events will be increased (Cai et al., 2014; Zhou et al., 2014; Yeh et al., 2018; Hu et al., 2021), how will this affect the winter climate in East Asia? During the mid-winter of 2020/21, extreme cold events occurred across East Asia and North America. This can be related to a major sudden stratospheric warming event in a La Niña background (Zhang X. D. et al., 2022; Yu et al., 2022; Zhang Y. et al., 2022). However, the relationship between occurrence/frequency of extreme events and ENSO has not been revealed; the modulating effects of stratospheric atmospheric circulations such as the Poler Vortex and the Quasi-Biennial Oscillation (QBO), have not been identified. In addition, it is crucial to realistically simulate the effects of EAWM on ENSO atmospheric teleconnections.
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