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Abstract

:

The El Niño–Southern Oscillation (ENSO) is the strongest interannual air–sea coupled variability mode in the tropics, and substantially impacts the global weather and climate. Hence, it is important to improve our understanding of the ENSO variability. Besides the well-known air–sea interaction process over the tropical Pacific, recent studies indicated that atmospheric and oceanic forcings outside the tropical Pacific also play important roles in impacting and modulating the ENSO occurrence. This paper reviews the impacts of the atmosphere–ocean variability outside the tropical Pacific on the ENSO variability, as well as their associated physical processes. The review begins with the contribution of the atmosphere–ocean forcings over the extratropical North Pacific, Atlantic, and Indian Ocean on the ENSO occurrence. Then, an overview of the extratropical atmospheric forcings over the Northern Hemisphere (including the Arctic Oscillation and the Asian monsoon systems) and the Southern Hemisphere (including the Antarctic Oscillation and the Pacific–South American teleconnection), on the ENSO occurrence, is presented. It is shown that the westerly (easterly) wind anomaly over the tropical western Pacific is essential for the occurrence of an El Niño (a La Niña) event. The wind anomalies over the tropical western Pacific also play a key role in relaying the impacts of the atmosphere–ocean forcings outside the tropical Pacific on the ENSO variability. Finally, some relevant questions, that remain to be explored, are discussed.
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1. Introduction


The El Niño–Southern Oscillation (ENSO) is the strongest interannual variability in the tropical Pacific [1,2,3]. The occurrence of ENSO events can significantly impact the climate, weather, marine, fisheries, and ecosystems around the Pacific and remote regions, via atmospheric and oceanic teleconnections [4,5,6,7,8,9,10,11,12,13,14,15] and references therein. For example, ENSO events can exert pronounced influences on the East Asian monsoon activity and related precipitation anomalies via modulating the subtropical high over the western North Pacific [4,8,11]. Climate and weather variations over Europe and North America were also significantly modulated by the ENSO [10,12,13]. In addition, ENSO has notable contributions to the sea surface temperature (SST) variations over many remote regions (e.g., extratropical Pacific, Indian Ocean, and Atlantic Ocean) [5,6,7]. SST warming (cooling) tends to appear in the Indian Ocean and northern tropical Atlantic during the following spring and summer, when an El Niño (a La Niña) event occurs in the preceding winter [5,6,7]. Furthermore, studies demonstrated that tropical cyclone (TC) activities over the western North Pacific and Atlantic are significantly impacted by the ENSO events [14,15]. For instance, more TCs are generated in the southeastern part of the western North Pacific during El Niño developing summer [14]. Due to the substantial impacts of ENSO, identifying the factors contributing to the ENSO variability and the underlying dynamics have been extensively investigated by the scientific community over the past several decades. It is generally accepted that the atmosphere–ocean interaction and oceanic dynamical processes within the tropical Pacific are crucial in generating and maintaining the ENSO cycle [1,2,3]. Specifically, initial sea surface temperature (SST) anomalies in the tropical central-eastern Pacific (TCEP) could develop into an ENSO (El Niño or La Niña) event via the Bjerknes positive air–sea feedback mechanism. In addition, the associated tropical oceanic waves (including the eastward propagating equatorial Kelvin wave and westward propagating Rossby waves) would reduce the amplitude of the SST anomalies over the TCEP, and eventually alter the signal of the SST anomalies there [16,17,18]. Based on these theories, dynamical and statistical models of ENSO have been established to simulate and forecast ENSO events, and have shown substantial skills on the seasonal timescale. Nevertheless, challenges remain in the simulation and prediction of ENSO, for example, the failed prediction of the 2014 El Niño event using most theoretical models [19,20,21,22].



Besides the tropical Pacific, a number of studies have demonstrated that the atmosphere–ocean forcings outside the tropical Pacific are also important in forming and maintaining the ENSO variability. For example, studies indicated that the North Pacific Oscillation (NPO), an intrinsic atmospheric variability over the extratropical North Pacific (NP), can exert significant impacts on the outbreak of ENSO events via the so-called “seasonal footprinting mechanism (SFM)” [23,24]. Nakamura et al. [25] found that the spring Arctic Oscillation (AO), the dominant atmospheric variability over the extratropical Northern Hemisphere, significantly influences ENSO events in the following winter via modulating the westerly wind bursts (WWBs) over the tropical western Pacific (TWP). Besides the NPO and the AO influences, there are other factors outside the tropical Pacific that contribute to the ENSO variability, such as the East Asian monsoon variability, the atmospheric circulation anomalies in the Southern Hemisphere, and the SST variability over the Indian and Atlantic Oceans. In this paper, we review these forcings outside the tropical Pacific on the occurrences of ENSO events to the best of our knowledge. The paper is organized as follows: Section 2 describes the data and method used in producing the plots shown in this review. Section 3 presents an overview of the atmosphere–ocean forcings outside the tropical Pacific on ENSO. Section 4 provides a summary and some discussion.




2. Data and Methods


The atmospheric data we used, including monthly sea level pressure (SLP), geopotential height and horizontal winds, were obtained from the National Centers for Environmental Prediction–National Center for Atmospheric Research (NCEP-NCAR) reanalysis dataset from 1948 to the present [26]. These atmospheric data have a horizontal resolution of 2.5° × 2.5°. The monthly SST data were extracted from the National Oceanic and Atmospheric Administration (NOAA) Extended Reconstructed SST version 3b (ERSSTv3b) dataset [27]. The SST dataset has a horizontal resolution of 2° × 2°, and is available from 1854 to the present.



The AO index is defined as the principal component (PC) time series corresponding to the first empirical orthogonal function (EOF) mode of SLP anomalies north of 20° N [28,29,30,31]. NPO index is defined as the PC time series of the second EOF mode of SLP anomalies over 20°–60° N and 120° E–80° W [32]. The spring northern tropical Atlantic (NTA) SST index is defined as the regional SST anomalies averaged over 0°–20° N and 0°–60° W. The Atlantic Niño SST index is calculated as the area-averaged SST anomalies over the central-eastern Atlantic (i.e. 3° S–3° N and 20° W–0° E) [33]. The Indian Ocean dipole (IOD) SST index is defined as the difference in area-averaged SST anomalies between tropical eastern (50°–70° E and 10° S–10° N) and western (90°–110° E and 10° S–0° N) Indian Ocean [34,35]. The North Atlantic Oscillation (NAO) index is obtained from the National Oceanic and Atmospheric Administration Climate Prediction Center (http://www.cpc.ncep.noaa.gov/data/).




3. Atmosphere–Ocean Forcings of ENSO


This section presents an overview of the contributions of the atmosphere–ocean forcings outside the tropical Pacific on the tropical ENSO variability. Impacts of the atmosphere–ocean variability over the North Pacific, Atlantic, and Indian Ocean, as well as the atmospheric variability from the extratropical Northern Hemisphere (NH) and Southern Hemisphere (SH), on the ENSO occurrence, will be presented.



3.1. Atmosphere–Ocean Variability over North Pacific


The NPO is the dominant atmospheric variability mode over the extratropical NP [36,37]. The spatial pattern of the NPO can be represented by the second EOF mode of SLP anomalies over the NP, and is characterized by a meridional dipole pattern of the SLP anomalies between the subtropics and mid-latitudes of the NP (Figure 1) [32,38,39,40,41].



During the recent two decades, a number of studies have investigated the impact of the NPO on ENSO variability. Vimont et al. [23,24] firstly demonstrated that the NPO-like atmospheric circulation anomalies during boreal winter can exert significant impacts on ENSO events during the subsequent winter via the seasonal footprinting mechanism (SFM). The SFM can be briefly summarized as follows: when the south pole of the NPO is covered by negative SLP anomalies during boreal winter, a significant cyclonic anomaly appears over the subtropical NP (Figure 2). The southwesterly wind anomalies to the west flank of the anomalous cyclone reduce the climatological northeasterly wind and decrease surface evaporation and upward net heat fluxes, which further result in SST warming over the subtropical NP. The SST footprinting over the subtropics induced by the winter NPO could be maintained into the following spring–summer. and propagate equatorward via a positive surface wind–evaporation–SST (WES) feedback mechanism [42]. During the following spring and summer, the SST warming footprinting over the subtropical NP (0°–20° N) further induces significant surface westerly wind anomalies over the TWP, leading to a significant El Niño-like SST warming in the TCEP during the following winter via the ocean–atmosphere interaction and oceanic dynamics over the tropical Pacific. Via this "seasonal footprinting mechanism" process, the winter NPO-related atmospheric variability can exert substantial impacts on the following winter ENSO variability (Figure 2).



Vimont et al. [43] further investigated the SFM in a coupled general circulation model (CGCM) from the Commonwealth Scientific and Industrial Research Organization (CSIRO). The model can capture the important role of the relaxed trade winds in producing SST warming over the subtropical NP during winter. In addition, they found that the SFM could explain about 20%–40% of the ENSO variability on the interannual timescale, and about 70% of the tropical Pacific variability on the decadal-to-interdecadal timescale in this model. Alexander et al. [44] also tested the SFM using coupled model experiments. They examined the SFM processes via imposing wintertime NPO-induced surface heat flux forcing in a CGCM, and showed that the SFM hypothesis can be well captured by the CGCM. In addition, SST warming in the TCEP appears in about 70% of their ensemble experiments.



Pegion and Alexander [45] evaluated the ability of the NCEP/Climate Forecast System, version 2 (CFSv2) in simulating the SFM related to the NPO–ENSO connection. They showed that the CFSv2 can capture, reasonably well, the primary feature associated with the SFM and its connection with ENSO. However, the probabilistic predictions of ENSO are less reliable during positive or negative NPO events than those when the NPO is normal. Park et al. [39] found that the occurrence ratio of El Niño events is about 41% during the period 1949–2009 under the condition of positive NPO forcing during its preceding winter. This suggests that the winter NPO-related atmospheric forcing over the NP cannot always lead to an El Niño event. They further separated positive NPO years into two groups: the winter positive NPO that can and cannot lead to El Niño events via the SFM (i.e., NPO-El Niño and NPO-normal). Significant differences are seen in the wintertime NPO structure between the NPO-El Niño and NPO-normal cases. In particular, the southern lobe of the NPO-normal has a more zonally elongated structure than that of the NPO-El Niño, which is unfavorable for the existence of the SST warming footprint in the subtropical NP during spring–summer, and the associated westerly wind anomalies over the TWP.



Chen et al. [46] demonstrated that the spring AO has a notable modulation influence on the NPO-El Niño connection (Figure 3). When the spring AO is in its positive phase, a positive winter NPO could lead to pronounced El Niño-like warming in the TCEP via the SFM. In particular, 8 out of 9 +NPO/+AO years are followed by El Niño years in the following winter over the period from 1957 to 2011. By contrast, when the spring AO is in its negative phase, the relation between the positive NPO and El Niño is not robust at all. None of the 6 +NPO/−AO years is followed by an El Niño over the same period. The mechanism for the modulation of the NPO-El Niño relation by the spring AO was found to be through modulating the SST footprinting in the subtropical northern Pacific [46].



Recent studies suggested that ENSO may be classified into two types: the eastern-Pacific (EP)- and central-Pacific (CP)-type El Niño events [47,48,49,50,51]. The CP ENSO is also called Date Line El Niño, El Niño Modoki, or warm pool El Niño. Some studies indicated that the wintertime NPO-generated SST anomalies in the following winter are mainly located over the tropical central Pacific. Hence, the wintertime NPO tends to show a closer relationship with the CP El Niño than with the EP El Niño [52,53]. In addition, Yu et al. [54] found that the relationship between the winter NPO and the tropical central Pacific SST anomalies in the following winter has experienced a significant interdecadal change around 1990. They showed that the winter NPO can impact the following winter SST variability in the CP only during the period after 1990, and argued that this interdecadal change in the NPO–tropical Pacific SST relation may be an important reason for increase in the frequency of the CP ENSO event since 1990. Yeh et al. [55] also indicated that changes in the NPO–ENSO connection are related to changes in the NPO's structure. In addition, Wang et al. [56] examined the performance of the coupled models from the CMIP5 in simulating the relationship between the NPO and El Niño Modoki. They found that the ability of the CMIP5 models in capturing the NPO–El Niño Modoki relationship is mainly attributed to the model's ability in simulating the intensity of the wind–evaporation–sea surface temperature (WES) feedback over the subtropical NP.



There have been a number of methods in defining the NPO [38,39,40,41]. For example, some studies employed the EOF method to define the NPO index, while some others defined the NPO index as the difference of SLP anomalies over the mid-latitudes and the subtropics of NP. In addition, studies indicated that the southern lobe of the winter NPO plays a more important role in impacting the following winter ENSO via the SFM [53,57,58]. Overall, previous studies mainly used SLP anomalies over the southern lobe of the NPO to investigate the SFM [57,58,59]. Recently, Chen and Wu [60] showed that the relationship between the winter NPO and the winter ENSO one year after is sensitive to the definition of the NPO index, indicating that the definition of the NPO should be taken into account when analyzing the SFM, especially in climate models.



Besides the atmospheric variability, several studies indicated that the SST variability over the North Pacific also significantly impacts on the ENSO occurrence. Wang et al. [61] reported that the SST anomalies in the western NP (122°–132° E and 18°–28° N), centered at the upstream Kuroshio Current and east of Taiwan, during the boreal winter, are an effective predictor for the development of the ENSO in the following winter. The western NP SST bears some resemblance to the Meridional Mode (MM) in the subtropical central and eastern Pacific. Previous studies indicated that the MM mode is one of the main conduits by which the SFM influences ENSO [62]. However, in contrast to the MM mode, the western NP SST anomalies are related to an SST anomaly dipole between southeastern Asia and the western tropical Pacific. This SST anomaly dipole would induce significant equatorial zonal wind anomalies and further impact the following winter ENSO occurrence.



Ding et al. [63] found that the NP Victoria Mode (VM), the second EOF mode of the SST anomalies over the extratropical NP, during the boreal spring, also has a significant impact on the development of the ENSO in the following winter. They showed that the spring VM could be considered as an effective ocean conduit by which the extratropical atmospheric anomalies over the NP impact the following winter ENSO, via the surface air–sea coupling in the tropical/subtropical NP and evolution of subsurface ocean temperature anomalies along the equator. In addition, Zhang et al. [64] recently indicated that the NP subtropical SST front (NPSTF) can also exert impacts on the following winter ENSO event. They showed that when the spring NPSTF is stronger, a cyclonic (anticyclonic) anomaly would be induced to its north (south) in the low-level. The northerly wind anomalies related to the anomalous anticyclone enhance the climatological trade wind over the subtropical Northeast Pacific, leading to SST cooling via WES feedback. The SST cooling and related atmospheric circulation anomalies propagate southwards from subtropical to the central-eastern equatorial Pacific in the following summer. Subsequently, the equatorial central-eastern Pacific SST cooling develops into a La Niña-like SST in the following winter via a Bjerknes-like positive air–sea feedback.




3.2. Atmosphere–Ocean Variability over Atlantic


The North Atlantic Oscillation (NAO) is the leading atmospheric variability over the North Atlantic region [65,66,67]. The spatial pattern of the NAO is featured by a meridional dipole in the SLP and geopotential height anomalies between mid-and high-latitudes of the North Atlantic (Figure 4). Oshika et al. [68] found that the December NAO has a significant impact on the ENSO variability. During the negative (positive) phase of the December NAO, an El Niño (a La Niña) event tends to occur in the following winter. They further showed that the Eurasian snow cover plays an important role in relaying the impact of the December NAO on the subsequent winter ENSO. During the negative phase of the December NAO, a significant increase in the amount of snow fall appears in Eastern Europe and western Russia. The snow anomalies maintain and move northeastward from winter to early spring, which cool the local surface atmosphere. The cooling of the atmosphere triggers a downstream propagating stationary atmospheric Rossby wave, which would induce a significant anticyclonic anomaly over the Tibetan plateau and a high surface pressure anomaly over southeastern Asia. The high surface pressure, in turn, enhances the Asian cold surge activity and induces significant westerly wind anomalies over the TWP via an enhancement of the atmospheric heating around the western Pacific [69]. The westerly wind anomalies further contribute to the development of El Niño events in the following winter via triggering positive air–sea feedback and oceanic dynamics. Nakamura et al. [70] further confirmed the significant NAO–ENSO connection and related physical processes by analyzing multi-model ensemble analyses from CMIP5 climate models.



In addition to the NAO, studies also demonstrated a significant modulation of the SST variability over Atlantic on the ENSO variability [33,71,72,73,74,75,76]. Wang et al. [74] showed that SST anomalies over the North Atlantic mid-latitudes in the boreal summer can exert significant impacts on the winter ENSO event in the next year. When summer SST anomalies in the North Atlantic mid-latitudes are negative, a significant cyclonic circulation anomaly can be induced over the North Atlantic in the lower troposphere from October to the following April. The North Atlantic atmospheric circulation change further induces significant atmospheric heating over the North Atlantic, and stimulates an eastward propagating atmospheric Rossby wave, with two anomalous anticyclones around England and Lake Baikal, and two anomalous cyclones around the North Atlantic and over the Caspian Sea. In particular, the anomalous anticyclone over the Lake Baikal increases the continental northerly winds, and enhances the East Asian winter monsoon (EAWM). The enhancement of the EAWM results in significant westerly wind anomalies over the TWP during the subsequent winter and spring, via intrusion of the cold surge activity. The induced strong westerly wind anomalies further lead to El Niño events in the following winter. Wang et al. [75] also examined the impact of the summer North Atlantic SST on the winter ENSO in the next year based on numerical experiments using an atmospheric general circulation model (AGCM). Their AGCM experiments confirmed the observational results that negative summer SST anomalies in the North Atlantic mid-latitudes would trigger an eastward propagating atmospheric wave train, which induces pronounced westerly wind anomalies over the tropical western Pacific via enhancing the EAWM, and impacts the ENSO variability.



Recently, Ham et al. [76] showed that the Northern tropical Atlantic (NTA) SST mode, one of the most important components of the tropical Atlantic SST variability [77,78,79], in the boreal spring, has a significant impact on the CP ENSO in the subsequent winter (Figure 5). Specifically, SST warming in the NTA region during the boreal spring would induce significant atmospheric heating anomalies there, especially over the equatorial Atlantic, where the Atlantic intertropical convergence zona (ITCZ) is located. The atmospheric heating results in a significant cyclonic anomaly over the subtropical eastern Pacific in the lower troposphere as a Matsuno–Gill-type atmospheric response, together with pronounced northeasterly wind anomalies to its western flank. These northeasterly wind anomalies lead to SST cooling over the subtropical northeast Pacific via enhancement of the climatological trade wind and advection of cold and dry air from higher latitudes, which further result in a sinking motion and negative precipitation anomalies over the tropical central Pacific. The associated suppression in the convection over the tropical central NP region near the vicinity of the ITCZ generates a significant low-level anomalous anticyclone over the subtropical western NP, and increases the northerly wind anomalies on its eastern flank which, in turn, sustain the negative precipitation and SST there. The coupling among the negative SST, northerly wind, and negative precipitation anomalies result in a westward and equatorward extension of the anticyclonic anomaly and precipitation anomalies from spring to summer. As a result, significant easterly wind anomalies are formed in the TWP during the following summer, which further contribute to the development of the La Niña-like SST cooling in the following winter (Figure 5).



Ham et al. [76] further demonstrated that ENSO events induced by the preceding spring NTA SST anomalies tend to be the CP-type ENSO, with the center of SST anomalies located in the central Pacific, rather than the EP-type ENSO (Figure 5). The spring NTA SST–ENSO relation has also been examined using the CMIP3 and CMIP5 simulations. Ham et al. [80] found that most of the climate models that participated in the CMIP3 and CMIP5 can simulate well the significant connection between the spring NTA SST and following winter ENSO. In addition, the westward propagation of the NTA SST-associated signals from Atlantic to Pacific, along the off-equatorial Pacific ITCZ, can be obtained by the multi-model ensemble (MME), implying that the physical process contributing to the spring NTA SST–ENSO connection could be reproduced in the CMIP models.



Chen and Wu [81] found that the impact of the spring NTA SST on the following winter ENSO experienced a significant interdecadal change around the early 1980s. Before the early-1980s, the impact of the spring NTA SST on ENSO is extremely weak. After the interdecadal change, the spring NTA SST–ENSO relation became strong and significant (Figure 6). The spring NTA SST-induced cyclonic anomaly over the subtropical northeastern Pacific and the anticyclonic anomalies over the subtropical western-central Pacific are much stronger after, than before, the early-1980s. As such, the induced easterly wind anomalies over the TWP are much stronger after the early-1980s, which are favorable for occurrence of a La Niña event in the following winter. By contrast, the easterly wind anomalies over the TWP are weak and insignificant. Hence, the spring NTA SST–ENSO connection is weak before the early-1980s. The change in the intensity of the spring NTA SST-induced atmospheric circulation anomalies is also found to be attributed to the change in the spring climatology of precipitation over the tropical Atlantic region.



Previous studies also demonstrated that the occurrence of an Atlantic Niño (Niña) event during the boreal summer is favorable for the development of a La Niña (an El Niño) event in the following winter (Figure 7) [33]. These studies indicated that the summer Atlantic Niño impacts the following winter La Niña via inducing an anomalous Walker circulation with upward motion anomalies over the Atlantic, and downward motion anomalies over the tropical central Pacific. The resultant increase in the low-level divergence in the tropical central Pacific would shallow the equatorial thermocline and favor development of a La Niña in the following winter [33]. Processes are generally opposite for the impact of the Atlantic Niña on the following winter El Niño event. In addition, it is suggested that the Atlantic Multidecadal Oscillation (AMO), the dominant mode of SST variability in the North Atlantic on the multidecadal timescale [82], can influence the multidecadal ENSO variability via changing the Walker circulation in the Pacific Ocean [71,72,73].




3.3. SST Variability over Indian Ocean


The SST variability over the Indian Ocean also shows a significant modulation on the tropical ENSO variability [22,34,35,83,84,85,86,87,88]. Studies indicated that the Indian Ocean basin mode (IOBM), the leading EOF mode of SST variability over the Indian Ocean [88], can significantly modulate the ENSO variability [22,83,84,85,86,87,88]. Wu and Kirtman [83] found that the Indian Ocean SST warming could lead to significant easterly wind anomalies at low-level over the tropical eastern Indian Ocean and western Pacific, via changing the convective heating over the Indian Ocean and related Walker circulation anomalies over the tropical Indian and Pacific Oceans. The resultant anomalous low-level easterly wind anomalies over the TWP would further impact the ENSO variability via triggering the air–sea interaction over the tropical Pacific and through oceanic dynamics. Dong and McPhaden [22] demonstrated that the SST warming in the Indian Ocean, from May to July in 2014, played an important role in impeding occurrence of an El Niño event in the following winter.



The Indian Ocean dipole (IOD), the second EOF mode of Indian Ocean SST variability [89], during boreal autumn (i.e., September–November) has also been found to exert significant influences on the wintertime ENSO event in the next year [34,35]. In particular, a positive (negative) phase of the autumn IOD is an efficient predictor of a La Niña (an El Niño) event in the next year (Figure 8). The impact of the IOD on ENSO is mainly through modulating the zonal wind anomalies over the Pacific Ocean [34,35]. It should be mentioned that ENSO is also an important driver of the IOBM and IOD related SST variations [88].




3.4. Atmospheric Forcings over the Extratropical Northern Hemisphere


In this subsection, we present a review of the impact of the Arctic Oscillation and Asian monsoon activity on the ENSO occurrence.



3.4.1. Impacts of AO on ENSO


The AO is the leading atmospheric variability over the NH extratropics on the interannual timescale [28,29,30]. The spatial pattern of the AO is characterized by an annular oscillation in the SLP, and geopotential height anomalies between the Arctic and the northern mid-latitudes (Figure 9), as well as a vertically barotropic structure [28,29,30].



Nakamura et al. [25] firstly reported that the boreal spring AO has a significant impact on the ENSO occurrence in the following winter via modulating the WWB over the TWP. WWBs over the TWP are important triggers for the outbreak of ENSO events in the following winter through stimulating the eastward propagating equatorial warm Kelvin wave [90,91,92,93]. Nakamura et al. also showed that the significant spring AO–ENSO connection is independent of the ENSO cycle. In a following study, Nakamura et al. [94] suggested that the formation of the WWBs over the TWP, in association with the positive phase of the spring AO, may be attributed to an enhancement of the frequent of the Asian cold surge. Chen et al. [31] confirmed the spring AO–ENSO relationship, but argued that it is the interaction between synoptic scale eddies and the low frequency mean flow and the associated vorticity transportation over NP that play important roles in the generation of the spring AO-related cyclonic anomaly over the subtropical western NP. They found that significant westerly wind anomalies tend to appear over the TWP to the south flank of the anomalous cyclone. Meanwhile, the pronounced atmospheric heating anomalies over the subtropical western-central Pacific, partially due to the SST warming induced by the anomalous cyclone, play a key role in maintaining the westerly wind anomalies over the TWP from spring to summer. The westerly wind anomalies over the TWP further lead to SST warming in the TCEP during the following summer via triggering an eastward propagating warm equatorial Kelvin wave, which would eventually develop into an El Niño event via a Bjerknes-like positive air–sea feedback mechanism (Figure 10).



The recent strong 2015–16 El Niño event provides a good example showing the contribution of the spring AO on ENSO [95] (Figure 11). In particular, the anomalous strong positive spring AO in 2015 contributes partially to the formation of the strong westerly wind anomalies over the equatorial western Pacific during boreal spring, which play a key role in the onset of the strong 2015–16 El Niño event via triggering an eastward propagating equatorial warm Kelvin wave (Figure 11). The spring AOs were also in strong positive phases before the occurrences of the strong 1982–83 and 1997–98 El Niño events (Figure 9b), suggesting that the spring AO may be one of the most important triggers of strong El Niño events [95]. However, it should be noted that other factors, such as the cold surge activity related to the East Asian monsoon activity, the tropical cyclone, and the Madden–Julian oscillation (MJO), are also important for the formation of the westerly wind anomalies over the equatorial western Pacific related to the strong 1982–83, 1997–98, and 2015–16 El Niño events, as indicated in previous studies [96,97,98,99,100,101].



The impact of the spring AO on the subsequent winter ENSO was found to be asymmetric [102]. Specifically, during positive spring AO years, pronounced El Niño-like SST warming appears in the TCEP in the subsequent winter. By contrast, during negative spring AO years, the negative SST anomalies are weak and insignificant in the TCEP. In addition, Chen et al. [103] reported that the impact of the spring AO on the subsequent winter ENSO has undergone significant interdecadal changes in the past. Impacts of the spring AO on ENSO are weak during the periods before the early-1970s and after the mid-1990s, while the spring AO–ENSO connection is strong and statistically significant in the 1970s and 1980s (Figure 12). They suggested that the change in the spring NP storm track intensity contributes mainly to the interdecadal change of the AO–ENSO connection around the early-1970s. Furthermore, the observed connection between the spring AO and following winter ENSO has also been evaluated in the CMIP5 climate models [104]. It is found that the ability of the CMIP5 models in capturing the spring AO-related cyclonic anomaly over the subtropical NP is closely related to the model’s performance in reproducing the NP spring storm track intensity and the Pacific component of the spring AO.



Besides the spring AO, AO in November may also exert substantial impacts on the SST anomalies over the TCEP during the following spring and summer [105] (Figure 13). The significant influence of the November AO on the following spring–summer SST, over the tropical Pacific, is found to be independent of the ENSO cycle. In addition, the impact of the November AO on the following tropical Pacific SST bears some resemblance to that related to the spring AO [31].



Although the impact of the November AO on SST anomalies in the TCEP during the winter one year later is weak, Chen et al. [106] argued that the November AO-induced SST anomalies could perturb the spring AO-generated SST anomalies during the following summer, which would further alter the development of ENSO subsequently in the winter, via modulating the intensity of the positive air–sea interaction in the tropical Pacific. In particular, when November and the following spring AO are in phase, the spring AO can exert a notable impact on the following winter ENSO (Figure 14). By contrast, when November and spring AO are out of phase, the spring AO–winter ENSO relation tends to be very weak (Figure 14). The impact of the November AO on the spring AO–ENSO connection is found to be primary via the constructive and destructive superposition of the November and spring AO-induced SST anomalies in the tropical Pacific during spring and summer, which further impact the development of the SST anomalies there via the positive air–sea feedback.



The impact of the November AO on the following spring–summer SST in the tropical Pacific also experienced a marked enhancement around the late-1970s, as with the spring AO [107]. The November AO–tropical SST connection was insignificant before, but became strong and significant after the late-1970s. After the late-1970s, a marked cyclonic anomaly occurs over the subtropical NP and significant westerly wind anomalies appear over the TWP, in association with the positive November AO. Hence, the November AO has a notable impact on the following spring–summer SST in the TCEP.




3.4.2. Impacts of Asian monsoons on ENSO


The East Asian winter monsoon (EAWM) is an important component of the global climate system [108,109,110,111]. The most pronounced character of the EAWM is the strong northwesterly wind originating from the Siberian High, and flowing along the east coast of East Asia into the South China Sea. Li et al. [112] showed that a stronger EAWM activity during boreal winter may induce an El Niño event in the following winter. Specifically, when the EAWM is strong, the northerly winds flowing along the east coast of the East Asia into the South China Sea and the western Pacific increase. The increase of the northerly wind activity over the tropical western NP would generate significant atmospheric heating there, and induce pronounced cyclonic circulation anomalies. Subsequently, the westerly wind burst related to this anomalous cyclone over the TWP impacts the ENSO occurrence in the following winter, via the anomalous oceanic dynamics and air–sea interaction. In addition, previous studies also indicated that the Indian summer monsoon (ISM) can exert effects on the ENSO evolution during the following winter via modulating the westerly wind anomalies over the tropical western Pacific [113,114,115].





3.5. Atmospheric Forcings over the Extratropical Southern Hemisphere


The Antarctic Oscillation (AAO) is the dominant pattern of the atmospheric variability over the SH [116]. The spatial pattern of the AAO is featured by an oscillation in SLP anomalies between middle and high latitudes of the SH. Zheng et al. [117] found that the austral summer (December–February, DJF) AAO impacts the SST anomalies over the TCEP during following austral autumn (March–May, MAM). Specifically, the DJF AAO-related atmospheric circulation anomalies induce a dipole SST anomaly pattern over the SH, which can maintain into the following MAM. The large-scale SST pattern at MAM modulates the trade winds over the tropical central-eastern Pacific and, hence, the SST anomalies over the Niño-3.4 region.



Besides the AAO, the Pacific–South American (PSA) pattern, the second EOF mode of atmospheric circulation anomalies over the south Pacific, was also found to be significantly connected to the subsequent ENSO occurrence. Ding et al. [118] demonstrated that, similar to the NPO, the austral summer PSA pattern impacts ENSO events in the following austral summer via the SFM over the south Pacific. In particular, they found that the PSA-like atmospheric anomalies over the southern extratropics during the austral summer can induce a quadrupole SST anomaly pattern in the south Pacific. The negative SST anomalies off the east coast of Australia can extend northwestward to the north coast of Australia via a positive WES feedback mechanism, which further leads to significant westerly wind anomalies over the equatorial western-central Pacific, and eventually impacts the development of the El Niño occurrence in the following austral summer.



Ding et al. [119] further investigated the joint influence of the NPO and PSA patterns on the following winter ENSO occurrence using observational and climate model output data. Their results indicated that the ability of the winter NPO (PSA) in triggering an ENSO event one year later depends on the sign of the simultaneous winter PSA (NPO). When the winter NPO and PSA indices have the same sign, both the NPO and the PSA have a close relationship with the following winter ENSO. By contrast, when the two indices have the opposite sign, the influence of the NPO and PSA on ENSO disappears. In another study, Ding et al. [120] showed that the connection between the austral summer PSA pattern and the subsequent austral summer ENSO is unstable, and has experienced significant interdecadal changes. Significant PSA–ENSO connections appeared over the periods 1956–1975 and 1990–2004, but were extremely weak during the periods 1928–1956 and 1975–1990. They argued that the change in the PSA–ENSO connection tends to be related to the strength of the PSA during the austral summer, and is also attributed to the Pacific decadal oscillation and the long-term variation of the AAO.





4. Summary and Discussions


ENSO is the strongest interannual atmosphere–ocean coupling mode in the tropics. Understanding the ENSO variability and its forming mechanisms has important implications for the prediction of weather and climate over many parts of the globe. It is well known that the air–sea interaction and oceanic dynamics in the tropical Pacific are important in generating and maintaining the ENSO variability. Besides the processes in the tropical Pacific, more and more evidence has indicated that atmosphere–ocean forcings outside the tropical Pacific also play non-negligible roles in impacting and modulating the ENSO occurrence. This paper provides an overview of the contribution of atmospheric and oceanic forcings outside the tropical Pacific on ENSO.



The atmospheric forcings on the ENSO occurrence, as reviewed, include (1) boreal winter NPO [23,24], the second EOF mode of atmospheric circulation anomalies over the extratropical NP, (2) boreal spring AO [25,31], the leading EOF mode of atmospheric circulation anomalies over the extratropical NH, (3) Asian monsoon systems [112,113,114], (4) December NAO [68], the leading EOF mode of atmospheric circulation anomalies over the North Atlantic, (5) austral summer AAO [117], the leading EOF mode of atmospheric circulation anomalies over the extratropical SH, and (6) austral summer PSA [118], the second EOF mode of atmospheric circulation anomalies over the extratropical SH.



In general, the westerly wind anomalies over the tropical western Pacific are crucial in relaying the impacts of the above described extratropical atmospheric forcings on the ENSO variability. It has been demonstrated that the westerly wind anomaly over the TWP is an important trigger for the ENSO outbreak. The boreal spring AO could induce a significant cyclonic anomaly over the subtropical NP and related westerly wind anomalies over the TWP, via the interaction between synoptic scale eddies, and the low frequency mean flow and the associated vorticity transportation. The NPO, AAO, and PSA would induce tropical atmospheric circulation anomalies and the westerly wind anomalies over the TWP via the SFM-like mechanism. The enhancement of the EAWM activity could induce pronounced westerly wind anomalies over the TWP via the East Asian monsoon cold surge. In addition, the positive December NAO would induce Eurasian snow cover anomalies and cool the surface atmosphere, which further trigger an eastward propagating Rossby wave train and enhance the East Asian monsoon cold surge. The enhanced cold surge, in turn, induces significant westerly wind bursts over the TWP.



We also review the contribution of the oceanic forcings outside the tropical Pacific on the ENSO occurrence, including (1) North Atlantic SST variability [33,71,72,73,74,75,76], including the NTA SST, Atlantic Niño, and the AMO, (2) SST variability over the extratropical North Pacific [61,63,64], and (3) Indian Ocean SST variability, including the IOBM and IOD related SST anomalies [22,34,35,87,88].



Like the atmospheric forcing-induced process, the westerly wind anomalies over the TWP also play a key role in relaying the impacts of these SST forcings on the ENSO variability. In addition, above SST forcings induce wind anomalies over the TWP, mainly via the atmospheric bridge to the Pacific. For example, the boreal summer SST anomalies over the North Atlantic mid-latitudes would trigger a Rossby wave train, propagating from the North Atlantic to East Asia. The winter atmospheric circulation anomalies induced by the preceding summer SST anomalies over the North Atlantic could induce westerly wind anomalies over the TWP via modulating the EAWM intensity. In addition, the NTA-related SST warming could induce a significant anticyclonic anomaly over the WNP and related westerly wind anomalies over the TWP via the subtropical atmospheric teleconnection.



The atmosphere–ocean forcings outside the tropical Pacific contribute to the tropical ENSO variability. However, there are many relevant questions that remain to be investigated. In particular:



(1) It is still unclear whether there exist significant connections among the various forcing factors identified above. Previous studies indicated that there exists a significant coupling between the NAO and the North Atlantic SST anomalies [121,122,123,124,125,126]. On the one hand, the NAO-related atmospheric circulation anomalies lead to a tripole SST anomaly pattern over the North Atlantic via modulating the surface heat fluxes. On the other hand, the triple SST anomaly would, in turn, generate a NAO-like atmospheric variability via the eddy feedback mechanism. In addition, the winter NPO would induce a tripole SST anomaly pattern in the NP, which bears resemblance to that associated with the spring VM. Hence, it is of great interest to explore the joint impacts of these forcing factors on ENSO.



(2) It remains to be explored, the ability of the up-to-date climate models in simulating the impacts of many of these atmosphere–ocean forcings on ENSO. In particular, the performance of the climate models, that participated in the CMIP5 and CMIP6, in reproducing these forcing contributions on ENSO, awaits examination. The factors responsible for the model biases in capturing the observed contributions should be assessed. These have important implications in improving the ENSO prediction skill.



(3) Recent studies revealed interdecadal changes in the impact of the atmosphere–ocean variability on the ENSO occurrence. Understanding the factors contributing to the interdecadal change is crucial for the ENSO prediction. However, given the relatively short observational period, the interdecadal change needs to be confirmed, and its mechanisms need to be examined using a longer time series. The abundant datasets from the CMIP climate model output, including the preindustrial, historical, and future projected experiments, provide an excellent source to address these issues and to further separate the role of internal climate variability and external forcings in modulating the contribution of the atmosphere–ocean variability outside the tropical Pacific on ENSO.



(4) This study reviews the impact of the atmosphere–ocean forcings outside the tropical Pacific on the tropical ENSO variability. It should be noted that the ENSO-associated SST anomalies over the tropical Pacific also influence atmospheric circulation and SST anomalies outside the tropical Pacific [127,128,129,130,131,132]. For example, studies indicated that ENSO brings significant SST anomalies in the extratropical Pacific, Indian, and Atlantic Oceans, via the ENSO-associated atmospheric circulation anomalies [5,6,7,128]. The Indian summer monsoon and East Asian monsoon systems are significantly influenced by the ENSO cycle [4,8,129]. In addition, previous studies suggested that SST anomalies in the tropical Pacific affect the AO, NPO, NAO, and PSA teleconnection patterns [130,131,132]. Hence, more investigations are needed to fully understand the two-way interaction between ENSO and the atmosphere–ocean system outside the tropical Pacific.
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Figure 1. (a) Sea level pressure (SLP) anomalies (hPa) regressed upon the normalized principal component (PC) time series corresponding to the second empirical orthogonal function (EOF2) of the SLP anomalies over North Pacific (20°–60° N and 120° E–80° W). (b) The normalized PC time series of the EOF2. Stippling regions in (a) indicate SLP anomalies significant at the 95% confidence level based on the two-tailed Student's t test. The Figure is reproduced following the method used in Linkin and Nigam [40]. 
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Figure 2. Sea surface temperature (SST) anomalies (°C) at (a) MAM(0), (b) JJA(0), (c) SON(0), and (d) D(0)JF(1) regressed upon the normalized preceding winter (D(-1)JF(0)) North Pacific Oscillation (NPO) index. (e–h) As in (a–d), but for seasonal evolutions of precipitation (shadings, mm day−1) and 850 hPa winds (vectors, m s−1) anomalies. Stippling regions in (a–d) and (e–h) indicate SST and precipitation anomalies significant at the 95% confidence level, respectively. The figure is reproduced following the method used in Vimont et al. [23]. 
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Figure 3. Composite anomalies of SST (unit: °C) at MAM (0), JJA(0), SON(0), and D(0)JF(+1) for (a–d) +NPO, (e–h) +NPO/+AO, and (i–l) +NPO/−AO years, respectively. Stippling regions in (a)–(d) indicate SST anomalies significant at the 95% confidence level. Stippling regions in (e)–(l) indicate composite SST anomalies during +NPO/+AO years are significantly different from those during +NPO/−AO years at the 95% confidence level. The Figure is reproduced following the method used in Chen et al. [46]. 
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Figure 4. Anomalies of December (a) SLP (hPa) and (b) geopotential height (m) at 500 hPa regressed upon the normalized simultaneous December North Atlantic Oscillation (NAO) index. Stippling regions indicate anomalies significant at the 95% confidence level. 
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Figure 5. SST anomalies (°C) at (a) MAM(0), (b) JJA(0), (c) SON(0), and (d) D(0)JF(1) obtained by regression upon the normalized spring (MAM(0)) Northern tropical Atlantic (NTA) index. (e–h) As in (a–d), but for seasonal evolutions of precipitation (shadings, mm day−1) and 850 hPa winds (vectors, m s−1) anomalies. Stippling regions in (a–d) and (e–h) indicate SST and precipitation anomalies significant at the 95% confidence level, respectively. NTA index is defined as the region-averaged SST anomalies over 0°–20° N and 0°–60° W. Figure is reproduced following the method used in Ham et al. [76]. 
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Figure 6. A 25-year running correlation coefficients between the spring NTA index and the following winter Niño-3.4 index (red line). Horizontal blue line indicates the correlation coefficient significant at the 95% confidence level. Figure is reproduced following the method used in Chen and Wu [81]. 
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Figure 7. SST anomalies (°C) at (a) JJA(0), (b) SON(0), and (c) D(0)JF(1) obtained by regression upon the normalized JJA(0) Atlantic Niño index during 1979–2016. Stippling regions indicate SST anomalies significant at the 95% confidence level. 
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Figure 8. SST anomalies (°C) at (a) JJA(0), (b) SON(0), and (c) D(0)JF(1) obtained by regression upon the preceding Autumn (SON(−1)) Indian Ocean dipole (IOD) SST index during 1979–2016. Stippling regions indicate SST anomalies significant at the 95% confidence level. 
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Figure 9. (a) Spring SLP anomalies regressed upon the normalized PC times series of EOF1 of SLP anomalies north of 20° N. (b) Normalized PC time series of EOF1. Stippling regions in (a) indicate SLP anomalies significant at the 95% confidence level. The figure is reproduced according to the method used in Chen et al. [31]. 
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Figure 10. SST anomalies (°C) at (a) MAM(0), (b) JJA(0), (c) SON(0), and (d) D(0)JF(1) regressed upon the normalized spring (MA(0)) AO index. (e–h) As in (a–d), but for seasonal evolutions of precipitation (shadings, mm day−1) and 850 hPa winds (vectors, m s−1) anomalies. Stippling regions in (a–d) and (e–h) indicate SST and precipitation anomalies significant at the 95% confidence level, respectively. The figure is reproduced based on the method used in Chen et al. [31]. 
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Figure 11. Time–longitude cross-section (2° S–2° N-averaged) of the (a) SST (daily mean, °C) and (b) OHC in the upper 300m (pentad mean, 108 J m−2) anomalies in 2015. (c) Time–longitude cross-section (5° S–5° N-averaged) of the 850 hPa zonal wind anomalies (daily mean, m s−1) in 2015. Anomalies in (a) and (c) are obtained by subtracting the climatology daily mean for period 1982–2011. Anomalies in (b) are obtained by subtracting the climatology pentad mean for period 1982–2011. Black arrows in (b) denotes eastward propagations of equatorial Kelvin wave. The figure is reproduced based on the method used in Chen et al. [95]. 
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Figure 12. A 25-year running correlation of the spring AO index with the following winter Niño-3.4 index (red line). Horizontal blue line indicates the correlation coefficient significant at the 95% confidence level. The figure is reproduced following the method used in Chen et al. [103]. 
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Figure 13. Lead–lag correlation coefficients between monthly AO index and Niño-3.4 index for period 1979–2011. Negative (positive) lag represents that AO index lags (leads) Niño-3.4 index. Stippling regions indicate correlation coefficients significant at the 95% confidence level. The figure is reproduced based on the method used in Chen et al. [105]. 
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Figure 14. SST anomalies (oC) at (a,e) MAM(0), (b,f) JJA(0), (c,g) SON(0), and (d,f) D(0)JF(1) regressed upon the spring (MAM(0)) AO index, constructed respectively, for the cases when the spring AO index and the preceding November AO index have the (left) same and (right) opposite signs. Stippling regions denote SST anomalies significant at the 95% confidence level. The figure is reproduced following the method used in Chen et al. [106]. 
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